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FOREWORD

People of my age often have mixed emotions about
encyclopedias, probably because they conjure up mem-
ories of writing high-school term papers and reading
from 26-volume encyclopedias in the library. Those
individuals who came of age in the computer era may
not fully understand to what I am referring. As I have
grown older, I have rediscovered the usefulness of ency-
clopedias, especially those comprising only 1, 2, or 3
volumes. My favorite for general knowledge is the
Columbia Encyclopedia, which was ®rst published in
1935 and is now in its ®fth edition. I have used this
encyclopedia on many occasions. For example, while
developing a Grand Rounds lecture on celiac disease,
I discovered that the disease was described exceed-
ingly well in the second century A.D. by Aretaeus the
Cappadocian. Where is Cappadocia? Is it an ancient
city of Greece? Knowing that someone would ask me
these questions, I consulted the Columbia Encyclopedia
and learned that Cappadocia was the ancient Hittite
state located in what is now central Turkey. Recently,
I was asked to be on the thesis committee of a young
doctoral candidate in our Institute for Medical Huma-
nities. His dissertation proposal referred to philosophies
(e.g., hermeneutics and phenomenology) that I had
never heard of. These topics were described in the
Columbia Encyclopedia in a brief capsule format that
did not overwhelm my untrained and uneducated
mind. Therefore, I have become a fan of small-volume
encyclopedias. They are quite useful.

Why, then, has a publisher not produced such ency-
clopedias for the ®elds of medicine and the biological
sciences? In fact, indeed one has. Elsevier has published
several such encyclopedias, including The Encyclopedia
of Cancer (now in its second edition), The Encyclopedia
of Hormones, and The Encyclopedia of Toxicology.
Now, under the leadership of Editor-in-Chief Leonard
R. Johnson, Ph.D., a respected gastrointestinal scientist,
educator, editor, and author, Elsevier has published
The Encyclopedia of Gastroenterology. Dr. Johnson has
assembled a cadre of 15 Associate Editors, each a highly
respected expert in one or more of the topics featured in
thebook.Theyhavebrought togetherover700authors to
write 477 separate articles, divided into three volumes.

These articles go a long way toward covering the
entire gamut of gastroenterology and hepatology and
do so in an expert fashion. They cover gastrointestinal
and hepatic diseases, as well as syndromes, diagnostic
and treatment modalities, and physiological and patho-
logical processes. Where necessary, discussions of some
of the diseases are divided into separate articles describ-
ing the condition in pediatric patients and adult patients.
The articles are easy to read, yet comprehensive, and
usually encompass both the basic science and theclinical
aspects of that disease or process. Each article begins
with a glossary of terms that allows the uninitiated to
read the article by ®lling in gaps in understanding; a brief
abstract that gives a concise, but comprehensive, over-
view of the subject matter follows the glossary.

Modern gastroenterology and gastrointestinal
science lend themselves well to an encyclopedia format.
Gastroenterology is a broad clinical ®eld comprising
issues that concern human behavior and psychology,
other disciplines that are useful for understanding func-
tional gastrointestinal diseases, such as dyspepsia and
irritable bowel syndrome, and very technical sciences
that encompass endoscopy as a diagnostic and thera-
peutic tool and often surgery as de®nitive treatment.
In the middle of the spectrum is classical internal med-
icine as it relates to the gastrointestinal tract and liver.
Furthermore, the behavioral, medical, endoscopic, and
surgical approaches may differ considerably for pedia-
tric patients versus adult patients.

As regards basic gastrointestinal science, the gastro-
intestinal tract does more than simply process and
assimilate nutrients and water through the action of
its digestive enzymes and secretory and absorptive
processes. Gastrointestinal science also encompasses
diverse ®elds such as endocrinology, immunology,
and the neurosciences. If all the endocrine cells of
the gastrointestinal tract were combined into one
organ, it would be the largest endocrine organ in the
human body. Similarly, the mucosal immune cells
and the gastrointestinal-associated lymphatic tissue
together constitute perhaps the largest organ of the
immune system in the body. Furthermore, this entire,
complex epithelial, secretory, absorptive, endocrine,

li



and immunological organ is controlled by its own
intrinsic brain and nervous system, the enteric nervous
system.

Gastroenterology is made even more complicated by
the frequency with which diseases of this system occur
and by its close relationship to other disciplines. Gas-
trointestinal cancer is the second most common type of
cancer, if men and women are considered together. The
broad ®eld of nutrition borders closely on and is inter-
twined with gastroenterology. Finally, the intestinal
tract is colonized by commensal microbiota that are
crucial for optimal health. Little is known about these
microorganisms, but it is beginning to be understood
that they may be a vehicle for the treatment or preven-
tion of disease through probiotics.

This broad view of gastroenterology and gastro-
intestinal science must have made it dif®cult for the
Editors to choose the individual articles that make up
these three volumes. However, I ®nd the list to be fairly
complete and each article to be a good mixture of basic
knowledge and clinical information. If certain subject
areas are not represented as speci®c articles, they are
reasonably well covered in other articles that are in the
three volumes and can be located in the subject index at
the end of the third volume.

Who will use The Encyclopedia of Gastroenterology
and why? I believe that the range of potential users is
wide. For example, medical students often have dif®-
culty with medical textbooks. Either the textbooks are
too advanced and the various words and terms are not
explained, making it dif®cult for the student to compre-
hend the text, or else the content has been reduced to a
`̀ mini'' textbook version that often lacks substance.
I believe that many of the entries in this encyclopedia
are geared perfectly for medical students new to clinical
medicine. The glossary of terms at the beginning of each
article and the abstracts should be extremely helpful for
those who are medically naive. Furthermore, the articles
are well-crafted combinations of basic science and clin-
ical science and this is useful at the medical student level.

Physicians from other disciplines will undoubtedly
®nd The Encyclopedia of Gastroenterology to be a valu-
able reference work. The explosion of medical knowl-
edge has made it dif®cult, if not impossible, to keep up
with advancements in other areas of medicine. This
encyclopedia provides concise descriptions of the var-
ious gastrointestinal diseases that are easily readable,
complete, and up-to-date. This should be quite useful
for the primary care physician or a specialist in another
discipline who needs to know about some speci®c gas-
trointestinal disease or process.

Basic scientists and nonphysician translational
research scientists would certainly bene®t from this
encyclopedia also. For instance, the mixture of basic
science and clinical science information in each article
is precisely what the basic scientist needs as he or she
writes the Introduction or Discussion sections of pub-
lications or the Background section of grant applica-
tions. In addition, the encyclopedia would prove
quite valuable in rapidly bringing scientists up to date
in a speci®c area of gastrointestinal disease. In this era of
transgenic animals, it is not uncommon for the scientist
who has been conducting research in a speci®c ®eld, for
example, immunology or rheumatology, to create a new
knockout mouse that presents with a gastrointestinal
phenotype rather than a rheumatological phenotype.
Thus, the scientist who has spent his or her career gain-
ing an understanding of rheumatologic disease will need
to quickly acquire a basic understanding of Crohn's
disease and ulcerative colitis.

Finally, the gastroenterologist or gastrointestinal
scientist can certainly utilize this encyclopedia as well.
It is impossible to stay abreast of all areas of gastro-
enterology and gastrointestinal science and yet the
overlapping disciplines within gastroenterology may
demand a more detailed knowledge of an otherwise dis-
tant ®eld of expertise. Thus, I look forward to having
these three volumes on my bookshelf. They will be help-
ful in my clinical practice of gastroenterology and also
helpful tomeasascientistandtoother researchscientists
in my laboratory.

In summary, the Editors should be proud of their
contribution to the knowledge base of gastroenterology.
They have found a niche in our ®eld that has hitherto not
been occupied. There will continue to be a need for
more elementary dictionaries and for highly detailed,
advanced textbooks and monographs. The Encyclopedia
of Gastroenterology will play a role in the middle of this
spectrum and should be extremely valuable to a wide
range of users. I believe that the three volumes will
®nd their way onto the bookshelves of most medical
libraries, as well as those of individual practitioners
of medicine and active gastrointestinal investigators.
The Encyclopedia of Gastroenterology is an extremely
useful addition to our ®eld.

DON W. POWELL

Professor, Internal Medicine

Professor, Cellular Physiology and Molecular Biophysics

Associate Dean for Research

Interim Director, General Clinical Research Center
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PREFACE

The Encyclopedia of Gastroenterology bridges basic
science and clinical gastroenterology in a way that
should appeal to the expert researching a topic outside
his or her ®eld of expertise as well as to students and the
educated public. Although some articles on the basic
medical sciences stand alone, most integrate these
topics with areas of clinical medicine. These volumes
appear at a time when general interest in, and knowl-
edge of, the gastrointestinal tract is expanding at a rapid
rate. Research has led to new approaches in the treat-
ment of many gastrointestinal diseases and a plethora
of new drugs have been added to the pharmaceutical
armamentarium. Diagnostic procedures have advanced
remarkably over the past few years, leading to an
increased understanding of how diseases develop and
an improved ability to detect them.

The reader will ®nd articles related to all areas of
gastroenterology. There are articles covering basic phy-
siology, pharmacology, anatomy, immunology, and
microbiology. Others relate these basic ®elds to speci®c
diseases. Many of these articles are entitled with the
name of a disease or pathological condition. When
appropriate, nutritional aspects of clinical conditions
are emphasized and several articles feature aspects of
nutrition. Areas of parasitology of special importance in
relation to the gastrointestinal tract are also covered.
Separate articles treat topics relating primarily to pedia-
tric gastroenterology and numerous entries are con-
cerned with radiology, endoscopy, and surgery.

The articles are written and organized to serve as
convenient, yet comprehensive sources of information.
Each of the 477 entries begins with a glossary of cross-
referenced terms followed by a brief abstract. Generous
use of primary and secondary headings allows the reader
to locate material rapidly. Tables and ®gures emphasize
important points and concepts. Each article presents
core knowledge, time-tested and generally accepted
within the ®eld. As a result, there are no speci®c refer-
ences with the entries. Each contribution, however,
concludes with a list of references for further reading.

Many of these are review articles with comprehensive
bibliographies.

This work began with the selection of a number of
general areas of coverage. A group of 15 Associate
Editors, each of whom is an expert in at least one of
these areas, was subsequently recruited. The entire
group, along with members of the Elsevier staff, then
met for two days in San Diego. That meeting resulted in
the re®nement of the areas of coverage, selection of
individual article topics within those areas, and identi-
®cation of potential authors. The Associate Editors and I
believe that we have covered the important topics of
basic and clinical gastroenterology. Each article is writ-
ten to stand alone as a complete subject, so there is, no
doubt, a certain amount of overlap. This, however,
should make it easier for the reader to locate a speci®c
piece of information.

A product of this magnitude represents the knowl-
edge and efforts of a large number of individuals. More
than 600 authors contributed their expertise to the
individual articles. I am especially grateful to those
who produced articles on short notice, so that our dead-
line could be met. An outstanding group of 15 Associate
Editors was the foundation for this project. Due to their
great breadth of knowledge, they were able to propose
topics for articles and recommend the authors to write
them. They then recruited the authors and edited the
completed articles.

Finally, I acknowledge the contributions of the staff
at Elsevier. The Encyclopedia of Gastroenterology was
initiated and supported by Jasna Markovac, Sr. vice
President, Elsevier, Science and Technology. Nick
Panissidi, Senior Developmental Editor, was indispen-
sable as he contacted authors and kept up with all article
submissions. Pat Gonzalez served as Production Man-
ager, and Tari Paschall, Sr. Publishing Editor, and Judy
Meyer, Associate Publishing Editor, provided overall
management of the project.

LEONARD R. JOHNSON
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Abdominal Aortic Aneurysm
GORAV AILAWADI AND GILBERT R. UPCHURCH, JR.

University of Michigan, Ann Arbor

abdominal aortic aneurysm Permanent dilation of the

abdominal aorta at least 50% greater than the expected

normal diameter.

arteriomegaly Diffuse arterial enlargement more than 50%

above normal.

dissecting aneurysm Type of aneurysm that dissects;

although aneurysms rarely dissect, a dissection may lead

to aneurysmal changes over time.

ectasia Arterial dilation less than 50% of expected normal

diameter.

false aneurysm (pseudoaneurysm) Type of aneurysm that

involves a disruption of the arterial wall with contain-

ment by surrounding tissue or hematoma.

fusiform aneurysm Spindle-shaped aneurysm.

infrarenal aortic aneurysm In the anatomic classi®cation

scheme, limited to aorta below the renal arteries.

pararenal aortic aneurysm In the anatomic classi®cation

scheme, comprising a juxtarenal aneurysm (near, but not

involving, the renal artery ori®ces) or a suprarenal

aneurysm (involving the renal arteries but not the

superior mesenteric artery).

saccular aneurysm Eccentrically shaped aneurysm.

thoracoabdominal aneurysm In the anatomic classi®cation

scheme, involving the suprarenal mesenteric vessels;

may also involve the descending thoracic aorta in the

chest.

true aneurysm Type of aneurysm that involves all three

layers of arterial wall.

Abdominal aortic aneurysms are a disease primarily of

elderly, Caucasian males; rupture risk correlates with

aneurysm size. Elective repair is generally undertaken

in patients with an abdominal aortic aneurysm of

5ÿ5.5 cm. Unexplained abdominal or back pain should

raise suspicion for aortic rupture. Aortic rupture carries a

signi®cant mortality.

NATURAL HISTORY

Abdominal aortic aneurysms (AAAs) are the 15th lead-
ing cause of death in the United States. AAAs have a 4 : 1
male : female predominance and are 3.5 times more
common in Caucasians than in African-Americans.
Nearly 90% of aortic aneurysms are infrarenal.

A 5-cm aneurysm generally carries a 25ÿ30% 5-year
rupture risk, and increasing aortic size carries substan-
tially higher risks of rupture. Ruptured AAAs result in
an overall mortality of greater than 75%, with nearly
one-half of these patients dying prior to reaching a
hospital. Risk factors for rupture include smoking,
hypertension, chronic obstructive pulmonary disease,
and aneurysm size. Current recommendations are con-
servative management until an AAA reaches 5ÿ5.5 cm,
when the risk of rupture is greater than the risk of
elective repair.

SIGNS AND SYMPTOMS

The majority of patients with AAAs are asymptomatic,
and only approximately 50% of AAAs are detectable on
physical exam. Many are discovered incidentally during
workup for unrelated problems. The classic triad of a
ruptured AAA includes a palpable pulsatile abdominal
mass, hypotension, and abdominal or back pain.

SCREENING AND DIAGNOSIS

Ultrasound is an excellent screening test in an asymp-
tomatic patient suspected of having an AAA. In prepara-
tion for AAA repair, patients often undergo an
abdominal computer tomography (CT) scan with intra-
venous contrast to delineate the extent of the aneurysm.
In addition, a CT scan with three-dimensional recon-
structions may help to determine the feasibility of endo-
vascular AAA repair (Fig. 1). Patients with signi®cant
azotemia may undergo magnetic resonance angiogra-
phy to avoid the risk of contrast nephropathy. An aor-
togram is performed when concurrent renal or
mesenteric disease is suspected.

AAA REPAIR

Charles DuBost performed the ®rst aortic aneurysm
repair in 1951 using an aortic homograft. With their
contributions, DeBakey, Cooley, and Crawford
improved outcomes of modern AAA repair. Despite
improved survival with elective AAA repair, emergent
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ruptured AAA repair is still associated with a high mor-
tality rate. Endovascular treatment with aortic stent
grafts, ®rst performed in 1991, has become an option
in patients who meet speci®c anatomic criteria.

POSTOPERATIVE COMPLICATIONS

Myocardial infarction and pulmonary failure may occur
following AAA repair. Postoperative complications

speci®c to the gastrointestinal system include ischemic
colitis and aortoduodenal ®stula. Early postoperative
signs of abdominal pain, distension, or bloody stools
should prompt immediate evaluation with ¯exible sig-
moidoscopy. Aortoduodenal ®stula is a late complica-
tion following AAA repair and is mainly due to erosion
of the proximal aortic suture line into the duodenum.
Hematemesis or hematochezia should prompt upper
endoscopy in any patient with an AAA or a history of
AAA repair.

See Also the Following Articles

Computed Tomography (CT) � Ultrasonography

Further Reading

Cronenwett, J. L., Murphy, T. F., Zelenock, G. B., Whitehouse,

W. M., Jr., Lindenauer, S. M., Graham, L. M., Quint, L. E.,

Silver, T. M., and Stanley, J. C. (1985). Actuarial analysis of

variable associated with rupture of small abdominal aortic

aneurysms. Surgery 98, 472ÿ483.

Dimick, J. B., Stanley, J. C., Axelrod, D. A., Kazmers, A., Henke, P.

K., Jacobs, L. A., Wake®eld, T. W., Green®eld, L. J., and

Upchurch, G. R., Jr. (2002). Variation in mortality after

abdominal aortic aneurysmectomy in the United States: Impact

of hospital volume, gender, and age. Ann. Surg. 235, 579ÿ585.

Katz, D. J., Stanley, J. C., and Zelenock, G. B. (1994). Operative

mortality rates for intact and ruptured abdominal aortic

aneurysms in Michigan: An eleven-year statewide experience.

J. Vasc. Surg. 19, 804ÿ817.

FIGURE 1 Three-dimensional CT scan of aorta in a patient

being evaluated for endovascular AAA repair, showing the prox-

imal aneurysm extent, involvement of the iliac arteries, and other

anatomic landmarks important during repair of an AAA, such as

excessive aortic thrombus (T) or calci®cation.
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Achalasia
JACKIE D. WOOD

The Ohio State University College of Medicine and Public Health

achalasia Failure of the smooth muscle of the digestive tract

to relax.

gastrointestinal sphincter A ring of circular muscle that

contracts continuously and closes the lumen of the

alimentary canal.

lower esophageal sphincter A ring of circular muscle that

closes the ori®ce between the esophagus and the

stomach.

sphincter of Oddi A ring of circular muscle that closes the

entry of the bile duct into the small intestine.

The term achalasia is derived from the Greek word

chalasis, which in English translates to relaxation.

Achalasia is de®ned as failure of relaxation of the smooth

muscle in any region of the digestive tract. It is most

commonly applied to describe failure of relaxation in

the various sphincters in the gut. Sphincters are regions

where the circular muscle coat normally persists in a

continuous state of contraction that produces a ring-

like closure of the lumen. Sphincters function to prevent

the back ¯ux of lumenal contents from one digestive com-

partment to another. Prevention of the backward move-

ment of the acidic contents of the stomach into the

esophagus is an example of sphincteric function.

A nervous mechanism relaxes the sphincters with
appropriate timing to open the lumenal ori®ce and
permit passage from one compartment to the next.
Relaxation is transient, with contraction and closure
occurring after passage of the material through the
sphincter. During a swallow, the lower esophageal
sphincter relaxes to permit passage into the stomach.
Emptying of the stomach occurs during transient
relaxation of the sphincter located at the junction
with the small intestine. Delivery of bile from the
gallbladder to the small intestine occurs during relaxa-
tion of the sphincter of Oddi located at the opening of
the bile duct into the small intestine. Passage of con-
tents from the small intestine into the large intestine
takes place during relaxation and opening of the
sphincter that separates the two dissimilar compart-
ments. The internal anal sphincter relaxes to permit
passage of feces during defecation and then closes to
prevent inopportune release of the contents of the

large intestine. An obvious consequence of achalasia
in any of these sphincters is obstruction of the forward
passage of lumenal contents from one compartment to
another.

PHYSIOLOGY

The specialized physiology of the sphincteric circular
muscle coat accounts for the ability of the muscle to
sustain contraction. The contractile apparatus of
these smooth muscles consists of the two proteins
actin and myosin. Contraction occurs during formation
of cross-bridges between actin and myosin ®laments.
Contractile tension is maintained by a `̀ catch'' mechan-
ism that latches the cross-bridges in place without
expenditure of additional energy. Input from the ner-
vous system leads to uncoupling of the cross-bridges,
relaxation of contractile tension, and opening of the
sphincter. The nervous input involves the release of
chemicalneurotransmittersatneuromuscularjunctions.

Sphincteric muscles are innervated by motor neu-
rons in the enteric nervous system. Most of the
motor neurons to the sphincters are inhibitory
motor neurons. Firing of nerve impulses by the inhi-
bitory motor neurons releases inhibitory neurotrans-
mitters at their junctions with the smooth muscle
®bers of the sphincter. Two important inhibitory
neurotransmitters are vasoactive intestinal polypep-
tide and nitric oxide. These neurotransmitters act
to inhibit contraction of the smooth muscle and
open the sphincter. Decisions as to when to open
a sphincter are made by integrative neural networks
located either in the central nervous system or in the
gut itself. The neural networks control the ®ring of
the inhibitory motor neurons. The inhibitory motor
neurons are silent most of the time and the contrac-
tile behavior inherent in the muscle holds the
sphincter in a closed state. Activation of the inhibi-
tory motor neurons releases contractile tension in the
muscle and the sphincter opens. Contractile tension
redevelops and the sphincter closes coincident with
cessation of motor neuronal ®ring.
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PATHOGENESIS

Sphincteric physiology predicts that loss of the inhibi-
tory motor innervation will result in achalasia. The
inherent contractility of the sphincteric musculature
keeps the sphincter closed and opening cannot occur
when the inhibitory innervation is missing. The patho-
physiologic result is an obstruction to passage of the
lumenal contents through the sphincter. Material accu-
mulates and dilates the digestive canal proximal to the
sphincter because propulsive motility generally moves
lumenal contents in the direction from mouth to anus.
Achalasia in the sphincter between esophagus and sto-
mach (i.e., the lower esophageal sphincter) can lead to a
gross dilation of the esophagus described as a mega-
esophagus. Likewise, achalasia in the internal anal
sphincter obstructs the passage of feces and can lead
to a megacolon. Achalasia in the sphincter of Oddi
obstructs the delivery of bile to the small intestine
and can lead to overdistension of the biliary tree that
is experienced as pain in the right upper abdominal
quadrant.

Loss of the inhibitory innervation occurs in parallel
with generalized dystrophy in the enteric nervous sys-
tem that may be acquired or congenital. The most com-
monly acquired form re¯ects an autoimmune attack on
the enteric nervous system that may be related to the
presence of a tumor elsewhere in the body, may be
related to an infectious agent, or may be idiopathic in
nature. Autoimmune attack on the enteric nervous sys-
tem occurs in association with small cell carcinoma of
the lung. This is called paraneoplastic syndrome and
occurs when the immune system attacks antigens on

the surfaces of enteric neurons that are similar to
antigens expressed by the tumor cells. Tests in patients
with lower esophageal sphincter achalasia indicate that
a signi®cant proportion of these patients have circulat-
ing antibodies that react with enteric neurons. Achalasia
in Chagas' disease is similar to paraneoplastic syndome
in that antigenic epitopes expressed by the blood-borne
parasite Trypanosoma cruzi are suf®ciently similar to
antigens on enteric neurons that an immune response
to enteric neurons follows the response to the parasite.

Congenital absence of enteric neurons, including
inhibitory motor neurons, occurs in Hirschsprung's dis-
ease. Mutations in Ret and endothelin genes prevent the
fetal development of the enteric nervous system in a
variable length of large intestine including the internal
anal sphincter. The internal anal sphincter is achalastic
and presents an obstruction to the passage of feces. A
megacolon develops as feces accumulates proximal to
the neurally de®cient segment.

See Also the Following Articles

Anal Sphincter �Chagas' Disease � Paraneoplastic Syndrome

Further Reading

Castell, D., and Richter, J. (1999). `̀ The Esophagus,'' 3rd Ed.

Lippincott Williams & Wilkins, Philadelphia.

Verne, G., Sallustio, J., and Eaker, E. (1997). Anti-myenteric

neuronal antibodies in patients with achalasia: A prospective

study. Digest. Dis. Sci. 42, 307ÿ313.

Wood, J., Alpers, D., and Andrews, P. (1999). Fundamentals of

neurogastroenterology. Gut 45, 1ÿ44.
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Aging
MAKAU LEE

University of Mississippi Medical Center

aging Postmaturational changes occurring between middle

age and old age, resulting in reduction of the functional

capacity of the physiological systems and increase of the

vulnerability of an organism to challenges and diseases.

digestive system Organ system responsible for digestion and

absorption.

Aging, the postmaturational changes occurring between

middle age and old age, reduces the functional capacity of

the physiological systems and increases the vulnerability

of an organism to challenges and diseases, thereby

increasing the likelihood of death.

PHYSIOLOGY OF AGING

There are numerous theories of aging; and they can be
classi®ed into two main categories: the `̀ programmed''
theories, which view aging as the result of a predeter-
mined genetic blueprint, and the `̀ wear and tear'' the-
ories, which view aging as the consequence of continual
stress and injuries. Although none of the theories of
aging can singularly explain the aging process, available
data indicate that the ultimate mechanism of aging is that
of molecular changes: all of the changes involve both
informational molecules (such as DNA and RNA) and
structural molecules (such as lipids, carbohydrates, and
proteins) in a process that is determined genetically
and epigenetically.

Both clinical and basic investigations have demon-
strated that aging is associated with speci®c physiolo-
gical and structural changes in the digestive system.
These age-related changes in the digestive system
may contribute to the development of various digestive
disorders that are more common among the elderly. In
the clinical setting, when symptoms and signs occur in
elderly patients, the physician must differentiate age-
associated physiological changes from the conse-
quences of diseases.

AGING AND OROPHARYNGEAL
STRUCTURES

Age-related physiological changes in oropharyngeal
structures include structural alterations (such as

thinning of the tongue, involving both mucosa and
muscles, and weakening of muscles of the mouth and
pharynx) and functional changes (such as alterations in
pharyngeal sensation, proprioception, and taste acuity;
discoordination of masticatory muscles, resulting in
prolonged swallowing; and altered peristaltic response
after deglutition). Manometric studies have shown that
upper esophageal pressure is decreased and upper eso-
phageal sphincter relaxation after deglutition is delayed
in the elderly. Salivary output and ¯ow remain
unchanged in the elderly.

Clinically, these age-related changes in oro-
pharyngeal structures may affect the elderly patient's
ability to swallow liquids and may lead to reduced
food intake. Reduced food intake and malnutrition
in the elderly can also occur for various reasons, includ-
ing endogenous or medication-induced depres-
sion, anorexia, social isolation, physical handicaps
that interfere with the elderly person's ability to
prepare food, dental problems or ill-®tting dentures,
and forgetfulness and failure to eat as the result of
diseases of the central nervous system. Furthermore,
structural lesions (such as Zenker's diverticulum) and
upper esophageal sphincter dysfunction (such as crico-
pharyngeal achalasia) occur more frequently in the
elderly.

AGING AND THE ESOPHAGUS

Manometric studies have demonstrated minor to mild
changes in esophageal motility with aging. For instance,
there are reductions in contractile velocity and ampli-
tude, increases in synchronous contractions, polyphasic
waves and tertiary contractions, upward displacement
of lower esophageal sphincter, incomplete lower eso-
phageal sphincter relaxation, and failure of contractions
after deglutition in the distal esophagus. Radiographic
evaluations frequently reveal dilatation of the esopha-
gus and increases in synchronous and tertiary contrac-
tions in the elderly. Presbyesophagus (or corkscrew
esophagus), which denotes the increase in tertiary con-
tractions detected radiographically, has no known
pathophysiologic consequence. Available data suggest

Encyclopedia of Gastroenterology 5 Copyright 2004, Elsevier (USA). All rights reserved.



that most esophageal motility problems in the elderly
are due to other concomitant medical problems
and to the intake of numerous drugs. Clinically, gastro-
esophageal re¯ux disease, achalasia (a motility disor-
der), and esophageal cancer occur more frequently in
the elderly.

AGING AND THE STOMACH

The majority of healthy elderly individuals have normal
gastric acid secretion. Clinical studies have demon-
strated that there are modest reductions in pepsin out-
put and signi®cant decreases in gastroduodenal mucosal
prostaglandin biosynthesis in the elderly. Although gas-
tric emptying of solids in healthy, elderly individuals
remains unchanged, gastric emptying of liquids may be
impaired.

Clinically, peptic ulcer disease and its complica-
tions are more common among the elderly. Potential
explanations for the higher peptic ulcer incidence in
the elderly include an age-related increase in the
prevalence of Helicobacter pylori infection and the
increasing use of nonsteroidal antiin¯ammatory drugs
(NSAIDs) by older individuals. Moreover, both clinical
and basic investigations have shown that age-related
reductions in gastroduodenal mucosal protective
factors (such as gastroduodenal prostaglandin synth-
esis, gastroduodenal bicarbonate secretion, and expres-
sion of mucosal protective growth factors) may
predispose the elderly to the development of peptic
ulcer disease.

Whereas at least 75% of healthy elderly persons
have normal gastric acid production, up to 25% of
elderly persons have acid hyposecretion (or hypochlor-
hydria) because of atrophic gastritis. Gastric hypochlor-
hydria leads to an increase in the luminal pH of the
stomach and proximal intestine and may predispose
these older individuals to various enteric infections
(such as typhoid, Salmonella, cholera, and Giardia),
because a low intragastric pH is a known defense
mechanism against bacteria introduced into the upper
digestive tract. Gastric hypochlorhydria may also con-
tribute to the development of malabsorption of iron,
folic acid, vitamin B6 and vitamin B12, calcium carbo-
nate, and various trace minerals in the elderly. Finally,
epidemiological studies have suggested that chronic
gastritis and associated hypochlorhydria from H. pylori
infection may lead to the progressive development of
atrophic gastritis, gastric metaplasia, and adenocarcino-
mas of the stomach, which occur primarily in the
elderly.

AGING AND THE INTESTINES

Due to the tremendous functional reserve that the intes-
tine possesses, digestion and absorption are well pre-
served in the elderly. Data from animal and human
studies have shown that with increasing age, there are
modest changes in digestive enzyme secretion, subtle
decreases in carbohydrate absorptive capacity, and
altered calcium absorption. There are no signi®cant
structural differences in the proximal intestinal epithe-
lium between the young and the old. Despite few
changes in overall intestinal absorption with increasing
age, clinical malabsorption syndrome occurs more fre-
quently in the elderly. Common causes of malabsorp-
tion in patients older than 65 years of age include
pancreatic insuf®ciency, celiac sprue, mesenteric ische-
mia, and bacterial overgrowth syndrome associated
with small bowel diverticulosis, intestinal strictures,
and postgastrectomy states.

Studies with radio-opaque markers have shown that
bowel transit time does not differ between healthy young
and old volunteers. However, delays in rectal evacuation
and other anorectal dysfunctions (such as reduction in
rectal wall elasticity and a blunting of rectal sensation)
are frequently detected in elderly patients who complain
of constipation. Clinically, aging is associated with an
increased incidence of constipation, fecal impaction,
fecal incontinence, megacolon, cecal volvulus, pseudo-
obstruction (including Ogilvie's syndrome), diverticu-
lar disease, ischemic bowel disease, and colorectal
cancer.

AGING AND THE LIVER

Due to the enormous reserve capacity of the liver, age-
related changes in liver functions are not clinically sig-
ni®cant. Both clinical and basic investigations have
shown that there are modest reductions in liver size,
blood ¯ow and perfusion, and dynamic liver functions
with increasing age. Animal studies have also shown
that although the rate and time course of hepatic regen-
eration after partial hepatectomy are slightly delayed
with aging, regeneration of the liver in old animals is
as complete as in young animals. These observations
have led to the important decision to raise the age
limit for potential liver donors, resulting in an increased
use of older donor livers for hepatic transplantation.
Although the clinical course of liver diseases in the
elderly does not differ from that in the young, autoim-
mune liver diseases (such as primary biliary cirrhosis),
covert alcoholism, and hepatocellular carcinoma occur
more frequently in the elderly.
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AGING AND THE GALLBLADDER AND
BILIARY TRACT

Age-related changes in the biliary tract include gradual
narrowing of the distal common bile duct and increased
incidence of juxtapapillary duodenal diverticula. Aging
is also associated with an increased incidence of gall-
stones, re¯ecting the formation of more lithogenic bile
(due to elevated biliary cholesterol secretion, reduced
bile acid synthesis, and resultant supersaturation of bile
with cholesterol) and less forceful gallbladder contrac-
tions (the gallbladder becomes more distensible with
age). Consequently, gallstone disease and its complica-
tions (such as cholecystitis, choledocholithiasis, and
cholangitis), biliary tract diseases, cholangiocarcinoma,
and cancer of the gallbladder occur more frequently in
the elderly.

AGING AND THE PANCREAS

Age-related changes in the pancreas include modest
reduction in pancreatic size and weight, minor atrophic
or ®brotic changes, symmetrical dilatation of the inter-
lobular and intralobular ducts, and an increased inci-
dence of pancreatic duct stones. Basal and stimulated
exocrine pancreatic secretion changes little with
increasing age. Because only 10ÿ20% of the maximal
pancreatic exocrine output is needed for normal diges-
tive function, minor declines in pancreatic enzyme out-
put with aging are not clinically signi®cant. Clinically,
pancreatic malignancies occur primarily in older
individuals.

AGING, GASTROINTESTINAL
PROLIFERATION, AND
CARCINOGENESIS

The gastrointestinal tract is an epithelial organ with
constant cell turnover and rapid mucosal proliferation.
Both animal and human studies have shown that aging is
associated with increases in gastrointestinal mucosal
proliferation, impaired proliferative response to muco-
sal injury or to feeding, reduced capacity to repair muco-
sal injury and oxidative damage to key cellular

molecules (such as DNA, proteins, and lipids), and
altered expression of various growth factors in response
to injury. In experimental models, dietary (or calorie)
restriction, which is a proved antiaging intervention,
retards the development of age-related hyperprolifera-
tive changes in the gastrointestinal tract and reduces
carcinogen-induced gastrointestinal tumors. These
observations suggest that age-associated increases in
gastrointestinal proliferation may contribute to a higher
risk of tumor formation, because various malignancies
of the digestive tract occur primarily in the elderly.
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cholangiopathy Any disease process involving the biliary

system.

cholestasis Stoppage or suppression of the ¯ow of bile due to

either intrahepatic or extrahepatic causes.

endoscopic retrograde cholangiopancreatogram A proce-

dure performed by cannulation of the common bile duct

and pancreatic duct by means of a ¯exible endoscope

and retrograde injection of radiopaque contrast media in

order to demonstrate all portions of the biliary tree and

pancreatic ducts.

magnetic resonance cholangiopancreatogram A noninvasive,

radiological procedure performed by magnetic resonance

technology that provides images of the biliary tree and

pancreatic ducts.

papillary stenosis Narrowing or stricture of the papilla of

Vater, the common exit site of ¯uid passing through the

common bile and pancreatic ducts.

sclerosing cholangitis In¯ammation of the bile ducts leading

to ®brotic/stenotic changes.

sphincterotomy Division of a sphincter; in the case of AIDS

cholangiopathy, refers to endoscopic cutting of the

papilla of Vater in order to relieve biliary obstruction.

AIDS (acquired immune de®ciency syndrome) cholangio-

pathy is a clinical condition characterized by right upper

quadrant pain, fever, marked elevation in serum alkaline

phosphatase levels, nausea, and vomiting. Typically,

these patients do not have jaundice. The underlying

pathology includes acalculous cholecystitis, papillary ste-

nosis, and sclerosing cholangitis, conditions that often

occur concomitantly. This type of biliary disease takes

place only in the presence of signi®cant immunosuppres-

sion as the typical CD4 count in these patients is less than

200/mm3. One must keep in mind, however, that although

patients with AIDS are uniquely susceptible to this type of

cholangiopathy, more common conditions such as gall-

stone disease should still be considered in the differential

diagnosis.

INTRODUCTION

Diseases of the biliary tract and gallbladder in patients
with AIDS (acquired immune de®ciency syndrome)
have been well described. Prior to 1981, when AIDS

was ®rst recognized, there were no reports of cholan-
giopathy associated with opportunistic pathogens
such as cryptosporidia, cytomegalovirus (CMV), or
microsporidia. In 1983, the ®rst cases of biliary tract
disease associated with AIDS were published as human
cryptosporidial infections of the bile ducts associated
with biliary tract obstruction. These ®rst patients, as
well as those that followed, tended to be homosexual
men with low CD4 counts and a history of other oppor-
tunistic infections. Investigation by endoscopic retro-
grade cholangiopancreatogram (ERCP) frequently
demonstrated intra- and/or extrahepatic biliary changes
characteristic of sclerosing cholangitis, often associated
with papillary stenosis. Culture of the bile and
biopsy of the immediately surrounding duodenal tissue
often demonstrated the previously mentioned opportu-
nistic organisms. Antimicrobial and endoscopic treat-
ments were attempted, but subsequent studies
demonstrated that whereas the latter led to substantial
pain relief, the former did little to alter the patients'
clinical course.

The prevalence of AIDS cholangiopathy is
unknown. Most studies focusing on this disease have
been either case reports or series. One study suggested
that, at least prior to the highly active antiretroviral
therapy (HAART) era, as many as 30% of patients
with AIDS-associated refractory diarrhea may have
had AIDS cholangiopathy. It is unknown what effect
HAART has had on this disease, though one would pos-
tulate that it has been bene®cial due to the resultant
increase in the CD4 count.

ETIOLOGY

The exact cause of AIDS cholangiopathy is unclear.
Many investigators favor an infectious etiology as
different opportunistic organisms, most commonly
Cryptosporidium parvum, microsporidia species, and
CMV (see Table I), have been cultured from the bile
and surrounding duodenal mucosa. Antimicrobials
aimed speci®cally at eradicating these pathogens, how-
ever, have neither reversed the underlying disease

Encyclopedia of Gastroenterology 8 Copyright 2004, Elsevier (USA). All rights reserved.



process nor prevented its progression. It is unclear
whether these pathogens serve as inciting factors or
are merely incidentally found in an environment void
of the typical immunologic defenses.

Regardless of whether it is these opportunistic
organisms, human immunode®ciency virus, or another
causative factor that initiates the process leading to
AIDS cholangiopathy, what develops is an in¯ammatory
reaction of the bile duct epithelium leading to the hall-
mark cholangiographic changes. Microscopic examina-
tion of the bile duct epithelium demonstrates that the
in¯ammatory changes are different from those seen in
primary sclerosing cholangitis (PSC). In PSC, the dis-
eased bile ducts are surrounded by T4 lymphocytes, the
cell population that is depleted in AIDS patients.
Instead, others have noted the presence of squamous
metaplasia of the bile ducts and pancreatic ducts asso-
ciated with cryptosporidial infection. Though detection
of a single organism in the biliary tree has been most
commonly documented, multiple organisms in indivi-
dual patients have been noted also. Earlier studies
reported a signi®cant number of patients with no iden-
ti®able organism, but these investigations were con-
ducted prior to the discovery of the presence of
microsporidia in the bile ducts.

Although infection by opportunistic organisms is
associated with most cases, bile duct in®ltration with
neoplasms such as Kaposi's sarcoma (KS) and Burkitt's
lymphoma of the bile ducts may present in a similar
fashion. In addition, pancreatic disorders resulting in
disease of the distal common bile duct (CBD) may
mimic an infectious or neoplastic process. Differentiat-
ing among these possible causes of cholangiopathic
changes is important as there are potentially bene®cial
treatments available for some, but not others.

CLINICAL PRESENTATION

The clinical presentation of patients with AIDS cholan-
giopathy is variable, ranging from asymptomatic eleva-
tion in serum alkaline phosphatase to cholangitis with
right upper quadrant (RUQ) pain, fever, and chills (see
Table II). Patients in case series tended to be homosex-
ual, middle-aged men who had AIDS for over 1 year. It is
unknown whether an individual's sexual practice
increases the likelihood of developing cholangiopathy
or whether this ®nding is due to homosexual men, as a
group, being affected and seeking medical attention ear-
lier in the AIDS epidemic. Due to their low CD4 count,
these patients often have had other opportunistic infec-
tions prior to presenting with cholangiopathy. Diarrhea
commonly occurs in these patients as the organisms that
have been associated with this cholangiopathy are also
known to cause diarrhea by infecting the small bowel.
Jaundice is uncommon and its presence should initiate
the search for other coexisting disease processes.

DIAGNOSIS

Laboratory Tests

Abnormal liver tests are commonly seen in AIDS
patients. The etiology of these abnormalities is varied
and often multifactorial (e.g., medications, infections).
Patients with AIDS cholangiopathy most commonly
present with anicteric cholestasis (i.e., markedly ele-
vated serum alkaline phosphatase levels with normal
bilirubin levels). Signi®cantly elevated bilirubin levels
are uncommon (55%). Transaminase levels may be
mildly elevated, but are usually not markedly so unless
there is a coexisting disease process. Other cholestatic
conditions that should be considered include granulo-
matous hepatitis, drugs, viral hepatitis, and intrahepatic
lymphoma.

TABLE I Pathogens That Are Associated with Cholan-

giopathy and Cholecystitis in Patients with AIDS

Cryptosporidium parvum

Microsporidia

Enterocytozoon bieneusi

Encephalitozoon intestinalis

Encephalitozoon cuniculi

Cytomegalovirus

Mycobacterium avium complex

Cyclospora cayetanesis

Isospora belli

Salmonella enteritidis

Salmonella typhimurium

Enterobacter cloacae

Campylobacter fetus

Candida albicans

TABLE II Cardinal Features of AIDS Cholangiopathy

RUQ pain

Marked elevation in serum alkaline phosphatase levels

No or minimal elevations in transaminase and bilirubin levels

Low CD4 count (5200/mm3)

History of opportunistic infections

Diarrhea

Nausea

Vomiting

No jaundice

Fever
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Imaging

Ultrasound

Abdominalultrasound(US)andERCPshouldbecon-
sidered complementary tests for the diagnosis of this
condition. The most effective initial imaging test for AIDS
patients with RUQ pain and abnormal liver tests remains
theabdominalultrasound.Thetypical®ndingsinpatients
with AIDS cholangiopathy are dilated intra- and/or extra-
hepatic bile ducts with focal strictures. Biliary ductal
wall thickening also supports the presence of disease.
Although ERCP is considered the gold standard, ultra-
sound has a sensitivity of 75ÿ87%.US, however, is super-
ior to ERCP in demonstrating ductal wall thickening,
which suggests pericholangitis. In one series, a normal
ultrasound was found in 25% of patients with ERCP-con-
®rmed AIDS cholangiopathy. Therefore, ERCP should
still be performed in patients with a strong clinical suspi-
cion for cholangiopathy despite a normal ultrasound.

US ®ndings of thickened gallbladder walls and peri-
cholecystic ¯uid suggest the presence of cholecystitis. In
patients without gallstones, a hydroxyiminodiazetic
acid (HIDA) scan should be performed to diagnose acal-
culous cholecystitis. In these cases, HIDA scan will
demonstrate an absence of gallbladder ®lling despite
imaging of the CBD.

Computed Tomography Scan

CT (computed tomography) scans do not usually
contribute much additional information beyond that
gained by a good-quality abdominal US in patients
who have only AIDS cholangiopathy. However, CT
scans may provide additional insight for patients in
whom an US was technically dif®cult (e.g., due to obe-
sity) or who are jaundiced and are suspected of having
other pathology, such as mass lesions.

ERCP

ERCP is the gold-standard diagnostic test for AIDS
cholangiopathy. With the improving technological
advances of magnetic resonance cholangiopancreato-
gram, however, it is conceivable that this noninvasive
test will replace ERCP for diagnosis. ERCP should be
performed only on symptomatic patients with RUQ
pain, since only then would a sphincterotomy bene®t
the patient.

Typically, ERCP demonstrates distal CBD tapering
with dilation of the larger intrahepatic ducts, proximal
CBD, and common hepatic ducts. Focal intraductal de-
bris is present as is beading of the mucosa to suggest
intramural submucosal in®ltration and edema. These
sclerotic changes occur more commonly in the left intra-
hepatic system. These ®ndings initially suggested a con-
dition similar to PSC; however, there are some
differences (see Table III). In PSC, the entire CBD
and the larger intrahepatic ducts are ordinarily sclerotic
with minimal focal dilations. Extrahepatic strictures
rarely exceed 4ÿ5 mm and saccular deformities involve
the intra- and extrahepatic ducts. Isolated strictures of
the CBD are rarely due to AIDS cholangiopathy and may
be due to primary CBD lymphoma, external compres-
sion of the CBD by nodes enlarged by lymphoma, or
pancreatic disease caused by chronic pancreatitis, infec-
tions, or neoplasms.

Four different cholangiographic patterns of disease
have been described. These include sclerosing cholan-
gitis with papillary stenosis, papillary stenosis alone,
sclerosing cholangitis without papillary stenosis, and
long bile duct strictures (see Table IV). It is unknown
whether these patterns represent a progression of dis-
ease, but the detection of papillary stenosis is meaning-
ful as sphincterotomy in these patients can lead to
substantial symptom relief.

TABLE III Comparative ERCP Findings of AIDS Cholangiopathy versus Primary Sclerosing Cholangitis

AIDS cholangiopathy Primary sclerosing cholangitis

Distal CBD tapering Extrahepatic strictures rarely exceeding 4ÿ5 mm

Larger intrahepatic bile ducts, proximal CBD, and

common hepatic ducts are, in general, dilated

Sclerotic extrahepatic biliary system and larger

intrahepatic ducts with minimal focal dilation

Irregular dilation of the intra- and extrahepatic

biliary system

Entire CBD involved with irregular strictures

Beading of the mucosa No beading of the mucosa

Focal intraductal debris No intraductal debris

Disproportionately distorted left intrahepatic ducts Equal distribution of deformities between right and left systems

Intrahepatic irregular focal sacculations and dilations Saccular deformities involving the intra- and extrahepatic ducts

Pruning of the smaller intrahepatic bile ducts Paucity of intrahepatic ducts
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TREATMENT

Endoscopic

Endoscopic treatment is the most effective interven-
tion for symptomatic patients who are found to have
papillary stenosis on ERCP. Sphincterotomy results in
prompt and sustained pain relief. However, this proce-
dure does not alter the course of the disease. Patients'
alkaline phosphatase levels continue to increase, sug-
gesting progression of the underlying disease process.
Studies evaluating repeat ERCP have demonstrated pro-
gressive intrahepatic sclerosing cholangitis in some
patients despite symptom relief after endoscopic treat-
ment. Sphincterotomy should be viewed as an effective
method of improving these patients' quality of life. Due
to the good response to sphincterotomy, the pain has
been postulated to be due to sphincter of Oddi dysfunc-
tion incited by infection and/or in¯ammation rather
than to biliary obstruction.

Medical

Effective treatment is lacking for patients who are
found not to have papillary stenosis. Medical treatments
aimed at eradicating the underlying infection have been
attempted. Studies utilizing paromomycin for cryptos-
poridiosis and gancyclovir for CMV infections have
improved neither symptoms nor disease progression.
Other studies have tried ursodeoxycholic acid, but
there are no large prospective trials demonstrating ef®-
cacy. In addition, there have been no published reports
describing the effect of HAART. It is plausible that
HAART may improve symptoms or at least hinder dis-
ease onset or progression, but this has not been proven.
In patients discovered to have KS or lymphoma, che-
motherapy should be considered as there was a case
report of cholangiopathy secondary to disseminated

non-Hodgkin's lymphoma that resolved after treatment
with chemotherapy.

Surgery

Surgical intervention has no role in AIDS cholangio-
pathy limited to ductal disease. However, in patients
with cholecystitis, whether due to stones or infection,
surgery can be both bene®cial and curative.

PROGNOSIS

The prognosis in patients diagnosed with AIDS cholan-
giopathy is poor. This condition is rarely fatal by itself,
however. Other opportunistic infections and progres-
sion of the underlying immunode®ciency are usually the
more immediate causes of death. Different studies have
reported a 1-year survival rate of 14ÿ40% (median sur-
vival time being 10 months). The likelihood of survival
is affected by neither the level of the liver tests nor the
degree of ERCP abnormalities. Rather, the patient's CD4
count provides the best prognostic value. It is unknown
whether HAART improves prognosis in patients with
AIDS cholangiopathy as most studies were conducted
prior to the introduction of this treatment.
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Papillary stenosis (PS) CBD diameter greater than 8 mm with tapering of
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7% (0ÿ15)a

Sclerosing cholangitis (SC)

without PS

Focal strictures and dilations of the intra- and

extrahepatic bile ducts

31% (20ÿ88)

PS and intra- and extra-

hepatic SC

As above 54% (13ÿ73)

Long, extrahepatic bile

duct strictures

Strictures with lengths in excess of 1ÿ2 cm in

patients without prior CBD exploration or

documented chronic pancreatitis

8% (0ÿ15)

a Numbers in parentheses are the percentage ranges seen in different studies.
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highly active antiretroviral therapy Combination antiretro-

viral therapy used to treat HIV. Initial therapy usually

includes one or two protease inhibitors together with

two nucleoside analogues, or a nonnucleoside reverse

transcriptase inhibitor (NNRTI) with two nucleoside

analogues. Since the introduction of highly active

antiretroviral therapy, there has been a marked reduc-

tion in mortality, incidence of opportunistic infections,

and hospitalizations in patients on therapy.

immune reconstitution Immune-speci®c responses that can

be transiently associated with unusual manifestations of

opportunistic infections, such as Mycobacterium avium

complex lymphadenitis. This occurs several weeks to

months after highly active antiretroviral therapy is

initiated, as CD4 lymphocytes expand. Supportive

therapy is administered and highly active antiretroviral

therapy is not usually discontinued.

nonnucleoside reverse transcriptase inhibitor One of the

classes of drugs used in combination as highly active

antiretroviral therapy to treat HIV disease. Examples in

this class include efavirenz and nevirapine, which are

both highly potent medications.

nucleoside reverse transcriptase inhibitor One of the ®rst

classes of drugs used to treat HIV. Examples in this class

include zidovudine and stavudine.

protease inhibitor Introduced in 1995, drugs in this class

allowed for the ®rst time the use of effective combination

therapy against HIV. Examples include indinavir and

nel®navir. Most recently, there has been widespread use

of ritonavir-boosted regimens (lower dose ritonavir in

conjunction with another protease inhibitor), which

exploit the fact that ritonavir is a potent inhibitor of the

P450 enzyme pathway.

Gastrointestinal manifestations are common in the

human immunode®ciency virus (HIV)-positive popula-

tion, occurring in up to 93% of patients in studies prior

to the widespread use of highly active antiretroviral ther-

apy (HAART). Despite the advances in the therapeutic

arsenal, gastrointestinal complaints are still a major

source of morbidity and mortality in this population.

The use of HAART has changed the spectrum of gastro-

intestinal involvement in HIV disease, treating or prevent-

ing the occurrence of opportunistic infections, but at the

same time, contributing to a signi®cant cause of drug-

related toxicity. Furthermore, as the life expectancy of

individuals living longer with autoimmune de®ciency

syndrome (AIDS) is increased because of HAART,

other gastrointestinal-speci®c causes of morbidity, such

as chronic hepatitis C virus, have become increasingly

important.

APPROACH TO THE HIV-POSITIVE
PATIENT WITH A GASTROINTESTINAL
COMPLAINT

An approach to an HIV-positive patient with gastroin-
testinal (GI) symptoms classically depends on the
degree of immunosuppression. Symptoms are varied
and include dysphagia and odynophagia, nausea, vomit-
ing, abdominal pain, GI bleeding, diarrhea, and
anorectal tenderness. Signs such as jaundice and hepa-
tomegaly are common. Because symptoms can be
protean and nonspeci®c, the decision to pursue a
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this class include efavirenz and nevirapine, which are

both highly potent medications.

nucleoside reverse transcriptase inhibitor One of the ®rst

classes of drugs used to treat HIV. Examples in this class

include zidovudine and stavudine.

protease inhibitor Introduced in 1995, drugs in this class

allowed for the ®rst time the use of effective combination

therapy against HIV. Examples include indinavir and

nel®navir. Most recently, there has been widespread use

of ritonavir-boosted regimens (lower dose ritonavir in

conjunction with another protease inhibitor), which

exploit the fact that ritonavir is a potent inhibitor of the

P450 enzyme pathway.

Gastrointestinal manifestations are common in the

human immunode®ciency virus (HIV)-positive popula-

tion, occurring in up to 93% of patients in studies prior

to the widespread use of highly active antiretroviral ther-

apy (HAART). Despite the advances in the therapeutic

arsenal, gastrointestinal complaints are still a major

source of morbidity and mortality in this population.

The use of HAART has changed the spectrum of gastro-

intestinal involvement in HIV disease, treating or prevent-

ing the occurrence of opportunistic infections, but at the

same time, contributing to a signi®cant cause of drug-

related toxicity. Furthermore, as the life expectancy of

individuals living longer with autoimmune de®ciency

syndrome (AIDS) is increased because of HAART,

other gastrointestinal-speci®c causes of morbidity, such

as chronic hepatitis C virus, have become increasingly

important.

APPROACH TO THE HIV-POSITIVE
PATIENT WITH A GASTROINTESTINAL
COMPLAINT

An approach to an HIV-positive patient with gastroin-
testinal (GI) symptoms classically depends on the
degree of immunosuppression. Symptoms are varied
and include dysphagia and odynophagia, nausea, vomit-
ing, abdominal pain, GI bleeding, diarrhea, and
anorectal tenderness. Signs such as jaundice and hepa-
tomegaly are common. Because symptoms can be
protean and nonspeci®c, the decision to pursue a
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de®nitive etiology must be carefully assessed by both
provider and patient, based on the impact of the symp-
toms on quality of life and on the invasiveness of the
recommended procedure. If a patient is on HAART, it is
important to carefully obtain a drug history. Many GI
symptoms in individuals on HAART can be ascribed to
the medicines being taken.

ESOPHAGEAL DISEASE

Although a wide range of infectious and noninfectious
etiologies are possible, Candida albicans, found in two-
thirds of patients with AIDS, causes the most disease.
Patients with esophageal candidiasis usually complain
of dysphagia and odynophagia. This is often a clinical
diagnosis, particularly if there is oral thrush present
and CD4� cell count is 5200/ml. Endoscopy provides
the de®nitive diagnosis and is usually pursued only if
symptoms persist despite at least a week of empiric
therapy. Multiple yellowÿwhite, friable plaques are
visualized. Treatment is ¯uconazole (100ÿ400 mg/
day). Fluconazole can be used as maintenance ther-
apy, but only if there are frequent or severe recur-
rences. Resistance may develop, however.

Cytomegalovirus (CMV), herpes simplex virus
(HSV), and aphthous ulcers can also cause esophageal
symptoms. Compared to esophageal candidiasis,
patients with CMV, HSV, or aphthous ulcers typically
have more odynophagia and less dysphagia. Fever is
common with CMV. Extensive, deep ulcerations on
endoscopy suggest these diagnoses, but biopsies are
required. CMV is treated with ganciclovir (5 mg/kg,
intravenously twice/day), foscarnet, or cidofovir for
2ÿ3 weeks. Relapses may necessitate retreatment fol-
lowed by maintenance therapy. Esophageal ulcers due
to HSV are treated with acyclovir for 2ÿ3 weeks and the
more common aphthous ulcers can be treated with
prednisone over 4 weeks or with thalidomide, observing
careful precautions to avoid use in patients who are or
might become pregnant.

Other less common infectious etiologies include
Mycobacterium avium, tuberculosis, cryptosporidia,
Pneumocystis carinii, histoplasmosis, and primary HIV
infection. Neoplasms such as Kaposi's sarcoma and lym-
phoma may present with esophageal manifestations.
Drug-induced dysphagia may be due to use of zidovu-
dine (AZT) or didanosine (ddI).

GASTRIC DISEASE AND
ABDOMINAL PAIN

Symptomatic gastric infections are rare in patients
with AIDS and usually present as part of systemic

and disseminated infections. CMV is the most com-
mon opportunistic infection in the stomach and is
sometimes associated with gastrointestinal bleeding.
Abdominal pain is a common complaint in HIV-
positive patients, and can involve a variety of organs.
A similar approach can be taken as for a patient with-
out AIDS. Many of these speci®c etiologies are covered
elsewhere in this article.

INTESTINAL DISEASE AND DIARRHEA

Diarrhea was reported to occur in as many as 90% of
patients with AIDS prior to the introduction of HAART.
With effective HIV medicines, diarrhea is still common
but the etiologic agents responsible now include a high
proportion of adverse drug effects and infections that
are not HIV speci®c. The differential diagnosis is large
but can be narrowed based on acuity, clinical presenta-
tion, and CD4� lymphocyte count. As with HIV-
negative patients, a careful history must ®rst be obtained
to exclude lactose or other food intolerance. Many of the
causes of acute diarrhea mimic those seen in nonimmu-
nocompromised patients. These include Salmonella,
Shigella, Campylobacter jejuni, and Clostridium dif®cile.
However, in patients with AIDS, enteric bacteria such as
Salmonella are often associated with bacteremia and are
more virulent. In up to 30% of HIV-infected individuals,
enteric viruses (adenoviruses, picobirnaviruses, astro-
viruses, and caliciviruses) may predominate. Although
most of these will resolve with only supportive therapy,
up to one-third of patients will progress to chronic
diarrhea.

The spectrum of organisms that predominate in
chronic diarrhea is different. Protozoa such as cryptos-
poridia, microsporidia, Cyclospora, and Isospora are
commonly identi®ed, because many are unresponsive
to medical therapy and cause chronic diarrhea, particu-
larly in patients with CD4� cell counts 5200/ml. Cryp-
tosporidia can cause clinically signi®cant disease and
associated weight loss. Large-volume, watery diarrhea
occurs. Diagnosis is made by demonstrating oocysts
similar in size to erythrocytes in an acid-fast stain of
the stool. Therapeutic options only have marginal ef®-
cacy and include paromomycin and octreotide. The best
response has been seen with HAART. Microsporidia are
common in some series of AIDS patients with chronic
diarrhea and have a similar presentation to cryptos-
poridia. These organisms are extremely small and elec-
tron microscopy is often needed for diagnosis.
Albendazole can be effective for Enterocytozoon
intestinalis but not Enterocytozoon bieneusi, and
HAART is probably the best current therapeutic option.
Cyclospora and Isospora belli are less common protozoa,
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probably because both are responsive to trimetho-
primÿsulfamethoxazole, which is used widely for
Pneumocystis carinii prophylaxis in the same at-risk
populations. The protozoa Giardia lamblia and
Entamoeba histolytica can also cause diarrhea in nonim-
munocompromised hosts, but probably do not occur
more frequently in patients with AIDS.

CMV is the most common viral cause of chronic
diarrhea in patients with AIDS, particularly in those
with CD4� cell counts 550/ml. The most common
presentation is chronic watery diarrhea in association
with abdominal cramps. Diagnosis is typically made by
the identi®cation of intranuclear inclusion bodies with
associated in¯ammation on biopsy. Treatment can be
effective in about 75% of cases and options include
ganciclovir or foscarnet intravenously.

Mycobacteria such as M. avium have been demon-
strated to be a common cause of chronic diarrhea in
individuals with CD4� cell counts 550/ml. Patients
can present with diffuse abdominal pain, watery diar-
rhea, and wasting. Diagnosis can be made by blood
cultures or by acid-fast organisms in biopsy speci-
mens. Treatment is chronic with clarithromycin and
ethambutol. Rifampin is sometimes added. HAART
can increase the CD4� cell count and allows the dis-
continuation of therapy if immune function is
regained. Mycobacterium tuberculosis presents less
commonly with chronic diarrhea, although other
extrapulmonary manifestations are common in AIDS
patients.

In patients with no identi®able pathogen (up to 30%
in some series), enteric HIV infection is thought to
cause small bowel malabsorption via mucosal atrophy.
Symptomatic treatments with bulking and antidiarrheal
agents have had variable success, and HAART has been
associated with some improvement. In patients with
persistent large-volume diarrhea without an identi®able
pathogen, Kaposi's sarcoma and lymphoma must be
ruled out.

HEPATOBILIARY DISEASE

Patients with HIV disease commonly have liver disease
that can be speci®c to AIDS or associated with therapy
used to treat it. The clinical spectrum of disease is large,
from isolated liver test abnormalities to liver failure, and
varies by degree of immunosuppression. For organiza-
tional purposes, liver parenchymal disease and biliary
disease can be considered separately.

Drug-induced liver disease, infection, and neoplasm
are the principal etiologies of hepatic parenchymal dis-
ease. With the use of multiple potent antiretrovirals
and antibiotics, medication-related hepatotoxicity has

become quite common. Usual implicated agents include
sulfonamides, zidovudine, nevirapine, and many in the
protease inhibitor class, including ritonavir. HAART-
related immune reconstitution is sometimes associated
with an exacerbation of underlying hepatitis. Hepatic
steatosis in conjunction with lactic acidosis has been
observed in association with nucleoside reverse tran-
scriptase inhibitors such as stavudine and zidovudine.
Pancreatitis, myopathy, and peripheral neuropathy may
coexist. Providers must be vigilant and discontinue
medicines if necessary, because this syndrome has
been linked to several deaths.

Hepatic infections continue to be a signi®cant
cause of morbidity and mortality in AIDS patients.
Hepatitis B, D, and C viruses interact with HIV in
distinct ways. Coinfection with hepatitis B virus and
HIV has been associated with increased hepatitis B
DNA polymerase, reappearance of hepatitis B surface
antigen (HBsAg), loss of anti-HBs, and increased pre-
valence of hepatitis B e antigen expression. Despite an
increase in the chronic carrier state, there is an
attenuation of histologic and chemical hepatitis in
most of these coinfected patients with more advanced
immunosuppression. The institution of HAART in
hepatitis B virus chronic carriers may be disastrous;
immune activation can lead to hepatitis ¯ares and
even fulminant liver failure. Hepatitis D virus and
hepatitis B virus act similarly in the HIV-positive
patient. Unlike hepatitis B and D viruses, infection
with hepatitis C virus appears to worsen with
increased immune suppression in HIV-positive
patients. The prevalence of cirrhosis and hepatic fail-
ure is higher, and there is a more accelerated course.
The effect of HAART on hepatitis C virus disease is
variable, but because patients live longer, there may be
an increased risk of complications such as hepatocel-
lular carcinoma. The role of hepatitis C virus combi-
nation therapy with interferon a and ribavirin in
HIV-coinfected patients is being carefully evaluated
in randomized controlled trials, and initial reports
look promising. Mycobacterium avium-related hepatic
disease is a common diagnosis in individuals with
CD4� cell counts 550/ml. Extrapulmonary tubercu-
losis is common in HIV-positive patients and hepatic
tuberculosis can occur at all CD4� cell counts.
Although CMV inclusion bodies in the liver are com-
monly found in autopsy studies, CMV hepatitis is
rarely diagnosed clinically. Bartonella spp., P. carinii,
histoplasmosis, Cryptococcus, and Candida are rare
causes of hepatic disease in patients with AIDS.
Neoplasms such as Kaposi's sarcoma and non-
Hodgkin's lymphoma (NHL) can have signi®cant
hepatic involvement in patients infected with HIV.
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Prognosis of NHL is related to the degree of
immunosuppression.

Infectious cholangitis and neoplasm are AIDS-
speci®c causes of biliary disease. AIDS cholangiopathy
is pathologically similar to sclerosing cholangitis with
papillary stenosis, and is clinically indistinguishable,
with right upper quadrant abdominal pain and an
alkaline phosphatase elevated out of proportion to bilir-
ubin, aspartate transaminase (AST), and alanine trans-
aminase (ALT). This entity is thought to have an
infectious etiology because Cryptosporidium, Micro-
sporidium, and CMV have been isolated in biliary epithe-
lium and bile. Ultrasound or CT may be diagnostic, and
sphincterotomy may provide symptomatic relief.
Kaposi's sarcoma, primary bile duct lymphoma, and
lymph node obstruction may also manifest as biliary
disease in patients with AIDS.

RECTAL AND ANAL DISEASE

Patients with AIDS have a high prevalence of anorectal
disease, including anal ®stulas, perirectal abscesses, and
idiopathic ulcers. Proctitis can be caused by a host of
infectious agents, including Chlamydia trachomatis,
Neisseria gonorrhoeae, and herpes simplex. CMV can
cause ulcers. Human papillomavirus is a common sexu-
ally transmitted infection that causes a high prevalence
of anal intraepithelial neoplasia in HIV-positive men
and women. There is a corresponding high prevalence
of anal cancer in certain populations at risk, such as
HIV-positive men who have sex with men. Other neo-
plasms such as lymphoma and Kaposi's sarcoma have
anorectal manifestations. Although HAART has resulted
in a decrease in lymphoma and Kaposi's sarcoma, there

has been no reduction in the incidence of anal cancer or
its precursors in HIV-positive men and women.
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B symptoms Fever, weight loss, and night sweats; associated

with worse prognosis in patients with lymphoma.

highly active anti-retroviral therapy Combination of differ-

ent anti-human immunode®ciency virus (HIV) drugs

that have markedly increased the prognosis for patients

with HIV.

silver stain Special stain used to detect fungal organisms not

seen by regular microscopy.

YMDD mutation A mutation in the hepatitis B virus

polymerase gene in which methionine is replaced by

serine; associated with lamivudine therapy and drug

resistance.

Liver disease in patients with human immunode®ciency

virus and acquired immunode®ciency syndrome (AIDS)

is a common, often complex, problem. The clinical pre-

sentations of liver disease in this population are highly

variable, ranging from asymptomatic liver enzyme

abnormalities to fulminant hepatic failure. Infections,

medication toxicity, and malignancies are the most com-

mon causes of liver disease in patients with AIDS and will

be the main focus of discussion in this article.

INTRODUCTION

The hepatic manifestations of acquired immunode®-
ciency syndrome (AIDS) often correlate with the degree
of immunosuppression, success of medical therapy, and
socioeconomic status of the human immunode®ciency
virus (HIV)-infected individual. Patients with normal or
near-normal immune function are typically susceptible
to liver diseases that affect the immunocompetent popu-
lation, with the exception of hepatic toxicity from highly
active anti-retroviral therapy. Hepatitis B virus (HBV)-
or hepatitis C virus (HCV)-related liver diseases are
leading causes of morbidity and mortality in HIV
patients, even in well-controlled HIV. In patients with
AIDS and severe immunosuppression, the liver is often
affected by opportunistic infections and neoplasms,
such as Kaposi's sarcoma and lymphoma. This article
will examine the general approach to liver disease in an
HIV-positive patient and then speci®cally discuss the
most common causes of liver disease in this population.

APPROACH TO THE PATIENT

When liver disease is suspected in an HIV-positive
patient, a rational and focused diagnostic approach
should be utilized to narrow the broad differential diag-
nosis (Table I). The most important initial step is a
complete history and physical to search for possible
risk factors or evidence of hepatic disease. The clinician
should inquire about intravenous drug abuse and blood
transfusions, use of hepatotoxic medications, recent tra-
vel, exposure to opportunistic infections or sick
acquaintances, sexual practices, and alcohol use. Symp-
toms that may reveal clues to the presence or cause of
liver disease include fever, weight loss, night sweats,
jaundice, right upper quadrant abdominal pain, biliru-
binuria, acholic stools, and skin lesions. Physical exam-
ination should focus on searching for signs of liver
disease, such as jaundice, hepatomegaly, spider angio-
mata, gynecomastia, testicular atrophy, and proximal
muscle wasting.

If liver disease is suspected, a complete hepatic func-
tion panel, complete blood count with platelets, coagu-
lation pro®le, and CD4 count should be obtained. The
CD4 count is probably the most important test in for-
mulating a differential diagnosis. A patient with abnor-
mal liver tests and a normal CD4 count is unlikely to
have an opportunistic infection of the liver. However,
the clinician should initially focus on ruling out oppor-
tunistic infections of the liver in patients with CD4
counts of less than 200. Other chronic liver diseases
that affect the healthy population should also be
considered.

The pattern of liver test abnormalities is often
helpful in determining the cause of liver disease in
HIV-positive patients. Elevation in transaminases out
of proportion to alkaline phosphatase suggests hepato-
cellular injury. Chronic viral hepatitis, alcohol, medica-
tions, immunologic, and metabolic diseases should be
considered. Elevations in alkaline phosphatase, direct
bilirubin, and g-glutamyl transpeptidase suggest chole-
static liver disease, commonly caused by granulomatous
in®ltration or biliary obstruction. If a diagnosis cannot
be made with laboratory testing, the next step should be
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an ultrasound and/or a computerized tomography (CT)
scan of the abdomen. CT is superior to ultrasound
for delineation of hepatic lesions, lymphadenopathy,
cirrhosis, and splenomegaly, whereas ultrasound is
more sensitive for gallbladder and biliary tract disease.
Since neither test is highly speci®c or sensitive, liver
biopsy may be required to determine the etiology or
evaluate the extent and severity of liver disease.
Although a speci®c diagnosis can be made in the major-
ity of patients, liver biopsy should be performed only if

other diagnostic measures, including cultures and less
invasive procedures such as skin or bone marrow
biopsy, have failed to determine an etiology.

ETIOLOGIES AND TREATMENT

Opportunistic Infections

Mycobacterium avium complex (MAC) is the most
common opportunistic pathogen of the liver and can be
seen in 20ÿ55% of autopsies of patients with AIDS.
Patients usually present with fever, weight loss, and
diarrhea. The CD4 count is almost always 5100 in
these patients. Initial workup often reveals an elevated
alkaline phosphatase and liver biopsy may show poorly
formed noncaseating granulomas; however, with
advanced immunosuppression, tissue reaction and
granulomas are often absent. Cultures or special stains
are required for diagnosis in patients with suspected
MAC and inconclusive histopathology. Treatment
requires a 6- to 12-month course of a multiple drug
regimen, including either clarithromycin or azithromy-
cin and either two or three of the following: rifampin,
ethambutol, or cipro¯oxicin.

Mycobacterium tuberculosis (MTB) infection pre-
sents with fever, weight loss, and cough. Unlike MAC,
patients may develop pulmonary or extrapulmonary
MTB with any CD4 count. Liver biopsy may show gran-
ulomas and occasional hepatic abscesses. Similar to
MAC, patients with low CD4 counts may not have classic
histopathology on liver biopsy. Only culture can differ-
entiate between MAC and MTB. Patients are placed on a
multidrug regimen of isoniazid, rifampin, ethambutol,
and pyrazinamide for 9 to 12 months, unless there is
evidence of drug resistance.

Fungal infections such as Cryptococcus neoformans,
Histoplasma capsulatum, and Pneumocystis carinii (PCP)
may affect the liver. Cryptococcal liver involvement is
usually asymptomatic. Organisms may be seen on
biopsy with silver stain as small round glassy structures.
The treatment of Cryptococcus is intravenous (iv)
amphotericin B� oral ¯ucytosine. Disseminated histo-
plasmosis may cause severe constitutional symptoms
and systemic disease even though hepatic involvement
is usually asymptomatic. Detection of the polysacchar-
ide antigen in the blood is used for diagnosis, and liver
biopsy with silver stain reveals round organisms with
occasional budding, mild in¯ammation, and rarely
granulomas. The treatment for histoplasmosis is iv
amphotericin or itraconazole.

Disseminated PCP is associated with moderate
elevations in transaminases and alkaline phosphatase.

TABLE I Etiologies of Hepatic Disease in HIV Infection

Mycobacterial infections

Mycobacterium avium complex

Mycobacterium tuberculosis

Fungal infections

Cryptococcus neoformans

Histoplasma capsulatum

Coccidioides immitis

Candida albicans

Pneumocystis carinii

Aspergillus fumigatus

Protozoal infections

Cryptosporidia

Leishmania donovani

Encephalitozon cuniculi

Schistosoma ssp.

Toxoplasma gondii

Bacillary peliosis hepatitis

Viral infections

Cytomegalovirus

Herpes simplex virus

EpsteinÿBarr virus

Adenovirus

Varicellaÿzoster virus

Hepatitis AÿE

AIDS cholangiopathy

Neoplasms

Kaposi's sarcoma

Non-Hodgkin's lymphoma

Hodgkin's lymphoma

Hepatocellular carcinoma

Leiomyoma

Leiomyosarcoma

Cholangiocarcinoma

Hepatotoxic drugs

Anti-retrovirals

Antimicrobials

Anticonvulsants

Anti-emetics

Ethanol

Herbal medications

Miscellaneous

HIV infection

Malnutrition

Total parenteral nutrition

Amyloid
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Foamy periportal or diffuse nodules containing cysts on
silver stain are typical of hepatic involvement and are
usually detected only at autopsy. Disseminated PCP is
found primarily in patients who receive aerosolized
pentamidine. Treatment is usually with trimethoprim-
sulfamethoxazole � prednisone. Other less common
hepatic fungal infections include Coccidioides immitis,
Candida albicans, and Aspergillus fumigatus. Protozoal
infections are also rare in the liver and include schisto-
somiasis, Leishmania donovani, Encephalitozon cuniculi,
and Toxoplasma gondii.

Bacillary peliosis hepatitis has been associated
with Bartonella quintana or Bartonella henselae. Peliosis
lesions are blood-®lled cavities distributed through-
out the liver parenchyma. Gross inspection reveals
gray or hemorrhagic nodules, whereas granulation
tissue intermixed with neutrophils and eosinophilic
material is seen on histopathology. Any macrolide
antibiotic or doxycyline should be given for at least 4
months.

Cytomegalovirus (CMV) of the liver is present in
33ÿ44% of AIDS autopsy cases, usually in patients
with widespread organ involvement. Most patients
who have hepatic CMV infection are asymptomatic
and rarely present with fever and hepatomegaly. Trans-
aminases are often only mildly elevated. CMV infection
can be detected via polymerase chain reaction (PCR),
antigen assays, and blood cultures; de®nitive CMV
involvement of the liver is determined via biopsy.
Microabscesses and CMV inclusions in hepatocytes,
Kupffer cells, bile duct epithelium, and endothelial
cells are characteristic but not always present. Immu-
nohistochemical techniques and culture of tissue speci-
mens increase the sensitivity of diagnosis. CMV can also
cause mass lesions, granulomatous disease, or biliary
tract disease and obstruction. Treatment options
include ganciclovir, foscarnet, valganciclovir, and cido-
fovir. Other opportunistic viral infections of the liver in
AIDS include herpes simplex virus, EpsteinÿBarr virus,
adenovirus, and varicella-zoster virus.

CMV and other infections, such as cryptosporidia,
may cause in¯ammation and ®brosis of the biliary tract
known as AIDS cholangiopathy. Patients present with
fever, jaundice, and right upper quadrant pain. The
alkaline phosphatase is typically twofold higher than
transaminases. Signi®cant obstruction is associated
with hyperbilirubinemia. Papillary stenosis, long extra-
hepatic strictures, or intrahepatic and extrahepatic
sclerosing lesions resembling primary sclerosing cho-
langitis are seen with cholangiography. Endoscopic
sphincterotomy is the treatment of choice for papillary
stenosis and stenting or balloon dilation has been used
for dominant strictures.

Other Hepatotrophic Viruses

With advances in antiretroviral therapy and
improved life expectancy in HIV patients, chronic
HCV infection has become a leading cause of morbidity
and death in this population. Because of similar risk
factors for transmission, it is estimated that 30ÿ50%
of patients with HIV are co-infected with HCV. Several
studies suggest that HIV increases HCV replication and
accelerates the progression to cirrhosis. All HIV patients
should be screened for HCV with antibody testing and
con®rmed with either the recombinant immunoblot
assay or HCV-RNA PCR. HCV in patients with advanced
immunosuppression can often be diagnosed only by
measurement of RNA levels. HCV infection is usually
asymptomatic and liver enzymes are often normal early
in the course of disease. Liver biopsy establishes the
degree of necroin¯ammatory activity and ®brosis and
should be performed if treatment is considered. In gen-
eral, treatment of HIV with anti-retroviral therapy is
initiated ®rst, especially if the CD4 count is low. For
patients with stable HIV disease, combination therapy
with pegylated interferon and ribavirin can be adminis-
tered, although safety and ef®cacy data in this popula-
tion have been reported only in small series.

Co-infection with HIV and HBV increases the rate of
HBV replication and risk of a chronic carrier state; how-
ever, the in¯ammatory response in the liver is generally
milder in HIVÿHBV co-infected patients than in
patients infected with HBV alone. Reactivation of quies-
cent HBV may occur with progression of HIV and can
lead to fulminant liver failure in patients with co-infec-
tion. Indications for treatment include evidence of
ongoing viral replication, elevated liver enzymes, and
histological con®rmation of active or progressive dis-
ease. Lamivudine is often used as a ®rst-line agent as it
has activity against both HIV and HBV. HBV resistance
in the form of the YMDD mutation occurs in patients
treated with lamivudine and may respond to another
nucleoside analogue, such as entecavir or adefovir.

Patients with HIV exposed to hepatitis A virus do not
have more severe disease than immunocompetent
patients. Hepatitis D virus requires concurrent infection
with HBV and can cause severe liver disease in immu-
nosuppressed patients. Hepatitis E virus, a fecalÿorally
transmitted virus found almost exclusively in poor
countries, usually causes an acute self-limited disease.

Neoplasms

Kaposi's sarcoma (KS) and non-Hodgkin's lym-
phoma (NHL) are the most common hepatic neoplasms
in HIV patients. KS is a multicentric neoplasm derived
from lymphatic endothelial cells and is predominantly
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seen in homosexual men. Hepatic KS is found in 8.6% of
patients with AIDS but is rarely diagnosed prior to the
development of cutaneous disease. Patients are usually
asymptomatic, but may occasionally present with hepa-
tomegaly and an elevated alkaline phosphatase. KS
lesions are often too small to delineate by ultrasonogra-
phy, but may enhance with iv contrast on CT imaging.
Gross pathology reveals multifocal purple-brown soft
nodules composed of vascular endothelial cells forming
slit-like spaces, extravasated red blood cells, and central
necrosis. Since hepatic KS does not appear to shorten life
expectancy, only symptomatic patients require treat-
ment with chemotherapy (liposomal anthracyclines,
paclitaxel, or vinorelbine).

NHL is a known complication of HIV infection. The
majority are high- or intermediate-grade B-cell tumors
and extranodal presentation in common. Hepatic
masses are often asymptomatic, but may cause hepato-
megaly and jaundice due to hepatic in®ltration or biliary
tract compression. B symptoms are nonspeci®c in AIDS
patients. CT typically shows hypodense masses with rim
enhancement surrounded by normal hepatic parench-
yma. Biopsy may reveal lymphomatous in®ltration of
the portal tracts or lobules. Diffuse portal in®ltrates
may be seen in in®ltrating lymphomas. The median
survival for patients with AIDS and lymphoma is
under 6 months despite chemotherapy. Other hepatic
neoplasms found in HIV patients include Hodgkin's
lymphoma, hepatocellular carcinoma, smooth muscle
tumors, and cholangiocarcinoma. Hodgkin's lymphoma
involving the liver is uncommon in HIV patients and is
almost exclusively of the mixed cellularity or nodular
sclerosis subtype. Hepatocellular carcinoma in HBV or
HCV co-infected individuals occurs at a younger age
and is more aggressive than in patients without HIV
infection. Cholangiocarcinoma and hepatic leiomyoma
or leiomyosarcoma are less commonly described.

Drugs

Patients with AIDS may develop a spectrum of liver
problems with HIV medications, from mild liver test
abnormalities to fulminant hepatic failure. Nucleoside
reverse transcriptase inhibitors, such as zidovudine,
have been implicated in a rare but potentially fatal mito-
chondrial hepatopathy. Patients usually present with
nonspeci®c symptoms, but have severe microvesicular
steatosis on liver biopsy. Mortality due to refractory
lactic acidosis or hepatic failure can approach 60%.
Early discontinuation of nucleoside reverse transcrip-
tase inhibitors may improve clinical outcome, but there
are reported cases of progressive acidosis despite their
discontinuation. Nutritional therapy is the mainstay of

treatment, although prognosis is poor. Nevirapine, a
common nonnucleoside reverse transcriptase inhibitor,
can cause a hypersensitivity hepatitis. Ritonavir, a pro-
tease inhibitor, is associated with toxicity via inhibition
of the cytochrome P450 system. Pentamindine and sulfa
drugs are often associated with hepatic granulomas and
elevations of alkaline phophatase. Ethanol, antifungals,
antivirals, herbal medications, and nonprescription
drugs may also contribute to hepatic disease.

Miscellaneous

Nonspeci®c histopathologic ®ndings are described
in nearly one-third of biopsy specimens in patients with
HIV. Possible causes include malnutrition with or with-
out use of total parenteral nutrition, amyloid deposition,
and HIV infection itself. HIV has been found within
hepatocytes and Kupffer cells; however, the direct rela-
tionship between HIV and liver disease has not been
clearly delineated.

CONCLUSION

Patients with HIV and/or AIDS can have a spectrum of
liver diseases, from isolated abnormal liver enzymes to
fulminant hepatic failure. Instead of considering all of
the possible causes, the clinician should narrow the
differential diagnosis based on the history, physical
exam, pattern of abnormal liver tests, and degree of
immunosuppression. The least invasive approach to
diagnosis is usually the most appropriate initially.
The most common causes of liver disease in HIV patients
are opportunistic infections, neoplasms, and medica-
tions. Treatment should be based upon the most likely
diagnosis.

See Also the Following Articles

AIDS, Biliary Manifestations of � AIDS, Gastrointestinal

Manifestations of � Cytomegalovirus � Fungal Infections �
Hepatitis A � Hepatitis B � Hepatitis C � Hepatitis D � Hepa-

titis E � Hepatocellular Carcinoma � Kaposi's Sarcoma �
Lymphomas � Mycobacterial Infection

Further Reading

Bonacini, M. (1992). Hepatobiliary complications in patients with

human immunode®ciency virus infection. Am. J. Med. 92,

404ÿ411.

Bruno, R., Sacchi, P., Puoti, M., et al. (2002). HCV chronic hepatitis

in patients with HIV: Clinical management issues. Am. J.

Gastroenterol. 97, 1598ÿ1606.

Dodig, M., and Tavil, A. S. (2001). Hepatitis C and human

immunode®ciency virus coinfections. J. Clin. Gastroenterol. 33,

367ÿ374.

AIDS, HEPATIC MANIFESTATIONS OF 19



Herndier, B. G., and Friedman, S. L. (1992). Neoplasms of the

gastrointestinal tract and hepatobiliary system in acquired

immunode®ciency syndrome. Semin. Liver Dis. 12,

128ÿ141.

Poles, M. A., Lew, E. A., and Dieterich, D. T. (1997). HIV

infection and the gastrointestinal tract. Gastroenterol. Clin. 26,

291ÿ321.

Stenzel, M. S. (2000). The management of the clinical complications

of antiretroviral therapy. Infect. Dis. Clin. North Am. 14,

851ÿ878.

Wilcox, C. M. (1996). AGA technical review: Malnutrition and

cachexia, chronic diarrhea, and hepatobiliary disease in patients

with human immunode®ciency virus infection. Gastroenterology

111, 1724ÿ1752.

Alagille Syndrome
BINITA M. KAMATH AND DAVID A. PICCOLI

The Children's Hospital of Philadelphia

Alagille syndrome A disease caused by mutations in the

Jagged1 gene, resulting in variable manifestations in the

liver, heart, spine, eyes, kidneys, face, and other systems.

cholestasis Decrease in bile ¯ow, typically associated with

increased bilirubin, increased bile salts, or both. Eleva-

tions typically result in the visible signs of jaundice.

embryotoxon, posterior A ®nding in the anterior chamber of

the eye, sometimes visible as a discrete line, due to a

prominent Schwalbe's ring, seen in Alagille syndrome, in

some other genetic disorders, and in approximately 10%

of normal individuals.

hepatitis, neonatal Term used to de®ne a large and diverse

group of structural and metabolic disorders unique to

the neonatal period, resulting in hepatic disease and

cholestasis.

hepatomegaly Increase in the size of the liver. In children,

normal size varies with age.

hyperbilirubinemia Increase in the level of bilirubin

(unconjugated, indirect hyperbilirubinemia) or

conjugates of bilirubin (conjugated, direct hyperbiliru-

binemia).

Jagged1 mutation A defect in a gene encoding a primary

ligand for the NOTCH signaling pathway, resulting in

Alagille syndrome.

jaundice Eevation of bilirubin, typically conjugated bilir-

ubin, to the point that it is visible in the eyes or skin as a

yellowish pigmentation.

paucity, bile duct Decrease in the number of bile ducts

present in a portal tract, de®ned as a ratio of bile ducts to

portal tracts averaging less than 0.9.

splenomegaly Increase in size of the spleen. In children,

normal size varies with age.

xanthoma, Alagille syndrome Nodular or plaque-like lipid

deposits in the skin that occur commonly in Alagille

syndrome when the cholesterol level exceeds 500 mg /dl.

Alagille syndrome (AGS) is a complex dominantly inher-

ited multisystem disorder involving predominantly the

liver, heart, eyes, face, and skeleton. The main clinical

manifestations of AGS are cholestasis, characterized by

bile duct paucity on liver biopsy; congenital cardiac

defects, primarily involving the pulmonary arteries; pos-

terior embryotoxon in the eye; typical facial dysmorph-

ism; and butter¯y vertebrae. Renal and central nervous

abnormalities have also been described. A classic feature

of the syndrome is highly variable expressivity of the

clinical features, even within families. Jagged1 ( JAG1),

a ligand in the evolutionary conserved Notch signaling

pathway, has been identi®ed as the AGS gene.

DIAGNOSIS OF ALAGILLE SYNDROME

Alagille originally de®ned the syndrome by bile duct
paucity in association with at least three of ®ve major
criteria: cholestasis, characteristic facies, vertebral
abnormalities, ocular anomalies, and a heart murmur.
Since that time, a wide range of manifestations in many
organ systems have been associated with Alagille syn-
drome (AGS). Renal disease, pancreatic disease, and
intracranial vascular events are recognized to be signif-
icant manifestations of AGS.

Bile duct paucity on liver biopsy has been considered
to the most important and constant feature of AGS. This
paucity, however, is not present in infancy in many
patients ultimately shown to have AGS. Overall, paucity
is present in approximately 89% of patients. Several
studies of serial liver biopsies have demonstrated that
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Alagille originally de®ned the syndrome by bile duct
paucity in association with at least three of ®ve major
criteria: cholestasis, characteristic facies, vertebral
abnormalities, ocular anomalies, and a heart murmur.
Since that time, a wide range of manifestations in many
organ systems have been associated with Alagille syn-
drome (AGS). Renal disease, pancreatic disease, and
intracranial vascular events are recognized to be signif-
icant manifestations of AGS.

Bile duct paucity on liver biopsy has been considered
to the most important and constant feature of AGS. This
paucity, however, is not present in infancy in many
patients ultimately shown to have AGS. Overall, paucity
is present in approximately 89% of patients. Several
studies of serial liver biopsies have demonstrated that
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paucity is more common later in infancy and childhood.
Ductular proliferation is present in a small number of
infants with AGS, leading to potential diagnostic con-
fusion and misdiagnoses of biliary atresia.

Diagnosis of the syndrome is also hindered by highly
variable expressivity of the clinical manifestations.
Large series of patients reported by different groups
have demonstrated differing frequencies of the manifes-
tations of AGS. Diagnosis can also be dif®cult because
several of the characteristic features are seen in normal
individuals.

The identi®cation of the disease gene in AGS and the
availability of molecular testing have assisted in the
con®rmation of the diagnosis in affected individuals.
However, it has also provided a tool for identifying
individuals with few or only one feature of AGS who
carry a mutation in Jagged1 ( JAG1). It remains to be
clari®ed whether these individuals who carry mutations
in JAG1 but are without overt clinical disease should be
classi®ed as having AGS or merely as carriers of a gene
defect with minimal expression. Since the transmission
risk for progeny is high, the designation of a diagnosis of
AGS seems appropriate.

Based on these considerations, the diagnostic cri-
teria for AGS can be modi®ed signi®cantly. A revised
list of diagnostic criteria is proposed in Table I.

CLINICAL FEATURES AND
COMPLICATIONS OF
ALAGILLE SYNDROME

Hepatic Manifestations

The hepatic manifestations of AGS vary from mild to
severe cholestasis. The majority of symptomatic
patients present in the ®rst year of life. Hepatitis is pre-
sent in many infants, but is generally less important than
the cholestasis. Synthetic liver failure is extremely

uncommon under the age of 1 year. Hepatomegaly is
recognized in 93ÿ100% of AGS patients and is common
in infancy. Splenomegaly is unusual early in the course
of the disease, but is eventually found in up to 70% of
patients. Jaundice is present in the majority of sympto-
matic patients and typically presents as a conjugated
hyperbilirubinemia in the neonatal period. In half of
these infants, it is persistent, resolving only in later
childhood. The magnitude of the hyperbilirubinemia
is typically less than the degree of cholestasis and
pruritus. The pruritus is among the most severe of
any chronic liver disease. It rarely is present before 3
to 5 months of age, but is seen in most children by the
third year of life, even in some who are anicteric.

Multiple xanthomas are common sequelae of severe
cholestasis. The formation of xanthomas correlates with
serum cholesterol greater than 500 mg/dl. They typi-
cally form on the extensor surfaces of the ®ngers, the
palmar creases, nape of the neck, the ears, the popliteal
fossa, the buttocks, and around the inguinal creases.
These xanthomas increase in number over the ®rst
few years of life and then may disappear subsequently
as cholestasis improves.

The most striking laboratory abnormalities are in
the measures of cholestasis and bile duct damage. Ele-
vations of bilirubin up to 30 times normal and bile salt
elevations of 100 times normal are not uncommon. Bile
salt elevations are common, even when the bilirubin is
normal. Markers of bile duct damage, including
g-glutamyl transferase and alkaline phosphatase, are
usually markedly elevated. Likewise, other substances
typically excreted in bile are increased in blood. Cho-
lesterol levels may exceed 1ÿ2000 mg/dl. The amino-
transferases are typically elevated 3- to 10-fold, but may
be normal in some patients with cholestasis. Hepatic
synthetic function is usually well preserved.

Liver transplantation is eventually necessary in
21ÿ50% of patients. Indications for transplantation

TABLE I Revised Diagnostic Criteria for the Diagnosis of Alagille Syndrome

AGS family history Paucity JAG1 defect Criteria needed

None (proband) Present Not identi®ed 3 or more featuresa

None (proband) Absent Not identi®ed 4 or more features

None (proband) Absent Identi®ed 1 or more features

Present Present Not identi®ed 1 or more features

Present Unknown Not identi®ed 1 or more features

Present Absent Identi®ed Any or no features

Note. Major clinical criteria include consistent (1) cardiac, (2) ocular disease, (3) butter¯y vertebrae, (4) characteristic `̀ Alagille'' facies, or

(5) renal disease.
a A number of index cases with two criteria or even 1 criterion will ultimately be shown to have AGS by molecular testing, but two criteria should

be considered insuf®cient to establish the diagnosis in a proband.
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include synthetic dysfunction, intractable portal hyper-
tension, bone fractures, pruritus, xanthomata, and
growth failure. The survival of AGS patients undergoing
liver transplantation has been comparable to other
pediatric patients undergoing liver transplantation;
however, survival may be limited in patients with sig-
ni®cant cardiac or renal complications of AGS.

Cardiac Manifestations

The presence of a heart murmur is the most common
manifestation of AGS. The majority of these murmurs
are due to stenosis at some level in the pulmonary out-
¯ow tract or peripheral pulmonic vessels. Peripheral
pulmonic stenosis may occur in isolation or in combi-
nation with structural intracardiac disease. The most
common congenital defect is Tetralogy of Fallot,
which occurs in 7ÿ11% of patients. Other cardiovascu-
lar lesions include truncus arteriosus, ventricular septal
defect complex, atrial septal defect, ventricular septal
defect, and isolated pulmonic stenosis.

Cardiac disease accounts for nearly all the early mor-
tality in AGS. Patients with intracardiac disease have
approximately 40% survival to 6 years of life compared
to 95% survival in AGS patients without intracardiac
lesions. The operative mortality for cardiac surgery in
AGS patients is greater than for those without AGS.
Cardiovascular disease has also been implicated in
the increased posttransplantation mortality seen in
some series.

Ocular Anomalies

A large and varied number of ocular abnormalities
have been described in AGS. A few of the abnormalities
are secondary to chronic vitamin de®ciencies. Of the
primary ocular abnormalities, posterior embryotoxon
is the most important diagnostically. Posterior embry-
otoxon is a prominent, centrally positioned Schwalbe's
ring (or line), at the point where the corneal endothe-
lium and the uveal trabecular meshwork join. Posterior
embryotoxon occurs in 56ÿ95% of patients with AGS,
but also occurs in 8ÿ15% of normal eyes. Axenfeld
anomaly, seen in 13% of AGS patients, is a prominent
Schwalbe's ring with attached iris strands and is asso-
ciated with glaucoma. Numerous other ocular anoma-
lies have also been described, most of which have no
functional signi®cance.

Facial Features

The characteristic facial features of AGS include a
prominent forehead, deep-set eyes with moderate
hypertelorism, a pointed chin, and a saddle or straight

nose with a bulbous tip. The combination of these fea-
tures gives the face a triangular appearance (see Fig. 1).
Other facial characteristics include a ¯at appearance of
the face in pro®le and prominent ears. Additional
abnormalities include large ears, recurrent sinusitis,
recurrent otitis, and a high-pitched voice. The facies
of an adult with AGS do not resemble the childhood
features; the forehead becomes less prominent and the
chin is more protuberant, making the face less triangular
in appearance.

It has been suggested that the facies are due to the
effects of chronic cholestasis, but they are not seen in
other diseases with severe cholestasis. It is likely that

a

b

FIGURE 1 (a and b) Typical facies seen in a 4-year-old girl

with Alagille syndrome.
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the facial bone formation is directly affected by muta-
tions in JAG1.

Skeletal Manifestations

The most characteristic skeletal ®nding in AGS is the
sagittal cleft or butter¯y vertebrae, which is found in
33ÿ87% of patients (see Fig. 2). This anomaly may
occur in normal individuals. The affected vertebral
bodies are split sagittally into paired hemivertebrae,
due to a failure of the fusion of the anterior arches of
the vertebrae. Generally, these are asymptomatic and of
no structural signi®cance.

Other associated skeletal abnormalities include,
among others, an abnormal narrowing of the adjusted
interpedicular space in the lumbar spine, fusion of the
adjacent vertebrae, hemivertebrae, and the presence of a
bony connection between ribs. The ®ngers may seem
short, with broad thumbs. Supernumerary digital
¯exion creases are also seen.

Severe metabolic bone disease with osteoporosis and
pathologic fractures is common in AGS. A number of
factors may contribute to osteopenia and fractures,
including severe chronic malnutrition, vitamin D and
K de®ciency, chronic hepatic and renal disease, magne-
sium de®ciency, and pancreatic insuf®ciency.

Central Nervous System Manifestations

Intracranial bleeding is the most important neuro-
logic complication of AGS and a signi®cant cause of
morbidity and mortality. It occurs in approximately
15% of patients and in 30ÿ50% of these events the
hemorrhage is fatal. The intracranial bleeding varies
signi®cantly in location and severity. The majority of
this bleeding occurs in the absence of signi®cant coa-
gulopathy. Head trauma, typically of a minor degree, has
been associated with the bleeding in a number of cases.
The majority of cases of bleeding are spontaneous, how-
ever, with no clear risk factors. Structural vascular
abnormalities have been identi®ed in only some of
the patients with bleeding episodes.

Renal Manifestations

Renal disease is an important feature of AGS. Struc-
tural and functional renal abnormalities occur in
40ÿ50% of patients with AGS. These include solitary
kidney, ectopic kidney, bi®d pelvis, reduplicated
ureters, and multicystic and dysplastic kidneys. Renal
artery stenosis is a cause of systemic hypertension in
AGS. Tubulointerstitial nephropathy, renal tubular
acidosis, a characteristic `̀ lipidosis'' of the glomeruli,
and adult-onset renal insuf®ciency may also occur.

Additional Manifestations

Severe growth retardation is common in patients
with AGS, particularly in the ®rst 4 years of life. Mal-
nutrition due to malabsorption is a major factor in this
failure to thrive. There appear to be limitations in linear
growth even when protein-calorie malnutrition is not
evident.

Intrinsic pancreatic disease may also occur in AGS.
Clinically, the identi®cation of pancreatic insuf®ciency
is important, as therapy with enzyme supplementation
is available.

MORBIDITY, MORTALITY, AND
OUTCOME IN ALAGILLE SYNDROME

Diseases of the cardiac, hepatic, and central nervous
systems account for the majority of morbidity and mor-
tality in AGS. The presence of complex intracardiac

FIGURE 2 Butter¯y vertebrae with variable degrees of clefting

in the thoracic spine of an infant with Alagille syndrome.
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disease at diagnosis is the only predictor of excessive
early mortality. Hepatic complications account for most
of the later mortality, although recent series document
signi®cant mortality from intracranial bleeding. The
20-year survival has been estimated to be 75% overall.

THERAPY FOR ALAGILLE SYNDROME

Patients with AGS present signi®cant management
challenges. Cholestasis is commonly profound. Bile
¯ow may be stimulated with the choleretic ursodeoxy-
cholic acid, but in many patients the pruritus continues
unabated. Care should be taken to keep the skin
hydrated with emollients and ®ngernails should be
trimmed. Therapy with antihistamines may provide
some relief, but many patients require additional ther-
apy with agents such as rifampin or naltrexone. Biliary
diversion has been successful in a limited number of
patients, but intractable pruritus continues to be an
indication for transplantation in refractory patients.

Malnutrition and growth failure should be treated
with aggressive nutritional therapy. There will be sig-
ni®cant malabsorption of long-chain fat and therefore
formulas supplemented with medium-chain triglycer-
ides have some nutritional advantage. Fat-soluble vita-
min de®ciency is present to a variable degree in most
patients. Multivitamin preparations may not provide the
correct ratio of fat-soluble vitamins and thus vitamins
are best administered as individual supplements.

GENETICS OF ALAGILLE SYNDROME

AGS is inherited in autosomal dominant fashion with
highly variable expressivity ranging from subclinical
features to severely affected individuals. It is one of
the most common genetic causes of cholestasis in
infancy, with an estimated frequency of 1 in 70,000
live births.

The site of the gene responsible for AGS was ®rst
suggested by the identi®cation of cytogenetically visible
deletions on the long arm of chromosome 20 in multiple
AGS patients. In 1997, mutations in JAG1 were shown to
be the cause of AGS. Molecular analysis has demon-
strated JAG1 mutations in approximately 70% of
patients.

JAG1 is a cell surface protein that functions as a
ligand for the Notch transmembrane receptors, which

are part of the evolutionarily conserved Notch signaling
pathway. The Notch pathway regulates cell fate deter-
mination in many different cell types throughout devel-
opment. Approximately 50% of AGS patients have
protein truncating (frameshift or nonsense) mutations.
The mutations are distributed widely over the entire
coding region. Fifty to 70% of mutations are de novo.
Mutations in JAG1 are thought to cause disease by hap-
loinsuf®ciency whereby there is a decrease in the
amount of the normal protein.

Although the AGS phenotype is highly variable,
there is no apparent genotypeÿphenotype correlation.
No phenotypic differences have been identi®ed based
on type or location of mutation. Furthermore, the
extreme variability of the AGS phenotype within
families suggests that other genetic or environmental
factors contribute signi®cantly to the clinical manifesta-
tions of the disease.

Genetic evaluation for JAG1 mutations is currently
available on a research basis. Current methods cannot
identify a mutation in approximately 30% of clearly
affected probands. Prenatal testing is available, but
only if the mutation is identi®ed in the proband. Mole-
cular testing has also aided in the diagnosis of AGS for
patients with minor or atypical manifestations and has
expanded the spectrum of AGS manifestations.

The identi®cation of JAG1 as the cause of AGS has
opened a window on human development, which will
surely lead to an enhanced understanding of embryo-
genesis and multisystem diseases of humans.

See Also the Following Articles

Biliary Tract, Developmental Anomalies of the � Liver Trans-

plantation � Malabsorption � Malnutrition � Neonatal Cho-

lestasis and Biliary Atresia � Neonatal Hyperbilirubinemia

Further Reading

Emerick, K. M., Rand, E. B., Goldmuntz, E., et al. (1999). Features of

Alagille syndrome in 92 patients: Frequency and relation to

prognosis. Hepatology 29, 822ÿ829.

Li, L., Krantz, I. D., Deng, Y., et al. (1997). Alagille syndrome is

caused by mutations in human Jagged1, which encodes a ligand

for Notch1. Nat. Genet. 16, 243ÿ251.

Piccoli, D. A. (2001). Alagille syndrome. In `̀ Liver Disease in

Children'' (F. J. Suchy, R. J. Sokol, and W. F. Balistreri, eds.),

2nd Ed., pp. 327ÿ342. Lippincott, Williams & Wilkins,

Philadelphia, PA.

24 ALAGILLE SYNDROME



are typical primary physical signs of cirrhosis. Second-
ary phenomena include portal hypertension with
splenomegaly, edema, and ascites; encephalopathy; and
gastrointestinal hemorrhage from bursting esophageal
or gastric varices, and bleeding tendencies due to clot-
ting factor de®ciencies resulting from hepatocyte mal-
function. Tertiary complications include spontaneous
peritonitis caused by anaerobic bacteria.

Typically, blood tests reveal a decrease in serum
albumin with increased and abnormal globulins.
Serum transaminases and bilirubin are usually only
mildly elevated, with more striking increases in the
end stages. As previously discussed, the outcome is
often dismal, with a 1-year mortality of 50% or more
in patients over the age of 60 years.

See Also the Following Articles

Alcohol Metabolism � Ascites � Cirrhosis � Hepatitis C �
Hepatocellular Carcinoma � Hepatocytes

Further Reading

Chedid, A., Mendenhall, C. L., Gartside, P., French, S. W., Chen, T.,

Rabin, L., and the VA Cooperative Group (1991). Prognostic

factors in alcoholic liver disease. Am. J. Gastroenterol. 82,

210ÿ216.

Lieber, C. S. (ed.) (1992). `̀ Medical and Nutritional Complications

of Alcoholism: Mechanisms and Management.'' Plenum Press,

New York.

Lieber, C. S. (2001). Alcohol and hepatitis C. Alcohol Res. Health 25,

245ÿ254.

Worner, T. M., and Lieber, C. S. (1985). Perivenular ®brosis as

precursor lesion of cirrhosis. JAMA 254, 627ÿ630.

Alcohol Metabolism
CHARLES S. LIEBER

Bronx Veterans Affairs Medical Center and Mount Sinai School of Medicine, New York

cytosol The ¯uid component of cytoplasm, excluding

organelles.

endoplasmic reticulum The membrane network in cyto-

plasm that is composed of tubules or cisternae. Some

membranes carry ribosomes on their surfaces (rough

endoplasmic reticulum) and others are smooth.

free radicals (1) An uncharged atom or group of atoms

having at least one unpaired electron, which makes it

highly reactive. (2) An organic compound having some

unpaired valence electrons; a normal by-product of

oxidation reactions in metabolism.

microsomes Small particles in the cytoplasm of a cell,

typically consisting of fragmented endoplasmic reticu-

lum to which ribosomes are attached.

mitochondrion A spherical or elongated organelle in the

cytoplasm of the cell, containing genetic material and

many enzymes important for cell metabolism, including

those responsible for the conversion of food to usable

energy. It consists of two membranes: an outer smooth

membrane and an inner membrane arranged to form

cristae.

peroxisomes Cell organelles containing enzymes, such as

catalase and oxidase, that catalyze the production and

breakdown of hydrogen peroxide.

Ethanol (also called alcohol or ethyl alcohol) is the most

commonly abused psychoactive drug, yet it is legal in

most countries. Its metabolism is the cause of a vast

array of pathologic manifestations.

INTRODUCTION

Ethanol is readily absorbed from the gastrointestinal
tract but only 2 to 10% is eliminated through the kidneys
and lungs; the rest is metabolized in the body. Many
tissues contain enzymes capable of ethanol oxidation or
nonoxidative metabolism, but signi®cant activity occurs
only in the liver (Fig. 1) and, to a lesser extent, in the
stomach. Accordingly, medical consequences are
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predominant in these organs and thus these two sites of
ethanol metabolism are the focus of this article.

HEPATIC METABOLISM OF ETHANOL
AND ITS CONSEQUENCES

The hepatocyte contains three main pathways for etha-
nol metabolism, each located in a different subcellular
compartment: (1) the alcohol dehydrogenase (ADH)
pathway of the cytosol (the soluble fraction of the
cell); (2) the microsomal ethanol-oxidizing system,
located in the endoplasmic reticulum; and (3) catalase,
located in the peroxisomes. Each of these pathways
produces speci®c metabolic or toxic disturbances
and all three generate acetaldehyde, a highly toxic
metabolite.

The ADH Pathway

This is the main pathway of alcohol metabolism.

Multiple Forms of ADH

Human ADH is a zinc metalloenzyme with ®ve
classes of molecular forms that arise from the associa-
tion of eight different types of subunits (a,b1,b2,b3, g1,
g2, p, and w) into active dimeric molecules. A genetic
model accounts for this multiplicity as products of seven
gene loci, ADH1 through ADH7.

Metabolic Disorders Associated with
the ADH Pathway

In ADH-mediated oxidation of alcohol, hydrogen
is transferred from the substrate to the cofactor

nicotinamide adenine dinucleotide (NAD), converting
it to its reduced form (NADH), and acetaldehyde is
produced (Fig. 1). Thus, the ®rst step in this oxidation
of alcohol generates an excess of reducing equivalents in
the cytosol, primarily as NADH, with a marked shift in
the redox potential of the cytosol. The altered redox
state, in turn, is responsible for a variety of metabolic
abnormalities, including hyperlactacidemia, which con-
tributes to the acidosis and also reduces the capacity of
the kidneys to excrete uric acid, leading to secondary
hyperuricemia. Hyperuricemia explains the common
clinical observation that excessive consumption of alco-
holic beverages frequently aggravates or precipitates
gouty attacks.

Short-term alcohol intoxication occasionally causes
severe hypoglycemia, which can result in sudden death.
Hypoglycemia is due, in part, to the block of hepatic
gluconeogenesis by ethanol, again as a consequence of
the increased NADH/NAD ratio in subjects whose
glycogen stores are already depleted by starvation or
who have preexisting abnormalities in carbohydrate
metabolism.

The reducing equivalents can also be transferred to
NADPH, and the increased NADPH can be utilized for
synthetic pathways in the cytosol and in the micro-
somes. Some of the hydrogen equivalents are transferred
from the cytosol into mitochondria. The mitochondrial
membrane is impermeable to NADH and the reducing
equivalents are thought to enter the mitochondria via
shuttle mechanisms such as the malate cycle (quantita-
tively, probably the most important), the fatty acid
elongation cycle, and the a-glycerophosphate cycle.
Normally, fatty acids are oxidized via b-oxidation in
the citric acid cycle of the mitochondria, which serves
as a `̀ hydrogen donor'' for the mitochondrial electron
transport chain. When alcohol is oxidized, the gener-
ated hydrogen equivalents, which are shuttled into
mitochondria, supplant the citric acid cycle as a source
of hydrogen. The activity of the citric acid cycle is actu-
ally depressed, partly because of a slowing of the reac-
tions of the cycle that depend on the NAD/NADH ratio.
Consequently, the mitochondria will use the hydrogen
equivalents originating from ethanol rather than those
derived from the oxidation of fatty acids that normally
serve as the main energy source of the liver. This substi-
tution of alcohol for fat favors hepatic fat accumulation.

Microsomal Ethanol-Oxidizing System (MEOS)

Characterization of the MEOS and
Its Role in Ethanol Metabolism

Although recognized only three decades ago, this
new pathway is still the subject of extensive research,

FIGURE 1 Schematic illustration of the main pathways

of ethanol disposition in stomach and liver. Metabolic and

drug interactions may affect conjugation, microsomal cytochrome

P450-dependent pathways (CYT P450), alcohol dehydrogenase

(ADH), and acetaldehyde dehydrogenase (ALDH). Reprinted from

Lieber (1997), # Lippincott Williams & Wilkins, with permission.

ALCOHOL METABOLISM 29



reviewed in detail elsewhere. The ®rst indication of an
interaction of ethanol with the microsomal fraction of
the hepatocyte was provided by the morphologic obser-
vation that alcohol feeding results in a proliferation of
the smooth endoplasmic reticulum (SER), both in ani-
mals and in human. This increase in SER resembles that
seen after the administration of a wide variety of hepa-
totoxins, therapeutic agents, and some food additives.
Since most of the substances that induce a proliferation
of the SER are metabolized, at least in part, by the cyto-
chrome P450 enzyme system that is located on the SER,
the possibility that alcohol may also be metabolized by
similar enzymes was raised. Such a system was indeed
demonstrated in liver microsomes in vitro and found to
be inducible by chronic alcohol feeding in vivo and was
named the microsomal ethanol-oxidizing system. Its
distinct nature was shown by (1) isolation of a P450-
containing fraction from liver microsomes that,
although devoid of any ADH or catalase activity,
could still oxidize ethanol as well as higher aliphatic
alcohols (e.g., butanol, which is not a substrate for cat-
alase) and (2) reconstitution of ethanol-oxidizing activ-
ity using NADPHÿcytochrome P450 reductase,
phospholipid, and either partially puri®ed or highly
puri®ed microsomal P450. The puri®ed human protein
(now called CYP2E1) was obtained in a catalytically
active form, with a high turnover rate of ethanol and
other speci®c substrates. MEOS has a relatively high Km

for ethanol (8ÿ10 mM, compared to 0.2ÿ2 mM for
hepatic ADH) but, contrasting with hepatic ADH,
which is not inducible in primates as well as most
other animal species, enhanced levels of both hepatic
CYP2E1 protein and its mRNA were found in actively
drinking patients.

The presence of CYP2E1 was also shown in extra-
hepatic tissues and in nonparenchymal cells of the liver,
including Kupffer, but not stellate, cells. In rats, ethanol
treatment caused a sevenfold increase in CYP2E1 con-
tent of the Kupffer cells.

Increased Xenobiotic Toxicity and
Carcinogenicity; Oxidative Stress

Much of the medical signi®cance of the MEOS (and
its ethanol-inducible CYP2E1) results not only from the
oxidation of ethanol but also from the unusual and
unique capacity of CYP2E1 to generate reactive oxygen
intermediates, such as superoxide radicals. Indeed,
there is increased evidence that ethanol toxicity may
be associated with an increased production of reac-
tive oxygen intermediates. Increased generation of oxy-
gen- and ethanol-derived free radicals occurs at the

microsomal level, especially through the intervention
of the ethanol-inducible CYP2E1. This induction is
accompanied by increased oxidation of NADPH with
resulting H2O2 generation. There is also increased
superoxide radical production. This oxidative stress
contributes to the lipid peroxidation associated with
alcoholic liver injury. Lipid peroxidation correlates
with the amount of CYP2E1 in liver microsomal pre-
parations and it can be inhibited by antibodies against
CYP2E1.

CYP2E1 also activates many xenobiotic compounds
to their toxic metabolites, often free radicals. This per-
tains, for instance, to carbon tetrachloride and other
industrial solvents such as bromobenzene and vinyli-
dene chloride as well as anesthetics such as en¯urane
and halothane. Ethanol abuse also markedly increases
the activity of microsomal benzene-metabolizing
enzymes and aggravates the hematopoietic toxicity of
benzene. In addition, enhanced metabolism (and toxi-
city) pertains to a variety of prescribed drugs, including
isoniazid and phenylbutazone and some over-the-
counter medications such as acetaminophen (paraceta-
mol or Tylenol), all of which are substrates for, or
inducers of, CYP2E1. Therapeutic amounts of acetami-
nophen (2.5 to 4 g per day) can cause hepatic injury in
alcoholics. In animals given ethanol for long periods,
hepatotoxic effects peaked after withdrawal when etha-
nol was no longer competing for the microsomal path-
way but levels of the toxic metabolites were at their
highest. Thus, alcoholics are most vulnerable to the
toxic effects of acetaminophen shortly after cessation
of chronic drinking. In fact, such patients hospitalized
with acetaminophen toxicity related to accidental mis-
use had higher rates of morbidity and mortality than
those who attempted suicide, even though the latter had
taken more acetaminophen.

There is an association between alcohol misuse and
an increased incidence of upper alimentary and respira-
tory tract cancers. Many factors have been incriminated,
one of which is the effect of ethanol on enzyme systems
involving activation of carcinogens by CYP2E1.

Alcoholics are also commonly heavy smokers, and
the synergistic effects of alcohol consumption and
smoking on cancer development are striking, with a
44-fold increase of esophageal cancer in human.

Most importantly, induction of the MEOS results in
interaction with many nutrients, as reviewed elsewhere,
and in enhanced acetaldehyde production (Fig. 2),
which, in turn, aggravates the oxidative stress directly
as well as indirectly by impairing defense systems
against it. Acetaldehyde is a major cause of complica-
tions (Fig. 2) that contribute to the development of liver
injury.

30 ALCOHOL METABOLISM



The Catalase Pathway

Catalase is capable of oxidizing alcohol in vitro in the
presence of an H2O2-generating system and its interac-
tion with H2O2 in the intact liver was demonstrated.
However, its role is limited by the small amount of H2O2

generated and, under physiological conditions, catalase
appears to play no major role in ethanol oxidation.

The catalase contribution might be enhanced if sig-
ni®cant amounts of H2O2 become available through
b-oxidation of fatty acids in peroxisomes. Indeed,
long-term ethanol consumption is associated with
increases in the content of a speci®c cytochrome
(CYP4A1) that promotes microsomal o-hydroxylation
of fatty acids, which may compensate, at least in part, for
the de®cit in fatty acid oxidation due to the ethanol-
induced injury of the mitochondria. Products of o-oxi-
dation also increase liver cytosolic fatty acid-binding
protein and peroxisomal b-oxidation, an alternate but
modest pathway for fatty acid disposition.

OXIDATION OF ETHANOL IN THE
STOMACH: GENDER AND ETHNIC
DIFFERENCES

Alcohol was known to disappear from the stomach and
this was considered to be part of its `̀ absorption'' from

the gastrointestinal tract (Fig. 1). It is now apparent
that some of this absorbed ethanol is in fact metabolized
in the gastric wall. As a result, when alcohol is taken
orally, blood levels achieved are generally lower than
those obtained after administration of the same dose
intravenously, so-called ®rst-pass metabolism (FPM).
Indeed, the gastric mucosa contains the same diversity
in isozymes of ADH (except for p) as the liver (vide
supra). However, in addition, it has a class IV ADH
(called s-ADH) that is not present in the liver. This
enzyme has now been puri®ed, its full-length cDNA
has been obtained, and the complete amino acid
sequence has been deduced. Furthermore, the gene
(ADH7) was cloned and localized to chromosome 4
by Yokoyama et al. in 1996. The upstream structure
of the human ADH7 gene and the organ distribution
of its expression were also de®ned. s-ADH was found
to have a high capacity for ethanol oxidation, greater
than that of the other isozymes. Its af®nity for
ethanol is relatively low, with a Km of approximately
30 mM, but this is not a drawback in the stomach,
where ethanol is commonly present at much higher
concentrations.

In vitro, gastric ADH was found to be responsible for
a large fraction of the ethanol metabolism observed in
cultured rat and human gastric cells. Thus, FPM re¯ects,
at least in part, gastric metabolism.
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FIGURE 2 Hepatic, nutritional and metabolic abnormalities after ethanol abuse. Malnutrition,
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ALCOHOL METABOLISM 31



The concept of a signi®cant ethanol metabolism in
the stomach was also supported indirectly by the obser-
vation that commonly used drugs, such as aspirin, and
some histamine-2 blockers, which decrease the activity
of gastric ADH and/or accelerate gastric emptying, also
increase blood alcohol levels in vivo. This was particu-
larly apparent after the repeated intake of low alcohol
doses, mimicking social drinking. Although questioned
at ®rst, such increases in blood levels have now been
widely con®rmed. The blood level achieved by each
single administration of a low dose is small, but social
drinking is usually characterized by repetitive con-
sumption of small doses. Under those conditions, the
effect of the drug is cumulative, and the increase in
blood alcohol becomes suf®cient to reach levels
known to impair cognitive and ®ne motor functions.

Some ethnic differences also support the concept of
the role of gastric ADH in FPM of ethanol. Indeed, s-
ADH is absent or markedly decreased in activity in a
large percentage of Japanese subjects. Their FPM is cor-
respondingly reduced.

Gender differences have also been described: In
Caucasians, gastric ADH activity is lower in women
than in men, at least below the age of 50 years, a differ-
ence mainly due to lower w-ADH activity in women.
This is associated with higher blood alcohol levels, an
effect more striking in alcoholic women than in non-
alcoholic women because FPM is partly lost in the alco-
holic, together with decreased gastric ADH activity.
Furthermore, in women, the alcohol consumed is dis-
tributed in a 12% smaller water space because of a dif-
ference in body composition (more fat and less water).
The larger proportion of ethanol that enters the systemic
circulation in women than in men may contribute to
their greater vulnerability to alcohol, not only in terms
of central nervous system manifestations but also for
liver disease, especially since women have less effective
defense mechanisms against alcoholic liver injury
than men.

The magnitude of FPM also depends on the concen-
tration of the alcoholic beverages used. Indeed, gastric
ADH isozymes require a relatively high ethanol concen-
tration for optimal activity. Therefore, the concentra-
tion of alcoholic beverages affects the amount

metabolized, with lesser gastric FPM (and hence
more alcohol reaching the blood) after weak beverages
(such as beer) than for equivalent amounts of ethanol
consumed in strong beverages (such as whiskey). Fast-
ing also strikingly decreases FPM, most likely because of
accelerated gastric emptying, resulting in shortened
exposure of ethanol to gastric ADH and its more
rapid intestinal absorption.

In summary, gastric FPM of ethanol represents a
useful barrier against excess penetration of ethanol
into the body.
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ascites Accumulation of ¯uid in the peritoneal cavity.

cholestasis Arrest in the ¯ow of bile.

collagen Fibrous protein constituent of bone, cartilage,

tendon, and scar tissue.

edema Accumulation of excessive watery ¯uid in tissues, or

serous cavities.

encephalopathy Any of various diseases of the brain.

endoplasmic reticulum Membrane network in cytoplasm

composed of tubules or cisternae. Some membranes

carry ribosomes on their surfaces (rough endoplasmic

reticulum), whereas others are smooth.

fenestration Opening in the surface of a structure, as in a

membrane.

hemochromatosis Hereditary disorder of iron metabolism

characterized by excessive accumulation of iron in tissues.

hepatocellular carcinoma Cancer derived from parenchymal

cells in the liver.

hepatocyte Main liver cell.

necrosis Death of cells or tissues through injury or disease.

peritonitis In¯ammation of the lining of the abdominal

cavity.

polymorphonuclear leukocyte White blood cell, usually

neutrophilic, having a nucleus that is divided into lobes.

steatosis Accumulation of fat within the cells of an organ,

such as the liver, resulting in diminished functioning.

ultrastructural Visible under the electron microscope.

Liver disease in the alcoholic patient has long been

believed to be due exclusively to malnutrition, but at

present, the additional role of ethanol hepatotoxicity is

well established. In the absence of dietary de®ciencies,

and even in the presence of protein-, vitamin-, and

mineral-enriched diets, ethanol produces a fatty liver

with striking ultrastructural lesions, both in rats and in

human volunteers, and scarring or ®brosis with cirrhosis

in nonhuman primates. In humans, there is a clear link

between the amount of alcohol consumed and the inci-

dence of cirrhosis, associated with deadly complications.

INTRODUCTION

The clinical course and ultimate outcome of alcoholic
liver disease is dismal. In a prospective survey of 280

patients with alcoholic liver injury, Chedid and co-
workers found that, within 48 months of followup,
30% of those with a fatty liver, more than half of
those with cirrhosis, and two-thirds of those with cir-
rhosis plus alcoholic hepatitis died. This outcome is
more severe than that of many cancers, yet it is attracting
much less concern, both among the public and the med-
ical profession. This may be due, at least in part, to a
prevailing and pervasive perception that not much can
be done about this major public health issue. Pathogenic
concepts of alcoholic liver disease, however, are evol-
ving, and elucidation of the biochemical effects of etha-
nol allows for a more optimistic outlook in terms of
diagnosis and treatment.

NATURAL COURSE OF ALCOHOLIC
LIVER DISEASE

Fatty Liver

Fat accumulation in the liver cells is the earliest and
most common response to alcohol metabolism in the
liver. The normal liver weighs about 1.5 kg, whereas the
alcoholic fatty liver weighs 2.0ÿ2.5 kg. Macroscopi-
cally, on hematoxylin- and eosin-stained sections, par-
enchymal accumulation of lipid is seen as clear
intracytoplasmic vacuoles, or as black or red globules
with various Sudan stains. In massive steatosis (Fig. 1),
the hepatocytes are uniformly ®lled by larger fat dro-
plets. The cell nucleus may be eccentrically placed, and
when the cell membranes between adjacent hepatocytes
rupture, fatty cysts are formed. Increased hepatic lipid
accumulation (involving mainly a 3- to 10-fold rise in
triglycerides) can be demonstrated by biochemical mea-
surements before it becomes histologically apparent.
Evidence of necrosis is usually sparse but sometimes
the hepatocytes are surrounded by a mild accumulation
of in¯ammatory cells. When pronounced, these forma-
tions are called `̀ lipogranulomas.''

Ultrastructural changes reveal enlarged and dis-
torted mitochondria with shortened cristae, sometimes
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containing crystalline inclusions. The endoplasmic reti-
culum shows vacuolar dilatation and proliferation.
Despite adequate nutrition, alcohol was found to induce
these alterations in rats and baboons (Fig. 2) and in
alcoholic human volunteers.

The clinical spectrum of alcoholic fatty liver may
extend from silent, nonsymptomatic hepatomegaly to
severe hepatocellular failure with cholestasis and
impaired blood ¯ow through the liver. Most of the
patients with simple fatty liver are virtually asympto-
matic. Hepatomegaly is the commonest clinical sign,
present on physical examination in 75% of patients.
In more advanced cases, hepatic tenderness, anorexia,
nausea, emesis, jaundice, and even ¯uid accumulation
in the abdomen (ascites) are present. Severe forms of
fatty liver may present a clinical picture mimicking
extrahepatic obstructive jaundice, especially if asso-
ciated with dark urine and light-colored stools. Typical
abnormalities in laboratory tests are slightly or moder-
ately elevated g-glutamyl transferase (GGT) and serum
(alanine and aspartate) transaminases (AST and ALT).
In contrast to more advanced alcoholic liver injury, all
the abnormalities of the laboratory tests tend to return to
normal within the ®rst days of abstinence.

Perivenular Fibrosis

Although it can occur anywhere in the liver, the
earliest deposition of ®brous tissue is generally seen
around the central veins and venulesÐnow called term-
inal hepatic venules. Fibrosis around these veins has
been described in alcoholic hepatitis and is often asso-
ciated with a necrotizing process called sclerosing hya-
line necrosis. When intensive, it may obliterate the
terminal hepatic veins and lead to postsinusoidal portal
hypertension with ascites prior to the development of
cirrhosis. It is important to note that perivenular ®brosis
can be seen in the absence of, or prior to, widespread
in¯ammation and necrosis, in association with what
pathologists would label as `̀ simple'' fatty liver.

Once perivenular ®brosis has developed, it indicates
that the patient has already entered the ®brotic process
and that, on continuation of drinking, he or she will
rapidly develop more severe stages, including cirrhosis.
Thus, this lesion can be considered as a marker of vul-
nerability to the development of subsequent cirrhosis
and therefore can be used as an indication for active
intervention.

Alcoholic Hepatitis

This stage is characterized by the appearance of
necrosis with an in¯ammatory reaction, including poly-
morphonuclear cells. Although the incidence of fatty
liver in alcoholics is very common, alcoholic hepatitis
develops in only a fraction of heavy drinkers. Histolo-
gical characteristics of alcoholic hepatitis are ballooning
and a great disarray of hepatocytes (predominantly in
perivenular areas) with disseminated in®ltration by

FIGURE 1 Severe fatty liver of an alcoholic. The hepatocytes

are uniformly ®lled by large fat droplets and nuclei are eccentri-

cally placed. TV, Terminal venule. Hematoxylin and eosin stain-

ing, �250. Reproduced with permission from Lieber (1992).

FIGURE 2 Ultrastructural changes in a baboon liver following

prolonged ethanol ingestion. Note the prominence of the smooth

endoplasmic reticulum (ser). Mitochondrial changes include

swelling, shortening of the cristae, and some giant forms (GM).

Some normal-sized mitochondria (m) are still present. Disrup-

tions of mitochondrial membranes are common. BC, Bile

canaliculus. Uranyl acetate and lead staining, �9500. Repro-

duced with permission from Lieber (1992).
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polymorphonuclear in¯ammatory cells and varying
degrees of steatosis, necrosis, ®brosis, and cholestasis.
Mallory's alcoholic hyaline (irregular cytoplasmic
bodies) can be considered as a diagnostic hallmark,
but it is not always present. Ultrastructural changes
in alcoholic hepatitis are similar but are more severe
than the ones seen in fatty liver. Collagen ®bers may
surround the liver cells and interfere with their expo-
sure to the blood.

The clinical spectrum of alcoholic hepatitis may thus
range from mild hepatomegaly to fatal disease with
jaundice, ascites, liver coma, gastrointestinal hemor-
rhage, and with all the complications of severe hepatic
insuf®ciency. In general, there is a correlation between
the severity of the histological features of alcoholic
hepatitis (hepatocellular necrosis, leukocytic in®ltra-
tion, frequency of alcoholic hyaline) and the degree
of hepatomegaly, leukocytosis, and elevations of
serum transaminases and the intensity of symptoms.

Among the laboratory abnormalities, an AST/ALT
ratio greater than 2.0 is considered indicative for alco-
holic liver injury. However, this ratio may be less helpful
in the presence of cirrhosis. The depression of serum
albumin and the prolongation of the prothrombin time
have been shown to correlate with the severity of the
histological lesions. Other common laboratory ®ndings
include serum bilirubin elevations (in 90% of patients).
It should, however, be remembered that serum bilirubin
may also be increased in the absence of alcoholic hepa-
titis (for instance, because of red cell destruction or
pancreatitis, an in¯ammation of the pancreas).

Cirrhosis

Macroscopically, the early cirrhotic liver is golden
yellow with ®ne uniform nodules (from 1 to 5 mm) on
the surface. Traditionally, this type of cirrhosis is called
micronodular, or Laennec's, cirrhosis. The size of the
liver varies, depending on the degree of ®brosis, in¯am-
mation, and steatosis, from a small, shrunken, and hard
liver to a large organ weighing up to 4 kg.

Microscopically, scar tissue distorts the normal
architecture of the liver by forming bands of connective
tissue joining portal and central zones (Fig. 3). At ®rst,
nodules are regular in size and shape. In more advanced
cirrhosis, some nodules become larger and irregular.

One of the most characteristic features of cirrhosis is
the change in the hepatic blood circulation. In¯amma-
tion and perivenular ®brosis (vide supra) may impair
blood ¯ow and the regenerative nodules may also com-
press the hepatic veins, resulting in localized increased
blood pressure. With the progression of the ®brosis, the
blood ¯ow is further depressed. In addition, the total

blood ¯ow through the cirrhotic liver decreases. This
results from extrahepatic shunts bypassing the scarred
liver. These shunts further isolate the hepatocytes from
their blood supply. As a result, marked deterioration in
hepatic functions occurs.

In addition to ®brosis, fat, in¯ammatory reactions,
cholestasis, and histologically stainable iron deposits
are common in cirrhotic livers, especially in alcoholic
subjects. But total iron stores are very seldom increased
and never exceed 179 mmol (10 g). The differentiation
from primary hemochromatosis is possible by measur-
ing the total hepatic iron content from liver biopsies.

Hepatocellular carcinoma (HCC) has become a rela-
tively frequent ®nding in liver cirrhosis, presumably
because of improved management and prolonged sur-
vival. Pathogenetically, it has been traditionally related
to cirrhosis, but possible carcinogenic properties of
alcohol must also be considered, because primary hepa-
tocellular carcinoma can complicate noncirrhotic alco-
holic liver disease. Furthermore, at least in some
patients, there is a signi®cant interaction between alco-
hol and viral hepatitis, especially hepatitis C, in hepa-
tocarcinogenesis.

Most patients are diagnosed when they seek treat-
ment for complications. Autopsy studies show that cir-
rhosis may remain unrecognized antemortem in 40% of
the patients, and it is discovered fortuitously in about
20% of patients on routine examination or during the
evaluation of some other, unrelated, disease.

Low-grade and continuous fever is also common in
decompensated cirrhosis. Jaundice and hepatomegaly

FIGURE 3 Section of liver from an alcoholic patient, showing

cirrhosis. The normal liver parenchyma is replaced by nodules

surrounded by abundant bands of ®brotic tissue. Hematoxylin and

eosin staining, �50. Reproduced with permission from Lieber

(1992).
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are typical primary physical signs of cirrhosis. Second-
ary phenomena include portal hypertension with
splenomegaly, edema, and ascites; encephalopathy; and
gastrointestinal hemorrhage from bursting esophageal
or gastric varices, and bleeding tendencies due to clot-
ting factor de®ciencies resulting from hepatocyte mal-
function. Tertiary complications include spontaneous
peritonitis caused by anaerobic bacteria.

Typically, blood tests reveal a decrease in serum
albumin with increased and abnormal globulins.
Serum transaminases and bilirubin are usually only
mildly elevated, with more striking increases in the
end stages. As previously discussed, the outcome is
often dismal, with a 1-year mortality of 50% or more
in patients over the age of 60 years.

See Also the Following Articles
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cytosol The ¯uid component of cytoplasm, excluding

organelles.

endoplasmic reticulum The membrane network in cyto-

plasm that is composed of tubules or cisternae. Some

membranes carry ribosomes on their surfaces (rough

endoplasmic reticulum) and others are smooth.

free radicals (1) An uncharged atom or group of atoms

having at least one unpaired electron, which makes it

highly reactive. (2) An organic compound having some

unpaired valence electrons; a normal by-product of

oxidation reactions in metabolism.

microsomes Small particles in the cytoplasm of a cell,

typically consisting of fragmented endoplasmic reticu-

lum to which ribosomes are attached.

mitochondrion A spherical or elongated organelle in the

cytoplasm of the cell, containing genetic material and

many enzymes important for cell metabolism, including

those responsible for the conversion of food to usable

energy. It consists of two membranes: an outer smooth

membrane and an inner membrane arranged to form

cristae.

peroxisomes Cell organelles containing enzymes, such as

catalase and oxidase, that catalyze the production and

breakdown of hydrogen peroxide.

Ethanol (also called alcohol or ethyl alcohol) is the most

commonly abused psychoactive drug, yet it is legal in

most countries. Its metabolism is the cause of a vast

array of pathologic manifestations.

INTRODUCTION

Ethanol is readily absorbed from the gastrointestinal
tract but only 2 to 10% is eliminated through the kidneys
and lungs; the rest is metabolized in the body. Many
tissues contain enzymes capable of ethanol oxidation or
nonoxidative metabolism, but signi®cant activity occurs
only in the liver (Fig. 1) and, to a lesser extent, in the
stomach. Accordingly, medical consequences are
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Alimentary Tract, MRI of the

SUSAN M. ASCHER

Georgetown University Hospital

gadolinium chelate Magnetic resonance intravenous contrast

agent that produces T1 shortening of adjacent water

molecules, resulting in tissue brightening.

in¯ammatory bowel disease Group of idiopathic bowel

disorders characterized by in¯ammation. The most

common types of in¯ammatory bowel disease are

Crohn's disease and ulcerative colitis.

magnetic resonance imaging Technique that is based on the

interaction between an external magnetic ®eld and a

nucleus that possesses spin. The patient is exposed to

energy at a speci®c, correct frequency; this energy is

absorbed and a short time later is released, at which time

it can be detected and processed to yield images.

T1-weighted images Precontrast, provide information on

abnormally increased ¯uid content or ®brous tissue

content (e.g., low signal intensity) and information on

the presence of subacute blood or concentrated protein

(e.g., high signal intensity). The addition of fat suppres-

sion allows blood to be distinguished from fat. Post-Gd

images increase the conspicuity of disease processes.

T2-weighted images Provide information about the presence

of increased ¯uid in diseased tissue (e.g., high signal

intensity) and the presence of chronic ®brotic tissue or

iron deposition (e.g., low signal intensity).

Alimentary tract magnetic resonance imaging is an impor-

tant and well-established tool for colon cancer and in¯am-

matory bowel disease evaluation. Many more applications

are emerging as higher gradients and faster imaging tech-

niques allow for noninvasive, real-time evaluation of the

gastrointestinal system.

INTRODUCTION

Hardware and software advancements have expanded
the role of magnetic resonance imaging (MRI) of the
alimentary tract. Breath-hold imaging (T1-weighted
fat-suppressed spoiled gradient echo and T2-weighted
single-shot fast spin) combined with intravenous gado-
linium (Gd) chelates will result in reproducible, high-
quality images that arrest bowel motion, decrease
susceptibility artifacts, remove the competing high sig-
nal intensity of intraabdominal fat, expand the dynamic
range of signal intensities, and facilitate distinction of
bowel wall from intraluminal contents. The role of oral
contrast agents remains controversial and their use is

not routine. Established and evolving applications of
alimentary tract MRIs include colon carcinoma evalua-
tion (screening, staging, and distinguishing recurrent
tumors from radiation therapy changes) and in¯amma-
tory bowel disease evaluation (type and severity).

TECHNIQUE

To limit peristalsis, patients should fast 4ÿ6 hours prior
to the examination; alternatively, intravenous antiper-
istaltics (1 mg glucagon) may be given prior to imaging.
Imaging is optimized with the use of a torso-phased
array coil. A standard protocol involves orthogonal
T1-weighted spoiled gradient echo (T1-W SGE)
sequences (with and without fat suppression), orthogo-
nal T2-W single-shot fast spin echo sequences (T2-W
SSFSE) (Fig. 1), and orthogonal post-Gd (0.1 mmol /kg)
fat-suppressed T1-W SGE sequences. High-resolution
(512 matrix) T2-W fast spin echo (T2-W FSE)
sequences are reserved for imaging the rectum. This
is because the rectum is relatively ®xed in position
and therefore refractory to blurring artifacts associated
with bowel motion. The rectum may also be imaged with
an endoluminal coil. This coil optimizes spatial resolu-
tion and improves conspicuity of the different rectal
wall layers, sphincter complex, and disease states. Mag-
netic resonance (MR) colonography has been gaining
momentum and involves distending the large bowel
with a 2-liter solution of water spiked (20 ml) with
gadolinium chelate (0.5 mol /liter) and obtaining coro-
nal three-dimensional (3D) spoiled gradient echo volu-
metric slabs and two-dimensional (2D) T2-W SSFSE
images. The 3D data sets are then postprocessed
using commercially available software (Fig. 2).

COLON CARCINOMA

Screening

Colon cancers predilect the rectosigmoid colon.
Tumorsmaybepolypoid,circumferential,orplaquelike.
There is ongoing controversy concerning the most
appropriatescreeningprogram(hemoccult stool testing,
conventional colonoscopy, barium enema, and, most

Encyclopedia of Gastroenterology 33 Copyright 2004, Elsevier (USA). All rights reserved.



recently, virtual colonography/colonoscopy). The diag-
nosticperformanceofMRcolonoscopy isdirectly related
to lesion size. For example, the sensitivity, speci®city,
positive predictive value, and negative predictive value
for detecting polyps 10 mm or greater are 93, 99, 93, and

99%, respectively (Fig. 3). This falls to 75, 92, 72, and
93%, respectively, when using a lesion cutoff value of
7 mm. The performance of MR colonography is expected
to improve with optimization of spatial resolution
associated with advances in receiver coil technology,

a

b

FIGURE 1 Normal bowel. T2-W SSFSE of normal bowel. Coronal (a, b) images highlight normal small (arrows, a) and large (arrow, b)

bowel anatomy. The junction of the common bile duct and pancreatic duct at the major papilla (arrowhead, a) is easily visible, as are the

valvulae conniventes in the ¯uid-®lled small intestine. From Semelka et al. (2002), Gastrointestinal tract. In `̀ Abdominal-Pelvic MRI.''

Copyright 2002 John Wiley. This material is used by permission of John Wiley & Sons, Inc.

FIGURE 2 MR colonoscopy (sigmoid cancer). The MR colonoscopy images and corresponding

endoscopic image show an apple-core lesion in the sigmoid colon. The MR colonoscopy was per-

formed by distending the colon with Gd-doped water. Images courtesy of Dr. Jorg Debatin, Germany.
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faster gradients systems, and more ef®cient pulse
sequences.

Preoperative Staging

Once colon cancer is diagnosed, MRI is useful in
staging, especially when the tumor involves the rec-
tum. Speci®cally, for locoregional spread, there is
good correlation between MRI techniques and surgical
specimens for tumor size, wall involvement, peritu-
moral invasion, and lymph node involvement. For
distant metastases (e.g., liver metastases), a dynamic
contrast-enhanced scan of the abdomen is often done
at the time of pelvic imaging. Colon cancer is staged
according to the TNM classi®cation (T, tumor size
assessment; N, degree lymph node involvement;
M, degree of metastasis).

Primary colon tumors are often heterogeneous in
signal intensity on T2-W images. Also, though
many tumors have moderately high signal intensity com-
ponents, these may be dif®cult to appreciate on T2-W
SSFSE and FSE sequences, where the surrounding fat is
alsohighinsignal intensityÐthoughthisphenomenonis
usually less problematic on standard T2-W FSE
sequences. Tumors with a shaggy outer margin and
loss of the normal low signal intensity outer bowel mus-
cularis propria suggest lymphovascular invasion. Colon
cancers enhance following the administration of con-
trast. Similarly, peritumoral extension, lymph node
metastases, and peritoneal seeding all enhance on fat-
suppressed Gd T1-W SGE imaging (Fig. 4). Lymph
node metastases are common with alimentary tract

malignancies and may be present in `̀ nonpathologically''
enlargednodes; theirpresencemaybeinferred,however,
when noting greater than ®ve lymph nodes measuring
510 mminshortaxis inaregionaldistributionrelated to
the primary tumor. Liver metastases are well depicted
on MRIs and tend to have irregular borders.

There have been no large randomized clinical trials
to compare the staging accuracy of state-of-the-art MR
and multidetector computer tomography (CT) for
patients with colon cancer. Summarizing older litera-
ture, the overall staging accuracy of these two modalities
is equivalent, approximately 70%. And though the
report from the Radiology Diagnostic Oncology
Group (RDOG) II found that CT was more accurate
in detection of tumor penetration of the muscularis
propria; current MR techniques (e.g., breath-hold ima-
ging and contrast-enhanced fat-suppressed imaging)
render the RDOG ®ndings obsolete.

Recurrent Tumor versus Radiation Fibrosis

Rectosigmoid cancers recur at a rate of 8ÿ50%. This
range re¯ects differences in the stage of primary tumor
at presentation. Local recurrences are most common
and, if diagnosed early, are amenable to curative resec-
tion. Recurrent rectal carcinomas are best imaged in the
sagittal plane. One study reported 93.3% accuracy in
detecting recurrent rectal cancers using T1-W, T2-W,
and Gd T1-W sequences. Others have shown MRI to be
superior to conventional CT and transrectal ultrasound
(US) for identifying recurrent disease. Data on multi-
detector CT are at present, unknown.

FIGURE 3 MR colonoscopy (12-mm pedunculated polyp). The MR colonoscopy and correspond-

ing endoscopic image demonstrate a polyp. The sensitivity, speci®city, and positive and negative

predictive values for MR colonoscopy are maximal for polyps equal to or greater than 10 mm. Images

courtesy of Dr. Jorg Debatin, Germany.
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A recurrent tumor is often low in signal intensity on
T1-W techniques and enhances less than primary
tumors following the administration of gadolinium
chelates. On T2-W images, recurrences are often
moderately high in signal intensity, but, as with primary
tumors, this may not be conspicuous on T2-W SSFSE
sequences. Recurrent tumors tend to be more nodular
and `̀ masslike'' compared to postradiation ®brosis;
though the two entities may coexist.

Following 1 year of treatment, radiation ®brosis is
often low in signal intensity on both T1-W and T2-W
sequences and has negligible enhancement (Fig. 5).
Unfortunately, associated granulation tissue may
also demonstrate high signal intensity for up to 3
years posttreatment. This phenomenon is most pro-
nounced with patients who have received 445 mGy.
Similarly, overlap in signal intensity between recurrent
disease and ®brosis on T2-W SSFSE can occur when
normal high-signal-intensity fat is admixed with low-

signal-intensity ®brosis (Fig. 6). And, though radia-
tion ®brosis is morphologically a plaquelike process,
recurrent tumor with desmoplastic features may
mimic these radiation-induced changes. Because recur-
rent carcinoma and radiation changes share many ima-
ging features, interpretation should be performed with
appropriate clinical correlation [e.g., rising carcino-
genic embryonic antigen (CEA) levels].

INFLAMMATORY BOWEL DISEASE

MRI is robust for evaluating patients with in¯ammatory
bowel disease (IBD). It correlates well with clinical
indices, endoscopy, and histology. Furthermore, MRI
may aid in diagnosing the type of IBD (Crohn's disease
vs. ulcerative colitis), establishing a baseline of involve-
ment and monitoring treatment responseÐall without
exposing a patient to ionizing radiation. It is even
useful for imaging complications associated with IBD

a b

c d

FIGURE 4 Rectal cancer. Sagittal (a) and axial (b) T2-W FSE and sagittal (c) and axial (d) fat-suppressed Gd T1-W SGE

images in a patient with advanced rectal cancer. The sagittal image demonstrates the craniocaudad extent of the tumor

(arrows, a). Extension to the anal verge (arrow, b) is con®rmed on the axial images. On the T2-W sequences, the tumor's

shaggy border suggests lymphovascular involvement that is con®rmed on the contrast-enhanced images (arrows, c, d).

Similarly, presacral spread of tumor is more conspicuous following gadolinium (open arrows, c). From Semelka et al. (2002).

Gastrointestinal tract. In `̀ Abdominal-Pelvic MRI.'' Copyright 2002 John Wiley. This material is used by permission of John Wiley &

Sons, Inc.
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(e.g., abscess, ®stulae, strictures/obstruction, and toxic
megacolon).

Crohn's Disease

For patients with Crohn's disease, T2-W SSFSE and
fat-suppressed Gd T1-W SGE sequences demonstrate

classic ®ndings: transmural involvement, skip lesions,
and mesenteric in¯ammation. The terminal ileum,
alone or in conjunction with other regions of the ali-
mentary tract, is involved in approximately 70% of
cases; whereas isolated Crohn's colitis occurs in about
25% of cases. MRI correlates of clinical disease activity
have been worked out. Severity of disease (mild, mod-
erate, or severe) is based on wall thickness, length of
diseased segment, and percent bowel wall enhancement
(Table I) (Fig. 7). MR assessment is performed on the
nondependent bowel surface. For mural enhancement,
qualitative assessment is performed by comparing
bowel wall enhancement to renal parenchyma. Speci®-
cally, bowel should never enhance to the same degree as
renal cortex on either the initial capillary phase or the
interstitial phase images. For quantitative analysis,
the abnormal segment is measured 2.5 minutes after
injection. Imaging at this time (interstitial phase)
re¯ects capillary leakage and impaired venous egress
in the in¯amed segment. Acute-on-chronic disease
may deviate from expected MR ®ndings: there is
often marked enhancement of the mucosa of the
involved loop of thickened bowel, with minimal
enhancement of its outer layer.

Fistulae are common complications of Crohn's dis-
ease and MR images them well. Depending on their
contents, they may have high signal intensity on
T2-W images (e.g., ¯uid ®lled); alternatively, they
may be signal void (e.g., gas ®lled). Multiplanar
imaging combined with fat suppression increases the

FIGURE 5 Posttreatment ®brosis. Axial high-resolution T2-W

FSE image in a patient after surgery. The low signal intensity in the

surgical bed (asterisk) is consistent with ®brosis. Its plaquelike

morphology favors postradiation change, whereas recurrent

tumor tends to be more nodular. From Semelka et al. (2002). Gas-

trointestinal tract. In `̀ Abdominal-Pelvic MRI.'' Copyright 2002 John

Wiley. This material is used by permission of John Wiley & Sons, Inc.

a b

FIGURE 6 Recurrence simulating posttreatment ®brosis. Axial high-resolution T2-W FSE (a) and fat-suppressed T1-W SGE (b) images

in a patient 1.5 years after treatment for rectal cancer. Heterogeneous and bulky high-signal-intensity soft tissue (arrrows, a) occupies the

surgical bed, a worrisome indication for recurrent disease. Granulation tissue from radiation, in¯ammation, or infection may image

similarly. The heterogeneity is misleading and results from high-signal-intensity fatÐa phenomenon associated with fast spin echo

techniquesÐadmixed with low-signal-intensity ®brotic tissue. Negligible enhancement favors the diagnosis of ®brosis (arrows, b).

From Semelka et al. (2002). Gastrointestinal tract. In `̀ Abdominal-Pelvic MRI.'' Copyright 2002 John Wiley. This material is used by permission

of John Wiley & Sons, Inc.
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conspicuity of the enhancing ®stulous tracts on post-
contrast images (Fig. 7c). Focal loss of integrity of the
involved organ at the site of ®stula penetration is diag-
nostic. In the case of strictures, T2-W SSFSE demon-
strates dilated obstructed bowel proximal to the site of
narrowing, as well as the offending stricture.

Ulcerative Colitis

Ulcerative colitis (UC) is a chronic mucosal disease
that begins in the rectum and extends in a proximal
fashion to involve all or part of the colon. Though
the small bowel is not directly affected in UC, secondary

a b

c d

FIGURE 7 Severe Crohn's disease. Coronal T2-W SSFSE (a, b) and fat-suppressed Gd T1-W SGE (c, d) images in a patient

with in¯ammatory bowel disease. The coronal T2-W SSFSE images demonstrate thickened loops of small bowel (arrows, a, b)

to include the diseased terminal ileum entering the cecum (arrowhead, a). The corresponding enhanced images show marked

transmural enhancement of the affected segments and surrounding tissues. In addition, a ®stula associated with the ileo-cecal

valve is highlighted (arrow, c). The wall thickness, length of involved bowel, and percent enhancement are consistent with

severe Crohn's disease. From Semelka et al. (2002). Gastrointestinal tract. In `̀ Abdominal-Pelvic MRI.'' Copyright 2002 John Wiley.

This material is used by permission of John Wiley & Sons, Inc.
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in¯ammation of the terminal ileum, or `̀ backwash ilei-
tis'' (re¯ux of colon contents into the small bowel), does
occur with pancolonic disease. The major complica-
tions of UC include increased risk of developing
colon carcinoma and toxic megacolon.

The MRI appearance is predictable: rectal involve-
ment with variable continuous retrograde progression
and submucosal sparing. Fat-suppressed Gd T1-W
imaging in the interstitial phasehighlights theenhancing
high-signal-intensity mucosa surrounded by the negli-
giblyenhancinglow-signal-intensitysubmucosa(Fig.8).
The vasa rectae also enhance prominently. In long-
standing disease, the submucosal sparing is accentuated.
This is a function of submucosal edema and lymphan-
gectasia. Interestingly, the imaging features of toxic
megacolon differ from that of uncomplicated UC.
Toxic megacolon is a transmural processÐfull-
thickness enhancement usually accompanies the
involved segment, though regions with submucosal
sparing may coexist (Fig. 9).

FIGURE 8 Ulcerative colitis. Axial interstitial fat-suppressed

Gd T1-W spin echo image in a patient with ulcerative colitis.

There is marked mucosal enhancement (long arrows) with pro-

minent vasa rectae and submucosal sparing (short arrow). From

Semelka et al. (2002). Gastrointestinal tract. In `̀ Abdominal-Pelvic

MRI.'' Copyright 2002 John Wiley. This material is used by permission

of John Wiley & Sons, Inc.

a

b

c

FIGURE 9 Toxic megacolon. Axial T1-W SGE (a) and fat-

suppressed Gd T1-W spin echo (b, c) images in a patient with

ulcerative colitis complicated by toxic megacolon. Precontrast,

there are low-signal-intensity strands in the pericolonic fat

(arrows, a). After contrast, there is intense enhancement of the

sigmoid colon (asterisks, b, c) and vasa rectae (long arrows, b, c).

Though a feature of ulcerative colitis is submucosal sparing (short

arrow, c), cases complicated by toxic megacolon will also demon-

strate transmural abnormalities. From Semelka et al. (2002).

Gastrointestinal tract. In `̀ Abdominal-Pelvic MRI.'' Copyright 2002

John Wiley. This material is used by permission of John Wiley &

Sons, Inc.

TABLE I Crohn's Disease Severity Criteria

Severity

Contrast

enhancement

(%)

Wall

thickness

(mm)

Length of

diseased segment

(cm)

Milda 550 55 55

Moderate 50ÿ100 5ÿ20 Variable

Severe >100 >10 >5

a Wall thickening must be at least 4 mm, and one of the other of

the two categories must be satis®ed.
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Colitis, Ulcerative � Colorectal Adenocarcinoma �
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Resonance Imaging
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Alpha-1-Antitrypsin (a1AT) De®ciency
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conformational diseases A group of disorders resulting from

gene mutations affecting the proper folding and three-

dimensional structure of intracellular proteins, leading

to changes in protein interactions, abnormal intracellular

accumulations, and altered function.

D-PAS-positive globules Diastase-resistant, periodic

acid-Schiff-positive globules of a1-antitrypsin within

the liver.

isoelectric focusing An electrophoretic technique on poly-

acrylamide gel allowing better discrimination of a1-

antitrypsin glycoprotein variants.

loop-sheet polymerization The process whereby abnormally

folded a1-antitrypsin molecules link together to form

polymers and inclusions.

molecular chaperones Intracellular helper proteins that

assist in the proper folding of polypeptides into their

functional structures.

PI*QO Denotes the null genotype, characterized by the total

absence of serum a1-antitrypsin.

PI*Z Denotes the a1AT genotype.

PI Z Denotes the a1AT phenotype.

serpin Serine proteinase inhibitors constitute a family of

circulating molecules that share structural similarities

yet carry out diverse physiological functions in the body.

targeted homologous recombination A genetic technique

whereby a targeted or defective gene can be cleaved from

DNA and replaced by a normal form of the gene.

Among inherited diseases, a1-antitrypsin de®ciency

(a1ATD) is a relatively common disorder affecting the

cellular secretion of one of the body's protective protei-

nase inhibitors. Speci®c mutations of the a1-antitrypsin

(a1AT) gene lead to changes in the three-dimensional

structure of its translated protein, which becomes trapped

in hepatocytes where it is formed. The resultant circulat-

ing de®ciencies of a1AT allow destructive proteases to

cause tissue injury, particularly in the lung, and accumu-

lations of mutant a1AT in liver cells disrupt normal func-

tion, sometimes leading to cirrhosis. a1-Antitrypsin

de®ciency is only one member of a family of conforma-

tional diseases requiring more detailed understanding in

order to counteract common pathophysiological abnorm-

alities, namely, the improper folding and processing of

critical proteins, as a means of restoring normal biological

function. This article focuses primarily on the current

understanding of liver-related injury secondary to

a1ATD.

INTRODUCTION

In the United States alone, more than 100,000 indivi-
duals have a1-antitrypsin de®ciency (a1ATD). How-
ever, the disease goes undetected in many people
because the disorder is underappreciated and misinter-
preted. Given the protean functions of a1-antitrypsin
(a1AT), patients with inherited de®ciency mutations
can present in a variety of ways depending on the tissue
involved (e.g., lungs, liver, blood vessels, kidneys) and
the extent of injury. Clearly, multiple inherited and
environmental factors are involved in the full expres-
sion of disease in patients with a1ATD. Disease is not
inevitable, even in patients with the most severe forms of
de®ciency. Alternatively, there are individuals with het-
erozygous genotypes and partial de®ciencies of a1AT
who develop disease with all the manifestations of a
homozygote carrying two mutant alleles. Cigarette
smoking is one well-recognized example of an environ-
mental factor capable of accelerating pulmonary disease
in patients with a1ATD but modulating variables con-
tributing to liver injury in these patients remain spec-
ulative and are under investigation. Nonetheless, earlier
identi®cation of patients at risk is important because
manifestations of disease can be moderated in some
instances by increasing awareness of potential aggravat-
ing conditions and applying preventative strategies. If
liver failure develops, liver transplantation can be cura-
tive but the success of surgery is greatest when per-
formed at an optimal time in the course of the
disease. Proper monitoring of the patient plays an
important role in making this determination. Genetic
counseling should be available for family members but
physicians must be cognizant of the potential implica-
tions of discovering an underlying genetic disorder,
especially in those yet unaffected by disease.

BIOLOGICAL AND
MOLECULAR CHARACTERISTICS

a1-Antitrypsin is one of a family of molecules called
serine protease inhibitors that share structural homol-
ogy but are functionally diverse, regulating a variety of
proteolytic processes essential to life (Table I). The
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activities of these molecules are highly dependent on
amino acid sequence and posttranslational intracellular
processing in order to evolve into a characteristic struc-
ture and shape. With proper conformational changes,
these molecules expose speci®c reactive centers critical
to their function. Misfolding of these polypeptides can
change the usual interactions with target molecules and
other proteins.

a1-Antitrypsin is a relatively small glycoprotein
made up of 394 amino acids and three carbohydrate
side chains. Its primary role appears to be inhibition of
the proteolytic activities of neutrophil elastase, cathep-
sin G, and protease 3. The advantage of having ade-
quate levels of circulating a1AT is most evident when
considering the destructive actions of neutrophil elas-
tase in the lungs. Inhalations of pulmonary pollutants,
particularly cigarette smoke, attract and stimulate neu-
trophils, releasing destructive enzymes such as elastase.
Controlled release of these enzymes is intended to break
down components of the extracellular matrix, bacterial
cell walls, and other proteins to facilitate the movement
of in¯ammatory cells into affected areas of the lung. The
presence of a1AT, with its ability to bind irrevocably
with neutrophil elastase and other destructive enzymes,
limits tissue injury, whereas severe de®ciency of a1AT
has been clearly associated with premature develop-
ment of emphysema.

Synthesis of the a1AT protein complex, which
occurs almost exclusively in the liver, involves a series
of steps within hepatocytes before the complex is
secreted into the circulation. The a1AT molecule is
folded into a highly ordered three-dimensional struc-
ture composed of three b-sheets and nine a-helices as it
traverses the cell. Final assembly and folding of a1AT
occurs in the endoplasmic reticulum and Golgi appara-
tus with the help of one or more molecular chaperones
(e.g., calnexin, heat shock proteins) facilitating the

process (Fig. 1). When properly folded, a unique reac-
tive site centered around two amino acids, Met358ÿ
Ser359, is exposed on the surface of the a1AT
molecule. The interaction of this site with its target
protease results in permanent inactivation of the
coupled molecules. Small amounts of ¯awed or impro-
perly folded proteins appear, ordinarily, to enter a sepa-
rate intracellular pathway for degradation and disposal.
Slight differences in the amino acid sequence of a1AT
can lead to signi®cant changes in the ®nal shape of the
molecule, altering its interactive surface. In the case of
a1AT, single point mutations can alter the protein com-
plex in such a way that the mutant a1AT molecules
begin to interconnect in a process called `̀ loop-sheet''
polymerization. One polypeptide hooks into another
and so on, eventually forming conglomerations of poly-
merized molecules that aggregate in the cell's endoplas-
mic reticulum, forming globules of varying size that are
visible by light microscopy. These globules can be
degraded over time, at different rates depending on
genetically determined processes, sometimes releasing
small quantities of viable a1AT molecules from the cell.
Individuals with more ef®cient mechanisms of aberrant
a1AT disposal may be less susceptible to the conse-
quences of intracellular accumulation.

NOMENCLATUREÐPROTEASE
INHIBITOR PHENOTYPING

A gene located on the long arm of chromosome 14 reg-
ulates the production of a1AT. This gene locus is extre-
mely pleiomorphic, with more than 100 different allelic
variants (protease inhibitor or PI types) identi®ed to
date. Each inherited parental allele is co-dominantly
expressed. Therefore, the quantity of circulating
a1AT represents the combined product of the indepen-
dent expression of each allele (Table II). In order to
separate these variant glycoproteins into clinically
recognizable `̀ phenotypes,'' a classi®cation system has
been devised, making use of distinctive patterns of
bands on polyacrylamide gel electrophoresis using a
special technique called isoelectric focusing. Phenoty-
pic variants are assigned letters from the alphabet based
on the locations of these bands on gel slabs. During the
process, faster moving molecules travel further along
the gel strip and are assigned letters at the beginning
of the alphabet, whereas slower moving variants are
assigned letters near the end of the alphabet. It is impor-
tant to note that the electrophoretic mobility does not
indicate speci®c function or the capacity to be secreted
from the hepatocyte. A majority of individuals (495%)
produce a normal M variety of a1AT, whereas several of

TABLE I Serine Proteinase Inhibitors (Serpin Super-

family)

a1-Antitrypsin

a1-Antichymotrypsin

a2-Antiplasmin

Plasminogen activator I

Antithrombin III

Angiotensinogen

Kallistatin

Leukocyte inhibitor

Thyroxine-binding globulin

Cortisol-binding globulin

Heparin cofactor II

Protease nexin I

Protein C inhibitor
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the more common `̀ de®ciency mutants'' have been
assigned letters such as S and Z. Homozygotes for the
Z allele make up 95% of all de®ciency phenotypes in
patients with a1ATD and they are readily identi®able
using isoelectric focusing. At times, variant molecules
associated with a1ATD have patterns that are not easily
detected by isoelectric focusing techniques but may be
suspected by physicians because of characteristic clin-
ical presentation, recognition of af¯icted family mem-
bers, detection of low circulating levels of a1AT, or

detection of typical globules of mutant proteins on
liver biopsy. In these instances, the speci®c mutation
can be isolated by DNA sequencing. When determining
an individual's phenotype, the laboratory will provide a
letter for each of the two proteins representing the pro-
ducts of each allele (e.g., MM, MZ, ZZ).

The multiple different variants of a1AT generally
can be placed into four groups based on circulating
quantity and function: normal, de®cient, null, and dys-
functional. The availability of a1AT in the blood can be
normal (e.g., PI M), reduced (e.g., the de®ciency alleles
S and Z), or absent (e.g., extremely rare mutations called
null alleles). Even though there are reduced amounts of
circulating a1AT associated with many of these de®-
ciency variants, the molecules that are excreted are
usually fully functional. However, there are exception-
ally rare mutations that result in a protein that escapes
the hepatocyte but is folded is such a way that it changes
function. The Pittsburgh variant is one example of a
dysfunctional variant in which a1AT acts as a thrombin
inhibitor, resulting in a severe bleeding disorder.

EPIDEMIOLOGY

Allelic frequencies of a1AT gene mutations vary
considerably around the world and between study
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FIGURE 1 a1-Antitrypsin protein folding in the endoplasmic reticulum.

TABLE II Serum Concentrations of a1AT

Depending on Phenotype

Phenotype

Concentration

(% of normal)

MM 100

MS 80

SS 60

MZ 55ÿ60

SZ 35ÿ40

ZZ 10ÿ15

Mduarte (homozygote) 515

Mmalton (homozygote) 515

QOQO (null) 0
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populations. Utilizing global population studies to map
the putative a1AT genes, investigators have suggested
that the Z mutation originated in Scandinavia approxi-
mately 2000 years ago, eventually spreading from
Northern Europe when people migrated from the
area to other parts of the world. Therefore, the highest
frequencies of the mutant gene are seen in Northern
Europeans or in individuals of European ancestry. In
Sweden, the frequency of the Z allele (PI*Z) is estimated
to be 0.026 with 4ÿ5% of the population carrying the
mutation and 1 : 1600 live births being homozygous
for this de®ciency. The PI*Z gene frequency is some-
what lower in the United States among individuals of
European descent, estimated to be between 0.01 and
0.02 with a carrier rate of approximately 3%. Some
80,000 to 100,000 people in the United States are PI
ZZ homozygotes with considerable potential to develop
disease. The Z allele is con®ned predominantly to Cau-
casians and is uncommon among individuals of Asian or
African ancestry unless there is ethnic intermixing in the
population. PI*S is a more common de®ciency mutation
than PI*Z, having a gene frequency between 0.02 and
0.03 in U. S. Caucasians. However, this genotypic
variant is not associated with as severe a reduction in
circulating levels of a1AT as the PI*Z allele and hence
does not leave the individual susceptible to disease
unless it is co-inherited with a Z allele. Of greater con-
cern is the risk of disease in the 1 : 1000 to 1 : 1500
Caucasian individuals expressing a PI SZ phenotype.
Although the matter is controversial, anyone carrying
a single Z allele may be at some, as yet unde®ned, risk of
developing liver disease regardless of the circulating
levels of a1AT because of intracellular accumulation
of the abnormally folded protein.

CLINICAL MANIFESTATIONS

The risk of developing emphysema in someone with
a1ATD is closely related to the amount of circulating
a1AT, especially when serum levels fall consistently
below a `̀ protective'' level of 80 mg/dl (11 mM).
Even in patients with severe de®ciencies of a1AT
(550 mg/dl, 57 mM), a majority of patients presenting
with pulmonary symptoms also report a history of
smoking cigarettes. Interestingly, liver disease has not
been a commonly reported problem in patients diag-
nosed with chronic lung disease related to a1ATD. The
development of liver disease has been more closely
linked to those genotypic variants associated with intra-
cellular accumulation of polymerized polypeptides
within the endoplasmic reticulum. Aside from the
well-recognized Z variant, other rare mutations have
been associated with intracellular globules identi®ed

in the liver (Table III). Accumulation of a1AT deposits
can begin in utero, sometimes affecting neonates at an
early stage in development. PI Z infants frequently pre-
sent with low birth weight and coagulation abnormal-
ities; as many as 70% have biochemical evidence of liver
injury as indicated by elevations of liver enzymes. Pro-
longed cholestatic hepatitis, lasting up to 8 months, is
clinically manifest in approximately 10% of these new-
borns. Although a1AT globules are not always easily
identi®ed on liver biopsy at this early stage, hepatocel-
lular necrosis associated with acute and chronic portal
in¯ammatory in®ltrates, bile duct proliferation, bile
plugs, and even ductopenia (intrahepatic bile duct
loss) have been described in de®cient individuals.
Males appear to be affected more frequently than
females (2 : 1) but a majority of children do not have
long-term consequences at least as followed into their
late teens. Approximately 3% have been shown to pro-
gress to hepatic ®brosis or cirrhosis and 12ÿ15% have
persistent mild elevations of liver enzymes.

Adults with the most prevalent form of a1ATD (PI
ZZ) typically present with pulmonary symptoms (i.e.,
dyspnea) rather than with indicators of liver disease. It
has been estimated that as many as 85% of patients with
severe de®ciency of a1AT have evidence of chronic
obstructive pulmonary disease, often identi®ed in the
third and fourth decades of life. The prevalence of liver
disease in these patients has not been well investigated
even though it has been stated that few patients have
liver test abnormalities when presenting with pulmon-
ary manifestations. However, liver disease in adults with
a1ATD progresses insidiously, often escaping detection
until patients are beyond the age of 50 years. Com-
monly, a diagnosis is made when signs and symptoms
of more advanced liver disease and portal hypertension
(e.g., weakness, muscle wasting, ascites, splenomegaly,
variceal hemorrhage, encephalopathy) appear. There-
fore, a true incidence of liver disease in these patients

TABLE III a1ATD Phenotypic Variants with

Potential Risk of Liver Disease

Associated with liver cirrhosis or dysfunction

Homozygous or heterozygous PI Z

ZZ, MZ, SZ, FZ, PZ

Rare PI M variants

Mmalton, Mduarte

Other rare variants

Wsalerno

Rare PI variants showing a1AT hepatic globules without

clinical evidence of liver disease

Mcagliari, Mnichinan, Melemberg, Mcobalt, Mleuven, QOhong kong,

Siiyama
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may be underappreciated, especially when the full
expression of liver disease is attenuated by premature
mortality from emphysema in younger age groups. This
may be a reason that carefully conducted autopsy stu-
dies in populations with a high prevalence of severe
a1ATD have estimated an incidence of cirrhosis as
high as 40% over the lifetime of affected individuals.
Most investigators feel that the numbers who develop
cirrhosis may be somewhere between 10 and 15%,
acknowledging that the risk increases with age, parti-
cularly in males. A North American study conducted in
Canada found the cumulative risk of cirrhosis in sus-
ceptible men with a1ATD to be 23%, whereas the same
risk in women amounted to only 5%. Of additional
interest, these investigators observed that death from
liver failure frequently occurred within 4 years of
onset of clinical symptoms of liver disease, indicating
that detection is often delayed.

Several population surveys and autopsy series ®nd
an increased risk of hepatocellular cancer in patients
with severe de®ciencies of a1AT and cirrhosis. In Swe-
den, liver cancer has been detected in approximately
15% of af¯icted patients but once again the ®nding is
predominantly in males.

A subject of ongoing interest and controversy is
whether patients carrying a single Z allele (heterozy-
gotes) are at some, as yet unde®ned, risk of developing
cirrhosis and hepatic cancer. Studies to date have been
unable to address this issue con®dently because of the
inherent dif®culty in identifying and following subjects
with the inherited trait longitudinally, along with
proper controls. Nevertheless, it has been well recog-
nized that heterozygotes for the Z allele often develop
a1AT globules in the liver and can present with cirrhosis
without any obvious alternative etiology for liver dis-
ease. Cohorts of patients with `̀ cryptogenic'' cirrhosis
have shown a higher prevalence of a1ATD heterozy-
gotes (e.g., PI MZ), raising suspicion about the single
gene's role in the pathogenesis of liver disease. The
relative importance of other variables such as viral hepa-
titis infection, alcohol, iron excess, generalized in¯am-
matory conditions creating biological stress, or genetic
factors in the natural history and progression of disease
in these patients remains unclear. The coexistence of
one or more of these factors may accelerate the accu-
mulation or reduce the processing and breakdown of
a1AT inclusions, resulting in enhanced hepatotoxicity.
Despite this potential increased risk of developing sig-
ni®cant liver disease in individuals with heterozygous
a1ATD, the risk is estimated to be exceptionally small
and should not alarm patients. Undue concern by
the physician can have psychological consequences
for the individual carrying the genetic trait. Prudent

preventative measures and follow-up are all that may
be recommended.

DIAGNOSIS

Laboratory tests used to screen for a1ATD should be
considered in any patient, particularly Caucasians of
European decent, with clinical, biochemical, radiologi-
cal, or histological ®ndings suggesting an underlying
liver disorder. Additional signs or symptoms of pulmon-
ary disease or history of an affected family member
should heighten interest in pursuing this diagnosis.

Screening is best accomplished by obtaining both a
quantitative level of a1AT and phenotype analysis. Reli-
ance on semiquantitative analyses such as agarose gel
electrophoresis, seeking a diminished or absent a1-
globulin band, or determining quantitative levels of
a1AT (e.g., immunoturbidimetry, nephelometry) alone
can be misleading. Transient increases in a1AT levels
have been observed in patients with putative de®ciency
variants, presumably as part of a general acute-phase
reaction. Alternatively, several phenotypic variants,
such as PI SS and null subtypes, have reduced circulat-
ing levels of a1AT but do not have the attendant risk of
liver disease because of a lack of intracellular accumula-
tion of glycoprotein. The combination of an a1AT level
and phenotype helps to more directly identify patients
with potential disease-causing variants.

PI phenotyping requires signi®cant skill and experi-
ence to ensure accurate readings. Commonly, samples
must be sent to a reference laboratory for interpretation.
One method of phenotype identi®cation uses a techni-
que called isoelectric focusing (IEF) within a narrow pH
gradient in polyacrylamide gel strips. Based on the iso-
electric point, the a1AT molecules migrate along the gel
to different positions, forming one or more bands that
correspond to a particular phenotype. Some of the more
unusual variants are not always easily visualized by
routine IEF and can be misinterpreted as another
more common pattern; for example, PI Mmalton and
PI Mduarte have electrophoretic patterns similar to
that of PI M especially when heterozygous with a normal
M allele. Null alleles do not generate any circulating
product; therefore, IEF bands are absent. When the
null allele is present in the heterozygous state, it may
not be appreciated given the presence of bands from
another allelic protein. However, a null allele should
be suspected when the quantitative level of a1AT is
signi®cantly reduced in the setting of what appears to
be a normal phenotype. At times, more unusual variants
can be more accurately discriminated by gene analysis
and other DNA-based techniques but many of these
procedures are time-consuming. However, polymerase
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chain reaction-based methods have been utilized as
tools for screening populations when narrowing the
focus of investigation to speci®c alleles.

After an initial screening, if an individual tests posi-
tive for a higher risk a1AT phenotype and has any indi-
cation of liver involvement, such as clinical signs,
elevated liver enzymes, or hepatic architectural changes
by radiological imaging, a liver biopsy should be con-
sidered. Evaluating liver histology helps to support the
diagnosis of a1ATD, is useful in evaluating for alterna-
tive diagnoses, and can stage liver damage for purposes
of making decisions about future management. Histo-
logical features can vary depending on the age of the
individual (Table IV). A characteristic ®nding on biopsy
is the presence of diastase-resistant, periodic acid-Schiff
(D-PAS)-positive globules predominantly found in
periportal hepatocytes and adjacent to ®brotic bands
when present. These globules have a distinctive
magenta color, making them highly visible with D-
PAS staining, but they can be missed using light micro-
scopy with standard hematoxylin and eosin staining.

Rarely, D-PAS-positive globules have been found in
patients without a1ATD. D-PAS-positive globules have
been found in liver biopsy specimens from patients who
are elderly or terminally ill but a clue is the atypical
location of the inclusions within the lobule (e.g.,
centrilobular region). These aberrant globules may
represent lysosomes ®lled with proteins requiring
degradation resulting from sinusoidal congestion and
hypoxia. Occasionally, patients with alcoholic cirrhosis
and oral contraceptive-associated hepatic tumors have
D-PAS-positive globules within the liver despite normal

a1AT phenotypes. If necessary, further characterization
of intracellular inclusions can be performed using
immunohistochemical techniques with mono-speci®c
antiserum against a1AT.

POTENTIAL THERAPIES

At present, there are no practical therapeutic modalities
capable of halting progression of liver disease in patients
with in¯ammation and ®brosis on liver biopsy. The
usual preventative measures (i.e., vaccinations for hepa-
titis viruses, avoidance of aggravating factors such as
alcohol), supportive care in case of complications,
and monitoring to determine the optimal time for
liver transplantation if it becomes necessary are useful
in patients with advancing liver disease; reassurance is
all that is necessary for patients with benign forms of the
trait. Given that an estimated 50 to 75% of patients with
liver disease secondary to a1ATD have some degree of
underlying pulmonary dysfunction as well, pulmonary
function testing along with a discussion of preventative
behaviors (e.g., avoiding tobacco) and potential thera-
pies should be part of the management plan. Genetic
counseling and additional screening of family members,
particularly ®rst-degree relatives, can be considered in
order to identify individuals at risk of developing lung or
liver disease. However, a physician or genetic counselor
must be aware of the potential social, psychological,
ethical, and legal consequences of discovering a genetic
disorder, especially in persons without obvious signs or
symptoms of disease.

Patients who have progressed to end-stage liver dis-
ease should be considered for liver transplantation.
Multiple transplant centers report excellent patient sur-
vival rates, ranging between 70 and 92%, in patients
with liver failure secondary to a1ATD. Moreover, trans-
plantation of a donor allograft with a normal genotype
cures the disease by normalizing production of a1AT.

Therapies designed to replace or augment produc-
tion of a1AT, sometimes utilized in the management of
patients with progressive pulmonary disease, are not
useful and may be detrimental in patients with hepatic
disease arising from a1ATD. Increasing cellular produc-
tion of a1AT by medications such as tamoxifen or
danazol act only to increase accumulation within the
endoplasmic reticulum, presumably the reason for
toxicity. Intravenous replacement with puri®ed
preparations of a1AT may also result in an increased
production of the mutant form of the molecule within
the cell through a feedback mechanism stimulated by
a1ATÿprotease complexes. Currently, experimental
exploration of pharmaceuticals capable of augmenting
the breakdown of intracellular a1AT polymers or acting

TABLE IV a1-AntitrypsinÐHepatic Histopathology

Neonates and children

Hepatocytes vary in size with slight acinar formation

Occasional giant cell formation

Bile ducts may be normal, proliferated (sometimes

confused with biliary atresia), or hypoplastic with duct

loss

Low-grade in¯ammation, piecemeal necrosis, and ®brosis

initially found in portal areas as disease progresses

D-PAS globules found in periportal hepatocytes

predominantly but may be rare or inconspicuous

during the ®rst 2 months of lifea

Adults

Low-grade lymphocytic in®ltration in portal tracts, often

inconspicuous

Intralobular bile ducts may be reduced in number

D-PAS-positive globules distributed in areas of

in¯ammation and along bands of ®brosisa

a The presence, number, or size of globules does not predict

occurrence of liver disease.
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as chemical chaperones reducing protein misfolding
and polymerization may offer some promise.

Ultimately, gene therapy for both a1ATD lung and
liver disease appears to offer the best solution for cure,
conceptually, but many practical problems must be
solved before these therapies can be implemented clini-
cally. Conformational diseases such as a1ATD offer
unique challenges for gene therapy because it is not
only important to introduce new fully functional
genes to appropriate target cells but native mutant
genes or their products must be removed or inactivated
in order to have the desired effectÐincreasing produc-
tion of a normal gene product without causing accumu-
lations of abnormal proteins in the cell. Several
techniques of site-directed gene repair already have pro-
ven successful in the laboratory including targeted
homologous recombination and nucleotide exchange
using chimeric RNAÿDNA oligonucleotides (Fig. 2).
Other investigators have utilized specialized ribozymes
to inactivate mutant a1AT mRNA produced by cells in a
human hepatoma cell line followed by transfecting the
cells with a modi®ed wild-type gene capable of produ-
cing normal a1AT. These preliminary experimental
approaches are exciting but many questions must be
answered before they can be used safely in human
subjects.
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Alpha-1-Antitrypsin (a1AT) De®ciency,
Pediatric
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M Nomenclature signifying the normal allele of the Alpha-1-

antitrypsin (a1AT) gene.

PAS-positive, diastase-resistant globule Accumulations of

mutant a1-antitrypsin protein within hepatocytes in

PIZZ a1AT de®ciency that stain red by periodic

acidÿSchiff and are resistant to diastase digestion.

PI or PI-type Diagnostic phenotype analysis of a1-

antitrypsin protein from patient serum by isoelectric-

focusing gel electrophoresis.

S Nomenclature signifying a mutant allele of the a1-

antitrypsin gene that yields an intermediate level of

a1AT de®ciency.

Z Nomenclature signifying the most common mutant allele

of the a1-antitrypsin gene that yields profound a1AT

de®ciency.

ZZ or PIZZ Homozygosity for the mutant Z allele of the a1-

antitrypsin gene and the de®nition of classical a1AT

de®ciency.

Alpha-1-Antitrypsin (a1AT) is a glycoprotein synthe-

sized primarily in the liver and secreted into the

blood where its function is to inhibit neutrophil pro-

tease-induced host tissue damage. Homozygosity for the

Z mutant allele of a1AT (PIZZ) causes the classical

form of a1AT de®ciency. The protein product of the

mutant Z gene accumulates within hepatocytes rather

than being ef®ciently secreted. PIZZ homozygous

adults have a markedly increased risk of developing

emphysema by a loss-of-function mechanism, i.e.,

reduced levels of circulating a1AT in the lung to inhibit

connective tissue breakdown by neutrophil proteases.

PIZZ homozygous children and adults may also develop

liver disease and hepatocellular carcinoma by a

gain-of-function mechanism; i.e., the accumulation of

mutant a1ATZ protein within hepatocytes is toxic to

liver cells.

CLASSICAL PIZZ
a1-ANTITRYPSIN DEFICIENCY

Pathophysiology and Genetics

Classical, PIZZ a1-antitrypsin de®ciency is caused
by homozygosity for a point mutation in the a1AT
gene encoding substitution of lysine for glutamate at
position 342. The 12.2 kb a1AT gene is located on
chromosome 14q and encodes a 55 kDa glycoprotein
of 395 amino acids. PIZZ homozygotes occur at a
frequency of 1 in 1500ÿ3500 in North American and
European populations. It is the most common genetic
cause of liver disease in children and the most
common genetic disease leading to liver transplantation
in children and it can also cause chronic liver disease,
hepatocellular carcinoma, and premature pulmonary
emphysema in adults.

The Z mutation confers polymerogenic properties
on the mutant a1ATZ protein molecule, which is pri-
marily synthesized in the liver but is also found in leu-
kocytes and other tissues. The mutant a1ATZ protein is
retained in the endoplasmic reticulum (ER) of hepato-
cytes rather than being secreted into the blood and body
¯uids where its normal function is to inhibit neutrophil
proteases and thereby protect host tissues from in¯am-
mation-induced damage. PIZZ homozygous individuals
have a markedly increased risk of developing emphy-
sema as adults by a loss-of-function mechanism, i.e.,
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Alpha-1-Antitrypsin (a1AT) De®ciency,
Pediatric
JEFFREY H. TECKMAN
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M Nomenclature signifying the normal allele of the Alpha-1-

antitrypsin (a1AT) gene.

PAS-positive, diastase-resistant globule Accumulations of

mutant a1-antitrypsin protein within hepatocytes in

PIZZ a1AT de®ciency that stain red by periodic

acidÿSchiff and are resistant to diastase digestion.

PI or PI-type Diagnostic phenotype analysis of a1-

antitrypsin protein from patient serum by isoelectric-

focusing gel electrophoresis.

S Nomenclature signifying a mutant allele of the a1-

antitrypsin gene that yields an intermediate level of

a1AT de®ciency.

Z Nomenclature signifying the most common mutant allele

of the a1-antitrypsin gene that yields profound a1AT

de®ciency.

ZZ or PIZZ Homozygosity for the mutant Z allele of the a1-

antitrypsin gene and the de®nition of classical a1AT

de®ciency.

Alpha-1-Antitrypsin (a1AT) is a glycoprotein synthe-

sized primarily in the liver and secreted into the

blood where its function is to inhibit neutrophil pro-

tease-induced host tissue damage. Homozygosity for the

Z mutant allele of a1AT (PIZZ) causes the classical

form of a1AT de®ciency. The protein product of the

mutant Z gene accumulates within hepatocytes rather

than being ef®ciently secreted. PIZZ homozygous

adults have a markedly increased risk of developing

emphysema by a loss-of-function mechanism, i.e.,

reduced levels of circulating a1AT in the lung to inhibit

connective tissue breakdown by neutrophil proteases.

PIZZ homozygous children and adults may also develop

liver disease and hepatocellular carcinoma by a

gain-of-function mechanism; i.e., the accumulation of

mutant a1ATZ protein within hepatocytes is toxic to

liver cells.

CLASSICAL PIZZ
a1-ANTITRYPSIN DEFICIENCY

Pathophysiology and Genetics

Classical, PIZZ a1-antitrypsin de®ciency is caused
by homozygosity for a point mutation in the a1AT
gene encoding substitution of lysine for glutamate at
position 342. The 12.2 kb a1AT gene is located on
chromosome 14q and encodes a 55 kDa glycoprotein
of 395 amino acids. PIZZ homozygotes occur at a
frequency of 1 in 1500ÿ3500 in North American and
European populations. It is the most common genetic
cause of liver disease in children and the most
common genetic disease leading to liver transplantation
in children and it can also cause chronic liver disease,
hepatocellular carcinoma, and premature pulmonary
emphysema in adults.

The Z mutation confers polymerogenic properties
on the mutant a1ATZ protein molecule, which is pri-
marily synthesized in the liver but is also found in leu-
kocytes and other tissues. The mutant a1ATZ protein is
retained in the endoplasmic reticulum (ER) of hepato-
cytes rather than being secreted into the blood and body
¯uids where its normal function is to inhibit neutrophil
proteases and thereby protect host tissues from in¯am-
mation-induced damage. PIZZ homozygous individuals
have a markedly increased risk of developing emphy-
sema as adults by a loss-of-function mechanism, i.e.,
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reduced levels of circulating a1AT in the lung to inhibit
connective tissue breakdown by neutrophil proteases. A
subgroup of PIZZ homozygous children or adults may
develop liver disease and hepatocellular carcinoma by a
gain-of-function mechanism; i.e., the accumulation of
polymerized, mutant a1ATZ within the ER is toxic to
liver cells.

The key step in the pathophysiology of a1AT de®-
ciency is retention of the newly synthesized mutant Z
protein molecule in the ER of hepatocytes. During bio-
genesis, the nascent mutant Z polypeptide chain is
appropriately assembled on the ribosome and translo-
cated into the ER lumen. However, in the ER the mutant
Z protein molecule folds slowly and inef®ciently into its
®nal, secretion-competent conformation and has a ten-
dency to form unique polymers. A system of proteins
within the ER, termed the `̀ quality control'' apparatus,
recognizes these mutant Z molecules as abnormal and
directs them to a series of proteolytic pathways rather
than allowing progression down the secretory pathway.
The result is a signi®cantly de®cient, approximately
15% of normal, serum level of a1AT. Accumulation
of the retained mutant Z protein molecules within hepa-
tocytes appears to cause liver injury. A small proportion
of the retained molecules may remain in a polymerized
conformation and accumulate as aggregations within
dilated areas of ER. These accumulations may become
so large that they are visible by light microscopy as
eosinophilic hepatocellular inclusions by hematoxylin
and eosin or as the periodic acidÿSchiff (PAS)-positive,
diastase-resistant globules classically described within
hepatocytes in this disease.

Theexact roleofproteinpolymerizationinthepatho-
physiology of a1AT de®ciency is still unclear. The pre-
sence of the Z mutation allows a protruding surface loop
of one molecule to insert into a groove in a neighboring
Z molecule. A conformational change in the molecules
then occurs, holding them together in the absence of
covalent bonds. Long chains of Z protein polymers
can form in this way and physicalÿchemical analysis
suggests that this conformation is extremely stable and
long-lived. However, it is still unclear whether polymer-
ization, the quality control apparatus, both, or neither is
responsible for retention of the mutant Z protein within
hepatocytes. The exact mechanism of cellular injury
resulting from a1ATZ intracellular retention and /or
polymerization is also unclear.

Presentation and Natural History

The presentation of patients with PIZZ a1AT
de®ciency can be highly varied, ranging from chronic
liver disease to fulminant hepatic failure to adult

emphysema. In infancy, the typical presentation is
one of neonatal cholestasis (also called the neonatal
hepatitis syndrome) and may include symptoms and
signs of jaundice, abdominal distension, pruritis, poor
feeding, poor weight gain, hepatomegaly, and spleno-
megaly. Laboratory evaluation may reveal elevated total
and direct bilirubin, elevated serum aspartate amino-
transferase (AST) and alanine aminotransferase (ALT),
hypoalbuminemia, or coagulopathy due to vitamin K
de®ciency or to liver synthetic dysfunction. Liver biopsy
®ndings may be highly variable in infants including
giant cell transformation, lobular hepatitis, ®brosis,
hepatocellular necrosis, bile duct paucity, or bile duct
proliferation. The PAS-positive, diastase-resistant hepa-
tocellular globules characteristic of this disease may
occasionally be absent in very young infants. Although
life-threatening liver disease can occur in the ®rst few
years of life, prospective, population-based studies indi-
cate that 80% of PIZZ patients with neonatal cholestasis
are healthy and free of chronic liver disease by the age of
18 years. These data suggest that the overall risk of life-
threatening liver disease in childhood may be as low as
3%, but that the risk of varying degrees of liver dysfunc-
tion in children may range from 15 to 60%.

In toddlers and older children, PIZZ a1AT de®-
ciency may present as failure to thrive, possibly with
poor feeding or hepatomegaly. Some children come to
medical attention when asymptomatic hepatomegaly or
splenomegaly is detected during routine medical check-
ups. Many children appear to be completely healthy,
without evidence of liver injury, except for mild and
usually clinically insigni®cant elevations in serum
AST or ALT. Occasionally, children with previously
unrecognized chronic liver disease and cirrhosis present
with ascites, gastrointestinal bleeding, or hepatic fail-
ure. However, many PIZZ children with cirrhosis
may remain stable and grow and develop normally
for a decade or more before beginning a process of
decompensation.

Liver disease in adults may present as chronic hepa-
titis, with or without cirrhosis, and the risk of clinically
signi®cant disease may increase with advancing age. The
®ndings may be similar to those of adult alcoholic liver
disease, which may lead to diagnostic confusion. There
appears to be an increased risk of hepatocellular carci-
noma in adults with PIZZ a1AT de®ciency, although
the magnitude of the risk is unclear. Liver biopsy ®nd-
ings in older children and adults may include lobular
in¯ammation, variable hepatocellular necrosis, ®brosis,
cirrhosis, and PAS-positive, diastase-resistant globules
in some, but not all, hepatocytes in nearly every patient.

Children with PIZZ a1AT de®ciency generally do
not develop clinically detectable emphysema, although
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they may be at increased risk for severe childhood
asthma. Asthma or emphysema may develop during
adulthood and chronic pulmonary disease is the most
common life-threatening complication of PIZZ a1AT
de®ciency in adults. Smoking signi®cantly increases
the risk of progressive, irreversible lung disease as do
occupational lung exposures and environmental atmo-
spheric pollutants, all of which are thought to increase
the uninhibited proteolytic attack on lung connective
tissue. Some studies suggest that exposure to second-
hand smoke and environmental air pollutants in child-
hood is also a signi®cant risk for the development of
adult lung disease.

Diagnosis

The gold standard for the diagnosis of a1AT de®-
ciency is the analysis of the phenotype (`̀ PI'' or `̀ PI-type'')
of a1AT protein in a sample of patient serum by iso-
electric-focusing gel electrophoresis. It is then inferred
from the PIZZ phenotype results that the patient is car-
rying two copies of the mutant Z a1AT gene. The phe-
notype gel analysis is technically demanding and is
therefore best performed in an experienced reference
laboratory. Since the presentations of a1AT de®ciency
are quite variable and the serum testing is of relatively
low expense and risk, a1AT serum phenotyping is
applied in a wide variety of clinical situations (Table I).
Measurement of the level of a1AT in peripheral
blood can be used as a complementary test to compare
the phenotype result against what would be an appro-
priate predicted level (Table II) and to assist in the
elucidation of unusual alleles whose protein products
yield confusing phenotype results. Liver biopsy is not
required for the diagnosis of a1AT de®ciency, although
it may be useful in selected cases to evaluate disease
progression or to investigate the contribution of
co-morbid states.

Management

There is no speci®c treatment for the liver disease
associated with a1AT de®ciency. Management focuses

on preventing the complications of chronic liver dis-
ease, such as bleeding, ascites, pruritis, malnutrition,
fat-soluble vitamin de®ciency, infection, and growth
disturbances, or attenuating the systemic repercussions
if they do occur. Some authorities advocate aggressive
treatment of any systemic infectious or in¯ammatory
episodes, as there is concern that these may be impor-
tant in increasing end-organ injury. However, many
patients have normal health and can be monitored con-
servatively with infrequent visits to a physician knowl-
edgeable in liver disease. Some patients with signi®cant
degrees of liver injury, and even cirrhosis, often remain
stable for many years with very little intervention. If life-
threatening liver disease does develop, then liver trans-
plantation has been employed with excellent published
success rates.

All pediatric and adult patients with a1AT de®-
ciency should be urgently cautioned against personal
smoking, secondhand smoke, and environmental lung
exposures. Prospective studies indicate that identi®ca-
tion of a1AT-de®cient patients as children dramatically
reduces their incidence of smoking as adults and there-
fore decreases morbidity and mortality from lung dis-
ease. Exogenous a1AT protein replacement is available
as a treatment for the adult emphysema associated with
a1AT de®ciency; however, the ef®cacy of the therapy is
controversial. Exogenous a1AT replacement has no
effect on the development of liver disease since liver
injury is related to the accumulation of thea1AT mutant
Z protein within hepatocytes, not a lack of circulating
anti-protease activity.

HETEROZYGOSITY AND
OTHER ALLELES

Individuals who are heterozygous for a1AT, carrying
one normal M allele and one mutant Z allele (`̀ PIMZ''
or `̀ MZ'') are generally considered asymptomatic and
healthy. Data from referral center studies suggest that

TABLE I Clinical Presentations and Indications

for Testing for a1AT De®ciency

Infant Cholestatic jaundice

Child Unexplained failure to thrive or poor feeding

Any age Unexplained, asymptomatic hepatomegaly, or elevated

AST/ALT

Any age Unexplained liver disease, cirrhosis, or hepatocellular

carcinoma

Adult Severe asthma, any emphysema 550 years old or any age

in a nonsmoker

TABLE II a1AT Phenotypes and Corresponding Typical

a1AT Serum Levels

Phenotype Level (mM)a

PIMM 20ÿ48

PIMZ 12ÿ35

PISS 15ÿ33

PISZ 8ÿ19

PIZZ 2.5ÿ7.0

NullÿNull 0.0

a Convert micromolar to milligrams per deciliter by multiplying

by conversion factor of 5.2.
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some rare PIMZ adults may develop liver disease,
although the possible genetic or environmental in¯u-
ences on the development of this injury remain unclear.
Limited but unselected population-based studies have
thus far failed to con®rm this increased risk. PIMZ chil-
dren appear to be completely healthy, and even in adults
a PIMZ phenotype result is not readily accepted as the
cause of otherwise unexplained liver disease.

Individuals who are heterozygous PISZ and who
have developed liver disease identical to PIZZ patients,
including PAS-positive, diastase-resistant globules,
have been clearly described. However, the risk of
liver disease to PISZ individuals, though of unclear
absolute magnitude, appears to be less than the risk
to PIZZ individuals. PISZ individuals may also be at
risk for adult emphysema. In contrast, PISS individuals
are generally accepted as normally healthy.

A large number of other mutations in the a1AT gene
have been described. Some of these gene products yield
a normal M result on the phenotype test but when pre-
sent in the heterozygous state with a Z allele can accu-
mulate within the liver and have been associated with
liver disease. Such patients are usually recognized by a
profoundly low a1AT level in peripheral blood, which is
inappropriate when compared to an apparently PIMZ
phenotype result. Null mutations of the a1AT gene that
produce no protein secreted into the peripheral blood,
resulting in unusually low blood levels and confounding
phenotype results, have also been described. Several
pilot newborn screening programs for a1-antitrypsin
de®ciency have been tested in the United States and
in Europe. However, universal, population-based
screening is still not recommended because there is

not yet a proven, immediate health bene®t or treatment
available to asymptomatic newborns that would out-
weigh the risk of psychological trauma or genetic dis-
crimination.

See Also the Following Articles

Alpha-1-Antitrypsin (a1AT) De®ciency � Cirrhosis � Hepa-

tocellular Carcinoma � Neonatal Cholestasis and Biliary

Atresia
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Amebiasis
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abscess A localized collection of pus in a part of the body,

surrounded by in¯amed tissue.

amebic colitis Intestinal disease caused by Entamoeba

histolytica.

amebic liver abscess The major extraintestinal manifestation

of amebiasis, which is fatal if not recognized and treated

appropriately.

Entamoeba dispar Morphologically identical commensal that

is not associated with disease, but may lead to incorrect

diagnoses of amebiasis.

Entamoeba histolytica The intestinal protozoan parasite that

causes amebiasis.

toxic megacolon Dilation of the colon during the course of

fulminant colonic in¯ammation.

Amebiasis remains a major cause of morbidity and mortal-

ity worldwide and is responsible for as many as 100,000

deaths yearly. The details of the relationship between the

causative agent, Entamoeba histolytica, and its human host

remain the subject of much study and new insights into

the role of the host response to infection are emerging

rapidly. The recognition that what was previously called

E. histolytica based on morphology is really two distinct

species, E. histolytica, the pathogen, and Entamoeba dis-
par, a harmless commensal, has forced the rethinking of

approaches to the diagnosis and treatment of infected

individuals. Fortunately, the problem of drug resistance

that complicates the treatment of many pathogenic micro-

organisms has not emerged for E. histolytica and the nitroi-

midazoles remain very effective therapy for amebiasis.

INTRODUCTION

Amebiasis was known to the Greeks, and Hippocrates
wrote, `̀ Dysenteries, when they set in with fever, alvine
discharges of a mixed character, or with in¯ammation of
the liver . . . are bad.'' However, it was not until 1875,
when theSt.PetersburgphysicianFedorAleksandrovich
LoÈsch described amebic trophozoites in the stool and
colonic ulcerations of a farmer with dysentery, that
ameba were established as a cause of colitis. Since
that initial description, much has been learned about
the biology of the causative agent, Entamoeba histolytica,
and effective therapies for this potentially deadly disease
have been developed.

THE ORGANISM

E. histolytica is a single-celled eukaryote that lacks mito-
chondria (probably through secondary loss) and derives
energy by the anaerobic conversion of glucose or pyr-
uvate to ethanol. E. histolytica has a simple life cycle,
existing as either the quadranucleate cyst form (Fig. 1)
or the active, vegetative trophozoite form (Fig. 2). The
cyst is the infectious form and leads to colonization and
disease when it is ingested in food or water contami-
nated with human feces. The cysts survive the gastric
acidity of the stomach and, under yet to be determined
stimuli, excyst, forming the trophozoite stage. It is the
highly motile trophozoites that are capable of coloniz-
ing the colon, invading into the colonic mucosa, and
causing disease. The life cycle continues when the tro-
phozoites encyst and the infectious cysts are passed out
of the human host in feces.

FIGURE 1 E. histolytica cyst in stool; chlorazol black stain.

Two of the four nuclei, each with the characteristic central karyo-

some, are clearly visible. Courtesy of Dr. George Healy, Centers for

Disease Control.
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EPIDEMIOLOGY

E. histolytica is cosmopolitan in distribution and is
found wherever there are poor boundaries between
human feces and food and drinking water. E. histolytica
infects only humans and perhaps some nonhuman pri-
mates. Data on the worldwide prevalence of Entamoeba
histolytica infection are dif®cult to come by, compli-
cated by the recent recognition that what was previously
considered to be E. histolytica, based on microscopy, is a
mixture of two species, E. histolytica, a pathogen, and
E. dispar, a harmless commensal. A reasonable estimate,
based on newer studies using techniques that can dif-
ferentiate between E. histolytica and E. dispar, is that
worldwide approximately 450,000,000 individuals are
infected with E. dispar, whereas 50,000,000 individuals
are infected with E. histolytica. Many of the individuals
infected with E. histolytica are asymptomatic, but have
an approximately 10% chance yearly of developing dis-
ease. Looking at disease, rather than infection rates,
provides a more meaningful look at the impact of ame-
biasis worldwide. As many as 100,000 people die yearly
from amebiasis, making it the second leading cause of
death from parasitic diseases. In Mexico, more than
1.3 million cases of intestinal amebiasis were reported
in a single year, and in one region of Vietnam, a popula-
tion center of 1 million people experienced 1500 cases
of amebic liver abscess over a 5-year period. In the
United States, amebiasis is primarily seen among immi-
grants, with most cases seen in states that border
Mexico. Amebic colitis can be seen in all ages and
both sexes, but amebic liver abscess is primarily a

disease of men between the ages of 18 and 50, with
rates that are 3 to 20 times higher than other popula-
tions. The explanation for the increased susceptibility of
young and middle-aged men is unknown, but hormonal
in¯uences (postmenopausal women also have a higher
rate) seem most likely.

PATHOGENESIS

Amebic colitis begins when amebic trophozoites adhere
to epithelial cells in the colonic mucosa. Adhesion is
primarily mediated by a surface lectin that recognizes
N-terminal galactose and N-acetyllactosamine residues.
E. histolytica trophozoites can lyse human cells on con-
tact through the action of amoebapores, small peptides
that assemble to form pores in the surface membranes of
eukaryotic and bacterial cells. E. histolytica trophozoites
also secrete abundant quantities of cysteine proteinases,
which can lyse extracellular matrix proteins and facil-
itate amebic invasion into the submucosal tissue.
E. histolytica trophozoites invade laterally through the
submucosal spaces, creating the classic ¯ask-shaped
ulcer (Fig. 3) of amebiasis. There can be a marked
in¯ammatory response to the parasite and amebic colitis
may be dif®cult to distinguish from in¯ammatory bowel
disease. Colonic ®ndings can range from diffuse muco-
sal thickening, multiple discrete ulcers, diffusely
in¯amed and edematous mucosa, to necrosis and per-
foration of the intestinal wall (Fig. 4). In a human intest-
inal xenograft model of amebic colitis, the host
in¯ammatory response is dependent on the activation
of the transcription factor nuclear factor kB in intestinal
epithelial cells, and the actions of interleukin-8 (IL-8),
IL-1, tumor necrosis factor a, and cyclooxygenase 2.
Although the in¯ammatory response to E. histolytica
may actually exacerbate tissue damage, innate immu-
nity is probably key to containing the infection, and

FIGURE 2 E. histolytica trophozoite in stool; Wheatley's tri-

chrome stain. Note the round nucleus and central karyosome.

Courtesy of Centers for Disease Control.

FIGURE 3 Classic ¯ask-shaped ulcer of amebiasis showing

mucosal ulceration with widespread submucosal invasion. Cour-

tesy of Dr. Mae Melvin, Centers for Disease Control.
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individuals with amebic colitis who were mistakenly
given corticosteroids for what was thought to be in¯am-
matory bowel disease had worse outcomes with an
increased frequency of fulminant amebic colitis and
amebic liver abscess. In approximately 10% of indivi-
duals with amebic colitis, E. histolytica trophozoites
reach the portal circulation and cause amebic liver
abscesses, well-circumscribed areas of hepatocyte
death and lique®ed debris (Fig. 5).

CLINICAL FEATURES

Individuals with amebic colitis usually present with the
gradual onset of bloody diarrhea, abdominal pain, and
abdominal tenderness. Some individuals will have mul-

tiple small-volume mucoid stools and others will have
watery diarrhea, but, because E. histolytica is invasive,
stools almost always contain blood. Fever is seen in less
than 40% of patients; some individuals will report
weight loss and anorexia. Fulminant amebic colitis,
characterized by profuse bloody diarrhea, fever, marked
leukocytosis, peritoneal signs, and extensive colonic
involvement, occurs rarely, but carries a high mortality.
Pregnant women, individuals treated with corticoster-
oids, malnourished people, and immunocompromised
individuals are clearly at higher risk for this complica-
tion. Toxic megacolon has been reported with amebia-
sis, and amebomas, localized in¯ammatory masses that
may mimic carcinomas by causing mass obstructing
lesions, may also complicate amebic colitis.

Amebic liver abscesses arise from the hematogenous
spread of amebic trophozoites from the colon to the liver
and are the most common extraintestinal manifestation
of amebiasis outside the intestinal tract. Individuals pre-
sent with the classic triad of fever, right upper quadrant
abdominal pain, and hepatic tenderness. Symptoms are
usually acute (onset within the past 10 days), but some
individuals present with a more chronic disease with
associated weight loss and anorexia. Individuals with
amebic liver abscess may present years after travel or
residency in an endemic area so a careful travel history
may be key to making the diagnosis. Most patients with
amebic liver abscess do not have evidence for concur-
rent intestinal infection based on the microscopic exam-
ination of stool, but more sensitive diagnostic methods
[e.g., polymerase chain reaction (PCR)] suggest that
concurrent intestinal infection may be relatively com-
mon. Cough may be present and dullness and rales in
the right lung base may be seen. Jaundice is unusual, as
is eosinophilia, but leukocytosis and elevated alkaline
phosphatase are relatively common.

The most common complication of amebic liver
abscess is rupture into the pleural space, with the for-
mation of an amebic empyema, a hepatobronchial ®s-
tula (where individuals cough up the contents of their
amebic liver abscess), and/or an amebic lung abscess.
Pulmonary extension of the amebic liver abscess may
give rise to a clinical syndrome (productive cough,
fever, chest pain) that may be confused with pneumo-
nia. Less common, but more dangerous is amebic liver
abscess rupture into the peritoneum, with associated
peritonitis and shock symptoms, and amebic liver
abscess rupture into the pericardium, with tamponade
and/or pericarditis. Mortality associated with pericar-
dial involvement is very high (30%).

Other extraintestinal manifestations of amebiasis
are very rare, with amebic brain abscesses (seen in
less than 0.1% of individuals with amebic liver

FIGURE 4 Gross pathology of amoebic colitis showing multi-

ple ulcer formation. Courtesy of Dr. Mae Melvin, Centers for

Disease Control.

FIGURE 5 Gross pathology of amoebic liver abscess. Section

showing necrotic material within the abscess and the surrounding

®brinous border. The adjacent liver parenchyma is usually nor-

mal. Courtesy of Dr. Mae Melvin, Centers for Disease Control and

Dr. E. West of Mobile, Alabama.
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abscesses), urinary tract involvement, genital disease,
perianal disease, and cutaneous lesions all reported.

DIAGNOSIS

For years the diagnosis of amebic colitis was based on
the microscopic demonstration of amebic trophozoites
in the stool of an individual with diarrhea. Microscopy is
still used in much of the world, but the recognition that
microscopy cannot distinguish between infection with
E. histolytica and the more common commensal E. dis-
par has changed the approach to diagnosis and empha-
sized the need for more speci®c and more sensitive
ways to identify E. histolytica intestinal infection. In
the proper clinical setting, an individual with bloody
diarrhea, appropriate exposure history, and a micro-
scopic exam that shows E. histolytica trophozoites
that have ingested red blood cells, stool microscopy
may still be diagnostic for amebic colitis. However,
given the high prevalence of E. dispar in many areas,
relying solely on microscopy may lead to the false diag-
nosis of amebiasis in cases of Shigella, Campylobacter
jejuni, or other forms of dysentery. One solution to this
problem has been the development of E. histolytica-anti-
gen detection enzyme-linked immunosorbent assay
(ELISA) tests that use antibodies to recognize speci®c
E. histolytica antigens in stool and can distinguish
between E. histolytica and E. dispar. These tests per-
formed well in initial studies and may become the diag-
nostic method of choice, but recent reports that some of
the ELISA tests were relatively insensitive in ®eld studies
(compared with PCR or stool culture) provide a cau-
tionary note. Molecular diagnostics using PCR to
amplify E. histolytica-speci®c sequences from stool
may become more widespreadÐthese offer the advan-
tage of allowing genotyping for strain identi®cation. The
major barrier for PCR-based tests is the requirement for
specialized equipment and reagents that will be unavail-
able in many of the countries where the tests are needed
the most.

The diagnosis of amebic liver abscess is based on the
demonstration of a space-occupying lesion in the liver
and a positive amebic serology. Both ultrasound and
computed tomography scanning (Fig. 6) are effective
in detecting amebic liver abscesses. Abscesses can be
solitary or multiple spherical lesions and are most com-
monly found in the right lobe of the liver. Amebic ser-
ologyisverysensitive(490%)andveryspeci®c(498%)
and the only caveat is that serology may be negative very
early in disease (within the ®rst week) and should be
repeated if the index of suspicion for amebic liver
abscess is high.

TREATMENT

The mainstay of therapy for amebiasis remains the
nitroimidazole compounds. Since only metronidazole
is available in the United States, the recommendations
listed in Table I are focused on metronidazole. Amebic
colitis is treated with metronidazole, followed by a
lumenal agent to eliminate colonization. Asymptomatic
individuals infected with E. histolytica should be treated
with a lumenal agent to eliminate colonization. This is
based on the fact that they are at risk to develop invasive
disease and because they pose a risk of spreading
E. histolytica infection to others. If an individual is
found to be colonized with E. dispar, no therapy is
necessary, but the physician should be alerted to the
fact that the patient has ingested fecally contaminated
food or water.

Amebic liver abscess is also treated with metronida-
zole, and, remarkably, given the size of the abscess,
single-dose therapy can be used. A lumenal agent should
be administered as well to eradicate intestinal coloniza-
tion, even if stool microscopy is negative. Unlike most
abscesses, amebic abscesses can resolve without drai-
nage and percutaneous aspiration and drainage should
be reserved for diagnostic purposes (if a bacterial
abscess or suprainfection is suspected), for large
abscesses in the left lobe of the liver (because of the
risk of rupture into the pericardium), when individuals
are not responding to therapy (continued pain, fever
after 72 h of treatment), and when rupture seems
imminent (large abscess, accelerated clinical course
with increasing pain). Some authorities advocate the
addition of dehydroemetine in complicated cases of
amebic colitis or amebic liver abscess because of its
rapid amebicidal activity, but there are no controlled

FIGURE 6 CT scan from a patient with amebic liver abscess. A

large solitary lesion in the right lobe of the liver is present.
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TABLE I Drugs of Choice for the Treatment of Amebic Colitis and Amebic Liver Abscess

Drug Adult dosage Adverse effects Comments

Metronidazole 750 mg po or iv tid for 5 to 10

days; for uncomplicated liver

abscess (limited experience)

2.4 g po daily for 2 days

Metallic aftertaste, nausea, vomiting, diarrhea;

rarelyÐsensory neuropathies, central nervous

system toxicity with ataxia, vertigo, seizures,

and encephalopathy

Drug of choice for amebic colitis and amebic liver

abscess

Dehydroemetine 1ÿ1.5 mg/kg/day im for up to

5 days

Cardiotoxicity, diarrhea, nausea, vomiting, muscle

weakness

No indication for use in standard therapy; may

offer some bene®t in fulminant colitis or

patients with ruptured amebic liver abscess

when administered in combination with metro-

nidazole, but controlled trials are lacking

Lumenal agents

Paromomycin 30 mg/kg/day po in three divided

doses for 5 to 10 days

Nausea, vomiting, cramps, diarrhea Drug of choice for treatment of lumenal

E. histolytica infection; should be administered

to all individuals following completion of

metronidazole therapy

Diloxanide furoate 500 mg po tid for 10 days Flatulence Excellent alternative to paromomycin for treat-

ment of lumenal E. histolytica infection; should

be administered to all individuals following

completion of metronidazole therapy; not read-

ily available in the United States

Iodoquinol 650 mg po tid for 20 days Headache, nausea, vomiting; optic nerve damage

and peripheral neuropathy reported in indivi-

duals exceeding recommended dosage

Alternative to paromomycin or diloxanide furoate

for treatment of lumenal E. histolytica infection;

should be administered to all individuals

following completion of metronidazole therapy
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amylopectin Branched-chain glucose polymer; the major

component of dietary starch.

amylose Straight-chain glucose polymer present in starch.

isoenzymes Multiple forms of the same enzyme; have subtle

differences in amino acid sequence or posttranslational

modi®cations.

posttranslational modi®cation Alteration of a protein after it

has been synthesized. Examples include the addition of

sugar chains, of phosphate, or of sulfate.

Amylase is a digestive enzyme secreted primarily by the

pancreas and some salivary glands. Because of the almost

exclusive production of amylase by the pancreas, serum

amylase levels are of diagnostic importance in assessing

acute pancreatitis.

INTRODUCTION

The digestive enzyme amylase secreted by the pancreas
and some salivary glands is responsible for the initial
process of digestion of dietary starch. In the Western
world, adults consume about 400 g of carbohydrates

each day, with starches and sucrose providing the lar-
gest sources. Starch is the storage form of carbohydrate
in plants and can account for 10ÿ80% of the plant
volume. All starches are glucose polymers with mole-
cular masses ranging from 105 to more than 106 Da. The
two major starches are amylose, a straight-chain a-1,4-
linked glucose polymer, and amylopectin, a branched
starch with a backbone of a-1,4-linked glucose and
a-1,6-linked glucose branches about every 20ÿ25 resi-
dues. Amylose and amylopectin account for 20 and 80%,
respectively, of dietary starch. Because the intestinal
epithelium absorbs only monosaccharides, dietary
starch, to serve as a nutrient and energy source, must
®rst be hydrolyzed into glucose, a process facilitated by
a-amylase.

PHYSIOLOGY

In humans and other primates and in rodents and lago-
morphs (rabbits, hares, and pikas), pancreatic acini and
certain salivary glands, primarily the parotids, secrete
amylase. No other tissues express signi®cant levels of
amylase, although amylases are present in the fallopian
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tube, lungs, tears, sweat, and human milk. Amylase
represents about 5ÿ6% of the total protein in pancreatic
secretions and, along with mucins, amylase is a major
secretory protein of the parotid gland. Closely related,
but distinct, genes encode salivary and pancreatic amy-
lase. In the human genome, there are three salivary
genes and two pancreatic genes encoding amylase.
Expression of the genes encoding human pancreatic
amylase is developmentally regulated. Human new-
borns have little to no pancreatic amylase at birth and
the levels remain low (51.0% of adult levels) through-
out the ®rst months of life and may not reach adult levels
until the second or third year of life.

ENZYMOLOGY

a-Amylase, an endoenzyme, preferentially cleaves inter-
ior a-1,4 linkages and has very low activity against the
bonds of terminal glucose units. Additionally, it cannot
hydrolyze the a-1,6 linkages in amylopectin. The result-
ing products of amylase acting on starch, referred
to as dextrins, are a-1,4-linked glucose dimers
(maltose), a-1,4-linked glucose trimers (maltotriose),
and branched oligosaccharides of 6 to 8 glucose units
that contain both a-1,6 and a-1,4 linkages (limit dex-
trins). Starch digestion can begin in the mouth and in a
swallowed bolus of food, but primarily occurs in the
lumen of the upper small intestine. Digestion of starch
is completed in the intestine by the brush border
enzymes, maltase and isomaltase.

The active site of a-amylase contains multiple sub-
sites, each of which is capable of binding one glucose
residue of the substrate. The porcine and human
enzymes appear to have ®ve subsites, and subsite
three is probably the catalytic site. Substrates can
bind with the ®rst glucose residue in subsite one or
two so that cleavage can occur between the ®rst and
second or second and third residues. During a single
enzymeÿsubstrate encounter, multiple glucose bonds
are cleaved. Three acidic residues, one glutamic acid
and two aspartic acids, are thought to be the catalytic
residues. The glutamic acid is believed to be the proton

donor and one of the aspartic acids acts as a nucleophile.
a-Amylase has an absolute requirement for calcium ions
and is activated by anions such as chloride, bromide,
iodide, or ¯uoride. Heavy metals inhibit the enzyme.
The importance of serum amylase levels in the diagnosis
of acute pancreatitis has generated widespread interest
in its assay. Amylase is most commonly measured by
absorbance or ¯uorescence assays in which a labeled
substrate is cleaved.

PROTEIN STRUCTURE

Both the proteins and the cDNAs encoding amylase have
been isolated from the pancreas and the salivary glands.
a-Amylase has a molecular mass of about 57 kDa and
contains a single carbohydrate chain, although an
unglycosylated form is made in the parotid gland. Chro-
matographic and electrophoretic methods have demon-
strated multiple isoenzymes of both pancreatic and
salivary amylase. The presence of multiple genes for
both salivary and pancreatic amylase accounts for
some of the isoenzymes, but additional isoenzymes
are formed by posttranslational changes. The amylases
are multidomain proteins consisting of three domains.
The substrate-binding site lies in a cleft between
domains A and B. Residues in both of these domains
contribute to calcium binding near the active site. A
chloride ion binds on domain A near the active site cleft.
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Amyloidosis
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amyloid A hyaline eosinophilic substance, as viewed by light

microscopy, that is deposited extracellularly in blood

vessels and other tissues in a wide variety of disorders. At

least 18 distinct proteins that can form amyloid have

been identi®ed thus far. All amyloids are ®brillar and

look the same under light, polarization, and electron

microscopy.

amyloid, cerebral Amyloid occurring in the brain in patients

with Alzheimer's disease, in aged Down's syndrome

patients, and in individuals with spontaneous cerebral

hemorrhage consisting of deposits of b-protein (Ab) or

cystatin C. Prion diseases are due to another protein

(PrPSC) that deposits in Creutzfeldt-Jacob disease,

bovine spongiform encephalopathy, and other human

and animal neurodegenerative disorders.

amyloid, dialysis-related Amyloid occurring in a minority of

patients on long-term (7ÿ10 years) hemodialysis due to

deposition of b2 microglobulin.

amyloid, hereditary (familial) Familial amyloid polyneuro-

pathy occurs in patients with late-onset (midlife)

polyneuropathy and is usually due to deposition of

variant transthyretin. Some patients have cardiomyo-

pathy or nephropathy. The disorders are inherited as

autosomal dominant conditions. Transthyretin is also the

protein found in patients with senile systemic (cardiac)

amyloidosis. In some kindreds, other proteins form the

amyloid (apolipoprotein A-I, gelsolin, ®brinogen Aa,

lysozyme).

amyloid, light chain origin Also known as primary systemic

or immunocytic amyloid; this amyloid occurs de novo,

i.e., without coexisting or preexisting chronic disease.

The protein deposited is derived from immunoglobulin

light chains produced and secreted by monoclonal

plasma cells (plasma cell dyscrasia).

amyloidogenesis The process by which a precursor protein

undergoes proteolysis, yielding fragments that assume a

b-pleated sheet conformation and deposit extracellularly

in blood vessels and various tissues.

amyloid P component A non®brillar component of all

amyloids that is derived from a normal precursor, serum

amyloid P.

amyloid, reactive Also known as secondary systemic

amyloid. This type, amyloid A, occurs in patients with

chronic infectious or in¯ammatory disease and in the

autosomal recessively inherited disorder, familial Med-

iterranean fever. It is also the type present in experi-

mentally induced amyloidosis in mice.

Bence Jones protein Free monoclonal immunoglobulin light

chains produced and secreted by a single clone of plasma

cells. Fifteen to 20% of Bence Jones proteins appear to be

amyloidogenicÐmore frequently in the l class than in

the kclass. Such amyloid is of the amyloid light chain

origin type.

b-pleated sheet conformation (b-conformation) The protein

conformation common to all amyloids that is responsible

for Congo red staining and the ®brillar structure.

Proteolysis can convert serum precursor proteins into

twisted b-pleated sheet ®brils.

polarization birefringence A common physical property of

all amyloid ®brils related to their b-pleated sheet

conformation and associated with an apple green color

after Congo red staining of involved tissue.

The amyloidoses are diverse disorders characterized by

extracellular deposits of various ®brillar proteins in tis-

sues. They constitute one group of an expanding class of

conditions referred to as diseases of protein misfolding.

Virtually any site in the body can be affected. Many con-

troversies arose about the cause and composition of amy-

loid for a century after it was named by Rudolph Virchow

in 1853. The ®rst major breakthrough occurred in 1959,

when electron microscopy showed that this apparently

structureless material was actually ®brillar. The ability

to solubilize the ®brils enabled subsequent characteriza-

tion of their major protein constituents. At least 18 dis-

tinct proteins have been identi®ed thus far as amyloid

precursors in human diseases and it is likely that more

will be described in the future. All amyloids share the

same physical properties under light, polarization, and

electron microscopy.

INTRODUCTION

Historically, amyloidosis was classi®ed according to
whether it occurred de novo (`̀ primary'') or was `̀ second-
ary'' to a recognizable preexisting or coexisting chronic
infectious or in¯ammatory disease. During the past 70
years, rare hereditary amyloid syndromes have been
well documented. Most primary and secondary amyloid
syndromes are systemic; i.e., they involve more than
one organ system. Many patients with hereditary
amyloidosis have systemic disease as well. Localized
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or tumor-like collections of amyloid in various organs
also have been described. Recently, new amyloid dis-
orders have been recognized.

Several amyloid syndromes involve the gastrointest-
inal (GI) tract. The initial presentation and/or the
dominant manifestation may be due to GI amyloid
deposition. Thus, the amyloid syndromes are of interest
to gastroenterologists and other physicians who see
patients with GI disease.

DEFINITION AND DIAGNOSIS

Amyloid is an eosinophilic substance that, under the
light microscope, has a hyaline appearance and is depos-
ited extracellularly in the walls of small blood vessels
and various organs. These deposits, when extensive,
interfere with normal function. Multiple proteins can
form amyloid, but all share the common physical
properties of polarization birefringence after Congo
red staining, linear nonbranching ®brils with a
diameter of 7.5 to 10 nm by electron microscopy
(EM), and a twisted b-pleated sheet conformation by
X-ray diffraction. All amyloid deposits also contain a
non®brillar glycoprotein moiety, the P component.
This amyloid P (AP component) is derived from a nor-
mal serum precursor [serum amyloid P (SAP)] structu-
rally related to an acute-phase reactant, C-reactive

protein. Apolipoprotein E and other proteoglycans
are additional non®brillar components of amyloid.

The diagnosis of amyloidosis is based on biopsy of
involved tissue. Apple green birefringence under polar-
ized light after Congo red staining and the typical ®bril-
lar structure evident by EM constitute the most reliable
methods (Fig. 1).

Because the GI tract is an easily accessible biopsy
site, tissue sampling from the GI tract is often employed.
The sensitivity of endoscopic biopsy is dependent on the
presence of amyloid involvement, the site sampled, and
adequate tissue procurement. The biopsy should be
obtained with standard endoscopic forceps to include
submucosa since amyloid is best identi®ed in the walls
of small blood vessels. Abdominal fat pad aspirate has a
60ÿ85% sensitivity in systemic amyloidosis and is the
initial diagnostic procedure of choice since there is a low
risk of complications. Bone marrow biopsies may also
reveal the presence of amyloid. Liver and rectal biopsies
are associated with a low but de®nite risk of severe
hemorrhage. Whatever the biopsy site, it is important
to emphasize that Congo red stains must be performed
and examined under polarized light if amyloidosis is
suspected.

Once amyloid is recognized on tissue biopsy by
either apple green birefringence after Congo red stain-
ing or the characteristic ®brillar appearance by EM, it is
important to identify the protein deposited since the

a ba b

FIGURE 1 (a) Polarization birefringence after staining in subcutaneous fat. The patient had familial amyloid polyneuro-

pathy and chronic diarrhea due to transthyretin amyloidosis. Magni®cation, �200. (b) Electron micrograph shows ®brillar

structure of amyloid (AL) in a rectal biopsy. Magni®cation,�12,000. The majority of the picture shows gray ®brillar material

(amyloid).
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natural history and therapy vary among the different
disease entities. Immunohistochemistry using antibo-
dies to amyloid precursor proteins, such as immunoglo-
bulin light (L) chains, serum amyloid A, transthyretin,
and b2 microglobulin, is helpful, though not always
de®nitive, in delineating the type of amyloid present
in the ®brils of a particular patient. Immune EM and/
or chemical analysis of extracted ®brillar protein may be
necessary for unequivocal diagnosis. Radiolabeled SAP
component scintigraphy has been shown to be useful in
staging systemic AL (amyloid of light chain origin)
and AA (amyloid A) amyloidoses, but is not generally
available.

In most circumstances, a circulating precursor pro-
tein results from overproduction of either intact or aber-
rant molecules (plasma cell dyscrasias), reduced
degradation or excretion (secondary amyloid syn-
dromes and patients on long-term hemodialysis), or
genetic abnormalities associated with variant proteins
(familial autosomal dominant polyneuropathies). Amy-
loidogenesis is characterized by proteolysis of a
larger protein precursor molecule with production of
low-molecular-weight fragments that polymerize and
assume ab-conformation as extracellular tissue deposits
(Fig. 2). Thus, amyloidosis is a generic term referring to
a ®nal common pathophysiologic pathway for tissue
protein deposition in a wide variety of diseases.

Except for their similar morphologic and physical
properties, the various amyloid diseases are disparate
and occur in diverse clinical settings. The classi®cation
of amyloidosis based on the major protein subunits pre-
sent in the ®brils is shown in Table I. As noted, the terms
primary and secondary refer to the absence or presence
of a preexisting or coexisting chronic in¯ammatory
or infectious disease. Because of signi®cant overlap,
primary and secondary designations should not be

based on anatomic sites of involvement in individual
patients.

PRINCIPAL AMYLOID PROTEINS
AND DISEASES

Primary (Immunocytic) Systemic Amyloid

Primary (immunocytic) systemic amyloid of light
chain origin is a disorder closely related to multiple
myeloma in which a monoclonal immunoglobulin com-
ponent, most often a free monoclonal L chain [Bence
Jones protein (BJP)], is produced by a single family
(clone) of plasma cells. Fragments of BJP polymerize
and form b-pleated sheets that deposit as ®brillar mate-
rial in tissues. Primary amyloidosis is the most common
nonhereditary systemic amyloid type in the United
States. Serum and urine immuno®xation electrophor-
esis will demonstrate a monoclonal immunoglobulin
component (M component) in serum, urine, or both,
in 80% of cases. Amyloid deposition in these individuals
tends to be distributed in the heart, tongue, gastroin-
testinal tract, skin, ligaments, and peripheral nerves.
Involvement of liver, kidneys, spleen, and adrenals, a
distribution more characteristic of secondary systemic
amyloid, also may occur because of overlap in amyloid
deposition in the immunocytic and reactive syndromes.
Approximately 15 to 20% of Bence Jones proteins
appear to be `̀ amyloidogenic'' in that they have the prop-
erty of precipitating as ®brillar material resembling
amyloid after in vitro proteolytic digestion. This amy-
loidogenic property is associated with the
variable region of the molecule and is more commonly
observed with l than with k monoclonal L-chains, a
®nding in accord with the L-chain distribution noted

FIGURE 2 Pathogenesis of amyloidosis: Sequence of events by which a number of cir-

culating precursor proteins are cleaved by proteolytic enzymes and deposited in tissues as

amyloid ®brils. A similar sequence occurs in locally overproduced proteins, as in the case of

amyloid associated with endocrine tumors. Modi®ed from Stone, M. J. (1990). Amyloidosis: A

®nal common pathway for protein deposition in tissues. Blood 75, 531ÿ545. Copyright American

Society of Hematology, used by permission.
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in AL patients. The data are consistent with the hypoth-
esis that patients with plasma cell dyscrasias who secrete
Bence Jones proteins that possess amyloidogenic prop-
erties develop a clinical picture dominated by the fea-
tures of primary systemic amyloidosis with fewer
monoclonal plasma cells compared with the usual ®nd-
ings and cell burden observed in multiple myeloma. The
resulting clinical illness therefore is more dependent on
the molecular structure of the individual BJP synthe-
sized than on any intrinsic difference between primary
systemic amyloidosis and multiple myeloma. Such a
hypothesis does not dictate that every patient produc-
ing amyloidogenic L-chains necessarily will develop
clinical amyloidosis; some clearly do not, suggesting
that additional factors play an important role in tissue
deposition of amyloid ®brils.

Secondary (Reactive) Systemic Amyloidosis

Secondary (reactive) systemic amyloidosis is due to
deposition of a nonimmunoglobulin protein (amyloid
A) derived from a circulating protein precursor, serum
amyloid A (SAA), that acts as an acute-phase reactant.

This type of amyloidosis occurs in association with
chronic in¯ammatory or infectious diseases. It occurs
rarely in patients with tumors such as Hodgkin's disease,
renal cell carcinoma, or other neoplasms. Chronic
in¯ammatory diseases, especially rheumatoid arthritis
and juvenile rheumatoid arthritis, are associated with
amyloid of this type. Patients with other connective
tissue disorders and Crohn's disease rarely develop
AA amyloidosis. The same AA protein forms amyloid
in patients with the autosomally recessively inherited
disorder, familial Mediterranean fever (FMF). Chronic
infections such as in patients with tuberculosis, leprosy,
chronic osteomyelitis, bronchiectasis, decubitus ulcers,
paraplegia, chronically infected burns, chronic skin
infections associated with parenteral drug abuse, hypo-
gammaglobulinemia, and Whipple's disease are asso-
ciated with AA amyloidosis. Amyloid A is also the
type occurring in mice with experimentally induced
amyloidosis. An `̀ amyloid-enhancing factor'' that accel-
erates amyloidogenesis in animal models may consist of
the AA ®bril itself.

SAA, which has a molecular weight of approximately
12,500 Da, is a heterogeneous minor component of

TABLE I Classi®cation of Amyloid Diseases According to Major Protein Constituent in Fibrils

Clinical type Protein component

Primary systemic or localized

(immunocytic)

AL immunoglobulin light chain

(Bence Jones protein); rarely heavy chain (AH)

Myeloma-associated (immunocytic) AL (rarely AH)

Secondary systemic (reactive) AA

Familial: autosomal recessiveÐfamilial

Mediterranean fever

AA

Reactive/induced in animals AA

Familial: autosomal dominant polyneuropathies Transthyretin, apolipoprotein A-I, gelsolin

Senile cardiac Transthyretin

Cerebral

Alzheimer's disease b-Protein (Ab)

Down's syndrome b-Protein (Ab)

Hereditary cerebral amyloid

angiopathy (Dutch)

b-protein (Ab)

Hereditary cerebral amyloid

angiopathy (Icelandic)

Cystatin C

Prion diseases (spongiform

encephalopathies)

PrPSC

Dialysis-related b2 Microglobulin

Endocrine-associated

Medullary thyroid carcinoma Procalcitonin

Type II diabetes mellitus,

Islet cell tumors

Islet amyloid polypeptide

Others Atrial natriuretic peptide, ®brinogen a-chain,

prolactin, insulin, lysozyme, ? keratin

Note. Modi®ed from Stone. M. J. (1990) Amyloidosis: A ®nal common pathway for protein deposition in tissues. Blood 75: 531ÿ545. Copyright

American Society of Hematology, used by permission.
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normal plasma and is transported in association with
high-density lipoprotein. Three forms of SAA have been
described. Amyloid A is a single polypeptide chain con-
sisting of 76 amino acids and having a molecular weight
of approximately 7500 Da. Larger and smaller sizes of
the protein have been identi®ed as well.

Familial Amyloid Polyneuropathy

Familial amyloid polyneuropathy is an autosomal
dominantly inherited late-onset syndrome usually due
to deposits of transthyretin (TTR). TTR deposition also
occurs in `̀ senile'' cardiac amyloid. TTR, previously
known as thyroxin-binding prealbumin, is a transport
protein that also binds retinal-binding protein. It is
synthesized by the liver as a single polypeptide chain
of 127 amino acids. The TTR that deposits in various
tissues is a structurally abnormal protein. Over 80
amino acid substitutions at more than 50 different
sites in the TTR molecule have been described. TTR
is a negative acute-phase reactant; that is, its concentra-
tion decreases with in¯ammation; serum levels of the
protein are also low in many patients with TTR amyloi-
dosis. Not all patients with familial amyloid polyneuro-
pathy have associated TTR deposits. In the Iowa type
characterized by lower limb neuropathy, peptic ulcers,
and nephrotic syndrome, a variant form of apolipopro-
tein A-I has been demonstrated in the amyloid ®brils.
Apolipoproteins occur in other types of amyloid. Muta-
tions of gelsolin, ®brinogen a-chain, and lysozyme
rarely have been reported to cause familial amyloidosis.

Cerebral Amyloids

Cerebral amyloids are amyloid deposits in the brain
occurring in Alzheimer's disease patients, in aged
Down's syndrome patients, and in some individuals
with hereditary cerebral amyloid angiopathy consist
of a component called amyloid b-protein (Ab), having
a molecular weight of approximately 4200 Da. As with
other chemical types of amyloid, the b-protein origi-
nates from a larger precursor (AbPP) and is found in
blood vessels, plaques, and neuro®brillary tangles in
the brain. The Icelandic form of cerebral amyloid
angiopathy is characterized by a protein closely related
to the cysteine protease inhibitor, cystatin C, which
deposits in blood vessels. A different form of brain
amyloid is present in the prion diseases, which
include Creutzfeldt-Jakob disease and bovine
spongiform encephalopathy (`̀ mad cow'' disease). In
these disorders, a normal or variant protein appears to
acquire a greater degree ofb-pleated sheet conformation

associated with its deposition in the brain. These amy-
loid diseases are generally restricted to the central ner-
vous system.

Dialysis-Related Amyloid

Some patients on long-term (7ÿ10 years) hemodia-
lysis develop carpal tunnel syndrome, usually bilateral,
due to amyloid deposition. It may be accompanied by
cystic bone lesions or pathologic fractures. Occasionally
deposits are found in other organs including those in the
GI tract. The ®brillar protein in this circumstance is
composed of intact b2 microglobulin (b 2M), a protein
of 11,800 Da. The serum b 2M concentration in chronic
hemodialysis patients is approximately 50 times higher
than normal, as b 2M is too large to pass through dialysis
membranes. However, elevated levels alone do not cor-
relate well with the risk of developing amyloid. Thus,
other systemic or local tissue factors may be important
in determining whether amyloid deposition occurs.

CLINICAL FINDINGS

Clinical manifestations of amyloidosis vary widely
depending on the organ system predominantly
involved. A number of hematologic ®ndings may
occur in patients with amyloidosis, especially `̀ scratch
purpura'' and spontaneous periorbital purpura after a
Valsalva maneuver (Fig. 3a). Acquired factor X de®-
ciency is an unusual but well-documented complication
of amyloidosis. The coagulation factor appears to be
rapidly cleared from the circulation and bound by
amyloid deposits. Splenectomy may alleviate the
bleeding diathesis resulting from factor X de®ciency.
Occasionally, factors IX and V are reduced. Other
abnormalities in coagulation or ®brinolytic pathways
are rare. Lytic bone lesions of the type characteristic
of myeloma rarely occur in patients with amyloidosis.
Uncommon sites of amyloid involvement include endo-
crine tumors, serosal membranes, lymph nodes, breast
tissue, and thyroid.

Patients with primary AL amyloidosis most com-
monly present with nephrotic range proteinuria,
refractory congestive heart failure, unexplained hepa-
tomegaly, or peripheral neuropathy. Patients with AA
amyloidosis present most often (90%) with proteinuria/
renal insuf®ciency, but 20% have GI ®ndings (diarrhea,
pseudo-obstruction, constipation, or malabsorption).
Patients with familial autosomal dominant amyloidosis
usually present with late-onset polyneuropathy, and
some have signi®cant GI involvement.
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GASTROINTESTINAL AMYLOIDOSIS

Many patients with systemic amyloidosis have involve-
ment of the GI tract with amyloid deposition occurring
anywhere from the tongue to the rectum, as well as the
liver, spleen, and pancreas. The GI manifestations may
be the mode of presentation and often are accompanied
by evidence of organ involvement elsewhere, namely,
the heart, kidney, and autonomic nervous system. The
symptoms, physical signs, and clinical manifestations of
GI amyloidosis are listed in Table II. Endoscopic appear-
ance and radiographic appearance are also described
below.

Endoscopic Appearance

There is no endoscopic appearance speci®c for amy-
loidosis. The most common endoscopic ®ndings
include a ®ne granular appearance, erosions, ulcera-
tions, and mucosal friability. These ®ndings are most
often seen in the duodenum, followed by the stomach,
colorectum, and esophagus.

Radiographic Appearance

Barium radiography is of limited diagnostic utility
since the changes that may be seen are not speci®c for
amyloidosis. Nevertheless, esophageal abnormalities

include re¯ux and esophageal dysmotility and dilation.
The stomach may show rigid gastric rugal folds, dilation
with barium retention, and narrowing or obstruction in
the antral region. Small intestinal radiographs are often
the initial test suggesting GI amyloid involvement.
Commonly reported ®ndings include sharply demar-
cated thickening of the valvular conniventes, altered
intestinal transit, bowel dilation, and multiple nodular
lesions. Colonic contrast studies most often show invol-
vement of the rectosigmoid characterized by altered
colonic transit with dilation or multiple ®lling defects
with narrowing and rigidity secondary to ischemia.
Abdominal computerized tomography imaging may
show wall thickening or bowel dilation and rarely
mesenteric thickening or lymphadenopathy.

Speci®c Organ Involvement

Mouth

Oral amyloidosis may affect the tongue, buccal
mucosa, and gingiva. Bleeding from the latter two
sites is common. Tongue involvement causes macro-
glossia in 20ÿ50% of primary (AL) amyloid patients
(Fig. 3b). Macroglossia may cause dif®culties with
speech, mastication, swallowing, and breathing due to
reduced tongue mobility. Tracheostomy may be neces-
sary in severe cases. Amyloid in®ltration of the salivary

a b

FIGURE 3 (a) Bilateral periorbital purpura in a patient with AL amyloidosis. (b) Nodular macroglossia in a patient with AL

amyloidosis.
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glands can cause symptoms of dry mouth associated
with the sicca syndrome.

Esophagus

Esophageal involvement usually presents with
symptoms of dysphagia and gastroesophageal re¯ux.
Histological studies show that amyloidosis can in®ltrate
both the striated and smooth muscle portions of the
esophagus, vagus nerve, myenteric plexus, and vasa
nervosa. Manometric studies may show a nonspeci®c
esophageal dysmotility and abnormal lower esophageal
sphincter relaxation. Treatment with a proton pump
inhibitor is usually recommended.

Stomach

Patients with gastric amyloid may present with
symptoms of nausea, vomiting, epigastric pain, abdom-
inal bloating, anorexia, and weight loss. Some patients
develop mucosal or gastric amyloid tumor ulcerations
with signs of upper GI bleeding. Others present with
gastric motility disturbances. In familial amyloid poly-
neuropathy with autonomic nervous system involve-
ment, gastroparesis with delayed gastric emptying
and hypotonia is common. Treatment with prokinetic
agents has limited effectiveness. Total parenteral nutri-
tion as a means of providing temporary nutrition or
drainage procedures such as gastrojejunostomies have
shown some bene®t.

TABLE II Signs, Symptoms, and Clinical Manifestations of GI Amyloidosis

Location Symptoms Physical signs Clinical manifestations

Mouth Enlarged tongue Macroglossia Dysphonia

Bleeding Reduced tongue mobility

and induration

Dif®culty with mastication and deglutition

Toothache Nodular lesions of tongue and

buccal mucosa

Sicca syndrome

Paresthesias Oral hemorrhagic bullae Jaw claudication

Dry mouth Upper airway obstruction/sleep apnea

Esophagus Heartburn Esophageal dysmotility

Waterbrash Esophagitis

Dysphagia

Stomach Nausea Succussion splash Erosions and ulcerations

Vomiting Cachexia Gastric amyloid nodules

Epigastric pain Gastroparesis

Anorexia Gastric outlet obstruction

Abdominal fullness

Bleeding

Weight loss

Small intestine Diarrhea Cachexia Intestinal ischemia/bleeding

Constipation Pseudo-obstruction

Abdominal pain Malabsorption (steatorrhea, protein-losing

enteropathy)

Bleeding Obstruction due to amyloidoma

Weight loss Intestinal infarction/perforation

Colon Diarrhea Cachexia Colonic ischemia/bleeding

Constipation Pseudo-obstruction/megacolon

Abdominal pain Fecal incontinence

Bleeding Volvulus

Intestinal infarction/perforation

Liver Jaundice Hepatomegaly Well-preserved hepatic synthetic function

Abdominal pain No evidence of cirrhosis Elevated alkaline phosphatase

Occasional evidence of

portal hypertension

Focal intrahepatic masses

Spontaneous hepatic rupture

Spleen Abdominal pain Splenomegaly Functional hyposplenism

Spontaneous splenic rupture

Pancreas Diarrhea Exocrine pancreatic insuf®ciency

Abdominal pain Pancreatitis
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Small Intestine

In systemic amyloidosis, small intestinal deposits
are present histologically in more than 70% of cases.
Amyloid may be seen in the intrinsic and extrinsic ner-
vous system, the mucosa, submucosa, and muscle wall
of the small intestine. The variable location of these
deposits accounts for the myriad of symptoms and clin-
ical manifestations associated with small bowel involve-
ment including diarrhea, constipation, malabsorption,
obstruction, pseudo-obstruction, bleeding, and vascu-
lar insuf®ciency. Chronic intestinal ischemia may occur
secondary to progressive occlusion of the vessels of the
submucosa. This will lead to sloughing of the intestinal
lining and hemorrhage. Rarely, protein-losing entero-
pathy or progression to intestinal infarction and per-
foration is seen. Small bowel obstruction due to an
amyloid tumor also has been described.

The clinical spectrum of symptoms, course, and
prognosis associated with pseudo-obstruction may
depend on the type of amyloid. Patients with AL and
Ab 2M amyloidosis typically present with irreversible
chronic, intermittent obstructive symptoms and have
evidence of extensive in®ltration of the smooth muscle
of the bowel wall. On the other hand, AA amyloidosis
patients may present with reversible, acute obstructive
symptoms and have evidence of myenteric plexus invol-
vement. Surgery is generally not bene®cial in the
treatment of amyloid-induced pseudo-obstruction. Pro-
motility agents have not been proven effective and some
patients may require long-term TPN.

Diarrhea is often severe and uncontrollable in sys-
temic amyloidoses. Malabsorption as evidenced by stea-
torrhea and protein-losing enteropathy is seen in less
than 5% of patients but has been reported in AL, AA, and
TTR amyloidoses. Diarrhea is particularly common in
familial amyloid polyneuropathy due to TTR amyloid
and often leads to cachexia and early mortality. The
pathogenesis of diarrhea in patients with amyloidosis
is unknown. A variety of mechanisms have been
advanced as possible explanations for the disruption
of gastrointestinal function. These include (1) malab-
sorption of fat, protein, and/or carbohydrate by
multiple processes including in®ltration of the mucosa
producing a mechanical barrier, mucosal atrophy sec-
ondary to amyloid-induced vascular ischemia, and
pancreatic amyloidosis with concomitant pancreatic
exocrine insuf®ciency; (2) bile salt malabsorption;
and (3) altered intestinal transit. Slow intestinal motility
may result from amyloid deposition within the muscu-
lar layer of the intestinal wall causing a myopathy or
from amyloid deposition in the GI autonomic nervous
system causing a neuropathy. Reduced motility permits

bacterial overgrowth, bile acid deconjugation, and
consequent diarrhea and steatorrhea. Treatment for
amyloid-induced diarrhea includes opioids, antibiotics,
cholestyramine, and octreotide.

Colon

Colonic amyloid is associated with symptoms simi-
lar to small intestinal involvement including diarrhea,
constipation, abdominal pain, intestinal ischemia, and
bleeding. Volvulus, megacolon, and fecal incontinence
due to neuropathy or amyloid deposition in the anal
sphincter have been reported in patients with colonic
amyloidosis.

Liver

Hepatic amyloidosis is manifested by hepatomegaly
with relatively well-preserved hepatic synthetic func-
tion. Modest elevations of serum alkaline phosphatase
are the most common laboratory abnormalities. Hypoal-
buminemia may be present and due to nephrotic syn-
drome, decreased hepatic synthetic function, or rarely,
protein-losing enteropathy. Elevated serum amino-
transferase levels are less commonly seen and elevated
serum bilirubin levels are rare. Cholestatic jaundice
portends a poor prognosis as it may lead to liver failure
and is usually due to advanced AL amyloidosis.
Although many patients with amyloidosis have hepatic
deposits, there is poor correlation between the degree of
liver dysfunction and the extent of amyloid deposition.
Rarely, patients present with focal intrahepatic mass
lesions and hepatic rupture, the latter usually being a
fatal event.

Clinical features of chronic liver disease (e.g., spider
angiomas, palmar erythema) are uncommon as most
patients die of extrahepatic amyloid deposition. Portal
hypertension is seen occasionally. Its complications,
including ascites and esophageal variceal hemorrhage,
are seen to variable degrees. Ascites may develop from
portal hypertension with or without hypoalbuminemia.
Treatment of hepatic amyloidosis is directed at manage-
ment of these complications and the underlying
mechanism of the amyloid deposition.

Hepatic amyloidosis is diagnosed by liver biopsy.
Increased risk of hemorrhage with liver biopsy is
thought to be secondary to amyloid in®ltration of
blood vessels with consequent increased fragility and
inability of the blood vessels to contract. Several studies
have reported cases of fracture of the liver with hemor-
rhage, capsular rupture, and death following liver
biopsy in patients with suspected amyloid liver
involvement. One series showed that all amyloidosis
patients with hemorrhagic complications related to a
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diagnostic procedure had a prior history of a bleeding
episode. Therefore, liver biopsy should be approached
with caution in patients with established or suspected
amyloidosis.

Spleen

Splenomegaly is initially present in approximately
10% of patients with amyloidosis and splenic rupture
has been reported rarely. Hypersplenism does not occur
with splenomegaly, probably because of massive repla-
cement of splenic tissue by amyloid. Approximately 20
to 25% of patients with systemic amyloidosis and 60%
with hepatic amyloidosis develop functional hyposplen-
ism characterized by a normal-sized or large spleen on
imaging studies and a peripheral blood smear showing
Howell-Jolly bodies (nuclear remnants), target cells,
and large platelets. The presence of Howell-Jolly bodies
on a blood smear is a highly speci®c, but not sensitive,
indicator of splenic amyloidosis. Functional hyposplen-
ism is a valuable clue to the diagnosis of systemic
amyloidosis in the patient presenting with nephrotic
syndrome, hepatomegaly, or refractory heart failure
of unknown etiology. The absence of hyposplenism is
not a predictable sign of the absence of splenic involve-
ment. In rare cases, amyloidosis-related functional
hyposplenism is reversible if the patient responds to
treatment.

Pancreas

Amyloid deposition can involve both the exocrine
and endocrine portions of the pancreas. Exocrine pan-
creatic involvement can cause acinar atrophy and
destruction. Amyloidosis has been reported in patients
with cystic ®brosis and exocrine pancreatic insuf®-
ciency. These patients respond to enzyme replacement
therapy. Rarely, pancreatic involvement results in
pancreatitis secondary to ductal obstruction by amyloid
deposits. Deposits in the pancreatic islets occur in type
II diabetes mellitus and islet cell tumors.

Crohn's Disease-Associated Amyloidosis

AA amyloidosis is an uncommon yet important
complication of Crohn's disease. In the largest series
of patients with in¯ammatory bowel disease collected
over a 50-year span, Greenstein et al. found a 0.9%
incidence of amyloidosis in Crohn's disease. The pre-
valence may be higher as amyloid deposits are often
documented only at autopsy. The mean time from the
clinical onset of Crohn's disease to development of
amyloidosis was 15 years. Amyloidosis in Crohn's dis-
ease was associated with more extensive intestinal dis-
ease, suppurative complications (®stulas, abscesses),

extraintestinal manifestations (arthritis, pyoderma
gangrenosum, aphthous stomatitis), and male gender.

Crohn's disease-associated amyloidosis most often
develops in the kidney, but generalized amyloidosis
with involvement of the GI tract, heart, thyroid, liver,
and spleen has been described. Patients initially present
with proteinuria or renal insuf®ciency, which may pro-
gress to nephrotic syndrome and renal failure.

TREATMENT

Therapy of amyloidosis is unsatisfactory. Evaluation of
various approaches has been hindered by the lack of
ability to accurately determine the extent of involve-
ment in individual patients and by the widely disparate
etiology of the various disorders that lead to amyloid
deposits. Despite its apparently inert nature and inac-
cessible extracellular location, amyloidosis occasionally
is reversible and radiolabeled SAP scintigraphy has
demonstrated that amyloidogenesis is a dynamic pro-
cess. Potential therapeutic approaches consist of those
directed at prevention of amyloid precursor protein
synthesis, prevention of amyloid ®bril deposition, and
removal or dissolution of amyloid deposits from tissues.

AL Amyloidosis

For AL amyloidosis, a myeloma type of chemother-
apy regimen (melphalan and prednisone) is generally
employed in an attempt to reduce production of the
circulating monoclonal L-chain precursor. Colchicine
may have some activity though less than cytotoxic che-
motherapy. Iodo-doxorubicin has been reported to have
anti-amyloid activity, but its role in therapy is currently
unde®ned. High-dose chemotherapy with stem cell
autografting has been employed by several groups
and preliminary reports seem encouraging. However,
follow-up is limited and the heterogeneity of individual
amyloid patients makes subgrouping necessary and
analysis dif®cult. A high incidence of GI bleeding
after stem cell autografting has been reported. Preclini-
cal studies have indicated that AL amyloid resolution
can be induced by passive administration of an amyloid-
reactive antibody. Such an approach may be effective in
other amyloid types as the antibody appears to be direc-
ted to a ®brillar epitope. This observation has poten-
tially important implications. Clinical trials in patients
with AL and other amyloid diseases are eagerly awaited.

AA Amyloidosis

AA amyloidosis sometimes improves with therapy
designed to prevent initial amyloid deposition or disease
progression. Effective treatment of chronic infection
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may result in amyloid stabilization or reversal. Colchi-
cine prevents amyloid deposition and further deteriora-
tion of renal and cardiac function in AA amyloidosis
associated with FMF and Crohn's disease. Colchicine
may induce transient diarrhea and abdominal pain that
must be distinguished from FMF, Crohn's disease, or GI
tract amyloidosis. Even low-dose colchicine may cause
diarrhea, especially in patients who have GI tract amy-
loid involvement.

In selected AA amyloidosis patients, renal and car-
diac transplantation has been performed. Renal trans-
plantation appears to have a role in FMF patients. In
patients with Crohn's disease-associated amyloidosis,
progression of the amyloid-related disease appears to
cease following effective therapy directed at the
underlying in¯ammatory bowel disease. Resection of
the in¯amed bowel is controversial with a possible
increased risk of postoperative morbidity and
mortality.

Familial Amyloid Polyneuropathic Syndromes
Due to TTR Amyloidosis

In hereditary amyloidosis due to TTR, more than
95% of the mutant transthyretin is produced by the
liver. A liver transplant should replace mutated TTR
with the normal (wild-type) molecule and thereby
stop amyloid formation. More than 400 liver transplants
have been performed for TTR amyloidosis. Techniques
have included both orthotopic and livingÿrelated
donor liver transplantation. Combined liver/heart or
liver/kidney transplants also have been performed.
The goal of liver transplantation is to prevent further
disease progression and onset of new complications.
Liver transplantation has been reported to halt amyloid
progression in familial amyloid polyneuropathy
patients. Modest improvement in peripheral and auto-
nomic neuropathy has been claimed in some patients.
Improvement in gastrointestinal symptoms and nutri-
tion has been noted posttransplant. Factors associated
with a favorable outcome after liver transplantation
include the presence of the TTR Val30Met mutation,
symptomatic disease duration of less than 7 years, and
good nutritional status with lack of severe autonomic
impairment. Use of DNA testing to identify persons at
risk for development of TTR amyloidosis while still in
the preclinical phase of their disease will be helpful
in assessing the ef®cacy of various new therapeutic
regimens.

TTR amyloidosis rarely involves the liver and has
not been associated with liver failure. In addition, its
onset occurs in the third decade of life or later and
carriers of the trait may never develop the disease.

For these reasons, liver explants from patients with
familial amyloid polyneuropathy have been used for
sequential (`̀ domino'') liver transplantation. To date,
no amyloid disease has been reported in recipients of
these livers.

Effective therapy for other types of amyloidosis
listed in Table I awaits elucidation of further insights
into the origin and pathogenesis of ®brillar deposition in
patients with these disorders.
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rectal neck Embryologically, the anal canal is the lower part

of the hindgut from which the rectum develops. The

hindgut extends down and ®xes itself to the perineal

skin. Therefore, the anal canal is actually the lower

narrow part of the rectum and it is referred to as the

rectal neck.

The rectal neck (anal canal) is the gateway to the gut; it is

surrounded by sphincters and muscles that regulate the

passage of the rectal contents to the exterior. These mus-

cles are responsible for fecal continence and defecation.

EXTERNAL ANAL SPHINCTER

The external anal sphincter (EAS) is a triple-loop system
consisting of top, intermediate, and base loops (Fig. 1).
Each loop is separated from the others by a fascial sep-
tum (Fig. 2) and has its individual attachment, direction
of muscle bundles, and innervation. The top loop com-
prises the deep part of the EAS and puborectalis, which

are intimately fused together. Its muscle bundles loop
around the upper part of the rectal neck (RN) and are
attached to the symphysis pubis. It forms a downward
extension, which descends along the RN and contri-
butes to the formation of the longitudinal muscle
(Fig. 2). It is innervated by the inferior rectal nerve.
The intermediate loop embraces the midportion of
the RN and is innervated by the perineal branch of
the fourth sacral nerve. The base loop encloses the
lower RN and is innervated by the inferior rectal
nerve. It consists of only loop ®bers in its upper part
and of inner circular and outer loop ®bers in its
lower part.

Mechanism of Action

The EAS induces voluntary continence by a double-
fold action: (1) prevention of internal sphincter
relaxation on detrusor contraction, which is termed
`̀ voluntary anorectal inhibition re¯ex,'' and (2) direct
compression of the RN, or the `̀ mechanical action.''

Voluntary Anorectal Inhibition Re¯ex

As stools enter the rectum, the rectal detrusor con-
tracts and the internal sphincter relaxes re¯exly to open
the RN (Fig. 3). The latter does not open unless the EAS
relaxes voluntarily. However, if there is no desire to
defecate, the EAS contracts, mechanically preventing
relaxation of the internal sphincter. Failure of the latter
to relax re¯exly inhibits contraction of the rectal detru-
sor, which relaxes and dilates to accommodate the new
contents (Fig. 4). Voluntary EAS contraction to inhibit

Symphysis pubis

Top loop

Hiatal ligament

Anococcygeal raphe

Coccyx

Intermediate loop

Base loop

FIGURE 1 Diagram illustrating the triple-loop system of

the external anal sphincter. Reprinted from Sha®k (1981), with

permission from Excerpta Medica.
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Anal Canal
AHMED SHAFIK

Cairo University, Egypt

rectal neck Embryologically, the anal canal is the lower part

of the hindgut from which the rectum develops. The

hindgut extends down and ®xes itself to the perineal

skin. Therefore, the anal canal is actually the lower

narrow part of the rectum and it is referred to as the

rectal neck.

The rectal neck (anal canal) is the gateway to the gut; it is

surrounded by sphincters and muscles that regulate the

passage of the rectal contents to the exterior. These mus-

cles are responsible for fecal continence and defecation.

EXTERNAL ANAL SPHINCTER

The external anal sphincter (EAS) is a triple-loop system
consisting of top, intermediate, and base loops (Fig. 1).
Each loop is separated from the others by a fascial sep-
tum (Fig. 2) and has its individual attachment, direction
of muscle bundles, and innervation. The top loop com-
prises the deep part of the EAS and puborectalis, which

are intimately fused together. Its muscle bundles loop
around the upper part of the rectal neck (RN) and are
attached to the symphysis pubis. It forms a downward
extension, which descends along the RN and contri-
butes to the formation of the longitudinal muscle
(Fig. 2). It is innervated by the inferior rectal nerve.
The intermediate loop embraces the midportion of
the RN and is innervated by the perineal branch of
the fourth sacral nerve. The base loop encloses the
lower RN and is innervated by the inferior rectal
nerve. It consists of only loop ®bers in its upper part
and of inner circular and outer loop ®bers in its
lower part.

Mechanism of Action

The EAS induces voluntary continence by a double-
fold action: (1) prevention of internal sphincter
relaxation on detrusor contraction, which is termed
`̀ voluntary anorectal inhibition re¯ex,'' and (2) direct
compression of the RN, or the `̀ mechanical action.''

Voluntary Anorectal Inhibition Re¯ex

As stools enter the rectum, the rectal detrusor con-
tracts and the internal sphincter relaxes re¯exly to open
the RN (Fig. 3). The latter does not open unless the EAS
relaxes voluntarily. However, if there is no desire to
defecate, the EAS contracts, mechanically preventing
relaxation of the internal sphincter. Failure of the latter
to relax re¯exly inhibits contraction of the rectal detru-
sor, which relaxes and dilates to accommodate the new
contents (Fig. 4). Voluntary EAS contraction to inhibit
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FIGURE 1 Diagram illustrating the triple-loop system of

the external anal sphincter. Reprinted from Sha®k (1981), with

permission from Excerpta Medica.
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re¯ex internal sphincter relaxation is the `̀ voluntary
anorectal inhibition re¯ex.'' This is the main action
responsible for voluntary continence. The internal
sphincter integrity is thus necessary not only for invo-
luntary continence, but also for voluntary continence,
because the internal sphincter mediates the voluntary
inhibition re¯ex. For this reason, internal sphincter
reconstruction should be considered an essential step
in rectal incontinence repair.

Voluntary Mechanical Action

In addition to the voluntary inhibition re¯ex, EAS
contraction ®rmly seals the RN by mechanical compres-
sion. Because it is a striated muscle, the EAS cannot
contract for a long period to maintain continence
mechanically. The mechanical compression action is
thus momentary (40ÿ60 s) and serves to occlude the
RN by the time the detrusor relaxes as a result of the
voluntary inhibition re¯ex.

Stress Defecation

Under conditions of internal sphincter damage,
voluntary continence is induced only by the mechanical
action of the EAS. The voluntary inhibition re¯ex is lost.
Because it is a striated muscle, the EAS cannot contract
long enough to withstand the noninhibited prolonged
contraction of the loaded rectal detrusor. Detrusor con-
traction continues despite EAS contraction till the latter
fatigues and relaxes and the detrusor evacuates itself.
Hence, in cases of internal sphincter damage, once the
desire to defecate is initiated, evacuation should occur.
This condition, which is termed `̀ stress defecation,'' is
observed in patients after internal sphincterotomy for
anal ®ssure. It could also explain the impaired control of
feces and ¯atus after internal sphincterotomy.

Single-Loop Continence

As a result of the separate arrangement of the three
EAS loops and because each loop has its own separate
and bilateral innervation, any single loop can function
as a sphincter. The EAS continence action can be
achieved by a single-loop contraction and not necessa-
rily by the three loops. This constitutes the basis of
`̀ single-loop continence.'' On contraction, a single
loop induces continence by both the voluntary
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FIGURE 2 Coronal section at the level of the midanal ori®ce

shows the three loops of the external anal sphincter. It also

shows the external anal fascia investing the whole sphincter

and sending inward extensions between its loops. Verhoeff-van

Gieson. Magni®cation, �7. (a) Levator plate; (b) suspensory

sling; (c) top loop (fused puborectalis and deep external

anal sphincter); (d) intermediate loop of external anal

sphincter; (e) base loop of external anal sphincter; (f) internal

anal sphincter; (g) longitudinal anal muscle; (h) fascia on pelvic

surface of levator plate; (i) hiatal ligament; (j) tunnel septum;

(k) pelvirectal space. Reprinted from Sha®k (1981), with

permission.

FIGURE 3 External and internal sphincters at rest and during

defecation. (A) At rest: detrusor is relaxed and internal sphincter is

involuntarily contracted. (B) During defecation: detrusor is con-

tracted and external and internal sphincters are relaxed. Reprinted

from Sha®k and El-Sibai (2001), with permission. Copyright 2001

Lippincott Williams & Wilkins.
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inhibition re¯ex and mechanical occlusion. The latter
action creates signi®cantly tight loop contraction, being
effected not only by direct compression but also by RN
kinking.

THE ANOGENITAL MUSCLE

A recent study has demonstrated that the base loop of the
EAS extends uninterrupted across the perineum to
the bulb of the penis where it becomes continuous with
the bulbocavernosus muscle. Lying over the bulb, the
muscle bundles are arranged into three groups: the med-
ian ®bers and two lateral bundles of ®bers. The median
®bers form the `̀ retractor penis muscle,'' which is
inserted into the corpora cavernosa, and the lateral
®bers, which form the `̀ compressor bulbae muscle,''
are inserted into the perineal membrane. Upon glans
stimulation, both the EAS and the bulbocavernosus
muscle contract synchronously with similar latency
and action potentials. The bulbocavernosus muscle is
an integral part of the EAS, and the muscle in its entirety
is appropriately named the `̀ anogenital muscle.'' The
muscle plays a dual and synchronous role in fecal con-
trol and sexual response. It is suggested that EAS dis-
orders lead to sexual dysfunction and vice versa.

LONGITUDINAL MUSCLE

The longitudinal muscle consists of three layers: medial,
intermediate, and lateral (Figs. 2 and 5). The medial
longitudinal muscle is a continuation of the longitudinal

rectal muscle coat. The intermediate muscle is the sus-
pensory sling of the levator ani, whereas the lateral
muscle is the longitudinal extension of the top loop
of the EAS. The ¯eshy longitudinal muscle ends at
the level of the lower border of the internal sphincter
by giving rise to a fascial condensation called the `̀ cen-
tral tendon.'' The latter splits into multiple ®brous septa.
The medial septum attaches to the RN lining, whereas
the lateral muscle passes into the ischiorectal fossa. The
intermediate septa penetrate the EAS base loop, decus-
sate to form the corrugator cutis, and insert in the peri-
neal skin (Figs. 2 and 5). The longitudinal muscle plays
an important role in the mechanism of defecation. On
contraction at stool, it shortens and widens the RN.
Furthermore, it helps to ®x the RN during straining
at defecation, thus preventing rectal prolapse. Subluxa-
tion of the longitudinal muscle shares in rectal prolapse
genesis.

A B

FIGURE 4 Mechanism of voluntary inhibition re¯ex to oppose

a call to defecate. (A) Detrusor contraction with failure of internal

sphincter relaxation due to voluntary external sphincter contrac-

tion. (B) Re¯ex detrusor relaxation due to failure of internal

sphincter relaxation, the voluntary inhibition re¯ex. Reprinted

from Sha®k and El Sibai (2001), with permission. Copyright

2001 Lippincott Williams & Wilkins.
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FIGURE 5 Diagram illustrating the rectal neck musculature

and perirectal spaces. (a) Submucous space containing internal

anal septum; (b) internal sphincter; (c, e, j, and l) four intersphinc-

teric spaces; (d, f, and k) medial, intermediate, and lateral long-

itudinal muscles; (g) central space occupied by central tendon; (h,

m, and o) base, intermediate, and top loop of external sphincter;

(i) subcutaneous space containing corrugator ani cutis; (n)

external fascial septum; (p) ischiorectal space; (q) levator plate;

(r) pelvirectal space. Reprinted from Sha®k (1987), with

permission.
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PERIANAL SPACES

Six perirectal spaces can be identi®ed: subcutaneous,
central, intersphincteric, pelvirectal, ischiorectal, and
submucous (Figs. 2 and 5). The subcutaneous space
was continuous with the ischiorectal space. The central
space lies in the lower RN and is occupied by the central
tendon. It is the main perirectal space; it communicates
with all of the other spaces along the central tendon.

The central tendon gives rise to multiple ®brous
septa. The medial tendon passes between the internal
sphincter and the base loop to attach to the anal lining.
The lateral septum passes between the intermediate and
base loops into the ischiorectal fossa. The intermediate
septa penetrate the base loop into the subcutaneous
space. The central space thus communicates with all
perianal spaces: the subcutaneous, submucous, ischior-
ectal, and intersphincteric, through which it communi-
cates with the pelvirectal space.

There are four intersphincteric spaces that lie along
the three layers of the longitudinal muscle. The most
medial space communicates with the submucous
space, whereas the lateral two spaces communicate
with the ischiorectal space. The intermediate space
communicates directly with the pelvirectal space. The
intersphincteric spaces communicate inferiorly with the
central space, through which they are connected to the
subcutaneous space and perianal skin and to the ischior-
ectal space.

Fistula Classi®cation

A new ®stula classi®cation was put forward based on
pathoanatomical studies.

The route adopted by the pus to any of the six peri-
anal spaces de®nes the type of ®stula. According to the
relation of the ®stulous track to the EAS, two main types
of ®stulas could be recognized: intrasphincteric and
extrasphincteric (Fig. 6).

Intrasphincteric Fistula

The track is medial to the EAS and the external
opening is usually close to the anal ori®ce within the
perianal skin corrugations. It starts as a central space
infection that spreads either down to the subcutaneous
space and perianal skin, forming a central ®stula, or up
into the intersphincteric spaces, forming an inter-
sphincteric ®stula (Fig. 6).

Extrasphincteric Fistula

The track is lateral to the EAS and the external open-
ing usually overlies the base of the ischiorectal fossa
away from the perianal corrugations. It arises as a central

space infection that spreads laterally to the ischiorectal
space (Fig. 6).

LEVATOR HIATUS AND TUNNEL

The levator ani (LA) consists essentially of the pubo-
coccygeus, the iliococcygeus being rudimentary in
humans. The puborectalis is not a part of the LA;
both differ in morphology, innervation, and function.
The pubococcygeus is funnel-shaped with a transverse
portion called the levator plate and a vertical portion
called the suspensory sling (Figs. 2 and 5). The levator
plate is an oval cone, which stretches across the pelvis;
the levator hiatus occupies its anterior portion and the
rectococcygeal raphe exists posteriorly (Fig. 7). Two
patterns of the rectococcygeal raphe can be identi®ed:
single- and triple-decussation patterns. The latter seems
to give ®rmness to the levator plate and might be a factor
in resisting rectal prolapse. The hiatal ligament connects
the medial border of the levator plate to the anorectal
junction. The levator plate consists of two `̀ crura,''
which bind the levator hiatus, and two lateral masses
(Fig. 7). Three crural patterns have been identi®ed:
classic, crural overlap, and crural scissor. The lateral
masses function as visceral support and the crura are
the functional mobile parts of the LA.

The LA is the principal muscle of defecation. On
contraction at defecation, it opens the RN for the
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FIGURE 6 Fistula classi®cation. (a) Central abscess; (b) cen-

tral ®stula, (c) low intersphincteric ®stula; (d) high intersphinc-

teric ®stula; (e) low extrasphincteric ®stula; (f) high

extrasphincteric ®stula. Reprinted from Sha®k (1987), with

permission.
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stool to descend. Any interference with levator function
results in disturbance of the act of defecation and leads
to levator dysfunction syndrome, which presents as des-
cending perineum, intussusception, solitary ulcer syn-
drome, and rectal prolapse. The different patterns of the
rectococcygeal raphe and levator crura play an impor-
tant role in RN support; their subluxation may even-
tually lead to rectal prolapse.

The `̀ levator tunnel'' is a muscular tube that sur-
rounds the intrahiatal organs (RN, prostate in males
or vagina and urethra in females) along their way
down from the levator hiatus to the perineum (Fig. 7).
The posterior tunnel wall (3ÿ4 cm) is longer than the
anterior tunnel wall (2.5ÿ3 cm). The tunnel is double-
sheathed with an inner coat of the suspensory sling and
an outer coat of the puborectalis. Both coats are com-
posed of striated muscle bundles. The inner coat is a
tunnel dilator, which opens the RN at defecation,
whereas the outer coat is a tunnel constrictor. The tun-
nel septum, a grayish white membrane, lines the inner
aspect of the levator tunnel and separates it from the
fascia propria of the intrahiatal organs. It separates the
voluntary components from the involuntary compo-
nents of the levator tunnel. It serves as an important
landmark during mobilization of the intrahiatal organs
from within the levator tunnel, e.g., in the operation of
anorectal mobilization for rectal cancer.

Hiatal Ligament

The levator plate is connected to the intrahiatal
organs by a fascial condensation called the hiatal liga-
ment (Fig. 2). It arises from the inner edge of the levator
plate and splits fanwise into multiple septa to insert into
the upper RN, into the vesicle neck, and into the upper
vaginal end. Anteriorly, the ligament ®lls the gap

between the two levator crura at their origin, forming
the puboprostatic or pubovesical ligament. The hiatal
ligament plays a vital role in harmonizing the action
between the levator plate and the intrahiatal organs
during evacuation of their contents (defecation and uri-
nation). Hiatal ligament subluxation would interfere
not only with the act of evacuation but would also
lead to prolapse of the intrahiatal organs.

Puborectalis and the Double-Sphincter Control

The puborectalis (PR), as it proceeds backward from
its origin in the symphysis pubis, gives off muscle bun-
dles to each intrahiatal organ, forming `̀ individual''
voluntary sphincters for these organs (Fig. 8). It gives
rise to the external urethral sphincter and deep EAS in
both sexes, as well as to the vaginal sphincter in the
female and the prostatic sphincter in the male. However,
the PR and deep EAS were found fused together, the
conjoint muscle being termed the top loop. Each intra-
hiatal organ is thus provided with a double voluntary
sphincteric apparatus: (1) an individual organ sphinc-
ter, derived from the PR and speci®c for the organ, and
(2) a `̀ common'' tunnel sphincter, the PR itself, which
acts on the intrahiatal organs collectively. This separate
sphincteric activity for the individual organs under the
control of a common continent muscle secures not only
an immune sphincteric function for the organ, but a
harmonized action among the structures enclosed
within the levator tunnel. Furthermore, the double
sphincteric mechanism provided to each organ could
be a guarantee of functional maintenance in case either
of the two sphincters is damaged. Injury to either
sphincter alone does not induce incontinence of
the organ involved. Unless both the individual and
the common sphincters are destroyed, continence can
be maintained by either one alone.

Levator crus

Lateral mass

Levator
plate

Levator
tunnel

Rectum

Vagina

Urethra

Hiatal ligament

Puborectalis
Suspensory sling

FIGURE 7 Diagram illustrating the levator plate and tunnel.

Reprinted from Sha®k (1981), with permission from Excerpta

Medica.

Puborectalis

Top loop of external sphincter Vaginal
sphincter

Urethral sphincter

Suspensory sling

Levator crus
Rectum

Hiatal ligament

Suspensory sling

FIGURE 8 Diagram illustrating the `̀ individual'' sphincters

arising from the puborectalis, which acts as a common sphincter

for the intrahiatal structures. Reprinted from Sha®k (1998), with

permission of Springer-Verlag.
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MECHANISM OF DEFECATION

Muscles of Defecation

The muscles that act on the RN are the external and
internal anal sphincters, PR, LA, and longitudinal mus-
cle. The external and internal sphincters as well as the
PR are muscles of continence. Their role is to contract in
order to interrupt or terminate the act of defecation.
However, the principal muscles of defecation are the
LA and the longitudinal muscles. They act jointly to
open the RN at defecation. The two muscles are inter-
related due to the fact that the suspensory sling, a part of
the levator, constitutes the middle layer of the longitu-
dinal muscle (Figs. 2 and 5).

Anatomical Mechanism of Defecation

With knowledge of the physioanatomical aspects of
the pelvic ¯oor muscles and assisted by manometric,
electromyographic (EMG), and barium enema studies,
the precise mechanism of defecation could be explored.
As stools enter the rectum, re¯ex detrusor contraction
and internal sphincter relaxation occur. The continua-
tion of defecation depends on two factors: (1) EAS
relaxation and (2) straining. If defecation is acceded
to, the EAS is voluntarily relaxed. Straining is necessary
to maintain defecation as it raises the intra-abdominal
pressure, which serves a double purpose: it compresses
the detrusor, which helps evacuation, and it stimulates
levator contraction through the straining levator re¯ex.
Although the intra-abdominal pressure compresses the
detrusor, the RN is spared, owing to its protected loca-
tion below the levator plate. When the levator plate

contracts, it moves from the cone to the ¯at position
and is elevated and laterally retracted (Fig. 9). This
results in pulling on the hiatal ligament, which in
turn pulls open the anorectal junction and partially
opens the rectal angle. Simultaneously, the suspensory
sling contracts and not only pulls up the base loop to
unseal the anal ori®ce, but also partially opens the RN
(Fig. 9).

The longitudinal muscle joins the detrusor in con-
traction, which results in shortening and opening of the
RN as well as in complete straightening of the rectal
angle. This brings the RN into alignment with the detru-
sor so that ef®cient fecal pumping occurs. The ®nal
result of the joint contraction of the detrusor, longitu-
dinal muscle, and LA is the opening of the RN for the
rectum to evacuate its contents.

Physiologic Mechanism of Defecation

The concerted functions of the anorectal muscula-
ture at defecation are initiated and harmonized by
voluntary impulses and re¯ex actions. When the rectal
detrusor is distended with fecal mass and the stretch
receptors are stimulated, the recto-anal inhibitory re¯ex
is initiated, whereby the rectal detrusor contracts and
the internal sphincter relaxes. Detrusor contraction trig-
gers two re¯exes: the recto-puborectalis re¯ex and the
recto-levator re¯ex. These two re¯exes act simulta-
neously, yet have opposite functions; on detrusor con-
traction, the recto-levator re¯ex effects a re¯ex levator
contraction, which opens the RN. At the same time, the
re¯ex PR contraction, actuated by the rectopuborectalis
re¯ex, functions to close or keep closed the RN as
impulses reach the conscious level to evaluate the

A B

FIGURE 9 Mechanism of defecation. (A) At rest. (B) At defecation: ¯attening of levator cone and

suspensory sling contraction result in opening of the anal canal. From Sha®k (1983), with permission.

Copyright Urban and Vogel. Reproduced with permission.
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circumstances for defecation. If the circumstances are
inopportune, the PR continues voluntary contraction.

Voluntary PR contraction evokes the voluntary inhi-
bition re¯ex, which effects detrusor relaxation. Mean-
while, it aborts the recto-anal inhibitory re¯ex, which
relaxes the internal sphincter. Hence, voluntary PR con-
traction, through the voluntary inhibition re¯ex, pre-
vents internal sphincter relaxation, which results in
re¯ex detrusor relaxation and waning of the urge to
defecate. However, as soon as circumstances would
allow defecation and the sensation of desire to defecate
is perceived, the PR muscle relaxes voluntarily and the
detrusor evacuates its contents. This demonstrates that
the act of defecation is under voluntary control despite
the presence of re¯ex actions sharing in the mechanism
of defecation. Thus, although the recto-anal inhibitory
and rectolevator re¯exes function to open the RN, the
recto-puborectalis re¯ex keeps the RN closed until the
decision to defecate has been made.

Mild straining at the start of defecation is a normal
physiological process and as such is part of the mechan-
ism of defecation. By elevating the intra-abdominal
pressure, it triggers the straining levator re¯ex, which
effects levator contraction and the opening of the RN for
the spontaneous evacuation of the stools.
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Anal Cancer
PASCAL GERVAZ

University Hospital Geneva, Switzerland

abdomino-perineal resection Surgical procedure involving

removal of the rectum and anal sphincter muscles,

resulting in the creation of a de®nitive colostomy. The

dissection is achieved through a combined approach,

with opening of the abdominal cavity and excision of the

anus.

human papillomavirus Family of 60 subtypes of sexually

transmitted viruses responsible for genital tract infec-

tions, such as condylomata (genital warts). Chronic

infection with subtypes 16 and 18 has been identi®ed as

a strong risk factor for the development of cervix cancer

and anal cancer.

Anal cancer is an uncommon condition that has served

during the past two decades as a paradigm for the success-

ful application of chemoradiation to solid tumors. This

type of neoplasm also provides a good model to study the

contribution of human papillomaviruses and immunode-

®ciency to the development of cancers.

ANATOMY AND HISTOLOGY

The various de®nitions of the anal area coexisting in the
medical literature have been the source of considerable
confusion. Anal cancer may arise from the anal canal or
from the anal margin; 85% of the anal cancers occur in
the anal canal and 15% occur in the anal margin. The
anal canal is about 3.5 cm long and extends from the
upper to the lower border of the anal sphincter. The anal
margin corresponds to a 5-cm area of perianal skin,
measured form the anal verge (Fig. 1). The anal
verge is a visible landmark, corresponding to the exter-
nal margin of the anus, which delineates the junction
between the skin epithelium and the hairless and non-
pigmented epithelium of the anal canal. Tumors arising
within the anal canal are either squamous cell or cloa-
cogenic carcinomas and are characterized by aggressive
local growth, including extension to the sphincter mus-
cles. Conversely, cancers originating from the perianal
skin have a more favorable prognosis and tend to behave
more like other skin cancers. Thus, the anal verge is an
important anatomical landmark, separating two histo-
logically distinct epithelial structures that give rise to

two types of cancers with different natural histories,
prognoses, and treatment.

EPIDEMIOLOGY AND ETIOLOGY

Of all digestive system cancers in the United States, anal
cancer comprises 1.5%, with an estimated 3400 new
cases and 500 deaths in 1999. The peak incidence is
during the sixth decade, but the incidence of these
tumors has markedly increased in younger males during
the past three decades. In the San Francisco Bay area, the
incidence of anal cancer in gay men was 10 times higher
than expected in 1973ÿ1979. In addition, the increased
incidence of these neoplasms in renal transplant
patients clearly suggests that immunosuppression
may play a role in tumor development.

Population studies from California and Europe have
documented well the relation between anal cancer and
receptive anal intercourse in men. In addition, numer-
ous reports have linked anal cancer and cervical cancer
in women. Thus, in most cases, anal cancer is now con-
sidered a sexually transmitted disease, which is clini-
cally related to the development of anal warts and
infection with human papillomavirus (HPV). At the
molecular level, the most well-characterized factor in
the development of anal cancer is the integration of
human papillomavirus DNA into anal canal cell
chromosomes. It has been hypothesized that the

FIGURE 1 Anatomy of the anal canal.
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increased risk for anal cancer among individuals with
AIDS results from HPV infection, and not from immune
de®ciency. However, the fact that HIV infection seems
to contribute to HPV persistence within the anal canal
strongly suggests a dual viral etiology in the develop-
ment of some of these neoplasms.

CLINICAL FEATURES

Tumors from the anal area typically present as a mass
associated with bleeding and pain (Fig. 2). Even small
lesions can produce signi®cant local symptomatology
when they protrude within the anal canal, a blessing in
disguise if it facilitates early detection. Unfortunately,
these symptoms are often erroneously attributed to
`̀ hemorrhoids,'' with subsequent delay in the diagnosis
and treatment. It is important for the clinician to
remember that hemorrhoids rarely cause pain (unless
thrombosed), thus patients presenting with anal pain
should be carefully evaluated, if possible under anesthe-
sia, and biopsies should be obtained. Untreated anal
cancer spreads by local extension to adjacent tissues
and organs of the pelvic ¯oor, including sphincter mus-
cles, vagina, or prostate. When present, tenesmus, the
painful urgency to defecate, suggests that the tumor has
spread through the sphincter muscles. Anal margin and
anal canal tumors have different patterns of lymphatic
drainage. Cancers arising from the more proximal anal
canal drain predominantly into the perirectal lymph
nodes, whereas tumors within the distal canal and the
anal margin drain exclusively into inguinal lymph
nodes. Roughly 90% of anal tumors present with loco-
regionally con®ned disease, whereas 10% have distant
metastases at the time of diagnosis.

Once the diagnosis of anal cancer has been proved by
biopsy, it is important to assess the locoregional exten-

sion of the tumor and to further characterize its stage.
Prognosis for anal cancer is related to tumor size, but it is
unclear whether the independent variable is the actual
tumor size or the depth of invasion. Neither the histol-
ogy type nor the degree of differentiation has major
prognostic signi®cance, and therefore these criteria
have not been included in the American Joint Commit-
tee on Cancer (AJCC)/International Union Against
Cancer (UICC) staging system. Tumors larger than
5 cm in greatest dimension (T3) and lesions with metas-
tases in regional lymph nodes (N1ÿ3) have an increased
risk for tumor recurrence after chemoradiation. Of note,
the staging system for most solid tumors rests on the
pathologic analysis of a complete surgical specimen.
Because most cases of anal cancer are treated initially
without surgery, a satisfactory staging method for these
cancers remains to be developed.

TREATMENT AND OUTCOME

Anal Margin Cancer

The rationale behind the therapeutic strategies for
anal margin cancer derives from the proportionally
increased risk for metastases with increasing tumor
size. Wide local excision is usually recommended for
early-stage lesions of less than 5 cm, and excellent
results are reported. As for most skin cancers, the prog-
nosis is good, with 5-year survival rates of 80 to 90%.
Recurrences rarely occur and can be managed by reex-
cision in most cases. Larger (45 cm) and node-positive
lesions are best managed with combined radiation and
chemotherapy (as for anal canal cancers). Abdomino-
perineal resection (APR) remains an option in patients
with locally advanced tumors.

Anal Canal Cancer

Although small tumors (52 cm) arising in the anal
canal may be amenable to local excision, most patients
present with lesions of greater dimensions. Thirty years
ago, these neoplasms were treated routinely with an
abdomino-perineal resection, resulting in a de®nitive
colostomy. Thanks to the pioneering work of Nigro
in the 1980s, it is now widely accepted that the majority
of cases can be cured by a combination of chemotherapy
and radiation therapy (CRT). The standard of care con-
sists in the combination of radiation and chemotherapy;
external-beam radiation (60 Gy over 5 weeks) with
¯uorouracil and mitomycin-C results in local eradica-
tion of tumors in 70 to 80% of patients. Complete
response usually (but not always) results in cure, andFIGURE 2 Anal cancer.
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no additional treatment is required. Following chemor-
adiation, patients should be examined at 3-months
intervals; local inspection, digital examination, ano-
scopy, and biopsy of any suspicious areas are recom-
mended. It is important to differentiate residual disease
(positive biopsies less than 6 months after completion of
chemoradiation) from tumor recurrence (more than 6
months after cessation of treatment). In most cases,
recurrence occurs within 2 years after chemoradiother-
apy. The functional results are usually good, and most
patients retain a functional anal sphincter, with no
alteration in their lifestyle. However, it is known that
radiation negatively affects the internal sphincter func-
tion, and in a small percentage of cases radiation-
induced anorectal dysfunction may result in severe
fecal incontinence.

For patients with locally recurrent anal canal cancer,
an abdomino-perineal resection remains the treatment
of choice. Relatively good results can be achieved with
salvage APR in patients with recurrent anal canal cancer;
5-year survival rates up to 50 to 60% have been reported
in patients who had evidence of residual disease after
CRT. Research is ongoing to determine whether recur-
rent anal cancer is amenable to a cisplatin-based che-
motherapy associated with additional radiotherapy.

SUMMARY

Anal cancer shares many features with cancer of the
uterine cervix, including its association with human
papillomavirus infection. As such, this type of tumor
is now considered a sexually transmitted disease, with
homosexual men being a high-risk population. Screen-
ing for anal cancer with anal Papanicolaou tests has

proved clinically and cost-effective. Future research
should investigate the molecular biology of these neo-
plasms and the genetic features associated with resis-
tance to chemoradiation. In addition, the complex role
of immunosuppression in facilitating persistence of
HPV infection in the anal canal should be further
investigated.
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Anal Sphincter

JACKIE D. WOOD

The Ohio State University College of Medicine and Public Health

anal sphincters Rings of smooth muscle or skeletal muscle

that surround the distal rectum and anal canal; contract

to obstruct the passage of feces.

enteric nervous system Independent integrative nervous

system in the gastrointestinal tract; sometimes referred

to as the `̀ brain in the gut.''

external anal sphincter Rings of skeletal muscle that

surround the distal rectum and anal canal; respond to

volitional commands to maintain continence when feces

have moved into the rectum.

internal anal sphincter Ring of smooth muscle that

surrounds the distal rectum and anal canal; obstructs

the passage of feces when contracted and permits passage

when relaxed.

rectoanal re¯ex Relaxation of the internal anal sphincter in

response to distension of the rectum.

Anal sphincters are rings of muscle surrounding the distal

rectum and anal canal. There are two anal sphincters in

this region, the internal anal sphincter and the external

anal sphincter. Either sphincter, when contracted, assists

in closing the anal canal to the passage of feces and ¯atus.

The anal sphincters, in concert with the musculature of

the pelvic ¯oor, are responsible for the maintenance of

fecal continence.

INTERNAL ANAL SPHINCTER

The internal anal sphincter is an extension of the cir-
cular muscle layer of the colon and rectum (Fig. 1A).
The sphincter is a ring of smooth muscle that surrounds
the terminal rectum and proximal anal canal. Contrac-
tion of the internal sphincter closes the anal canal and
opposes the passage of feces. Like most smooth muscle
sphincters in the alimentary canal, the internal anal
sphincter contracts continuously and relaxes only in
response to inhibitory neural input. It is the primary
barrier to leakage of feces between acts of defecation.

Specialized physiology of the smooth muscle in the
sphincter accounts for its ability to exist in a state of
sustained contraction. The contractile apparatus of the
muscles consists of the two proteins, actin and myosin.
Contraction occurs during formation of cross-bridges

between actin and myosin ®laments. Contractile tension
is maintained by a `̀ catch'' mechanism that latches the
cross-bridges in place without expenditure of additional
energy. Inhibitory input from the nervous system leads
to uncoupling of the cross-bridges, relaxation of con-
tractile tension, and opening of the sphincter. Excita-
tory input from the nervous system facilitates the latch
mechanism and increases contractile strength and ef®-
ciency of the sphincter.

The internal anal sphincter is innervated by motor
neurons in the enteric nervous system and postganglio-
nic neurons of the sympathetic nervous system. Most of
the enteric motor innervation is inhibitory. Firing of
nerve impulses by the inhibitory motor neurons releases
inhibitory neurotransmitters at their junctions with the
smooth muscle of the sphincter. Two important inhibi-
tory neurotransmitters are vasoactive intestinal poly-
peptide and nitric oxide. These neurotransmitters act
to inhibit contraction of the smooth muscle and open the
sphincter. Activation of the sympathetic innervation of
the sphincter releases norepinephrine at the neuromus-
cular junctions. Norepinephrine acts at a-adrenergic
receptors on the muscle to increase contractile force
and `̀ tighten'' the sphincter.

EXTERNAL ANAL SPHINCTER

The external anal sphincter is composed of skeletal
muscle that functions like other postural muscles in
the body. It is a voluntary muscle that responds to voli-
tional commands to contract and maintain continence
when feces are propelled through a relaxed internal anal
sphincter into the rectum. The external anal sphincter is
composed of a deep external sphincter, a super®cial
external sphincter, and a subcutaneous external sphinc-
ter. These muscle groups form three loops surrounding
the anus (Fig. 1C). The deep external sphincter attaches
anteriorly to the pubis and forms the uppermost loop.
The super®cial external sphincter attaches posteriorly
to the coccyx and forms the intermediate loop. The
subcutaneous external anal sphincter attaches to the
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perianal skin and forms the lower loop. Simultaneous
contraction of the three loops effectively occludes the
anal canal.

RECTOANAL REFLEX

Distension of the rectum activates a rectoanal re¯ex
(sometimes called rectosphincteric re¯ex) to relax the
internal anal sphincter. Like other enteric re¯exes, this
involves a stretch receptor, interneurons in the enteric
nervous system, and ultimately activation of ®ring of
inhibitory motor neurons to the smooth muscle sphinc-
ter. The rectoanal re¯ex can be evoked experimentally
by in¯ating a balloon in the rectum and recording
changes in pressures in a balloon positioned in the
anal canal (Fig. 1A). Distension of the ®rst rectal balloon
is followed by a re¯ex relaxation of pressure in the

second balloon in the anal canal. This can be a diagnos-
tic test of the functional integrity of the enteric nervous
system in the anorectum. Due to loss of the enteric
nervous system in the distal large intestine in Hirsch-
sprung's disease, absence of the rectoanal re¯ex is a
diagnostic hallmark for this disorder.

Re¯ex relaxation of the internal sphincter allows
contact of the rectal contents with the sensory receptors
in the lining of the anal canal. This is believed to be the
mechanism by which an individual discriminates
between gas, liquid, and solid in the anorectum. It
also provides an early warning of the possibility of a
breakdown of the mechanisms of continence. When
this occurs, continence is protected by voluntary con-
traction of the external anal sphincter, which serves to
close the anal canal. Whereas the rectoanal re¯ex is
mediated by the integrative neural networks of the
enteric nervous system, the neural circuitry for re¯exes
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FIGURE 1 Anal sphincters are involved in the rectoanal re¯ex and are responsible for maintenance of fecal continence.

(A) The internal and external anal sphincters surround the anal canal. Distension of a balloon in the rectum evokes re¯ex

relaxation of the internal anal sphincter. (B) Recording of pressure in a balloon placed in the anal canal shows re¯ex relaxation

of pressure in a balloon in the anal canal in response to distension of the rectum. (C) The external anal sphincter is a skeletal

muscle consisting of three parts that loop around the anal canal. The upper loop inserts anteriorly on the pubis; the

intermediate loop inserts on the coccyx, and the basal loop inserts in the perianal skin. Simultaneous contraction of the

three loops closes the anal canal.
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of the external anal sphincter resides in the sacral por-
tion of the spinal cord.
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amenorrhea Absence or abnormal stoppage of the menses.

arrhythmia An abnormal rhythm of the heartbeat.

body dysmorphic disorder A preoccupation with what is

perceived to be a defect in one's own body or

appearance. The defect is imagined entirely or, if an

anomaly is present, the concern is excessive or extreme.

The distress related to the misperceived defect is so great

that signi®cant social, occupational, or other impairment

results.

cachexia Severe malnutrition.

compulsion A repetitive, seemingly involuntary, nonpreven-

table behavior.

genetic polymorphism A variant in the genetic material that

codes for a speci®c biological protein (such as for a

neurochemical receptor on the surface of neurons).

hypokalemia Abnormally low potassium concentrations in

the blood.

hypophasphatemia Low blood phosphorus concentration.

leuokopenia A low white blood cell count.

nasogastric tube A long, thin tube that is inserted through the

nose,downthe throat, and into thestomach for thepurpose

of introducing liquid nourishment (`̀ tube feeding'').

obsession A repetitive, seemingly involuntary, nonpreven-

table thought.

ostopenia Reduced bone formation.

osteoporosis Diminished mineralization of bone.

postprandial After eating.

purge The elimination of undigested or partly digested food

or feces by self-induced vomiting or with laxative or

enema use.

As eating is necessary for survival, the neuronal mechan-

isms that regulate appetite and eating behavior are deeply

embedded in the brain and are closely linked with neu-

ronal systems that regulate other physiologic mechanisms

of fundamental evolutionary signi®cance, including those

that underlie emotions, thirst, metabolism, body tempera-

ture, bonding, sexuality, reproduction, and sleep. It is not

surprising, then, that emotional stresses and con¯icts are

often manifested in disorders of eating and that disorders

of eating are commonly associated with emotional, meta-

bolic, and behavioral symptoms. Although the ability to

survive without food for short periods during times of

hardship has survival value and, consequently, has

been `̀ hard-wired'' into the human species over millennia

of evolution, the failure to recognize nutritional needs, the

relentless, obsessional pursuit of thinness, the sustained

refusal to eat, and the failure to recognize self-starvation

constitute a disorder of feeding behavior of pervasive life

signi®cance. Anorexia nervosa is such a disorder.

CORE SYMPTOMS OF
ANOREXIA NERVOSA

Anorexia nervosa, typically a syndrome of adolescent
females, is characterized by the intense fear of gaining
weight, impairment in self-assessment of body appear-
ance and shape, and the refusal (or inability) to eat
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weight, impairment in self-assessment of body appear-
ance and shape, and the refusal (or inability) to eat
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enough to maintain even a minimally normal body
weight for age and height. The formal diagnosis of anor-
exia nervosa requires that the body weight be below 85%
of the average, expected weight for age, height, and bone
structure as determined by standardized scales, such as
pediatric growth charts or actuarial tables. As an alter-
native method to assessing body weight, body mass
index (BMI) can be used (BMI�weight in kilograms
divided by height in meters squared). A BMI below 17.5
is regarded as in the anorexic range. At an anorexic body
mass, ovulation and menstruation (or pubertal devel-
opment) cease and secondary sexual characteristics
regress.

The individual with anorexia nervosa is excessively
in¯uenced by her body shape and weight and does not
`̀ see'' her body accurately (for example, the anorexic
adolescent girl who should optimally weigh 135 pounds
but thinks that she is fat when she weighs only
85 pounds). In an emaciated, starving individual, the
intense fear of becoming fat in combination with the
belief that one's body is already fat (or perilously close to
fatness) constitutes a delusional-like self-assessment.
Some individuals with anorexia nervosa feel globally
fat, whereas others are particularly concerned about
parts of their bodies, such as the arms, abdomen, or
thighs. Individuals with anorexia nervosa usually
weigh themselves excessively, frequently view them-
selves in mirrors, and even measure body parts. Self-
esteem becomes linked to self-perception of body
weight wherein weight loss is perceived as an extraor-
dinary accomplishment to be proud of and weight gain
is perceived as a despicable failure of self-control.

ANOREXIA NERVOSA SUBTYPES

In 1980, a distinction was formally made between two
subtypes of anorexia nervosa, the restricting type and
the bulimic (binge-eating/purging) type (or so-called
`̀ bulimarexia'') (Table I).

The restricting anorexic individual engages in a
range of `̀ restricting'' behaviors including fasting, skip-
ping meals, stringent dieting, food avoidance, and strict
exclusion of certain foods from the diet, but does not
purge. The restricting anorexic tends to be closed and
guarded, with strict boundaries between herself and
others, as if guarding against excessive permeability
of the self to outside in¯uence and, ultimately, against
dissolution of the self. Super®cially, however, an appar-
ent smugness or arrogance is sometimes manifested as a
strong feeling of accomplishment for being able to
refrain from eating, unlike many other individuals.

The binge-eating/purging type is characterized by
anorexia combined with regular episodes of binge

eating and purging or, in some cases, purging without
binge eating or after eating only small amounts of food.
Additional methods of weight loss are sometimes
employed by individuals with the binge-eating/purging
type (bulimic anorexia or bulimarexia) of anorexia ner-
vosa. Like persons with bulimia nervosa, individuals
with the bulimic type of anorexia nervosa may self-
induce vomiting, misuse laxatives, diuretics, and ene-
mas, and exercise excessively.

As an overgeneralization, patients with the bulimic
subtype of anorexia nervosa have a higher premorbid
weight, a stronger family history of obesity, and higher
impulsivity than restricting anorexic patients. Patients
with the restricting subtype have greater levels of obses-
sion and may be more isolated socially than those with
the binge-eating/purging subtype.

VARIANTS OF ANOREXIA NERVOSA

In addition to the full syndrome of anorexia nervosa,
which is in itself seen in forms ranging from the mod-
erate to the severe, low-grade (subclinical) anorexia
nervosa, mild anorexic-like syndromes, and other var-
iants of anorexia nervosa also exist. The combination of
weight preoccupation and chronic or excessive dieting

TABLE I DSM-IV Criteria for Anorexia Nervosa

A. Refusal to maintain body weight at or above a minimally

normal weight for age and height (e.g., weight loss

leading to maintenance of body weight less than 85% of

that expected; or failure to make expected weight gain

during period of growth, leading to body weight less than

85% of that expected).

B. Intense fear of gaining weight or becoming fat,

even though underweight.

C. Disturbance in the way in which one's body weight or

shape is experienced, undue in¯uence of body weight or

shape on self-evaluation, or denial of the seriousness

of the current low body weight.

D. In postmenarcheal, amenorrhea, i.e., the absence of at least

three consecutive menstrual cycles (a woman is considered

to have amenorrhea if her periods occur only following

hormone, e.g., estrogen, administration).

Restricting type

During the current episode of anorexia nervosa, the person

has not regularly engaged in binge eating or purging

behavior (i.e., self-induced vomiting or the misuse of

laxatives, diuretics, or enemas).

Binge-eating/purging type

During the current episode of anorexia nervosa, the person

has regularly engaged in binge eating or purging behavior

(i.e., self-induced vomiting or the misuse of laxatives,

diuretics, or enemas).
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is in itself related to the syndrome of anorexia nervosa
and, moreover, constitutes a major risk factor for the
development of the eating disorder (especially in ado-
lescents). However, severe dieting does not in itself
equate with anorexia nervosa. If dieting is excessive,
leading to a BMI 5ÿ10% below ideal in the presence
of a morbid fear of fatness and unrealistic overestima-
tion of one's own body size, then low-grade or subcli-
nical anorexia nervosa is present. Another example of
low-grade or subclinical anorexia nervosa is illustrated
by a thin young woman, weighing perhaps 90% of
expected, who is intensely afraid of becoming fat,
who is rigorously controlled in her emotions and beha-
vior, and who is preoccupied with food preparation. Yet
another example of a mild variant of anorexia nervosa,
or of a mild anorexic-like syndrome, includes the ath-
letic young woman who trains rigorously and compul-
sively, is amenorrheic, strictly restricts fat intake, is
careful about what she eats, and is at the low margin
(90%) of normal body weight. Similarly, slightly under-
weight persons with bulimia nervosa are not anorexic
per se, but have a syndrome that is related to anorexia
nervosa. Of course, bulimia nervosa shares in common
with anorexia nervosa intense preoccupation with body
shape and size and the fear of becoming fat. The bulimic
type of anorexic patientÐthe bulimarexicÐfurther
shares compensatory behaviors, such as postprandial
vomiting, and even binge eating itself, with the patient
with bulimia nervosa. The distinction between bulimia
nervosa and the binge-eating/purging type of anorexia
nervosa revolves around the degree of weight loss and
food restriction. Some individuals show alternating
anorexia nervosa and bulimia nervosa.

Misperception or distorted self-evaluation of one's
body, or one of its parts, is present not only in anorexia
nervosa, but also in body dysmorphic disorder. The
essential criterion for body dysmorphic disorder is pre-
occupation with an imagined or exaggerated defect in
appearance.

Another clinical situation related to anorexia
nervosa is the food-obsessed individual with obses-
siveÿcompulsive disorder, who may show obsessions
and /or compulsions related to food, food intake, and
food preparation. The essential diagnostic feature of
obsessiveÿcompulsive disorder is the presence of either
recurrent obsessions or compulsions that are severe
enough to cause signi®cant suffering or functional
impairment. However, if cachexia and distorted body
image are not present, then neither is anorexia nervosa
proper.

Individuals with a range of abnormal eating patterns
that do not meet diagnostic criteria for bulimia nervosa,
binge eating disorder, night eating syndrome (itself a

provisional diagnosis), or anorexia nervosa are given
the nonspeci®c diagnosis `̀ Eating Disorder Not Other-
wise Speci®ed'' according to the Diagnostic and Statis-
tical Manual (DSM) of the American Psychiatric
Association.

EPIDEMIOLOGY

Anorexia nervosa has an estimated prevalence of 0.2 to
1% in adolescent females; there is an even higher pre-
valence if milder, so-called subclinical forms of the ill-
ness are taken into account. Anorexia nervosa is an
uncommon condition in males, accounting for only
approximately 5% of patients with this illness. Most
disordered eating emerges during adolescence. Weight
and body shape concerns commonly develop in late
childhood and in puberty. The typical age of onset of
anorexia nervosa is between early adolescence and early
adulthood (ages 12ÿ24 years), although there are child-
hood onset cases and some case reports of anorexia
nervosa in elderly persons.

Though very little is known about the true preva-
lence of eating disorders in non-Western and nonwhite
populations, ethnic and cultural differences seem to
play a role in their development. Anorexia nervosa
appears to be rare in developing or non-Western cul-
tures, more commonly emerges from a background of
af¯uence, and is rarely encountered in persons from
impoverished circumstances. In this regard, people
who were raised in impoverished environments and
who were chronically hungry as children are not likely
to value fasting as adults. Young females who emigrate
from a non-Western culture into a Western, industria-
lized environment increase their risk of developing an
eating disorder. Anorexia nervosa is less prevalent
among blacks than among whites and Hispanics;
although substantial intraracial variability exists and
this heterogeneity should not be minimized, in general
thinness as an element of feminine beauty is more
valued in white culture than in black culture.

RISK FACTORS, COMORBIDITIES, AND
ASSOCIATED FEATURES

Anorexia nervosa, like bulimia nervosa, clusters in
families; however, not enough data are available to
apportion inheritable and environmental causality.
An interaction between the environment and genes
most likely confers vulnerability to develop the eating
disorder. However, the limited data that are available
indicate that monozygotic twins are at least two to four
times more likely to show concordance for anorexia
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nervosa than dizygotic twins. Elucidation of inheritable
factors, such as genetic polymorphisms in neurochem-
ical receptors, may eventually help explain why a small
minority of girls, and an even smaller minority of men,
deteriorate into anorexia following a period of success-
ful dieting, whereas most individuals can diet without
worry of becoming anorexic.

Strict dieting is a major risk factor for the develop-
ment of anorexia nervosa, with severe dieting most
likely to evolve into anorexia in vulnerable individuals.
However, pinpointing dieting as a risk factor can be
misleading, because, although dieting predates the
onset of the illness, dieting is also one of the eating
behaviors of the illness, once the illness becomes estab-
lished. Furthermore, dieting is not the suf®cient cause of
an eating disorder. Nevertheless, the cultural impact of
the high acceptability and popularity of dieting, com-
bined with the social status associated with thinness in
women, cannot be ignored. The internalization of the
thin ideal for feminine beauty introduces a risk for anor-
exia in females, wherein the successful pursuit of thin-
ness seems to (super®cially) solve life's problems.
Moreover, many anorexics do not reach a point
where enough body satisfaction occurs to permit nutri-
tious eating. Achieving an ideal body is nearly an impos-
sibility given that many media portrayals of cover girls
and professional models use special lighting, makeup,
and airbrushes to remove imperfections, thus creating
unrealistic body standards and increasing body
dissatisfaction among many in the general population.
Body dissatisfaction is itself another risk factor for the
development of anorexia nervosa.

The presence of psychiatric morbidity is quite com-
mon among anorexia nervosa patients (especially
among those with the bulimic type of anorexia) and,
if preexisting, increases the risk for developing anorexia
nervosa. Anorexia nervosa is often accompanied by
depressive symptoms such as depressed mood, social
withdrawal, irritability, insomnia, and obliteration of
interest in sex. Apparent depressionÐwith apathy, sad-
ness, decreased energy, and anxietyÐmay indicate that
the anorexic individual suffers from comorbid major
depressive disorder or may be manifesting symptoms
of semistarvation. Therefore, after partial or complete
weight gain, the possibility of a comorbid full-blown
depression should be reevaluated.

Comorbid features of anorexia nervosa commonly
include obsessiveÿcompulsive symptoms, which
may or may not warrant an additional diagnosis of
obsessiveÿcompulsive disorder. At the very least,
most individuals with anorexia nervosa are preoccupied
with or obsessed with thoughts of food. According to
DSM-IV criteria, the diagnosis of obsessiveÿcompulsive

disorder requires a pervasive pattern of preoccupation
with orderliness, perfectionism, and mental and inter-
personal control, at the expense of ¯exibility, openness,
and ef®ciency. These obsessiveÿcompulsive symptoms
are frequently components of anorexic symptomatology
and premorbid obsessiveÿcompulsive perfectionism
increases the chances of developing anorexia nervosa.

Exercise in individuals with anorexia nervosa is
often excessive and compulsive, directed mainly at los-
ing weight and molding body shape, rather than at main-
taining ®tness or at improving athletic performance in
itself. It is remarkable to see emaciated girls with meta-
bolic disturbances and other physiologic signs of star-
vation vigorously perform pushups and run in place in
their hospital rooms.

Within the family, apparent or subtle focus on food,
appearance, or weight, the reinforcement of super®-
cially perfectionistic behavior, avoidance of intense
feelings and con¯ict, chaos, and unpredictability, over-
involvement or enmeshment between family members,
and lack of respect for boundaries and privacy (or, con-
versely, neglect) all incrementally conspire to create the
context wherein anorexia nervosa can develop. Restrict-
ing food intake is one way that an anorexic can control
her environment, construct boundaries, assert her indi-
viduality, gain a sense of self-satisfaction and esteem,
and become a focus of attention. Importantly, anorexia
prevents unwanted sexual maturity. Maternal body dis-
satisfaction increases the chances that her children will
develop an eating disorder. Any type of abuse, whether
sexual, physical, or emotional, increases the odds of
developing an eating disorder.

COMPLICATIONS, PHYSICAL
STIGMATA, AND MORBIDITY

Malnutrition is an essential component of anorexia ner-
vosa and starvation-related adaptations or attempted
adaptations, complications, and morbidity are routinely
encountered. Mortality is high in the disorder, much
higher than in uncomplicated bulimia nervosa, with
starvation-related cardiac failure often the terminal
event. The suicide rate, too, is high in anorexia nervosa.
Available data suggest that gross mortality in anorexia
nervosa, from all causes, is between 5 and 15%. The
mortality rate for actively anorexic patients is roughly
1% per yearÐsomewhat lower among those patients
showing recognition of having an eating disorder and
somewhat higher among those patients who deny
weight abnormalities and who have required involun-
tary hospital commitment to prevent starvation.
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The adverse effects of chronic cachexia are many and
essentially involve cessation of growth and development
in combination with an attempt to preserve function and
life, in the absence of nutrients or fuel. More speci®cally,
these adaptations to starvation involve slowing of meta-
bolism and slowing of the heartbeat, the shutting down
of systems related to sex and reproduction, and the
activation of the neurohormonal stress response system
(of which the hypothalamicÿpituitaryÿadrenal axis is
an important component) in a kind of physiologic ®ght-
or-¯ight reaction. Thus, on some level, the anorexic's
body recognizes and reacts to mortal threat even while
she blithely denies being underweight. Shrinkage of the
cerebrum (brain) occurs during severe anorexia and this
contributes to impairments in thinking, reduced ability
to achieve insight, and the worsening of any delusional
beliefs about body shape, size, and weight. These
aforementioned complications, or adaptations, are
reversible upon, or within a few months of, weight
renormalization.

Common complications of anorexia that are not
necessarily reversible are osteopenia and osteoporosis,
which can persist throughout life even after recovery
from anorexia. In this regard, the risk of bone fractures is
greatly increased in former anorexics, hence, the critical
importance of vitamin D and calcium in the treatment of
this condition.

The many anorexia-related cardiac abnormalities
include arrythmias, bradycardia, with heart rates as
low as 30 beats per minute not uncommon, decreased
blood pressure, and dehydration. Low blood volume
causes posture-related (orthostatic) hypotension (low
blood pressure) that, in turn, often results in dizziness
and even fainting.

Gastrointestinal adaptations or complications
include delayed gastric emptying after eating, decreased
intestinal movement, postprandial abdominal pain, and
constipation. Acute gastric dilation (stomach enlarg-
ment), manifested in nausea, vomiting, and painful
abdominal distension, can occur upon refeeding.

Other complications of anorexia nervosa include
hair loss, brittle nails, reduced secretory activity of
the sebaceous glands with dry yellowish skin, pruritis,
and sometimes the growth of soft, downy hair on the
torso, limbs, and face (so-called lanugo hair).

Anemia, leukopenia, and hypoglycemia are among
the many laboratory abnormalities seen (Table II).

Refeeding Syndrome

Ironically, it is when the anorexic patient ®nally
begins to ingest adequate nourishment that major
anorexia-related complications often ensue. These com-
plications in aggregate are regarded as a `̀ refeeding

syndrome'' and include hypophosphatemia (wherein
phosphorus utilization by tissues increases dramatically
and depletes circulating phosphate stores), edema,
bloating, constipation, abdominal pain, and, rarely,
heart failure due to the inability of the weakened cardiac
muscle to cope with sudden increases in body ¯uid and
metabolic demands.

PATHOPHYSIOLOGY AND
PSYCHOPATHOLOGY

Anorexia in young women has been observed for cen-
turies and in the 19th century was attributed to hysteria.
Hysteria itself has long been associated with repressed
sexuality or sexual con¯ict, albeit less so in modern
times. Nevertheless, it is signi®cant that anorexia ner-
vosa typically has its onset during early adolescence,
slows or halts development during a normally rapid
growth phase, and serves to suppress the development
of secondary sexual characteristics at a time when gen-
ital sexuality normally begins to emerge.

TABLE II Some Potential Abnormalities,
Complications, or Adaptations in Anorexia Nervosa

Arrythmia (occasionally sudden death)

Bradycardia

Cardiac arrhythmias

Cardiac myopathies

Cold intolerance

Constipation /delayed gut transit time

Dehydration

Delayed gastric emptying

Dizziness or fainting spells

Dry skin

Esophageal re¯ux, spasms, tears

Foul breath odor (purging type)

Hyperamylasemia

Hypotension

Hypothermia

Increased postprandial satiety

Laboratory

Anemia

Leukopenia

Hypoglycemia

Hypothroxinemia

Hypophosphatemia

Hypokalemia

Hypocalcemia

Loss of hair

Lowered seizure threshold

Muscle weakness

Orthostatic hypotension with dizziness and fainting spells

Osteopenia and osteoporosis

Rectal bleeding

Reduced basal metabolic rate
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Patients with the restricting form of anorexia ner-
vosa generally show a personality structure that is more
emotionally, cognitively, and behaviorally controlled
than do both bulimic patients and healthy persons.
Patients with bulimic anorexia, however, are more
likely to show impulsivity, depression, and substance
abuse.

Reduced metabolic rate is achieved in part through
reduced activity of the hypothalamicÿpituitaryÿthyroid
system. The hypothalamicÿpituitaryÿgonadal endocrine
axis is impaired, with major reductions in the circulating
sex hormones testosterone and estradiol. Sexual develop-
ment ceases in adolescents and sexuality is impaired in
adults. Due to impairment of the brainÿgonad system,
amenorrhea and infertility are present in the overwhelm-
ing majority of anorexic females. The hyperactivation of
the hypothalamicÿpituitaryÿadrenocortical `̀ stress axis''
is manifested by increased urinary free-cortisol secretion
and increased brain-derived corticotropin-releasing hor-
mone in the cerebrospinal ¯uid. Derangements in appe-
titive sensations are also commonplace.

COURSE AND TREATMENT

Approximately one-third to one-half of individuals with
anorexia nervosa recover more or less completely,
whereas up to two-thirds of patients continue to
have problems including morbid food and body weight
preoccupation, amenorrhea, and chronic anorexia. Full
recovery often requires years of treatment, but is highly
variable and more likely in younger patients, those with
the restricting type of anorexia, those with strong sup-
port systems (including understanding, supportive
families), and those who receive adequate treatment
early in the course of illness. The amount and duration
of weight loss, the severity of the fear of fatness, and the
degree of misperception the patient has of her own body
are also major prognostic factors. Severe familial psy-
chopathology and major psychiatric comorbidities are
associated with more negative outcomes. Very-low-
grade cases of anorexia nervosa, or subclinical anorexia
nervosa, have been known to resolve with general sup-
port or care but without specialized treatment. The
anorexic individual whose maximal weight loss leaves
her still close to a minimally acceptable body weight and
who acknowledges that she is not fat has, of course, a
better prognosis than the chronically skeletal patient
who insists, against all evidence to the contrary, that
she is fat.

The treatment plan of anorexia nervosa is inextric-
ably tied to the severity of the syndrome. Inpatient hos-
pitalizations are used mainly in dangerous or life-
threatening situations to stabilize the patient at an

acceptable body weight and to devise the outpatient
treatment plan that will ultimately be the vehicle for
extended recovery. Severe anorexia nervosaÐwherein
body weight or body mass index has fallen below 75% of
that expected, has fallen very rapidly, or is associated
with serious complications or comorbiditiesÐvirtually
demands inpatient treatment, with supervised, struc-
tured, or, if need be, forced refeeding, via a small naso-
gastric tube, to protect against death. Once an
acceptable target weight is reached, most often regarded
to be 90% of the expected body mass, and brie¯y main-
tained, treatment can be transferred to an outpatient
basis. The return of menses (or the resumption of
sexual development in the youngest patients) usually
occurs if a body mass of at least 90% of expected is
sustained.

`̀ Moderate'' anorexia nervosa, with body weight
15ÿ25% below what would be expected for height
and bone structure, also requires intensive treatment,
usually in a structured, inpatient or partial hospitaliza-
tion setting. Outpatient treatment can be used alone if
weight loss can be reversed or stemmed before danger-
ous cachexia is reached. Mild anorexia nervosa, wherein
weight loss is less than 15% of the expected body mass, is
by de®nition subclinical, not because it is not of clinical
signi®cance but because it does not satisfy the weight
loss criterion necessary to receive a formal diagnosis of
anorexia nervosa. Outpatient treatment is usually the
treatment of choice here, unless supervening factors,
such as a highly unstable mood disorder or severe dehy-
dration and electrolyte abnormalities, exist.

The inpatient treatment of anorexia nervosa is
highly structured and best accomplished by an experi-
enced team that ideally includes a psychiatrist, internist,
dietician, psychologist and /or social worker, and
nurses. Calculation of the precise nutritional require-
ments necessary to promote slow tissue regrowth and
development is necessary to avoid overwhelming the
depleted organism and precipitating a refeeding syn-
drome. Supervised, oral intake of food by the anorexic
patient is greatly preferred, with liquid feeding via a thin
nasogastric tube used if necessary (parenteral nutrition
is practically never indicated)Ðalthough some very
young patients appear relieved to turn over the respon-
sibility of eating to hospital-provided nasogastric tube
feedings. Weight gains of 1 to 3 pounds per week are
generally targeted in inpatient refeeding programs,
whereas somewhat more modest weight gains are gen-
erally accepted in outpatient settings. Calcium (and
vitamin D) supplementation is administered to counter
decreased bone density and its long-term negative con-
sequences. Mineral and electrolyte levels, among
other measures, are closely monitored and corrected
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if abnormal. Weight gain often precipitates acute
depressive and anxiety symptoms in anorexic patients.

In most cases, anorexic patients will consent to
voluntary hospital admission and treatment, but com-
pulsory admissions are sometimes necessary for sicker
patients (including those with a history of childhood
abuse, self-harm, psychosis, and treatment resistance).
If the medical and nursing staff, parents, relatives, and
judicial system take the patient's life-threatening illness
seriously even when the patient does not seem to, this
ultimately appears to have a therapeutic effect on the
patient, who ultimately understands the admission as an
act of compassion even if it is initially experienced as
very distressing. Importantly, that an anorexic patient is
admitted for refeeding against her will does not mandate
that tube feeding be instituted.

Once weight stabilization occurs, intensive psy-
chotherapy, often for a period of years, becomes a
critical therapeutic undertaking. Psychoanalytic psy-
chotherapy or cognitive behavioral therapy (CBT), or
a combination of both, is an effective option for treating
a patient with anorexia nervosa. CBT focuses on elim-
inating maladaptive thoughts about body shape and
weight and seeks to replace food restriction with normal
eating habits. Psychoanalytic psychotherapyÐor
exploratory, psychodynamic psychotherapyÐis valu-
able because it provides a presuppositionless context
for the deep exploration of unconscious needs, desires,
and con¯icts.

In conjunction with psychotherapy, antidepressant
medications (speci®cally selective serotonin reuptake
inhibitors) have been shown to be effective in treating
comorbid symptoms, such as depressed mood, low
energy, poor concentration, impaired cognition, and
obsessiveÿcompulsive symptoms, such as preoccupa-
tions with weight and shape. Anxiolytics, mood stabi-
lizers, and other psychotropic drugs are used as needed
on a case-by-case basis. Psychopharmacologic interven-
tions are generally less helpful during the acute refeed-
ing phase and more helpful during later stages of
recovery and relapse prevention.

SUMMARY

Anorexia nervosa, one of the most common causes
of nonaccidental death among young women, is a

complex, serious, often long-term condition that may
require a variety of treatment modalities (e.g., indivi-
dual psychotherapy, hospitalization, outpatient treat-
ment, nutritional rehabilitation, family psychotherapy,
and pharmacotherapy) that may change throughout the
course of illness and recovery. Early intervention is a key
in preventing negative sequelae and chronic problems.
Variable issues related to self-understanding and self-
expression, con¯icts regarding sexual maturity, a ten-
dency toward isolation and guardedness, perfectionism,
and the pressure of psychosocial and cultural in¯uences
that promote an overfocus and overvaluation of thin-
ness, long-term psychotherapy is almost always indi-
cated. Despite substantial progress in the diagnosis
and treatment of anorexia nervosa, its cause remains
to be determined.
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Antacids

CHARLES T. RICHARDSON

Baylor University Medical Center, Dallas

antacid A medication that neutralizes hydrochloric acid in

the lumen of the stomach.

pepsin A proteolytic enzyme produced by chief cells in the

stomach.

Antacids reduce hydrogen ion concentration (gastric acid-

ity) and increase intragastric pH. This mechanism of

action is in contrast to medications that inhibit acid secre-

tion such as histamine 2-receptor antagonists and proton

pump inhibitors.

PHARMACOLOGY

Most antacids contain magnesium hydroxide and/or
aluminum hydroxide. Some antacids contain calcium
carbonate. Sodium bicarbonate in the form of baking
soda is used also as an antacid. A few commercial anta-
cids contain sodium bicarbonate. The duration of action
of sodium bicarbonate is less than that of many antacids
because sodium bicarbonate reacts rapidly with hydro-
chloric acid and the mixture empties quickly from the
stomach.

The duration of action of an antacid is related pri-
marily to the length of time a dose of medication remains
in the stomach. In the fasting state, the duration of
action is relatively short. Doubling the dose of antacid
will lengthen only slightly the time during which gastric
acidity is reduced. The duration of action can be pro-
longed by giving an antacid after food. For example, if a
dose of antacid is taken at 1 and 3 h after a meal, the
duration of effect is prolonged for up to 4 h.

Chemical equations illustrating the reaction
between an aluminum hydroxide [Al(OH)3]-containing
antacid or a magnesium hydroxide [Mg(OH)2]-contain-
ing antacid are shown as follows:

Al OH� �3� 3HCl ! AlCl3 � 3H2O

Mg OH� �2� 2HCl ! MgCl2 � 2H2O

CLINICAL EFFICACY

The clinical bene®t of antacids in treating patients is
likely due to their ability to reduce gastric acidity

and, perhaps, peptic activity. Pepsin, a proteolytic
enzyme produced by chief cells in the stomach, is not
active at pH levels above 4.0. Thus, when an antacid
reduces gastric acidity and increases intragastric pH,
peptic activity also is reduced. This, along with the
reduction in gastric acidity, may be bene®cial in treating
some so-called acid/peptic diseases. There is some evi-
dence that aluminum-containing antacids may also
absorb pepsin, which also may reduce the harmful effect
of pepsin.

Antacids may be useful in the symptomatic therapy
of gastroesophageal re¯ux disease, nonulcer dyspepsia,
and gastric and duodenal ulcer disease. An antacid regi-
men, when compared with a placebo regimen, given
during a 4-week period, has been shown to be effective
in healing duodenal ulcers in a statistically signi®cant
number of patients. In practice, antacids have been
replaced by histamine 2 (H2)-receptor antagonists
and proton pump inhibitors in the healing of gastroe-
sophageal re¯ux disease and gastric or duodenal ulcers.
Products combining antacids with H2-receptor antago-
nists have been developed for over-the-counter use in
dyspepsia and heartburn. Pure aluminum hydroxide-
containing antacids may be useful in reducing phos-
phate absorption and serum phosphate levels in patients
with renal disease.

SIDE EFFECTS

Diarrhea is the major side effect of antacids containing
magnesium hydroxide. Magnesium hydroxide-contain-
ing antacids should not be given to patients with
reduced renal function as these antacids may lead to
magnesium toxicity. High magnesium levels also have
been reported in rare patients with normal renal func-
tion. Antacids can interact with other medications and
may alter the absorption or renal elimination of some
medications. Sodium bicarbonate can cause metabolic
alkalosis and contribute to renal stone formation.
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Antibiotic-Associated Diarrhea
STAVROS SOUGIOULTZIS AND CHARALABOS POTHOULAKIS
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antibiotic-associated diarrhea Any case of diarrhea asso-

ciated with the use of antibiotics.

DNA ®ngerprinting A laboratory method elaborating a

battery of molecular biology techniques in order to

generate a pattern of DNA restriction fragments that is

unique to an individual or a microbe. In the latter case,

one of the aims is microbial source tracking. The method

has been used to compare the identity of Clostridium

dif®cile strains isolated from both the environment and

infected patients.

pseudomembranes Adherent in¯ammatory exudates over-

lying sites of colonic mucosal injury; they are character-

istic lesions of Clostridium dif®cile colitis overlying sites

with dense polymorphonuclear in®ltration of the colonic

lamina propria. In cases where glandular disruption

accompanies the polymorphonuclear cell in®ltrate, the

histologic picture may resemble a volcanic eruption

(volcano lesion), characteristic of pseudomembranous

colitis.

pseudomembranous colitis Acute colitis associated primar-

ily with Clostridium dif®cile infection.

toxins A and B High-molecular-weight protein exotoxins

released from toxigenic strains of Clostridium dif®cile.

The genes for toxins A and B have been cloned and

found to be separated by only 1.2 kb on the C. dif®cile

chromosome. Both toxins have cytotoxic properties and

cause cytoskeletal disorganization and cell rounding in

human colonocytes. Toxin A, but not toxin B, is an

enterotoxin in animal intestine and causes in¯ammatory

diarrhea in intestinal loops of experimental animals.

Diarrhea associated with antibiotic intake is a common

clinical entity with an estimated incidence of 5ÿ25%,

depending on the antibiotic used. It is generally accepted

that antibiotics cause alterations in the intestinal micro-

ecology, which subsequently lead to the diarrheal syn-

drome. In approximately 20% of cases, it is well

established that antibiotic-mediated alterations in intest-

inal micro¯ora allow Clostridium dif®cile, a toxigenic bac-

terium, to colonize the intestine and develop a diarrheal

infection. C. dif®cile is considered the most commonly

identi®able cause of antibiotic-associated diarrhea and

represents the offending factor in almost all cases of anti-

biotic-associated colitis. Thus, C. dif®cile has been studied

extensively by both basic and clinical research groups.

However, several other causes have been implicated in

the pathogenesis of this clinical entity and these are

also discussed in this article.

SYMPTOMATOLOGY AND
CLINICAL EVALUATION

The clinical evaluation of a patient with suspected anti-
biotic-associated diarrhea (AAD) involves a detailed
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Anti-Diarrheal Drugs
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calmodulin An intracellular high-af®nity calcium-binding

polypeptide forming a calcium/calmodulin complex that

regulates ion transport through the modi®cation of

cellular regulatory proteins.

enteric nervous system Largely autonomous nervous system,

which regulates intestinal function. The cell bodies of

enteric neurons lie in plexi within the intestine.

enterochromaf®n cell Specialized intestinal epithelial cell

that detects lumenal stimuli and activates signaling

cascades through the release of mediators such as

5-hydroxytryptamine.

enterocytes Specialized epithelial ion-transporting cells,

which collectively form a continuous monolayer lining

the intestinal lumen. Tight junctions separate entero-

cytes, hence creating a selective barrier to electrolytes

and nutrients.

secretagogue Substance that induces intestinal secretion.

To those who suffer from diarrhea, the descriptions `̀ too

¯uid'' and `̀ too frequent'' stool must seem self-evident.

However, the precise de®nition of this condition requires

that the daily stool output exceed 200 g for adults in the

developed world. Anti-diarrheal drugs are intended to

ameliorate this pathology.

INTRODUCTION

Diarrhea may be acute and a consequence of viral or
bacterial infection or it may be chronic and a symptom
of an underlying, ongoing disorder, such as malabsorp-
tion or in¯ammatory bowel disease. Diarrhea may also
be present where there is a bowel tumor, diabetic auto-
nomic neuropathy, hyperthyroidism, or a number of
other conditions. It can also be drug-induced, such as
in laxative abuse.

Such variable pathophysiologies will necessitate dif-
ferent therapeutic approaches, often directed at correct-
ing the underlying primary cause rather than the
resulting symptom of diarrhea. Pharmacotherapy for
diarrhea per se is in the main restricted to irritable
bowel syndrome, where the predominant symptom is
diarrhea, and in the mild acute infective condition
typi®ed by traveler's diarrhea.

The mainstay of anti-diarrheal drug therapy, even
after centuries of use, remains the opiate group of drugs.
Surprisingly, despite the devastating effects of this con-
dition in the underdeveloped world, there is still no
effective, safe, anti-secretory drug for the treatment of
acute secretory diarrhea.

PATHOPHYSIOLOGY

Normally, approximately 8ÿ10 liters of ¯uid enters the
lumenofthesmall intestinedailybothfromingestionand
fromendogenoussalivary,gastrointestinal,andpancrea-
tic secretions. Net absorption occurs in the small intes-
tine, driven by osmotic gradients that result from the
transport of electrolytes (mainly Na� and Clÿ), sugars,
and amino acids across the epithelial monolayer lining
the length of the small intestinal lumen. Approximately
1 to 1.5 liters of ¯uid enters the colon and from there
approximately 100 ml will be excreted in the feces. Both
the small intestine and large intestine have spare absorp-
tivecapacityandcanabsorbamaximumof16and5liters,
respectively. As stool consists mainly of water, especially
in diarrhea, most cases of diarrhea can be ascribed to
disorders of intestinal electrolyte and water transport.
From a mechanistic viewpoint, diarrhea may have sev-
eral causes.

Secretory Diarrhea

Secretory diarrhea results from excessive secretion
or diminished absorption, or both, of electrolytes
(mainly Na� and Clÿ) and water by epithelial cells of
the intestinal mucosa. Maturing cells in the crypts of
Lieberkuhn of the small intestine normally secrete
electrolytes and water into the lumen. This process,
stimulated by gastrointestinal hormones and neuro-
transmitters released after a meal, is essential for main-
taining the liquidity of small intestinal contents, thereby
allowing ef®cient digestion and absorption of nutrients.
Mature epithelial cells on the intestinal villi are respon-
sible for absorption of electrolytes, water, and nutrients.
Secretory diarrhea can be produced by microbial
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infection, gastrointestinal hormone-producing tumors,
bile salt malabsorption, and in¯ammatory mediators,
such as prostaglandins and leukotrienes.

Osmotic Diarrhea

Osmotic diarrhea occurs when an increased lumenal
osmotic load results in retention of ¯uid in the intestinal
lumen. Both electrolytes and nutrients, such as sugars
and amino acids, can contribute to osmosis. If their
absorption is reduced, then osmotic diarrhea can
occur. Causes include celiac disease, laxative use, and
lactase de®ciency.

Increased Propulsive Motility

Increased propulsive motility may result in diarrhea
as the extent of absorption can be diminished by a
decreased transit time of intestinal contents. This may
occur in hyperthyroidism and also in irritable bowel
syndrome.

ORAL REHYDRATION THERAPY

In acute infectious diarrhea, rehydration is the ®rst
priority of treatment. This is particularly important in
infants, the frail, and the elderly, where the risks of
dehydration and electrolyte or pH imbalance are great-
est. Promptly administered oral rehydration therapy
(ORT) saves many lives and is the only therapy needed
for the diarrhea of viral gastroenteritis in the young.
Recourse to intravenous electrolyte and ¯uid replace-
ment may be required in severe cases. ORT will not
immediately reduce the volume of diarrhea, but absorp-
tion of the glucose electrolyte solution leads to the cor-
rection of ¯uid and electrolyte imbalances. ORT utilizes
the ability of small intestinal epithelial cells to absorb
sodium and glucose even in secretory states. This
cotransport mechanism sets up an osmotic gradient
across the intestinal mucosa, resulting in the transport
of water from the intestinal lumen to the bloodstream.
There are a number of approved formulations for ORT.
Most have, as their basis, NaCl, KCl, sodium citrate, and
glucose.

ANTI-MOTILITY, ANTI-SECRETORY
AGENTS

Opioids and Enkephalinase Inhibitors

Opioids are compounds that are chemically related
to opium, which is obtained from the juice of the opium
poppy. Opiate drugs include those derived from opium,

such as morphine and codeine, as well as synthetic
compounds, such as loperamide and diphenoxylate.
The realization that these chemicals were reacting
with receptors in the body led to the discovery of endo-
genous opioid peptides, Met- and Leu-enkephalin,
which are the naturally occurring ligands for opioid
receptors. Opioid receptors are divided into three
main groups, designated mu (m), delta (d) and kappa
(k). Morphine acts primarily on m receptors, whereas
the enkephalins act on m and d receptors. Historically,
morphine was the ®rst drug widely used for the treat-
ment of diarrhea and today opiates still remain the most
useful class of anti-diarrheal drug. Opiates slow intest-
inal transit, thereby allowing increased time for the
absorption of lumenal contents. Their action is com-
plex, involving increased tone (muscle contraction)
and rhythmic contraction of intestinal smooth muscle
but diminished propulsive activity. The pyloric, ileoce-
cal, and internal anal sphincters are all contracted. The
overall effect in healthy individuals is to produce an
increase in `̀ nonpropulsive'' motility, resulting in con-
stipation. The main opiates used for diarrhea are loper-
amide and diphenoxylate. Unlike morphine, very little
of these drugs crosses the bloodÿbrain barrier and they
are given exclusively for their actions on the gastroin-
testinal tract. In addition to its anti-motility effects,
loperamide acts as an anti-secretory agent through
the inhibition of calmodulin (see below). Extensive stu-
dies on the action of morphine reveal that it can act
centrally where stimulation of m receptors in the central
nervous system results in the slowing of transit through-
out the intestine. Within the intestinal wall, opioid
receptors have been found on enteric nerves, epithelial
cells, and smooth muscle cells. Although most cases of
diarrhea result from reduced absorption or increased
secretion, or both, by the intestine, there is still much
debate as to whether anti-secretory actions or slowing of
intestinal transit is the primary mechanism underlying
the anti-diarrheal actions of opiate drugs. Certainly
there appear to be differences in the pharmacological
pro®les of morphine compared to the enkephalins and
loperamide. The peptides act on d receptors and may
thus produce anti-secretory effects and a similar action
would result from the inhibition of calmodulin by
loperamide (see below).

Although slowing intestinal transit relieves the
symptoms of diarrhea, there is a risk that this may pro-
long the contact time of infectious agents with the intest-
inal mucosa. Such concerns turned out to be largely
unfounded, but stimulated a search for compounds
with a more favorable therapeutic pro®le. Despite
their anti-secretory effects, enkephalins were unsuitable
due to a short duration of action. However, inhibitors of
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enkephalinase, the enzyme that metabolizes enkepha-
lins, are a novel class of drugs with marked anti-
secretory actions. Racecadotril (acetorphan) is a
selective inhibitor of enkephalinase and reduces stool
volume and disease duration in infectious diarrhea
without the side effect of constipation.

a-Adrenergic Receptor Agonists

Noradrenergic neurons with projections to the gas-
trointestinal tract in¯uence motility, mucosal transport,
and blood ¯ow. Reduction of gastrointestinal motility
occurs as a result of presynaptic inhibition of acetylcho-
line release from cholinergic neurons. Some sphincters
are also contracted by a direct action on the sphincteric
smooth muscle. Noradrenergic neurons also stimulate
absorption and inhibit electrolyte and water secretion
by an indirect inhibitory action on cell bodies of sub-
mucosal secretomotor neurons and also by a direct
action on enterocytes. All these actions are mediated
through a2-adrenergic receptor stimulation. Neural
a2 receptors are located presynaptically on nerve term-
inals and inhibit the release of neurotransmitters. Not
surprisingly,a2 agonists, such as clonidine, have proved
effective anti-diarrheal agents in some circumstances,
such as diabetic neuropathy where there was a loss of
noradrenergic innervation. A disadvantage of clonidine
is that it readily crosses the bloodÿbrain barrier,
causing hypotension.

Somatostatin Analogues

Immunohistochemical and radioimmunoassay
techniques have demonstrated the presence of a number
of peptides in enteric nerves where they presumably
function as neurotransmitters. Many of these neurons
either directly innervate the gastrointestinal mucosa or
terminate around neural cell bodies in the submucosal
plexus, thus indicating a role in the control of electrolyte
and water transport. Somatostatin, a 14-amino-acid
peptide, serves a number of physiological functions in
the gastrointestinal tract, including inhibition of exo-
crine, gastric, and pancreatic secretions, inhibition of
secretion of several gastrointestinal hormones, decrease
of gastrointestinal motility, and inhibition of chloride
secretion by epithelial cells. The usefulness of somatos-
tatin as an anti-diarrheal agent is limited by a short
half-life, necessitating administration by intravenous
infusion. Newer agents such as octreotide, a synthetic
analogue of somatostatin, have a longer duration of
action and increased potency, providing greater thera-
peutic potential. Octreotide has been used successfully

in cases of diarrhea due to peptide-secreting tumors
such as 5-hyroxytryptamine (5-HT)-secreting carcinoid
tumors or vasoactive intestinal peptide (VIP)-secreting
VIPomas. Octreotide has also been used in dumping
syndrome, where rapid emptying of gastric contents,
usually seen postoperatively, results in excessive release
of enteric peptides into the general circulation. The
bene®cial effects of octreotide probably result more
from its actions on decreasing gut motility and release
of gastrointestinal peptides than from a direct pro-
absorptive or anti-secretory action.

Cholestyramine

After surgical resection of the terminal ileum, the
normal enterohepatic circulation of bile salts is inter-
rupted. Loss of bile salt absorption results in elevated
lumenal concentrations in the colon, where they stimu-
late electrolyte and water secretion. Cholestyramine is
an anion exchanger that is not absorbed and effectively
binds and neutralizes bile salts.

Bismuth

Bismuth has anti-microbial properties, which prob-
ably account for the majority of its anti-diarrheal
actions. Bismuth subsalicylate has been used success-
fully for the treatment of traveler's diarrhea.

5-Hydroxytryptamine Receptor Antagonists

Intestinal secretion induced by 5-HT is complex. It
may be released from neurons and enterochromaf®n
cells and can act on enteric nerves, smooth muscle,
and epithelial cells to produce its effects. 5-Hydroxy-
tryptamine type 3 (5-HT3) receptors are located on
sensory neurons and 5-HT3 antagonists have been
used in the treatment of chemotherapy-induced
vomiting as well as diarrhea associated with irritable
bowel syndrome. 5-HT3 antagonists do not prevent
all the intestinal secretory effects of 5-HT. 5-HT is
also implicated in the pathogenesis of cholera toxin-
induced diarrhea. Cholera toxin releases 5-HT from
enterochromaf®n cells; 5-HT then activates the sensory
neurons of a neurosecretory re¯ex.

Berberine

Berberine is a plant alkaloid that may have anti-
microbial as well as anti-secretory and anti-motility
effects. In China and India, it has been used as an
anti-diarrheal agent for centuries. In humans, it has
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been shown to be effective against enterotoxigenic
Escherichia coli-induced diarrhea.

Calmodulin Inhibitors

Some secretagogues such as acetylcholine and 5-HT
act by increasing intracellular calcium. Calcium com-
bines with calmodulin, a calcium-binding protein, and
the complex increases adenylate and guanylate cyclase
activity, resulting in elevated concentrations of cyclic
AMP and cyclic GMP. These nucleotides are fundamen-
tal intracellular messengers in electrolyte and water
transport, causing enhanced chloride secretion and
diminished sodium chloride absorption. A positive cor-
relation between calmodulin binding and anti-diarrheal
activity has been demonstrated for loperamide, chlor-
promazine, and a number of other compounds. Zaldar-
ide maleate, a selective and potent inhibitor of intestinal
calmodulin, demonstrated a reduction of stool fre-
quency and duration in traveler's diarrhea.

FUTURE DIRECTIONS

Potassium Channel Inhibition

The opening of chloride channels in the apical mem-
brane plays a central role in the promotion of intestinal
secretion and is the ®nal common pathway of agents that
cause acute secretory diarrhea (Fig. 1). Chloride secre-
tion is an electrogenic process and the intestinal lumen
becomes more negative, causing paracellular ¯ow of
sodium ions and a concomitant osmotic ¯ow of
water. It is possible to reduce chloride secretion by
reducing the intracellular negative potential of the
epithelial cell as this cellular hyperpolarization nor-
mally drives chloride ions through apical chloride chan-
nels into the intestinal lumen. Hyperpolarization is
produced by the exit of potassium ions from the cell
through basolaterally located (in the small intestine)
potassium channels. It follows, therefore, that drugs
blocking or inhibiting such channels have anti-
secretory potential. In the human colon, patch-clamp
single-channel recording and the use of agents that
block potassium channels have demonstrated more
than one type of potassium channel. More recent inves-
tigations have revealed that the established anti-secre-
tory agents berberine, clonidine, and loperamide
possess potassium channel-blocking effects. Finally,
secretory responses of human ileal mucosa to VIP
and E. coli heat-stable enterotoxin can be inhibited by
potassium channel blockade. With the multiplicity of
potassium channels in existence, it is possible that those
on basolateral membranes of intestinal epithelial cells

may have individual characteristics that can be
exploited for the development of selective anti-diarrheal
agents.

Vasoactive Intestinal Polypeptide
Receptor Antagonists

The demonstration of VIP receptors on basolateral
membranes of epithelial cells and the presence of VIP
within enteric neurons innervating mucosal epithelial
cells and blood vessels indicate a physiological role for
this peptide in the control of mucosal ion transport.
There are two main types of secretomotor neuron: cho-
linergic and noncholinergic. The noncholinergic neu-
rons appear to mediate most of the local re¯ex responses
and utilize VIP as their neurotransmitter.

VIP causes an increase in intestinal secretion in
humans, both in normal volunteers and in those indi-
viduals with VIPomas. It is thought that the enteric
nervous system is responsible for a signi®cant propor-
tion of the change in ¯uid transport induced by cholera
toxin (Fig. 2) and antagonism of VIP receptors has been
shown to reduce intestinal secretion produced by the
toxin in vivo.

FIGURE 1 Chloride ion secretion and its regulation. The

effects of cyclic AMP (cAMP) and cyclic GMP (cGMP) are

mediated through the actions of protein kinase A (PKA). This

enzyme phosphorylates intestinal membrane proteins of ion chan-

nels, leading to increased apical conductance of chloride ions and

basolateral conductance of potassium ions. The basolateral exit of

potassium ions hyperpolarizes the cell, providing an electrical

driving force for the exit of chloride ions. Not shown are receptors

for secretagogues located on both the apical and basolateral mem-

branes. Cholera toxin and Escherichia coli heat-stable toxin act

apically to elevate cAMP and cGMP, respectively. Acetylcholine

and vasoactive intestinal polypeptide act basolaterally to elevate

calcium and cAMP, respectively.
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FIGURE 2 Putative neurosecretory re¯ex of cholera toxin.

Cholera toxin stimulates 5-hydroxytryptamine (5-HT) release

from enterochromaf®n cells. 5-HT activates sensory neurons

that synapse with cholinergic interneurons in the myenteric

plexus. Secretomotor neurons that project to both epithelial cells

andmucosal blood vessels are stimulated by acetylcholine (ACh) to

release vasoactive intestinal polypeptide (VIP). VIP causes intest-

inal secretion and vasodilation of mucosal blood vessels.
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Antibiotic-Associated Diarrhea
STAVROS SOUGIOULTZIS AND CHARALABOS POTHOULAKIS

Beth Israel Deaconess Medical Center and Harvard University

antibiotic-associated diarrhea Any case of diarrhea asso-

ciated with the use of antibiotics.

DNA ®ngerprinting A laboratory method elaborating a

battery of molecular biology techniques in order to

generate a pattern of DNA restriction fragments that is

unique to an individual or a microbe. In the latter case,

one of the aims is microbial source tracking. The method

has been used to compare the identity of Clostridium

dif®cile strains isolated from both the environment and

infected patients.

pseudomembranes Adherent in¯ammatory exudates over-

lying sites of colonic mucosal injury; they are character-

istic lesions of Clostridium dif®cile colitis overlying sites

with dense polymorphonuclear in®ltration of the colonic

lamina propria. In cases where glandular disruption

accompanies the polymorphonuclear cell in®ltrate, the

histologic picture may resemble a volcanic eruption

(volcano lesion), characteristic of pseudomembranous

colitis.

pseudomembranous colitis Acute colitis associated primar-

ily with Clostridium dif®cile infection.

toxins A and B High-molecular-weight protein exotoxins

released from toxigenic strains of Clostridium dif®cile.

The genes for toxins A and B have been cloned and

found to be separated by only 1.2 kb on the C. dif®cile

chromosome. Both toxins have cytotoxic properties and

cause cytoskeletal disorganization and cell rounding in

human colonocytes. Toxin A, but not toxin B, is an

enterotoxin in animal intestine and causes in¯ammatory

diarrhea in intestinal loops of experimental animals.

Diarrhea associated with antibiotic intake is a common

clinical entity with an estimated incidence of 5ÿ25%,

depending on the antibiotic used. It is generally accepted

that antibiotics cause alterations in the intestinal micro-

ecology, which subsequently lead to the diarrheal syn-

drome. In approximately 20% of cases, it is well

established that antibiotic-mediated alterations in intest-

inal micro¯ora allow Clostridium dif®cile, a toxigenic bac-

terium, to colonize the intestine and develop a diarrheal

infection. C. dif®cile is considered the most commonly

identi®able cause of antibiotic-associated diarrhea and

represents the offending factor in almost all cases of anti-

biotic-associated colitis. Thus, C. dif®cile has been studied

extensively by both basic and clinical research groups.

However, several other causes have been implicated in

the pathogenesis of this clinical entity and these are

also discussed in this article.

SYMPTOMATOLOGY AND
CLINICAL EVALUATION

The clinical evaluation of a patient with suspected anti-
biotic-associated diarrhea (AAD) involves a detailed
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history to identify other etiologies of diarrhea, as well as
careful review of the concomitant medications and
nutritional supplements. A long list of drugs such as
antacids, anti-arrhythmics, anti-neoplastics, antihyper-
tensives, cholinergics, laxatives, caffeine, and magne-
sium and potassium supplements can cause diarrhea
that usually starts shortly after initiation of therapy,
but can also occur following chronic drug treatment
or after an increase in the dose of the drug. Antibiotics
such as clindamycin, lincomycin, ampicillin, and
cephalosporines are more likely to cause AAD, whereas
aminoglycosides, erythromycin, and trimethoprim-
sulfamethoxazole are considered safer. However, the
clinician should be aware that virtually all antimicrobial
agents, including antifungals and antivirals, can cause
AAD, irrespective of the route of administration. In
addition, several case reports implicate even metroni-
dazole and vancomycin, the antibiotics most commonly
used to treat Clostridium dif®cile infection, in the devel-
opment of C. dif®cile-induced AAD.

AAD causes mild symptoms and it is clinically sig-
ni®cant when there are more than three mushy or
watery stools per day. However, when C. dif®cile is
the underlying causative agent, the clinical presentation
may vary from mild diarrhea to a severe bloody diarrheal
syndrome accompanied by abdominal pain and sys-
temic complications such as dehydration, fever, leuko-
cytosis, and hypoalbuminemia.

Sigmoidoscopic examination is not always war-
ranted in AAD, but, if performed, reveals either normal
mucosa or mild edema or hyperemia. In cases of sus-
pected C. dif®cile infection, endoscopy is not always
necessary since the presence of C. dif®cile toxins in
the stool establishes the diagnosis. However, in highly
suspicious cases, and when toxin assays are negative,
endoscopy is indicated. In these cases, colonoscopy
should be performed instead of sigmoidoscopy, because
C. dif®cile-induced mucosal lesions may occasionally
spare the rectum and sigmoid colon.

Development of pseudomembranes, identi®ed as
raised yellow small plaques on the colorectal mucosa,
is the characteristic endoscopic ®nding in C. dif®cile
colitis and a sign of severe infection. In milder cases,
nonspeci®c, diffuse, or patchy erythematous colitis
without pseudomembranes may be observed.

Endoscopy should be either avoided in patients with
suspected fulminant C. dif®cile colitis or cautiously per-
formed with minimal air in¯ation to avoid bowel per-
foration. In such cases, clinical signs such as high fever,
diffuse abdominal pain, involuntary guarding, or
rebound tenderness together with radiologic ®ndings
should guide management decisions. Computed tomo-
graphy ®ndings in severe cases include thickening of the

bowel wall in affected sites, signs of intestinal obstruc-
tion in cases of ileus, or intraperitoneal ¯uid when
perforation has occurred. Dilated colon (47 cm in its
greatest diameter) in plain abdominal images can safely
diagnose toxic megacolon.

PATHOPHYSIOLOGY OF AAD

Microbes Other Than C. dif®cile as Causative
Agents of Antibiotic-Associated Diarrhea

Overall, it is generally accepted that 2ÿ3% of AAD
cases may be due to infections other than C. dif®cile.
Several reports implicate the overgrowth of speci®c
microorganisms following antibiotic therapy as the
cause of AAD. Staphylococcus aureus was reported to
be the cause of AAD in the 1950s and 1960s. However,
it is now believed that the vast majority of these cases
were actually caused by C. dif®cile infection, which had
not been connected to the etiology of AAD at that time.
Clostridium perfringens enterotoxin and high counts of
enterotoxigenic strains of C. perfringens have been found
in the stools of patients with diarrhea that developed
after antibiotic treatment. It must be pointed out, how-
ever, that although C. perfringens spores can be found in
the hospital environment, nosocomial C. perfringens
infections can occur without prior use of antibiotics,
thus calling into question the association of the micro-
organism with AAD.

Klebsiella oxytoca has been also implicated as
the causative agent of acute segmental hemorrhagic
penicillin-associated colitis. This is a rare complication
of penicillin treatment, characterized by acute
hemorrhagic diarrhea and painful abdominal cramps.
The disease is thought to result from infection by cyto-
toxin-producing K. oxytoca strains.

A single study found that multidrug-resistant Sal-
monella newport was the cause of AAD in 12 patients
who had consumed contaminated beef from animals
fed subtherapeutic doses of antimicrobials. Although
this is the only report, the ®ndings are well documented
and Salmonella may be considered a rare causative
agent of AAD.

Overgrowth of Candida species (Candida albicans
and Candida tropicalis) as a result of antibiotic treatment
has also been associated with the development of AAD
in pediatric and adult patients. Animal studies have
shown that the yeast is able to depress lactase activity,
potentially leading to lactose intolerance and malab-
sorption and, through release of endotoxin-like sub-
stances, to lumenal secretion of ions into the
jejunum. Irrespective of the underlying mechanism(s),
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Candida species should be considered a putative cause
of AAD, especially in immunosuppressed patients.

Mechanisms Related to Direct or Indirect Effects
of Antibiotics on Intestinal Functions

Antibiotics may exert various effects on the gastro-
intestinal tract, independent of their antimicrobial activ-
ity. Erythromycin, for instance, is a motilin-receptor
agonist and can accelerate the rate of gastric emptying,
which has been reported to cause functional diarrhea.
Amoxicillin/clavulanate, another commonly prescribed
antibiotic combination, mediates nonspeci®c motility
disturbances in the gastrointestinal tract, leading to
diarrhea. Moreover, neomycin, an aminoglycoside anti-
biotic frequently used as an adjunct in the treatment of
hepatic encephalopathy, induces morphologic altera-
tions of the intestinal mucosa, leading to malabsorption
and diarrhea. In addition to these `̀ direct'' effects on
intestinal motility or absorptive capacity, antibiotics
cause alterations in the bacterial population of the
colon, mainly by decreasing the number of anaerobes
such as Bacteroides species. Anaerobic bacteria metabo-
lize carbohydrates that escape absorption, reach the
colon, and produce short-chain fatty acids such as acet-
ateandbutyrate.Short-chain fattyacidsaresubsequently
absorbed by the colonic epithelium together with ¯uids
and electrolytes. Antibiotics reduce the number of colo-
nic anaerobes, thereby decreasing the fermentation of
nonabsorbable carbohydrates, which eventually accu-
mulate in the colonic lumen and may lead to osmotic
diarrhea. Although this mechanism may explain some
published observations, other studies found discrepan-
cies between suppression of carbohydrate metabolism
and manifestations of diarrhea. Therefore, it seems
likely that other mechanisms, such as an adaptive
increase in colonic transit time that has been described
in cases of osmotic diarrhea, may operate to compensate
for the increased osmotic load in the colonic lumen.

Another metabolic function of colonic anaerobes is
the dehydroxylation of unabsorbed bile acids. It is well
known that hydroxylated bile acids, especially the dihy-
droxy bile acids, chenodeoxycholic acid and deoxycho-
lic acid, exert a cathartic effect on colonic mucosa. Thus,
defective bile acid dehydroxylation, due to suppression
of bacterial populations after antibiotic therapy, might
represent a mechanism that contributes to AAD.

CLOSTRIDIUM DIFFICILE INFECTION

C. dif®cile is a gram-positive anaerobic bacterium
and the most commonly identi®ed causative agent of
AAD. C. dif®cile infection represents one of the

commonest nosocomial infections around the world
and is responsible for approximately three million
cases of diarrhea and colitis per year in the United States.
The bacterium is primarily acquired in hospitals and
chronic care facilities following broad-spectrum anti-
biotic therapy. It has been estimated that 20% of patients
admitted to a general hospital either are colonized on
admission or acquire the microorganism during their
hospital stay, but only one-third of them develop AAD.
Although it is not clear why only a fraction of the colo-
nized patients develop AAD, risk factors associated with
disease expression include advanced age, severity of the
patient's clinical condition, and most likely defective
immunity against C. dif®cile toxins.

Contamination of the hospital environment appears
to be the main reservoir of C. dif®cile and is considered
to be responsible for perpetuating human infections.
This notion is reinforced by recent prospective epide-
miological studies reporting the same C. dif®cile strains
in both symptomatic patients and ward environments,
after molecular characterization of the isolates by DNA
®ngerprinting. Moreover, molecular characterization
revealed that some C. dif®cile strains have a greater pro-
pensity for nosocomial transmission (epidemic clones).

C. dif®cile exerts its effects in the human intestine by
the release of two large toxins, toxins A and B. C. dif®cile
toxins bind to and damage colonocytes by disrupting the
cellular cytoskeleton and increase intestinal permeabil-
ity by altering tight junctional integrity. The toxins
also lead to a severe in¯ammatory reaction, which, in
concert with colonocyte damage, results in micro-
ulcerations and the volcano lesion seen in pseudomem-
branous colitis patients. These micro-ulcerations are
usually covered by in¯ammatory pseudomembranes,
containing cellular debris, leukocytes, ®brin, and
mucin. A large number of animal studies also indicate
that intestinal nerves, by release of neuropeptides, are
important mediators of both diarrhea and in¯ammation
in response to C. dif®cile toxins in vivo.

Several studies have shown that the majority of
healthy adults and children have serum and mucosal
antibodies directed against C. dif®cile toxins that may
play a protective role in C. dif®cile disease expression.
Animal studies showed that immunization against toxin
A protects against C. dif®cile infection. It is therefore
believed that humoral immunity is important in the
development of C. dif®cile infection. A recent prospec-
tive study examined whether the presence of serum
antitoxin antibodies is associated with the development
of C. dif®cile infection in hospitalized patients. The
results indicated that antibodies against C. dif®cile tox-
ins or nontoxin antigens did not affect the develop-
ment of colonization. In contrast, patients who were
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colonized and had low serum immunoglobulin G (IgG)
antibodies to toxin A were more likely to develop diar-
rhea. Another prospective study showed that low serum
IgG antitoxin A antibodies after an initial episode of
diarrhea predispose to recurrent C. dif®cile infection.
These studies suggest that antibodies play a signi®cant
role in disease development and that vaccination or
passive immunotherapy may be an effective strategy
to control C. dif®cile-associated diarrhea and colitis.

DIAGNOSIS OF ANTIBIOTIC-
ASSOCIATED DIARRHEA

The challenge for a clinician facing a patient with sus-
pected ADD is to document whether this particular case
is caused by C. dif®cile infection, a potentially serious
but also manageable condition. Laboratory diagnosis of
C. dif®cile is based on the demonstration of C. dif®cile
toxins in stool. The commonest methods used for diag-
nosis are summarized in Table I. The most accurate
diagnostic assay is the tissue culture assay for the detec-
tion of C. dif®cile cytotoxin (toxin B) in stool samples. In
brief, phosphate-buffered saline stool suspensions are
applied to monolayers of human ®broblasts after cen-
trifugation and ®ltration. A positive test is indicated by
cell rounding, which can be easily seen by light micro-
scopy after 24 or 48 h. Results are reported as positive
or negative since there is no clinical correlation between
levels of C. dif®cile toxins and severity of disease.
Moreover, a recent study suggests that the yield of toxin
detection increases by 15% if C. dif®cile is isolated and
cultured from stool samples before the cytotoxicity
assay (`̀ second-look'' cytotoxicity assay). Although
tissue culture assays are highly sensitive and speci®c
tests, they are time-consuming and therefore rapid
immunoassays have been developed with the goal of
replacing them.

The latex agglutination test is not suf®ciently sensi-
tive or speci®c to justify routine use. On the other hand,
enzyme-linked immunosorbent assays (ELISAs) that
detect toxins A and B in stool samples represent
quick and reliable methods. They have high speci®city
and although they are not as sensitive as the tissue cul-
ture assay, their sensitivity improves if more than one
stool sample is tested. ELISA is now the method most
frequently used by clinical laboratories for diagnosis of
C. dif®cile infection, because it is quick, is easy to per-
form, is acceptably accurate, and does not require highly
trained personnel or tissue culture facilities. Speci®c
tests to target the other causes of AAD reported above
are not readily available in clinical laboratories. How-
ever, in suspicious cases, a quantitative test for Candida
in stool should be performed.

THERAPY OF ANTIBIOTIC-
ASSOCIATED DIARRHEA

In cases of non-C. dif®cile AAD, discontinuation of the
inciting antibiotics with or without administration of
anti-peristaltic agents is usually suf®cient. If continua-
tion of antibiotic therapy is necessary, switching to anti-
biotics thought to have less risk of causing AAD, such
as ¯uoroquinolones, macrolides, and tetracycline,
together with the administration of a probiotic agent,
such as Saccharomyces boulardii or Lactobacillus
species, is a therapeutic option. Probiotics have been
shown to reduce the risk of AAD, although their
mechanism of action is not completely understood. If
Candida is documented as the causative agent for the
AAD, nystatin (250,000 or 1,000,000 U orally three to
four times daily) should be given for 7 days.

In approximately 25% of patients with C. dif®cile-
associated AAD, symptoms resolve after antibiotic
discontinuation, corresponding to reconstitution of

TABLE I Diagnostic Tests for Clostridium dif®cile

Type of assay Advantages Disadvantages

Anaerobic culture Identify carriers in C. dif®cile

outbreaks

3ÿ5 days; expensive; also detects

nontoxigenic strains

Cytotoxicity assay for toxin B Excellent sensitivity and speci®city 1ÿ3 days; expensive; requires tissue

culture facilities

`̀ Second-look'' cytotoxicity

assay

Excellent sensitivity and speci®city At least 3 days; expensive; requires tissue

culture facilities

Enzyme immunoassays

for toxins A and B

Very good sensitivity and speci®city;

takes 4 h; does not require special

facilities; less expensive

Less sensitive than cytotoxicity assays

Note. Adapted from Pothoulakis C. et al. (1993). Clostridium dif®cile colitis and diarrhea. J. Gastroenterol. Hepatol. 8, 311ÿ312.
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normal bowel ¯ora. Therefore, speci®c therapy should
be given when conservative therapy fails, when the
administration of the offending antibiotic must con-
tinue, or when symptoms are severe.

No therapy is required for asymptomatic carriers.
Per oral metronidazole (250ÿ500 mg four times daily)
and vancomycin (125 mg four times daily), for
10ÿ14 days, are equally effective in C. dif®cile AAD,
with response rates ranging between 95 and 100%.
Metronidazole is usually the ®rst-line treatment due
to its lower cost. Moreover, metronidazole, in contrast
to vancomycin, is effective when there is a need for
intravenous administration, as in patients with ileus
and C. dif®cile infection. The use of oral vancomycin
recently has been restricted because of the growing rates
of resistance among gut enterococci; metronidazole has
side effects including nausea, abdominal pain, and an
unpleasant metallic taste.

Despite the excellent initial response to speci®c
treatment, 20ÿ25% of patients will relapse, usually
3 to 21 days after discontinuation of metronidazole
or vancomycin. This is a serious and dif®cult to manage
complication of C. dif®cile AAD. Prolonged treatment
with the same antibiotic is usually what is attempted
initially. Unfortunately, a substantial fraction of patients
relapse again. In cases of multiple relapses, several ther-
apeutic schemes have been developed and exhibit vary-
ing degrees of success, underscoring the dif®culty of
treating this condition. Many experts suggest prolonged
administration of vancomycin followed by gradual
tapering; others advocate the coadministration of pro-
biotics, such as S. boulardii, in an attempt to help in the
reconstitution of normal colonic micro¯ora. Intrave-
nous immunoglobulin has also been given, based on
putative defective antitoxin immunity in these subjects,
with promising results. However, this approach is
expensive and requires hospitalization. In severe
cases that are resistant to aggressive medical treatment
or when bowel perforation is suspected, subtotal or total
colectomy with temporary ileostomy may be required.

As indicated above, therapy of AAD is simple and
effective in the majority of patients. However, some

cases may prove very dif®cult to treat and represent
therapeutic dilemmas. It is anticipated that future
research will provide more rational therapeutic alterna-
tives, by means of preventive or therapeutic immuniza-
tion against C. dif®cile infection.
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Caco-2 cells Human colon adenocarcinoma cell line used to

study intestinal epithelial cell functions.

chylomicrons Triglyceride-rich lipoprotein particles pro-

duced by the small intestine after a meal; larger in size

than very-low-density lipoproteins, chylomicrons trans-

port absorbed cholesterol and triglycerides to different

parts of the body.

high-density lipoproteins Class of serum lipoproteins; like

other lipoproteins, their core consists of neutral lipid

surrounded by an envelope of polar lipid and speci®c

proteins called apoproteins. High-density lipoproteins

protect against atherosclerosis through a process known

as reverse cholesterol transport, the pathway responsible

for transporting excess cholesterol from the peripheral

tissues back to the liver for excretion.

lecithin cholesterol acyltransferase Enzyme involved in the

esteri®cation of free cholesterol present in circulating

plasma lipoproteins; a major determinant of the circulat-

ing level of high-density lipoproteins (for instance,

overexpression of this enzyme in animals signi®cantly

increases the circulating plasma high-density lipoprotein

levels).

peroxisome proliferator-activated receptors Regulators of

differentiation and homeostasis; the g form has been

found to function as a regulator of adipogenesis and lipid

homeostasis.

Pluronic L-81 Member of a family of nonionic detergent

surfactants that contains block copolymers of propylene

oxide and ethylene oxide. Duodenal infusion of Pluronic

L-81 inhibits the formation of chylomicrons by the small

intestine.

very-low-density lipoproteins Triglyceride-rich lipoproteins

produced by the gut and liver. The gut produces

apolipoprotein B48 and the liver produces apolipopro-

tein B100, both of which contain very-low-density

lipoproteins.

The small intestine synthesizes several of the apoproteins

associated with chylomicrons, very-low-density lipopro-

teins (VLDLs), and high-density lipoproteins (HDLs),

which are all secreted by the small intestinal epithelial

cells (enterocytes). Chylomicrons are secreted only dur-

ing active lipid absorption, whereas VLDLs and HDLs are

secreted all of the time. The major apoproteins synthe-

sized by enterocytes are apolipoprotein (apo) AI, apo AIV,

apo B48, and apo CIII. Regulation of the production of

these apoproteins by the gut is speci®c to each apoprotein.

For instance, it has been demonstrated that the synthesis

and secretion of apo AIV are markedly stimulated during

lipid absorption, whereas the synthesis of apo AI and apo

B48 is stimulated only marginally. Less information is

known about how apo CIII responds to lipid absorption.

APOLIPOPROTEIN AI

Apolipoprotein AI is abundantly expressed in the small
intestine, and as much as 2% of total mRNA in intestinal
enterocytes is ascribed to this protein. It has a molecular
mass of about 28 kDa and plays an extremely important
role in lipid metabolism because it is a major protein
associated with circulating HDLs and is a cofactor for
the circulating enzyme lecithin cholesterol acyltransfer-
ase. Both the liver and small intestine are major sources
of circulating apo AI, and animal studies have indicated
that as much as half of the circulating apo AI comes
from the gut. Numerous animal and human studies
have demonstrated that an inverse relationship exists
between circulating HDL levels and the risk of coronary
arterial disease, which is thought to result from the
involvement of HDLs in `̀ reverse cholesterol transport.''
High-density lipoproteins desorb free cholesterol from
the membranes of cells and return it to the liver for
storage or secretion.

Regulation of Intestinal Apo AI
Synthesis and Secretion

The synthesis of apo AI by the small intestine has
been studied quite thoroughly, because it is an integral
component of HDL and because of the role it plays in
reverse cholesterol transport. The absorption of fat
seems to affect the synthesis and secretion of apo AI
by the small intestine only marginally. For instance,
it has been demonstrated in both rats and suckling
pigs that active lipid absorption results in only a
small increase (between 10 and 20%) in apo AI produc-
tion by the small intestine, as measured by [3H]leucine
incorporation studies. In Caco-2 cells, it has been
demonstrated that oxidized fatty acid, a ligand for
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peroxisome proliferator-activated receptor-g (PPAR-g),
stimulates both the mRNA level and the synthesis of apo
AI. Incubation of porcine enterocytes with fatty acids
stimulates the production of apo AI. Unsaturated fatty
acids are more potent than saturated fatty acids in sti-
mulating cellular apo AI production, and polyunsatu-
rated fatty acids are more ef®cient in enhancing the
cellular production of apo AI compared to monounsa-
turated fatty acids. Regulation of apo AI production
following dietary consumption of different fatty acids
by animals, however, is far more complex. For example,
it has been shown that intestinal apo AI synthesis is
twofold higher in preweaning piglets than in adult
pigs, mainly as a result of the effect of saturated fats.
Following weaning, however, polyunsaturated fats
appear to play a more important role in maintaining
apo AI production by the gut. In many of these studies,
however, the fact that polyunsaturated fatty acids are
taken up by enterocytes more ef®ciently than are satu-
rated fatty acids may have been ignored. Therefore, dis-
tinguishing between the effects of polyunsaturated and
saturated fatty acids and determining the differing
amounts of fatty acids that are taken up by the cells
following ingestion of either polyunsaturated or satu-
rated fats may be dif®cult.

It has been reported that intestinal apo AI produc-
tion is altered during different physiological and disease
states. For instance, the production of apo AI appears to
increase during aging; studies in rodents have demon-
strated that apo AI synthesis by the small intestine is
increased in older animals compared to younger ani-
mals. Increasing the circulating level of ethinylestradiol
appears to down-regulate gene expression of apo AI in
the gut whereas ovariectomy increases the apo AI mRNA
level. As would be expected, supplementing ovariecto-
mized animals with ethinylestradiol decreases the apo
AI mRNA level in the intestine. Thyroidal status also
impacts the synthesis of apo AI by the gut. Hyperthyr-
oidism is associated with increased apo AI synthesis and
secretion by the gut, but this increase is not associated
with increased triglyceride secretion. How gastrointest-
inal (GI) hormones affect apo AI gene expression is an
exciting area of investigation yet to be explored.

Clinical implications of intestinal apo AI production
have been demonstrated in humans as well as in ani-
mals. Patients suffering from abetalipoproteinemia have
reduced apo AI synthesis. It has been reported that apo
AI production is stimulated by copper de®ciency and
that tumor necrosis factor a (TNFa) decreases apo AI
production by the small intestine. Both mRNA levels
and synthesis of apo AI are stimulated in nephritic ani-
mals. Further, the intestinal mucosa of patients with
celiac disease show decreased apo AI synthesis, which

is re¯ected by a marked reduction in circulating apo AI
(�40%).

APOLIPOPROTEIN AIV

Apolipoprotein AIV was discovered in the 1970s, but its
physiological role was not ®rmly established until
recently. Apo AIV is a protein secreted by the human
small intestine; in rodents, apo AIV is secreted by both
the small intestine and liver; although the small intestine
is the organ most responsible for circulating levels of
apo AIV. It has been recently demonstrated in rodents
that the brain, speci®cally the arcuate nucleus, produces
apo AIV as well. The production of apo AIV is regulated
physiologically, i.e., it decreases with fasting and
increases with feeding.

Regulation of Intestinal Apo AIV
Synthesis and Secretion

Circulating apo AIV in rodents exhibits a circadian
rhythmÐthe level increases at the beginning of the dark
period and peaks midway through the dark cycle. Fast-
ing signi®cantly reduces the circulating level of apo AIV
but it does not affect the pattern of the circulating apo
AIV circadian rhythm. This circadian rhythm is abol-
ished in animals when enterohepatic circulation is inter-
rupted by bile diversion. Furthermore, it has been
demonstrated that bile diversion signi®cantly reduces
apo AIV synthesis by the intestinal mucosa. Thus, intact
enterohepatic circulation is necessary both for normal
basal lymphatic output of apo AIV and for maintaining
its circadian rhythm.

In vivo studies have demonstrated that the synthesis
and secretion of apo AIV by the GI tract are regulated by
fat absorption as well as by peptides secreted by the
lower small intestine, e.g., peptide YY. It has been
demonstrated by numerous groups that intestinal
lipid absorption stimulates the synthesis and secretion
of apo AIV in a dose-dependent manner. Apo AI and apo
B48, however, are not stimulated in this way. Evidence
to date suggests that increased synthesis of apo AIV
following fat absorption results via a transcriptional
mechanism, although the precise cellular mechanism
responsible has not yet been determined. Increased
apo AIV production probably occurs locally and does
not involve the nervous system, because complete
vagotomy fails to inhibit an increase. It has been demon-
strated that intestinal lymphatic apo AIV transport
increases in a gradient manner with increasing
steady-state levels of intestinal triglyceride transport.
It is tempting to think that measuring the circulating
level of apo AIV may be an effective way of determining
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fat ingestion. If this correlation can be demonstrated,
measuring the circulating apo AIV level may be a con-
venient and effective way of following fat absorption by
the gut. It may also be a convenient way of monitoring
the intestinal absorptive function; formation and secre-
tion of chylomicrons by the small intestine are
among the most complex functions performed by the
enterocytes, involving lipid synthesis, apoprotein
synthesis, and carbohydrate synthesis (glycosylation
of apoproteins).

Understanding the mechanisms responsible for sti-
mulating intestinal apo AIV synthesis and secretion dur-
ing fat absorption is crucial. Evidence gathered thus far
suggests that the assembly and transport of chylomi-
crons are necessary for stimulating intestinal apo AIV
synthesis. A unique inhibitor of chylomicron formation,
Pluronic L-81 (L-81), a hydrophobic surfactant that
speci®cally inhibits the formation of chylomicrons,
has been used to explore the relationship between chy-
lomicron formation and the stimulation of apo AIV
synthesis and secretion by the gut. L-81 does not inhibit
the digestion, uptake, or reesteri®cation of absorbed
lipid to form triglyceride inside the enterocytes. Because
of the inhibition of chylomicron formation by entero-
cytes, the absorbed lipid accumulates in the intestinal
mucosa. When L-81 is removed, lymphatic lipid trans-
port as chylomicrons resumes because the accumulated
mucosal lipid is cleared from the mucosa. These results
demonstrate that L-81 inhibits lymphatic transport of
chylomicrons and abolishes the increase in lymphatic
secretion of apo AIV normally associated with active fat
absorption. As expected, removing L-81 causes
chylomicron formation as well as the stimulation of
lymphatic apo AIV secretion, suggesting that the forma-
tion of chylomicrons stimulates apo AIV synthesis and
secretion.

Further evidence of the dependency of lymphatic
apo AIV output on chylomicron transport comes
from animal studies examining intestinal synthesis
and lymphatic secretion of apo AIV in response to intest-
inal infusion of fatty acids of different chain lengths (and
therefore the route of transport from the intestine, i.e.,
lymph vs. blood). Infusion of long-chain fatty acids
(oleic, C18; arachidonic, C20), which are transported
via the lymph in chylomicrons, stimulates synthesis
and output of apo AIV. However, medium- and short-
chain fatty acids (caprylic, C8; butyric, C4), primarily
transported as free fatty acids in the portal vein, did not
elicit an apo AIV response. This ®nding in rodents dif-
fers from ®ndings in neonatal swine, in which similar
increases in jejunal apo AIV mRNA expression and
synthesis in response to infusions of both medium-
(C8:0 and C10:0) and long-chain triglyceride mixtures

are observed. Additional studies are warranted to deter-
mine if the relationship between chylomicrons and apo
AIV synthesis and secretion is common to all species and
developmental stages. An extremely interesting but
still unanswered question is how the formation of
chylomicrons is signal transduced to stimulate intest-
inal apo AIV synthesis and whether this event occurs
intracellularly.

It has been demonstrated that lipid infused into the
ileum of rats stimulates both ileal and jejunal apo AIV
synthesis. This ®nding is different from that of lipid
infused into the duodenum, because only duodenal
and jejunal synthesis of apo AIV is stimulated. Animals
equipped with jejunal or ileal ThiryÿVella ®stulas (seg-
ment of the intestine isolated luminally from the rest of
the GI tract, but still connected to the body via the
circulation and nervous system) increase proximal
jejunal apo AIV synthesis when lipid is infused into
the ileum. This stimulation of jejunal apo AIV synthesis
by ileal lipid absorption is independent of the presence
of lipid in the jejunum. These results strongly suggest
that a signal released by the ileum in response to the
presence of lipids stimulates apo AIV synthesis in the
proximal gut. Recent evidence suggests that peptide
YY (PYY) is potentially a primary factor contributing
to the stimulation of jejunal apo AIV synthesis and
secretion by the presence of lipids in the ileum. Con-
tinuous intravenous infusion of physiological doses of
PYY in fasting animals elicits signi®cant increases in
both synthesis and lymphatic transport of apo AIV;
this process is mediated through the vagus nerve,
because vagotomy abolishes a jejunal increase in apo
AIV synthesis. Thus, jejunal stimulation of apo AIV
synthesis and secretion by fat absorption in the ileum
is mediated by PYY, which, in turn, acts centrally to send
a signal via the vagus nerve to the gut. This is the ®rst
demonstration of GI hormone involvement in control-
ling the expression and secretion of an intestinal
apolipoprotein, thus bringing together two areas of
research in GI physiology.

Physiological Functions of Apo AIV

In vitro studies have suggested the role of apo AIV
in lipoprotein metabolism. Whether apo AIV plays the
same role in vivo is uncertain, but the fact that apo AI can
also perform such a role casts doubt on this physiolo-
gical function of apo AIV. Here we discuss only in vivo
functions of apo AIV that are not shared by apo AI. Apo
AIV has been shown to protect apo E knockout mice
from developing atherosclerosis despite their athero-
genic plasma lipid pro®le (increased total plasma cho-
lesterol with no signi®cant change in HDL cholesterol).
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Moreover, apo AIV deters the formation of diet-induced
atherosclerotic lesions. These studies therefore suggest
that apo AIV protects against atherosclerosis, possibly as
a result of the ability of apo AIV to protect against lipid
oxidation. Presently, the extent of this antioxidant effect
is unclear.

Apo AIV also plays a unique role in the regulation of
food intake. It is probably a satiety signal released by the
GI tract following the ingestion of fat. Animals adminis-
tered intravenous intestinal lymph from fasted rats did
not respond normally to food intake. However, animals
administered intravenous intestinal lymph from rats
actively absorbing lipid demonstrated a marked sup-
pression in food intake. These data implicate the pre-
sence of an active component in chylous lymph
responsible for inhibiting food intake, and this active
component is apo AIV. This is supported by a study
demonstrating that the infusion of 200 mg of apo AIV
(a physiological dose) inhibits food intake to the same
degree as chylous lymph in 24-hour food-deprived rats.
This unique function of apo AIV is not shared by apo AI.
Thus, it has been proposed that apo AIV is a circulating
signal released by the small intestine in response to fat
feeding and likely mediates the anorectic effect asso-
ciated with the ingestion of lipids. That the inhibiting
effect of apo AIV on food intake is centrally mediated is
based on a number of observations. First, administra-
tion of apo AIV in the brain results in an inhibitory effect
on food intake. Second, removing apo AIV in the cere-
brospinal ¯uid via apo AIV antibody results in feeding.

As well as inhibiting food intake, apo AIV has also
been shown to inhibit gastric acid secretion and gastric
motility. Administered doses of apo AIV, thought to
reproduce the levels of apo AIV in cerebrospinal ¯uid
after lipid feeding, markedly inhibit both gastric acid
secretion and gastric motility. This suggests that apo
AIV acts as an enterogastrone, a humoral mediator
released by the intestine that mediates the humoral
inhibition of gastric acid secretion and gastric motility
following the ingestion of fat. Recent data from inves-
tigators interested in vagal neural activities have pro-
vided convincing evidence showing that apo AIV also
inhibits intestinal motility. These ®ndings have impor-
tant physiological implications. The distal intestine is
known to play an important role in the control of GI
function. Nutrients, including lipid, delivered to the
ileum result in inhibited gastric emptying, decreased
intestinal motility and transit, and decreased pancreatic
secretion. Ileal nutrients also inhibit food intake. The
mechanism responsible for producing these effects has
been collectively termed the `̀ ileal brake'' and is believed
to be related to the release of one or more peptide hor-
mones from the distal intestine. These effects have

traditionally been considered operative only in the
abnormal delivery of undigested nutrients to the distal
gut, such as the malabsorptive state. Most GI physiol-
ogists as well as gastroenterologists interested in lipid
absorption consider the upper small intestine the pri-
mary site for absorbing fat, with the lower small intes-
tine absorbing fat only in the case of fat malabsorption
by the upper small intestine. This notion has been
recently challenged by investigators demonstrating
that nutrients frequently reach the distal gut, even
under normal conditions, due to rapid gastric emptying
during the early phases of food ingestion. Consequently,
it appears that a much greater length of intestine is
involved in the absorption of lipid and in the control
of gastric and upper gut functions, even under normal
conditions, than has been previously recognized. Thus,
the ileal brake may play an important role in the normal
control of gut function and the control of lipid absorp-
tion. Once the ileal brake sets in, the upper small intes-
tine unquestionably is the primary site for fat
absorption.

As mentioned earlier, a potential peptide mediating
the ileal brake phenomenon is peptide tyrosine-tyrosine
(PYY). It is synthesized by the endocrine cells in the
ileum and large intestine and is released in response to
intestinal nutrients, especially long-chain fatty acids.
PYY is also a potent stimulator of the synthesis and
secretion of apo AIV by the jejunum. Because apo
AIV exerts many of the actions associated with the
ileal brake, and PYY stimulates the synthesis and secre-
tion of apo AIV and PYY, apo AIV and the ileal brake
phenomenon may possibly be related. Recently, PYY has
been demonstrated to inhibit food intake, with this
action centrally mediated. Interestingly, stimulation
of apo AIV synthesis by PYY also involves the central
nervous system, and this stimulation can be abolished
by total vagotomy. The question of whether the action of
PYY on food intake and upper GI function is mediated
through apo AIV can be tested in apo AIV knockout
mice.

APOLIPOPROTEIN B

Two different forms of apo B are formed in humansÐ
enterocytes produce apo B48 and hepatocytes produce
apo B100. Apo B48 is a 264-kDa protein that is colinear
with the apo B100 amino terminus and is 48% of the apo
B100 molecule, hence the name apo B48. Both apo B48
and apo B100 utilize the same apo B gene. In the pro-
duction of apo B48, however, translation is stopped by
substituting the CAA codon that encodes glutamine
with the codon UAA, which speci®es an in-frame
stop codon. This interesting mechanism is referred to
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as apo B mRNA editing and has since been found in
other proteins as well. Apo B editing has a very impor-
tant consequence. Apo B48 lacks the functional domain
for the binding of low-density lipoproteins. The lack of
LDL binding domain has led investigators to postulate
that a different set of receptors, other than LDL recep-
tors, is involved in the metabolism of chylomicrons. In
contrast, apo B100 containing VLDLs produced by the
liver, are catalyzed to form LDLs, which are subse-
quently taken up by the liver and other peripheral
organs via the LDL receptors.

Synthesis of Apo B48 by the Small Intestine

Adult human small intestinal cells produce mostly
apo B48, suggesting that the editing ef®ciency is very
high in the adult intestine. Evidence to date indicates
that neither apo B editing in the human small intestine
nor apo B synthesis by the rat small intestine is regulated
by fat absorption. Even chronic feeding of a high-fat diet
fails to stimulate intestinal apo B synthesis in rodents.
Not only are apo B editing and apo B synthesis unaf-
fected by fat absorption, but the secretion of apo B into
lymph as chylomicrons is also unaffected by the absorp-
tion of fat. This is very different from apo AIV, which is
markedly stimulated by fat absorption. This is also very
different from the synthesis of apo B100 in the liver, the
secretion of which by the hepatocytes is markedly
increased by the increase in VLDL secretion. Whether
this is related to the fact that the liver makes apo B100
and the intestine makes apo B48 has not been studied.

Bile is required for the secretion of apo B48 by the
small intestine, because the diversion of bile results in a
marked reduction in the synthesis and secretion of apo
B48 by the small intestine. The reintroduction of bile
salts, fatty acids, or phospholipids into the intestinal
lumen restores apo B biosynthesis by the enterocytes.
Using current molecular and cellular biology techni-
ques, the precise involvement of these various compo-
nents of bile in regulating apo B synthesis will become
clear. Perhaps the regulation of intestinal apo B synth-
esis by bile components is species speci®c, because bile
diversion in the suckling pig has little or no effect on
intestinal apo B synthesis.

Physiological Functions of Apo B

The clinical disorder abetalipoproteinemia, an auto-
somal recessive disorder, provided the ®rst clue that apo
B is important for the secretion of triglyceride-rich lipo-
proteins by the gut as well as by the liver. Patients
suffering from abetalipoproteinemia experience fat
malabsorption and the accumulation of large lipid
droplets in both enterocytes and hepatocytes. Other

symptoms associated with this disease are acanthocyto-
sis and retinitis pigmentosa, mostly resulting from fat-
soluble vitamin de®ciency. However, some studies have
questioned whether the mechanism for abetalipoprotei-
nemia is caused by failure to produce apo B. For
instance, immunohistochemistry has shown that enter-
ocytes of abetalipoproteinemic patients contain apo B.
Furthermore, it has been determined that abetalipopro-
teinemic patients have elevated levels of apo B mRNA.
Thus, it is either the elevated levels of posttranslational
apo B degradation or some other factor(s) critical to the
association of apo B and absorbed lipids to form intest-
inal chylomicrons and liver VLDLs that are absent. The
`̀ other factor(s)'' may be the microsomal triglyceride
transfer protein (MTP), because convincing evidence
points to either the absence or the mutation of MTPs
in abetalipoproteinemic patients. Modern tools of mole-
cular biology should provide a better understanding of
the relationship between apo B, MTP, and chylomicron
formation.

Because apo B is critical to chylomicron formation, it
might be assumed that the availability of apo B is rate
limiting for the formation of chylomicrons and, conse-
quently, for the absorption of fat by the small intestine.
However, this is not the case. A number of studies have
found that apo B48 synthesis by the small intestine and
its subsequent secretion into lymph are unaffected by fat
absorption. This is different from the process in the
liver, where increased VLDL secretion is associated
with increased apo B100 secretion. Whether the rela-
tionship between lipid transport and apo B secretion is
different in the small intestine than it is in the liver is
because the gut makes apo B48 and the liver makes apo
B100 is yet to be determined. The availability of the
apoBEC-1 knockout mouse, whose small intestine pro-
duces only apo B100 due to its inability to perform apo B
editing, will open this ®eld of study.

APOLIPOPROTEIN CIII

Apolipoprotein CIII is another apoprotein synthesized
by the small intestine. It is a much smaller protein com-
pared to apo AI, apo AIV, and apo B48. The mature apo
CIII is a 79-amino-acid protein with a molecular mass of
9 kDa. Apo CIII is secreted by the small intestine and the
liver. It is probably secreted in association with chylo-
microns, but it may also be secreted as a free protein by
the enterocytes of the small intestine. In the circulation,
it is mostly associated with VLDLs and HDLs.

Synthesis by Enterocytes

Relative to the other apolipoproteins, little is known
about the regulation of apo CIII. Whether fasting and
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lipid feeding affect the intestinal gene expression of apo
CIII is unclear, although results of an older, isolated
study show that fat absorption is inversely related to
the subjects' fasting plasma HDL cholesterol and HDL
apo CIII and directly related to plasma triglycerides.
Vitamin A has been reported to regulate apo CIII posi-
tively in the small intestine. Apo CIII gene expression is
down-regulated by insulin both in animals and in cul-
tured cells.

Physiological Function of Apo CIII

The role of apo CIII in lipoprotein metabolism is best
illustrated by the occurrence of hypertriglyceridemia,
which is associated with increased expression of apo
CIII, as in the case of transgenic animals. Two plausible
explanations for the occurrence of hypertriglyceridemia
might be that (1) apo CIII inhibits lipoprotein lipase
activity or (2) apo CIII decreases tissue uptake of trigly-
ceride-rich particles from the circulation as a result
of increased apo CIII and decreased apo E in VLDL
particles.
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and mortality of appendicitis have been greatly reduced

in the past century.
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Appendicitis is mostly a disease of the Western world,
with lower dietary ®ber presumably predisposing to
appendiceal in¯ammation. Approximately 7% of the
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population will have appendicitis in their lifetime, with
the peak between the ages of 10 and 30. Males are
affected more often than females (1.6 : 1) and perfor-
ation rates are higher in the elderly. The very young and
the elderly also incur a higher rate of rarer complications
such as ®stula formation, intestinal obstruction, or sys-
temic sepsis. Mortality of appendicitis is low (0.6% in
nonperforated), but delay in appropriate treatment has a
signi®cant morbidity of 15ÿ20%, especially consider-
ing the generally young population it most commonly
affects.

HISTORY

In the early 1800s, right lower quadrant in¯ammation
was thought to arise from near the cecum and the term
`̀ perityphlitis'' was used to describe this entity. Amyand
performed the ®rst recorded appendectomy in 1736
when he removed the appendix upon exploration of a
hernia sac. Melier described autopsy cases of in¯amma-
tion of the appendix and outlined a pathophysiology
similar to the present understanding. Then in 1886,
Reginald Fitz ®rst used the term `̀ appendicitis'' and
recommended surgical treatment for the in¯ammatory
disease. Several years later, Chester McBurney
described the classic pain of appendicitis and the loca-
lization of pain to the point that bears his name, on an
oblique line from the anterior superior iliac spine to the
umbilicus. As the understanding of appendicitis as a
surgical disease evolved and antibiotics became readily
available by the mid-1900s, the mortality decreased to
less than 2%. Early recognition and surgical therapy
then greatly reduced the morbidity.

ANATOMY

The appendix is believed to be a vestigial organ, without
a functional purpose in humans. However, because of its
lymphoid aggregates, there are some who speculate that
the appendix may be involved in immune surveillance.
Embryologically, the cecal diverticulum (the origin of
the cecum and appendix) presents in the sixth gesta-
tional week as a swelling on the antimesenteric border of
the midgut loop. The appendix, which is initially a small
diverticulum of the cecum, arises from the inferior tip of
the cecum, becoming delineated during the ®fth gesta-
tional month. The anatomic position of the appendix
is variable depending on embryologic development,
contributing to dif®culty in diagnosis. After birth, the
appendix rests on the medial side of the cecum because
the wall of the cecum grows unequally. During elonga-
tion of the colon, the appendix may settle posterior to
the cecum, anterior or posterior to the ileum, below the

cecum, or over the brim of the pelvis. In over half of the
population, the appendix is not ®xed in one position but
can move freely with postural and colonic changes.

The appendix opens to the cecum with a valve
formed by a fold of mucosa. Average appendiceal length
is 9 cm, and the width of the lumen is generally between
1 and 3 mm. The appendiceal artery, off the ileocolic
artery, provides the blood supply to the appendix. The
lymphatics drain to the ileocolic nodes along the ileo-
colic artery. Sympathetic ®bers from the superior
mesenteric plexus and parasympathetic ®bers from
the vagus provide innervation. Histologically, from
outside to inside, the appendix consists of the serosa;
longitudinal muscle ®bers, which form taeniae contin-
uous with the colonic taeniae coli; circular muscle; the
submucosa, which contains lymphoid tissue; and the
mucosal lumen. The taeniae coli of the ascending
colon converge at the base of the appendix, enabling
localization of the appendix during appendectomy by
following the cecal taeniae.

PATHOPHYSIOLOGY

Most commonly, appendicitis results from obstruction
of the appendiceal lumen. In older adults, fecaliths are a
frequent cause of obstruction, whereas the most com-
mon cause in children and young adults is lymphoid
hyperplasia. Fecaliths and appendicitis occur more fre-
quently in populations that have a lower ®ber and higher
fat content in the diet, suggesting that diet plays a role in
disease development. In less than 2% of cases, a foreign
body, carcinoma, or carcinoid causes obstruction.

The appendix secretes an increased amount of
mucus in response to the obstruction. Bacterial over-
growth also develops secondary to obstruction and sub-
sequent stasis. The increased mucus and bacterial load
lead to appendiceal dilation, eventually causing com-
promise of venous and lymphatic ¯ow. The appendiceal
artery can thrombose as the appendix enlarges.
Ischemic injury can then lead to necrosis, and if the
gangrene becomes full-thickness, perforation occurs.
With rupture, fecal contents enter the abdominal cavity
and produce peritoneal irritation. An abscess results
when local in¯ammation produces adhesions and
walls off the perforated appendix. If the rupture is
not contained within an abscess, gross spillage and gen-
eralized peritonitis result.

Histopathologically, the gross specimen shows
edema of serosal vessels early in appendicitis. The
appendix then develops a dilated lumen, thickened
wall, dusky serosa, and ®brinous serosal exudates.
Late in the progression of the disease, there is mucosal
necrosis, wall gangrene and softening, and purulent

APPENDICITIS 105



serosal exudates. Microscopically, appendicitis demon-
strates a neutrophilic in®ltrate early, which progresses
to mucosal necrosis and eventually to muscularis necro-
sis and microabscesses in the appendiceal wall. If
allowed to progress untreated, the appendix ultimately
perforates and leads to a walled-off abscess or general-
ized peritonitis.

DIAGNOSIS

The classic history of appendicitis is one of dull peri-
umbilical pain followed by anorexia and then localized
pain developing in the right lower quadrant (RLQ).
Nausea and then vomiting generally precede localiza-
tion of pain to the right lower quadrant, although nausea
is present at some time during the clinical course in 90%
of patients with appendicitis (Table I). The absence of
anorexia makes the diagnosis of appendicitis question-
able and the `̀ hamburger sign'' (asking the patient if he or
she would want to eat a favorite food) is one way to
assess this.

The usual order of events is as follows: epigastric or
periumbilical pain, anorexia, nausea, vomiting, RLQ
tenderness, fever (usually low grade), and leukocytosis.
Since the innervation of the appendix migrates to the
right lower quadrant from autonomic efferents asso-
ciated with the spinal cord around T10 and the abdom-
inal organs lack direct innervation by pain ®bers, dull
pain is initially felt around the umbilicus. As in¯amma-
tion progresses, the parietal peritoneum in the right
lower quadrant becomes more irritated, resulting in
localized pain. The pain becomes constant as the
lumen of the appendix develops increasing distension
and ischemia results. Approximately 40% of patients

will present with atypical pain. Perforation is rare if
symptoms have been present for less than 24 h.

The differential diagnosis of abdominal pain that can
mimic appendicitis is broad (Table II). Conversely,
because of its potential for variable presentation, appen-
dicitis should always be considered when evaluating any
acute abdominal pain. Tenderness to percussion
demonstrates peritoneal irritation, as does guarding
and pain with motion. Occasionally, a tender mass,

TABLE I Common Signs and Symptoms of Appendicitis

Symptoms

Abdominal pain, periumbilical

RLQ pain

Anorexia

Nausea /vomiting

Pain migration

Signs

RLQ tenderness

Guarding

Rebound tenderness

Low-grade fever

Elevated white blood cell count

Rovsing's sign (see text for description)

Psoas sign

Obturator sign

Dunphy's sign

TABLE II Differential Diagnosis of Acute Appendicitis

Gastrointestinal

Cholecystitis

In¯amed or leaking duodenal ulcer

Crohn's disease

Cecal cancer

In¯amed Meckel's diverticulum

Intestinal obstruction

Diverticulitis with or without abscess

Gastroenteritis

Typhlitis

Omental torsion

Perforated viscus

Pancreatitis

Intussusception

Musculoskeletal

Psoas abscess

Rectus sheath hematoma

Urologic

Ureteral stone

Urinary tract infection

Pyelonephritis

Nephrolithiasis

Perinephric abscess

Hydronephrosis

Prostatitis

Gynecologic

Tubo-ovarian abscess

Ectopic pregnancy

Endometriosis

Salpingitis

Ruptured ovarian cyst

Ovarian torsion

Ruptured follicular cyst (mittelschmerz)

Pyosalpinx

Pelvic in¯ammatory disease

Systemic

Diabetic ketoacidosis

Porphyria

Sickle cell disease

Henoch-Schonlein purpura

Tropical areas

Amebic typhlitis

Malaria

Leaking liver abscess

Yersinia infection
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which is either the distended, in¯amed appendix or an
appendiceal abscess, can be palpated in the right lower
quadrant. Hyperesthesia of the skin overlying the right
lower quadrant is an occasional ®nding in the distribu-
tion of the 10th through 12th dorsal spinal segments and
1st lumbar spinal segment.

Various physical signs are often present in appendi-
citis. The psoas sign elicits pain on passive extension of
the right thigh with the patient lying on the left side
since the in¯amed appendix overlies the psoas muscle.
Pain on passive internal rotation of the ¯exed thigh is
called the obturator sign. Additional ®ndings include
Rovsing's sign, which is pain in the right lower quadrant
on palpation of the left lower quadrant, and Dunphy's
sign, which is pain on coughing. The presence of these
signs helps to con®rm the diagnosis, but they are by no
means sensitive or speci®c. Tenderness on rectal exam
may be helpful in making the diagnosis if there is an
abscess or pelvic appendicitis. Bimanual /speculum
exam should be performed in women to evaluate for
gynecologic causes of pain such as pelvic in¯ammatory
disease.

Laboratory tests often demonstrate an elevated
white blood cell count and /or bandemia. The BUN to
creatinine ratio may be elevated if the patient is dehy-
drated from decreased intake and vomiting. Urine ana-
lysis is useful in assessing for ureteral stones, which
produce hematuria, or urinary tract infections (bacter-
uria, pyuria). Local in¯ammatory reaction to appendi-
citis, however, can also give white blood cells and red
blood cells in the urine. A test for human chorionic
gonadotropin in the urine should be checked in all
women of childbearing age, both to exclude normal
or ectopic pregnancy as a cause of pain and to tailor
diagnostics and treatment if necessary.

Although the diagnosis of appendicitis is generally
made on the basis of history and physical exam, radi-
ologic studies are effective tools in equivocal diagnoses.
Plain ®lm rarely contributes to the diagnosis, although
®ndings in appendicitis can include a visible fecalith,
localized ileus, loss of the peritoneal fat stripe from the
right lower quadrant in¯ammatory process, and right
psoas muscle deformation from the patient splinting
away from right lower quadrant pain. Ultrasound and
computed tomography (CT) scan are the most effective
methods of elucidating a diagnosis of appendicitis. On
ultrasound, a positive study shows a distended appendix
that measures greater than 6 mm in diameter, is non-
compressible, and is tender with probe compression.
The transverse images show a `̀ target'' or `̀ bullet'' sign,
which is the side view of the distended, thickened
appendix (Fig. 1). A normal appendix must be seen
to rule out appendicitis. Depending on the operator,

appendiceal ultrasound has a sensitivity of approxi-
mately 85% and a speci®city of 90%.

The use of CT images to diagnose appendicitis has
greatly affected management of suspected appendicitis.
Although the initial studies with CT-diagnosed appen-
dicitis were performed with rectal contrast, Brigham
and Women's Hospital favors a standard abdominal /
pelvic CT scan with oral and intravenous contrast. If
the radiologist is unable to make or exclude the diag-
nosis with the initial scan and there is a high index
of suspicion, a rectal contrast CT scan can then be
performed. An advantage of this technique is con-
trast-aided imaging of the entire abdomen for other
possible diagnoses. Positive studies show a thick-
walled, distended, non-contrast-®lling appendix, peri-
appendiceal in¯ammation, ¯uid collections or abscess,
and often, an appendicalith (Fig. 2). If contrast ®lls the
appendix and there is no evidence of surrounding
in¯ammation, the diagnosis is considered to be
excluded.

FIGURE 1 Ultrasound image of acute appendicitis. On trans-

verse view, a `̀ target'' or `̀ bullet'' sign is seen underneath the

abdominal wall. Figure courtesy of Stephen Ledbetter, M.D.,

Department of Radiology, Brigham and Women's Hospital,

Boston, MA.
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Depending on the radiologist, appendiceal CT scans
have a sensitivity of approximately 90ÿ99% and a spe-
ci®city of 97%. Multiple studies have demonstrated the
cost effectiveness of CT when used in equivocal cases of
appendicitis. In general, patients with a questionable
history and physical who would have been observed
closely in the past are now undergoing CT scans and
either being discharged or taken to the operating room.
As clinicians become more comfortable with using CT
scans as a diagnostic tool, the rate of negative explora-
tion is expected to decrease.

TREATMENT

Operative removal of the in¯amed appendix is the
accepted treatment for appendicitis. In nonperforated
cases, broad-spectrum antibiotics are usually adminis-
tered prior to the start of the operation. No further
antibiotics are routinely necessary. However, in cases
of perforation, the broad-spectrum antibiotics are gen-
erally continued to complete a course of 5 to 7 days.

The appendix can be removed through an open inci-
sion or using a laparoscope. Incisions for the open
approach include a transverse right lower quadrant
(RockeyÿDavis), oblique RLQ (McArthurÿMcBurney)
with muscle splitting in the direction of the ®bers, or less
commonly, a paramedial incision. If the diagnosis is in
question, an abdominal exploration can be performed
through a periumbilical midline incision.

The appendix is located by following the taeniae coli
to the cecum and lifting the appendix out of the incision.

After it is dissected off the mesoappendix, the specimen
can be removed by stapling across its base or suture
ligation. Some surgeons use either a Z-stitch or a
purse-string stitch to invert the stump. There is no
evidence, however, that this maneuver reduces the inci-
dence of stump leak or ®stulae. The wound is closed in
nonperforated cases. In perforated appendicitis, a Pen-
rose or other drain is often placed in the wound and /or
the wound is left open with packing. Neither practice
has been de®nitively shown to reduce the incidence of
postoperative wound infection. The patient then com-
pletes a course of broad-spectrum antibiotics.

The laparoscopic approach involves longer opera-
tive time but is supposed to result in less pain and a
quicker recovery time. However, a signi®cant overall
advantage of the laparoscopic procedure compared to
the open procedure has not been shown in routine
appendicitis. The main bene®t of the laparoscopic
approach is that it can be helpful initially as a diagnostic
tool and then the surgeon can proceed to appendectomy
in positive cases. The appendix is divided at its base
using a linear stapler and there is no inversion of the
stump.

Classically, a 15ÿ20% rate of removal of normal
appendix was acceptable given the broad differential
diagnosis and high morbidity of missed appendicitis.
With the use of ultrasound and CT, rates of negative
appendectomy are expected to decrease. Despite this
expectation with technological advances, recent studies
have not yet demonstrated a reduction in the rate of
perforation or negative exploration.

SPECIAL CASES

The existence of `̀ chronic appendicitis'' is controversial
but generally involves chronic waxing-and-waning RLQ
pain from intermittent obstruction and in¯ammation.
Patients usually feel better after the appendix is removed
and almost all surgical specimens demonstrate abnor-
mal histology.

Rarely, patients may present with a RLQ mass that is
an abscess or a phlegmon associated with a perforated
appendix. Standard treatment is to percutaneously
drain the abscess using image guidance and give intra-
venous antibiotics. An interval appendectomy, using
either the open or the laparascopic procedure, can
then be performed 6 to 8 weeks later.

Incidental appendectomy (removal of the appendix
when an operation is being performed in the abdomen
for another reason) is not warranted unless future diag-
nostic dif®culties are anticipated. It can lead to
increased infectious complications during certain
procedures such as those involving vascular grafts.

FIGURE 2 CT of appendicitis. A spiral CT with oral and

intravenous contrast demonstrates two appendicaliths obstruct-

ing a ¯uid-®lled, distended, thick-walled appendix (white arrow)

with surrounding fat stranding consistent with local in¯amma-

tion. Figure courtesy of Stephen Ledbetter, M.D., Department of

Radiology, Brigham and Women's Hospital, Boston, MA.
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Even in operations not associated with increased
complications from incidental appendectomy, it is
associated with increased operative time and cost
with questionable bene®t. Most patients who develop
appendicitis are young, whereas most people who
undergo other intra-abdominal operations are elderly
and have a much smaller chance of ever needing an
appendectomy.

Appendicitis in pregnancy poses a particularly dif-
®cult diagnostic problem because the enlarging uterus
displaces the appendix. Appendicitis can occur during
any trimester, although perforation is more common in
the third trimester. The pregnant woman may complain
of abdominal pain at any location to which the appendix
is shifted. However, right lower quadrant pain is still
the most common location of discomfort in pregnant
women with appendicitis. Symptoms such as nausea,
vomiting, and anorexia occur in both appendicitis
and pregnancy and thus do not contribute to differen-
tiating the diagnosis. Ultrasound is particularly helpful
in making a diagnosis in pregnant women, both because
it does not pose a radiation risk and because it enables
visualization of pelvic pathology. Early appendectomy
is preferable because ruptured appendicitis can lead to
fetal death and maternal morbidity, whereas appendect-

omy prior to perforation and negative explorations
generally pose less risk to the fetus.
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Appetite

MARGO A. DENKE

University of Texas Southwestern Medical Center, Dallas

anorexigenic Appetite suppressing.

appetite Instinctive desire to eat. Appetite promotes eating

behaviors to sustain life.

leptin Adipocyte peptide hormone that serves to decrease

appetite.

orexigenic Appetite stimulating.

Appetite dysregulation exacerbates disease, thus mechan-

isms that regulate appetite are a major research focus in

the ®elds of obesity, cancer, eating disorders, and AIDS.

REGULATION BY THE HYPOTHALAMUS

Eating behaviors are chemically encoded in the hypo-
thalamus. Orexigenic signals of neuropeptide Y,
galanin, endogenous opioid peptides, melanin-
concentrating hormone, glutamate, and g-aminobutyric
acid promote food consumption behavior. Anorexi-
genic signals, including the entire family of corticotro-
pin-releasing hormone (CRH)-related peptides,
neurotensin, glucagon-like peptide-1, melanocortin,
and agoutiprotein, promote the cessation of food con-
sumption. Each neuropeptide has its own speci®c cel-
lular receptors, occurring in high concentration in the
paraventricular nucleus of the hypothalamus but pre-
sent in other areas of the brain. All appear intercon-
nected with feedback loops whereby one signal
peptide can alter the secretion of another signal peptide.
No single peptide is the gatekeeper to turning on or off
appetite; what is apparent is an entire network of signals,
and their frequency and amplitude are responsible for
triggering behaviors.

The network of appetite signals accounts for the
behavioral observations that appetite and food con-
sumption patterns are dynamic. Biological, environ-
mental, and psychological events readily in¯uence
behavior. Habitual intake, memories of food-related
activities, and the sheer anticipation of consumption
have been shown to in¯uence single meal consumption
of speci®c foods. External clues, such as the appearance
of food, aroma, anticipated palatability, and the number
of food choices, have been shown to modify the percep-
tion of appetite as well as the behaviors of eating.
Psychosomatic consequences of eating, such as

reduction in anxiety, can exert additional in¯uences
on behavior. Appetite appears analogous to memory;
although memory and appetite are chemically encoded,
every individual has their own unique signal circuitry
underlying their eating behaviors. Just as memories
change over time, the circuitry for appetite can also
be modi®ed.

REGULATION BY FAT CELLS

A major breakthrough in the physiology of appetite
regulation came with the discovery of leptin and resis-
tin, two hormones synthesized by adipocytes.

Leptin secretion increases as adipocytes enlarge, and
decreases during fasting. Identi®cation of leptin recep-
tors in the hypothalamus has provided an intriguing
biochemical explanation for the ability of an animal
to regulate body weight tightly within a fairly narrow
set point range. The leptin signal may serve as an anor-
exin by its ability to alter secretion of orexins and anor-
exins. Obese persons have appropriately elevated leptin
levels, but whether this is an epiphenomenon of obesity
or a clue to its pathologic cause is uncertain.

Resistin secretion increases during feeding and dur-
ing adipose tissue exposure to insulin. In contrast to
leptin, a hypothalamic receptor for resistin has not
yet been identi®ed. Instead, resistin appears to induce
adipocyte resistance to insulin. Resistin also inhibits
adipocyte differentiation. Rosiglitazone, a drug classi-
®ed as an `̀ insulin sensitizer,'' reduces resistin levels,
suggesting that resistin plays a key role in determining
insulin resistance.

GENETIC DISORDERS OF
APPETITE REGULATION

The importance of the orexigenic and anorexigenic
signals and their receptors has been highlighted by
the identi®cation of rare families with speci®c
genetic defects associated with childhood obesity.
Mutations in leptin, the leptin receptor, prohormone
convertase 1 (PC1), pro-opiomelanocortin (POMC),
melanocortin 4 receptor (MC4-R), and peroxisome
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proliferator-activated receptor (PPAR) g2 genes have
been described in children with severe obesity.

PraderÿWilli syndrome is a rare disorder character-
ized by a preoccupation with food, lack of satiation, and
incessant food-seeking behaviors due to loss of paternal
gene expression from chromosome 15q11ÿq13. The
dysregulation of appetite in PraderÿWilli patients
may be due to deletion of key genes that alter synthesis,
release, metabolism, binding, intrinsic activity, or reup-
take of appetite-regulating neurotransmitters.
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Arachidonic Acid
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nonsteroidal anti-in¯ammatory drugs (NSAIDs) Chemicals

endowed with pharmaceutical anti-in¯ammatory activ-

ities. Unlike glucocorticoids, NSAIDs do not impact

endocrine and immunological functions and are there-

fore favored as therapeutic agents for long-term treat-

ment of in¯ammatory conditions. Some of the most

widely used NSAIDs include oxicam, salicylate (aspirin),

acetic acid (indomethacin, diclofenac), fenamate, pro-

pionic acid (ibuprofen, naproxen), and pyrazole.

polyunsaturated fatty acids (PUFAs) A particular class of

fatty acid sharing the general characteristics of a linear

carbon backbone substituted with hydrogen atoms and

bearing a carboxylic group at one end of the molecule

(C1). The distinguishing features of speci®c PUFAs are

the dietary source and the presence of double bonds

within the molecule. Another characteristic that demon-

strates a correlation with distinct biological actions is the

distance of the last double bond from the last carbon

atom of the molecule (C20 in the case of AA).

Arachidonic acid is the most extensively studied of the

polyunsaturated fatty acids (PUFAs) present in eukaryo-

tic cell membranes and it is typically found esteri®ed to

membrane phospholipids in the sn-2 position of the gly-

cerol backbone.Like all eicosanoids (fatty acids composed

of a 20-carbon-atom backbone, noted as C20) and other

essential PUFAs, such as linoleic acid and linolenic acid,

arachidonate can be subjected to a complex rearrange-

ment via remodeling of its all-cis double-bond con®gura-

tion and chemical modi®cation by insertion of chemical

groups.

INTRODUCTION

Various pathways using arachidonic acid (AA) as the
initial substrate are composed of dioxygenases that
carry out a complex reaction involving abstraction of
selected hydrogens and insertion of molecular oxygen.
Two major classes of enzymes, cyclooxygenases (COX)
and lipoxygenases (LOX), are recognized for their pro-
minent role in generating a number of important bio-
logical mediators. Among these, prostaglandins (PGs)
and leukotrienes (LTs) are widely studied given their
recognized role in human disease conditions as well as
physiological and/or pathophysiological activities. Of
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proliferator-activated receptor (PPAR) g2 genes have
been described in children with severe obesity.

PraderÿWilli syndrome is a rare disorder character-
ized by a preoccupation with food, lack of satiation, and
incessant food-seeking behaviors due to loss of paternal
gene expression from chromosome 15q11ÿq13. The
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ment via remodeling of its all-cis double-bond con®gura-

tion and chemical modi®cation by insertion of chemical

groups.

INTRODUCTION

Various pathways using arachidonic acid (AA) as the
initial substrate are composed of dioxygenases that
carry out a complex reaction involving abstraction of
selected hydrogens and insertion of molecular oxygen.
Two major classes of enzymes, cyclooxygenases (COX)
and lipoxygenases (LOX), are recognized for their pro-
minent role in generating a number of important bio-
logical mediators. Among these, prostaglandins (PGs)
and leukotrienes (LTs) are widely studied given their
recognized role in human disease conditions as well as
physiological and/or pathophysiological activities. Of
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these biological actions, one of the most signi®cant is the
major role played by eicosanoids in in¯ammation,
where they contribute to all of the clinical symptoms
associated with the in¯ammatory condition, namely,
pain, redness, and swelling. The ever-growing number
of molecules derived from AA includes other families
such as lipoxins (LXs), hepoxilins, hepoxides, mono-
hydroxyeicosatretraenoic acids (HETEs), dihydroxy-
eicosatretraenoic acids, and their hydroperoxy
precursors. Whereas synthesis of most of these media-
tors involves the non-heme iron catalytic center typical
of cyclo- and lipoxygenases, hepoxilins and hepoxides
originate via heme proteins such as hematin and
cytochrome P450.

ARACHIDONATE RELEASE

Although the number of compounds originating from
AA exceeds the hundreds, an overarching consistency is
found as to the carefully orchestrated synthesis of these
mediators. A hallmark of these tightly regulated synth-
eses is the controlled release of esteri®ed AA from the
membrane phospholipid storage, a task accomplished
via stimulus-induced activation of cytosolic and
secreted forms of phospholipase A2 (cPLA2, sPLA2)
that cleave AA from the sn-2 position and lead to accu-
mulation of the free acid form, the initial substrate for
subsequent enzymatic catalysis. Upon availability of
substrate, a second level of regulation involves the
COX and LOX enzymes that require several cofactors
and are subject to so-called `̀ suicide inactivation,'' a self-
inactivation process that effectively limits the amount of
bioactive mediators that can be generated.

ARACHIDONATE BIOLOGY

AA per se is endowed with biological activities such as
activation of leukocyte responses and is known to inter-
act and modulate the function of several intracellular
targets such as guanosine 50-triphosphate-binding
proteins. Structurally related molecules such as anande-
mide are known to play an important role in regulating
speci®c central nervous system activities, and speci®c
gastrointestinal (GI) activities for AA include the mod-
ulation of gallbladder contraction.

THE CYCLOOXYGENASE PATHWAYS:
PROSTANOIDS

An impressive list of gastroenterological-speci®c
actions can be assigned to the COX- and LOX-derived
AA products. Prostaglandins (PGs), for example, in

addition to acting as cellular and physiological media-
tors (i.e., their receptor-mediated regulation of cyclic
AMP levels and their role in parturition), are known to
carry out important physiological tasks in mucosal
secretion and motility as well as pathophysiological
activities contributing to mucosal in¯ammation, injury,
and tumor progression. PG-mediated gastric protective
activities include mucus production, production of
surface-active phospholipids, and bicarbonate secretion
as well as regulation of mucosal blood ¯ow and cell
proliferation. The physiological role of PGs in mucosal
protection is exempli®ed by the well-known gastroin-
testinal adverse events (dyspepsia, bleeding, and ulcera-
tion) caused by inhibitors of PG synthesis. The largest
and most widely used class of drugs inhibiting PG synth-
esis targets the COX enzymes and is better known as the
family of nonsteroidal anti-in¯ammatory drugs
(NSAIDs), which includes agents such as aspirin and
ibuprofen. Only in the past 10 years has the discovery of
two COX isoforms, the constitutive form, or type 1
(COX-1), and the inducible form, or type 2 (COX-2),
allowed the issue of gastric toxicity of NSAIDs to be
addressed. In an ongoing effort to elucidate the speci®c
role of these two enzymes, it is now generally assumed
that COX-1 is mainly involved in the physiological
aspects of prostanoid biology, whereas the inducible
COX-2 is associated with expression of in¯ammatory
events and the pathophysiology of several disease con-
ditions. In addition to the GI toxicity of NSAIDs, which
has at least been partially addressed by the development
of new drugs such as rofecoxib and colecoxib that take
advantage of the slightly larger substrate pocket of COX-
2 to selectively inhibit this enzyme sparing the COX-1
isoform, recent epidemiological studies suggest that
selective NSAIDs have chemopreventive properties
toward solid tumors including colon adenocarcinoma.
At present, however, it is highly debated whether this
NSAID property is linked to suppressed synthesis of PGs
[and most notably the major product prostaglandin E2
(PGE2)] or involves an as yet to be identi®ed mechan-
ism of action. Conversely, PGE2 is known to contribute
to accelerated tumor progression, with marked pro-
angiogenic properties, and animal models show a posi-
tive correlation between overexpression of COX-2 and
progression from early stages of adenoma and polyp
formation to adenocarcinoma. These active areas of
investigation will likely provide critical new knowledge
about the extensive networks of interactions mediated
by PGs in the GI tract including in¯ammatory bowel
disease (IBD), for which, in contrast to the ex juvantibus
criteria by which the bene®cial use of anti-in¯ammatory
drugs such as sulfosalazine suggests that eicosanoids
are relevant to IBD pathogenesis, it has not yet been
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demonstrated that excess synthesis of lipid mediators
plays a major role in establishing or maintaining the
disease condition. In addition to PGE2, the prostaglan-
din family of mediators in the GI tract includes PGI2,
PGF2a, and thromboxanes. To each of these compounds
have been attributed speci®c actions within various seg-
ments of the GI system. The response to each group of
PGs is determined not only by their structural speci®city
but also by the speci®c form of the receptors that are
expressed. Four major subtypes of prostaglandin recep-
tors, EP1ÿEP4, have been identi®ed to date, in addition
to a thromboxane receptor and a PGI2 receptor. The
tissue distribution and the intrinsic properties of these
G-protein-coupled receptors are under active investiga-
tion and selective agonists as well as antagonists are in
early or late stages of in vivo animal studies, clinical
trials, or clinical use (i.e., misoprostol, iloprost).

THE LIPOXYGENASE PATHWAYS:
LEUKOTRIENES AND LIPOXINS

Although the experience in GI clinical practice high-
lights the role of COX-derived prostanoids, other
families of eicosanoids, such as the LOX-derived LTs,
play a signi®cant role in modulating GI functions. Ele-
vated LTB4 levels, for example, are found in GI tissues
affected by in¯ammatory conditions and peptido-leuko-
trienes LTC4 and D4 are known to be among the most
potent stimuli causing intestinal smooth muscle con-
traction. Based on this evidence, inhibitors of the 5-
lipoxigenase enzyme, a common biosynthetic element
in LTB4, -C4, -D4, and -E4 synthesis, have been used in
an IBD clinical trial leading to improvement of symp-
toms and sigmoidoscopic appearance. In manner ana-
logous to PGs, many of the LT-induced responses are
mediated by speci®c G-protein-coupled receptors. Two
forms have been identi®ed thus far for both peptido-
leukotrienes (cys-LT1 and cys-LT2) and LTB4 (BLTR1
and BLTR2) and they are characterized by speci®c tissue
distributions. For example, cys-LT2 seems to be the
main receptor involved in peptido-leukotriene-induced
contraction of ileum smooth muscle cells and BLTR1
and BLTR2 are present on leukocytes and lymphocytes,
respectively. BLTR2 is of particular interest because of
its expression on T cells and its role in mediating the
immune-regulatory effects of HETEs and LTB4. The

activation of these signaling pathways and the resulting
interactions between immune competent cells and
in¯ammatory in®ltrates and the gastrointestinal tissues
are recognized as an increasingly important contribu-
tion to the pathophysiology of GI disorders and may
play an important role in IBD.

The interactions between leukocytes and lympho-
cytes and the intestinal mucosa cell components also
play a major role in eicosanoid production. In fact, it is
mostly via transcellular routes of biosynthesis that spe-
ci®c classes of AA-derived mediators are formed.
Among these, the LXs, a class of compound generally
endowed with anti-in¯ammatory/inhibitory effects ori-
ginated by sequential recruitment of multiple LOX
enzymes (three major LOX enzymes are expressed in
mammalian cells: 5-, 12-, and 15-LOX), have been the
subject of speci®c studies examining their gastrointest-
inal effects. Inhibition of neutrophil transmigration
across intestinal epithelial monolayers, inhibition of
pathogen-induced release of cytokines from the intest-
inal epithelium, and reduced severity and mortality in
an animal model of dextran sodium sulfate-induced
colitis are some of the GI-speci®c effects observed to
date. As with the previously described PGs and LTs, LX
speci®city is also based on the interaction with speci®c
G-protein-coupled receptors (ALXR, LXA4R).

See Also the Following Articles

Non-Steroidal Anti-In¯ammatory Drugs (NSAIDS) �NSAID-

Induced Injury

Further Reading

Eberhart, C. E., and DuBois, R. N. (1995). Eicosanoids and the

gastrointestinal tract. Gastroenterology 109, 285ÿ301.

Goetzl, E. J., An, S., and Smith, W. L. (1995). Speci®city of

expression and effects of eicosanoid mediators in normal

physiology and human diseases. FASEB J. 11, 1051ÿ1058.

Krause, W., and DuBois, R. N. (2000). Eicosanoids and the large

intestine. Prostaglandins Other Lipid Mediat. 61, 145ÿ161.

Jones, M. K., et al. (1999). Inhibition of angiogenesis by nonsteroidal

anti-in¯ammatory drugs: Insight into mechanisms and implica-

tions for cancer growth and ulcer healing. Nat. Med. 5,

1318ÿ1323.

Serhan, C. N., Haeggstrom, J. Z., and Leslie, C. C. (1996). Lipid

mediator networks in cell signaling: Update and impact of

cytokines. FASEB J. 10, 1147ÿ1158.

Vane, J. R., and Botting, R. M. (1998). Anti-in¯ammatory drugs and

their mechanism of action. In¯amm. Res. 47, S78ÿS87.

ARACHIDONIC ACID 113



Ascites

SHABANA F. PASHA AND PATRICK S. KAMATH

Mayo Clinic and Foundation

azotemia Elevation of blood urea nitrogen due to impaired

renal function.

BuddÿChiari syndrome Obstruction of the hepatic venous

out¯ow at the level of the large hepatic veins or the

suprahepatic or intrahepatic segment of the inferior vena

cava.

ChildÿPugh classi®cation Grouping based on determination

of hepatic functional reserve; a useful predictor of

surgical morbidity and mortality.

cirrhosis Advanced liver disease characterized by distorted

architecture secondary to hepatic ®brosis and regenera-

tive nodules.

constrictive pericarditis Fibrous scarring and noncompli-

ance of the pericardium that results from causes of

chronic pericarditis, including tuberculosis, malignancy,

or radiation.

hepatic hydrothorax Pleural effusion (more than 500 ml) in

patients with cirrhosis, in the absence of cardiopulmon-

ary or subdiaphragmatic pathology.

hepatojugular re¯ux Sustained increase in jugular venous

pressure elicited by compression of the abdomen in

patients with right heart failure.

hepatorenal syndrome Impaired renal function in the

presence of advanced liver disease.

Meig's syndrome Triad of benign ovarian ®broma with

ascites and right-sided pleural effusion.

myxedema Thyroid de®ciency in adults associated with skin

and soft tissue edema.

pseudomyxoma peritonii Metastatic peritoneal tumor that

results in gelatinous implants on the peritoneum.

pulsus paradoxicus Exaggerated decrease (greater than

20 mmHg) in inspiratory systolic blood pressure.

reninÿangiotensinÿaldosterone system Vasoactive system

that causes renal vasoconstriction and retention of

sodium and water.

spontaneous bacterial peritonitis Primary infection of ascitic

¯uid in patients with advanced liver disease.

venoocclusive disease Hepatic venous out¯ow obstruction

that occurs in patients undergoing bone marrow

transplantation, radiation therapy, liver transplantation,

or ingestion of alkaloid toxins; the result of occlusion of

hepatic sinusoids and small venules.

Ascites is de®ned as the excessive accumulation of ¯uid in

the peritoneal cavity. Cirrhosis is the most common cause

of ascites, followed by malignancy and cardiac failure.

Patients with advanced liver disease develop infections

of the ascitic ¯uid, a condition known as spontaneous

bacterial peritonitis. Moreover, these patients can

develop hepatorenal syndrome, a functional renal failure.

Finally, patients may have hepatic hydrothorax, which

involves symptomatic pleural effusions.

MALIGNANT ETIOLOGY

Cirrhosis is the cause of ascites in up to 80% of cases;
malignancy and cardiac failure are the causes in 10%
and 5%, respectively. Other causes account for fewer
than 5% of cases of ascites. About 5% of patients have
ascites due to more than one cause. Fifty percent of
cirrhotic patients eventually develop ascites; up to
10% of these have ascites refractory to treatment.
Ovarian cancer is the most common cause of malignant
ascites and accounts for almost 50% of cases of the dis-
ease. Occult malignancies account for 20% of cases of
malignant ascites and the remaining 30% of cases result
from pancreatic cancer, gastric cancer, colon cancer,
lung cancer, breast cancer, or lymphoma. The causes
of ascites are summarized in Table I.

PATHOGENESIS

Ascites in cirrhotic patients results from a combination
of portal hypertension and renal retention of sodium. As
a result of factors such as nitric oxide (NO), which are
present in excess in cirrhosis, there is splanchnic and
peripheral vasodilatation. This results in a decrease in
the effective arterial blood volume (EABV). In an
attempt to correct the EABV, there is stimulation of
the reninÿangiotensinÿaldosterone system (RAAS),
the sympathetic nervous system (SNS), and vasopressin.
These vasoactive systems work in concert to cause renal
retention of sodium and water, as well as renal vasocon-
striction. The result is an increase in plasma volume.
The excessive ¯uid retained is compartmentalized to the
peritoneal cavity as a result of portal hypertension,
which is an increase in pressure within the hepatic
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sinusoids. A hepatic sinusoid pressure greater than
12 mmHg is usually required for ascites to develop.

Malignant ascites results from exudation of ¯uid
from peritoneal carcinomatosis and occlusion of
diaphragmatic lymphatics, with impairment of perito-
neal ¯uid absorption. Tumor in®ltration in the liver,
leading to hepatic venous obstruction, is a less common
cause of malignant ascites. Ascites in patients with
hepatocellular carcinoma may be secondary to portal
hypertension or to portal vein thrombosis due to tumor.

Tuberculous peritonitis leads to exudation of pro-
teinaceous ¯uid into the peritoneal cavity, and resultant
ascites. Pancreatic ascites can be seen in both acute and
chronic pancreatitis and results from disruption of the
pancreatic duct and leakage of pancreatic secretions
into the peritoneum. Chylous ascites occurs from a lym-
phatic disruption as a result of trauma or malignant
obstruction of the lymphatic ducts.

PHYSICAL EXAMINATION

Normally there is less than 75ÿ100 ml of ¯uid in the
peritoneal cavity. Ascites can be detected by eliciting
shifting dullness when peritoneal ¯uid collection
exceeds 500 ml. Fluid wave is positive in the presence

of tense ascites; patients with tense ascites may also have
concomitant lower extremity edema. Ultrasonography,
which is frequently used to con®rm the diagnosis, can
detect as little as 100 ml of peritoneal ¯uid.

Peripheral stigmata of chronic liver disease, includ-
ing spider angiomata, palmar erythema, caput medusae,
gynecomastia, and testicular atrophy, may be seen when
ascites results from cirrhosis and portal hypertension.
Some patients may have generalized anasarca. The cir-
rhotic liver in patients with an advanced stage of disease
is usually shrunken and may not be palpable. The spleen
may be palpable following a therapeutic paracentesis.

Patients with congestive heart failure and ascites
have elevated jugular venous pressure, peripheral
edema, and presence of S3 or S4 (low-pitched sounds
detected using the stethoscope) on cardiac examination.
Constrictive pericarditis is characterized by presence of
pulsus paradoxicus, rapid X and Y descents of the jugu-
lar venous pulse, pericardial knock, and ascites out of
proportion to peripheral edema. The presence of hepa-
tojugular re¯ux con®rms a cardiac cause for the ascites.

DIFFERENTIAL DIAGNOSIS

Other etiologies of a distended abdomen, including
pregnancy, ovarian mass, gaseous distension from
bowel obstruction, and obesity, must be excluded in
a patient suspected to have ascites. On percussion of
the abdomen, ascites presents with ¯ank dullness,
whereas an ovarian mass typically presents with central
dullness and tympanitic ¯anks.

DIAGNOSIS

Abdominal paracentesis is the most rapid and cost-
effective method of diagnosing the etiology of ascites.
Paracentesis should be performed in all patients with
new-onset ascites and at the time of every hospital
admission in all patients with ascites. A low threshold
must be maintained for repeating the paracentesis,
because infection may present with only minimal symp-
toms. The only absolute contraindication to paracent-
esis is an uncooperative patient. Complications occur in
fewer than 1% of cases and include abdominal wall
hematomas. Serious complications such as hemoperi-
toneum and bowel perforation occur in less than 1 in
1000 paracenteses. Ascitic ¯uid analysis should include
total protein and albumin concentration, total and dif-
ferential cell count, and, in selected patients, gram stain,
bacterial culture, and cytology. The serum-ascitic ¯uid
albumin gradient, which is the difference between
the serum albumin and ascitic ¯uid albumin, has a

TABLE I Etiology of Ascites

Hepatic

Cirrhosis

BuddÿChiari syndrome

Liver metastases

Alcoholic hepatitis

Venoocclusive disease

Portal vein thrombosis

Cardiac

Congestive heart failure

Constrictive pericarditis

Right atrial myxoma

Malignant

Peritoneal carcinomatosis

Pseudomyxoma peritonii

Infectious

Tuberculous peritonitis

HIV infection

Renal

Nephrotic syndrome

Continuous ambulatory peritoneal dialysis

Other

Pancreatitis

Myxedema

Meig's syndrome

Lymphatic obstruction/disruption

Collagen vascular diseases

Protein-losing enteropathy
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sensitivity and speci®city of greater than 95% in differ-
entiating ascites secondary to portal hypertension from
other causes (Table II).

Other tests include ascitic ¯uid amylase, trigly-
ceride, glucose, and lactate dehydrogenase (LDH)
concentration. The nucleated cell count is less than
500 cells/mm3, with fewer than 250 neutrophils/mm3

in uninfected ascites secondary to portal hypertension.
Ascitic ¯uid cytology has a low sensitivity in the diag-
nosis of malignancy but is highly speci®c. Ascitic ¯uid
culture has a sensitivity of only 50% in the diagnosis of
tuberculous peritonitis. Chylous ascites is diagnosed
when ascitic ¯uid triglyceride concentrations are higher
than simultaneously drawn serum triglyceride concen-
trations. Grossly hemorrhagic ascites may occur in 22%
of cases of malignant ascites and in 50% of cases of
ascites secondary to metastatic hepatocellular carci-
noma. Hemorrhagic ascites due to malignancy is differ-
entiated from hemorrhage caused by a needle trauma
during paracentesis by the absence of clotting of the
sample in malignant ascites.

MANAGEMENT

The goal of the management of ascites is to maintain a
negative sodium balance. This is achieved with dietary
sodium restriction and the use of diuretics. Response to
dietary sodium restriction alone, manifesting as weight
loss of between 250 and 500 g/day and a decrease in
ascites, occurs in 10ÿ20% of patients. Most patients
with ascites can be managed with dietary sodium restric-
tion (90 mEq/day) along with use of a diuretic. Spiro-
nolactone is the diuretic of choice administered as a
single dose. The initial dose is 50 mg/day and can be
increased to a maximum dose of 400 mg/day as toler-
ated. Weight loss should not exceed 0.5ÿ0.75 kg/day
in patients without pedal edema, because this can lead
to intravascular volume depletion and azotemia.

Furosemide can be used in combination with spirono-
lactone, but is associated with a greater likelihood of
azotemia. The metabolic alkalosis and hypokalemia
induced by excessive diuretic use may be associated
with precipitation or worsening of hepatic encephalo-
pathy.

REFRACTORY ASCITES

Most patients with ascites that is dif®cult to manage are
noncompliant with their sodium restriction. A 24-hour
urine sodium in excess of the restriction, in the presence
of increasing ascites, indicates noncompliance. Refrac-
tory ascites includes diuretic-resistant ascites and
diuretic-intractable ascites. Diuretic-resistant ascites
is de®ned as ascites that cannot be managed with dietary
sodium restriction and intensive diuretic use of spiro-
nolactone (400 mg/day) and furosemide (160 mg/day)
for at least 1 week, or ascites that reaccumulates early
despite this treatment regime. Diuretic-intractable
ascites is de®ned as ascites that cannot be treated or
that recurs as a result of inability to use an adequate
diuretic regime due to diuretic-induced complications.

The mortality rates for patients with refractory
ascites exceed 50% in 1 year and 80% in 2 years.
Most patients with refractory ascites belong to Child
class C. Medications that inhibit prostaglandin synth-
esis, such as nonsteroidal antiin¯ammatory drugs
(NSAIDs), worsen renal function in patients with ascites
and should not be used.

HEPATORENAL SYNDROME

Hepatorenal syndrome is the presence of impaired renal
function as demonstrated by a glomerular ®ltration rate
below 40 ml/minute or a serum creatinine>1.5 mg/dl in
the presence of advanced liver disease and portal hyper-
tension. Shock, bacterial sepsis, nephrotoxic agents,
¯uid loss, or excessive diuretic use should be excluded
before the diagnosis is made. Patients with hepatorenal
syndrome have proteinuria 5500 mg/day with normal
renal structure on light microscopy. Hepatorenal syn-
drome is of two types. In type 1 hepatorenal syndrome,
there is a rapid progression in renal dysfunction, with
the creatinine reaching a level >2.5 mg/dl or the crea-
tinine clearance decreasing to 520 ml/minute in a per-
iod of less than 2 weeks. The progression in renal
dysfunction is more gradual in type 2 hepatorenal
syndrome. Type 1 hepatorenal syndrome is probably
a more advanced stage of type 2 hepatorenal syndrome.
Type 1 hepatorenal syndrome is seen predominantly in
patients with alcoholic hepatitis and in patients with
spontaneous bacterial peritonitis or other infections.

TABLE II Serum and Ascitic Fluid Albumin Gradient

Cause of ascites

Gradient

Ascitic ¯uid total

protein52.5 g/dl

Ascitic ¯uid total

protein42.5 g/dl

>1.1 Cirrhosis Congestive heart failure

Fulminant hepatic

failure

Constrictive pericarditis

BuddÿChiari syndrome

Venoocclusive disease

51.1 Nephrotic syndrome Peritoneal carcinomatosis

Myxedema Tuberculous peritonitis

Pancreatic ascites

Chylous ascites
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On the other hand, type 2 hepatorenal syndrome pre-
sents predominantly with refractory ascites.

The initial step in the approach to a patient sus-
pected to have hepatorenal syndrome is to demonstrate
a reduction in glomerular ®ltration rate or worsening in
renal function by measuring serum creatinine or crea-
tinine clearance. The next step is to rule out other causes
of renal dysfunction. The fractional excretion of sodium
helps in these cases, with a fractional excretion of
sodium of 51.0 being seen in prerenal azotemia, hepa-
torenal syndrome, and glomerulonephritis. In glomeru-
lonephritis, the urine sediment is grossly abnormal,
whereas in prerenal azotemia, renal function improves
with volume expansion. It must be emphasized that in
the presence of aggressive use of diuretics, the fractional
excretion of sodium can be>1.0, even when the under-
lying diagnosis is hepatorenal syndrome.

MANAGEMENT OF REFRACTORY
ASCITES AND HEPATORENAL
SYNDROME

Therapeutic Paracentesis

Refractory ascites can be managed with repeated
large-volume paracentesis. However, removal of
excessive peritoneal ¯uid can result in decreased effec-
tive intravascular volume, with decreased pulmonary
capillary wedge pressure and atrial natriuretic peptide
levels, and increased reninÿangiotensinÿaldosterone
activity, the so-called postparacentesis circulatory dys-
function. Therefore, 6ÿ8 grams of albumin should be
infused intravenously for every liter of ascitic ¯uid that
is removed to counteract this circulatory dysfunction.
Patients undergoing large-volume paracenteses have
been shown to have a higher response rate, shorter hos-
pital stay, and fewer complications, with similar survival
as compared to patients treated with diuretics.

Peritoneovenous Shunt

The LeVeen shunt is a subcutaneous peritoneove-
nous shunt placed between the superior vena cava and
peritoneum via the internal jugular vein. It has no ben-
e®t in the reduction of mortality or complication rate as
compared to patients undergoing repeated paracenteses
for the treatment of refractory ascites. Complications
include catheter infection, thrombosis, occlusion, and
low-grade disseminated intravascular coagulation. Peri-
toneovenous shunts are currently seldom used because
the alternative of transjugular intrahepatic portosyste-
mic shunts is available for patients who fail paracentesis
therapy.

Transjugular Intrahepatic Portosystemic Shunt

The transjugular intrahepatic portosystemic shunt
(TIPS), placed by interventional radiologists, has largely
replaced surgical shunts in the management of refrac-
tory ascites. The TIPS is effective in reducing activity of
the reninÿangiotensinÿaldosterone system and hence
leads to diuresis and natriuresis. Relatively normal renal
function is required for a TIPS procedure to be effective
in reducing ascites. The TIPS has been shown to be more
effective than paracentesis in the treatment of ascites,
but without a signi®cant survival bene®t and at
increased costs. Small studies suggest a potential bene®t
of using the TIPS for type 1 hepatorenal syndrome, but
the results may be in¯uenced by patient selection.
Important predictors of survival after a TIPS procedure
include etiology of liver disease, prothrombin time,
serum bilirubin, and serum creatinine. Complications
include a high incidence of encephalopathy and shunt
stenosis. The recommended indication for the TIPS in
the management of refractory ascites is for patients who
have an unsatisfactory response to paracentesis.

Surgical Portosystemic Shunts

Creating a side-to-side anastomosis between the
portal vein and inferior vena cava leads to a reduction
in portal pressure, natriuresis, diuresis, and relief of
ascites. However, the high rates of mortality and com-
plications from the procedure have led to the abandon-
ment of the procedure for refractory ascites.

Orthotopic Liver Transplantation

Liver transplant is the only therapy for refractory
ascites and hepatorenal syndrome associated with an
improvement in long-term survival.

Summary

In summary, treatment of type 1 hepatorenal
syndrome involves treatment of the underlying sepsis.
A few studies have shown the bene®t of using volume
expansion with albumin in association with splanchnic
vasoconstrictor agents such as terlipressin or mido-
drine, octreatide, or norepinephrine. The treatment of
type 2 hepatorenal syndrome, which in effect is treat-
ment of refractory ascites, is with large-volume para-
centesis and, if this fails, transjugular intrahepatic
portosystemic shunts. The role of a TIPS in the treat-
ment of type 1 hepatorenal syndrome is not established.
Liver transplantation is the only treatment option asso-
ciated with long-term improvement in survival in
patients with hepatorenal syndrome.
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SPONTANEOUS BACTERIAL
PERITONITIS

Ascitic ¯uid paracentesis should be carried out in all
patients with new-onset ascites, at the time of hospital
admission, and in patients with fever, abdominal pain,
worsening encephalopathy, or renal insuf®ciency. An
ascitic ¯uid absolute neutrophil count of �250/mm3

(neutrocytic ascites) is required for the diagnosis of
spontaneous bacterial peritonitis (SBP). The ascitic
¯uid protein concentration is usually less than 1 g/dl.
Most common organisms seen in SBP include Escher-
ichia coli, Streptococcus pneumoniae, and Klebsiella pneu-
moniae. Diagnostic yield of ascitic culture is increased if
ascitic ¯uid is inoculated into blood culture bottles
immediately on paracentesis. Secondary bacterial peri-
tonitis is polymicrobial, as opposed to monomicrobial
SBP. SBP is characterized by a very low bacterial count
and thus gram stain carries a sensitivity of 10% or lower
in the diagnosis of spontaneous bacterial peritonitis.
Secondary bacterial peritonitis should be suspected if
ascitic ¯uid protein is more than 1 g/dl, glucose is less
than 50 mg/dl, and ascitic ¯uid LDH is greater than
serum LDH. The antibiotic of choice for the treatment
of SBP is a third-generation cephalosporin, usually cefo-
taxime. Response to treatment is determined by demon-
strating a reduction in the ascitic ¯uid neutrophil count
of greater than 25%. Patients who have experienced
even one episode of SBP should be treated inde®nitely
with quinolones such as nor¯oxacin to prevent subse-
quent episodes. The only other indication for antibiotic
prophylaxis is in the patient with cirrhosis who has
acute gastrointestinal bleeding, for which nor¯oxacin
is given for up to 7 days. SBP is associated with a 1-year
survival of between 40 and 70%, and consequently
all patients with SBP should be evaluated for liver
transplantation.

HEPATIC HYDROTHORAX

Hepatic hydrothorax is de®ned as pleural effusions
>500 ml in patients with cirrhosis of the liver in the
absence of cardiopulmonary or subdiaphragmatic
pathology. The pathophysiology of hepatic hydrothorax
is similar to the pathophysiology of ascites. In fact, it is
ascitic ¯uid that moves from the peritoneal cavity into
the pleural space through diaphragmatic defects.
Because intrathoracic pressure is negative, this favors
movement of ¯uid into the thoracic space. Thus,
patients may have hepatic hydrothorax even in the
absence of ascites. The right pleural space is more
commonly involved. Similar to patients with ascites,
patients with hepatic hydrothorax can have sponta-

neous bacterial infection of the ¯uid that results in
spontaneous bacterial empyema.

Patients with hepatic hydrothorax have advanced
liver disease and are usually candidates for liver
transplantation. Therapy in such patients is directed
at relieving symptoms and preventing pulmonary com-
plications until such time that a liver transplant can be
carried out. The initial management is with sodium
restriction and diuretics, similar to the management
of patients with ascites. Therapeutic thoracocentesis
is carried out to relieve symptoms of dyspnea. Pleuro-
desis and chest tube placement should be avoided at
all costs. If sodium restriction and diuretics fail, then
transjugular intrahepatic portosystemic shunts can be
placed. These shunts are usually effective in preventing
the accumulation of ¯uid in the pleural space.

MANAGEMENT OF
MALIGNANT ASCITES

Diuretics are not effective in the treatment of malignant
ascites. Therapeutic paracenteses may be employed to
alleviate pressure symptoms related to large-volume
ascites. Peritoneovenous shunts have occasionally
been placed in patients with malignant ascites and
may have a role in treating patients with a life expec-
tancy greater than a few months. There is no evidence to
support the theory of widespread metastases due to
dissemination of malignant cells via the shunt, leading
to decreased survival rates.

See Also the Following Articles

Alcoholic Liver Injury, Hepatic Manifestations of �
BuddÿChiari Syndrome � Cirrhosis � Fulminant Hepatic

Failure � Hepatorenal Syndrome � Portal Hypertension and
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Atrophic Gastritis
ERNST J. KUIPERS

Erasmus MC University Medical Center, Rotterdam, The Netherlands

atrophic gastritis Loss of the glandular structures and a

collapse of the reticulin skeleton of the gastric mucosa,

with thinning of the glandular layer of the mucosa and

replacement of glands by ®brosis and sometimes by

intestinal-type cells.

chronic active gastritis Condition of chronic in¯ammation

of the gastric mucosa associated with neutrophilic

in®ltration.

Helicobacter pylori Gram-negative rod-shaped bacterium

that is able colonize the human gastric mucosa and

induce chronic active gastritis.

intestinal metaplasia Condition in which the intestinal cells

in the gastric mucosa become metaplastic.

The anatomy and function of the gastric mucosa remain

unchanged throughout life, but can be disturbed by the

occurrence of chronic active gastritis. Although this can

be due to a variety of conditions, the most common cause

is colonization with Helicobacter pylori. In a considerable

proportion of affected subjects, chronic active gastritis

leads to a loss of the glandular structures and a collapse

of the reticulin skeleton of the mucosa, a condition called

atrophic gastritis. As a result, the glandular layer of the

mucosa becomes thinner and glands are replaced by ®bro-

sis and sometimes by intestinal-type cells. This intestinal

metaplasia may resemble either small bowel mucosa with

sialomucin-containing goblet cells or colonic mucosa with

sulfomucin-containing columnar cells, or a mixture

of both.

INTRODUCTION

The exact mechanisms by which in¯ammation leads to
atrophic gastritis and intestinal metaplasia are still

unknown, but toxic bacterial and in¯ammatory prod-
ucts, dysregulated cell turnover, and autoimmunity may
all play a role. In those with Helicobacter pylori gastritis,
H. pylori eradication may halt the process, or even lead
to a partial regression of atrophic gastritis. The risk for
atrophic gastritis in subjects with chronic active gastritis
particularly depends on the severity and distribution of
in¯ammation.

SYMPTOMS

Chronic active gastritis and atrophic gastritis are mostly
symptomless conditions, although some H. pylori-
positive subjects may suffer from dyspepsia and may
possibly bene®t from H. pylori eradication. Subjects
with severe atrophic gastritis of the corpus mucosa
may ultimately develop megaloblastic anemia or myelo-
pathy; these signs of vitamin B12 de®ciency are due to
impaired vitamin uptake as a result of insuf®cient intrin-
sic factor secretion and reduced peptic digestion of
foodÿB12 complexes.

DIAGNOSIS

Atrophic gastritis is usually diagnosed by means of
microscopic evaluation of gastric biopsy specimens
obtained during endoscopy. Endoscopy without biopsy
sampling is insuf®cient to diagnose or rule out atrophic
gastritis. The demonstration of reduced basal and sti-
mulated gastric acid output may support a diagnosis of
atrophic gastritis, but this test is not routinely used.
Serum pepsinogen and gastrin levels can also help to
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diagnose atrophic gastritis, in particular for the purpose
of population screening. A diagnosis of chronic active
gastritis is then usually based on a positive serology for
H. pylori, and a diagnosis of atrophic gastritis is based on
a combination of increased serum gastrin levels and
decreased serum pepsinogen levels, in particular a
decrease of the serum pepsinogen I/pepsinogen II ratio.

ASSOCIATION WITH
GASTRIC CANCER

The major clinical importance of atrophic gastritis is the
increased risk for the intestinal type of gastric cancer.
This risk may be elevated up to 90-fold in subjects with
severe atrophic gastritis throughout the entire stomach.
The annual incidence of gastric cancer among patients
with atrophic gastritis is estimated to be between 0.3
and 1.0%.

Different factors may play a role in the increased
risk for gastric cancer. Among these are the persistently
increased cell turnover in atrophic mucosa, the
increased mutagenesis caused by higher levels of nitrite
and decreased levels of ascorbic acid in the gastric juice,
and the lack of acid secretion, leading to decreased

clearance of cells from newly arising carcinoma in situ
microlesions.

See Also the Following Articles

Gastritis � Helicobacter pylori

Further Reading

Dixon, M. F., Genta, R. M., Yardley, J. H., and Correa, P. (1996).

Classi®cation and grading of gastritis. The updated Sydney

system. Am. J. Surg. Pathol. 20, 1161ÿ1181.

Kuipers, E. J. (1998). Review article: Relationship between

Helicobacter pylori, atrophic gastritis and gastric cancer. Aliment.

Pharmacol. Ther. 12(Suppl. 1), 25ÿ36.

Kuipers, E. J., Uyterlinde, A. M., PenÄ a, A. S., Roosendaal, R., Pals, G,

Nelis, G. F., Festen, H. P. M., and Meuwissen, S. G. M. (1995).

Long-term sequelae of Helicobacter pylori gastritis. Lancet 345,

1525ÿ1528.

Offerhaus, G. J. A., Price, A. B., Haot, J., ten Kate, F. W. J., Sipponen,

P., Fiocca, R., Stolte, M., and Dixon, M. F. (1999). Observer

agreement on the grading of gastric atrophy. Histopathology 34,

320ÿ325.

Sung, J. J., Lin, S. R., Ching, J. Y., Zhou, L. Y., To, K. F., Wang, R. T.,

Leung, W. K., Ng, E. K., Lau, J. Y., Lee, Y. T., Yeung, C. K.,

Chao, W., and Chung, S. C. (2000). Atrophy and intestinal

metaplasia one year after cure of H. pylori infection: A

prospective, randomized study. Gastroenterology 119, 7ÿ14.

120 ATROPHIC GASTRITIS



Autoimmune Liver Disease

ALBERT J. CZAJA

Mayo Clinic and Foundation

autoimmune hepatitis Self-perpetuated liver in¯ammation

of unknown cause associated with autoantibodies,

increased serum gamma globulin level, interface hepa-

titis on histological examination, and responsiveness to

corticosteroid therapy.

bridging necrosis Histological pattern of severe liver

in¯ammation in which the in¯ammatory in®ltrate and

evidence of hepatocyte damage extend from portal tract

to portal tract or portal tract to central vein.

interface hepatitis The sine qua non for the histological

diagnosis of autoimmune hepatitis involves disruption of

the limiting plate of the portal tract with extension of

a mononuclear, frequently plasmacytic, in®ltrate into

acinar tissue in association with evidence of hepatocyte

damage.

multiacinar necrosis Histological pattern of severe liver

in¯ammation in which the in¯ammatory in®ltrate and

evidence of hepatocyte damage extend across and

collapse lobules of liver tissue.

primary biliary cirrhosis Autoimmune liver disease char-

acterized by antimitochondrial antibodies, cholestatic

laboratory indices, and histological features of bile duct

injury, including destructive or granulomatous cholan-

gitis (`̀ ¯orid duct lesions'').

primary sclerosing cholangitis Autoimmune liver disease,

frequently associated with in¯ammatory bowel disease,

that is characterized by cholangiographic changes of bile

duct narrowing, cholestatic laboratory indices, and

histological features of bile duct injury or biliary

obstruction.

relapse Recrudescence of clinical, biochemical, and histolo-

gical activity after discontinuation of corticosteroid

therapy following induction of remission.

remission Disappearance of symptoms, improvement in

serum aspartate aminotransferase activity to normal or

less than twice normal, normal serum bilirubin and

gamma globulin levels, and histological resolution to

normal or near normal.

treatment failure Worsening of symptoms, laboratory

indices of liver in¯ammation, and/or histological features

despite compliance with therapy.

variant Lack of classical features of a single disease.

Autoimmune hepatitis is a self-perpetuated in¯ammation

of the liver of unknown cause; it is characterized by inter-

face hepatitis on histological examination, hypergamma-

globulinemia, autoantibodies, and responsiveness to

corticosteroid therapy. There are no pathognomonic fea-

tures, and the diagnosis requires exclusion of virus-

related, drug-induced, and hereditary conditions that

may resemble it.

PREVALENCE

In the United States, 100,000ÿ200,000 persons have
autoimmune hepatitis and the condition accounts for
5.9% of the liver transplantations. The incidence of
autoimmune hepatitis among Caucasian Northern Eur-
opeans is 1.9 per 100,000 population and its point pre-
valence is 16.9 per 100,000 population. Women have a
threefold greater incidence of the disease compared to
men, and the disease occurs in all age groups, in diverse
ethnic populations, and in far-¯ung geographic regions.

DIAGNOSIS

The diagnostic criteria for autoimmune hepatitis have
been codi®ed by an international panel. An acute, occa-
sionally fulminant, presentation has been recognized,
and the requirement for 6 months of disease activity to
establish chronicity has been waived. Cholestatic bio-
chemical changes and histological features of bile duct
destruction dissuade the diagnosis, whereas viral infec-
tion or drug-induced injury precludes it.

Clinical Criteria

The de®nite diagnosis requires a normal a1-anti-
trypsin phenotype; normal serum ceruloplasmin,
iron, and ferritin levels; absence of markers of active
hepatitis A, B, and C virus infection; daily alcohol intake
of less than 25 g; no recent exposure to hepatotoxic
drugs; predominant serum aminotransferase abnormal-
ity; serum globulin, gamma globulin, or immunoglobu-
lin G levels of at least 1.5 times the upper limit of normal;
presence of antinuclear antibodies (ANAs), smooth
muscle antibodies (SMAs), or antibodies to liver/kidney
microsome type 1 (anti-LKM1) in titers �1 : 80;
absence of antimitochondrial antibodies (AMAs); at
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least moderate to severe interface hepatitis on histolo-
gical examination; and no histological evidence of bili-
ary lesions, granulomas, or other prominent changes
suggestive of another disease.

The probable diagnosis is justi®ed by partiala1-anti-
trypsin de®ciency; nonspeci®c abnormalities in serum
ceruloplasmin, iron, and ferritin levels; alcohol intake of
up to 50 g/day; low-level hypergammaglobulinemia;
and low titers (51 : 80) of ANA, SMA, or anti-LKM1,
or the presence of other autoantibodies, including anti-
bodies to soluble liver antigen/liver pancreas (anti-SLA /
LP), asialoglycoprotein receptor (anti-ASGPR), actin
(anti-actin), neutrophil cytoplasm (perinuclear anti-
neutrophil cytoplasm antibodies, pANCAs), or liver
cytosol type 1 (anti-LC1). Moderate to severe interface
hepatitis must be present in the liver tissue, and promi-
nent biliary lesions, granulomas, or features suggesting
another diagnosis must be absent.

Scoring Criteria

A scoring system has been promulgated by the Inter-
national Autoimmune Hepatitis Group to quantify the
strength of the diagnosis, prevent isolated inconsistent
®ndings from discounting the disease, and ensure the
homogeneity of patient populations in clinical reports
and treatment trials (Table I). The score based on pre-
treatment features can be upgraded or downgraded by
the response to treatment. The sensitivity of the scoring
system for de®nite autoimmune hepatitis ranges from
97 to 100%, and its speci®city for excluding the disease

in patients with chronic hepatitis C ranges from 66 to
92%. Its major weakness has been in discounting chole-
static syndromes with autoimmune features. In most
instances, the scoring system is unnecessary for diag-
nosis, and its major value may be in the objective assess-
ment of variant or atypical syndromes.

TYPES

Three types of autoimmune hepatitis have been pro-
posed based on their autoantibody pro®les. This sub-
classi®cation has not been established because the
various types do not have different etiologies, outcomes,
or treatment requirements.

Type 1 Autoimmune Hepatitis

Type 1 autoimmune hepatitis is the most common
form of autoimmune hepatitis worldwide, affecting at
least 80% of all patients. ANAs and /or SMAs are its
serological hallmarks. Concurrent immune diseases,
especially autoimmune thyroiditis, are present in 38%
of patients, and cirrhosis is established at presentation in
25% of patients. The target autoantigen is unknown.

Type 2 Autoimmune Hepatitis

Type 2 autoimmune hepatitis is characterized by
anti-LKM1. It affects mainly children from ages 2 to
14 years, and it can occur in the autoimmune
polyendocrinopathy-candidiasis-ectodermal dystrophy

TABLE I Scoring Criteria for De®nite and Probable Diagnoses of Autoimmune Hepatitisa,b

Feature Score Feature Score

Female �2 Hepatotoxic drug exposure ÿ4

AP : AST ratio No drug or toxin exposure �1

Low ratio (51.5) �2 Average alcohol 525 g /day �2

High ratio AP (43.0) ÿ2 Average alcohol >60 g /day ÿ2

Globulin, gamma globulin, or

immunoglobulin G level

Interface hepatitis �3

High level (42 ULN) �3

Lymphoplasmacytic in®ltrate �1

Moderate level (1.5ÿ2 ULN) �2

Rosette formation �1

Mild level (1ÿ1.5 ULN) �1

No typical histologic features ÿ5

Autoantibodies (conventional)

Biliary changes ÿ3

Titer > 1 : 80 �3

Other features (fat, granulomas) ÿ3

Titer 1 : 80 �2

Concurrent immune disease �2

Titer 1 : 40 �1

Other autoantibodies �2

Antimitochondrial antibodies ÿ4

HLA DR3 or DR4 �1

Active hepatitis A, B, or C ÿ3

Response to corticosteroids �2

Absent hepatitis markers �3

Relapse after drug withdrawal �3

a Abbreviations: AP, alkaline phosphatase; AST, aspartate aminotransferase; ULN, upper limit of normal; HLA, human leukocyte antigen.
b Diagnostic scores pretreatment, de®nite, >15; probable, 10ÿ15; diagnostic scores posttreatment, de®nite, >17; probable, 12ÿ17.
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(APECED). The disease is most common in Germany
and France, where 20% of patients are adults. The target
autoantigen is the cytochrome monooxygenase, CYP
2D6. Concurrent immune diseases include insulin-
dependent diabetes mellitus, autoimmune thyroiditis,
and vitiligo.

Type 3 Autoimmune Hepatitis

Type 3 autoimmune hepatitis is characterized by the
presence of anti-SLA /LP. The target autoantigen may be
a transfer ribonucleoprotein complex involved in the
incorporation of selenocysteine into polypeptide
chains. The clinical features and outcome are indistin-
guishable from type 1 autoimmune hepatitis.

PATHOGENESIS

Loss of Self-Tolerance

The negative selection of autoreactive immunocytes
within the thymus can be defective during ontogeny.
Polymorphisms in autoimmune regulator genes can
enhance this defect. Molecular mimicry between foreign
and self-antigens can result in cross-reactive immuno-
logical responses. Autoimmunity induced against one
self-antigen can spread via intermolecular epitope
mimicry to other homologous self-antigens and to ana-
tomically distant tissue sites. The degree of antigenic
homologies, the antigenic dose, and the genetic predis-
position of the host determine the risk of disease.

Genetic Predisposition

The risk factors for type 1 autoimmune hepatitis in
Caucasian North Americans and Northern Europeans
are human leukocyte antigens (HLAs) HLA DR3 and
HLA DR4. HLA DR3 is associated with early age-
onset disease and a higher frequency of treatment failure
and requirement for liver transplantation, compared to
HLA DR4. In contrast, HLA DR4 is associated with late
age onset, responsiveness to corticosteroid therapy, and
frequent concurrent immune diseases.

The principal susceptibility allele of type 1 autoim-
mune hepatitis is DRB1*0301, and the secondary and
independent susceptibility allele is DRB1*0401. Each
allele encodes an identical six-amino-acid sequence
(LLEQKR) between positions 67 and 72 on the DRb
polypeptide chain of the class II molecule of the major
histocompatibility complex (MHC). A lysine residue (K)
at position DRb71 is the critical contact point between
the antigenic peptide, class II MHC molecule, and T cell
antigen receptor of the CD4 T helper cell. It may be the
principal single determinant of susceptibility.

Other HLA DR4 alleles affect susceptibility in dif-
ferent ethnic groups, but they each encode an amino
acid of charge and structure similar to that of lysine at
position DRb71. The principal susceptibility allele in
Mestizo Mexicans is DRB1*0404, and it is DRB1*0405
in Japanese and Argentine adult patients. The principal
susceptibility allele among Argentine children and Bra-
zilian patients is DRB1*1301, which may predispose to
protracted infection with hepatitis A virus and pro-
longed exposure to hepatic self-antigens.

Polymorphisms of disease-nonspeci®c autoimmune
promoters may act in synergy with the principal risk
factors to affect disease susceptibility and outcome.
Among Caucasian North Americans and Northern Eur-
opeans, polymorphisms of the tumor necrosis factor-a
gene (TNFA*2), at position ÿ308, and the cytotoxic T
lymphocyte antigen-4 gene (CTLA-4) are associated
with the risk of disease.

Cytodestructive Mechanisms

The principal effectors of liver cell destruction
are antigen-speci®c clones of liver-in®ltrating CD8
cytotoxic lymphocytes, the differentiation of which
is modulated by type 1 cytokines, including interleu-
kin-2, interferon g, and tumor necrosis factor a. Anti-
body-dependent cell-mediated cytotoxicity is also
involved under the mediation of type 2 cytokines, espe-
cially interleukin-10, and antigenÿantibody complexes
on the hepatocyte surface can attract natural killer cells
that destroy the cell.

TREATMENT

Indications

Symptoms of fatigue, myalgia, and /or jaundice;
serum (asparate aminotransferase, AST) levels of at
least 10-fold normal or at least 5-fold normal in con-
junction with serum gamma globulin levels of at least
twice normal; and the presence of moderate to severe
interface hepatitis, bridging necrosis, or multilobular
necrosis on histological assessment are absolute indica-
tions for treatment. Less severe indices of disease activ-
ity are relative indications for treatment, and inactive
disease does not require therapy.

Schedules

Regimens based on prednisone alone or a lower dose
of prednisone in combination with azathioprine are
equally effective and superior to no therapy or nonster-
oidal schedules in managing all forms of autoimmune
hepatitis (Table II).
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End Points

Treatment should be continued until disappearance
of symptoms; normal or near normal serum AST, bilir-
ubin, and gamma globulin levels; and inactive or mini-
mally active histological ®ndings. The average duration
of treatment until remission in severe disease is 22
months. Therapy should then be withdrawn in a tapered
fashion over a 6-week period while serum AST, biliru-
bin, and gamma globulin levels are monitored for
relapse (Table II). Deterioration despite compliance
with therapy (treatment failure) and drug intolerance
are other end points of standard therapy.

TREATMENT FAILURE

Worsening symptoms, an increase in the serum AST
and/or bilirubin levels by 67% of pretreatment values,
and/or histological progression to bridging necrosis
or multiacinar collapse indicate treatment failure.
The management strategy must be modi®ed by increas-
ing the doses of medication or proceeding to liver
transplantation.

Drugs

The dose of prednisone is increased to 60 mg daily if
it is the sole drug or to 30 mg daily if it is combined with
azathioprine. The dose of azathioprine is increased to
150 mg daily. The prednisone dose is then reduced by
10 mg and the azathioprine dose is reduced by 50 mg
after each month of improvement until conventional
maintenance levels are reached.

Liver Transplantation

Manifestations of decompensation despite therapy
compel liver transplantation. Patient and graft survival
rates after liver transplantation for autoimmune hepa-
titis range from 83 to 92%, and the actuarial 10-year

survival is 75%. Autoimmune hepatitis recurs in 17% of
patients, especially in those who are receiving inade-
quate immunosuppression, but it is usually managed
satisfactorily by adjustments in the immunosuppressive
regimen.

RELAPSE

Recrudescence of symptoms, increase in the serum AST
level to more than threefold normal, and/or histological
features of interface hepatitis after corticosteroid with-
drawal connote relapse of the disease and the need for
retreatment. Reapplication of the original treatment
schedule reliably induces remission, but another relapse
is common after drug withdrawal. Long-term mainte-
nance schedules based on low-dose prednisone alone
(less than 10 mg daily) or azathioprine alone (2 mg per
kg daily) are effective inde®nite management strategies
after multiple relapses following conventional treat-
ment and withdrawal.

PROMISING TREATMENTS

Drugs

Anecdotal successes with cyclosporine (5ÿ6 mg per
kg daily), tacrolimus (3 mg twice daily), mycophenolate
mofetil (1 g twice daily), and 6-mercaptopurine (1.5 mg
per kg daily) have been reported in the treatment of
small numbers of patients recalcitrant to conventional
corticosteroid therapies. Rigorous clinical trials are
necessary to establish fully their bene®tÿrisk ratios
and their superiority to prednisone and azathioprine.

Site-Speci®c Interventions

Treatments based on targeted interruptions of the
critical pathogenic pathways are the hopes for the
future. These would include (1) peptides that could
compete with self-antigens for the antigen-binding

TABLE II Treatment Regimens in Autoimmune Hepatitis

Starting treatment dose (mg/day) Withdrawing treatment dose (mg /day)

Week Prednisone only Prednisone Azathioprine Prednisone only Prednisone Azathioprine

1 60 30 50 15 7.5 50

2 40 20 50 10 7.5 50

3 30 15 50 5 5 50

4 30 15 50 5 5 25

5 20 10 50 2.5 2.5 25

6 Fixed daily doses thereafter 2.5 2.5 25

7 Maintenance until end point None None None
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groove of class II MHC molecules, (2) soluble cytotoxic
lymphocyte antigen-4, which could dampen immuno-
cyte activation, (3) T cell vaccines that could protect
against clonal expansion of antigen-sensitized, liver-
in®ltrating CD8 cytotoxic T cells, (4) oral tolerance
programs that could induce CD4 T helper cell anergy
or apoptosis, (5) cytokine antibodies or recombinant
products that could modulate the cytokine pro®le,
and (6) gene therapies that could deliver regenerative
growth factors and/or counterbalance polymorphic
genes promoting immune reactivity.

VARIANT FORMS

Variant forms are conditions in which the classical fea-
tures of autoimmune hepatitis are intermixed with fea-
tures of primary biliary cirrhosis, primary sclerosing
cholangitis, or chronic viral hepatitis. Eighteen percent
of patients with autoimmune liver disease can be reclas-
si®ed as having variant syndromes. Treatment is empiric
and based on the predominant manifestations of the
disease. Corticosteroids are used in the treatment of
patients with serum alkaline phosphatase levels of
less than twofold normal. Ursodeoxycholic acid alone
or in combination with corticosteroids is appropriate for
patients with pruritus and/or higher serum alkaline
phosphatase levels. Patients with chronic viral hepatitis
and autoimmune features must be distinguished from
patients with autoimmune hepatitis and coincidental
viral infection, because antiviral or immunosuppressive
drugs are treatment options.
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Autonomic Innervation
JACKIE D. WOOD
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ganglia Clusters of nerve cell bodies outside the central

nervous system.

postganglionic neuron A ganglionic neuron that receives

synaptic input from the central nervous system and

sends its axon to innervate peripheral organs.

preganglionic neuron A neuron that projects from the brain

or spinal cord to form synapses with neurons in ganglia.

Innervation of the digestive tract by the autonomic ner-

vous system (ANS) automatically controls contractile

behavior of the musculature, secretion and absorption

across the mucosal lining, and blood ¯ow inside the

walls of the esophagus, stomach, intestines, and gallblad-

der. Autonomic control is ongoing and normally occurs

below the level of conscious perception. Depending on the

kind of neurotransmitter released, ANS motor neurons

may evoke muscle contraction or actively inhibit contrac-

tion. Secretion of water, electrolytes, and mucus into the

lumen and absorption from the lumen are determined by

motor neurons of the ANS innervation. The amount of

blood ¯ow and the distribution of ¯ow between the mus-

cle layers and mucosa are also controlled by ANS nervous

activity.

AUTONOMIC INTEGRATIVE CENTERS

Autonomic integrative centers are positioned both in
the central nervous system (CNS) and in peripheral
locations. The autonomic nervous system (ANS) control
centers are hierarchically structured with ®ve basic
levels of integrative organization that can be identi®ed
(Fig. 1). Level 5 is the enteric nervous system (ENS),
which behaves like a local `̀ minibrain'' within the gut
itself. The next higher level of integrative organization is
in the prevertebral ganglia of the sympathetic division of
the ANS. Levels 1, 2, and 3 are within the CNS. Sympa-
thetic and parasympathetic divisions of the ANS trans-
mit signals to the digestive tract. The signals originate in
central parasympathetic and sympathetic centers repre-
sented by Levels 2 and 3 in the medulla oblongata
(Fig. 1). The nerves that carry the out¯ow from these
medullary centers are the ®nal common pathways out of
the CNS en route to the gut. Level 1 includes higher

brain centers that provide input for integrative functions
at Levels 2 and 3. The peripheral ANS innervation,
which connects the CNS to the gut, is subdivided
into three parts consisting of the sympathetic, parasym-
pathetic, and enteric divisions (Fig. 2).

The pathways formed by the sympathetic and para-
sympathetic divisions represent the extrinsic compo-
nent of ANS innervation. Neurons of the enteric
division form the local intramural control networks
and are the intrinsic components of innervation. The
parasympathetic and sympathetic divisions are identi-
®ed by the location of the last neuron in the pathway to
the gut and by the point of out¯ow from the CNS.

PERIPHERAL AUTONOMIC
CONNECTIONS

The cell bodies of the last neurons in autonomic
pathways to the gut are in structures called ganglia. A

FIGURE 1 Autonomic neural control of the digestive tract is

hierarchic with ®ve basic integrative centers positioned as succes-

sively higher levels in the nervous system. Level 1 includes higher

brain centers that provide input for integrative functions at Levels

2 and 3. Sympathetic and parasympathetic signals originate at

Levels 2 and 3 in the brain's medulla oblongata and represent

the ®nal common pathways for out¯ow of information from the

central nervous system to the gut. The fourth level of organization

is in prevertebral sympathetic ganglia located in the abdomen.

Level 5 is the enteric nervous system, which behaves like a

local `̀ minibrain.''
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ganglion is de®ned as a cluster of neuronal cell bodies
located outside the ENS. Cell bodies of the next to last
neurons in the autonomic pathways are in the CNS.

Sympathetic Division

Figure 3 illustrates the location of the ganglia of the
sympathetic nervous system in relation to the spinal
cord and ENS. The neurons in the spinal cord are called
preganglionic neurons. Preganglionic sympathetic neu-
rons have their cell bodies in the intermediolateral horn
of the spinal cord between the ®rst thoracic and the third
lumbar spinal segments. The locations and areas of
emergence of sympathetic preganglionic neurons
from the spinal cord are the basis for sometimes refer-

ring to the sympathetic nervous system as the ANS
thoraco-lumbar division. Preganglionic sympathetic
neurons project their axons out of the spinal cord to
form synapses with neurons in ganglia that are located in
the abdomen. The ganglia in the abdomen are called
prevertebral sympathetic ganglia. There are three pre-
vertebral ganglia. One is the celiac ganglion, the second
is the superior mesenteric, and the third is the inferior
mesenteric ganglion. Neurons in the prevertebral gang-
lia are postganglionic neurons. These postganglionic
sympathetic neurons form synapses with neurons in
the ENS. The primary neurotransmitter released at
synapses between pre- and postganglionic neurons is
acetylcholine. The main neurotransmitter released at
synapses with enteric neurons is norepinephrine.

Parasympathetic Division

Cell bodies of neurons of the parasympathetic divi-
sion of the ANS are located either in the brainstem
(medulla oblongata) or in the sacral region of the spinal
cord. The parasympathetic division is sometimes
referred to as the ANS cranio-sacral division, based
on the anatomical distribution of the parasympathetic
neuronal cell bodies. These neurons project their axons
to form synapses with neurons in the ganglia of the ENS
(Fig. 4). The terms `̀ preganglionic'' and `̀ postganglionic''

FIGURE 2 Three divisions of the autonomic nervous system

innervate the digestive tract. The digestive tract is innervated by

the autonomic nervous system and by sensory nerves that project

from the gut to the brainstem and spinal cord. The cell bodies of

autonomic neurons are found in the brainstem, in the sacral region

of the spinal cord, in ganglia within the walls of the digestive tract,

and outside the digestive tract in the abdomen. The sympathetic,

parasympathetic, and enteric divisions make up the autonomic

innervation. Sympathetic and parasympathetic pathways transmit

signals from the brain and spinal cord to the gut. This is called the

extrinsic component of innervation. Neurons of the enteric divi-

sion form the local intramural control networks making up the

intrinsic component of innervation. The parasympathetic and

sympathetic divisions are identi®ed by the positions of the ganglia

containing the cell bodies of the second-order postganglionic neu-

rons and by the point of out¯ow from the brain or spinal cord.

Postganglionic neurons of the sympathetic division are located in

prevertebral sympathetic ganglia located in the abdomen and the

out¯ow is from the spinal cord between the ®rst thoracic and third

lumbar segments. The sympathetic division can therefore be

referred to as the thoraco-lumbar division of the autonomic ner-

vous system. Second-order parasympathetic neurons are part of

the neural networks that make up the enteric division and the

out¯ow is from the medulla oblongata of the brain and the sacral

segments of the spinal cord. Another term for the parasympathetic

division is therefore the cranio-sacral division of the autonomic

nervous system. The neurons of the enteric division are synapti-

cally interconnected into local neural networks that behave like a

`̀ brain-in-the-gut.'' The cell bodies of the neurons of the enteric

division are positioned in the submucosal and myenteric plexuses

within the walls of the gut.

FIGURE 3 Sympathetic neural pathways to the digestive tract

consist of preganglionic neurons that have their cell bodies in the

spinal cord and postganglionic neurons with their cell bodies

located in prevertebral sympathetic ganglia in the abdomen.

There are three prevertebral ganglia known as the celiac, superior

mesenteric, and inferior mesenteric. There are two synapses in the

sympathetic pathways. One is a synapse in the prevertebral ganglia

between pre- and postganglionic neurons that uses acetylcholine

and nicotinic receptors in neurotransmission. The second is a

synapse between postganglionic sympathetic neurons from the

sympathetic ganglia and neurons of the enteric nervous system

that uses norepinephrine as a neurotransmitter.
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are no longer used in discussion of the parasympathetic
innervation of the gastrointestinal tract. These terms
imply that ganglia of the enteric nervous system are
like parasympathetic ganglia in other organs and func-
tion as simple relay-distribution centers for information
from the central nervous system. Ample evidence sug-
gests that the neurophysiology of enteric ganglia is more
complex than that of other parasympathetic ganglia that
function as simple relay-distribution stations.

ENTERIC DIVISION

The vagus nerves are a major parasympathetic transmis-
sion pathway for control signals from the brain to the
digestive tract as far down as the proximal to mid large
intestine and the sacral nerves represent the major path-
way to the distal large intestine. Both vagal and sacral
parasympathetic nerves are a source of synaptic input to
neurons in the ENS. Earlier concepts portrayed the
ganglia of the ENS as a simple relay-distribution func-

tion for transmission from the CNS to the gut muscu-
lature and secretory glands. This concept has been
modernized and changed.

New awareness of the independent integrative prop-
erties of the ENS has led to revision of earlier concepts of
mechanisms of vagal and sacral nerve in¯uence. Earlier
concepts of parasympathetic innervation presumed that
ganglia of the digestive tract were the same as parasym-
pathetic ganglia in other visceral systems where the
ganglia generally have a relay-distribution function.
The previous concepts assumed that parasympathetic
innervation of the gut was similar. Preganglionic para-
sympathetic ®bers were believed to form synapses
directly with ganglion cells that innervated the muscles
and thereby evoke muscle contractions. This concept,
illustrated in Fig. 5, is inconsistent with later evidence
and has been abandoned.

The earlier concept placed the `̀ computer'' entirely
within the brain. Current concepts place integrative
neural networks in the ENS in close proximity to the
motor and secretory systems that require control. Num-
bers of neurons equal to those of the spinal cord are
present in the ENS. The large number of neurons
required for program control of the digestive processes
would greatly expand the volume of the CNS if situated
there. Rather than having the neural control circuits
packed exclusively within the CNS and transmitting
control information over long transmission lines to
the gut, vertebrate animals have most of the neural
circuits for automatic feedback control (i.e., setpoint
control) located in close apposition to the musculature,
secretory glands, and blood vessels.

Figure 5 illustrates the current concept of CNS
involvement in gut function. Local integrative circuits
of the ENS are organized for program operations inde-
pendent of input from the CNS. Subsets of neural cir-
cuits are preprogrammed for control of distinct patterns
of behavior in each effector system (i.e., musculature,
glands, and blood vascular system) and for the coordi-
nation of activity of multiple systems. Enteric motor
neurons are the ®nal common transmission pathways
for the variety of different programs and re¯ex circuits
required for ordered gut function.

Rather than controlling a multitude of motor neu-
rons individually, messages transmitted by parasympa-
thetic efferent ®bers are command signals for the
activation of expanded blocks of integrated circuits
positioned in the gut wall. This explains the strong
in¯uence of a small number of parasympathetic efferent
®bers (only 10% of ®bers in the vagus nerves go to the
gut and other viscera; 90% of the ®bers are sensory
afferents) on the musculature and glands over extended

FIGURE 4 Neurons of the autonomic parasympathetic divi-

sion project from the medulla oblongata and sacral regions of the

spinal cord. The parasympathetic division of the autonomic inner-

vation is subdivided anatomically into cranial and sacral divisions

due to the neuroanatomic organization in which neurons that

project to the digestive tract are located both in the brainstem

and in the sacral region of the spinal cord. Neuronal cell bodies of

the cranial division reside in the medulla oblongata and project

in the vagus nerves. Cell bodies of the sacral division are located in

the sacral regions of the spinal cord and project in the pelvic nerves

to the large intestine. Efferent vagal ®bers form synapses with

neurons in the enteric nervous system of the esophagus, stomach,

small intestine, colon, gallbladder, and pancreas. Efferent ®bers in

the pelvic nerves form synapses with neurons in the enteric ner-

vous system.
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regions of the stomach or intestine. In this respect, the
ENS is analogous to a microcomputer with its own inde-
pendent software, whereas the brain is like a larger
mainframe with extended memory and processing cir-
cuits that receive information from and issue commands
to the enteric computer.

SENSORY INNERVATION

The ANS is an automatic control system that maintains
the many parameters of digestive function at constant
levels, sometimes referred to as setpoint determinations.
Examples are the determination of constant acidity (i.e.,
pH setpoint) in the small intestine, constant osmolarity
in the small intestine, and a set amount of contractile
tension in a given muscle. In order to control a para-
meter so that its value remains at or close to the setpoint,
the integrative neural networks of the ANS must be able
to make continuous calculations of the deviation of the
actual value of the parameter from the setpoint. Calcu-
lation of the deviation from setpoint requires a contin-
uous ¯ow of information on the actual value of the

parameter as various perturbations cause the parameter
to increase or decrease. Information on parameters such
as acidity, osmolarity, and muscle tension is generated
by the sensory innervation of the gut. The sensory infor-
mation is transmitted to the central nervous system by
sensory afferent nerves that project to the spinal cord
and the brainstem.

Sensory projections to regions of the spinal cord
above the sacral region are called splanchnic afferents;
the projections to the sacral cord are known as sacral
afferents. Splanchnic afferent ®bers from the intestines
and sympathetic efferent ®bers to the intestine occur in
the same `̀ mixed'' nerves. The mixed nerves accompany
the blood vessels in the mesentery and carry two-way
traf®c between the spinal cord and the gut. A common
error of referring to the sensory nerves as `̀ sympathetic
afferents'' has emerged from the anatomical presence of
splanchnic afferents and sympathetic efferents in the
same mixed nerves. The sympathetic division of the
autonomic nervous system does not include sensory
nerves and to apply the term sympathetic afferent is
incorrect.

FIGURE 5 Concepts of how the autonomic nervous system controls the behavior of the digestive

tract have been changed by improved knowledge of the neurophysiology of the enteric nervous system.

The current concept (right) recognizes that the enteric nervous system, like the brain and spinal cord,

consists of networks of interneurons and motor neurons with directional ¯ow of neural information

from interneurons to motor neurons to the effectors (i.e., the musculature, glands, and blood vessels).

Commands to the enteric nervous system from the central nervous system are transmitted by para-

sympathetic and sympathetic neural pathways. The outmoded concept (left) assumed that all of the

integrative circuitry for the minute-to-minute control of the digestive tract resided in the central

nervous system and that parasympathetic and sympathetic postganglionic neurons were the motor

neurons to the effector systems of the digestive tract.
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Bacterial Overgrowth
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Crohn's disease Chronic disorder characterized by patchy

transmural in¯ammation; may affect any portion of the

gastrointestinal tract, but most commonly involves the

ileum and colon.

malabsorption Failure to digest and absorb dietary nutrients.

steatorrhea Increased fat in stool due to malabsorption.

The development of malabsorption in a patient with

overgrowth of bacteria within the small intestine is

known as bacterial overgrowth, a condition that develops

when the mixture of bacterial ¯ora of the proximal small

intestine becomes more like that of the healthy colon.

When colonic-type ¯ora inhabit the proximal small

intestine, the bacteria compete for the nutrients ingested

by the human host. What ensues is a complex array

of clinical problems resulting from intraluminal

bacterial catabolism of nutrients, often leading to toxic

metabolites and direct injury to the small intestinal

enterocyte.

NORMAL ENTERIC FLORA

The proximal small intestine is normally inhabited by a
few bacteria, usually lactobacilli, enterococci, gram-
positive aerobes, or facultative anaerobes, present in
concentrations of up to 103 viable organisms per milli-
liter of jejunal secretions. Qualitative and quantitative
changes appear at the ileum and become quite striking
in the colon. In the colon, the bacterial population in-
creases up to 1 million times and reaches 109ÿ1012

bacteria per gram of colonic content. In the colon, in
contrast to the proximal small intestine, the anaerobic
bacteria outnumber the aerobic bacteria by as much as
10,000 to 1. In bacterial overgrowth, Bacteroides, anaer-
obic lactobacilli, and Clostridium are prevalent. Entero-
bacteria, including coliforms, are abundant in the
overgrowth ¯ora.

CLINICAL CONDITIONS ASSOCIATED
WITH BACTERIAL OVERGROWTH

Table I lists the recognized clinical conditions
associated with bacterial overgrowth. In the past,

bacterial overgrowth was usually associated with struc-
tural abnormalities of the gastrointestinal tract, such as
Billroth II anastomosis, Crohn's disease, stagnant loops
of intestine resulting from ®stulae or surgical enteros-
tomies, and multiple duodenal and/or jejunal diverti-
cula. It became appreciated that obstruction of the small
intestine caused by Crohn's disease, adhesions, radia-
tion damage, lymphoma, or tuberculosis may lead to
small bowel bacterial overgrowth. In those conditions,
although a primary disease may lead to malabsorption,
superimposed overgrowth may be the most treatable
form of malabsorption. Currently, motility disturbances
in the gastrointestinal tract are the most important
settings for bacterial overgrowth to occur. This is
particularly important if this dysmotility syndrome
is associated with hypo- or achlorhydria. In this cate-
gory, diseases such as scleroderma, intestinal pseudo-
obstruction, and diabetic autonomic neuropathy are
found.

Certain individuals have been demonstrated to have
clinically important malabsorption associated with bac-
terial overgrowth, but no radiographic abnormalities.
Some of these individuals have an absent or disordered
migrating motor complex. Their intestinal `̀ house-
keeper'' is not operating appropriately. Elderly patients
may develop malabsorption secondary to bacterial over-
growth and many believe that bacterial overgrowth
is the most frequent cause of clinically important mal-
absorption in the elderly. The elderly are at risk for
bacterial overgrowth because of their often-associated
motility disturbances, either from the aging gut or from
previous gastrointestinal surgery, and the decreased
acid secretion that many elderly patients manifest.
The importance of having normal motility and appro-
priate acid secretion is underscored by the observation
that patients with scleroderma, who are manifesting
esophageal re¯ux and doing well on histamine-2 (H2)
receptor antagonists, have developed severe malabsorp-
tion secondary to bacterial overgrowth when the H2
receptor antagonist was replaced with a proton pump
inhibitor. Patients with chronic pancreatitis may have
malabsorption secondary to bacterial overgrowth be-
cause they manifest hypomotility as a result of pain,
the use of narcotics, and previous surgery. Management
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of such patients may be quite dif®cult unless pancreatic
enzymes are given along with antibiotic therapy to treat
the maldigestion of the chronic pancreatitis and the
associated overgrowth.

Further observations have also con®rmed that an
appreciable number of patients with irritable bowel
syndrome may develop bacterial overgrowth. Just
how frequently this occurs is still being de®ned and
is rather controversial. Several other clinical entities
listed in Table I are associated with bacterial over-
growth. Their pathogenesis in respect to the overgrowth
is ill understood. These entities include end-stage renal
disease, cirrhosis, myotonic muscular dystrophy,
®bromyalgia, chronic fatigue syndrome, and various
immunode®ciency syndromes such as chronic
lymphocytic leukemia, immunoglobulin de®ciencies,
and selected T cell de®ciency.

CLINICAL FEATURES OF
BACTERIAL OVERGROWTH

The clinical features noted in patients with bacterial
overgrowth are listed in Table II. it is now rather com-
mon that the presenting symptoms of a patient with
bacterial overgrowth are often very nonspeci®c. Diag-
nosis should not be delayed until cobalamin malabsorp-
tion or steatorrhea is present. Again, it is important to
underscore the observation that bacterial overgrowth

may be superimposed on a number of common clinical
conditions that may be primary causes of malabsorp-
tion, but the overgrowth that is present may be the most
easily treatable part of the patient's malabsorption. The
clinical conditions that comprise dysmotility syndromes
usually do not present with malabsorption due to the
dysmotility per se but will have malabsorption, not in-
frequently, due to superimposed bacterial overgrowth.
These would include patients with gastroparesis, irrita-
ble bowel syndrome, diabetes, and scleroderma. Weight
loss associated with clinically apparent steatorrhea has
been observed in about one-third of patients with
bacterial overgrowth severe enough to cause cobalamin
de®ciency. Osteomalacia, vitamin K de®ciency,
night blindness, hypocalcemic tetany, and vitamin E
de®ciency may ensue.

TABLE I Clinical Conditions Associated with Bacterial Overgrowth

Site Associated clinical condition

Gastric proliferation Hypochlorhydria or achlorhydria, especially when combined

with motor or anatomical disturbances

Sustained hypochlorhydria induced by proton pump inhibitor

Small intestinal stagnation

Anatomical Afferent loop of Billroth II partial gastrectomy

Duodenalÿjejunal diverticulosis

Surgical blind loop (end-to-side anastomosis)

Surgical recirculating loop (end-to side anastomosis)

Ileal anal pouch

Obstruction (stricture, adhesion, in¯ammation, neoplasm)

Motor Scleroderma

Idiopathic intestinal pseudo-obstruction

Absent or disordered migrating motor complex

Diabetic autonomic neuropathy

Abnormal communication between proximal

and distal gastrointestinal tract

Gastrocolic or jejunocolic ®stula

Resection of diseased ileocaecal valve

Miscellaneous Chronic pancreatitis

Immunode®ciency syndromes

Cirrhosis

Modi®ed with permission from Toskes, P. and Kumar, K. (1998). Enteric bacterial ¯ora and bacterial overgrowth syndrome. In

`̀ Gastrointestinal and Liver Disease'' (M. Feldman, B. Scharschmidt, and M. Sleisenger, eds.), 6th Ed., pp. 1523ÿ1535. W. B. Saunders,

Philadelphia, PA.

TABLE II Clinical Features of Bacterial Overgrowth

Bloating

Abdominal distension

Abdominal pain

Diarrhea

Steatorrhea

Decreased urinary xylose excretion

Hypoalbuminemia

Cobalamin (vitamin B12) de®ciency
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PATHOGENESIS OF METABOLIC
ABNORMALITIES ASSOCIATED WITH
BACTERIAL OVERGROWTH

The malabsorption that is observed in patients with
bacterial overgrowth results from an abnormal
intraluminal catabolism of substrates by the bacterial
¯ora and direct injury to the small intestinal enterocyte
induced by the overgrowth ¯ora. A patchy, intestinal
mucosal lesion has been demonstrated in both exper-
imental animals and human subjects with bacterial
overgrowth; at times, this overgrowth can obliterate
the intestinal villi and lead to a ¯at biopsy. Steatorrhea
in this condition may be due to bacterial alteration of
bile salts, which leads to a decrease in micelle forma-
tion. The accumulation of toxic concentrations of free
bile acids may also contribute to the steatorrhea by
inducing a patchy intestinal mucosal lesion. The ane-
mia of bacterial overgrowth is primarily a cobalamin
de®ciency. The anemia is megaloblastic and serum co-
balamin levels are low. Patients may develop neurolog-
ical abnormalities, both central and peripheral, from
the cobalamin de®ciency. The anemia can be corrected
by the administration of cobalamin. The cobalamin
de®ciency is primarily due to gram-negative anaerobes.
Iron de®ciency may also occur in bacterial overgrowth
due to blood loss resulting from the patchy ulcerated
areas. Thus, in some patients, there may be two pop-
ulations of red cells; those that are macrocytic and
those that are microcytic. Folate de®ciency, however,
is not a common occurrence in bacterial overgrowth.
Indeed, patients with bacterial overgrowth may man-
ifest high levels of folate because the overgrowth ¯ora
can synthesize folate. Low levels of albumin in the
serum occur and occasionally this is severe enough
to lead to edema. The reasons for the hypoalbuminemia
are multifactorial but include decreased uptake of
amino acids by the damaged small intestinal entero-
cyte, intraluminal breakdown of protein and protein
precursors by the bacteria of the overgrowth ¯ora, and
a protein-losing enteropathy. It has been appreciated
for a long time that as many as 60% of patients with
bacterial overgrowth may have a decreased urinary
xylose excretion. The primary reason for the decreased
urinary xylose excretion is catabolism of the xylose by
the intraluminal bacterial ¯ora. Diarrhea in the over-
growth state can come from the production of organic
acids caused by the overgrowth ¯ora, leading to an
increased osmolarity of the small intestine and de-
creased intraluminal pH. Bacterial metabolites such
as free bile acids, hydroxy fatty acids, and organic
acids can stimulate water secretion and electrolytes
into the lumen.

DIAGNOSIS OF
BACTERIAL OVERGROWTH

In any patient who presents with unexplained diarrhea,
steatorrhea, macrocytic anemia, or weight loss, bacterial
overgrowth should be suspected. This suspicion should
be very great if the patient is elderly or has had a pre-
vious abdominal surgery. At most medical centers, the
most common causes of clinically important malabsorp-
tion are bacterial overgrowth or chronic pancreatitis.
Figure 1 speaks to that issue. It presents an algorithm
for the evaluation of patients with malabsorption, in-
cluding those with bacterial overgrowth. The algorithm
emphasizes the use of noninvasive and inexpensive
tests. An attempt should be made to document the pres-
ence of steatorrhea. If the patient has clinically signif-
icant bacterial overgrowth, cobalamin absorption is
usually impaired, even though the patient may not
have yet developed cobalamin de®ciency. Intrinsic fac-
tor administration will not improve the cobalamin mal-
absorption in patients with bacterial overgrowth. The
urinary excretion of xylose is often decreased, in con-
trast to patients with pancreatic steatorrhea, for whom
the urinary excretion of xylose is usually normal. It is
remarkable that the serum folate level may be increased
in some but not all patients with bacterial overgrowth.

The de®nitive diagnosis of bacterial overgrowth re-
quires a properly collected and appropriately cultured
aspirate from the proximal small intestine. This speci-
men should be collected under anaerobic conditions,
serially diluted, and cultured on selected media. In pa-
tients with bacterial overgrowth, the total concentration
of bacteria usually exceeds 105 organisms/ml of the je-
junal secretions. However, it is important to stress that
patients are now presenting with symptoms of bloating,
abdominal distension, and pain with bacterial levels as
low as 104/ml of jejunal secretions. Usually, these pa-
tients do not have cobalamin malabsorption or steator-
rhea, compared to patients with higher amounts of
organisms. Qualitatively, the organisms are colonic-
like ¯ora, i.e., Bacteroides, anaerobic lactobacilli, col-
iforms, and enterococci. Intestinal cultures, properly
done, are time consuming, uncomfortable for the pa-
tient, and expensive. Consequently, they are not usually
done in clinical practice. Therefore, a variety of surrog-
ate tests for detecting bacterial overgrowth have been
devised based on the various metabolic actions of the
bacteria within the overgrowth ¯ora. Table III lists var-
ious tests done worldwide and reports on their ease of
performance, sensitivity, speci®city, and safety. A num-
ber of these tests cannot distinguish malabsorption from
other causes from that caused by bacterial overgrowth.
A 1-g 14C-labeled xylose breath test has been found to be
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a sensitive and speci®c test for detecting the presence of
bacterial overgrowth. When this test is evaluated in
comparison to a properly performed intestinal culture,
the reliability is around 90%. It is not recommended that
the 14C-labeled xylose be used as a substrate in the
diagnosis of bacterial overgrowth in children. There-
fore, nonradioactive substrates such as 13C-labeled sor-
bitol have been developed and appear to be excellent
tests for detecting bacterial overgrowth while affording
no radiation risk to the human host. These 13C-labeled
substrates have not yet been approved for clinical use.
Analysis of breath hydrogen following the administra-
tion of various carbohydrate substrates has been em-
ployed as a test for overgrowth, but this test suffers
greatly from a lack of sensitivity and speci®city. It is
noteworthy that an elevated fasting level of hydrogen
is present in up to 30% of people with bacterial over-
growth, and if found, can be used to make the diagnosis.

MANAGEMENT OF
BACTERIAL OVERGROWTH

The aim of therapy is to correct, when appropriate,
the cause of the stasis, but surgery is often impractical
for patients with scleroderma, multiple diverticula,

diabetes, intestinal pseudo-obstruction, etc. Thus, anti-
microbial therapy is the cornerstone of treatments.
Remarkable improvements can be achieved in most
patients such that they have a cessation of diarrhea
and steatorrhea, and gain weight, leading to a better
quality of life. Sensitivities of a culture obtained from
the proximal intestine for selection of the proper ther-
apy are not employed because of the many different
bacterial species present, which often with very different
antimicrobial sensitivities. Thus, it is important to
select an antimicrobial agent that will be effective
against the two main groups of bacteria responsible
for the abnormalities observed in bacterial overgrowth.
Antibiotics that have been shown to be effective, either
by controlled trials or extensive clinical practice, against
both the aerobic and anaerobic enteric bacteria are
shown in Table IV. Antibiotics that are known to have
poor activity against anaerobes should not be utilized in
treating bacterial overgrowth. Such antibiotics include
penicillin, ampicillin, the oral aminoglycosides, kana-
mycin, and neomycin. In most patients, a single 10-day
course of therapy will markedly improve symptoms and
the patient may remain symptom free for a considerable
time. In others, the symptoms recur quickly after treat-
ment and acceptable results can be obtained only

FIGURE 1 Algorithm for evaluation of malabsorption. From Toskes, P.P. (2002), with per-

mission from Lippincott Williams & Wilkins.
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Serum carotene and qualitative stool fat 

Normal Abnormal

Urinary xylose test

Abnormal
Antibiotic therapy

Normal
Small bowel radiograph
Small bowel biopsy
Small bowel culture 

Abnormal
14C-xylose breath test
Lactulose-H2 breath test 

Normal
Abdominal plain film
Fecal elastase
Serum trypsin
Secretin test

Selective tests
Serum folate
Serum iron
Serum cobalamin (B12)
Lactose breath test
14C-xylose breath test
Cholyl-1-14C-glycine
breath test
Schilling test 



with cyclic therapy, such as 10 days out of each month.
In still others, continuous therapy may be needed for up
to 30 days. If the antimicrobial agent is effective, there
will be a resolution or marked diminution of symptoms
within 7 days. Diarrhea and steatorrhea will decrease
and cobalamin malabsorption will be corrected.

Prolonged antibiotic therapy poses potential clinical
problems, including diarrhea, enterocolitis, patient in-
tolerance, and bacterial resistance. A prokinetic agent
that could help clear the intestine of the overgrowth
¯ora would be most advantageous. Salutary results
have been obtained with both cisapride and octreotide
(50 mg, nightly) in a small number of studies. Hydroxy-
tryptamine (HT3 and HT4) antagonists are available
to use in patients with dysmotility syndromes. The
value of these agents in patients with overgrowth
remains to be de®ned, but their use is provocative.
Other recommendations for managing the patient
with bacterial overgrowth include supplementation
with cobalamin, calcium, fat-soluble vitamins, and
iron. A lactose-free diet is suggested because the patients
often develop lactase de®ciency secondary to mucosal

injury, and this may linger on even though the patient's
antimicrobial therapy has decreased most of their
symptoms. The use of medium-chain triglycerides in-
stead of long-chain triglycerides is recommended be-
cause the medium-chain triglycerides, in contrast to
the long-chain triglycerides, are not rendered ineffective
by the bile salt-deconjugating activity of the overgrowth
¯ora. The use of probiotics for the treatment of bac-
terial overgrowth has been disappointing. Controlled
trials comparing antibiotic therapy to treatment with
Saccharomyces boulardii have demonstrated the effec-
tiveness of antibiotics but the ineffectiveness of the ad-
ministered probiotic supplements.

The clinician should have a very low threshold for
suspecting bacterial overgrowth as a cause of malab-
sorption, because this condition can be easily diagnosed
and well treated. An appropriate attempt should be
made to document whether bacterial overgrowth is
present and then to administer proper therapy.

See Also the Following Articles

Breath Tests � Carbohydrate and Lactose Malabsorption �
Cobalamin De®ciency �Crohn's Disease �Gastric Motility �
Intestinal Pseudoobstruction � Malabsorption � Micro¯ora,

Overview � Migrating Motor Complex

Further Reading

Bouhnik, Y., Alain, S., Attar, A., et al. (1999). Bacterial populations

contaminate the upper gut in patients with small intestinal

bacterial overgrowth syndrome. Am. J. Gastroenterol. 94,

1327ÿ1331.

Gregg, C. R., and Toskes, P. P. (2002). Enteric bacterial ¯ora and

small bowel bacterial overgrowth syndrome. In `̀ Gastrointestinal

and Liver Disease'' (M. Feldman, L. S. Friedman, and

M. S. Sleisenger, eds.), 7th Ed., Vol. 2, pp. 1783ÿ1793.

W. B. Saunders, Philadelphia, PA.

Meyers, J. S., Ehrenpreis, E. D., and Craig, R. M. (2001). Small

intestinal bacterial overgrowth syndrome. Curr. Treat. Opt.

Gastroenterol. 4, 7ÿ14.

TABLE IV Therapy for Bacterial Overgrowth

Antimicrobial agent Dose/day (10-day course) a

Tetracycline 250 mg qid

Doxycycline 100 mg bid

Minocycline 100 mg bid

Amoxicillinÿclavulanic acid 875 mg bid

Cephalexin�metronidazole 250 mg qid and 250 mg tid

Trimethoprimÿ
sulfamethoxazole

One double-strength tab bid

Cipro¯oxacin 500 mg bid

Nor¯oxacin 400 mg bid

Chloramphenicol 250 mg qid

a Abbreviations: qid, quarter in die (four times/day); bid, bis in die

(twice/day); tid, ter in die (three times/day).

TABLE III Diagnostic Tests for Bacterial Overgrowth

Tests Ease of performance Sensitivity Speci®city Safety

Culture Poor Excellent Excellent Good

Urinary indican Good Poor Poor Excellent

Jejunal fatty acids Poor Fair Excellent Good

Jejunal bile acids Poor Fair Excellent Good

Fasting breath H2 Excellent Poor Excellent Excellent
14C-Labeled bile acid breath test Excellent Fair Fair Good
14C-Labeled xylose breath test Excellent Excellent Excellent Good

Lactulose-H2 breath test Excellent Fair Fair Excellent

Glucose-H2 breath test Excellent Good Fair Excellent

Modi®ed with permission from Toskes, P. P., and Kumar, K. (1998). Enteric bacterial ¯ora and bacterial overgrowth syndrome. In
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cytotoxins Virulence factors secreted or released by patho-

genic bacteria, causing cytoskeletal destruction of target

cells.

enterochromaf®n cells Largest endocrine cell types in the

gastrointestinal tract; dispersed among mucosal epithe-

lial cells. The cytoplasm of enterochromaf®n cells is

®lled with a large number of secretory granules,

characteristic of endocrine cells.

enterotoxins Virulence factors secreted or released by

pathogenic bacteria, causing ¯uid accumulation in

closed intestinal or colonic loops of experimental

animals.

G proteins Heterotrimeric GTP-binding proteins composed

of a, b, and g subunits; usually coupled with cell surface

receptors containing seven membrane-spanning do-

mains. Agonist binding to these receptors stimulates

the exchange of GDP for GTP on the Ga subunit,

resulting in the dissociation of Ga from b and g subunits.

These subunits separately activate their downstream

effectors, including adenylyl cyclases, phospholipases,

and ion channels.

lipid rafts Plasma membrane microdomains enriched with

cholesterol and glycosphingolipids; serve as entry routes

for bacterial toxins in target cells.

tight junctions Cellÿcell contact sites localized in the

uppermost region of polarized intestinal epithelium;

regulate paracellular ¯ux of ion and solutes and consist

of ®bril proteins, claudins, and occludin, and peripheral

proteins such as zonula occludens.

Bacterial toxins derived from enteric pathogens partici-

pate in the pathophysiology of intestinal infections;

enterotoxins trigger intestinal ¯uid secretion and in¯am-

mation, cytotoxins cause cytopathogenic effects, and

further damage involves stimulating host immune re-

sponses. Toxins are enzymes that can biochemically

modify speci®c molecules on the plasma membrane or

cytosol of target cells. They are secreted or released by

pathogenic bacteria and often utilize existing host cellular

pathways to cross the plasma membrane barrier. Entero-

toxins traf®c to subcellular organelles of intestinal epi-

thelial cells, where they can be proteolytically processed,

leading to the release of enzymatically active toxin frag-

ments. These toxin fragments are able to alter speci®c

host cell signaling cascades, leading to cell injury and

in¯ammation. Some bacterial toxins share structural

similarities in their enzymatically active toxin domains,

which are different from the receptor-binding domains

that are responsible for toxin internalization and traf®ck-

ing to the target site. Various molecular mechanisms in-

volving the receptors, enzymatic activity, and cell targets

play a role in the pathophysiology of the most common

bacterial toxins that affect the gastrointestinal tract

(Table I).

VIBRIO CHOLERAE TOXINS

Vibrio cholerae toxin is the major virulence factor re-
sponsible for cholera epidemics, representing a major
public health burden in developing countries. Patients
with cholera experience voluminous loss of salt and
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sponsible for cholera epidemics, representing a major
public health burden in developing countries. Patients
with cholera experience voluminous loss of salt and
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¯uid that may lead to metabolic acidosis and death.
Cholera toxin (CT) is encoded in the genome of a ®l-
amentous phage (CTXf) that is integrated into one of
the two bacterial chromosomes. CT, which belongs to
the AB5 type family of toxins, consists of one A subunit,
containing A1 and A2 peptide chains linked by a disul-
®de bond, and ®ve identical B subunits. The AB5 family
of toxins also includes the Escherichia coli heat-labile
enterotoxin and shiga and pertussis toxins. The binding
domain, or the B subunit, of CT forms a pentamer and
binds stoichiometrically to cell surface glycolipid recep-
tor GM1 ganglioside. The internalization of CT into
target cells is mediated via a lipid raft-dependent mech-
anism. CT, which is transcytosed in membrane vesicles
pinched off form the plasma membrane, passes through
the Golgi cisternae and enters the endoplasmic reticu-
lum, where the holotoxin is unfolded. A luminal chap-
erone protein, protein disul®de isomerase, aids in the
unfolding of CT and in the subsequent proteolytic re-
lease of its A1 chain. The A1 chain exits the endoplasmic
reticulum through a protein-conducting channel
(Sec61p) and travels back to the plasma membrane.
This enzymatically active toxin peptide modi®es (by
adenosine diphosphate ribosylation) the heterotrimeric
G protein, Gas, resulting in activation of adenylyl cyclase
and increased cyclic adenosine monophosphate
(cAMP) levels. This leads to the opening of chloride
channels in intestinal epithelial cells and loss of salt
and water, a major characteristic of cholera diarrhea.

Physiology studies in whole animals demonstrate
that in addition to its cAMP stimulatory mechanism,
CT-mediated intestinal ¯uid secretion in vivo may in-
volve extensive interactions between enterochromaf®n
cells, intestinal nerves, and epithelial cells. Evidence
indicates that CT binds to enterochromaf®n and intes-
tinal epithelial cells in the intestinal mucosa and stim-
ulates release of serotonin and prostaglandins,
respectively. These molecules activate neurons in the
intestinal submucosa region, leading to release of sub-
stances that interact with crypt cells, i.e., acetylcholine,

substance P, and vasoactive intestinal peptide (VIP),
resulting in secretion of chloride and water. Thus, phar-
macologic blockade of CT-associated neuroendocrine
pathways may have a place in the treatment of cholera
diarrhea.

In addition to the stimulation of secretory pathways,
CT also induces the release from epithelial cells of
several antiin¯ammatory cytokines, such as IL-1 antag-
onist, IL-6, and IL-10, and inhibits antigen presentation
by macrophages. This is believed to increase the viru-
lence potential of CT by compromising the host's im-
mune defense. The binding subunit of CT also
modulates host immune responses and includes the de-
pletion of CD8� T cells, alterations of CD4� T-cell
differentiation, activation of B cells, and promotion of
antigen processing and presentation by macrophages.
The potent capacity of the CT B subunit to modulate
immune responses suggests its potential application in
the treatment of in¯ammatory autoimmune diseases
and/or as an adjuvant for mucosal or systemic delivery
of speci®c antigens.

Zonula occludens toxin (Zot) is an enterotoxin pro-
duced by V. cholerae. Zot, like CT, is encoded in the
genome of ®lamentous phage CTXf integrated into
one of the two chromosomes of V. cholerae. Newly
synthesized Zot (45 kDa) is transported across the
inner membrane of the bacterium and undergoes pro-
teolytic cleavage to an N-terminal polypeptide
(33 KDa), and to a small C-terminal domain (12 KDa).
The N terminus may aid in the assembly of the CTXf
phage whereas the C terminus induces paracellular
permeability changes in intestinal epithelial cells. Zot
binding to cell surface receptors decreases along the axis
of the intestinal tract and correlates with its effect on
intestinal permeability, which is more pronounced in
the jejunum and ileum and absent in colon. After bind-
ing, Zot is internalized and activates the signaling
molecule phospholipase C. This leads to production
of inositol 1,4,5-trisphosphates and diacylglycerol
and activation of protein kinase C-a (PKC-a), leading

TABLE I Receptor, Enzymatic Activity, and Cellular Target of the Most Common Bacterial Toxins Affecting the Intestine

Enterotoxin Receptor Enzymatic activity Cellular target

Vibrio cholerae toxin GM1 ganglioside ADP-ribosyltransferase Heterotrimeric G protein (Gas)

Zonula occludens toxin Unknown Unknown Phospholipase C/PKC-a
Heat-labile enterotoxins GD1b ganglioside ADP-ribosyltransferase Heterotrimeric G protein (Gas)

Heat-stable enterotoxins Unknown Unknown Receptor-coupled guanylyl cyclase

Shiga and shiga-like toxins Gb3 ceramide N-Glycosidase 28S RNA

Clostridia toxins A and B Unknown Glucosyltransferase Rho GTPases

Bacteroides fragilis enterotoxin Unknown Zinc metalloprotease E-Cadherin
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to actin polymerization and opening of epithelial tight
junctions. Thus, both Zot and CT may be responsible for
the diarrheal effects of V. cholerae.

Escherichia coli TOXINS

Heat-labile enterotoxin (LT) has been isolated from en-
terotoxigenic E. coli (ETEC), representing the most fre-
quent cause of traveler's diarrhea worldwide. LT is
highly homologous to CT, and the tertiary structures
of these two toxins are almost superimposed. The mode
of LT action is also similar to that of CT in that the A
chain of LT possesses adenosine diphosphate (ADP)-
ribosyltransferase activity against the Gas substrate.
The loss of GTPase activity results in activation of ad-
enylyl cyclase followed by massive loss of ¯uid and
solutes. The LT-mediated ¯uid secretion involves
secretomotor neurons, but, in contrast to CT-mediated
¯uid secretion, serotonin and substance P do not appear
to be involved in LT-induced intestinal ¯uid secretion.
Moreover, intestinal diarrhea induced by LT is less se-
vere than CT-induced diarrhea, possibly because of dif-
ferent intestinal cell receptors for these two toxins.
Several LT variants (LTI, LTIIa, and LTIIb) have been
isolated from different ETEC serogroups. LTIIa binds to
ganglioside GD1b with high af®nity, but it also binds to
the gangliosides GD1a, GT1b, GQ1b, and GM1 with
lower af®nity. Binding of LTIIa to the CT receptor
GM1 fails to produce CT-like effects in cultured
colonocytes. In contrast, LTIIa binds to lipid raft-asso-
ciated GD1b and mediates traf®cking of the toxin into
host cells, eliciting a chloride secretory response.

Heat-stable enterotoxins (STs) represent a family of
cysteine-rich peptides that bind to speci®c intestinal
receptors and cause diarrhea. STa and STb are two sub-
families of STs that display structural and immunolog-
ical differences. STa consists of toxins secreted by
enterotoxigenic E. coli, V. cholerae non-O1 strains,
Yersinia enterocolitica, and Citrobacter freundii. STa
from ETEC is synthesized as a 72-amino-acid precursor
that is proteolytically cleaved to a mature C-terminal
23-amino-acid peptide. The conserved `̀ toxic domain''
of mature STa contains six cysteine residues, forming
intramolecular disul®de bonds that are essential for the
tertiary structure and the biological activity of toxin. STa
binds to receptors belonging to the family of natriuretic
peptide receptors characterized by an extracellular li-
gand binding site and a cytoplasmic guanylyl cyclase
domain. Activation of guanylyl cyclase C increases in-
tracellular cyclic GMP and cyclic GMP-dependent pro-
tein kinase activity, leading to the phosphorylation and
opening of the cystic ®brosis transmembrane conduc-
tance regulator (CFTR), a chloride channel. This results

in the net ef¯ux of ions and water into the intestinal
lumen.

ETEC STb contains 48 amino acids and resides in
the C-terminal end of a precursor protein. The four
conserved cysteine residues in STb form two disul®de
bonds that are essential for toxicity. STb does not alter
cAMP or cGMP levels in the intestinal mucosa. How-
ever, injection of STb into rabbit intestinal loops in-
creases secretion of serotonin and prostaglandin E2,
known intestinal secretagogues that may mediate
STb-induced diarrhea.

Shigella dysenteriae TOXINS

Shiga and shiga-like toxins are produced by Shigella
dysenteriae (type 1) and some strains of entero-
hemorrhagic E. coli (EHEC) O157:H7. Humans are
often infected by these pathogens after ingestion of con-
taminated food and develop symptoms ranging from
mild gastroenteritis to hemorrhagic colitis and hemo-
lytic uremic syndrome. The amino acid sequence of
shiga toxin is almost identical to that of shiga-like
toxin-1, but shares only 56% sequence homology
with shiga-like toxin-2. These toxins are members of
the AB5 family that include one enzymatic (A) and ®ve
binding (B) peptide chains. The B subunit binds with
high binding af®nity to its glycolipid receptor globotria-
soyl ceramide (Gb3), which is highly expressed in the
gastrointestinal tract, kidney, and brain, re¯ecting the
ability of the toxin to affect these organs. The holotoxin
is internalized from the apical side of host cells via en-
docytosis, and travels in a retrograde fashion to the
endoplasmic reticulum. The A polypeptide is then re-
leased into the cytosol whereas the B polypeptide may be
delivered to the basolateral membrane and released into
the subepithelial layer. The A chain is proteolytically
cleaved to the A1 and A2 peptides. The cytosolic target
of the A1 chain is the 28S RNA of the 60S ribosomal unit.
The speci®c cleavage of an N-glycosidic bond in the 28S
RNA by the A1 chain blocks the binding of aminoacyl-
tRNA to its acceptor site, resulting in inhibition of cel-
lular protein synthesis and cell death.

Shigella dysenteriae invades the intestinal mucosal
epithelium and induces severe in¯ammation in the
ileum and colon. Shiga toxin may penetrate the intes-
tinal epithelial barrier either by transcytosis or via a
paracellular route that can be compromised by epithel-
ial cell damage during in¯ammation. On entering the
intestinal microcirculation, shiga toxin affects vascular
endothelial cells and causes vascular thrombosis.
Subsequently, the toxin travels to the kidney via the sys-
temic circulation and causes severe histopathological
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kidney changes known to be associated with hemolytic
uremic syndrome.

Clostridium dif®cile TOXINS

Clostridium dif®cile mediates diarrhea and pseudo-
membranous colitis in some patients receiving anti-
biotic therapy. Clostridium dif®cile is the most frequently
diagnosed cause of infectious diarrhea in hospitalized
patients and is associated with signi®cant morbidity and
mortality. This bacterium releases two exotoxins, A and
B, which belong to the large clostridial toxin family that
includes Clostridium sordellii and Clostridium novii tox-
ins. Clostridial toxins have large molecular masses
(4250 kDa), demonstrate extensive amino acid simi-
larities, and are characterized by absence of subunits
and similar cytopathogenic (cell rounding) effects on
cultured cells. Clostridium dif®cile toxins A and B share
49% amino acid sequence homology and overall struc-
tural similarity. The cytotoxic effects of toxins A and B
involve modi®cation of the Ras superfamily small
GTP-binding proteins that regulate cellular actin. The
N-terminal domains of toxins A and B possess glucosyl-
transferase activity that catalyzes the transfer of a glu-
cose moiety from UDP-glucose to the Rho family of the
small GTP-binding proteins RhoA, Rac, and Cdc42, the
major regulators of cellular actin dynamics. Glucosy-
lated RhoA exhibits reduced intrinsic GTPase activity
and loses its ability to couple with its downstream
effectors, leading to actin depolymerization and cell
death. The C-terminal receptor-binding domain con-
tains several repetitive oligopeptide subunits that, in
animal intestine, are responsible for toxin A binding
to enterocyte receptors containing terminal a-galactose
epitopes. The human intestinal receptor for these tox-
ins, however, has yet to be identi®ed.

Both toxins A and B can damage colonic epithelial
cells and increase paracellular ¯ux in human colonic
explants. However, only toxin A has enterotoxic activ-
ities in animal intestine. Toxin A-induced paracellular
permeability changes are mediated by a protein kinase C
a/b-dependent pathway and involve translocation of the
proteins ZO-1, occludin, and claudins from the tight
junction to the cytoplasmic compartment. The in vivo
pathophysiology of toxin A-induced in¯ammation in-
volves activation of immune cells and neurons
and secretion of proin¯ammatory cytokines from
colonic epithelial and lamina propria cells. Pharmaco-
logic blockade of receptors for the neuropeptides
substance P, calcitonin gene-related peptide, and
neurotensin inhibits toxin A-induced intestinal in¯am-
mation and ¯uid secretion, suggesting participation
of intestinal neurons in toxin A-mediated host

in¯ammatory responses. Toxin A triggers interleukin
(IL-8) secretion via stimulation of mitogen-activated
protein kinase cascades and activation of the nuclear
transcription factor NF-kB in monocytes and colonic
epithelial cells. Proin¯ammatory cytokines, released
in response to C. dif®cile toxins from intestinal mucosal
cells, may be responsible for activation of intestinal
nerves observed in animal models of toxin A-induced
enterocolitis.

Antibodies against C. dif®cile toxins A and B are
present in the majority of healthy adults and children,
and immunization against toxin A protects animals from
C. dif®cile infection. Recent evidence indicates that the
development of symptomatic C. dif®cile infection is well
correlated with the immune response to C. dif®cile tox-
ins and that a defective antibody response to toxin A is
linked to recurrent C. dif®cile infection. Thus, vaccina-
tion or passive immunotherapy for C. dif®cile-associated
diarrhea and colitis may represent exciting possibilities
for prophylaxis and treatment of this disease.

Bacteroides fragilis ENTEROTOXIN

Bacteroides fragilis enterotoxin (BFT) has been associ-
ated with strains of B. fragilis isolated from animals and
children with diarrheal disease. BFT, also known as
fragilysin, is synthesized by enterotoxic strains of
B. fragilis (ETBF) as a precursor protein (397 amino
acids) and is proteolytically cleaved into a mature
toxin (amino acids 212ÿ397). Three distinct BFT-en-
coding genes (bft-1, -2, and -3) have been cloned from
different ETBF strains with 92ÿ96% amino acid homol-
ogy. Sequence comparison reveals that BFT contains a
zinc-binding metalloprotease motif. The C-terminal 20
amino acids of the bft-2 gene product exhibits an am-
phipathic structure and may be responsible for mem-
brane insertion of BFT-2 into host cells. The mature
toxin cleaves the extracellular domain of the transmem-
brane adherence junction protein E-cadherin. This is
followed by degradation of the remaining cytoplasmic
domain of E-cadherin by cellular proteases. The degra-
dation of E-cadherin apparently triggers reorganization
of cell actin ®laments, leading to increased cell volume
and diminished tight junction barrier functions.

Puri®ed BFT stimulates ¯uid secretion in ligated
ileal and colonic loops in experimental animals. Anal-
ysis of the ¯uid content of intestinal loops reveals in-
creased levels of sodium, chloride, albumin, and protein.
In addition, mildly hemorrhagic ¯uid and patchy mu-
cosal wall hemorrhage are observed, suggesting that
BFT evokes an intestinal in¯ammatory response. BFT
stimulates release of the proin¯ammatory cytokine IL-8,
increases paracellular permeability, and causes
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alterations of tight junctional proteins in cultured in-
testinal epithelial cells. These data indicate that BFT is
the virulent factor responsible for ETBF-induced intes-
tinal diarrhea and in¯ammation.
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Cholera �Diarrhea �Diarrhea, Infectious � Food Poisoning �
Shigella � Traveler's Diarrhea
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Barium Radiography
SUSAN TEEGER

Weill Medical College of Cornell University

aspiration Inhalation of ingested substances.

barium enema Radiographic examination of the colon and

rectum.

barium sulfate White powdery substance used to facilitate

radiographic visualization of internal structures of the

body.

colonoscopy Examination of the colon using a colonoscope

to visualize the lumen of the colon directly.

contrast media Substances used to facilitate radiographic

visualization of internal structures of the body.

deglutition Swallowing.

diverticula Outpouchings of mucous membrane through the

muscular wall of a tubular organ.

dysphagia Dif®culty swallowing.

endoscopy Visual inspection of any cavity of the body by

means of an endoscope, which is an instrument to

visualize the interior of a hollow organ.

en face Face-on.

enteroclysis Type of radiographic examination of the small

bowel.

¯uoroscopy Examination by means of a ¯uoroscope, which

is a device used for examining deep portions of the body.

gastric Pertaining to the stomach.

gastric fundus Upper portion of the stomach.

gastrointestinal tract Portion of the body comprising the

pharynx, esophagus, stomach, small bowel, colon, and

rectum.

gastrointestinal tract contrast examination Radiographic

examination of the gastrointestinal tract utilizing a radio-

opaque substance to facilitate visualization of portions of

the gastrointestinal tract.

intubation Obtaining access to the gastrointestinal tract with

a tube.

lumen Cavity within a tubular organ, such as the gastro-

intestinal tract.

manometry Examination measuring pressure in the gastro-

intestinal tract.

mastication Chewing.

mucosal Pertaining to the mucous membrane.

pharyngoesophagram Radiographic examination of the

pharynx and esophagus.

pharyngogram Radiographic examination of the pharynx.

pharynx Uppermost portion of the gastrointestinal tract

between the mouth and the esophagus.

proctography Radiographic evaluation of the rectum and

anus.

radiographic examination Using X rays to evaluate portions

of the body.

small bowel series Radiographic examination of the small

bowel.

upper gastrointestinal tract examination Assessment of the

esophagus, stomach, and duodenum.

viscus Tubular portion of the gastrointestinal tract.

Barium radiographic examinations are often crucial in the

investigation of patients with suspected gastrointestinal

disease. The examination involves a certain element of

routine, although every examination can and should be

speci®cally tailored to answer the clinical question. Bar-

ium radiography should be tailored to the patient's ability

to undergo the examination. It is therefore of extreme

importance that the radiologist be given all of the appro-

priate clinical information to ensure that the examination

yields useful diagnostic information.

INTRODUCTION

Gastrointestinal tract contrast examinations can be per-
formed using what is commonly known as single- or
double-contrast technique, or in some circumstances, a
combination of both techniques (biphasic technique).
The single-contrast technique is performed by ®lling the
lumen with a relatively low-density barium preparation
and utilizing compression for detection of contour
irregularities or abnormalities or ®lling defects in the
barium pool. Because of the density of the barium-®lled
organ, the compression helps to displace barium into
ulcer craters and to better allow detection of polypoid
and ulcerated lesions en face. Unfortunately, several
technical problems occur with this technique. Super®-
cial mucosal abnormalities cannot be easily recognized,
the rectum and gastric fundus become very dense and
are relatively inaccessible to compression, thereby pre-
cluding demonstration of en face lesions, and compres-
sion may be impossible because of obesity or because
of recent abdominal surgery or trauma. Double-contrast
examinations are performed with a smaller amount of
high-density barium to coat the mucosal surface and
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with swallowed effervescent carbon dioxide granules to
distend the viscus with gas. This allows visualization of
lesions en face and in pro®le. Compression is routinely
performed and is especially helpful for anterior wall
lesion demonstration and for lesions characterized by
areas of narrowing. Double-contrast techniques allow
detection of contour abnormalities as well as ®ne mu-
cosal abnormalities and irregularities and are also often
helpful in detecting lesions that cannot be detected by
endoscopy, are missed or misinterpreted at endoscopy,
and are often helpful in evaluating patients who refuse
or are not candidates for endoscopy. Double-contrast
examinations are, however, not adequate where there is
poor coating, where there is insuf®cient distension
(which may hide lesions), or where there is over-
distension (which can obscure lesions). In some
cases, in addition to the double-contrast examination,
it may be necessary to perform a single-contrast exam-
ination afterward to gain additional information.

PHARYNX

Swallowing and feeding problems are common in all
age groups, but particularly in older patients and are
becoming an increasingly frequent problem in medical
practice.

Applications

A radiographic pharyngeal examination is most fre-
quently performed on patients with feeding dif®culty or
dif®culty swallowing, and is also helpful in evaluating
patients with respiratory problems, for whom laryngeal
penetration and aspiration may result in aspiration
pneumonia, chronic bronchitis, chronic coughing, or
choking. Radiographic pharyngeal examination may
also be helpful in detection of soft palate insuf®ciency,
which may result in nasal regurgitation or a nasal quality
to the voice. In addition, radiologic evaluation of the
pharynx may be helpful in assessing pharyngeal mor-
phology and function in patients with certain neuro-
logic diseases and degenerative neurologic or
muscular abnormalities, cerebrovascular accidents,
head injury, pharyngeal neoplasia, and complications
of head and neck surgery or radiation. Radiographic
evaluation of swallowing is often needed to assist the
swallowing therapist in the choice of an appropriate
nutritional option in those patients suspected of aspi-
ration with different nutritional consistencies. In addi-
tion, the swallowing therapist can visualize the effect of
various therapeutic maneuvers that can be performed to
help diminish laryngeal penetration and aspiration.
Pharyngoesophagrams are useful in evaluating patients

for suspected foreign body, ®stula, or abscess. A prom-
inent cricopharyngeus muscle, which may cause pa-
tients to complain of dysphagia, may be detected
during a pharyngogram. Pharyngography may be help-
ful in diagnosing lateral pharyngeal pouches and diver-
ticula, which may result in spillage of contents into the
hypopharynx with resultant aspiration into the larynx
and tracheobronchial tree, and may be complicated by
ulceration or neoplasia. Zenker's diverticula are usually
detectable with radiographic examinations of the phar-
ynx (Fig. 1). Barium studies are of limited value in pa-
tients with viral, bacterial, or fungal infection of the
pharynx because these patients usually have normal
pharyngograms or lymphoid hyperplasia of the palatine
tonsil or base of the tongue. Occasionally, Candida or
herpes pharyngitis may be detected, especially in pa-
tients with AIDS. Barium studies may also be helpful in
patients with chronic sore throat, in which underlying
gastroesophageal re¯ux or re¯ux esophagitis may be the
contributing factor. Double-contrast pharyngography
plays a role in the detection and workup of pharyngeal
neoplasms. The size, level, and extent of the lesion can

FIGURE 1 Fluoroscopic spot image from a barium esopha-

gram showing a large Zenker's diverticulum (arrow) projecting

from the posterior aspect of the proximal esophagus.
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be determined and regions of the pharynx that are dif-
®cult to visualize or easily missed at endoscopy (such as
submucosal masses) can be visualized.

Contraindications

Contrast examination of the pharynx may be dan-
gerous in a patient with acute airway obstruction. The
most notable clinical example for which barium studies
are contraindicated is suspected epiglottitis. Patients
with suspected airway obstruction should have plain
®lms of the neck as the initial radiographic examination.

Technique

Radiographic examination of the pharynx includes a
cine or video pharyngoesophagram to evaluate motility,
and a series of spot ®lms to evaluate structural abnor-
malities. In a patient with suspected foreign body, ®s-
tula, or abscess, frontal and lateral plain ®lms of the neck
should be obtained in addition.

The video¯uoroscopic swallowing examination is
normally limited to the oral cavity, pharynx, and cervi-
cal esophagus and is designed to study the anatomy and
physiology of the oral preparatory, oral, pharyngeal, and
cervical esophageal stages of deglutition. Small amounts
of contrast material are used to minimize the risk while
evaluating the physiology of the oral cavity and phar-
ynx. Four consistencies of material are used to investi-
gate patient complaints of variable swallowing
disability: thin and thick liquid barium, barium paste
mixed with applesauce, and material requiring masti-
cation (crackers mixed with barium paste). Swallowing
therapists who may be involved in the care of the patient
often attend the radiographic examination and assist in
deciding in the types and amounts of testing materials to
be used. The cine or video recording of each swallow
allows a frame-by-frame analysis of the various param-
eters of swallowing. Movement of the tongue, soft pal-
ate, and epiglottis, as well as laryngeal closure and
cricopharyngeal opening, symmetry of tongue motion,
pharyngeal peristalsis, and epiglottic tilt, can be as-
sessed using a combination of lateral and frontal
projections.

Double-contrast views of the pharynx are obtained
in frontal and lateral projections to demonstrate the
contours of the valleculae and piriform sinuses, lateral
walls of the tonsillar fossae and hypopharynx, superior
and inferior borders of the base of the tongue, the
soft palate, the posterior pharyngeal wall, the
anterior hypopharyngeal wall, the epiglottis, and
the cricopharyngeus.

UPPER GASTROINTESTINAL TRACT

Currently, most patients presenting with epigastric pain
or other gastrointestinal symptoms are initially treated
empirically with a trial of medication without undergo-
ing any diagnostic investigations. However, compliant
patients who fail to respond to this therapy will usually
undergo either endoscopy or an upper gastrointestinal
radiographic examination as the ®rst diagnostic test,
with proponents existing for both endoscopy and
upper gastrointestinal radiographic examinations.
Those that advocate endoscopy feel that the additional
expense and de®nite risk of the procedure are warranted
because of its perceived greater accuracy and possibility
for de®nitive treatment. With the use of the biphasic
technique (combination of single- and double-contrast
techniques), the ability to diagnose accurately disorders
of the esophagus, stomach, and duodenum has dramat-
ically improved. A meticulously performed biphasic ex-
amination, although not as sensitive for detection of
mild in¯ammatory conditions, remains an excellent
cheaper, less risky, and relatively accurate alternative.
In addition, although the upper endoscopy can only
directly evaluate the mucosa, the radiographic upper
gastrointestinal examination is capable of evaluating
the mucosa as well as the wall of the upper gastrointes-
tinal tract and is helpful in evaluating motility disorders.

Applications

Esophagus

The esophagus should be evaluated with a dedicated
examination directed to the esophagus, if patient
symptoms suggest localized esophageal disease. Alter-
natively, if the symptoms cannot be speci®cally local-
ized to the esophagus, the esophagus can be evaluated as
part of a dedicated upper gastrointestinal examination.

In patients presenting with re¯ux symptoms, the
barium examination may be helpful for documentation
of a hiatal hernia (Fig. 2), for demonstration of
suspected re¯ux, and for detection of possible re¯ux
sequelae, such as re¯ux esophagitis and ulceration,
strictures, Barrett's esophagus, and esophageal adeno-
carcinoma (Fig. 3).

Patients presenting with dysphagia often bene®t
from a barium examination, whereby abnormalities of
both structure and function responsible for the dyspha-
gia may be detected. Structural lesions include benign
lesions such as rings, webs, and strictures; benign neo-
plasms; and malignancies such as adenocarcinoma, lym-
phoma, or Kaposi's sarcoma. In addition, esophageal
motility disorders, both primary and secondary, can
cause dysphagia. Primary motility disorders such as
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achalasia (Fig. 4), diffuse esophageal spasm (Fig. 5),
nonspeci®c esophageal motility disorder, and
presbyesophagus can all be evaluated with barium ex-
aminations of the esophagus. Nutcracker esophagus,
and hypertensive lower esophageal sphincter, which
can cause dysphagia, are best diagnosed with manom-
etry. Secondary motility disorders such as those occur-
ring with collagen vascular disease, especially
scleroderma, mixed connective tissue disease, derma-
tomyositis, and polymyositis, may be detected with bar-
ium radiography. Other secondary motility disorders
that can be evaluated with barium studies include mo-
tility abnormality secondary to re¯ux esophagitis, caus-
tic esophagitis, and radiation therapy. In addition, other
secondary causes of motility abnormality and
subsequent dysphagia include infectious disorders
such as Chagas' disease, metabolic and endocrine dis-
orders such as diabetes mellitus, and alcohol abuse, and
many neuromuscular disorders, including cerebrovas-
cular accidents, multiple sclerosis, amyotrophic lateral
sclerosis, myasthenia gravis, and postpoliomyelitis. All
these entities may be evaluated with barium studies of
the esophagus.

Infectious esophagitis has become a relatively recent
problem, particularly in patients who are immunocom-
promised and present with dysphagia. When a patient is
suspected of having infectious esophagitis, double-
contrast examination of the esophagus may con®rm
the diagnosis and often helps to diagnose the offending
organism (Fig. 6).

Barium radiography is of use in evaluating patients
with dysphagia caused by any of the other forms of
clinically suspected esophagitides, including drug-in-
duced and radiation-induced esophagitis, caustic
esophagitis, Crohn's disease, epidermolysis bulosa,
pemphigoid, nasogastric intubation esophagitis, eosin-
ophilic esophagitis, alcohol-induced esophagitis, graft-
versus-host disease, Behcet's disease, and esophageal
intramural pseudodiverticulosis.

Various other abnormalities of the esophagus can be
detected using barium radiographic examinations.
These include MalloryÿWeiss tears, varices, esophageal
hematomas, esophageal perforations (Fig. 7), foreign
body impactions, ®stulas, diverticula, congenital esoph-
ageal stenosis, and extrinsic impressions on the esoph-
agus. Water-soluble contrast media, rather than barium,
are used as the initial materials to diagnose esophageal

FIGURE 2 A large hiatal hernia (arrow) containing most of the

gastric fundus in the chest.

FIGURE 3 Spot image from a double-contrast esophagram

revealing a markedly irregular area of narrowing in the distal

esophagus (arrow), compatible with esophageal carcinoma.
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perforations. Barium has been shown to excite an in-
¯ammatory reaction in the mediastinum with sub-
sequent ®brosis, whereas water-soluble media have
not. Water-soluble media are also rapidly absorbed
from the mediastinum so that followup studies are
not compromised by residual contrast in the mediasti-
num. Because water-soluble contrast media are less
dense than barium, some perforations may be missed
solely with the water-soluble contrast materials. There-
fore, if the initial study performed with water-soluble
contrast media does not show a leak, the examination
should be repeated with barium to detect subtle leaks. In
these cases, the harmful effects of barium in the medi-
astinum are less serious than that of missing a poten-
tially life-threatening condition.

The integrity of esophageal anastomoses in the post-
operative patient can also be assessed with radiography
by utilizing the same technique as that for detection of
esophageal perforations.

Stomach and Duodenum

Radiographic examinations of the stomach and duo-
denum are helpful in the evaluation of patients who

present with dyspepsia, bloating, belching, early satiety,
weight loss, and signs and symptoms suggestive of
upper gastrointestinal bleeding such as hematemesis,
melena, and guaiac-positive stool. The double-contrast
examination will often lead to a diagnosis of various
gastric and duodenal processes that may explain the
above symptoms. These processes include peptic dis-
ease, other in¯ammatory and infectious conditions such
as erosive gastritis of any cause, antral gastritis,
Helicobacter pylori gastritis, hypertrophic gastritis,
Menetrier's disease, atrophic gastritis, eosinophilic gas-
tritis, emphysematous gastritis, caustic ingestion, radi-
ation-induced abnormalities, gastric ulcers of any cause
(Fig. 8), duodenitis, granulomatous conditions such as
Crohn's disease, sarcoidosis, tuberculosis, syphilis, fun-
gal diseases, and other infectious diseases such as cyto-
megalovirus, cryptosporidiosis, toxoplasmosis, and
strongyloidiasis. In addition, benign and malignant neo-
plasms of the stomach and duodenum can be
detected with barium radiography. Other miscellaneous
abnormalities, including varices, diverticula, dia-
phragms and webs, hypertrophic pyloric stenosis, gas-
tric outlet obstruction, duodenal obstruction, gastric

FIGURE 4 Fluoroscopic image from an esophagram showing

marked narrowing in the distal esophagus with the `̀ bird's beak

appearance'' (arrow), with dilatation of the esophagus proximally,

all features characteristic of achalasia.

FIGURE 5 Spot ®lm from an esophagram showing a `̀ cork-

screw'' appearance (arrow) in a patient with diffuse esophageal

spasm.
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dilatation without outlet obstruction, extrinsic proces-
ses such as pancreatic disease, renal and liver masses,
gallbladder disease and colonic masses (all of which may
cause mass effect on the stomach and duodenum), be-
zoars, foreign bodies, hematomas, gastric volvulus (Fig.
9), gastroduodenal and duodenojejunal intussuscep-
tions, ®stulas, gastric and duodenal perforations, and
amyloidosis, can all be detectable with the upper gas-
trointestinal examination. Patients who have undergone
surgery to the stomach and duodenum may be evaluated
for postoperative problems using various upper gastro-
intestinal radiographic techniques. In these patients, it
is essential that the operative procedure performed be
described to the radiologist before the procedure is per-
formed in order that the postoperative anatomy, the
ef®ciency of the procedure, and possible postoperative
complications can be accurately determined if neces-
sary.

If a diagnosis can be con®dently made from the
upper gastrointestinal examination, there is no need
for con®rmation with endoscopy. If, however, the
upper gastrointestinal examination reveals ®ndings
that cannot be con®dently diagnosed de®nitively or if
the ®ndings are equivocal or suspicious for malignancy,
upper endoscopy with biopsy, if indicated, should be
performed. If the upper gastrointestinal examination is
unrevealing, the decision to perform upper endoscopy
should be dictated by the clinical scenario.

Contraindications

As mentioned previously, barium is contraindicated
with suspected esophageal perforation, but is also
contraindicated with suspected gastric or duodenal per-
foration. Water-soluble contrast media should be used
instead. Double-contrast examinations may be dif®cult
or impossible to perform on elderly or debilitated pa-
tients who are not able to perform the various turning
maneuvers required for this technique. In those pa-
tients, single-contrast techniques can be performed,
but the limitations of this technique have to be kept
in mind. Patients who are unable to follow commands
enabling them to ingest the contrast materials because of
diminished consciousness or severe dementia are not
candidates for barium radiography, unless the exami-
nation can be performed with a single-contrast tech-
nique through an indwelling nasogastric tube.

Technique

The routine upper gastrointestinal examination
should ideally be performed as a biphasic study,
utilizing double-contrast techniques followed by

FIGURE 6 Spot ¯uoroscopic image from a double-contrast

esophagram showing a `̀ shaggy'' esophagus, typical of candidal

esophagitis in an AIDS patient.

FIGURE 7 An image from an esophagram performed with

water-soluble contrast showing extravasation of contrast to the

right of the esophagus related to an esophageal perforation

(arrow).
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single-contrast techniques. The routine double-contrast
portion of the examination is designed to coat the mu-
cosal surface with a thin layer of high-density barium,
while the lumen is distended with gas obtained from
effervescent granules. Double-contrast views of the
esophagus, stomach, and duodenum are obtained in
different projections utilizing various turning maneu-
vers to achieve adequate coating and distension. This is
followed by single-contrast views of the esophagus,
stomach, and duodenum, using low-density barium liq-
uid and varying degrees of compression.

SMALL BOWEL

Barium radiography remains relatively unchallenged by
endoscopy in evaluation of a large portion of the small
bowel. Although small bowel enteroscopy is becoming
more prevalent, for evaluating the proximal small
bowel, this procedure can only detect mucosal disease,
and cannot evaluate the distal small bowel, although a
skilled colonoscopist can frequently evaluate the termi-
nal ileum.

The entire small bowel is best evaluated radiograph-
ically with either a dedicated ¯uoroscopic small bowel
series and /or enteroclysis. Barium small bowel exami-
nations should be ordered only in the presence of clin-
ical symptoms and signs speci®cally pointing to the
possibility of small bowel disease. Vague, nonspeci®c

symptoms have a very low yield of positive ®ndings on
small bowel examinations, and ordering of these exam-
inations in this instance exposes patients to unnecessary
radiation and anxiety.

Applications

In most radiologic practices in the United States, the
majority of small bowel problems are evaluated with the
small bowel series. The major advantage of the ¯uoro-
scopic small bowel series is that it does not require
intubation and is therefore better tolerated. In addition,
expertise in performing enteroclysis (small bowel
enema) is not widespread. The enteroclysis provides
a more detailed double-contrast examination of the
small intestine. By better distending the lumen, the
shape and thickness of the small bowel folds are better
demonstrated, regions of partial obstruction are more
readily delineated, and mucosal nodularity is more eas-
ily identi®ed.

At our institution and at many others, the entero-
clysis is not the initial examination in all patients but is
reserved for the following indications when there re-
mains a high index of suspicion for small bowel disease
despite an unremarkable or inconclusive ¯uoroscopic

FIGURE 8 Double-contrast image of the stomach showing a

large, contrast-®lled ulcer in the gastric antrum (arrow).

FIGURE 9 Spot ®lm of the stomach showing an organo-axial

volvulus, with gastric fundus (arrow) lying to the right of the

gastric antrum (arrowhead).
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small bowel series:

1. Evaluation of patients with suspected or known mal-
absorption states, such as celiac disease,
tropical sprue, scleroderma (Fig. 10), lymph-
angiectasia, Whipple disease, bacterial overgrowth
syndromes, short bowel syndrome, adult cystic
®brosis, abetalipoproteinemia, systemic mastocysto-
sis, and WaldenstroÈm's macroglobulinemia.

2. Partial, low-grade, or intermittent small bowel
obstruction.

3. Preoperative evaluation of Crohn's disease to deter-
mine extent of disease, and search for proximal seg-
ments of disease (Fig. 11).

4. Gastrointestinal blood loss of obscure origin, when
upper gastrointestinal and colonic radiologic exam-
inations, small bowel series, and/or endoscopic
studies are negative.

5. Evaluation of patients with radiation-induced dam-
age to the small bowel.

6. Detection of small bowel tumors, such as carcinoids,
primary and secondary malignancies, polyps, and
lymphoma.

7. Detection of Meckel diverticulum.
8. For patients, presently asymptomatic, in whom phy-

sicians suspect clinical symptoms were caused by
partial small bowel obstruction(s) secondary to ad-
hesions (Fig. 12).

Barium examinations of the small bowel may also be
helpful in evaluation of various in¯ammatory condi-
tions of the small bowel, such as parasitic infestations,
bacterial and viral infections, and in¯ammatory

FIGURE 10 Overhead ®lm from a small bowel series in a

patient with scleroderma showing a dilated small bowel, with

tightly packed folds (arrows).

FIGURE 11 Overhead ®lm from a small bowel series showing

nodular, thickened, spiculated narrowed small bowel loops in a

patient with extensive Crohn's disease (arrows).

FIGURE 12 Overhead view from an enteroclysis showing an

acutely angulated, narrowed small bowel loop, related to an ad-

hesion (arrow).
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conditions occurring in association with immunode®-
ciency. Vascular disorders of the small bowel, such as
mesenteric ischemia and infarction, intramural hemor-
rhage, vasculitis and vascular malformations, may also
be evaluated utilizing barium small bowel examina-
tions. Post-operative complications, malrotations, her-
nias, gut duplications, intestinal edema, foreign bodies,
enteroliths, bezoars, posttransplant lymphoprolifer-
ative disorder, and graft-versus-host disease are other
miscellaneous small bowel processes that can be eval-
uated with barium radiography.

Contraindications

Suspected intestinal perforation is the only absolute
contraindication to performance of a barium small
bowel examination. Barium in the peritoneal cavity in
these patients leads to a fulminant chemical peritonitis,
which should be avoided whenever possible. Water-sol-
uble contrast materials such as gastrograf®n should not
be used in small bowel evaluation because they become
diluted by the luminal ¯uid, thereby precluding ade-
quate visualization. They may be satisfactorily used
only in evaluating for suspected perforation of the
very most proximal small bowel. In addition, they
should not be used in patients with obstruction, because
they are hyperosmolar and may draw ¯uid into the
bowel lumen, thereby aggravating what may be an al-
ready altered ¯uid and electrolyte balance.

Technique

Dedicated Fluoroscopic Small Bowel Series

The patient ingests approximately 3 cups
(500ÿ600 ml) of 40ÿ50% (weight/volume) barium sul-
fate solution, followed by abdominal radiographs ob-
tained at 15-minute intervals for the ®rst half-hour, and
then every 30 minutes until the right colon is opaci®ed.
Each abdominal ®lm is reviewed, followed by intermit-
tent ¯uoroscopy with compression until all small bowel
loops have been demonstrated and evaluated. The in-
termittent ¯uoroscopy with compression is an essential
portion of the examination because lesions can be
missed if only the overhead views are evaluated, due
to the tendency of loops to overlap and obscure lesions.
Periodic spot ®lms are obtained to document any sus-
picious areas, and once the right colon is opaci®ed, spot
®lms of the terminal ileum are obtained.

Enteroclysis (Small Bowel Enema)

Small bowel transit is accelerated by administration
of 20 mg of oral metoclopramide. Gastric intubation
with a balloon catheter using either the oral or the trans-

nasal route is then performed, followed by ¯uoroscop-
ically directed manipulation of the catheter into either
the distal duodenum or the proximal jejunum, just be-
yond the ligament of Treitz. The balloon is then in¯ated
under ¯uoroscopy to prevent re¯ux of contrast into the
stomach. Approximately 200ÿ250 ml of a 75ÿ80%
(weight/volume) barium suspension is injected into
the small bowel followed by approximately
1000ÿ2000 ml of a 0.5% methylcellulose solution to
obtain a double-contrast effect. The radiologist is pres-
ent during the entire procedure, and the entire small
bowel is examined with intermittent ¯uoroscopy utiliz-
ing graded abdominal compression. Periodic spot ®lms
of the small bowel are obtained to document the ¯uo-
roscopic ®ndings. The examination is completed with
an overhead radiograph of the abdomen to include the
entire small bowel.

COLON AND RECTUM

Barium examination of the colon and rectum is predom-
inantly utilized to detect mucosal abnormalities. Its
greatest competitor is colonoscopy, whereby the mu-
cosa can be directly visualized and diagnostic biopsies
obtained. A carefully performed barium examination of
the colon is, however, an excellent, less invasive, safer,
and cheaper alternative for detection of most colonic
and rectal lesions. Colonoscopy remains more accurate
than barium radiography in detection of subtle mucosal
abnormalities of the colon, such as polypoid lesions less
than 1 cm in diameter, and the early preulcerative
changes of in¯ammatory bowel disease. Because barium
radiographic examination can also be used for the de-
tection of mural colonic and rectal lesions, it has a com-
petitive advantage over colonoscopy, because
colonoscopy has not been proved to be an adequate
test for mural or extrinsic lesion detection. Because
colonoscopy and barium radiography both have limita-
tions, the double-contrast barium enema and colono-
scopy should be viewed as complementary techniques
for the diagnosis of various colonic processes. Com-
puter tomography (CT) and in some cases magnetic
resonance imaging (MRI) and endoscopic ultrasound
are the cross-sectional imaging modalities that directly
compete with barium radiographic examination in the
detection and evaluation of mural and rectal colonic
entities. Although CT, MRI, and endoscopic ultrasound
are superior to barium radiographic examination in the
detection of extrinsic processes affecting the colon
and rectum, these lesions can sometimes be detected
and evaluated with barium examinations. Barium
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radiography is often used to complete the colonic ex-
amination in those patients in whom the colonoscopist
is unsuccessful in passing the endoscope to the cecum.

Adequate preparation is essential in the satisfactory
performance of a colonic and rectal barium examina-
tion, because residual feces will obscure polypoid le-
sions and the early manifestations of in¯ammatory
pathology. Although a variety of preparatory regimens
exist, the most effective protocol consists of a clear liq-
uid diet for 24 hours prior to the procedure, laxatives on
the afternoon and evening before the test, and a suppos-
itory the morning of the examination. Cleansing enemas
preferably should not be used, because they result in
signi®cant residual intraluminal ¯uid, which may de-
grade the quality of mucosal coating. In our institution,
patients in renal failure are prepared with Golytely
(polyethylene glycol solution), because magnesium cit-
rate, which is the normally utilized laxative, is contra-
indicated in the presence of renal compromise. The one,
but unavoidable, drawback of utilizing oral lavage reg-
imens such as Golytely in renal failure patients is that
the quality of mucosal coating may be degraded because
of the presence of residual intraluminal ¯uid. In patients
with in¯ammatory bowel disease, milder laxatives
should be used, or the preparation may consist solely
of clear liquids by mouth. Preparation may not be nec-
essary in patients with acute colonic obstruction, in
those for whom the study is simply being performed
to evaluate the anatomy, or when there is a clinical
suspicion of a perforation.

Applications

The most common indications for barium radiogra-
phy include detection of colorectal polyps (Fig. 13) and
carcinoma (Fig. 14), assessment of in¯ammatory bowel
disease (Fig. 15), diagnosis and assessment of diverti-
cular disease (Fig. 16), and evaluation of colonic extrin-
sic mass lesions. Barium radiography can also be used to
evaluate other in¯ammatory conditions of the colon,
including infectious processes such as bacterial, viral,
parasitic, and fungal diseases and noninfectious
colitides, when colonoscopy is not feasible. Other tu-
mors of the colon, including lymphoma, hemangioma,
lymphangioma, Kaposi's sarcoma, carcinoid tumors, li-
pomas, stromal tumors, squamous cell and cloacogenic
carcinoma, and metastases, can be detected with
double-contrast barium enemas. Other miscellaneous
disorders of the colon, including colonic ischemia, ra-
diation colitis, rectal hemorrhoids, rectal varices, and
cathartic colon; functional disorders of the colon, in-
cluding irritable bowel syndrome, chronic constipation,
collagen vascular disorders, and Ogilvie's syndrome;

and extracolonic diseases affecting the colon, such as
endometriosis, benign gynecologic tumors, gynecologic
malignancies, and pelvic in¯ammatory disease, can also
be evaluated with barium enema examinations. Postop-
erative colonic abnormalities can be assessed and post-
operative anatomic evaluations can be performed with
barium radiography. Finally, evaluation of defecatory

FIGURE 13 Double-contrast image of the rectum showing a

polyp along the anterior wall (arrow).

FIGURE 14 Image from a barium enema showing an `̀ apple

core'' lesion in the hepatic ¯exure of the colon caused by a colon

carcinoma (arrow).
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disorders is performed with barium evacuation procto-
graphy as part of a multimodality evaluation.

Contraindications

Barium colonic examinations should not be per-
formed in patients with toxic megacolon, ischemic
colitis, suspected diverticulitis with signs of an acute

abdomen, active colitis or with other diseases in
which the bowel wall is potentially friable and could
perforate during the procedure. In addition, barium
examinations are contraindicated in patients with
suspected colonic perforation. In these patients, the ex-
amination should be performed with water-soluble con-
trast materials, which do not incite a peritoneal reaction
if extravasated and can be reabsorbed from the perito-
neal cavity. Barium examinations should never be per-
formed immediately postbiopsy with large biopsy
forceps because this predisposes to perforation. In
these cases, the barium examination should be post-
poned for at least 5 days. Barium enema should not
be performed as the ®rst test in patients with active
bleeding to determine the site of bleeding. This is
best shown with a nuclear medicine bleeding scan
and/or angiography. The barium enema, if still neces-
sary, should be postponed until adequate preparation
can be performed.

Relative contraindications to barium radiography
include inability of the patient to roll and turn during
the examination, thereby not allowing adequate ®lling
and coating of the colon, and colonic obstruction. Pa-
tients with colonic obstruction are better evaluated with
water-soluble contrast media, which does not become
inspissated proximal to an area of obstruction in the
colon. Incomplete bowel preparation and residual
oral contrast in the abdomen are other relative contra-
indications.

Technique

As with most portions of the gastrointestinal tract,
radiographic examination of the colon can be performed
with a single- or double-contrast technique. In single
contrast studies, the entire colon is ®lled with a rela-
tively low-density barium suspension, with the ®lling
monitored by ¯uoroscopic observation and the use of
extensive palpation and compression of the colon
during ®lling. Fluoroscopic spot ®lms and overhead
radiographs are performed with both techniques. In
double-contrast examinations, the colonic mucosa is
coated with a smaller volume of high-density barium,
and luminal distension is obtained using air insuf¯ation
to generate the double-contrast effect.

The double-contrast technique is superior to the
single-contrast method for detection of ®ne mucosal
abnormalities such as small polypoid lesions and
early in¯ammatory pathology. In addition, it is prefer-
able for evaluation of the rectum, and of the splenic and
hepatic ¯exures, which are relatively inaccessible to
palpation and compression. The single-contrast exam-
ination is faster and less expensive and is preferred for

FIGURE 16 Spot radiograph shows extensive sigmoid and

descending colonic diverticulosis (arrows).

FIGURE 15 Double-contrast image from a barium enema re-

vealing a ®nely granular mucosal pattern in a patient with ulcer-

ative colitis.
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mechanical problems such as obstruction, ®stulas,
Hirschprung's disease, and diagnosis and reduction of
intussusception, and in cases of suspected diverticulitis
when there are no signs suggestive of an acute abdomen,
which would preclude performance of a barium exam-
ination. Patients who are too old and debilitated are
usually evaluated with the single-contrast technique,
because they are unable to tolerate performance of
the double-contrast technique.

Patients with a colostomy can be evaluated, if clin-
ically indicated, through the colostomy, using a single-
or double-contrast technique. When perforation of
the large bowel is suspected, the examination
should be performed with water-soluble contrast
materials to avoid spillage of barium into the peritoneal
cavity.

FISTULOGRAPHY AND SINUS
TRACT EVALUATION

The gastrointestinal radiologist frequently can contrib-
ute signi®cantly to the management of a patient with
documentation of the presence of, and demonstration of
the extent of, an enterocutaneous ®stula (Fig. 17). In
addition, a cutaneous sinus tract connected to an ab-
scess cavity can be demonstrated. The sites of commu-
nication of a ®stula or sinus tract may be demonstrated
by catheterizing a cutaneous ®stula or sinus tract and

injecting the ®stula or sinus tract with water-soluble
contrast.

See Also the Following Articles

Colonoscopy �Computed Tomography (CT) � Endoscopic

Ultrasonography �Magnetic Resonance Imaging (MRI) �
Upper Gastrointestinal Endoscopy
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gut manometry Evaluation of gut motility by measuring

intraluminal pressures.

gut tone Tonic, i.e., sustained, muscular contraction of the

gut wall.

tensostat Computerized pump that applies ®xed tension

levels to the wall of hollow viscera.

The barostat is an air pump that maintains a constant,

predetermined pressure level within a ¯accid bag intro-

duced into a hollow muscular organ. Hence, the barostat is

a pressure clamp that can be used either to measure mus-

cular activity as volume variation at a low and constant

pressure level or to distend the organ by increasing the

intraluminal pressure. Distension in turn can be applied

to measure the local distensibility of the organ (compli-

ance) or to stimulate afferent pathways and measure ei-

ther re¯ex responses (re¯exes) or conscious perception

(sensitivity).

INTRODUCTION

Some hollow muscular organs, such as the stomach,
may exert phasic (i.e., brief) or tonic (i.e., sustained)
muscular contractions. There is no strict de®nition to
distinguish between phasic and tonic activity, but by
convention, contractions lasting more than 1 min
have been considered tonic. The tonic muscular activity
of hollow organs is also called tone. In the gastrointes-
tinal tract, phasic contractions produce intraluminal

pressure changes that can be readily measured by
manometry, a technique that has been available since
the 1970s. However, tonic contractions outside sphinc-
teric regions generally do not produce recordable pres-
sure changes, probably because the changes are too
small and are obliterated by respiratory movements
and other artifacts. The barostat was developed in the
early 1980s initially for the purpose of measuring gastric
tone, but was later applied to measure tonic contraction
of other hollow muscular organs.

The barostat is a feedback system that consists of a
pressure sensor linked by either an electronic or a com-
puterized relay to an air pump. When the organ relaxes,
the barostat injects air to prevent a pressure drop, and
when the organ contracts, air is aspirated to prevent a
pressure rise.

TECHNICAL SPECIFICATIONS

The bag of the barostat should be ¯accid and oversized,
so that it does not interfere with the measurements. For
reservoir organs, such as the stomach and the rectum,
spheroidal bags can be used, and for tubular segments,
such as the small intestine, cylindrical bags that are of a
®xed length and radially oversized, compartmentalize
the segment under study. The bag should be connected
by a double-lumen tube to the pressure sensor and the
air pump of the barostat. Otherwise, a single lumen tube
damps the responsiveness of the system. In each barostat
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Barostat
FERNANDO AZPIROZ
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gut manometry Evaluation of gut motility by measuring

intraluminal pressures.

gut tone Tonic, i.e., sustained, muscular contraction of the

gut wall.

tensostat Computerized pump that applies ®xed tension

levels to the wall of hollow viscera.

The barostat is an air pump that maintains a constant,

predetermined pressure level within a ¯accid bag intro-

duced into a hollow muscular organ. Hence, the barostat is

a pressure clamp that can be used either to measure mus-

cular activity as volume variation at a low and constant

pressure level or to distend the organ by increasing the

intraluminal pressure. Distension in turn can be applied

to measure the local distensibility of the organ (compli-

ance) or to stimulate afferent pathways and measure ei-

ther re¯ex responses (re¯exes) or conscious perception

(sensitivity).

INTRODUCTION

Some hollow muscular organs, such as the stomach,
may exert phasic (i.e., brief) or tonic (i.e., sustained)
muscular contractions. There is no strict de®nition to
distinguish between phasic and tonic activity, but by
convention, contractions lasting more than 1 min
have been considered tonic. The tonic muscular activity
of hollow organs is also called tone. In the gastrointes-
tinal tract, phasic contractions produce intraluminal

pressure changes that can be readily measured by
manometry, a technique that has been available since
the 1970s. However, tonic contractions outside sphinc-
teric regions generally do not produce recordable pres-
sure changes, probably because the changes are too
small and are obliterated by respiratory movements
and other artifacts. The barostat was developed in the
early 1980s initially for the purpose of measuring gastric
tone, but was later applied to measure tonic contraction
of other hollow muscular organs.

The barostat is a feedback system that consists of a
pressure sensor linked by either an electronic or a com-
puterized relay to an air pump. When the organ relaxes,
the barostat injects air to prevent a pressure drop, and
when the organ contracts, air is aspirated to prevent a
pressure rise.

TECHNICAL SPECIFICATIONS

The bag of the barostat should be ¯accid and oversized,
so that it does not interfere with the measurements. For
reservoir organs, such as the stomach and the rectum,
spheroidal bags can be used, and for tubular segments,
such as the small intestine, cylindrical bags that are of a
®xed length and radially oversized, compartmentalize
the segment under study. The bag should be connected
by a double-lumen tube to the pressure sensor and the
air pump of the barostat. Otherwise, a single lumen tube
damps the responsiveness of the system. In each barostat
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the speed of air ¯ow and the pressure window for
reaction should be determined (approximately 40 ml/s
¯ow rate and 0.5 mm Hg window are appropriate). The
compressibility of air and the deformation of the pump
with pressure increments introduce an error in
intraluminal volume measurements. This compression
factor, which is usually linear, should be determined
and carefully corrected for.

UTILITIES

Constant Pressure Studies

At a low constant pressure, the barostat measures
tonic contraction as volume changes without disturbing
the physiological activity of the gut or inducing percep-
tion. Measurements of tone may be applied to study
(1) physiological events, such as fasting and postpran-
dial changes, (2) re¯ex responses of the organ induced
by distant stimuli, and (3) changes produced by phar-
macological manipulations.

Intraluminal Pressure Manipulations

The barostat can be used to manipulate intraluminal
pressure and produce distension. The local response to
distension, measured as intraluminal volumes at differ-
ent pressure levels, i.e., compliance, re¯ects both the
capacity (size) of the organ and the distensibility of its
walls; the distensibility, in turn, depends on the level of
the muscular contraction in the walls. Distension stim-
ulates receptors in the gut wall linked to re¯ex and
sensory pathways that may induce various re¯exes
and conscious perception, respectively. These re-
sponses are stimulus-related, and since wall receptors
operate as tension receptors, rather than as pressure or
volume receptors, a modi®cation of the barostat con-
cept, the computerized tensostat, probably provides a
better standardization of the stimuli under different ex-
perimental conditions. The tensostat is a computerized
pump that maintains a ®xed tension level within the gut
wall; based on intraluminal pressure and volume, the
system calculates wall tension by applying La Place's law

and drives the pump to maintain the desired tension
level.

APPLICATIONS

The barostat has been extensively used in both animal
and human research. By contrast, its clinical applica-
tions are still limited, with very precise indications and
restricted use in experienced laboratories. The barostat
may provide useful information particularly on gastric
and rectal function, speci®cally to evaluate compliance,
pharmacological responses, and sensitivity, whereas the
study of re¯exes may be still more experimental. The
barostat is particularly useful in the evaluation of some
patients with severe postprandial symptoms. During
ingestion, the stomach relaxes to accommodate the
meal and subsequently the stomach progressively re-
contracts to produce gastric emptying. The barostat
may elucidate whether symptoms after a meal are pro-
duced by poor accommodation due to defective gastric
relaxation or by delayed emptying due to impaired con-
traction. Clinical symptoms for these two conditions
may be the same, whereas therapeutic approaches
used to correct defective gastric relaxation differ from
the treatments used for delayed gastric emptying.

See Also the Following Articles

Gastric Motility � Manometry � Postprandial Motility
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Barrett's Esophagus
MICHAEL B. WALLACE AND DONALD O. CASTELL

Medical University of South Carolina, Charleston

gastroesophageal re¯ux disease Acid-related disorder.

goblet cells Mucus-secreting cells in the gastrointestinal

tract.

Helicobacter pylori Bacterium that colonizes the mucosal

lining of the stomach.

Barrett's esophagus is de®ned as the replacement of squa-

mous tissue with columnar mucosa in the form of special-

ized intestinal metaplasia within the tubular esophagus.

The critical ingredient in this process is the presence of

goblet cells, the sine qua non of intestinal metaplasia,

which can be con®rmed only by endoscopic biopsy

from the esophagus.

CLINICAL RELEVANCE

Barrett's esophagus (BE), as a complication of chronic
gastroesophageal re¯ux disease (GERD), is the single
best predictor for the development of adenocarcinoma
of the esophagus. Esophageal adenocarcinoma is rising
in incidence more rapidly than any other carcinoma in
humans, although the cause of this rise is unknown.

EPIDEMIOLOGY

Rising Incidence

Despite the rising rate of adenocarcinoma of the
esophagus, the absolute risk is low. There are approx-
imately 12,000 carcinomas of the esophagus diag-
nosed annually in the United States, about half of
which are adenocarcinomas. For a patient with Bar-
rett's esophagus, the risk of developing carcinoma is
estimated to be between 0.3 and 0.5% per year.

Risk Factors

GERD, Caucasian or Hispanic race, and male gen-
der are the three strongest risk factors for developing
BE. Well-controlled clinical studies have demon-
strated that patients with long-standing, frequent,
and severe GERD are at markedly increased risk of
adenocarcinoma of the esophagus, presumably with

BE as an intermediate step. The reason for the pre-
dominance among Caucasian or Hispanic males is
unclear, although obesity and the declining prevalence
of Helicobacter infection may play a role.

Role of Helicobacter pylori

There is increasing evidence that H. pylori may
have a protective role against BE and carcinoma of
the esophagus. The incidence of adenocarcinoma of
the esophagus shows an inverse relationship with the
decreasing prevalence of H. pylori. Chronic H. pylori
infection leads to gastric atrophy and loss of acid
production (achlorhydria) with decreased acid re¯ux.
Patients with BE, especially those with dysplasia or
carcinoma, are less likely to harbor H. pylori than
are those without BE. The management of H. pylori
is evolving, and it is premature at this time to recom-
mend either eradication of H. pylori or leaving it in situ
based on its potential role in esophageal adenocaci-
noma. There is little controversy, however, in recom-
mending eradication of H. pylori in patients with
peptic ulcer disease.

PATHOPHYSIOLOGY

Although BE has been clearly linked to GERD, little is
known about the molecular and cellular mechanisms
of the development of BE. Cross-sectional population
studies suggest that BE develops early in life, with half
of the maximum prevalence reached by 40 years of age
and relatively little increase in prevalence after age 60.
Once established, the length and presence of BE
change little. The cell of origin for BE is unknown,
with candidates including pluripotent stem cells in the
esophagus, subsquamous glandular cells, or hetero-
topic gastric mucosa. Markers of in¯ammation, such
as up-regulation of cylcooxygenase-2 (COX-2), are
present in BE, offering hope that COX-2 inhibitors
may blunt the development or progression of BE. It
remains unclear if re¯ux of acid, re¯ux of bile, or both
are required for the development of BE, although the
experimental production of this lesion in a canine
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model provides strong evidence for the critical role
of acid.

DIAGNOSIS

Detection of Goblet Cells

The diagnosis of BE requires endoscopic biopsy of
the esophagus and histological examination for the
presence of goblet cells, the sine qua non of intestinal
metaplasia. This seemingly simple criterion is none-
theless widely confused. This is due in large part to
the changing de®nition of BE over time. Early litera-
ture de®ned BE simply as columnar epithelium, usu-
ally occupying at least 2ÿ3 cm of esophagus. The
modern de®nition is a functional one, based on the
fact that only patients with intestinal metaplasia are at
elevated risk of adenocarcinoma, regardless of the
length of BE. The most dif®cult area of de®nition
lies in distinguishing very short irregularities in the
normal squamocolumar junction of the esophagus
from true BE. Because intestinal metaplasia is present
in the gastric cardia in up to 20% of asymptomatic
individuals, it is critical to take biopsies from the
tubular esophagus, which requires careful attention
to anatomic landmarks.

TREATMENT

The treatment of BE should be distinguished from the
treatment of GERD. Almost all BE patients have
GERD, and these symptoms are usually controlled
with acid suppression, surgical fundoplication, or life-
style modi®cations. In contrast, no therapy has de®n-
itively been shown to alter the likelihood of BE
progressing to adenocarcinoma.

Acid Suppression

Acid suppression has been a mainstay for treating
patients with BE for two reasons. Acid suppression
controls symptoms of GERD and reduces the degree
of in¯ammation in the esophageal epithelium. Al-
though this reduced in¯ammation has not been
shown to reverse BE or change its natural history,
it makes the histological interpretation of dysplasia
considerably easier because in¯ammatory changes
can be misinterpreted for low-grade dysplasia. Recent
studies suggest that long-term, high-dose acid sup-
pression with a proton pump inhibitor (titrated by
pH monitoring) may cause a small reduction in
the area of columnar epithelium, although there
may be hidden columnar epithelium underneath
new squamous cell islands. To date, it is unknown

whether the overall risk of carcinoma is changed by
this therapy.

Antire¯ux Surgery

Surgery offers the theoretical advantage of sus-
tained reduction of both acid and bile re¯ux. How-
ever, surgical studies have not shown any signi®cant
effect on either the length of Barrett's or, more impor-
tantly, the likelihood of developing adenocarcinoma.
A randomized controlled trial has compared surgery
to medical therapy (histamine-2 receptor antagonists)
with long-term outcomes. This Veteran's Administra-
tion (VA) cooperative study showed no signi®cant
difference in the development of Barrett's or adeno-
carcinoma, or change in the length of Barrett's. In fact,
long-term mortality was lower in the medical therapy
group, largely due to a higher cardiac death rate in the
surgical group for unknown reasons. Long-term
followup of BE patients after surgery suggests no over-
all effect on the likelihood of developing adenocarci-
noma or dysplasia, likely due to ongoing low rates of
acid and bile re¯ux.

Ablation of Barrett's Epithelium

Several investigators have evaluated methods to ab-
late the metaplastic epithelium of patients with BE either
with or without dysplasia. Almost all methods employed
(heat coagulation, laser therapy, cyrotherapy, and pho-
todynamic therapy, all in conjunction with high-dose
acid suppression) result in substantial replacement of
the BE with squamous epithelium. Unfortunately,
20ÿ30% of patients develop squamous epithelium over-
lying intestinal metaplasia, presenting a dif®cult clinical
dilemma for surveillance and an unclear effect on long-
term risk of carcinoma. At this point, attempts to ablate
BE should be considered experimental, especially for
nondysplastic BE.

ENDOSCOPIC SURVEILLANCE

Endoscopic surveillance of BE has been the cornerstone
of management. Multiple uncontrolled observations
have demonstrated that under surveillance, patients
are more likely to be diagnosed with early-stage tumors
or dysplasia, and have better survival compared to pa-
tients not under surveillance. No prospective controlled
trial data are available to prove the effectiveness of BE
surveillance. Decision analysis models have suggested
that surveillance is cost effective compared to other
commonly accepted medical practices, such as mam-
mography and colon cancer screening. The most
cost-effective interval for surveillance is every 5
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years, although organizational recommendations have
been more conservative, recommending surveillance
every 2ÿ3 years for patients without dysplasia, and
every 6 months for the ®rst year, then yearly for
those with low-grade dysplasia. Surgical esopha-
gectomy remains the standard of care for treatment
of high-grade dysplasia, although photodynamic ther-
apy is emerging as a possible alternative. In addition,
several recent studies suggest that patients with focal
high-grade dysplasia and those with normal DNA
ploidy (as opposed to aneuploid) have a low risk
of progression and can be followed by close surveil-
lance (every 3ÿ6 months). Newer techniques for op-
tical detection of dysplasia, such as light-scattering
spectroscopy and ¯uorescence spectroscopy, are
promising tools in development, but remain experi-
mental at this time.

CONCLUSIONS

Barrett's esophagus is the single most signi®cant risk
factor for adenocarcinoma of the esophagus. Patients
with long-standing symptoms of GERD should un-
dergo screening to detect Barrett's, and should be con-
sidered for regular surveillance to detect the early
development of dysplasia or cancer. Areas of active
investigation are identi®cation of the cellular and mo-

lecular mechanisms for development of BE, better
markers of risk among patients with BE, and nonsur-
gical therapies to eradicate BE once it has developed.

See Also the Following Articles
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absorption The movement of nutrients and ¯uid from the

intestinal lumen into the lymphatics or bloodstream.

This comprises two steps, uptake from the intestinal

lumen and transfer from the cytosol of the enterocyte

into the lymphatics or portal circulation.

adaptation The process by which the morphology and/or

absorptive function of the intestine changes in response

to stimuli such as a change in the composition of the

diet, the development of diabetes, or a loss of a portion of

the intestine.

basolateral membrane The portion of the cell lining of the

enterocyte that communicates with the submucosal

tissue.

brush border membrane The membrane of the intestinal

absorptive cell, the enterocyte, which faces the intestinal

lumen.

enterocyte The major cell lining the intestinal villus that is

responsible for the absorption of nutrients.

intravillous space The space between the long

villi. Nutrients must diffuse into this space in order to

be taken across the brush border membrane in portions

of the villus away from the villus tip and toward the

crypt.

lipid-binding proteins Proteins in the brush border

membrane and the enterocyte cytosol that bind lipids.

Their physiological role is unknown; they may

in¯uence or modify intestinal absorption, bind lipids as

they move from the brush border membrane to

microsomes, or possibly play a role in the handling of

adaptation.

unstirred water layer Consists of a series of lamellae of

water, progressively less and less stirred as one moves

from the bulk phase in the intestinal lumen to the brush

border membrane. The unstirred water layer reduces the

concentration radiant between the bulk phase and the

brush border membrane and thereby slows the uptake of

nutrients.

Lipids represent a major source of calories and are

thereby nutritionally important. Some lipids are essen-

tial as they are not synthesized in the body and play an

important role in a variety of functions, such as integrity

of membranes. Most lipids are emulsi®ed in the stom-

ach, digested in the intestinal lumen as the result of

enzymes secreted from the pancreas in response to

the presence of food in the intestinal lumen, and then

solubilized by bile acids secreted by the liver. The long-

chain fatty acids and cholesterol are solubilized in bile

salt micelles, diffuse across the intestinal unstirred

water layer, and then passively permeate the lipophilic

brush border membrane (BBM). There are lipid-binding

proteins in the BBM as well as in the enterocyte cytosol

and these may contribute to the uptake of lipids. Once

the lipids are in the enterocyte, they pass to the endo-

plasmic reticulum, where they are further metabolized

before being excreted across the basolateral membrane

into intestinal lymphatics or into the portal vein. Al-

though the process of intestinal absorption of lipids

has many steps, it is complex and integrated and it is

a highly ef®cient process in which normally more than

95% of lipids in the diet are absorbed.

INTRODUCTION

Lipid absorption involves uptake across the brush bor-
der membrane (BBM) into the enterocyte, where the
lipids must be transferred intracellularly to sites of me-
tabolism or exit the cell across the basolateral membrane
(BLM) into the lymph or portal blood. Fat digestion and
absorption constitute a complex process involving in-
soluble substrates, neutral and amphipathic lipids, and
lipases acting in the stomach and small intestine. Intes-
tinal lipid absorption involves several coordinated
steps, including digestion and solubilization of the
lipid, diffusion across the unstirred water layer
(UWL), mediated and nonmediated transport across
the BBM, diffusion across the cytosol, intracellular me-
tabolism, binding to lipoproteins, and exit across the
basolateral membrane into the lymph or portal blood.

The uptake of lipids into the enterocyte occurs
predominantly at the upper third of the villus. Nutri-
ents must cross two barriers in series in order to be
taken up by the enterocyte: the intestinal UWL and
the BBM. The rate of nutrient uptake is determined by
the dimensions and properties of these two barriers, as
well as by the activity of protein-mediated compo-
nents of transport.
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LIPID UPTAKE ACROSS
THE INTESTINAL BBM

Lipid uptake across the BBM is the rate-limiting step for

uptake of short- and medium-chain fatty acids, whereas
passive uptake of long-chain fatty acids is rate-limited
by passage through the UWL. Three models of passive

uptake of long-chain fatty acids (LCFA) and cholesterol
have been outlined. The ®rst model proposes that the

entire mixed micelle is absorbed by the BBM. However,
no experimental evidence supports this model. In the
second model, the micelle collides with the BBM, allow-

ing for the uptake of lipids to occur. Evidence for this
model is suggested by the linear relationship between
lipid uptake and bile acid concentration. In contrast, the

third model proposes that the lipids dissociate from the
micelle into the aqueous compartment of the UWL be-

fore being taken up by the BBM. Support for this model
is suggested by the ®nding that fatty acid uptake de-
creases with an increase in the number of bile acid

micelles, under conditions in which fatty acid concen-
tration is kept constant. The dissociation of lipids from

bile acid micelles is under the in¯uence of the acidic
microclimate adjacent to the BBM. Under these acidic
conditions, the critical micellar concentration in-

creases, the fatty acids become protonated, and this
protonation increases their rate of permeation across

the BBM. Increase in the ¯uidity of the BBM also in-
creases the rate of permeation of lipids. Other factors
in¯uencing the rate of lipid uptake may be the lumenal

lipid composition, lipid-binding proteins, and mem-
brane potential. For example, polyunsaturated fatty
acids and phophatidylcholine may inhibit cholesterol

absorption, possibly by shifting the partition coef®cient
of cholesterol away from the cell membrane back to the

micelle, thereby preventing the uptake of lipid. There
are numerous lipid-binding proteins in the BBM and
cytosol of the enterocyte (Table I) and these likely

play a role in lipid absorption.
Short-chain fatty acids (SCFA) are produced by

bacterial degradation of complex carbohydrates and
proteins entering the colon. SCFA are rapidly absorbed.
SCFA stimulate electroneutral sodium absorption via

activation of the BBM Na�/H� exchanger (NHE),
which results from the SCFA changing the intracellular

pH gradients. Medium-chain fatty acids are neutral lip-
ids containing fatty acid molecules with chain lengths
ranging from 6 to 12 carbon atoms. These fatty acids

are more rapidly and completely hydrolyzed than
are long-chain triglycerides (LCT), even in the absence
of pancreatic lipase. Medium-chain fatty acids are ab-

sorbed at the same rate as SCFA in the human rectum.
The absorption of medium-chain triglycerides (MCT) is

less dependent on the action of bile salts, because MCT
are more water soluble than LCT. Although MCT are
better absorbed than LCT in the presence of pancreatic
insuf®ciency, pancreatic extracts may increase their ab-
sorption. Thus, if patients with pancreatic insuf®ciency
are given pancreatic supplements, there may be little
additional bene®t to lipid absorption when giving
MCT compared with using LCT. The availability of
orally administered hydrophilic drugs to the systemic
circulation is generally limited by the barrier properties
of the intestinal membrane. The sodium salts of me-
dium-chain fatty acids (MCFA) enhance the absorption
of hydrophilic drugs across the intestinal mucosa and
structurally similar MCFA display differences in their
mechanism of action.

The uptake of cholesterol into the intestine occurs
by a process of passive permeation across the BBM, after
dissociation of cholesterol from the micelle directly into
the membrane or into the acidic aqueous phase external
to the BBM. Proteins facilitate cholesterol and phospha-
tidylcholine absorption. Cholesterol esters may also be
subject to protein-mediated uptake. Cholesterol ab-
sorption is a multistep process that includes hydrolysis
of cholesterol esters in the gut lumen, formation of
mixed micelles, transport of cholesterol into entero-
cytes, its reesteri®cation, and then assembly and secre-
tion of chylomicrons as well as nascent high-density
lipoproteins. There may be lipid-binding proteins that
facilitate cholesterol absorption.

Bile acids are water-soluble end products of
cholesterol metabolism that participate in fat digestion
in the gastrointestinal tract. Bile acids are synthesized
from cholesterol in the liver and are secreted with bile
into the small intestine. Lumenal bile acids form micel-
lar structures that solubilize lipids and facilitate their
absorption across the brush border membrane. In the
terminal ileum, the lumenal bile acids are actively re-
absorbed by the enterocytes and are returned to the liver
via the portal circulation. This process is known as the
enterohepatic circulation. Lipid absorption requires an
optimal concentration of bile acids in the intestinal
lumen and this concentration is maintained by the bal-
ance between ileal excretion and ileal active reabsorp-
tion of bile acids. The enterohepatic cycling of bile salts
is a major factor in the maintenance of the bile salt pool.
Bile salts are absorbed passively in the jejunum and are
actively absorbed in the ileum. Bile acids are taken up by
passive or protein-mediated processes. The BBM Na�/
bile acid cotransporter has been cloned from rat, ham-
ster, and human ileum and is subject to both transla-
tional and posttranslational regulation. A 14 to 15 kDa
cytosolic binding protein, the intestinal bile acid-
binding protein, belongs to a family of hydrophobic
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ligand-binding proteins, the fatty acid-binding proteins.
The binding of bile acids to ileal lipid-binding protein
(ILBP) increases the af®nity of ILBP for bile acids. This
may be a substrate-load modi®cation of transport activ-
ity and a positive-feedback regulation for active uptake
of bile acids in the ileum.

Low-molecular-weight cytosolic bile acid-binding
proteins are also involved in the intracellular transport
of bile acids and may be subject to transcriptional
regulation. Bile acids may provide positive feedback
regulation for active bile acid uptake by binding the
ileal ILBP.

The Unstirred Water Layer

The passive and carrier-mediated transport proces-
ses are described kinetically on the basis of the passive
permeability coef®cient (P), the incremental Gibbs free
energy values (dDFw!1) associated with the addition of
speci®c substituent groups to a probe molecule, the
Michaelis af®nity constant (Km), and the maximal trans-
port rate (Vmax). These measurements provide critical
information about such important characteristics of the
BBM as its relative hydrophobicity and permeability and
about the number and characteristics of speci®c trans-
porters in the BBM. Although it has been assumed that

uptake is determined by the properties of the BBM, it is
critical to correct uptake for potentially serious
qualitative and quantitative errors arising from failure
to account for the effect of the UWL resistance. Failure
to correct for the effect of the UWL may lead to under-
estimation of passive permeability coef®cients, incre-
mental free-energy values and re¯ection coef®cients
for carrier-mediated processes, overestimation of
Michaelis constants for carrier-mediated processes, or
erroneous identi®cation of `̀ transition'' temperatures in
the membrane. Failure to correct for the UWL may lead
to overestimation of the value of Vmax if the contribution
of concurrent passive uptake is not taken into account or
if recruitment of the carrier along the intervillus space is
not taken into consideration. These potential errors may
invalidate the use of Michaelis-Menten kinetics for the
analysis of carrier-mediated transport processes.

Adjacent to all biological membranes there is a layer
of relatively unstirred water through which solute
moves by diffusion. In the intestine, this UWL consists
of a series of water lamellae that extends out from the
BBM, each layer of which is progressively more stirred
until it blends in with the bulk water phase in the in-
testinal contents. The UWL is an operational term, be-
cause the boundary between the bulk water phase and
the UWL is not well de®ned. Therefore, the dimensions

TABLE I Intestinal Lipid-Binding Proteins

Protein Molecular weight (kDa) Localization Substrate

Brush border membrane

proteins

Caveolin 22 Small intestine Cholesterol, LCFA

SR-BI 27 Liver, peripheral tissue High-density lipoproteins,

phospholipids, triacylglycerol,

cholesterol, cholesterol esters

FABPpm 40 Adipose tissue, heart, liver,

intestine

Cholesterol, LCFA

FAT/CD36 88 Adipose tissue, heart, skeletal,

muscle, spleen, intestine

LCFA, triglycerides, cholesterol

FATP4 63 Small intestine LCFA (oleate)

Cholesterol transport

protein

145 Small intestine Cholesterol

Intracellular proteins

FABPc 14ÿ15 Adipose tissue, muscle, heart,

brain, kidney

LCFA

L-FABPc 14ÿ15 Liver, small intestine LCFA, heme, bile acids, acyl CoA

I-FABPc 14ÿ15 Small intestine LCFA

ILBP 14ÿ15 Ileum (predominant in

distal ileum)

Bile acids

Prechylomicron

transport protein

Small intestine Triacylglycerol

MTP 58 Small intestine Triacylglycerol cholesterol ester
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of UWL thickness and surface area give rise to a value of
`̀ effective resistance.''

The UWL is formed by `̀ hydrated mucus and a
series of water lamellae extending outward from the
BBM, each progressively more stirred, until the layers
blend imperceptibly with the bulk phase.'' It is unclear
whether the UWL is the physical structure of water,
mucus, glycocalyx, villi, and microvilli; laminar ¯ow
of the lumenal perfusate; or movement of the intervil-
lous space. The thickness of the intestinal UWL has been
estimated to be 30 to 1000 mm, depending on the meth-
ods used to make the measurement, the use of in vitro or
in vivo tissue preparations to obtain varying degrees of
stirring or mixing of the lumenal ¯uid, the shape of the
villi, and the extent of villous motility observed in the
different species studied. The thickness of the UWL may
be 500 AÊ in humans, although much lower values have
been reported.

The effective resistance of this UWL must be taken
into consideration when describing nutrient absorp-
tion. The rate of solute diffusion across the UWL is
determined by the thickness and surface area of the
UWL, the aqueous diffusion constant of the solute,
and the concentration of the solute. Lipids diffuse across
the intestinal UWL before contacting the BBM. The ef-
fect of the resistance of the UWL is to reduce the con-
centration of the lipid presented to the BBM. Therefore,
it is important to correct for the effect of the UWL on
absorption, to assess the true permeability coef®cient of
the BBM. Failure to correct for the effective resistance of
the UWL will result in underestimation of the true per-
meability properties of the BBM. Bile acid micelles
greatly enhance the uptake of fatty acids and cholesterol
from the small intestine, by helping to overcome the
resistance of the UWL and by increasing monomer con-
centration at the aqueousÿmembrane interface.

A variety of approaches have been developed to es-
timate UWL resistance. These include techniques that
are based on the following: (1) the morphometric anal-
ysis of small bowel dimensions; (2) the rates of carbon
monoxide diffusion out of the intestinal lumen; (3) the
effects of changes in viscosity of the perfusate on solute
absorption; (4) the osmotic gradient technique to de-
termine time required for development of diffusion po-
tentials; (5) the kinetics of entry of macromolecules into
the intervillus spaces; and (6) the comparison of the Km

values for solute transport or peptide digestion with the
values observed in the intact intestine.

The osmotic transient technique has been used
in vitro and it assumes the presence of a planar surface.
The osmotic transient technique has also been used in
intestinal perfusion studies in animals and in humans.
UWL thickness estimates of 300 to 800 mm have been

obtained from the determination of the half-time of
changes in the potential difference in a perfused gut
segment when one solution is rapidly substituted for
another with a different osmolarity. This method prob-
ably does not yield accurate estimates of UWL thickness
because the osmolarity of the lumenal bulk solution is
achieved slowly. Furthermore, ¯uid perfused through
the rat intestine moves by laminar ¯ow, rather than
segregating into a UWL and well-mixed bulk lumenal
contents.

Another method used to assess the effective resis-
tance of the UWL is to determine the rate of intestinal
uptake of a homologous series of probes, such as satu-
rated fatty acids. The fatty acid partition coef®cient in-
creases with its chain length by a factor corresponding to
a decrease in the incremental change in free energy
moving from an aqueous phase to a lipid phase. Values
for the apparent passive permeability coef®cient (P)
increase with the chain length of the fatty acids, until
the value of P becomes proportional to their free diffu-
sion coef®cients. This point indicates that uptake was
limited by the rate of diffusion across the UWL up to the
BBM. From rates of uptake of such diffusion-limited
probes, the UWL resistance in rat jejunum in vivo
may be calculated and closely approximates the value
of the UWL resistance calculated from the half-time of
change in diffusion potential. The diffusion barrier re-
sistance falls by approximately 45% over a range of
perfusion rates observed in vivo (1.5ÿ15 ml/min).

In vivo, the magnitude of the UWL thickness varies
depending on the method used to access this dimension:
in rat jejunum the UWL is 700 to 800 mm thick in a
30 cm segment perfused in the conventional fashion
on the abdominal cavity, falling to 200 to 400 mm
when the segment is placed in the abdominal wall
and falling to 32 to 68 mm with shaking of the intact
rat. Values for the effective thickness of the UWL in rat
perfusion experiments have been obtained by various
methods: 410 to 430 mm by measuring the development
of osmotically induced potential difference, 460 to
486 mm by the segmented ¯ow technique, and 212 to
708 mm by changing the ¯ow rate.

Another method used to obtain measures of UWL
thickness in vivo involves the measurement of the rate of
hydrolysis of probes in vitro and in vivo; from the
difference in these rates, the UWL effect is calculated.
Such estimates have yielded UWL thickness values of
48 mm in the human jejunum. This method assumes that
the Km of the disaccharides, measured in vitro, accu-
rately re¯ects the Km of these enzymes in the intact
intestine. This is a reasonable assumption, given that
the kinetics of these enzymes are not altered by disso-
ciation from the BBM. This method also assumes that all
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disaccharide hydrolysis occurs in the BBM rather than in
the lumenal contents, again a reasonable assumption.

Measurements of UWL thickness made in the jeju-
num of conscious dogs by assessing the absorption rate
of two rapidly absorbed probes, glucose and [14C]
warfarin, gave values of only approximately 35 and
50 mm for perfusion rates of 26 and 5 ml/min, respec-
tively. Measurements of the maximal UWL thickness for
the human jejunum calculated from previous studies of
glucose absorption yielded a mean value of only 40 mm.
These measurements are less than one-tenth of
previously reported values obtained using the osmotic
transient technique.

The effective resistance of the UWL is determined
not just by its thickness, but also by its surface area and
by the diffusion coef®cient of the probe under consid-
eration. The diffusion coef®cient may vary with viscos-
ity of the bulk phase or of the mucus in the UWL. Earlier
physiological studies showed that the uptake of most
nutrients occurs from the upper portion of the villus.
The `̀ recruitment'' of additional transporters or mem-
brane surface area available for uptake will depend on
the rate of uptake of solute from the enterocytes at the
top of the villus, their access to the intervillus space, and
the movement of the villi. Thus, the surface area of the
BBM used for nutrient uptake is much less than the total
membrane surface area.

The viscosity of ¯uid in¯uences diffusion resistance.
Dietary ®ber or its components, such as guar gum, may
be used to increase the viscosity of the lumenal contents.
Such changes in viscosity may reduce absorption by
affecting UWL resistance. Fiber may also increase the
pressure in the intestinal lumen, distend the bowel, and
thereby increase the uptake of some substances such as
antipyrine (a weak base, almost completely undisso-
ciated). In vivo, other aspects of ®ber may play a role
in nutrient absorption such as a slowing effect on
gastric emptying or a prolonged mouth-to-cecum tran-
sit time.

There is evidence to suggest that the dimensions of
the UWL may be speci®c to individual experimental
conditions and cannot be predicted. Thus, to correct
for effective resistance of the UWL and thereby to obtain
valid estimates of the kinetic properties of the tissue in
question, this resistance factor must be measured. Only
in this way will it be possible to establish whether an
adaptation in transport that occurs as a result of a die-
tary, pharmacological, or other experimental manipu-
lation designed to mimic a disease state in¯uences
nutrient uptake as a result of alterations in the value
of P, Km, or Vmax. Once the kinetic mechanism of altered
transport is known, then mechanisms responsible for
this adaptation can be determined. Thus, the value of the

UWL resistance must be measured for each change in
experimental design.

Intervillus Space and Villous Motility

Increasing the rate of stirring of the bulk phase en-
hances the in vitro uptake of nutrients. Faster rates of
perfusion through the intestine enhance in vivo uptake
of nutrients by a process that involves a reduction in the
thickness of the UWL and an enhancement of mucosal
surface area available for uptake. Distension of rat ileum
leads to a reduction in villous height and a marked
increase in width of the intervillous space (IVS) in
both the transverse and the longitudinal dimensions.
The net effect of this distension, however, is that
there is no absolute change in total mucosal surface area.

Because the proportion of the IVS that is involved in
solute uptake will depend on the extent to which cells at
the villous tip exceed their capacity to transport the
solute, the Vmax or P may vary depending on the extent
of the IVS used for uptake. With increasing recruitment
of carriers along the IVS or recruitment of increasing
amounts of cell membrane for passive uptake, the esti-
mated value of these kinetic constants may vary.

Because the IVS is only approximately 50 mm wide in
dogs and 15 mm in rats, 7 to 25 mm is the maximum UWL
that could separate the solute from the absorptive epi-
thelium in this space. The remaining UWL must be
con®ned to the villous tips. Using measurements of
maltose hydrolysis in the rat jejunum, hydrolysis was
accurately predicted by a model in which the unstirred
¯uid extended from 20 mm over the villous tips through-
out the IVS. In this model, the depth of diffusion into the
IVS is inversely proportional to the ef®ciency of epithel-
ial handling of the solute. As a result, both the aqueous
barrier and the functional surface area are variables
rather than constants.

If the thickness of the UWL in vivo is low, then what
will be its impact on nutrient uptake? Levitt and col-
leagues have estimated for a rapidly absorbed nutrient
such as glucose that the ratio of the cross-sectional sur-
face area of the IVS to the lumenal mucosa surface is
1 : 3, that 50% of the glucose will be absorbed within
9 mm of the villous tips, and that this preepithelial dif-
fusion barrier may remain the rate-limiting step for rap-
idly permeating probes such as glucose. A UWL of
35 mm would still produce approximately 75% of the
total resistance to glucose absorption, because the
total resistance (UWL plus epithelial cell) to transport
of low concentrations of glucose is equivalent to a UWL
of 48 mm. As the infusate concentration increases, the
carriers at the villous tip become saturated and the probe
must diffuse down the IVS.
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When uptake occurs largely from cells along the
upper portion of the villus, the thickness of the UWL
can be approximated by simple laminar ¯ow analysis
and for modeling purposes the intestine can then be
assumed to be a smooth cylinder. The IVS may become
an important site of uptake when ¯ow rate is high or
when there is intestinal distension. However, the in-
crease in the absorption rate after distension is smaller
than the enlargement of the inner cylindrical surface
area, presumably because of a change in supravillous
diffusion resistance.

In canine jejunum in vivo, substances absorbed into
the villus tips must penetrate an unstirred layer of 500 to
1000 mm, and for those substances absorbed into the
lateral surfaces of the villi, an additional barrier of as
much as 800 mm exists. The ¯uid in the IVS is poorly
stirred and presumably movement of the villi has little
impact on mixing of the IVS ¯uid. Westergaard and
Dietschy, in 1974, and Winne, in 1978, also concluded
that villus movement produced little stirring of the
UWL. When water absorption occurs then penetration
of the UWL by the process of solvent drag may enhance
absorption into the tip region of the villus. However,
because water absorption occurs largely in the upper-
most portion of the villi, diffusion is likely the only
process for permeation across the BBM of enterocytes
further down the villus.

Intestinal villi exhibit spontaneous movement in
the living animal. The villous movements are thought
to be due to contraction of smooth muscle ®bers
from the muscularis mucosae that run longitudinally
within the villous core. There is a piston-like retraction
and extension of the villi, pendular side-to-side move-
ment, and tonic contraction of several or all villi.
Local, neural, and hormonal factors modulate villous
motility.

A videomicroscopic method has been used to ana-
lyze quantitatively villous motility in the dog intestine.
The villous retractions are most frequent and of longest
duration in the duodenum, followed by the jejunum and
the ileum. It is predicted that villi are in the retracted
state for approximately 30, 13, and 6% of the time in
these three sites, respectively. The frequency of pend-
ular movements is greatest in the jejunum, followed by
the ileum and the duodenum. Lumenal pH or the pres-
ence of glucose has no effect on villous motility, whereas
amino acids and free fatty acids increase villous con-
traction frequency by 30ÿ50 and 90%, respectively. It is
unclear whether these changes in villous contraction are
achieved by feeding alone or by speci®c nutrients. In-
creasing villous motility by ¯uid expansion in the intact
canine intestine actually decreases absorption of water
and lauric acid. Thus, it is unclear whether the villous

motility perturbs the UWL suf®ciently to actually mod-
ify nutrient absorption.

According to the principles of laminar ¯ow, the ¯ow
rate of ¯uid is most rapid and most completely stirred in
the center of the intestinal lumen, with progressively
slower ¯ow rates and incomplete stirring in ¯uid near
the BBM. Laminar ¯ow occurs in the gut. The two-
dimensional laminar ¯ow model is valid for determining
kinetic parameters of carrier-mediated transport in situ
and for predicting absorption rate in situ from uptake
rate in vitro. Thus, in the constantly perfused intestine,
¯uid moves with laminar ¯ow. This is different from the
conventional unstirred water layer model, which pro-
poses a thickness of totally unstirred water adjacent to
the lumen with well-mixed contents in the center of the
lumen.

The ¯ow rate of ¯uid through the proximal small
intestine varies widely from an average of 2.5 ml/min in
fasting subjects to as high as 20 ml/min after meals.
Increasing the ¯ow rate increases the absorption of
tritiated water and D-glucose and opens the IVS more
widely. Increasing the jejunal ¯ow rate from 5 to 20 ml/
min decreases the permeability ratio of xylose/urea by
approximately 30% and decreases the average calcula-
ted pore radius of the diffusion pathway. Presumably
there is increased exposure of the lumenal ¯uid to the
less permeable cells in the IVS.

Most studies of perfused bowel in vivo have been
performed in anesthetized laparotomized rats, where
there is little motility and near-perfect laminar ¯ow,
just as if the perfused ¯uid mass was moving through
a pipe. In conscious rats, maximal preepithelial resis-
tance is equivalent to an UWL thickness of only approx-
imately 100 mm, with anesthesia doubling this
resistance and anesthesia and laparotomy increasing
resistance to approximately 600 mm. Clearly, correc-
tions in UWL resistance become even more important
under these experimental conditions.

Acid Microclimate

A layer juxtaposed to the mucosal surface where the
proton concentration is higher than in the bulk phase of
the intestinal lumen is designated the `̀ acid microcli-
mate.'' The existence of the acid microclimate was pos-
tulated on the basis of differences in the steady-state
distribution of weak acids and bases from the values
predicted by the pH-partition hypothesis. In a theore-
tical study in 1977, Winne concluded that the absorp-
tion of weak electrolytes could be modi®ed by the
existence of unstirred layers. The presence of the acid
microclimate was demonstrated indirectly on the basis
of acidi®cation of the incubation medium by isolated
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segments of rat jejunum, as well as by direct measure-
ments using surface microelectrodes or tip microelec-
trodes on tissue in vitro or in vivo. Point-by-point
determinations using 50 mm tip diameter antimony mi-
croelectrodes show that in rat jejunum in vitro, the
highest proton concentration (24ÿ224 nmol/liter� pH
6.67ÿ6.65) was found 10 to 100 mm below the tip of the
villus. No gradient is seen along the villi in the ileum.
The thickness of the acid microclimate in rat jejunum
in vitro, 700 mm, is similar to the thickness of the UWL.
Such an acid microclimate has been described in human
intestinal biopsy material and may change in disease
states such as celiac disease.

Thus, the pH of the UWL is below 6, which is lower
than in the bulk phase of the intestinal lumen, and
is lowest in the mucus layer immediately adjacent to
the BBM. The low pH of this acid microclimate is
maintained by activity of the Na�/H� exchanger in
the BBM. The NHEs in the intestinal BBM are respon-
sible for acidifying the UWL adjacent to the BBM. This
facilitates partitioning of fatty acids out of the bile salt
micelles, their protonation, and hence their greater per-
meation across the BBM. NHE appears to play a more
important role when there is a H�/Na� gradient across
the BBM, whereas the fatty acid-binding protein in the
BBM, FABPm, is important when there is less of such
a gradient. Inhibition of NHE or FABPm results in an
approximately 30 to 40% decline in the uptake of fatty
acids. Mucus glycoproteins may contribute to this pH
gradient by inhibiting the diffusion of protons into the
bulk phase. The mucus may act as an ampholyte, re-
stricting H� movement in its matrix. The acid micro-
climate is also maintained by physical properties of the
mucus that retard diffusion of H� from the BBM to the
bulk phase in the intestinal lumen. The acid microcli-
mate may alter the proportion of ionized to non-ionized
solutes, which may thereby in¯uence the ability of the
solutes to be taken up by the BBM. This is particularly
important for fatty acids (pKa� 4.2), since the majority
would exist in the non-ionized form in the acidic
microclimate of the UWL and thereby allow these
protonated fatty acids to permeate the BBM more
readily.

Brush Border Membrane

The second barrier to lipid uptake is the BBM of
the enterocyte. The BBM of the enterocyte is polarized
in composition and in function. Tight junctions divide
the plasma membrane into two domains: the BBM and
the BLM. The surface area of the BBM increases the
surface area of the villus up to 40-fold and is subject
to direct or indirect regulation by food or food

substances. The BBM serves as a permeability barrier
that separates the enterocyte from the intestinal
lumen. Nutrient transport is determined by endocyto-
sis, carrier proteins, and permeability properties of the
membrane. Absorbed nutrients exit the enterocyte
across the BLM into the portal blood and into the
lymph. The BLM is also the entry site of nutrients,
hormones, and ions from the blood. Lipids are pre-
sumably incorporated in the external lipid monolayer
of the BBM; they subsequently diffuse through the
BBM and are released from the inner lipid monolayer
of the BBM into the cytosol of the enterocyte. The
permeability properties of the BBM are subject to
adaptation in health and disease.

Alterations in BBM lipid composition may modify
physical properties of the membrane, resulting in alter-
ations in activity of membrane-bound proteins. These
changes in BBM composition may produce alterations in
cell function, including nutrient transport. For exam-
ple, alterations in BBM lipid composition with aging
have been reported for rat intestine and rabbit intestine.
The ratio of total phospholipid to cholesterol in the BBM
increases with aging, primarily due to an increase in the
phospholipid content of the membrane.

Changes in the fatty acid and cholesterol content of
the diet result in alterations in BBM lipid composition
and nutrient transport. The degree of unsaturation of
dietary fatty acids in¯uences lipid composition and
function of membranes isolated from many tissues in-
cluding intestine. In addition, dietary glycosphingolipid
such as ganglioside may alter membrane ¯uidity and
permeability. Nutrients also play a signi®cant role in
the regulation of gene expression. In a membrane per-
meability study using enzymatic and ¯uorescence
spectrometry techniques, incorporation of exogenous
gangliosides into the phospholipid vesicle was shown
to increase the passive membrane permeability.

Fluidity is a property of membranes that describes
the freedom of lipid molecules to move in the mem-
brane. Alterations in ¯uidity are associated with changes
in membrane lipid composition and function. Passive
and carrier-mediated nutrient transport processes de-
pend on the nature of the ¯uidity of the BBM and its lipid
composition. The lipid content of intestinal BBM
changes with fasting. There are decreased ratios of
cholesterol/phospholipid, sphingomyelin/phosphati-
dylcholine, and protein/lipid, decreased oleic and lino-
leic acids, increased brush border membrane total
phospholipid, an increased double-bond index, and
an increased percentage of stearic and arachidonic
acids. The low ¯uidity of the BBM re¯ects a low phos-
pholipid to cholesterol ratio and may be functionally
important for ef®cient nutrient transport. Enterocyte
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BBM ¯uidity is greater in the proximal small intestine
than in the distal small intestine, decreases as cells mig-
rate from the crypt to the villus, and is associated with
changes in lipid composition. Passive lipid permeability
and carrier-mediated glucose uptake are in¯uenced by
changes in BBM ¯uidity.

Once lipids have diffused across the UWL, their
uptake is mediated by passive diffusion, although
lipid-binding proteins may contribute to uptake.

Lipid-Binding Proteins

There are numerous lipid-binding proteins in the
BBM and cytosol of the enterocyte (Table I). The pres-
ence of BBM lipid transport proteins raises the possibil-
ity that once lipids have partitioned out of the bile acid
micelle, their uptake may occur by this carrier-mediated
transport as well as by passive diffusion. Lipid-binding
proteins in the BBM may serve to transport lipids into
the enterocyte, whereas lipid-binding proteins in the
cytosol may remove lipids from the BBM and/or bind
them in the cytosol, thereby changing the lipid concen-
tration gradient across the BBM and enhancing further
uptake by passive permeation.

Caveolin-1 is a 22 kDa integral membrane protein
located in detergent-resistant microdomains of the
BBM. The caveolins may act as a plasma membrane
storage of cholesterol and may play a role in the ste-
rol-sensing component of the BBM. Caveolin-1 also ex-
hibits a binding af®nity for long-chain fatty acids. The
role of caveolin-1 in the intestine has not been estab-
lished, but may be involved in the intracellular targeting
of lipids.

The scavenger receptor of class B type I (SR-BI) is a
57 kDa integral membrane protein and is located in the
BBM. SR-BI may act as a docking receptor for donor
particles, such as bile acid micelles, followed by the
transfer of lipids to the BBM. SR-BI may also play a
role in cholesterol absorption, as well as lipoprotein
transport. SR-BI is present on both the apical and
basolateral surfaces of the jejunum villus, with little
SR-BI being detectable on either apical or basolateral
membranes in the ileum.

A 43 kDa protein, known as the plasma membrane
fatty acid-binding protein (FABPpm), was identi®ed
in the BBM and BLM of intestinal cells. This protein
binds LCFA, monoglycerides, and cholesterol. Incuba-
tion of rabbit jejunal BBM vesicles with anti-FABPpm
antibody results in a reduction in oleic acid uptake.
Polyclonal antibody to FABPm inhibits intestinal oleate
uptake in a dose-dependent, noncompetitive fashion,
with a reduction in the uptake of fatty acids, cholesterol,

monoacylgycerol, and lyso-PC but not in the uptake of
glucose, alanine, or bile acids.

Fatty acid translocase (FAT) is an 88 kDa transmem-
brane glycoprotein located in the BBM of enterocytes.
Rat FAT is 85% homologous to the human scavenger
receptor CD36, which is found in platelets, lactating
mammary epithelium, monocytes, and adipocytes.
FAT RNA is more abundant in the jejunum than in
the ileum and is present in the upper two-thirds of
the intestinal villi; the FAT protein is limited to the
BBM. Dietary fat rich in polyunsaturated fatty acids
up-regulates the expression of intestinal FAT mRNA.
FAT is thought to account for approximately 35% of free
cholesterol uptake by the BBM.

The fatty acid transport protein (FATP) is a 63 kDa
membrane protein. There is a large family of FATPs, but
only FATP4 is present in appreciable levels in the in-
testine. FATP4 mRNA is expressed in the enterocytes of
the jejunum and ileum and at lower levels in the duo-
denum. Expression of FATP4 mRNA is absent from the
crypts of the small intestine and from the colon. Fatty
acids containing 10ÿ26 carbon atoms are thought to be
substrates for FATP4.

The passive absorption of sterols occurs as a result of
collision between mixed bile salt micelles and the BBM,
but the BBM vesicle transport is reduced following
membrane digestion with proteases, suggesting the ex-
istence of a transport protein. This `̀ cholesterol trans-
port protein'' is an integral membrane protein, with at
least one hydrophobic domain. The multidrug resis-
tance protein (MDR; MDR1 in humans) may be in-
volved in the uptake of cholesterol into intestinal
epithelial cells. A sterol glycoside derivative speci®cally
binds to the BBM of enterocytes and blocks the absorp-
tion of cholesterol. A 145 kDa integral membrane pro-
tein in the BBM of rabbit enterocytes has also been
identi®ed and may contribute to intestinal cholesterol
absorption.

In the cytosol of the enterocyte, fatty acids are bound
and transported to their respective sites of metabolism
by several cytosolic lipid-binding proteins including
two fatty acid-binding proteins (FABPc), the intestinal
type (I-FABPc), which is present exclusively in the in-
testine, and the liver type (L-FABPc), which is present in
both liver and intestine. Rat intestinal I-FABPc and
L-FABPc genes and human I-FABP have been cloned.
I-FABP is localized in mature villus tip cells and is not
usually present in the crypt cells, whereas L-FABP is
con®ned to the cryptÿvillous junction and is not
present in villus tip cells. L-FABPc appears in the
crypt cells only under the conditions of fasting, likely
in order to obtain fatty acids from the blood. I-FABPc
binds palmitic, oleic, and arachidonic acid, whereas
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L-FABPc binds both saturated and unsaturated fatty
acids, monoacylglycerols, lysophospholipids, and bile
salts, but not cholesterol. L-FABPc is a 14.1 kDa protein
located in the duodenum and jejunum, with maximal
expression in the proximal jejunum. I-FABPc is a
15.1 kDa protein that is expressed throughout the
small intestine, with maximal expression in the distal
ileum. The mRNAs for I-FABPc and L-FABPc are ex-
pressed throughout the small intestine and along the
length of the villi. I-FABPc is thought to be important
for binding lumenally derived fatty acids absorbed
across the BBM, whereas L-FABPc binds fatty acids
from the bloodstream. I-FABPc is pH-insensitive,
which suggests that it binds protonated fatty acids,
whereas L-FABPc binds only the unprotonated fatty
acids. L-FABPc also binds growth factors, prostaglan-
dins, and leukotrienes, which suggests that L-FABPc
plays a role in enterocyte growth and differentiation.
These differences in binding speci®cities and pro-
perties may aid in the targeting of lipids to their sites
of metabolism.

Peroxisome-proliferator activator receptors (PPAR)
may play an obligatory role in up-regulating the express-
ion of L-FABP and I-FABP genes. The livers of mice fed
beza®brate, a PPAR hypolipidemic drug, showed a
fourfold increase in L-FABPc protein and mRNA.
Beza®brate increases the mRNA expression of FAT,
suggesting a complementary role of FAT and FABP
proteins in lipid absorption.

The microsomal triglyceride transport protein
(MTP) is an endoplasmic reticulum (ER)-localized co-
factor required for the assembly of apolipoprotein B
(apoB). MTP is a heterodimer consisting of a 58 kDa
subunit of protein disul®de isomerase (a multifunc-
tional ER protein) and a unique 97 kDa subunit. MTP
is essential for the transfer of triglyceride and
cholesterol esters into the hydrophobic core of apoB.
Mansbach and co-workers have suggested that the rate-
limiting step in lipid absorption is the traf®cking of
triacylglycerol from the ER to the Golgi. Speci®cally,
the rate-limiting step may be formation of a prechylo-
micron vesicle that transports the developing
chylomicron from the ER to the Golgi. This rate-limiting
step in the complex process from fatty acid and monoac-
ylglycerol entry to triacylglycerol export may involve a
protein for the transport of triacylglycerol from the en-
doplasmic reticulum to the Golgi complex. This trans-
port particle has been isolated and characterized;
electron microscopy shows a 200 nm vesicle containing
immunoidenti®able apoB48 and apoA-IV, but very little
apoA-I. The surface of the chylomicron contains both

exchangeable apoA-I, apoA-IV, apoC, and apoE and
nonexchangeable apoB48.
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Basic Electrical Rhythm
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interstitial cells of Cajal Specialized nonneural cells that

function as pacemakers for the gastric and intestinal

musculature.

myogenic Originating in the musculature of an organ.

Electrodes attached to the serosal surface of the stomach

or small and large intestines of mammals detect electrical

activity that is continuous and rhythmic. Because of its

cyclic periodicity, following its discovery, this electrical

activity was called `̀ basic electrical rhythm.'' The more

modern term for the same kind of activity is `̀ electrical

slow wave.'' The time period from the onset of one wave to

the onset of the next is designated as one cycle of the

rhythm. Quantitative descriptions of the rhythm frequen-

cies in the specialized regions of the gastrointestinal tract

are usually expressed as cycles per minute.

INTRODUCTION

The basic electrical rhythm (BER) in the stomach or
small and large intestines of mammals is a property
of the musculature. The rhythm continues after block-
ade of all of the innervation of the gut muscles and
continues in isolated preparations of stomach or intes-
tine placed in warmed physiologic solutions outside of
the body. This is the basis for describing the slow waves
as myogenic. Depolarization of the muscle membrane
potential accounts for the rising phase of the slow wave
and repolarization accounts for the falling phase.

Specialized pacemaker cells determine the fre-
quency at which the slow waves occur. The specialized
pacemaker cells are the interstitial cells of Cajal; named
after the famous Spanish neuroanatomist, RamoÂn y
Cajal. Interstitial cells of Cajal are electrically coupled
to the bulk of the smooth muscle in the stomach and
intestine. Electrical slow waves generated by the pace-
maker cells spread passively into the bulk musculature.
The slow waves do not trigger contractions of the mus-
cle. Invasion of the bulk musculature by the slow waves
depolarizes the membrane potential of the muscle cells
to the threshold for discharge of action potentials, and
the action potentials trigger contraction. Contractions
and electrical slow waves occur at the same

frequency when action potentials are triggered by
each and every slow wave. No contractions occur
when the slow waves fail to trigger action potentials
in the muscle. The nervous system of the gut determines
when the ongoing slow waves trigger action potentials
and their accompanying contractions.

BASIC ELECTRICAL RHYTHM OF
THE STOMACH

The waveforms (Fig. 1) of the BER, as recorded with
intracellular microelectrodes in the stomach and small
and large intestines, are similar in shape. Frequencies of
occurrence of the BER cycles in the stomach are slower
than in the small intestine. The waveform of the gastric
BER consists of a sharply rising depolarizing phase, a
plateau phase, and a repolarization phase (Fig. 1D).
Action potentials may appear on the plateau phase in
the distal regions of the stomach (Fig. 1E). A dominant
pacemaker located in the midregion of the stomach
initiates each slow wave. Once started at the pacemaker
site, the slow waves travel rapidly around the gastric
circumference and trigger the characteristic ringlike
contractions of the distal stomach. The slow waves
and associated ringlike contractions then travel more
slowly toward the gastroduodenal junction.

Electrical connections between smooth muscle
cells account for the propagation of the slow waves
from the pacemaker site to the junction with the
small intestine. The pacemaker region generates slow
waves and contractions at a frequency of 3 cycles/min in
humans, 5 cycles/min in dogs, 3ÿ4 cycles/min in cats,
6ÿ7 cycles/min in guinea pigs, and 4ÿ5 cycles/min in
rats. The duration of each gastric electrical slow wave in
humans is about 10 sec.

BASIC ELECTRICAL RHYTHM OF
THE SMALL INTESTINE

Electrical slow waves in the intestine, like the BER
in the stomach, occur spontaneously and are always
present. Action potentials are triggered at the crests
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of the depolarization phase of the slow wave and are
followed by the associated muscle contraction (Fig. 1A).
Consequently, the highest frequency of contractions is
the same as the frequency of the slow waves. The small
intestinal BER frequency in humans is highest in the
duodenum, at about 12 cycles/min and progressively
decreases more distally, with the ileum having the
lowest frequency. Every slow wave may not trigger ac-
tion potentials and the frequency of contractions in an
intestinal segment may not be the same as the BER fre-
quency. When not all slow waves are generating con-
tractions, the intervals between contractions are
multiples of the shortest slow-wave interval.

Intestinal slow waves occur synchronously around
the circumference of the intestine. They behave as if they
either travel very rapidly or are triggered simultaneously
at all points around the intestinal segment. At the same
time, they appear to travel at much slower velocities
in the longitudinal direction along the intestine. The
direction of travel is in the caudal direction in the
small intestine. Velocity of travel in the duodenum is
5ÿ15 cm/sec, depending on the animal species. Velocity
of propagation decreases from the proximal to distal
small intestine. Contraction waves tend to travel in
the caudal direction with the same velocity as the
slow waves because the slow waves trigger the action
potentials that trigger contractions.

BASIC ELECTRICAL RHYTHM OF
THE LARGE INTESTINE

Speci®c properties of slow waves in the large intestine
are different from the properties of gastric and small
intestinal slow waves. The frequency gradient for the
large intestinal slow waves is reversed relative to the
small intestine. The lowest frequency of slow waves
in the large intestine occurs in the proximal colon
and is highest in the distal regions of the large bowel.

See Also the Following Articles

Colonic Motility � Duodenal Motility � Electrogastrography
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tinal Motility
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FIGURE 1 Electrical slow waves constitute the basic electrical

rhythm in the small intestine and stomach. In the small intestine,

the electrical slow waves that constitute the rhythm did not trigger

action potentials (A) and exhibit action potentials at the crests of

the waves (B). (C) Basic electrical rhythm in distal region of the

stomach. (D) Waveform of the slow wave in the midregion of the

stomach exhibits a rising phase (depolarization), plateau phase,

and falling phase (repolarization). (E) Waveform of the slow wave

in a more distal region of the stomach. Action potentials appear in

association with the plateau phase. An electrode was attached to

the serosal surface of the intestine or stomach for recording of the

basic electrical rhythm in AÿC. An intracellular microelectrode in

a single gastric muscle cell recorded the waveforms in D and E.
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BehcËet's Disease
SALAHUDDIN KAZI
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aphthosis Occurrence of numerous mucosal ulcers, or

apthae. Commonly occurs as an idiopathic disorder or

can occur as a part of disorders such as BehcËet's disease

or Crohn's disease. In BehcËet's disease, the aphthae are

typically numerous, large, and deep.

pathergy Excessive in¯ammatory reaction to tissue trauma.

Characteristic of BehcËet's disease, but also seen in

pyoderma gangrenosum.

uveitis In¯ammation of the uveal tract of the eye, which

consists of the iris, cyclic body (anteriorly; anterior

uveitis, iritis, and iridocyclitis), and the choroid plexus

and retinal layers (posteriorly; posterior uveitis). In¯am-

mation of the entire uveal tract is referred to as

panuveitis.

BehcËet's disease is an idiopathic, intermittent in¯amma-

tory clinical syndrome characterized by recurrent genital

and oral aphthosis accompanied by other systemic in¯am-

matory manifestations that commonly include arthritis,

uveitis, and skin lesions. Loss of vision from recurrent

ocular disease is the principal morbidity of this disease.

EPIDEMIOLOGY

BehcËet's disease is a worldwide disease but occurs more
frequently in countries along the ancient Silk Road,
which linked China to the Roman Empire. The highest
prevalence is in Turkey (80ÿ370 cases per 100,000). It
has intermediate prevalence in Iran, Saudi Arabia, and
the Far East and has a much lower prevalence in North
America and Northern Europe. The disease is more
common in men, and characteristically affects young
adults in the third to ®fth decades.

ETIOLOGY AND PATHOGENESIS

Like other autoimmune diseases, the precise cause of
BehcËet's disease is unknown. The increased prevalence
of BehcËet's disease in geographic regions along the Silk
Road correlates with the prevalence of the human leu-
kocyte antigen (HLA)-B51 allele in populations en-
demic to these regions; HLA-B51 appears to
contribute to the risk of BehcËet's disease, but the asso-

ciation is much less prominent in Western countries.
This allele also appears to affect the severity of disease.
The major histocompatibility complex class I chain-re-
lated A gene (MICA gene), which is in linkage disequi-
librium with the HLA-B51 allele, is also a candidate gene
for BehcËet's disease. Hypotheses examining the relation-
ship between microbial infection and the development
of BehcËet's disease have suggested that shared ubiqui-
tous antigens, including the heat-shock proteins of
microorganisms, may trigger cross-reactive autoim-
mune responses in patients with BehcËet's disease.

Pathologically, the lesions in BehcËet's disease are
predominantly seen in the vasculature. Histopathologic
analysis reveals a neutrophilic vascular reaction
(leukocytoclastic vasculitis). Hypercoagulability, likely
secondary to endothelial activation, is also characteris-
tic of BehcËet's disease.

CLINICAL FEATURES

Oral and Genital Lesions

Recurrent, painful, aphthous oral ulcers are fre-
quently the ®rst and most persistent manifestation of
BehcËet's disease. They resemble common oral aphthae,
but when they are large, multiple, or seen on the soft
palate or pharynx, they should arouse suspicion for
BehcËet's disease. Recurrent genital ulceration is
seen in the majority of patients. In men and women,
such ulcers are typically seen, respectively, on the
scrotum and on the vulva, but can be seen on any mu-
cosal surface.

Cutaneous Lesions

Common skin lesions include acneiform nodules,
pseudofolliculitis, and papulopustular lesions. Occa-
sionally, erythema nodosum and pyoderma gangre-
nosum occur. A positive pathergy test is considered
highly speci®c for BehcËet's disease. A 20-gauge needle
is inserted in the skin of the volar surface of the
forearm to a depth of 0.5 cm and is then rotated and
withdrawn. The appearance of a pustule 42 mm at the
puncture site 48 hours later constitutes a positive
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pathergy test. Pathergy is distinctly less common in
North American and Northern European patients.

Ocular Lesions

The classic ocular lesion seen in BehcËet's disease is
severe anterior uveitis resulting in visible pus in the
anterior chamber (hypopyon). Anterior uveitis is typi-
cally relapsing and remitting in character. Posterior
uveitis, which involves the posterior uveal tract and
retinal vasculitis with its associated complications, is
the main cause of permanent visual impairment in
BehcËet's disease. Ocular in¯ammation is less common
in North American and Northern European patients.

Musculoskeletal

A nondestructive oligoarthritis is the extent of joint
involvement in BehcËet's disease and is not a dominant
feature of this disease, occurring in less than half of the
patients. It is often re¯ective of systemic disease activity.
Overlap myositis with proximal muscle weakness occa-
sionally occurs.

Nervous System

Neurological disease occurs in one-third of patients
with BehcËet's disease, often several years after
mucocutaneous manifestations have been present.
Aseptic meningitis, stroke syndromes, and cranial neu-
ropathies can occur. Magnetic resonance imaging re-
veals the predilection for small brain stem vessels and
periventricular sites of involvement.

Vascular

BehcËet's disease can involve arterial and venous
blood vessels of any size. Large-vessel involvement is
relatively more common. Clinical syndromes include

inferior vena cava obstruction and BuddÿChiari syn-
drome. Deep venous thrombosis and super®cial throm-
bophebitis occur quite commonly in BehcËet's disease.

Gastrointestinal

Ulceration can occur in any part of the gastrointes-
tinal tract but is most frequently seen in the terminal
ileum and cecum. Perforation and bowel infarction from
mesenteric vasculitis have also been reported in BehcËet's
disease. The ulcerations can be longitudinal, ®ssured, or
aphthoid. Symptoms include abdominal pain, melena,
or hematochezia. The clinical and endoscopic appear-
ance may be indistinguishable from that of Crohn's
disease, creating dif®culty in differentiating these
disorders, because patients with Crohn's disease fre-
quently exhibit oral aphthae as well.

Other

Renal disease is relatively uncommon in BehcËet's
disease. Amyloidosis has been reported. Epididymitis
is also rare. A variety of rare cardiac lesions have
been reported. An overlap syndrome with relapsing
polychondritis, the `̀ mouth and genital ulcers with in-
¯amed cartilage'' (MAGIC) syndrome, can occur.

DIAGNOSIS AND DIFFERENTIATION
FROM OTHER CONDITIONS

Recurrent aphthous stomatitis is a common disorder.
Ulcers in BehcËet's disease are typically larger, deeper,
take longer to heal, and may cause scarring. The diag-
nosis of BehcËet's disease should not be assigned unless
other clinical features are present. In 1990, the Inter-
national Study Group for BehcËet's disease proposed cri-
teria for the diagnosis of the disease (Table I). Other
disorders characterized by recurrent mucocutaneous

TABLE I Criteria for Diagnosis of BehcËet's Diseasea

Criterion Observation

Primary

Recurrent oral ulceration Minor aphthous, major aphthous, or herpetiform ulceration observed by

physician or patient, recurring at least three times in one 12-month period

Plus two of the following symptoms

Recurrent genital ulceration Aphthous ulceration or scarring observed by physician or patient

Eye lesions Anterior uveitis, posterior uveitis, or cells in the vitreous (on slit-lamp examination) or

retinal vasculitis observed by ophthalmologist

Skin lesions Erythema nodosum observed by physician or patient, pseudofolliculitis, or

papulopustular lesions; or acneiform nodules observed by physician in postadolescent

patients not receiving corticosteroid treatment

Positive pathergy test Read by physician at 24ÿ48 hours

a Modi®ed from International Study Group for BehcËet's Disease (1990).
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lesions include Crohn's disease, human immunode®-
ciency virus (HIV) infection, recurrent orogenital
aphthosis, herpes simplex infection, and cyclic neutro-
penia. Differentiation from Crohn's disease may be par-
ticularly challenging because many other clinical
features are also shared, i.e., anterior uveitis, terminal
ileal ulcers, and arthritis. Posterior uveitis is rare in
Crohn's disease and bowel histology is often distinctly
different.

THERAPY AND PROGNOSIS

Mucocutaneous disease is often treated with topical and
intralesional steroids. In refractory cases, systemic ste-
roids are employed. Colchicine may also be effective.
Steroid-sparing medications include azathioprine, cy-
closporine, methotrexate, and thalidomide. Ocular dis-
ease is treated very aggressively, often using topical
steroid drops or steroid injections into the episcleral
space (subtenon injection); with steroid-resistant dis-
ease, cyclosporine or methotrexate is often used. Inter-
feron a is emerging as a useful agent for both
mucocutaneous and ocular disease. Small open trials
have also shown bene®cial effects of antitumor necrosis
factor (anti-TNF) therapy.

BehcËet's disease is a progressive disease with an un-
dulating course. Morbidity is higher in the young, in

males, and in patients from the Middle or Far East.
Blindness and vascular disease are the cause of the
greatest morbidity in BehcËet's disease.

See Also the Following Articles
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achalasia Disorder in which the lower esophageal sphincter

fails to relax properly.

aerophagia Swallowing air.

gastroparesis Disorder in which the muscular contractions

of the stomach are lacking and the stomach does not

empty its contents.

Helicobacter pylori Gram-negative bacteria that can infect

stomach mucosa.

hypochlorhydria Condition of having decreased amounts of

stomach acid.

proton pump inhibitor Class of medication that blocks acid

production in the stomach.

vagal Pertaining to the vagus nerve of the parasympathetic

nervous system.

Belching, also known as eructation or burping, is de®ned

as the involuntary and sometimes noisy regurgitation of

air from the stomach and mouth. It is a normal physio-

logical activity that commonly occurs after eating.

PHYSIOLOGY

The sequence of events that lead to belching has become
fairly well understood through detailed manometric and
¯uoroscopic studies. A rise in intragastric pressure will
lead to transient lower esophageal sphincter relaxations
(TLESRs). These then result in pressure equalizations
between the esophageal body and the stomach, and
intragastric gas is re¯uxed into the esophagus. This oc-
curs commonly; during the majority of times, the
intraesophageal gas is not perceived by the patient,
and the gas is returned to the stomach by secondary
esophageal peristalsis. If the volume of intraesophageal
gas is suf®cient, relaxation of the upper esophageal
sphincter is triggered. The intraesophageal air passes
out of the oropharyngeal cavity and a belch is produced
if the intrathoracic pressure generated is adequate. This
sequence is thought to be under vagal control.

CLINICAL SYNDROMES

As a normal physiological event, there is no de®nition as
to what constitutes an abnormal volume or frequency of

belching. In general, belching comes to the attention of
the clinician only when the patient perceives that it is
abnormal or problematic. A number of organic gastro-
intestinal disorders may give rise to excessive belching.
These include esophageal motility disorders, such as
achalasia, which may lead to retained esophageal con-
tents. Gastric outlet obstruction and gastroparesis may
cause increased gastric pressure resulting in belching.
Gastroesophageal re¯ux disease or a hiatal hernia may
also lead to excessive belching. Helicobacter pylori in-
fection, in the presence or absence of peptic ulcer dis-
ease, may lead to excessive production of ammonia and
bicarbonate through urea splitting. Small bowel bacte-
rial overgrowth, seen in patients with surgically altered
small intestinal anatomy, motility disorders, and
hypochlorhydria from autoimmune causes or chronic
proton pump inhibitor use, may lead to excessive hy-
drogen and methane production. Often such disorders
will have accompanying symptoms, such as, pain, vom-
iting, regurgitation, change in bowel habits, or weight
loss, and a detailed history and physical examination
can guide further necessary evaluation. Also, for poorly
understood reasons, patients may unconsciously at-
tempt to lessen epigastric or thoracic pain not of gas-
trointestinal origin by purposely swallowing air and
belching. This could be part of an anxiety response.
It is therefore important to think of angina pectoris in
appropriate risk patients who present with the new
onset of excessive belching.

After organic conditions that lead to excessive
belching have been excluded, the majority of patients
will have aerophagia, or air swallowing, as the cause of
their complaints. Sometimes easily correctable behav-
ioral causes of aerophagia can be identi®ed. These
would include cigarette smoking, sucking hard
candy, ill-®tting dentures, or drinking through a
straw, for example. Other patients will re¯exively
swallow air during stressful or anxiety-provoking situ-
ations. The remainder will habitually swallow air as
part of a functional gastrointestinal syndrome.
Aerophagia rarely leads to any signi®cant adverse out-
comes except in children or mentally retarded persons,
who may swallow such large amounts of air that massive
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abdominal distension occurs; a rare case of perforation
has been reported in such individuals.

DIAGNOSTIC TESTING

A detailed history will usually guide the need for speci®c
testing. In most situations, a plain ®lm to check the
distribution of bowel gas is appropriate. Barium
esophagography can assess esophageal diameter and
determine whether a hiatal hernia is present. Esopha-
gogastroduodenoscopy (EGD) may be helpful in
ruling out peptic ulcer disease, sequelae of re¯ux, or
other structural lesions. Urea breath testing, examina-
tion of gastric biopsy, stool antigen tests, and serum
antibody detection are all available to identify H. pylori
infection. Hydrogen breath testing can identify abnor-
mal small bowel bacterial overgrowth through the de-
tection of excess hydrogen production after glucose or
lactulose challenge. Finally, cardiac stress testing can
help identify those with angina as a cause of excessive
belching.

TREATMENT

If a speci®c organic disorder is identi®ed as the underl-
ying cause of excessive belching, then treatment aimed
at alleviating that cause is usually suf®cient to correct
the complaint. In patients with aerophagia, a number of
measures may be tried. Sometimes behavioral modi®-
cation, such as chewing and eating more slowly, quitting
tobacco, and avoiding hard candy and carbonated
beverages, may be helpful. In patients with anxiety as
an etiology, anxiolytics and antidepressants may be

appropriate. Other patients with habitual aerophagia
may bene®t from referral to a psychologist for behav-
ioral therapy and counseling to help them control the
urge to belch. Such patients should be reminded that,
although their habit may be personally troubling and
socially distasteful, it is generally a benign disorder and
the prognosis is excellent.

Pharmacologic treatments aimed at directly modi-
fying belching have been largely disappointing.
Simethicone is a defrothicant that acts to coalesce
small bubbles of gas. Many simethicone-containing
products are available and are widely used, but convinc-
ing studies regarding their effectiveness are lacking.
Other agents designed to neutralize or suppress acid
production, such as proton pump inhibitors, hista-
mine-2 (H2) blockers, or antacids, would not be expec-
ted to be useful in the absence of a speci®c acid-related
disorder.

See Also the Following Articles
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bezoar Any of various calculi found chie¯y in the gastro-

intestinal organs and formerly believed to possess

magical properties. The pre®xes phyto-, tricho-, and

lacto- are used to de®ne the major bezoar constituents:

vegetable matter, hair, and milk products, respectively.

Bezoars are intralumenal masses consisting of undigested

matter that may lodge at any level within the alimentary

canal. These objects consist of plant material, hair, dairy

products, or foreign bodies. Therapy consists of enzyme

dissolution, endoscopic extraction, or surgery.

HISTORY

The word `̀ bezoar'' is derived from an Arabic corruption
of the Persian word `̀ panzahar,'' meaning `̀ against poi-
son,'' a reference to curative properties that were for-
merly ascribed to these objects. Bezoars have been
described for more than 3000 years, having been
noted in the intestines of sheep and goats. In ancient
times, people used bezoars as cameos for good luck,
health, and youth. In some cases, the objects were in-
gested as treatment for dysentery, leprosy, snake poi-
soning, vertigo, and epilepsy.

Bezoars were highly valued; indeed, Debakey and
Ochsner describe one case in which a bezoar was given
in exchange for a castle, and it was even possible to
`̀ rent'' a bezoar. As forgeries became prevalent, tests
were developed to examine their authenticity.

The ®rst trichobezoar in a human was described as a
postmortem ®nding in 1779 and the ®rst report of sur-
gical removal of a bezoar was reported by Schonborn in
1883. Diagnosis through palpation of an abdominal
mass was reported in 1896 by Stelzner. The ®rst gastro-
scopic removal of a bezoar was performed by McKechne
in 1972.

CLINICAL FEATURES

Bezoars have been reported in patients ranging in age
from a few months to 90 years and at all levels of the
gastrointestinal tract from the esophagus to the rectum.
Areas of physiological or anatomical narrowing, or

those that result from surgery or peritoneal adhesion,
are particularly common sites. Although they can occur
at any portion of the gastrointestinal tract, most are
found in the stomach. A single bezoar may completely
®ll the stomach and even extend into the small bowel
(Figs. 1 and 2).

Bezoars are classi®ed into four types, depending on
their contents. Phytobezoars consist of undigested por-
tions of fruits or vegetables, trichobezoars consist of
hair, and lactobezoars consist of congealed milk prod-
ucts. The fourth category may contain any of a wide
range of foreign objects, such as coins, gallstones, and
ingested medications (`̀ pharmacobezoar'').

Trichobezoar usually presents as a gastric mass, oc-
casionally extending into the duodenum and even into
the jejunum. As many as 90% of trichobezoars are di-
agnosed in adolescent girls. Often, underlying stress is
present and the patient suffers from trichophagia and
trichotillomania. Cases in which the hair mass contin-
ued as far as the cecum have been referred to as `̀ Rapun-
zel syndrome,'' after the famed fairy tale character who
used her long hair to escape from a castle. The clinical
presentation of trichobezoar depends on the location
and size of the mass and may include vomiting due to
partial or complete obstruction, weight loss, or an ab-
dominal mass that may be thought to be malignancy. In

FIGURE 1 Extraction of a trichobezoar through a gastrotomy.
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addition to mechanical obstruction, bezoars may
be complicated by anemia, gastrointestinal ulcers, or
perforation.

Lactobezoar consists of a compact mass of undi-
gested milk concretions located within the gastrointes-
tinal tract. Most are reported in infants, in particular
preterm infants on caloric-dense formulas. Lacto-
bezoars may precipitate gastric outlet obstruction,
which mimics a variety of medical and surgical
conditions.

The diagnosis of bezoar is con®rmed using ultra-
sonography (US), computerized tomography (CT), or

barium swallow. Endoscopy may be useful in both the
diagnosis and the management of gastric bezoar. CT is
considered more accurate than ultrasonography and has
been used to diagnose bezoars at all levels of the gas-
trointestinal tract. Findings on US consist of
hyperechoic band-like lesions and acoustic shadows,
whereas CT demonstrates a mass that contains air
pouches, without postcontrast enhancement.

Therapeutic options include medical dissolution,
endoscopy extraction, or surgery. Gastroscopic extrac-
tion is the treatment of choice for gastric phytobezoars.
Endoscopic suction removal of gastric phytobezoars
using a large-channel endoscope is ef®cacious and
safe. Endoscopically guided electrohydraulic lithotripsy
has been advocated as a safe and effective modality for
gastric bezoars. Alternative endoscopic methods have
included the use of a water jet, forceps, or snare and
basket. Lactobezoars may be removed in this way or
dissolved using oral enzymes. Surgery is the treatment
of choice for trichobezoar, with removal of the entire
mass, including the `̀ tail,'' via gastrotomy.

Esophageal bezoars are rare and tend to occur in
patients with structural or functional abnormalities of
the esophagus. Additionally, enteric feeding formulas
that include sucralfate and casein have also been impli-
cated in the formation of esophageal bezoars, particu-
larly in the setting of decreased esophageal pH.

See Also the Following Articles

Computed Tomography (CT) �Endoscopic Ultrasonography

� Foreign Bodies � Pica � Ultrasonography
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Bile Composition
ALAN F. HOFMANN
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ABC transporters ATP-stimulated membrane transporters

that are responsible for transporting molecules `̀ uphill''

(against their concentration gradient); such molecules

have an ATP-binding cassette, hence the designation

`̀ ABC.''

amphipathic Denoting molecules that have hydrophobic

and hydrophilic domains such that they are surface

active and often self-associate to form aggregates

(micelles).

bile acids Molecules that are present in high concentrations

in bile and are responsible for its physiological proper-

ties. Chemically, bile acids are compounds having the

cholane or cholestane nucleus with an acidic group on

the terminal carbon of the side chain. One to three

hydroxyl groups are present on the nucleus, and there

may be an additional hydroxyl group on the side chain.

Bile acids are formed in hepatocytes from cholesterol.

They occur in bile conjugated in an amide linkage with

glycine or taurine.

bile alcohols Molecules that are present in high concentra-

tions in bile in certain species (cartilaginous ®sh,

herbivorous ®sh, ancient mammals). Chemically, they

are compounds with a cholestane nucleus, having a

hydroxyl group on the terminal carbon of the side chain.

One to three hydroxyl groups are present on the nucleus,

and there may be one to three additional hydroxyl

groups on the side chain.

bile salts Collective term denoting both bile acids and bile

salts.

bilirubin Tetrapyrrole (brown in color); the major bile

pigment present in the bile of most mammals; the end

product of heme metabolism. When bilirubin is

oxidized, it becomes biliverdin.

biliverdin Oxidized bilirubin (green in color); the major bile

pigment in the bile of some ®sh and mammals. When

biliverdin is reduced, it becomes bilirubin.

canaliculus Space formed between the apical membranes of

hepatocytes, into which canalicular bile is secreted; the

smallest unit of the biliary tract.

cholesterol Sterol that is present in cell membranes.

Cholesterol is white and insoluble in water. It has the

cholestene nucleus with a double bond at C5ÿC6

nucleus and a hydroxy group on the third carbon

atom.

cholic acid Primary bile acid; very common in many

mammals. Chemically, it is a C24 bile acid with hydroxyl

groups at carbons 3, 7, and 12.

conjugation In metabolism, the addition of a molecule that

renders a lipophilic molecule more hydrophilic and

usually makes it more water soluble. Molecules com-

monly used for conjugation include sulfate, glucuronic

acid, glutathione, glycine, and taurine.

enterohepatic circulation Movement of molecules from the

liver, to the biliary tract, to the intestine, to the portal

venous system, and to the liver. The only molecules that

are known to have an ef®cient enterohepatic circulation

are bile salts.

¯avinoid Collective term for a variety of polycyclic

compounds that are present in vegetables, especially

soy products. Many of the molecules have antiestrogen

properties (these are termed `̀ phytoestrogens'').

¯ippase Transporter that `̀ ¯ips'' a molecule in the membrane

from one side to the other. In the canaliculus, mdr2 ¯ips

phosphatidylcholine from the cytosolic side to the

luminal side.

gallstones Concretions formed in the biliary tract; composed

of molecules that are insoluble in water, usually

cholesterol and/or calcium bilirubinate.

GibbsÿDonnan equilibrium Distribution of anions and

cations when an impermeable anion is present on one

side of the membrane. Electrostatic effects lead to

enrichment of divalent cations on the side of the

impermeable anion. In bile, this results in the concen-

tration (activity) of Ca2� ions being higher in gallbladder

bile than in plasma.

g-glutamyl transpeptidase Enzyme located on the luminal

face of the canaliculus (in some species) and the bile

duct epithelium; cleaves the amide bonds of glutathione

to constituent amino acids. The concentration of the

enzyme increases in liver disease.

glutathione Tripeptide consisting of glutamic acid, cysteine,

and glycine. The sulfhydryl group on the cysteine is used

for conjugation of a number of organic anions, especially

those containing halogen groups.

immunoglobulins A, M, and G Molecules with potent

bacteriostatic properties; IgA is the dominant immuno-

globulin of intestinal secretions and is found also in

saliva and bile.

micelles Polymolecular aggregates formed by amphipathic

molecules, such as detergents and bile salts; their

presence above a certain concentration is termed the

`̀ critical micellization concentration'' (CMC).

mucin Protein that has many carbohydrate molecules

covering its surface; the dominant protein of mucous.
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phosphatidylcholine Zwitterionic phospholipid present in

cell membranes and in bile; chemically, has a glycerol

backbone. Fatty acids are esteri®ed to the ®rst two

hydroxyl groups; a phosphate group is attached to the

third hydroxyl group, yielding phosphatidic acid; the

phosphate group is esteri®ed to choline (hence the

name, phosphatidylcholine).

primary bile acid Synthesized in the hepatocyte from

cholesterol.

saturation, or cholesterol saturation Number, expressed as a

fraction or a percentage, describing the cholesterol

concentration of a bile sample relative to its equilibrium

solubility (at saturation). Mathematically, it is the

cholesterol concentration divided by the equilibrium

solubility in the sample, or that predicted to hold for a

sample based on studies of model systems simulating

bile.

secondary bile acid Formed by modi®cation of the hydroxyl

groups of a primary bile acid. Common changes involve

removal of the hydroxyl group at C-7 (7-dehydroxyla-

tion) or oxidation of any hydroxyl group to an oxo

group, or epimerization of any hydroxyl group (a

change of an a-hydroxyl group to a b-hydroxyl group

or vice versa).

solubility product Mathematical product of the concentra-

tion of the anion times the concentration of the cation of

a salt that has a low solubility in water. When the

solubility product of a salt is exceeded, the solution is

supersaturated, and the salt can potentially precipitate

from solution.

sphincter of Oddi Valve at the end of the biliary tract where

the tract empties into the duodenum. In humans, the

common bile duct and pancreatic ducts merge at the

sphincter of Oddi.

triangular coordinates Method for showing the relative

proportions of three constituents that together add up to

1 (or 100%). Because there are only two degrees of

freedom (the third is equal to the total minus the ®rst

and second), it is possible to represent compositions of

such mixtures in two dimensions.

vesicles Lipid aggregates composed of a bilayer of

amphipathic lipids. Vesicles may consist of a single

bilayer (unilamellar vesicles) or multiple bilayers (multi-

lamellar vesicles). In bile, vesicles are composed mostly

of phosphatidylcholine and cholesterol. Bile salt mole-

cules adsorb to vesicles and, if present in suf®ciently high

concentration, change the vesicles into mixed micelles.

Bile is a digestive and excretory ¯uid formed by secretion

of solutes (and accompanying water) into the biliary tract.

Most bile originates from hepatocytes. These secrete bile

into the biliary canaliculi, i.e., the spaces between the

apical membranes of hepatocytes. Canalicular bile drains

into the bile ducts, which merge to form the common bile

duct that in turn drains into the small intestine. Bile is

modi®ed be secretion and/or absorption as it passes down

the bile ductules and ducts or when it is stored in the

gallbladder. Biliary constituents are organic or inorganic.

The lipid component of the organic fraction consists of

three major classesÐbile salts (bile acids), phospholipids

(mostly phosphatidylcholine), and cholesterol. Three

major classes of bile salts are present in the bile of

vertebratesÐC27 bile alcohols (conjugated with sulfate),

C27 bile acids (conjugated with taurine), and C27 bile

acids (conjugated with glycine or taurine). In most

mammals, bile salts are composed predominantly of

C24 bile acids.

INTRODUCTION

Bile is an aqueous ¯uid secreted by the liver into the
biliary tract. Bile is distinguished from other digestive
secretions by its colorÐbrown or greenÐand by its high
concentration of bile salts. Bile is colored because it
contains bile pigments, tetrapyrroles formed from
heme. Biliverdin is green; when reduced, it becomes
bilirubin, which is brown. Bilirubin is the bile pigment
in most vertebrates, but in some species (certain ®sh and
the rabbit), biliverdin is the dominant bile pigment. The
emphasis herein is on bile in mammals, because rela-
tively little information is available on bile composition
in amphibians, reptiles, ®sh, and birds.

Bile salts are surface-active molecules formed in the
hepatocyte from cholesterol. Bile salts are present in bile
as anions that self-associate to form polymolecular ag-
gregates termed `̀ micelles.'' The presence of such mi-
celles gives bile potent solubilizing properties, and in
mammals, the micelles in bile also contain phospholip-
ids and cholesterol. Bile is bitter in taste because of its
high concentration of bile salts. Bile is isosmotic and
slightly alkaline.

In most vertebrates, the biliary tract contains a glob-
ular reservoir, the gallbladder, in which bile is stored
and concentrated between meals. When a meal is eaten,
the gallbladder contracts and the sphincter at the end of
the biliary tract (sphincter of Oddi) relaxes. As a result,
bile enters the small intestine, where it promotes the
digestion and absorption of dietary lipids.

Bile is also an excretory ¯uid in that it serves as a
vehicle for the excretion of molecules that cannot be
eliminated in urine. In contrast to renal excretion, in
which the driving force is ®ltration by the glomerulus,
biliary excretion relies on transporters in the canalicular
membrane. Biliary excretion serves to eliminate ions or
molecules that are bound to plasma proteins. Such sub-
stances include a variety of lipophilic organic molecules
and polyvalent metal cations. When these molecules
enter the intestine via bile, they are poorly absorbed,
thereby leading to their elimination from the body in
feces.
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Historical Aspects

Because the gallbladder is readily detected at aut-
opsy, examination of the appearance of bile for clues to
the nature of disease has been practiced since antiquity.
Bile was one of the four `̀ humors'' proposed by Aristotle;
the term `̀ melancholia'' was used to suggest that when
bile was black, disease was present, causing a state of
depression. Because gallbladder bile is readily obtained
when livestock are slaughtered for meat, studies on its
composition began nearly two centuries ago. Isolation
of bile saltsÐthe major constituents of bileÐwas per-
formed early in the nineteenth century. Pure com-
pounds were isolated and named before any idea of
their chemical structure was available. The Greek
word chole for `̀ bile'' gave rise to the name `̀ cholic
acid,'' from which the names of many other bile salts
are derived.

Bile contains a greater concentration of cholesterol
in humans than in any other vertebrate. When
cholesterol molecules crystallize and the crystals aggre-
gate, a gallstone is formed. In the late eighteenth cen-
tury, gallstones were dissolved in hot alcohol and
cholesterol crystals were obtained. The crystals were
named `̀ cholesterin'' (later changed to cholesterol),
the name denoting the solids in bile.

The major bile salts in bovids are the two bile acids,
cholic acid and deoxycholic acid. They occur in bile as
taurine or glycine conjugates. When bile is heated with
alkali, the unconjugated bile acids, cholic acid and de-
oxycholic acid, are formed. These are readily isolated
and have been available as laboratory chemicals in
relatively pure form for at least half a century. As a result
of their availability, a great deal is known about their
properties.

TYPES OF BILE

Bile is formed by secretion of solutes into the cana-
liculus, a space formed between the apical membranes
of adjacent hepatocytes. Such bile, termed canalicular
bile, cannot be sampled, because the canaliculus is
too small to be sampled by micropuncture tech-
niques. Bile enters the biliary ductules, where it is
modi®ed by solute absorption and secretion. The bil-
iary ductules have an arboreal architecture. The duct-
ules progressively anastomose, ultimately forming the
right and left hepatic ducts; these in turn merge to
form the common hepatic duct. Bile sampled at this
point is termed `̀ ductular bile.'' Ductular bile may
either enter the gallbladder or bypass the gallbladder

to enter the small intestine. Bile in the gallbladder
may be sampled in vivo by gallbladder puncture dur-
ing surgery or ex vivo after gallbladder removal; such
bile is termed `̀ gallbladder bile.'' When studies seek
to ascertain the composition of gallbladder in the
healthy subject, a tube is placed into the duodenum
and gallbladder contraction is induced by intravenous
injection of a peptide. Such bile that is collected in
the duodenum is termed `̀ duodenal bile'' because it
contains a mixture of gallbladder and hepatic bile as
well as pancreatic secretions.

CLASSIFICATION OF
BILIARY CONSTITUENTS

Biliary constituents may be divided into two broad clas-
sesÐorganic and inorganic. The organic fraction, in
turn, is divided into a lipid fraction and a nonlipid frac-
tion. The lipid fraction is de®ned as bile salts (or
bile acids), phospholipids, and cholesterol. The non-
lipid fraction contains other organic molecules, most
of which are of endogenous origin. The major organic
nonlipid is bile pigment (bilirubin or biliverdin). Other
trace constituents include conjugates of steroids, fat-
soluble vitamins, and proteins and peptides. Exogenous
molecules may also be present in bile (for example,
drugs, ingested bile acids, and dietary constituents
such as ¯avinoids). Table I describes a classi®cation
of biliary constituents.

Organic molecules that are larger than sucrose can
enter bile only by carrier-mediated transport. For a sub-
stance to be present in bile, it must be a substrate for one
or more of the canalicular transporters. These transpor-
ters, which have been cloned in the past decade, have an
ATP-binding cassette (ABC).

Hepatic bile is formed by the ¯ow of water and ®l-
terable solutes across the paracellular junctions between
the hepatocytes. Such ¯ow occurs in response to the
osmotic stimulus of molecules that are actively secreted
into the canalicular space. In most species, the osmot-
ically active agents are bile salts and probably anions
such as bicarbonate and chloride. Glutathione also con-
tributes. Because bile salts and most organic molecules
in bile are anions, an equivalent concentration of cations
must be present. The dominant cations are those of
plasma (Na�, K�, Ca2�, and Mg2�) and have concen-
trations that are similar to those of an ultra®ltrate of
plasma. Canalicular secretion of copper, iron, and cat-
ions of heavy metals promotes their biliary excretion. A
summary of the composition of hepatic and gallbladder
bile is given in Table II.
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BILIARY LIPIDS

The following descriptions of biliary lipids apply to
mammals. In some reptiles and ®sh, no biliary lipids
other than bile salts are present.

Bile Salts

Bile salts are the dominant anion in gallbladder bile.
Active secretion of bile salt anions by a canalicular trans-
porter into the canaliculus generates an osmotic force
that pulls water and ®lterable solutes into the cana-
liculus. Bile salts are derived from cholesterol by a
multienzyme process. Three major classes of bile salts
are present in vertebratesÐbile alcohols with 27 carbon

atoms (C27 bile alcohols), C27 bile acids, and C24 bile
acids. (In most mammals, bile salts are composed pre-
dominantly of bile acids, as distinguished from bile al-
cohols, and much of the clinical literature uses the term
`̀ bile acids'').

Bile salts are secreted in conjugated form. The ter-
minal carbon of bile salts contains a functional groupÐa
hydroxy group in bile alcohols and a carboxyl group in
bile acids. The functional group serves to couple bile
acids to the conjugating moiety. Bile alcohols are ester-
i®ed with sulfate. The carboxyl group of the C27 bile
acids is coupled to the amino group of taurine, with the
result that such conjugated bile acids are termed `̀ N-acyl
amidates'' or `̀ N-acyl aminoamidates.'' The C24 bile acids
are conjugated with taurine in some species, with gly-
cine in other species, and with both taurine and glycine
in some species, including humans. Conjugated bile
salts are strong acids and are fully ionized at the pH
conditions prevailing in bile and the small intestine.
Therefore, conjugation of bile acids increases their
aqueous solubility. Conjugation also prevents precipi-
tation by Ca2� ions.

Bile salts are hydroxylated on the nucleus and
sometimes on the side chain. All bile salts have a
3-hydroxy group because they are derived from
cholesterol, which is a 3b-hydroxy sterol. Cholesterol
7a-hydroxylase is a microsomal enzyme that is rate
limiting for bile salt synthesis, and bile salts with hy-
droxy groups at carbons 3 and 7 can be considered to be
the building block on which an additional nuclear hy-
droxyl group is added. All hydroxyl groups are present
on one face (thea face) of the bile acid molecule, causing
bile acids to be amphipathic. Trivial names of bile acids
are based on the pattern of nuclear substituents as well
as on the animal from which the compound was ®rst
isolated.

During enterohepatic cycling of bile acids, bacteria
in the distal intestine remove the 7-hydroxy group of
bile acids, giving rise to one or more 7-deoxy bile acids.
The 7-deoxy bile acids are termed `̀ secondary'' bile acids
because they are formed by bacterial enzymes, and thus
should be distinguished from `̀ primary'' bile acids that
are synthesized in the liver.

Bile salts have a metabolism that differs from that of
other biliary lipids. They are ef®ciently absorbed from
the distal small intestine and are returned to the liver in
portal venous blood. They are transported ef®ciently
into the hepatocyte and again secreted into bile, thus
undergoing an enterohepatic circulation. Ef®cient in-
testinal absorption leads to a recycling pool of bile salts,
with the result that the transhepatocyte ¯ux of bile acids
greatly exceeds bile acid biosynthesis. A small fraction
of bile acids is not absorbed in the distal intestine and is

TABLE I Classi®cation of Biliary Constituents

Organic constituents Inorganic constituents

Lipid fraction Cations

Bile acids or alcohols Plasma electrolytes

Conjugated Sodium

Unconjugated Potassium

Phospholipids Calcium

Phospholipid classes Magnesium

Individual species Plasma metals

Cholesterol Copper

IronNonlipid fraction

Trace metalsBile pigments

Bilirubin /biliverdin Many polyvalent

cations

Anions

Trace constituents

Plasma electrolytes
Steroids (conjugated)

Bicarbonate
Oxysterols

Chloride
Fatty acids (unesteri®ed)

Phosphate
Vitamin B12

Sulfate

Fat-soluble vitamins

(A, D, E, KÐconjugates)

Filtrable solutes

Sugars, amino acids, organic

acids, purines, pyrimidines

Proteins and peptides; autocoids

Plasma proteins: albumin, IgM,

IgA, apoproteins A-I,

A-II, B, and C

Bile-speci®c proteins: IgA,

mucins, APF/CPB

Peptides

Glutathione

Autocoids; signaling molecules

Prostanoids

Cyclic AMP

Xenobiotics; dietary constituents

Vitamin B12 congeners

Dietary lipids (e.g., plant sterols)

Drugs and their metabolites

Flavinoids
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excreted in the feces. Fecal loss of bile salts is balanced
by de novo biosynthesis.

In humans, biliary bile acids consist of the two
primary bile acids, cholic acid and chenodeoxycholic
acid, each comprising about 40% of biliary bile
acids. The remainder is made up of deoxycholic acid
(formed by bacterial dehydroxylation of cholic acid),
lithocholic acid (formed by bacterial dehydroxylation
of chenodeoxycholic acid), and ursodeoxycholic acid
(formed by bacterial epimerization of chenodeoxy-
cholic acid). Each bile acid is conjugated with glycine
or taurine.

Phospholipids

In most mammals, bile contains phospholipids that
are predominantly phosphatidylcholine (PC). (The
term `̀ lecithin'' is sometimes used for biliary phospho-
lipids.) The phospholipids in human bile have been

analyzed by high-performance liquid chromatography
(HPLC) in order to quantify individual PC species. A
large number (up to 30) of PC molecules are present in
human bile. In general, these tend to have a C16 satu-
rated or monounsaturated fatty acid moiety in the ®rst
position and a C18 mono- or diunsaturated molecule in
the second position.

PC is synthesized in the hepatocyte and travels to the
canalicular membrane by a phospholipid-binding pro-
tein. The canalicular membrane contains the usual
variety of membrane phospholipids, and a `̀ ¯ippase''
selectively ¯ips PC molecules across the canalicular
membrane. The accumulation of phospholipid on the
luminal face of the canalicular membrane is evidenced
by vesicular evaginations that can be visualized by elec-
tron microscopy.

Biliary phospholipid serves to protect the biliary
epithelium from the cytotoxic effects of bile salts. In
the presence of phospholipids, bile salts form mixed

TABLE II Composition of Bile in the Adult Human: Lipids and Ions

Compositiona

Hepatic bile Gallbladder bile

Component mmol / liter Mole fraction mmol / liter Mole fraction Comment

Biliary lipids

Conjugated bile acids 10ÿ40 � 0.7 70ÿ150 � 0.7 Mole fraction of biliary lipids,

i.e., bile acids, phospholipids, cholesterol

Cholic acid conjugates 4ÿ16 0.4 28ÿ60 0.4 Mole fraction of conjugated bile acids

CDCAb conjugates 4ÿ16 0.4 28ÿ60 0.4

DCAc conjugates 2ÿ8 0.2 14ÿ30 0.2 Conjugates of lithocholic acid and

UDCA are also present, but at55%

Phospholipids 3ÿ12 � 0.3 21ÿ45 � 0.3 Mole fraction of biliary lipids

Cholesterol 1ÿ4 0.05ÿ0.1 7ÿ15 0.05ÿ0.1 Mole fraction of biliary lipids; cholesterol/

phospholipid ratio higher in

gallstone patients

pH 7.1ÿ7.5 6.6ÿ7.2

Electrolytes

Na� 146� 8 210� 12 Na� concentration depends on extent

of concentration in gallbladder

K� 4.8� 0.5 12.7� 3.4

Clÿ 105� 11 66� 33

HCO3
ÿ 22� 3 14� 8

Ca2� (total) 1ÿ2 2ÿ12

Ca2� (ionized) 0.5ÿ1.2 0.5ÿ2.0

Mg2� Ð 6.9� 2.2

Fe Ð 0.016� 0.01

Cu Ð 0.096� 0.05

PO4
2ÿ 0.2ÿ0.9 Not reported

a Mean� SD or range.
b CDCA, Chenodeoxycholic acid.
c DCA, Deoxycholic acid.
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micelles at a lower concentration than is observed in the
absence of phospholipids. Biliary phospholipid also
serves to enhance greatly the solubility of cholesterol
in bile, a property that is important in humans because
the ratio of cholesterol (the solute) to the solvent (bile
salts and PC) is much higher than in other mammalian
species.

Cholesterol

Cholesterol is present in bile in unesteri®ed form.
Cholesterol in bile has no function and its presence in
bile indicates that not all cholesterol in the liver was
converted to bile acids, or, as a corollary, that
cholesterol excretion is mediated by biliary excretion
of cholesterol as well as bile acids.

Cholesterol has a low aqueous solubility and is
maintained in solution by being incorporated into the
mixed bile salt phospholipid micelles present in bile.
Because the solubility of cholesterol depends on the
concentration of the mixed micelles, it has been com-
mon practice to express cholesterol concentration as a
mole fraction of either total biliary lipids or bile salts
plus PC. It is also common practice to express the rel-
ative proportions of the biliary lipids using triangular
coordinates. From these proportions and from the equi-
librium solubility of cholesterol in model systems com-
posed of the three biliary lipids, it is possible to calculate
cholesterol `̀ saturation.'' Gallbladder bile that is super-
saturated in cholesterol is a risk factor for the formation
of cholesterol gallstones.

When bile is supersaturated with cholesterol, addi-
tional phases besides mixed micelles are present in bile.
These include cholesterol-rich vesicles. The vesicular
phase may be isolated by centrifugation or exclusion
chromatography. Besides cholesterol, bile also contains
trace amounts of other sterols. These include endoge-
nous sterols such as oxysterols, which are intermediates
in bile acid biosynthesis. Bile also contains plant sterols
such as sitosterol, campesterol, and methosterol.

NONLIPID ORGANIC MOLECULES

Bile Pigments

The major biliary nonlipid is bilirubin, which is
formed in the hepatocyte by reduction of biliverdin.
Bilirubin is classi®ed as a nonlipid because it is present
in bile as a glucuronide conjugate, and in this chemical
form is not appreciably incorporated into the mixed
micelles present in bile.

Bilirubin is formed in the reticuloendothelial cells
from heme and enters the hepatocyte by uptake from

sinusoidal plasma. In the hepatocyte, bilirubin enters
the smooth endoplasmic reticulum, where one or both
of its two carboxylic groups are esteri®ed to the C-1
hydroxyl group of glucuronic acid. In humans, bilirubin
is present predominantly in the form of the diglu-
curonide, but in other animals, the monoglucuronide
may be the dominant bile pigment. Bilirubin, in contrast
to bile acids, does not undergo enterohepatic cycling, so
that biliary secretion is approximately equal to synthesis
from heme.

Organic Anions Present in Trace Amounts

Other lipophilic molecules are present in bile in
trace amounts. These include glucuronides or sulfates
of steroid hormones, prostanoids, ¯avinoids (of dietary
origin), and conjugates of fat-soluble vitamins and/or
their metabolites. Biliary secretion is not considered to
play a major role in the excretion of these compounds
and they are not known to have any functional effects on
the biliary tract or small intestine. Their presence in bile
results from their serving as substrates for the rather
nonspeci®c anion transporters of the canalicular
membrane.

Proteins and Peptides

Only three proteins have appreciable concentrations
in bileÐimmunoglobluin A (IgA), mucin, and an an-
ionic polypeptide fraction/Ca2�-binding protein (APF/
CPB), which is amphipathic and has phospholipid and
Ca2�-binding properties. IgA is secreted into bile from
cholangiocytes in humans; in other mammals, it is
thought to enter bile from hepatocytes. IgA serves to
inhibit bacterial growth in the biliary tract and may also
bind to cholesterol crystals, inhibiting deposition of
additional cholesterol molecules. Mucin is present in
hepatic bile and gallbladder bile. Biliary mucin is pre-
dominantly type 3 and 5B. Biliary mucin also enters bile
from peribiliary `̀ glands'' that secrete mucin into the
larger bile ducts. In gallbladder bile, mucin (type 2)
originates in part as a secretion by goblet cells that
are present in the gallbladder epithelium. The presumed
role of mucin is to prevent bacterial adhesion to epi-
thelial cell membranes. The anionic, amphipathic
protein(s) APF/CBP bind Ca2� and phospholipids,
but their biological functions have not as yet been
elucidated.

A variety of plasma proteins are present in bile in
trace amounts, including several apoproteins (of lipo-
proteins), albumin, transferrin, a-2-macroglobulin,
®brinogen, a-1-antitrypsin, and haptoglobin. These
proteins are considered to enter bile in part by
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exocytosis of vesicles from hepatocytes, cholangiocytes,
or cholecystocytes. Other modes of entry of proteins are
desorption from the canalicular membrane and leakage
across patulous paracellular junctions. IgG is consid-
ered to play a role in nucleation of cholesterol gall-
stones. Antigenÿantibody complexes have also been
reported to be secreted in bile. Concentrations of
some proteins in gallbladder bile are summarized in
Table III.

Bile also contains enzymes, presumably arising from
desorption of enzymes on the luminal face of the can-
aliculus, from exocytosis into bile of vesicles from the
hepatocyte and the biliary tract epithelium, and from
sloughing of biliary tract epithelial cells. Enzymes
that have been measured in bile include lactate dehy-
drogenase, 3-hydroxybutyrate dehydrogenase, malate
dehydrogenase, glucose-6-phosphate dehydrogenase,
ornithine carbamoyltransferase, aspartate amino-
transferase, alanine aminotransferase, creatine kinase,
cholinesterase, alkaline phosphatase, lysozyme,
b-glucuronidase, aminopeptidase,g-glutamylpeptidase,
and fructose biphosphate adolase. A variety of lyso-
somal enzymes have also been measured in bile.

The tripeptide, glutathione is secreted into bile,
mostly in the form of its disul®de, its oxidation product.
During passage along the biliary tract, it is hydrolyzed to
its constituent amino acids (glycine, cysteine, and glu-
tamine) which are in part absorbed.

Xenobiotics

Bile serves as the major excretory route for a number
of lipophilic drugs and/or their metabolites. Anionic
drugs and their glucuronides or sulfates are secreted
into bile by a nonspeci®c organic anion transporter,
the multidrug-resistance-associated protein 2 (Mrp2),
and occasionally by a bile acid transporter, the bile salt
export pump (BSEP). Cationic and some uncharged
drugs are transported by the multidrug-resistance 1
(MDR1) P-glycoprotein. Because these compounds do
not have an enterohepatic circulation, their biliary ex-
cretion does not exceed the daily dosage, and their con-
centration is usually quite low when compared to that of
bile salts.

The bile acid ursodeoxycholic acid (ursodiol) is
used to treat cholestatic liver disease and cholesterol
gallstone disease. It is conjugated in the liver and se-
creted in bile. With continued administration, its pool
size increases and it may become the dominant biliary
bile acid.

INORGANIC CONSTITUENTS

Cations

As previously noted, biliary cations are those that are
present in an ultra®ltrate of plasma. Polyvalent cations
are secreted into bile by one (and possibly more) can-
alicular metal transporter(s). During concentration of
bile in the gallbladder, the activity of Ca2� increases
because of GibbsÿDonnan equilibrium effects. The re-
sult is that precipitation of calcium salts in the gallblad-
der is not uncommon and may occur whenever the
solubility product of a calcium salt is exceeded. Calcium
salts of unconjugated bilirubin, carbonate, phosphate,
uncommon bile acids, a number of anionic drugs, and
oxalate have been observed. The most common calcium
salt in gallstones is calcium bilirubinate.

Anions

The concentration of bicarbonate in hepatic bile
varies widely between species, and the concentration
of chloride varies reciprocally. The guinea pig is unique
among mammals in having a bicarbonate concentration
of 80 mM, and bile ¯ow in this species appears to be
driven mainly by bicarbonate secretion. In other
species, bicarbonate concentration may exceed plasma
concentration because of bicarbonate secretion by
cholangiocytes.

TABLE III Composition of Bile in the Adult Human:

Proteins and Peptides

Component

Hepatic bile

(g/ml)

Gallbladder

bile (g/ml)

Total proteins 50ÿ1000 1000ÿ7000

Mucin 100ÿ400

Immunoglobulins

IgA 100ÿ900

IgM 2ÿ160

IgG 30ÿ500

Albumin 100ÿ1000

Transferrin 10ÿ160

�2-Macroglobulin 2ÿ100

APF/CBP 1

Apoproteins

ApoA-I 1ÿ3 15ÿ25

ApoA-II 1ÿ2 7ÿ15

C-I 8ÿ18 5ÿ12

C-II 2ÿ4 2ÿ5

ApoB 7ÿ15 25ÿ40

Glutathione

Cyclic AMP
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CHANGES IN COMPOSITION DURING
TRANSIT IN THE BILIARY TRACT

Bile Ducts

Biliary Lipids

The apical sodium dependent bile salt transporter
(ASBT), which is a membrane bile saltÿsodium cotrans-
porter, is present in cholangiocytes, and some reabsorp-
tion of conjugated bile salts is likely to occur; however,
this ¯ux is small. No information exists on phospholipid
or cholesterol absorption in the bile ducts, but it has
been speculated that the low cholesterol content of bile
in some species may result from cholesterol absorption
in the biliary tract.

Despite the lack of major changes in concentration
of biliary lipids, the physical state of bile may change
considerably during passage along the bile ducts.
During biliary lipid secretion, vesicles are desorbed
from the canalicular membrane. Such vesicles may
transform to micelles during the ¯ow of bile in the
ducts. Such a physicochemical transformation is simply
the result of time, and the biliary ductules are unlikely to
play a role in this process.

Nonlipid Organic Molecules

Unconjugated bilirubin is transported to only a neg-
ligible extent across the canalicular membrane. How-
ever, it is likely that if unconjugated bilirubin enters
canalicular bile, it will be absorbed partly during transit
in the biliary ductules.

Canalicular bile may be hypertonic, and becomes
isosmotic during transit through the biliary ductules,
because their paracellular junctions are permeable to
water. Canalicular bile contains ®lterable solutes such
as short-chain fatty acids, glucose, and amino acids.
These are absorbed in part. Glutathione is hydrolyzed
to its constituent amino acids by g-glutamyl trans-
peptidase, which is located on the apical membrane
of cholangiocytes; in humans, it is also present on the
outer surface of the canalicular membrane.

Molecules present in conjugated form (glucuro-
nides, sulfates, glutathione conjugates) are not believed
to be absorbed in the biliary ductules. In some species,
glutathione conjugates of xenobiotics undergo cleavage
of the outer amide bonds of glutathione, leaving a cys-
teine conjugate (termed a `̀ mercapturic acid derivative'')
of the molecule. If molecules are transported into bile in
unconjugated form, and if they are suf®ciently lipo-
philic, they will be absorbed in part in the biliary duct-
ules to undergo a cholehepatic pathway. As noted
previously, mucin and IgA are secreted into ductular
bile by the biliary epithelium.

Inorganic Constituents

Bile ducts contain the cystic ®brosis transmembrane
(chloride) regulator (CFTR) and chloride and possibly
bicarbonate are secreted by cholangiocytes in response
to the hormone secretin. Chloride undergoes chloride/
bicarbonate exchange, resulting in an apparent bicar-
bonate secretion. Sodium ions and accompanying water
molecules enter via the paracellular junctions, with the
result that an isotonic solution of sodium bicarbonate is
added to ductal bile.

Gallbladder

Biliary Lipids

Bile is concentrated in the gallbladder by removal of
chloride, bicarbonate, and accompanying cations. Re-
moval of biliary lipids occurs to a much smaller extent.
In humans, with prolonged fasting, bile becomes less
saturated in cholesterol, indicating absorption of
cholesterol. Phospholipids and bile salts are also ab-
sorbed but to a smaller extent. The apical bile salt
sodium transporter is present in the gallbladder mucosa.
During gallbladder storage, there is little change in the
phospholipid/bile salt ratio of gallbladder bile.

Nonlipid Organic Molecules

Conjugated bilirubin is not absorbed by the gallblad-
der wall. During prolonged storage in the gallbladder,
bilirubin glucuronides may undergo spontaneous hy-
drolysis, leading to the formation of unconjugated bil-
irubin. This may be absorbed, solubilized in micelles,
and/or precipitated as the insoluble calcium salt.

The nonspeci®c anion transporters MRP2 and MRP3
have been recently identi®ed in gallbladder epithelium,
indicating that the gallbladder mucosa might secrete
organic anions into bile or absorb organic anions
from bile and transport them into blood.

The protein composition and content change during
gallbladder storage. In humans, haptoglobin, IgM, and
IgA, as well as a1-glycoprotein, are reported to be ab-
sorbed by the gallbladder. At the same time, mucin,
albumin, and IgG are secreted into bile.

Inorganic Constituents

The major change in gallbladder composition dur-
ing storage is removal of chloride and bicarbonate an-
ions as well as accompanying cations. Water is removed
at the same time, with the result that bile remains iso-
tonic. Removal of electrolytes and water is considered to
occur by a double-ion exchange mechanism of the type
that is responsible for water removal in the ileum. A
Na�/H� antiporter transports hydrogen ions into the
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lumen, and sodium ions into the cell. At the same time, a
chloride/bicarbonate exchanger transports chloride
into the cell and bicarbonate into the lumen. In the
lumen, the hydrogen ions and bicarbonate ions combine
to form carbon dioxide and water, thus destroying
osmoles. The sodium and potassium ions that have en-
tered the cell are pumped out at the basolateral mem-
brane, and this ef¯ux of cations in turn pulls water and
chloride ions through the paracellular junctions.

During this concentration process, bile is acidi®ed.
With prolonged storage, gallbladder pH may decrease
from pH 7.5 to pH 5.5. Bile remains isotonic, even
though total sodium concentrations and bile salt con-
centrations may be as high as 300 mM. Ca2� increases
modestly because of a GibbsÿDonnan equilibrium ef-
fect. A schematic depiction of the changes in concen-
tration of the major ions in bile is shown in Fig. 1.
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FIGURE 1 Changes in bile ion concentrations during concen-

tration of bile in the gallbladder. Data were obtained using the

rabbit gallbladder in vitro, but similar concentration changes are

likely to occur during in vivo concentration of bile in the human

gallbladder. However, hepatic bile bicarbonate concentration is

lower in humans (about 25 mM) than in the rabbit (in which it

is about 60 mM. From Moore and Hofmann (1993). Reproduced

with permission from the publisher.
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Bile Duct Injuries and Fistulas
MUFTI SAADAT A. FAROOQI

Keck School of Medicine, University of Southern California

biliary ®stula An abnormal passage or communication from

the biliary system to another location.

cholangiography Injection of a radiocontrast dye into the

biliary system to study the anatomy; it can be performed

percutaneously via the liver or endoscopically via the

ampulla of Vater, located in the duodenum.

cholecystitis In¯ammation of the gallbladder.

cholelithiasis The presence of stones in the bile duct

system.

A ®stula is de®ned as an abnormal communication be-

tween the lumen of a hollow viscus and another hollow

organ or the integument. Abdominal ®stulas generally are

classi®ed by their sites of origin and termination, by the

volume and composition of drainage, and by their etiol-

ogy. Fistulous connections can occur between the biliary

tract and various structures, including the enteric tract,

bronchial tree, skin, and blood vessels. They can develop

as a complication of chronic cholelithiasis (i.e., biliary

enteric ®stula) or infection such as liver abscess or hyda-

tid disease (i.e., bronchobiliary, biliary cutaneous, or

bilioportal ®stulas). They can also result from blunt ab-

dominal or operative trauma (i.e., biliary cutaneous ®s-

tulas). Internal ®stulas connect the biliary system to other

abdominal and thoracic organs and cavities. External ®s-

tulas are connections between the biliary tract and the

skin.

INTRODUCTION

Biliary ®stulas were ®rst mentioned by Bartholini in
1654. Thilesus described the ®rst external biliary ®stula
in 1670. A thorough analysis of biliary ®stula was
®rst presented in 1890 by Courvoisier, who reported
a large series of approximately 500 cases, including
131 patients with gallstone ileus and 169 patients
with spontaneous external biliary ®stula.

Biliary ®stulas are usually the result of acute suppu-
rative cholecystitis associated with cholelithiasis. The
suppurative process leads to necrosis and perforation.
The site of spontaneous perforation and subsequent
®stula is in the gastroenteric system, in the thoracic
cavity, or more rarely through the abdominal wall.

Biliary ®stulas are commonly reported as a complication
of cholecystectomy, common bile duct exploration, in-
advertent operative injury of the bile duct, or penetrat-
ing trauma.

ETIOLOGY

Biliary ®stulas are incidental ®ndings at cholecystec-
tomy in approximately 5% of patients. Cholecysto-
cutaneous ®stulas to the abdominal wall occur but
are exceedingly rare. More than 90% of internal biliary
®stulas occur as a result of cholelithiasis and acute or
chronic cholecystitis. During repeated episodes of in-
¯ammation, adhesions form between the gallbladder
and adjacent structures, and eventually a stone (or
stones) erodes into adjacent viscera. Fistulas to the du-
odenum account for 70% of gallstone-related internal
®stulas and most of the remainder are to the stomach
or colon. Although ®stulas not associated with stones
more often involve the common bile duct rather the
gallbladder, the gallbladder may be affected.

With more widespread use of laparoscopic chole-
cystectomy, the incidence of bile duct injury, including
biliary ®stulas, has increased (compared to the inci-
dence associated with open cholecystectomy). Bile leak-
age from the cystic duct remnant is among the most
common injuries reported as a complication of laparo-
scopic cholecystectomy. The most common cause of
cystic duct leaks involves imprecise application of
clips on the duct or their subsequent dislodgement dur-
ing the procedure. Other potential mechanisms of
injury include trauma from cannulation during cholan-
giography, inadvertent thermal injury, necrosis of the
duct from acute in¯ammation or dissection, induced
devascularization, and ischemia.

Biliary ®stulas may also arise from intrahepatic ducts
and the common duct. Small anomalous bile ducts (of
Luschka), if present, drain directly from the liver bed
into the gallbladder. These are severed during cholecys-
tectomy and, if not closed operatively, result in a bile
leak into the gallbladder fossa.
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CLINICAL PRESENTATION

Internal Biliary Fistulas

Most cholecystoduodenal ®stulas are asymptomatic
or result in nonspeci®c digestive complaints. Gallstones
may occasionally pass through the ®stula tract and cause
gallstone ileus. A preoperative diagnosis of an uncom-
plicated cholecystoduodenal ®stula is rarely made.

Patients with spontaneous development of chole-
cystocholic ®stulas present with fever, chills, and ab-
dominal pain due to the in¯ux of bacteria into the biliary
tract. Because the ileum, the main site of bile resorption,
is bypassed, a choleric enteropathy may develop as a
sign of bile acid loss. The patients present with nausea,
weight loss, and steatorrhea.

Choledochoduodenal ®stulas (due to duodenal
ulcer disease or biliary neoplasms) are usually diag-
nosed incidentally, because they are rarely associated
with biliary symptoms. In rare instances, cholangitis,
jaundice, and abnormal liver tests may occur as indi-
cators of a concomitant biliary tract infection or
obstruction.

The hallmark of thoracobiliary or bronchobiliary
®stulas (due to trauma, malignancies, liver abscess, par-
asitic liver disease, choledocholithiasis, postoperative
biliary stenosis, or rare congenital disorders) is the
presence of bile pigments in the sputum (biliptysis).
Bronchiolitis is usually present. Other symptoms in-
clude right upper abdominal and pleuritic chest pain.

Fever, chills, or leukocytosis is seen in only half the
cases. A right pleural effusion is almost always present.

External Biliary Fistulas

Spontaneous external biliary ®stulas are usually a
complication of acute cholacystitis with underlying
cholelitiasis. They are now extremely rare due to better
diagnosis.

An increase in iatrogenic bile duct injury has been
seen with the advent of laparoscopic surgery, especially
laparoscopic cholecystectomy. These injuries may be-
come apparent in the immediate postoperative period
or may develop over months. Patients may present with
jaundice, fever, bile peritonitis, biliary ®stula, or ab-
dominal pain.

DIAGNOSIS

Plain Films

Gas in the biliary tree is visible on plain ®lms in
most patients with a biliary ®stula. Previous surgery
(choledochoduodenostomy, cholecystojejunostomy,

or sphincterotomy), patulous sphincter of Oddi, and
ascending cholangitis with a gas forming organism
should be considered in the differential diagnosis.

Barium Contrast Examination

An upper gastrointestinal series or a barium enema
is frequently useful in detecting and evaluating the cause
of a biliaryÿenteric ®stula when the diagnosis is unclear
after clinical exam and a plain ®lm. It may be especially
useful in the diagnosis of biliaryÿenteric ®stulas due to
peptic ulcer disease, carcinoma, diverticulitis, or
Crohn's disease.

Ultrasound

The role of sonography is limited, since the ®stula
is often too small to be imaged. The disappearance of
previously documented gallstones in the appropriate
clinical context maybe suggestive of a ®stula. Chronic
in¯ammatory changes in the gallbladder and associ-
ated mass lesion or biliary tract obstruction may be
demonstrated.

CT Scan

CT is most helpful when the diagnosis of pneumo-
bilia is unclear from the plain ®lm or when biliary tract
obstruction or a mass lesion is present.

Nuclear Medicine

99mTc-IDA scintigraphy is most useful in delineat-
ing bronchobiliary ®stulas (congenital or traumatic),
postoperative or traumatic ®stulas, and biliaryÿ
enteric anastomotic leaks, often obviating direct
cholangiography.

Cholangiography

Direct cholangiography is often necessary to opacify
the ®stula, demonstrate obstruction, and delineate the
pathologic anatomy precisely. However, small ®stulas
may not be ®lled.

TREATMENT

Internal Biliary Fistulas

BiliaryÿEnteric Fistulas

Surgery is unnecessary in asymptomatic or high-risk
patients with cholecystoduodenal ®stula. If a chole-
cystoduodenal ®stula is discovered incidentally during
abdominal surgery, a cholecystectomy and closure of
the duodenal defect are suf®cient in low-risk patients.
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Patients with cholecystocolic ®stulas should undergo
immediate surgical treatment, including cholecystec-
tomy and closure of the ®stulous communication. A
laparoscopic approach has been recently described. Seg-
mental resection of the colon may be necessary. Treat-
ment of uncomplicated choledochoduodenal ®stula is
usually not indicated. Most authors agree that the ther-
apy is dictated by the symptoms of the underlying peptic
ulcer disease and not by presence of the ®stula. Closure
of the ®stula may be achieved by conservative manage-
ment of the ulcer disease. Surgical treatment of the ®s-
tula may be necessary in the presence of severe ulcer
disease with perforation, bleeding, or obstruction or
upon the onset of acute cholangitis.

Thoracobiliary and Bronchobiliary Fistulas

Surgery is the mainstay of treatment in congenital
bronchobiliary ®stulas. Excision of the ®stula through a
right thoracotomy is usually performed. Interventional
radiology and endoscopic techniques, including
stenting to reduce distal biliary obstruction, may pro-
vide a safe treatment of acquired ®stulas. Currently,
operative approaches should be considered only if per-
cutaneous or endoscopic interventions have failed.

External Biliary Fistulas

De®nitive treatment of a spontaneous external bil-
iary ®stula requires removal of the gallbladder and ex-
cision of the ®stulous tract. Alternatively, the ®stula may
be curetted and left to heal spontaneously. An iatrogenic
external biliary ®stula is a serious and dif®cult compli-
cation of biliary surgery. Delayed surgical repair with a
biliodigestive anastomosis after resolution of the in¯am-
mation is often preferable. However, this surgery is

associated with a high morbidity. When the ®stula is
well contained and the patient does not present with any
signs of sepsis or bile peritonitis, a nonsurgical treat-
ment can advised. A conservative treatment with
endoscopic sphincterotomy, stenting, or placing of a
nasobiliary catheter to reduce intraductal pressure
can facilitate spontaneous healing.

PROGNOSIS

The prognosis in patients with biliary ®stula is generally
fair, depending in large part on the speci®c type of ®s-
tula, the clinical presentation, and the presence of co-
morbid conditions.
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Bile Flow
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bile Fluid secreted by the liver into the biliary system and

subsequently into the gut. Bile is composed of water,

organic anionic and cationic substances, electrolytes, and

several proteins and lipids. In addition, bile is the route

of excretion for many toxic substances. It contains

endogenous or exogenous substances that are excreted

by the liver, frequently after they undergo hepatic

biotransformation.

bile acid Organic acid that is derived from cholesterol and

possesses a steroid nucleus ring. Bile acids are amphi-

philic substances, with both hydrophilic and hydropho-

bic regions of the molecule, and can thus serve as

detergents to solubilize lipids.

bile canaliculus Domain of polar hepatocytes that connects

with the biliary system. It contains many transport

proteins that are required for bile formation.

bile salt Organic anion that is the ionized form of a bile acid.

bile salt-dependent bile ¯ow Component of bile ¯ow that is

attributed to the osmotic effect of bile salts secreted into

the bile canaliculus.

bile salt-independent bile ¯ow Component of bile ¯ow that

is not attributed to the osmotic effect of bile salts, and is

commonly attributed to the active secretion of electro-

lytes and other substances.

biliary system Anatomic area communicating from the liver

to the gut. It includes small bile ductules, bile ducts, and

the gallbladder.

bilirubin Porphyrin molecule that is a chemical break-

down product of heme metabolism. Bilirubin is very

hydrophobic (insoluble in water) and must be meta-

bolized into its water-soluble glucuronide form prior to

secretion into bile. Bilirubin is yellow, thus, when

serum bilirubin levels are elevated, jaundice becomes

evident.

choleretic Physiologic increase in bile ¯ow. A choleretic

substancewill stimulate the formationandsecretionofbile.

cholestasis Pathophysiologic state characterized by an

impairment of bile ¯ow. This can be caused by a

physical obstruction of the biliary system or by an

impairment of bile formation.

gallbladder Organ of the biliary system that serves the

functions of storing and concentrating bile. When the

gallbladder is stimulated, such as following a meal, its

contents are emptied into the biliary system and subse-

quently ¯ow into the gut to enhance the digestive process.

However, many animals lack gallbladders and humans

usually have no symptoms after removal of the gallbladder.

Bile, composed of water, organic anionic and cationic

substances, electrolytes, and several proteins and lipids,

is the route of excretion for many toxic substances. It

contains endogenous or exogenous substances excreted

by the liver, frequently after they undergo hepatic bio-

transformation. Bile formation is an essential function

of the liver. Although other organs such as the kidney

and intestines are essential for the absorption and secre-

tion of multiple xenobiotic and endobiotic substances, the

liver has an important role in the metabolism of many of

these substances prior to their excretion into bile.

INTRODUCTION

Many of the physiologic and molecular mechanisms
responsible for bile formation have recently been
elucidated, as well as the regulation of these transport
proteins in both normal physiologic and pathophysio-
logic states. The transport function of bile formation by
the liver is vectoral, occurring in a unidirectional man-
ner. Substances are taken up from the blood of the portal
circulation at the hepatic sinusoidal (basolateral) sur-
face, are transported across the hepatocyte to the bile
canaliculus, and are secreted into the canalicular space.
Once the bile has left the canaliculus it may be further
modi®ed by the cholangiocytes, which are the epithelial
cells lining the biliary system. Bile is often stored and
concentrated in the gallbladder and is ultimately sec-
reted via the bile ducts into the intestine. It is also
important to know that bile salts, which are a major
component driving the formation and ¯ow of bile, are
reabsorbed in the ileum (the distal portion of the small
intestine). De novo bile salt synthesis quantitatively ac-
counts for only a small amount of the bile salts that
are secreted by the liver each day. The overwhelming
majority of bile salts secreted into the bile each day
comes from cycling in the enterohepatic circulation,
in which the bile salts cycle from the liver via the bile
duct into the intestine, are absorbed in the ileum and
thus enter the portal circulation, return to the liver, and
are taken up by the sinusoidal (basolateral) bile salt
transporters. These processes may be signi®cantly al-
tered in many pathophysiologic disease states.

Encyclopedia of Gastroenterology 188 Copyright 2004, Elsevier (USA). All rights reserved.



BILE FORMATION

Mechanisms of Bile Formation

The anatomical structure of the liver is unique in
many aspects. The liver parenchyma is perfused by two
distinct vascular systems, from the portal vein and from
the hepatic artery. The ultrastructure of the liver also
consists of a periportal and pericentral area where blood
¯ows unidirectionally from the periportal to the peri-
central end of the hepatic sinusoid. Bile formation oc-
curs in the liver, and bile ¯ow occurs in the opposite
direction, arising in the pericentral area, crossing the
midzone, and continuing to the periportal hepatocytes
before it enters through the bile ductular system. There
is a zonal distribution of many liver-speci®c proteins,
including transport and metabolic proteins, which
also occur in this unique anatomical and physiologic
distribution.

Hepatocytes are polar epithelial cells, which have
basolateral (sinusoidal) and canalicular (apical) do-
mains, separated by tight junctions. The sinusoidal
membrane is actively involved in the uptake of nu-
merous substances into the hepatocyte from the por-
tal circulation. Portal blood can ¯ow within the space
of Disse (between the endothelium of the portal ve-
nule and the sinusoidal membrane), and multiple
substances in the blood may be taken up by one
of the numerous sinusoidal uptake mechanisms.
There have been several putative and de®nitively de-
®ned bile salt uptake mechanisms identi®ed on the
basolateral membrane of the hepatocyte. The majority
of bile salt uptake is via sodium-dependent bile salt
cotransport, and a minority of bile salt uptake occurs
via a sodium-independent pathway. The sodium-de-
pendent taurocholate cotransporter peptide (NTCP,
in humans; Ntcp, in rodents) is the major bile salt
uptake mechanism in humans and rodents. There
have been several other putative human bile salt
transport proteins de®ned, including epoxide hydro-
lase, although this remains controversial. A large
class of organic anion transport proteins (OATPs)
have also been identi®ed in the basolateral membrane
of both rodent and human liver cells; these proteins
transport numerous organic anionic substances, in-
cluding bile salts. In addition, there are several
other transport proteins and transport mechanisms
for electrolytes, including the Na+,K+-ATPase, the
Ca2�-ATPase, as well as numerous ion channels.

The Na+,K+-ATPase is instrumental in creating the
electrochemical sodium gradient that drives sodium-
dependent cotransport. Although several other chan-
nels and transporters are important in maintaining
the transcellular sodium gradient, the Na+,K+-ATPase

is an ATP-dependent protein complex that creates the
electrochemical gradient. Activity of this pump has been
correlated with many hepatocellular transport func-
tions, although more recent data have also emphasized
the import on bile formation of speci®c transport pro-
teins that have been identi®ed and cloned over the past
decade.

Over the past decade, numerous ATP-binding cas-
sette (ABC) proteins have been identi®ed in the liver
canalicular membrane. Members of this transporter
family include several P-glycoproteins, including
multidrug-resistance (MDR) proteins and MDR-asso-
ciated proteins (MRPs). In addition, numerous other
ABC proteins have been demonstrated to be important
for the secretion of phospholipid, glutathione, and other
organic anionic and cationic substances. Finally, the
liver secretes numerous other organic and inorganic
anions and cations as well as water (involving aquapor-
ins or water channels). Many of these transport proteins
are highly regulated and are signi®cantly modi®ed by
numerous hormones, intracellular second messengers,
pharmacologic agents, and in pathophysiologic disease
states.

Functions of Bile Formation

Several physiologic functions of bile formation have
been identi®ed to be important for normal function. Bile
formation provides an essential root of excretion for
many xenobiotic and endobiotic substances, including
bilirubin. The diminished biliary secretion of bilirubin
can cause jaundice, which is often the presenting sign of
hepatic disease. Clinical jaundice is often the presenting
sign of liver disease because bilirubin is `̀ easily seen'' due
to its characteristic yellow color. Patients with clinical
jaundice also frequently have other concomitant hepatic
impairments of metabolism and secretion. The liver,
due to its unique microvasculature, is also frequently
involved in removing from the circulation large mole-
cules that may be bound to albumin or other transport
proteins. Similarly, many protein-bound drugs are
cleared from the body via biliary excretion. The liver
possesses numerous metabolic pathways that frequently
will metabolize substrates in the circulation prior to
their hepatobiliary secretion. Many hydrophobic sub-
stances, which cannot be cleared by the kidney, are
cleared from the body only after hepatic biotransforma-
tion into hydrophilic substances, which can be cleared
in the bile and/or urine.

A second important function of bile formation and/
or bile ¯ow into the intestine is the enhanced absorp-
tion of hydrophobic or lipid-soluble substances.
These fat-soluble substances include numerous lipids
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(e.g., cholesterol) and essential fat-soluble vitamins.
Bile salts serve as detergents for the solubilization
of lipids and fat-soluble nutrients so they can be ab-
sorbed in the small intestine. Many cholestatic condi-
tions cause an impaired ability of the body to absorb
fat-soluble vitamins, including vitamin K. Many of the
clotting factors produced by the liver are vitamin K
dependent, and cholestasis can frequently cause severe
coagulopathy due to impaired solubilization and the
resultant malabsorption of vitamin K. Thus, bile for-
mation and bile ¯ow are essential for both the excre-
tion of numerous substances from the body and the
absorption of lipids and other essential fat-soluble
nutrients. An impairment of bile ¯ow from the liver
into the intestine may be caused by an anatomic ob-
struction of the biliary system, as well as by an im-
pairment of bile formation.

Bile Acid-Dependent and
Bile-Independent Bile Formation

Because bile acids are the major organic solute in
bile, it is not surprising that bile acid secretion is a major
driving force for bile ¯ow. Formation of canalicular
bile has often been functionally divided into two
components: bile acid-dependent bile formation and
bile acid-independent bile formation. The bile acid-
dependent component of bile formation is typically at-
tributed to the osmotic effect of the bile acids. In support
of this, there are data from humans, dogs, rats, and
rabbits that there is a linear relationship between can-
alicular bile ¯ow and bile acid output. In addition, many
non-micelle-forming bile acids exhibit a larger and
more signi®cant choleretic potency than do many mi-
celle-forming bile acids. The bile acid-independent
component of bile formation is likely due to the effects
of ion secretion as well as to the secretion of bicarbonate,
glutathione, and bilirubin. The bile also contains nu-
merous biliary lipids, organic anions, organic cations,
and some biliary proteins.

EXTRAHEPATIC CHOLESTASIS

Extrahepatic obstruction of bile ¯ow may be caused by
any benign or malignant condition obstructing the bile
ducts or adjacent anatomical structures. The initial
management of a jaundiced patient or a patient
with evidence of cholestasis typically involves a radio-
logic evaluation of the biliary system. Ultrasonography
can reveal both intrahepatic and extrahepatic biliary
dilatation. It is a sensitive imaging modality for the
detection of cholelithiasis (gallstones) and is often the
initial procedure of choice for imaging jaundiced

patients. It may also identify the presence of
choledocholithiasis (common bile duct stones), ob-
structing masses in the head of the pancreas or in
the liver, as well as biliary obstruction caused by
large perihepatic lymph nodes (which can cause ex-
trinsic compression of the bile ducts).

Abdominal computer tomography (CT) scanning
may also be useful for the evaluation of extrahepatic
obstruction. Biliary dilatation may be evident, and this
imaging modality may be more effective than ultraso-
nography in identifying and characterizing masses of
the liver or pancreas, or lymphadenopathy. Endo-
scopic retrograde cholangiopancreatography (ERCP)
has been the gold standard for the evaluation of biliary
dilatation. In addition, it is useful not only diagnos-
tically, but also therapeutically when biliary obstruc-
tion must be endoscopically treated. Percutaneous
transhepatic cholangiography (PTC), intraoperative,
or T-tube cholangiography can also be employed to
de®ne the biliary anatomy. Magnetic resonance chol-
angiography (MRC) is also highly effective in evalu-
ating the anatomy of the biliary system. Recent
evidence indicates that it is almost as sensitive as
ERCP, and may be more cost effective due to the
lower complication rate. However, it does not offer
the option of therapeutic intervention at the time of
the procedure.

Extrahepatic obstruction of the biliary system may
commonly be caused by several benign or malignant
conditions. Common bile duct stones (chole-
docholithiasis), bile duct strictures from malignant
or benign causes, and extrahepatic compression of
the bile duct from pancreatic or hepatic masses may
all cause obstruction. These may include primary ad-
enocarcinomas of the pancreas or hepatocellular or
metastatic carcinoma, or may potentially be due to
metastases and lymphadenopathy of the porta-hepatis
lymph nodes. Lymphadenopathy due to lymphoma,
neoplasia, or many infectious diseases may potentially
all cause biliary obstruction.

INTRAHEPATIC CHOLESTASIS

An impairment of bile ¯ow can also occur in the absence
of an anatomic obstruction of the biliary system. This
condition is termed `̀ intrahepatic cholestasis,'' and is
due to an impairment of bile formation and/or impaired
biliary secretion, often with resultant pruritis or
jaundice. Over the past decade, many of the molecular
mechanisms responsible for bile formation have been
de®ned, as well as their regulation in pathophysiologic
diseases that result in cholestasis. In addition, many
genetic diseases responsible for impaired bile formation
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have also been elucidated, which often present in the
neonatal or pediatric population.

Intrahepatic cholestasis may be caused by many
factors, including medication, toxins, in¯ammation,
hepatic regeneration, or inborn errors of metabolism.
As previously discussed, distinct hepatocellular trans-
port systems are responsible for the biliary secretion of
the various organic anionic, organic cationic, or non-
ionic substances secreted into the bile. Many sinusoi-
dal (basolateral) transporters have been identi®ed that
are responsible for the uptake of xenobiotics or endo-
biotics from the portal blood into the hepatocytes.
Following the hepatocellular uptake of these sub-
stances, they may be biotransformed by one of
many metabolic pathways found in the hepatocyte.
Many of these pathways are responsible for the con-
version of hydrophobic (fat-soluble) substances into
hydrophilic (water-soluble) substances, so that they
may be secreted into bile. These substances are
subsequently transported to the canalicular mem-
branes of the hepatocytes for biliary secretion. Intra-
cellular transport mechanisms of many of these
substances remain to be elucidated, but likely involve
diffusion, binding to intracellular binding proteins,
and potentially membrane-to-membrane transport.
These substances are subsequently secreted into the
biliary system by distinct canalicular transport pro-
teins. Diminished expression or function of canalicu-
lar membrane transporters or other hepatic
transporters and/or binding proteins may be respon-
sible for intrahepatic cholestasis.

Medications are a common cause of intrahepatic
cholestasis. Although, virtually any drug can cause
abnormal liver function, certain medications are
more frequently implicated in causing cholestasis.
Anabolic steroids, estrogens, protease inhibitors
such as indinavir, trimethoprim/sulfamethoxazole,
phenothiazines, and many antihypertensive medica-
tions are frequent causes of an elevated serum bili-
rubin or alkaline phosphatase. Total parenteral
hyperalimentation (TPN) also often causes cholestasis.
Severe in¯ammation due to infection and sepsis may
result in cholestasis, a clinical entity often termed `̀ the
jaundice of sepsis.'' Similarly, `̀ benign postoperative
jaundice'' is a multifactorial entity due to cholestasis
from in¯ammation and medications, often with con-
comitant hepatic ischemia and increased bilirubin
production due to the breakdown of red blood cells
from blood transfusions or hematomas. Other less
common causes of intrahepatic cholestasis include
the intrahepatic cholestasis of pregnancy or benign
recurrent intrahepatic cholestasis (BRIC), which are
likely due to mutations of canalicular transport

proteins, potentially in combination with hyperestro-
genemic or other stressor states.

Finally, acute or chronic liver disease due to hep-
atitis, primary biliary cirrhosis (PBC), primary scle-
rosing cholangitis (PSC), the vanishing bile duct
syndromes, or other cholestatic diseases may also
present as intrahepatic cholestasis. In addition, cirrho-
sis due to almost any cause may cause cholestasis.
Certain types of hepatitis, such as alcohol-induced
liver injury or certain viral infections (hepatitis A,
hepatitis B, hepatitis C, EbsteinÿBarr virus, cytomeg-
alovirus), may also present with particularly chole-
static forms of hepatitis. The cholestasis caused by
these etiologies typically resolves when the inciting
agent or acute disease process resolves. However, in
certain forms of genetic or acquired diseases that
cause progressive liver disease, the cholestasis may
continue to worsen and cause signi®cant morbidity
and mortality.

SUMMARY

In summary, bile formation, biliary secretion, and the
resultant bile ¯ow into the intestine are essential func-
tions of the liver and hepatobiliary system. Recent sci-
enti®c advances have helped elucidate the mechanisms
of bile formation and the pathophysiology in many dis-
ease states. Hepatobiliary secretion is an essential route
of elimination for many xenobiotic and endobiotic sub-
stances, and signi®cant symptoms such as jaundice and
pruritis can develop when bile ¯ow is diminished. Ex-
trahepatic obstruction can be caused by intrinsic tumors
of the biliary system or by external compression of the
bile duct. Intrahepatic cholestasis can be due to a host of
pathophysiologic states and is typically characterized by
impairment of the molecular mechanisms of bile forma-
tion. Elimination of extrahepatic obstruction and treat-
ment of the primary causes of intrahepatic cholestasis
will often result in normalization of bile ¯ow, and
symptomatic improvement of the patient.
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amphiphilic Functioning in both oil and water; bile salts are

amphiphilic in nature because they have both a polar,

hydrophilic surface, which contains the hydroxyl groups

and a carboxyl group, and a nonpolar, cyclopentano-

phenanthrene hydrophobic surface.

apical sodium-dependent bile acid transporter Brush border

glycoprotein involved in the reabsorption of conjugated

bile acids in the ileum.

bile salt export pump ATP-binding cassette type of

membrane transporter located at canalicular microvilli

of the hepatocytes; preferentially transports conjugated

tri- and dihydroxy bile acids from the sinusoids into the

canaliculi.

cholehepatic shunt Mechanism to explain hypercholeresis

(greatly increased bile ¯ow) resulting from hepatic

secretion of unconjugated bile acids. According to this

mechanism, the unconjugated bile acid is secreted by the

hepatocyte in anionic form, protonated by carbonic acid

via carbonic anhydrase, passively reabsorbed in the

protonated form by the biliary ductular cells, and carried

back to the hepatocytes via the periductular capillary

plexus, thus generating HCO3
ÿ within the biliary tree.

The bile acid is thus available at the sinusoidal

membrane for another enterohepatic cycle, which may

go on until the bile acid is biotransformed.

farnesoid X receptor Orphan nuclear receptor expressed

predominantly in the liver, kidney, adrenals, and

intestine; a very potent ligand for hydrophobic bile

acids. This receptor binds to bile acids as a heterodimer

with the retinoid X receptor a, and the heterodimer thus

formed regulates the transcription of several genes

involved in bile acid homeostasis.

micelle Colloidal aggregates of bile salts with molecular

weights of 16,000 to 40,000. Above their critical micellar

concentrations, bile salts form micelles with their lipid-

soluble (hydrophobic) surfaces facing each other and the

hydrophilic polar hydroxyl groups exposed to the water

phase. These micelles are able to take up other

amphiphilic solutes, such as cholesterol and lecithin, to

form mixed micelles.

Na�-dependent hepatocellular cotransporting protein

Sodium/taurocholate cotransporting protein present in

basolateral rat liver plasma membranes; accounts for

most of the physiological properties of Na�-dependent

bile acid uptake in intact liver. This glycoprotein in rats

has 362 amino acids and an apparent molecular weight

of 51,000. The human analogue consists of 349 amino

acids with 77% amino acid homology to the rat liver

protein.

organic anion transport protein Polypeptide in rat liver; a

glycoprotein with 670 amino acids and a native

molecular weight of approximately 80,000 in sinusoidal

plasma membranes. The human analogue also consists of

670 amino acids and shows a 67% amino acid homology

to the rat liver protein.

Bile formation is essential for normal intestinal lipid di-

gestion and absorption, excretion of lipid-soluble xeno-

biotics and endogenous toxins, and cholesterol

homeostasis. Interference in regular bile formation can
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lead to life-threatening complications. Knowledge of the

intricacies involved in bile formation and its ¯ow in the

enterohepatic circulation is integral to developing thera-

peutic treatments of hepatobiliary diseases.

WHAT IS BILE?

Bile is a complex ¯uid; it is isosmotic with plasma and is
composed primarily of water, inorganic electrolytes,
and organic solutes such as bile acids, phospholipids,
cholesterol, and bile pigments. Bile is secreted by the
hepatocytes, which transport a wide variety of endoge-
nous and exogenous substances from blood into the bile
capillaries. Bile formation begins at the level of hepato-
cytes by the net movement of water and solutes into the
microvilli of the bile capillaries, which are formed by the
apposition of the cell membranes of the hepatocytes.
The hepatocytes are typically arranged in single-cell-
thick plates and are joined via the bile canaliculi, ap-
proximately 1 mm in diameter from the basolateral, or
sinusoidal, domain. Bile salts, cholesterol, phospholip-
ids, and conjugated bilirubin enter the lumens of the bile
capillaries together with water and inorganic electro-
lytes by a process of active transport. Neighboring can-
aliculi join together and empty into small terminal
ductules (canals of Hering), which in turn convey the
bile to larger ductules, the intralobular and interlobular
ducts, and eventually to the extrahepatic bile ducts. Bile
¯ows through these extrahepatic bile ducts into the
gallbladder (when present), where it is stored, and
into the intestine, where cholesterol and the lipids
from the phospholipids are absorbed in the jejunum
and conjugated bile acids are absorbed in the ileum.
In the gallbladder, the sodium, calcium, chloride, and
bicarbonate ions and water are reabsorbed, resulting in a
5- to 10-fold concentration of the remaining solid con-
stituents of bile. The daily volume of bile secretion in
humans averages 500ÿ800 ml.

After food is ingested and the gastric contents, in
particular fat, reach the duodenum, secretin is released
from the duodenal mucosa, which stimulates the bile
duct epithelium to release water and bicarbonate. Si-
multaneously, the hormone cholecystokinin is released
from the duodenal mucosa, which stimulates the gall-
bladder to contract and the sphincter of Oddi to relax,
with the result that the bile ¯ows into the duodenum.
The bile salts are more than 95% reabsorbed in the
terminal ileum and return to the liver by a process of
enterohepatic cycling, to be excreted again into the
bile. With the completion of eating and gastric empty-
ing, the neural and hormonal stimuli cease and the
sphincter of Oddi closes so that the gallbladder
resumes collecting, concentrating, and storing the

bile. The relative proportions of the major organic sol-
utes in hepatic bile are illustrated in Table I.

BILE COMPOSITION

Bile acids or bile salts are the major organic solutes in
bile and are derived from the liver as well as the intes-
tine. Primary bile acids (cholic acid and chenode-
oxycholic acid, in humans) are synthesized from
cholesterol in the liver, and secondary bile acids (deox-
ycholic acid and lithocholic acid, in humans) are pro-
duced from primary bile acids by bacteria during their
intestinal transit (Fig. 1). Bile acids and cholesterol have
the same steroid skeleton (the cyclopentanophenan-
threne nucleus with methyl groups between the rings
at positions 18 and 19 and a side chain at C-17). Most
bile acids have a C5 side chain with the terminal carbon
as the carboxyl group. However, the major bile acids
in alligators, 5b-cholestanoic acids, have a C8 side chain
with the terminal carbon as a carboxyl group (Fig. 1). In
addition, bile acids have hydroxyl groups in the nucleus,
at C-3, C-7, and/or C-12, and the majority of bile acids
contain a cis-A/B ring fusion. After synthesis, bile acids
are converted into their glycine and taurine conjugates
by hepatic enzymes, forming bile salts that are then
secreted into the bile. Conjugated bile acids are more
hydrophilic than the free (unconjugated) bile acids and
possess lower pKa values, factors that enhance their
water solubility and decrease their ability in the small
intestine to traverse cell membranes by passive diffusion
. Further, glycine and taurine conjugates of bile acids are
resistant to hydrolysis by pancreatic enzymes, so that
they can accumulate in the small intestine at a high
enough intraluminal concentration to facilitate fat di-
gestion and absorption. Secondary bile acids are formed
in the intestinal lumen by bacterial deconjugation and
dehydroxylation of primary bile salts and are passively
absorbed and account for 20% of the human biliary bile
salt pool.

Bile salts are amphiphilic [literally, `̀ loving'' (mixing
with) both oil and water] because they have both a polar,

TABLE I Composition of Hepatic and Gallbladder Bile

Bile component Hepatic bile (%) Gallbladder bile (%)

Water 97 89

Solids 3 11

Bile salts 0.2ÿ2.0 6

Bilirubin 0.02ÿ0.07 2.5

Cholesterol 0.06ÿ0.16 0.2ÿ0.4

Phospholipids 0.04 0.1ÿ0.4

Fat 0.12 0.3ÿ1.2

Inorganic salts 1.0 0.8
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hydrophilic surface and a nonpolar, hydrophobic sur-
face. Above their critical micellar concentrations, bile
salts form micelles (colloidal aggregates with molecular
weights of 16,000ÿ40,000), with their lipid-soluble
(hydrophobic) surfaces facing each other and the hy-
drophilic polar groups exposed to the water phase.
These micelles are able to take up other amphiphilic
solutes, such as cholesterol and lecithin, to form
mixed micelles. The aggregation of bile salts in micelles
reduces their osmotic effectiveness, and the micelles
also bind sodium and potassium and thereby remove
them from the ionic, osmotically active state. The
sodium ion activity in gallbladder bile is measured to
be 148ÿ186 nmol/liter, whereas the sodium content is
220ÿ340 mmol/liter. Thus, even though bile is isosmo-
lar with plasma, it contains very high concentrations of
bile salts and sodium. The major ionic constituents of
bile are listed in Table II.

GALLBLADDER FUNCTION

The primary functions of the gallbladder are collecting,
concentrating, and storing bile during interdigestive
periods; emptying the bile by smooth muscle contrac-
tion in response to cholecystokinin; bile acidi®cation;
moderating hydrostatic pressure within the biliary tract;
and absorbing lipid-soluble organic components of bile,

such as unconjugated dihydroxy bile acids,
radiocontrast agents, unsaturated fatty acids, lecithin,
lysolecithin, and even free cholesterol. The greatly in-
creased concentration of bile salts and lecithin in the
gallbladder bile helps keep relatively large concentra-
tions of cholesterol in solution; this greatly reduces the
risk of cholesterol gallstone formation due to
cholesterol supersaturation in the gallbladder, where
the bile remains stored for hours to days. With the 6-
to 10-fold concentration of bile salts in the gallbladder
bile during fasting, which accounts for up to 60% of the
total bile acid pool, the hepatic bile acid secretory rate
and bile salt concentration within the hepatic bile ducts

FIGURE 1 Metabolism of cholesterol in humans and animal species. In the classic bile acid synthetic pathway, a series of

ring modi®cations precede side chain oxidation to yield 5b-cholestane-3a,7a-diol and 5b-cholestane-3a,7a,12a-triol, which

are then converted into bile acids either via the mitochondrial 27-hydroxylation pathway or via the microsomal 25-hydroxyl-

ation pathway. Several bile alcohols play a role in cerebrotendinous xanthomatosis (CTX).

TABLE II Ionic Constituents of Hepatic and

Gallbladder Bile

Ionic

component

Hepatic bile

(mmol/liter)

Gallbladder bile

(mmol/liter)

Na� 174 220ÿ340

K� 6.6 6ÿ10

Clÿ 55ÿ107 1ÿ10

HCO3
ÿ 34ÿ65 0ÿ17

Bile salts 28ÿ42 290ÿ340

Ca2� 6 25ÿ32

Mg2� 0.5

Osmolality 299 mOsm/liter 299 mOsm/liter
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Cholesterol 

7αα-Hydroxycholesterol 

7α-Hydroxy-4-cholesten-3-one + 7α,1212α-Dihydroxy-4-cholesten-3-one 

5β-Cholestane-3α,7α-diol + 5β-Cholestane-3α,7α,12,12α-triol 

       Mitochondrial          Microsomal 

Primary bile acids           Bile alcohols 
3α,7α-Dihydroxy-5β-cholestan-27-oic acid          Chenodeoxycholic acid 5β-Cholestane-3α,7α,12α,25-tetrol

(alligator) (CTX) 
3α,7α,1212α-Trihydroxy-5β-cholestan-27-oic acid cholic acid           5β-Cholestane-3α,7α,12α,24ξ,25-pentol

(alligator) (CTX) 
3α,6β,7α-Trihydroxy-5β-cholanoic acid 3α,6β,7β-Trihydroxy-5β-cholanoic acid 5β-Cholestane-3α,7α,12α,25,27-pentol

(murine) (murine) (Fish)

Secondary bile acids 
Lithocholic acid Deoxycholic acid Hyodeoxycholic acid

Tertiary bile acids 
Ursodeoxycholic acid Ursocholic acid Oxo bile acids



are markedly reduced. However, the secretion of biliary
lecithin and cholesterol is reduced, with the result that
lecithin-rich vesicles are formed in the bile acid-de-
pleted bile; these vesicles carry increased amounts of
cholesterol that may precipitate.

The concentrated gallbladder bile is largely the re-
sult of electroneutral Na�-coupled Clÿ transport and
passive water movement. In addition, HCO3

ÿ transport
also takes place via Clÿ/HCO3

ÿ exchange and
perhaps substitution by short-chain fatty acids, in par-
ticular butyrate. The net result is that the gallbladder
bile is isotonic to plasma and is composed of high con-
centrations of Na�, bile salts, and Ca2� and lower con-
centrations of chloride and bicarbonate, compared to
hepatic bile.

BILE SALT-DEPENDENT AND
-INDEPENDENT BILE FORMATION

Bile formation can be considered to be a result of active
secretion of electrolytes and bile acids followed by pas-
sive water ¯ow. Three different modes of bile acid up-
take by the liver have been identi®ed: nonsaturable,
Na�-dependent saturable, and Na�-independent satu-
rable. The Na�-dependent transport of bile acids is
quantitatively the most common mode of uptake and
seems physiologically to be the most important mech-
anism. The Na�-independent component has been
detected in a few studies and is nonspeci®c and shared
by other organic anions (e.g., sulfobromophthalein).
Most studies have shown that there is a Na�-dependent
uptake of conjugated bile acids, in particular taurocho-
late, and a Na�-independent uptake of all unconjugated
bile acids and certain nonbile acid anions, such as sul-
fobromophthalein, bilirubin, and many other xenobi-
otic substrates. The solute uptake is mediated by certain
carrier proteins that have been recently characterized by
photoaf®nity labeling with ¯uorescent bile salt deriva-
tives and by cloning techniques. The apparent molec-
ular weight of the bilirubin and sulfobromophthalein
carrier is 60,000 or 55,000; of the nonesteri®ed fatty acid
transporter, 40,000; and of the bile acid transporter,
48,000ÿ50,000. Most of these transport proteins are
located in the basolateral membrane of the liver.

Sinusoidal Transport

The sinusoidal uptake of conjugated bile acids, such
as taurocholate, is primarily mediated by a secondary
active transport process driven by the inwardly directed
Na� gradient maintained by Na�,K�-ATPase located in
the basolateral membrane. Studies on hepatocellular
membrane vesicles show that Na�/taurocholate

cotransport is responsible for the uptake across the
basolateral membrane. The transport rates of cholate
and taurocholate are decreased in the absence of extra-
cellular sodium, but are not completely suppressed,
suggesting that the inward transport of bile acids is
composed of both Na�-dependent and Na�-indepen-
dent components. In contrast to the Na�-dependent
bile salt uptake, the physiological and biochemical
properties of the largely nonspeci®c Na�-independent
hepatocellular bile salt uptake pathways are less well
de®ned. The driving force for the Na�-independent up-
take of bile acids is not known, but most studies suggest
the role of a Na�-dependent bile acid transporter iden-
ti®ed as the Na�/taurocholate cotransporting protein
(NTCP).

The amphipathic bile salts and nonbile salt organic
anions reach the sinusoidal or basolateral surface of
hepatocytes largely as albumin-bound complexes and
pass across the fenestrae of sinusoidal endothelial cells.
Dissociation of the bile salts, sulfobromophthalein, and
fatty acids is facilitated by the microenvironment of the
space of Disse or by the sinusoidal plasma membrane.
However, the hepatocellular uptake of these organic
anions is a saturable function of the unbound ligand
concentrations at physiological albumin levels and in-
volves Na�-dependent and Na�-independent transport
systems.

The Xenopus laevis sinusoidal Na�/taurocholate
cotransporting protein (Ntcp) was the ®rst Na�-depen-
dent hepatocellular cotransporting protein identi®ed
and characterized by expression cloning of X. laevis
oocytes. It is a glycoprotein with 362 amino acids
and an apparent molecular weight of 51,000 in isolated
basolateral rat liver plasma membranes. The human
analogue Ntcp (human NTCP) has also been identi®ed
and consists of 349 amino acids with 77% amino acid
homology with the rat liver Ntcp. A number of recent
studies have shown that Na�/taurocholate cotransport-
ing protein can account for most, if not all, physiological
properties of Na�-dependent bile acid uptake in intact
liver. In addition, expression cloning in X. laevis oocytes
also identi®ed the rat organic anion-transporting poly-
peptide 1 (oatp1) from rat liver as well as the human
organic anion-transporting polypeptide (OATP) from
human liver. Rat oatp1 is a glycoprotein with 670
amino acids and a native molecular weight of approx-
imately 80,000 in sinusoidal plasma membranes iso-
lated from rat liver. Human OATP also consists of
670 amino acids and shows a 67% amino acid homology
with the rat liver oatp1, thereby suggesting that both
transporters may belong to the same transporter gene
family, although signi®cant differences between the two
exist on both structural and functional levels. Cloning
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Ntcp/NTCP and oatp1/OATP has increased our under-
standing of the molecular physiology of sinusoidal bile
acid, organic anion, and drug uptake into rat and human
livers. Both Ntcp and NTCP are physiologically relevant
hepatocellular Na�-dependent bile acid carriers,
whereas the cloning of oatp1 and OATP has con®rmed
the existence of Na�-independent multispeci®c bile
acid carriers at the basolateral plasma membrane
domain of mammalian hepatocytes. The transport pro-
perties of oatp1 can account at the same time for the
multispeci®c bile acid carrier, the neutral steroid car-
rier, and the charge-independent organic cation carrier.

Canalicular Transport

Transport of bile acids across the canalicular mem-
brane of the hepatocyte represents the rate-limiting step
in overall transport of bile acids from blood into bile.
This canalicular excretion of monoanionic bile acids,
which preferentially transports conjugated tri- and
dihydroxy bile acids, occurs largely via an ATP-
dependent processor. The transporter, the bile salt ex-
port pump (BSEP), has been cloned and is a member of
the ATP-binding cassette superfamily of proteins. The
BSEP is related to the multidrug resistance gene prod-
ucts, or P-glycoproteins, is expressed exclusively in the
liver, and has been localized to the canalicular domain of
hepatocytes. The expression of this transporter has been
shown to be sensitive to bile acid ¯ux through the he-
patocyte, possibly at the level of transcription of the
BSEP gene. The promoter of the BSEP gene was very
recently cloned and was shown to contain an inverted
repeat-1 (IR-1) element, which serves as a binding site
for the farnesoid X receptor (FXR), a nuclear receptor
for bile acids. The FXR heterodimerizes with the reti-
noid X receptora (RXRa), and when bound to bile acids,
the complex FXR/RXRa regulates the transcription of
several genes involved in bile acid homeostasis. These
studies demonstrate a critical role of FXR as a physio-
logical bile acid sensor integrating the expression of
BSEP in bile acid homeostasis.

ELECTROLYTE TRANSPORT AND
BILE FORMATION

Sodium and potassium are the major extra- and intra-
cellular cations in all living cells. The mechanism of the
bile salt-independent fraction of canalicular bile ¯ow is
considered to involve the Na�, K�-activated adenosine
triphosphatase sodium pump in the canalicular mem-
brane, whereby three sodium ions are pumped out of the
cells for every two potassium ions pumped in, resulting
in a net intracellular negative potential that amounts to

approximately ÿ35 mV in intact hepatocytes. In cul-
tured hepatocytes, it has been demonstrated that sub-
strate-induced (alanine, taurocholate) sodium in¯ux is
associated with a rapid increase in Na�, K�-ATPase
cation pumping, indicating that pump activity is di-
rectly modulated by the intracellular sodium concen-
tration. The basolateral Na�, K�-ATPase-mediated
electrogenic cation pumping represents a major driving
force for both Na�-coupled solute transport across the
sinusoidal membrane and potential dependent anion
secretion across the canalicular membrane.

Plasma membrane Na�/H� exchange (or antiport)
that involves a sequential uptake of Na� by Na�, K�-
ATPase followed by uptake of protons via Na�/H�

exchange is selectively located in the basolateral mem-
brane in the hepatocyte and serves a variety of interre-
lated metabolic and transport functions, including
regulation of intracellular pH and cell volume control.
This Na�/H� exchange plays an important role in the
generation of bile acid-induced choleresis, e.g., the cho-
leresis induced by physiological bile acids, such as
taurocholate and the ursodeoxycholic acid-stimulated
bicarbonate secretion. Although a Na�/Clÿ or a Na�/
K�/Clÿ cotransport has not been found in rat liver cells,
the presence of an electroneutral Clÿ/HCO3

ÿ antiport is
demonstrated at the canalicular membrane and pro-
vides an explanation for the role of Na�/H� exchange
in the canalicular secretion of bicarbonate stimulated by
ursodeoxycholic acid. Also, a Na�/HCO3

ÿ cotransport
has been demonstrated in the basolateral, but not can-
alicular, membrane vesicles; it mediates Na�-coupled
HCO3

ÿ in¯ux into rat hepatocytes under physiological
conditions and helps explain the Na� dependency of the
ursodeoxycholic acid-induced hypercholeresis.

Indirect evidence suggests that transport of gluta-
thione across the canalicular plasma membrane into
bile contributes to the formation of the bile acid-
independent fraction of bile ¯ow and to an increase
in biliary glutathione that is associated with a corre-
sponding increase in bile ¯ow. This tripeptide is se-
creted into canalicular bile in relatively high
concentrations via a speci®c carrier-mediated mecha-
nism. Quantitative measurements show that bile forma-
tion with glutathione is of the same order as that with
bile acids when measured at low rates of bile acid ex-
cretion, i.e., in the absence of micelles.

ENTEROHEPATIC CIRCULATION

The enterohepatic circulation of bile acids involves he-
patic bile acid formation and secretion into the bile,
accumulation of bile in the gallbladder, bile emptying
into the small intestine, bile acid reabsorption from the
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small intestine, and bile acid transport into the liver via
the portal blood. The intestinal conservation of bile
acids is approximately 95% ef®cient and re¯ects both
passive and active reabsorption processes. The total bile
acid pool in humans is about 3ÿ5 g and cycles 6 to 10
times daily, depending on the number of times food is
ingested. In this way, 20ÿ30 g of bile acids enter the
proximal small intestine in 24 hours. The daily 0.5-g
fecal loss of bile acids is balanced by hepatic de novo
synthesis of bile acids from cholesterol. The bile acids
exert two major actions on bile formation in mammals.
First, they stimulate bile ¯ow, primarily as a result of
osmotic effects of their active secretion into the biliary
canaliculi, and second, they stimulate the biliary secre-
tion of the water-insoluble amphipaths lecithin and
cholesterol, with which they form mixed micelles.
Based on the observation that biliary bile acid output
and bile ¯ow are linearly related in all animal species
studied so far, bile acid-stimulated bile ¯ow has been
attributed to active secretion of bile acids followed by
osmotically driven water ¯ow. However, the choleretic
ef®ciency may vary greatly for the same bile acid given to
different animal species, or for different bile acids given
to the same animal species, and these differences are not
always readily explained by differing micelle-forming
properties of the bile acids.

Hypercholeresis and Cholehepatic Shunt

Unconjugated bile acids produce choleresis in ex-
cess of that predicted by osmotic action of the secreted
bile acid, and it is accompanied by a selective increase in
biliary HCO3

ÿ concentration. This phenomenon is
called hypercholeresis, which is bile acid-dependent
bile ¯ow that appears to be greater than what can be
explained by the osmotic effects of the bile acid recov-
ered in bile. Hypercholeresis is observed on feeding a
dose of a bile acid that exceeds the capacity of the liver to
conjugate fully the infused bile acid with glycine and
taurine; the result is that a proportion of the unconju-
gated bile acid is secreted into the bile. This phenom-
enon is also observed with infusion of nor-bile acids
(which have four carbon atoms in the side chain, instead
of the ®ve carbons in the normal bile acids). The hepatic
enzymes are unable to conjugate nor-bile acids. Two
mechanisms have been proposed to explain hypercho-
leresis. In the ®rst, the unconjugated bile acid causes
intracellular alkalinization by increasing H� excretion
across the sinusoidal membrane; the increased intracel-
lular pH then induces HCO3

ÿ excretion across the
canalicular membrane. The second mechanism is ex-
plained by what is called the `̀ cholehepatic shunt path-
way,'' according to which the unconjugated bile acid

is secreted by the hepatocyte in anionic form, proton-
ated by carbonic acid in the biliary tree via carbonic
anhydrase, passively reabsorbed in the protonated
form by the biliary ductular cells, and carried back to
the hepatocytes via the periductular capillary plexus,
thus generating HCO3

ÿ within the biliary tree. The
bile acid is thus available at the sinusoidal membrane
for another enterohepatic cycle, which may go on until
the bile acid is biotransformed.

Intestinal Absorption

An important component of the enterohepatic cir-
culation is the active reabsorption of conjugated bile
acids in the ileum, via the ileal apical sodium-dependent
bile acid transporter (ASBT), an integral brush border
membrane glycoprotein that cotransports sodium and
bile acids to ileocytes. Conjugated trihydroxy bile acids
(taurocholate) are preferred over dihydroxy (tauroche-
nodeoxycholate) bile acids, and unconjugated bile acids
are passively absorbed throughout the small intestine.
Several recent studies suggest that the ASBT is regulated
by intraluminal bile acids, and conditions that reduce
intestinal bile acid concentrations, such as fasting,
biliary diversion, and extrahepatic cholestasis, decrease
bile acid transport into brush border membrane vesi-
cles. However, others have found a feedback inhibition
of ASBT expression after taurocholate feeding in the rat
and guinea pig.

Bile acids are transported across the ileal brush bor-
der membrane aided by the ASBT, and the accumulation
of bile acids within the enterocyte against its electro-
chemical gradient is driven by the inwardly directed
Na� gradient, maintained by a basolateral Na�, K�-
ATPase. Intracellular transport of bile acids in the
enterocyte is mediated by several cytosolic and micro-
somal proteins. At the basolateral membrane of the
ileum, bile acids leave the enterocyte by a Na�-indepen-
dent anion exchange process. Absorption of bile acids
into the portal blood occurs mainly by way of hydro-
phobic binding to albumin, although a small fraction is
bound to lipoproteins. Bile acid uptake from the portal
blood, completing the enterohepatic circulation, is typ-
ically expressed as the ®rst-pass extraction (percent bile
acid removed during a single passage through the
hepatic acinus). The fractional extraction is greater
for the hydrophilic bile acids compared to the hydro-
phobic bile acids (80ÿ90% for taurocholate vs. approx-
imately 50% for unconjugated ursodeoxycholic acid).
The small fraction of bile acids that escapes absorption
from the small intestine undergoes bacterial modi®ca-
tion in the colon: deconjugation, 7-dehydroxylation,
epimerization of hydroxyl group(s), and oxidation of
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hydroxyl groups to oxo-bile acids. The predominant
secondary bile acids formed in the colon are
the 7-dehydroxylated bile acids, lithocholic acid and
deoxycholic acid, formed by 7a-dehydroxylation of
chenodeoxycholic acid and cholic acid, respectively.
These secondary bile acids are passively absorbed and
brought into enterohepatic circulation.

CLINICAL IMPLICATIONS

Cholestasis

Cholestasis is a functional defect in bile formation at
the level of the hepatocyte (i.e., intrahepatic cholestasis,
an example of which is primary biliary cirrhosis) or
an obstruction to bile ¯ow within the biliary tract
(i.e., extrahepatic cholestasis, which includes primary
sclerosing cholangitis). Extrahepatic cholestasis may
be caused by choledocholithiasis, pancreatic and
periampullary carcinoma, biliary strictures, and pancre-
atitis. On the other hand, several mechanisms may play a
role in the pathogenesis of intrahepatic cholestasis, in-
cluding alterations in sinusoidal membrane function
and composition, alterations in cytoskeletal organiza-
tion and function, alterations in tight junction perme-
ability, and impairment of canalicular membrane
structure and function.

Regardless of the mechanism of cholestasis, the net
effect is retention of solutes, including bile acids, bili-
rubin, and cholesterol, which are preferentially excreted
into bile under normal conditions. It has been recently
shown that the sinusoidal sodium-dependent bile acid
cotransporter (NTCP), the canalicular Na�, K�-ATP-
dependent-bile acid transport activities, and the ex-
pression of the multidrug resistance protein 2
(Mrp2), which is responsible for the biliary excretion
of amphiphilic anions, are all down-regulated in exper-
imental models of intra- and extrahepatic cholestasis.
Hepatic retention of bile acids results in decreased bil-
iary excretion into the intestine, so that intestinal bile
acid concentrations are reduced to levels below those
required for normal fat digestion and absorption, and
steatorrhea and de®ciencies of fat-soluble vitamins may
result. Reduced hepatic uptake also results in greater
systemic spillover, so that serum bile acids increase over
normal levels and are generally used as an indicator for
liver disease, including cholestasis. Jaundice results
from retention of bilirubin. Defective cholesterol
excretion leads to the formation of xanthelasma,
xanthomas, and alteration in the erythrocyte membrane
leading to target and spur cell formation. The retained
bile acids in the hepatocyte are subject to further
enzymatic modi®cation, including 6-hydroxylation,

glucuronidation, and sulfation, which can further in-
crease cholestasis, and the renal route of elimination
becomes predominant.

Defects in Intestinal Transport
and Metabolism

Crohn's disease, ileal resection, and bypass are
characterized by defective bile salt absorption and
may give rise to cholerrheic or a steatogenic enteropa-
thy. In disorders involving more than 100 cm of ileum,
hepatic synthesis of new bile salts cannot compete with
intestinal loss to maintain a critical concentration of
bile salts in the proximal small intestine for normal
fat digestion, and steatorrhea with or without diarrhea
occurs. In disorders with lesser degrees of involve-
ment, increased concentrations of bile salts in the
colon result in net ¯uid and electrolyte secretion, and
bile acid-induced diarrhea with minimum fat malab-
sorption occurs.

In steatogenic enteropathy, hydroxy fatty acids
formed in the colon by bacterial enzymatic hydroxyl-
ation of dietary lipids cause net ¯uid secretion and di-
arrhea. Idiopathic bile acid catharsis, a chronic diarrheal
illness characterized by bile acid malabsorption, results
from a relative lack of ileal bile acid transporter pro-
teins. Disorders that are associated with acidic duodenal
pH, such as exocrine pancreatic insuf®ciency, result
in greater passive absorption of bile acids or their
intraluminal precipitation. The intraluminal bile acid
concentration becomes low, contributing to impaired
fat digestion and steatorrhea. In small bowel bacterial
overgrowth, bile acids undergo bacterial deconjugation
and dehydroxylation to form unconjugated deoxy-
cholic acid and lithocholic acid, which are absorbed
passively by nonionic diffusion. Intraluminal bile salt
concentration is again compromised and steatorrhea
may occur.

Defects in Enterohepatic
Circulation Dynamics

The bile acid pool cycles 6ÿ10 times daily through
the enterohepatic circulation. This is accomplished by
the coordinated action of two physical pumps (the gall-
bladder and the small intestine), two chemical pumps
(the transport systems of the hepatocyte and the termi-
nal ileal erythrocyte), and two sphincters (the sphincter
of Oddi and the ileocecal valve). The dynamics of the
enterohepatic circulation are in¯uenced by alterations
in the gallbladder or the small intestine. Rapid intestinal
transit increases cycling frequency whereas delayed
intestinal transit decreases cycling frequency. In celiac
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disease, reduced release of cholecystokinin in the
intestinal mucosa results in impaired gallbladder
emptying and stagnation of bile acids in the biliary
tree. Cholecystectomy results in increased 7a-
dehydroxylation of cholic acid due to increased expo-
sure to colonic bacteria, and an increased deoxycholic
acid pool is reported.

Defects in Synthesis

Continuous bile acid synthesis from cholesterol is
required to maintain the bile acid pool in the entero-
hepatic circulation and compensate for intestinal loss.
Reduced bile acid synthesis would result in serious com-
plications, e.g., fecal loss will not be replenished, ab-
sorption of cholesterol and fat-soluble substances would
decrease so that cholesterol excretion would be re-
duced, and the bile acid-dependent bile ¯ow would
stop. In cirrhosis, there is a reduced total bile acid
pool, resulting from a reduced microsomal 12a-hydrox-
ylation that results in a reduction of the cholate pool.
Intestinal 7a-dehydroxylation of cholic acid is reduced
so that the pool of deoxycholic acid is greatly reduced.
Further, the increased sulfation/glucuronidation of
hepatic bile acids that takes place results in increased
renal clearance.

In the rare inherited lipid storage disease, cerebro-
tendinous xanthomatosis, which is characterized
by progressive neurologic disturbances, premature
atherosclerosis, cataracts, and tendon xanthomas,
mitochondrial 27-hydroxylation is de®cient and
bile acid synthesis is decreased. Cholesterol synthesis
is increased due to loss of feedback inhibition by bile
acids, resulting in cholestanol formation. An alternative
pathway for cholic acid synthesis becomes active,
operating via microsomal bile alcohol formation
(see Fig. 1). Large amounts of 5b-cholestane-3a,7a,
12a, 25-tetrols and of 5b-cholestane-3a,7a,12a,24,
25-pentols accumulate in the hepatocyte. The bile alco-
hols that are secreted in the bile after glucuronidation
are poorly absorbed and largely excreted in the stool and
urine. Treatment with chenodeoxycholic acid sup-
presses increased cholesterol synthesis, and in turn,
cholestanol and bile alcohol levels, and may improve
neurologic symptoms.

Zellweger's syndrome is another rare and fatal
autosomal recessive disorder associated with multiple
craniofacial dystoses, central nervous system abnormal-
ities, generalized hypotonia, hepatomegaly, and renal
cysts. Lack of peroxisomes in the liver and kidney re-
sults in defective b-oxidation of long-chain fatty acids
and bile acids in this disease, and abnormal C27 bile
acids accumulate. SmithÿLemlyÿOpitz syndrome is

another devastating, often fatal, autosomal recessive
disease characterized by dysmorphic facial features,
limb abnormalities, genital disorders, and widespread
defects in many endocrine glands and the liver, kidneys,
urinary system, heart, lungs, and skeleton. The affected
children are mentally retarded, often show severe
failure to thrive, and most often die prematurely.
Defective 7-dehydrocholesterol-D7-reductase results
in highly reduced plasma and tissue cholesterol with
concomitant accumulation of the precursor, 7-dehydro-
cholesterol (5,7-cholestadien-3b-ol), and an isomer,
8-dehydrocholesterol (5,8-cholestadien-3b-ol). Reduced
cholesterol levels result in highly reduced circulating
bile acid levels, and intestinal fat absorption is impaired.
Prenatal diagnosis is possible and supplementation with
dietary cholesterol and bile acid seems to show limited
promise.

SUMMARY

It is clear that bile ¯ow is a very complex process that
involves not only bile acids but also a large number of
other components. The Na�, K�-ATPase is central to
bile formation and current research has shown the in-
volvement of a variety of transport proteins, including
NTCP, OATP, and BSEP. The orphan nuclear receptors,
liver X receptor a (LXRa), FXR, and RXR, have been
shown to be powerful regulators of bile acid synthesis
and homeostasis. Identi®cation of novel nuclear recep-
tor ligands and target genes may allow for the design of
receptor-speci®c therapeutic agents to assist in the con-
trol of many hepatobiliary diseases.
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cholecystectomy Removal of the gallbladder either by

laparoscopic technique or open abdominal surgical

incision.

endoscopic retrograde cholangiopancreatogram Procedure

performed by cannulation of the common bile duct and

pancreatic duct by means of a ¯exible endoscope and

retrograde injection of radio-opaque contrast media in

order to demonstrate all portions of the entire biliary tree

and pancreatic ducts.

magnetic resonance cholangiopancreatogram Noninvasive

radiologic test (magnetic resonance imaging) that

enables detailed resolution of the biliary tree.

percutaneous transhepatic cholangiogram Procedure that

permits direct visualization of the biliary tree via

percutaneous placement of a ®ne needle through the

lower right chest wall through the hepatic parenchyma

and into the right or left bile duct. Injection of radio-

opaque contrast media enables the visualization of the

proximal biliary tree and common bile duct.

primary sclerosing cholangitis In¯ammatory process invol-

ving the biliary tree, causing obstruction. It is often seen

in men and is associated with in¯ammatory bowel

disease. Diagnosis is by cholangiography, which often

shows diffuse stricturing, beaded appearance.

stent Hollow tubular device made of plastic or metal; can be

placed endoscopically or percutaneously to aid in

draining the biliary tree.

A biliary stricture is often grouped with gallstones as a

frequent cause of biliary duct obstruction. Although

strictures caused by malignancy do occur (e.g., in pan-

creatic cancer or cholangiocarcinoma), the majority of

biliary strictures stem from benign processes such as an

operative procedure or an in¯ammatory response (e.g.,

pancreatitis). Postoperative bile duct strictures tend to

be a frustration for surgeons because more than three-

quarters of the iatrogenic bile duct injuries go unrecog-

nized at the time of surgery. Strictures located distal to

the cystic duct (i.e., closer to the pancreas and duode-

num) typify most of the benign postoperative strictures,

whereas strictures proximal to the cystic duct tend to be

malignant in origin.

ETIOLOGY

Biliary Strictures Due to Operative Trauma

Bile duct injuries have been reported following
procedures involving the liver, pancreas, and stomach.
(Forexample, strictures canoccurat the site of a biliaryÿ
enteric anastomosis done for reconstruction.) More
commonly, however, a majority of postoperative biliary
strictures occur following cholecystectomy with or
without exploration of the common bile duct (CBD)
by intraoperative cholangiogram (IOC). The site of
bile duct injury is often located within 1 cm of the con-
¯uence of the right and left hepatic ducts. Common
errors involving excessive cauterization, misplacement
of surgical clips, and underrecognition of anatomic
variants have been noted as possible reasons for injury
in this area. The incidence of postoperative biliary stric-
ture following open cholecystectomy has been reported
to be 0.1ÿ0.5% in a large series of patients who under-
went laparoscopic cholecystectomy. Bile duct injury as
reported from a group at the University of California,
Los Angeles, had an incidence of 0.2ÿ0.4%. Many re-
searchers feel that the incidence of injury following
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laparoscopic cholecystectomy is initially high because
of surgical inexperience.

Biliary Stricture Following
Liver Transplantation

Biliary tract complications are a major cause of
morbidity following liver transplantation, with several
series reporting incidences from 13 to 25%. Strictures
have been attributed to hepatic artery or portal vein
thrombosis, graft rejection, or tissue ischemia
reperfusion injury. In addition, re¯ux cholangitis sec-
ondary to Roux-limb reconstruction and infection by
cytomegalovirus (CMV) have been reported as stricture
etiologies following liver transplantation.

Biliary Stricture Secondary to
Pancreatic Processes

In 1886, Riedel described bile duct obstruction
resulting from benign pancreatic disease. Pancreatic
processes can often cause distal CBD pathology
because that part of the biliary tree runs in a groove
on the posterior surface of the pancreas before joining
the pancreatic duct in the ampulla and emptying into
the duodenum. Tumors, cysts, or extensive edema
within the surrounding pancreatic tissue can cause ex-
trinsic compression of the distal CBD. In one study, the
prevalence of CBD stenosis approached 100% in the
clinical setting of chronic alcoholic pancreatitis, with
a corresponding elevated alkaline phosphatase level
twice the normal limit for at least 4 weeks. Overall, a
prevalence of chronic CBD stenosis caused by chronic
alcoholic pancreatitis ranges from 4 to 10%.

Biliary Stricture Associated with Primary
Sclerosing Cholangitis

Patients with primary sclerosing cholangitis (PSC)
and diffuse ductal disease have been found to have a
dominant stricture 15ÿ20% of the time. Severe disease
with development of cirrhosis is often treated surgi-
cally (e.g., liver transplantation); however, endoscopic
stenting has been helpful as a temporizing or palliative
measure for those patients who are not surgical can-
didates. It is important to note that malignancy must
be excluded prior to endoscopic treatment. An
Amsterdam group has reported successful outcomes
after multiple endoscopic stenting of dominant stric-
tures in PSC. In this 10-year retrospective study, en-
doscopic therapy was technically successful in 84% of
patients.

Biliary Stricture Due to Other Causes

Although less common than benign causes, primary
malignancy (pancreatic cancer, cholangiocarcinoma) or
metastatic disease can cause biliary strictures. In the
literature, other benign causes of stricture include par-
asitic infestation, pericholedochal abscess, choledochal
cysts, or vascular rings. External trauma has been re-
ported to cause stricture 1.7% of the time. Tuberculosis
and cystic ®brosis are additional processes that have
been reported to cause biliary stricture.

CLINICAL PRESENTATION

A majority (80%) of the patients with postoperative
biliary stricture present with symptoms within a year
after the initial operation (10% within the ®rst week,
70% within ®rst 6 months). Patients may present with
jaundice, an elevated alkaline phosphatase, or they may
have signs of bile peritonitis (e.g., abdominal pain and
fever) secondary to a bile leak or ®stula. A clinical
diagnosis can be delayed in patients with advanced
biliary cirrhosis. They may present with signs and
symptoms of portal hypertension, including increased
abdominal girth or mass, confusion, or bleeding from
varices. Strictures secondary to pancreatic causes can
present with elevated transaminases, amylase, lipase or
a persistent low-grade hyperbilirubinemia.

DIAGNOSIS

Preliminary imaging studies such as ultrasound and
computed tomography (CT) scan are helpful in
detecting intrahepatic and extrahepatic ductal dilata-
tion. The most useful diagnostic test is cholangiography
by an endoscopic retrograde cholangiopancreatogram
(ERCP), percutaneous transhepatic cholangiogram
(PTC), and, more recently, a magnetic resonance
cholangiopancreatogram (MRCP). PTC may be more
effective in patients with proximal strictures because
it allows for therapeutic drainage and delineates anat-
omy. On the other hand, ERCP is advantageous for distal
strictures due to pancreatic causes by enabling visual-
ization of the pancreatic ductal system. Prophylactic
antibiotic coverage prior to cholangiography is fre-
quently recommended. In cases of bile leakage and
recognized postsurgical complications, radionuclide
hepatobiliary scintigraphy has been a helpful diagnostic
tool. In cases with equivocal results or for patients who
are clinically un®t for invasive procedures, MRCP offers
improved imaging resolution, which can aid in diagno-
sis and treatment. The weaknesses of MRCP include
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patient claustrophobia, the high cost of the procedure,
and the variability of a radiologist's interpretation.

TREATMENT

The management of a stricture is often based on its
location. Bismuth, a surgeon, developed a classi®-
cation of bile duct strictures determined by the
anatomic level of involvement. Bismuth I is a type
of stricture more than 2 cm from the common hepatic
duct (CHD), Bismuth II is a type of stricture less than
2 cm from the CHD, Bismuth III is a high ductal
(proximal) stricture where con¯uence is preserved,
Bismuth IV is a high ductal stricture where con¯uence
is destroyed, and Bismuth V is an anomalous right
duct. The Bismuth classi®cation continues to be
used as a tool in the surgical or medical management
of benign biliary stricture.

In the majority of cases in which biliary stricture
results from operative trauma, the goal of reoperative
surgery is to reestablish bile ¯ow into the proximal
small intestine. Possible surgical procedures include
choledochojejunostomy, choledochoduodenostomy,
or a Roux-en-Y hepaticojeju-nostomy. Most of these
surgeries have produced good long-term results with
success rates as high as 94%. Recurrent strictures
after surgical repair have occurred in up to 10% of
cases over a period of 7 months. Biliary stents and en-
doscopic dilations have been used as adjuncts both be-
fore and after reoperative surgery, but this practice is
still often debated.

Treatment for biliary strictures resulting from
chronic pancreatitis is controversial. If patients present
with persistent jaundice and/or cholangitis, surgical de-
compression is indicated. Sphincteroplasty has been
unsuccessful in most series, primarily due to the length
of the distal common bile duct stricture. However, the
approach to asymptomatic patients with an isolated in-
crease in the level of alkaline phosphatase is debatable.

Some clinicians advocate surgical decompression
to avoid the possible complications of persistent
cholestasis, including secondary biliary cirrhosis.
Others advocate a conservative approach, with periodic
liver function testing, especially when the alkaline phos-
phatase is normal or only mildly elevated and the prox-
imal ducts are not dilated.

Because the majority of strictures are in the postop-
erative setting, most notably cholecystectomy, measures
can be taken to help decrease the incidence. According
to the surgical literature, there are some main points to
remember during surgery: mobilizing the gallbladder by
dissecting in a plane next to the surface of a gallbladder,
always identify the junction between the common bile
duct and the cystic duct; and perform an operative
cholangiography, know the major variations of com-
mon hepatic duct, and never use cautery or apply
clips blindly.
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liver segment Portion of the liver de®ned by an independent

blood supply.

sectoral bile duct Bile ducts formed by the merging of

segmental bile ducts.

segmental bile duct Bile ducts draining segments of the liver.

The anatomy of the biliary system may be divided into that

of the intrahepatic ducts and the extrahepatic ducts. The

segmental intrahepatic bile ducts join to form the left and

right hepatic ducts. At the hilum of the liver, these two

ducts merge to form the common hepatic duct. The com-

mon hepatic duct is joined by the cystic duct (that drains

the gall bladder) to form the common bile duct. The ex-

trahepatic biliary system is composed of the common

hepatic duct, the cystic duct and the common bile duct.

LIVER SEGMENTS

The liver is divided into eight segments based on the fact
that the portal venous and hepatic arterial blood supply
to and hepatic venous and biliary drainage from these
segments are independent of each other and there are no
signi®cant anastomoses between segments. This per-
mits segmental resections of the liver. Segment I is
the posteriorly located caudate lobe. The primary divi-
sion of the rest of the liver into left and right lobes is
along a line that extends from the center of the gallblad-
der bed to the left side of the inferior vena cava (Cantlie's
line). The left lobe is divided into anterior and posterior
sectors. The posterior sector is segment II. The anterior
sector consists of segment III and segment IV (the
quadrate lobe). In 67% of individuals, the left hepatic
duct is formed after the posterior sectoral duct bile ducts
(draining segment IV) join the anterior sectoral duct
(formed by the merging of the ducts draining segments
II and III). In 25% of individuals, the segment IV duct
drains into the segment III duct and in 4% there is
drainage into both the segment III duct and the right
sectoral duct. Drainage of the segment IV duct(s) into
the common hepatic duct, into the segment II duct, and
into the right sectoral duct occurs in 1% of individuals,
for each variation.

SECTORAL DUCTS

The right lobe is divided into four segments. The ®rst
division separates the right lobe into antero-medial
and postero-lateral sectors, each of which is further
subdivided into anterior and posterior segments, i.e.,
segments V, VI, VII, and VIII. In 91% of individuals, the
right anterior sectoral duct drains segments V and VIII
and the right posterior sectoral duct drains segments VI
and VII. The two sectoral ducts join to form the right
hepatic duct. Variations in this anatomy are noted in
approximately 10% of individuals. The segment V duct
drains directly into the right hepatic duct in 5% of indi-
viduals and into the posterior sectoral duct in 4%. The
segment VIII bile duct drains into the posterior sectoral
duct in 20% of individuals. Variations in segment VI
bile duct anatomy include direct drainage into the an-
terior sectoral duct (10%), the right hepatic duct (2%),
and the common hepatic duct (2%). The caudate lobe
(segment I) drains into both the left and right biliary
systems.

The left and right hepatic ducts join to form the com-
mon hepatic duct in 57 to 72% of individuals. Variations
in this anatomy primarily involve the right sectoral
ducts. They include the right anterior and posterior
sectoral ducts separately joining the left hepatic duct
in 12% (no right hepatic duct) of individuals. A right
sectoral duct drains into the left hepatic duct in 6% of
individuals (right anterior sectoral duct in 1% and right
posterior sectoral duct in 5%). In 20% of individuals, a
right sectoral duct drains directly into the common he-
patic duct (the right anterior sectoral duct in 16% and
the right posterior sectoral duct in 4%). Finally, all the
sectoral ducts may join to form the common hepatic duct
without forming the right and left hepatic ducts (3%).

COMMON BILE DUCT

The common bile duct measures approximately 10 cm
in length and 0.5 cm in diameter and lies to the right of
the hepatic artery and anterior to the portal vein. It
descends behind the posterior aspect of the superior
duodenum along the free edge of the lesser omentum
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and deviates toward the right in a groove on the poste-
rior aspect of the head of the pancreas. Here it lies an-
terior to the inferior vena cava and enters the descending
duodenum on its posterior-medial aspect. The sphinc-
teric muscle of Oddi derived from the duodenal smooth
muscle surrounds the common bile duct and the open-
ing of the duct into the duodenal lumen is marked by a
mucosal protrusion called the ampulla or papilla of
Vater. The pancreatic duct accompanies the common
bile duct within the sphincter of Oddi in 70ÿ85% of
individuals.
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choledochojejunostomy Surgical procedure in which the

common bile duct is connected to the jejunum.

choledochoscopy Diagnostic aid during surgery in which a

¯exible endoscope is placed directly into the common

bile duct.

endoscopic retrograde cholangiopancreatography Diagnos-

tic procedure for imaging the biliary tree. A ¯exible ®ber-

optic endoscope is placed in the duodenum and a ®ne

¯exible tube is inserted into the common bile duct

through the ampulla of Vater. A radio-opaque substance

is instilled directly into the duct and serial X-ray ®lms

are taken.

hemobilia Blood in the bile ducts, which then passes into the

duodenum and is either vomited or passed per rectum.

hepaticojejunostomy Surgical procedure in which the

common hepatic duct is connected to the jejunum.

magnetic resonance cholangiopancreatography Method of

imaging the biliary tree and pancreatic duct without

using radiation.

stent Hollow plastic tube inserted into a narrowing in a

hollow tract of the body as a nonoperative method of

keeping the tube patent.

Whipple operation (pancreaticoduodenectomy) Major sur-

gical procedure in which the head of the pancreas, the

duodenum, and the lower end of the common bile duct

are all removed, usually because of cancer of the head of

the pancreas.

Benign biliary tumors are nonmalignant masses in the

biliary tree. These masses may be neoplastic or congenital

in origin and they may also result from in¯ammatory

processes. It is necessary to distinguish these tumors

from reactions to surgical trauma and from other systemic

diseases known to cause strictures in the biliary system,

such as sclerosing cholangitis.

INTRODUCTION

Benign biliary tumors are extremely uncommon. They
have been reported in 0.1% of all biliary tract surgeries
and constitute only 6% of all extrahepatic bile duct
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neoplasms. However, in the interest of optimal manage-
ment, it is important to consider these neoplasms in the
differential diagnosis of obstructive jaundice. Benign
tumors of the bile ducts, despite their varied origins
and histological appearance, are similar in many aspects
of their clinical presentation, methods of diagnosis, and
treatment. Pathologically, there are at least seven sub-
types, as indicated in Table I.

CLINICAL PRESENTATION

Symptomatic benign biliary tumors generally present
with obstructive jaundice and/or right upper quadrant
pain, most often of long duration. The clinical and ra-
diological presentation of these patients may mimic bil-
iary calculi, cancer, or in¯ammatory conditions of the
bile ducts. Depending on tumor location, it is also pos-
sible for patients to be asymptomatic. Very rarely, these
patients present with other symptoms, such as bleeding.
A single case of death due to hemorrhage from an ad-
enoma has been reported, and biliary papillomatosis has
also been associated with hemobilia and may present
with anemia. Biliary calculi are reported in only 20% of
patients with adenomatous tumors and are not reported
in the majority of patients with other types of benign bile
duct lesions. The ®rst study usually performed on a
jaundiced patient is an ultrasound, which will con®rm
the diagnosis of obstructive jaundice but will give no
indication of the pathology. This is especially true
when no biliary calculi are present. In this circumstance,
further imaging of the biliary tree is necessary, usually
by endoscopic retrograde cholangiopancreatography
(ERCP), although magnetic resonance cholangiopan-
creatography (MRCP) is increasingly being used.

Even ERCP is usually not diagnostic of the lesion, al-
though it is helpful in de®ning tumor location, exten-
sion, and size, as well as the status of the intrahepatic
ductal system (Fig. 1). These features are useful in op-
erative planning, even if the exact histological diagnosis
is most often made postoperatively.

TUMOR SUBTYPES

Epithelial Tumors

Adenoma

The most common benign biliary tumors are those
arising from the epithelial tissue lining the ducts. Chu's
review of benign biliary neoplasms, published in 1950,
found that 26 out of 30 cases reviewed were epithelial
tumors. The anatomical distribution of these tumors is
illustrated in Fig. 2. Most are found in the ampulla, with
the common bile duct being the next most common site.
Adenomas vary grossly from a few millimeters to several
centimeters, although tumors as large as 15 cm have
been reported. Grossly, they are ®rm, grayÿwhite,
and nonencapsulated. Histologically, they are com-
posed of small, round, tubules resembling bile ducts
in a ®brous stroma. The ducts may have a tortuous
con®guration and secrete mucin, but not bile. The epi-
thelial lining consists of cuboidal, lightly basophilic
cells that have regular nuclei. The supporting stroma
is scanty and variably in¯amed and becomes progres-
sively hyalinized with time. It has been suggested that
papillary cancers of the extrahepatic ducts may arise
from preexisting adenomas, but because of the rarity
of these lesions, it is dif®cult to prove. The origin of
biliary duct adenoma is debatable. Plausible hypotheses

TABLE I Classi®cation of Benign Bile Duct Tumors

Epithelial tumors

Adenoma

Cystadenoma

Papilloma

Multiple biliary papillomatosis

Adenomyoma

Granular cell tumor

Neural tumors

Neurinoma

Paraganglioma

Amputation neuroma

Leiomyoma

In¯ammatory tumor

Heterotopic tissue

Heterotopic gastric tissue

Heterotopic pancreas tissue

FIGURE 1 Endoscopic retrograde cholangiopancreatography

of ampullary adenomyoma.
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include developmental abnormality, hamartoma, a true
neoplasm, or a reactive process to a focal injury.

Cystadenomas

Cystadenomas are rare cystic tumors of epithelial
origin that arise in the liver, the majority in the
right lobe, or less commonly in the extrahepatic biliary
system. There are two histological variants, a mucinous
type and a serous type. The more common mucinous
type histologically resembles the mucinous cyst-
adenoma of the pancreas. The origin of cystadenomas
is unclear. They may be derived from embryonic foregut
rests or from hamartomas. The cystadenoma (CA) is
predominantly a tumor of middle-aged women; females
account for 90% of reported cases. In contrast to other
benign biliary tumors, abdominal swelling and pain are
the most frequent presenting symptoms, although

biliary obstruction, hemorrhage, rupture, and vena
caval obstruction have been reported. Also, unlike
other benign tumors of the bile ducts, imaging studies
are reasonably speci®c and may permit preoperative
diagnosis. The classic ultrasound appearance is an an-
echoic mass with internal septations that are highly
echogenic, whereas computer tomography (CT) usually
shows a smooth, thick-walled cyst with ®ne internal
septae. The appearance of this tumor on magnetic res-
onance imagery (MRI) has also been described. Elevated
CA 19-9 tumor marker levels have been reported.
Grossly, the tumor usually consists of multilocular
cysts ranging in diameter from 2.5 to 28 cm and con-
taining a mucinous or gelatinous ¯uid. The inner sur-
face may be smooth or trabeculated. Microscopically,
the tumor is lined by mucin-secreting columnar to cu-
boidal epithelium with pale eosinophilic cytoplasm and
basally oriented nuclei. The tumor is generally single
layered but may form small papillary foldings. Focal
intestinal metaplasia is occasionally observed. The stro-
mal cells are spindle shaped or rarely oval, resemble
ovarian stroma, and are immunoreactive with vimentin,
actin, and desmin. Mucinous cystadenoma behaves as a
slow-growing tumor but has a tendency to become ma-
lignant over a period of years. In one large study series, 6
of 18 cystadenocarcinomas had areas of preexisting be-
nign cystadenoma and 7 of 51 cystadenomas had foci of
dysplasia.

The serous variety of cystadenoma histologically
resembles serous cystadenoma of the pancreas. It con-
sists of numerous small cystic spaces lined by a single
layer of cuboidal cells with clear cytoplasm containing
glycogen. The serous cystadenomas rest on a basement
membrane but, in contrast to the mucinous variety, are
not surrounded by a mesenchymal stroma. Serous
cystadenomas are not known to undergo malignant
transformation.

Papillomas

Papillomas typically measure a few centimeters, al-
though Leriche, in 1934, reported a case of a papillo-
matous tumor weighing 750 g in the common bile duct
of a 4-year-old child. Grossly, the tumors may be ®rm,
elevated masses or soft, vascular, sessile, or peduncu-
lated growths. Histologically, the tumors are composed
of thick or delicate papillae covered by a layer of
tall columnar epithelium with a loose connective
tissue core.

Biliary papillomatosis is a premalignant disorder
consisting of multicentric papillary adenomas in the
biliary tract. It is a rare disorder, with only about 50
cases described in the literature. The disease is seen in
middle-aged to older men and women at a male : female

8%

15%

27%

3%

10%

37%

FIGURE 2 Location and frequency of epithelial tumors in the

extrahepatic biliary system. Reprinted from Beazley and Blumgart,

`̀ Benign tumours and pseudotumours of the biliary tract.'' In `̀ Sur-

gery of the Liver and Biliary Tract'' (L. H. Blumgart, Ed.), 2nd Ed.,

p. 944, Copyright 1994, by permission of the publisher Churchill

Livingstone.
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ratio of about 2 : 1. Pathologically, the lesion consists of
soft, friable, papillary masses ®lling dilated intrahepatic
and extrahepatic ducts. The gallbladder and major pan-
creatic duct may also be involved. The intervening liver
parenchyma may be green or ®brotic. Histologically, the
dilated ducts contain multiple papillary adenomas,
which are composed of branching papillary fronds co-
vered by mucus-secreting columnar epithelium cover-
ing ®brovascular stalks. The epithelial layer is
adenomatous, with varying degrees of atypia. Paneth
cells and endocrine cells may also be present. A point
mutation of the K-ras oncogene has been found and may
indicate a high probability of progression to carcinoma.

Preoperative diagnosis may be made by cholangiog-
raphy, although the ®lling defects seen with this study
have been confused in the past with air bubbles or
intrabiliary blood clots. MRCP has also been used to
image this lesion. Published reports have recommended
intraoperative choledochoscopy of all accessible
intrahepatic ducts to de®ne the extent of the disease.

Adenomyoma

The majority of adenomyomas are located in the
stomach, duodenum, and jejunum, and they also
occur with some frequency in the gallbladder.
Adenomyoma of the biliary tract is much rarer and
was ®rst reported in 1942; a review of world literature
conducted in 2000 yielded 25 additional cases. Of these,
84% were located in the common bile duct or ampulla
of Vater. A typical example is shown in Fig. 3. Histo-
logically, they consist of a dense mass of intertwined
smooth muscle bundles, collagen ®bers, and epithelial
structures that create distorted lumina.

Granular Cell Tumor

Granular cell tumor is a rare benign tumor occasion-
ally found in the biliary tree, although it is more com-
monly reported in other locations; the ®rst description
of a granular cell tumor in 1926 was in the skin. A
granular cell tumor of the biliary tree was ®rst reported
in 1952; there have been about 50 reports in the liter-
ature since that time. It was originally believed that
these tumors originated in muscle, and they were
consequently classi®ed as myoblastomas. The currently
accepted theory is that they originate from Schwann
cells, and can be seen by light microscopy, electron
microscopy, and immunohistochemical staining to be
very similar to nerve cells. Of the cases so far reported,
62% are in black women with a median age of 31 years.
The most common location in which these tumors are
found is in the common bile duct, although they
have been reported in the gallbladder, cystic duct,

and common hepatic and hepatic ducts. In ®ve pub-
lished reports, biliary granular cell tumors have pres-
ented concomitantly with granular cell tumors in other
locations, three out of ®ve being in the skin and two in
the stomach wall. Grossly, the tumors are yellowÿwhite
and usually less than 3 cm (Fig. 4). Microscopically,
they consist of polygonal granular eosinophilic cells
that react with periodic acidÿSchiff staining and have
centrally located small vesicular nuclei (Fig. 5). Al-
though preoperative radiological studies are not speci®c
for this lesion, intraoperative frozen section does allow
diagnosis. There have been no malignant granular cell
tumors reported in the biliary system, although there
have been several reported in the skin.

FIGURE 4 Granular cell tumor of the intrapancreatic bile

duct. Reproduced with permission from Cancer 53(10), 2179.

Copyright 1984, American Cancer Society. Reprinted by permis-

sion of Wiley-Liss, Inc., a subsidiary of John Wiley & Sons, Inc.

FIGURE 3 Ampullary adenomyoma.

BILIARY TRACT, BENIGN TUMORS OF 207



Neural Tumors

Neural tumors of the biliary system are infrequently
reported and are thought to arise from the network of
neural tissue surrounding the extrahepatic ducts. In
1955, a neurinoma of the common bile duct was re-
ported in a 40-year-old woman who presented with
jaundice and pain. The lesion was locally excised, leav-
ing the duct intact, and the patient was reported well 18
months later. Von Recklinghausen's neuro®bromatosis
has also been recorded in one instance to have caused
obstructive jaundice due to a periampullary nodular
tumor. There have been several reported cases of para-
ganglioma of the extrahepatic ducts that presented with
jaundice. These tumors, also known as nonchromaf®n
tumors of the sympathetic nervous system, most com-
monly occur in the adrenal medulla. Additional loca-
tions reported include the mediastinum, small intestine,
retroperitoneum, urinary bladder, kidney, stomach, tra-
chea, and tongue, as well as in the gallbladder. Micro-
scopically, paraganglioma is described as nests of large,
uniformly polygonal, round cells with abundant ®nely
granular eosinophilic cytoplasm and round nuclei
surrounded by a delicate ®brovascular septa. Metastasis
has not been reported for biliary paragangliomas but is
known to occur for these tumors in other locations.
Their malignant potential cannot be predicted on his-
tologic grounds.

Amputation neuroma is not a true neoplasm but a
disorganized proliferation of a severed nerve. It most
commonly arises after cholecystectomy from the cystic
bile duct stump and grows extraluminally, in which

location it rarely causes obstructive jaundice. However,
it can occur in the main hepatic bile ducts and cause
jaundice and pain. This usually follows cholecystec-
tomy, although in one case it occurred in a patient
who had a lymph node dissection of the hepatoduodenal
ligament for gastric cancer. Amputation neuroma has
also been reported as a rare cause of biliary obstruction
following liver transplantation.

Leiomyomas

Although leiomyomas are the most common benign
tumors of the esophagus, stomach, and small intestine,
they are among the rarest in the extrahepatic biliary tree,
with only ®ve reported cases. This may be explained by
the paucity of smooth muscle ®bers in the extrahepatic
biliary system. Of the ®ve reported lesions, three were
found in the common bile duct, one at the ampulla of
Vater, and one at the hepatic duct bifurcation.

In¯ammatory Tumors

In¯ammatory tumors are nonmalignant lesions that
may resemble neoplasms during preoperative investiga-
tion and even on gross inspection during laparotomy.
One large study series from the Hammersmith Hospital
reported 104 patients who had laparotomy for pre-
sumed malignant biliary obstruction, seven of which
were found to have benign disease. In all seven patients,
the obstructing lesion was removed and biliary recon-
struction was performed by hepaticojejunostomy. Of
these seven patients, six were alive and ®ve were asymp-
tomatic, from 19 to 49 months postoperatively. One
patient died of cholangitis with cholangiographic evi-
dence of progression of sclerosing cholangitic lesions.

Histologic examination of these lesions shows an
extensive increase of ®brous tissue with subepithelial
mucous glandular proliferation. Glandular cells are well
differentiated, with elongated to rounded nuclei show-
ing normal polarity. Clumps of lymphocytes are present
in both perivascular and perineural locations, but they
do not in®ltrate the walls of the bile ducts. It is empha-
sized here that it is important to have tissue diagnosis of
bile duct stricture before treating potentially benign
disease with a therapy, such as stenting, normally re-
served for short-term palliation of malignant disease,
because this is associated with a higher complication
rate than de®nitive surgical therapy. Attempts have been
made to use mutation analysis of oncogenes such as
K-ras to distinguish benign from malignant biliary stric-
tures preoperatively, but this is not yet practical with
current technology.

FIGURE 5 Microscopic appearance of tumor cells, showing

small nuclei and abundant granular cytoplasm. Reproduced with

permission from Cancer 53(10), 2180. Copyright 1984, American

Cancer Society. Reprinted by permission of Wiley-Liss, Inc., a

subsidiary of John Wiley & Sons, Inc.
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Heterotopic Tissue

Symptomatic heterotopic tissue arising in the biliary
tree has been rarely reported. Whitaker et al. ®rst ob-
served heterotopic gastric mucosa arising in a cystic
duct that had obstructed the gallbladder. Gastric mu-
cosa has also been reported in the common bile duct, the
common hepatic duct, and the ampulla of Vater. There
are two hypotheses for development of this tissue: meta-
plasia with heterotopic differentiation and congenital
development from multipotential endodermal tissue.
Seven cases of heterotopic pancreatic tissue have also
been reported in the common bile duct and ampulla of
Vater.

TREATMENT AND PROGNOSIS

Treatment for benign bile duct tumors depends more on
location of the tumor than on speci®c tumor type. Be-
cause of the rarity of these lesions, there is no consensus
on standard of care, and only general principles can be
advanced. These patients should be carefully investiga-
ted preoperatively. If the patient goes to surgery without
a de®nitive diagnosis, it is advisable to obtain an
intraoperative frozen section, because histological diag-
nosis permits better planning of the extent of surgical
excision. Operations reported in the literature have
included local excision, transduodenal papillotomy,
curettage, local duct resection with reconstruction,
hepatectomy, and occasionally a Whipple operation
for periampullary tumors originally thought to be
malignant. Tumors such as cystadenoma and granular
cell tumor are known to recur following incomplete
excision, although complete resection is usually
curative.

Treatment of biliary papillomatosis deserves special
note in that it is more complex, and patients for the most
part have a less favorable course compared to other
benign diseases of the biliary tree. In the past, many
patients were treated with palliative techniques, such
as cholecystectomy, curettage, and internal or external
drainage. These treatments may relieve obstruction
temporarily but are usually followed by recurrence. If
the lesions are limited to one liver lobe, hepatectomy
should be performed, although even with this treatment
the disease may recur. In the ®ve reported cases in which
hepatectomy was performed, two patients appeared to
be cured at the 6-month and 4-year followup exams.
One patient died 6 years after resection and had diffuse
malignant tumors of the right lobe of the liver, and two
patients had recurrences 6 months and 3 years after left
hepatic lobectomy. Hepatic transplantation has recently

been proposed as an alternative therapy. The role of
chemotherapy is unproved because of the rarity of
the disease.

SUMMARY

Benign biliary tumors, although rare, are important con-
siderations in the differential diagnosis of obstructive
jaundice. These tumors vary considerably in their nat-
ural history and malignant potential, although their
clinical presentations are similar and also mimic the
presentation of cholelithiasis and cholangiocarcinoma,
which are much more common. With many of these
tumors, it is dif®cult to arrive at the correct diagnosis
preoperatively, although there are a few, such as cyst-
adenoma and intrahepatic biliary papillomatosis, that
can be identi®ed using cholangiography. In many cases,
correct diagnosis can be accomplished only by
intraoperative frozen section. This becomes important
in cases in which more radical surgery is being contem-
plated than may be required, such as a pancreaticoduo-
denectomy. It is also important not to consign the
patient to palliative therapy, such as insertion of a
stent, when the patient may be cured by surgical exci-
sion. It may be possible that future advances in molec-
ular biology will permit more precise preoperative
diagnoses and treatment planning.

Acknowledgments

We thank Dr. Para Chandrasoma and Dr. Rod Mateo for their

assistance in providing illustrations for this article.

See Also the Following Articles

Bile Duct Injuries and Fistulas �Biliary Tract, Development �
Bilirubin and Jaundice

Further Reading

Beazley, R. M., and Blumgart, L. H. (1994). Benign tumours and

pseudotumours of the biliary tract. In `̀ Surgery of the Liver and

Biliary Tract'' (L. H. Blumgart, ed.), 2nd Ed., pp. 941ÿ953.

Cattell, R. B., Braasch, J. W., and Kahn, F. (1962). Polypoid

epithelial tumors of the bile ducts. N. Engl. J. Med. 266, 57ÿ61.

Chu, P. T. (1950). Benign neoplasms of the extrahepatic bile ducts.

Arch. Pathol. 54, 84ÿ97.

Colombari, R., and Tsui, W. M. S. (1995). Biliary tumors of the liver.

Semin. Liver Dis. 15, 402ÿ412.

Gouma, D. J., Singh Mutum, S., Benjamin, I. S., and Blumgart, L. H.

(1984). Intrahepatic biliary papillomatosis. Br. J. Surg. 71,

72ÿ74.

Hadjis, N. S., Collier, N. A., and Blumgart, L. H. (1985). Malignant

masquerade at the hilum of the liver. Br. J. Surg. 72, 659ÿ661.

BILIARY TRACT, BENIGN TUMORS OF 209



Biliary Tract, Development
SHOBHA SHARMA

Emory University Hospital

biliary tract Branching tubular network draining bile from

the liver into the intestine.

duodenum Proximal small intestine into which biliary tract

drains.

hepatocytes Individual cells constituting the liver.

The biliary tract consists of the organs and ducts that

produce, transport, store, and secrete bile into the duo-

denum in digestive processes. The biliary system includes

the liver, gallbladder, and bile ducts.

FETAL ORIGIN

The biliary tract and the liver arise from the endoderm of
the distal foregut. On day 22 of gestation, a thickening
called the hepatic plate develops in the ventral wall of
the duodenum. This plate continues to proliferate,
forming the hepatic diverticulum or liver bud that
grows into the septum transversum (the plate of mes-
enchyme that divides the coelomic space into the tho-
racic and abdominal cavities and subsequently becomes
the diaphragm). Within the septum transversum, the
hepatic diverticulum proliferates into hepatic cords
that give rise to the hepatocytes, biliary canaliculi,
and intrahepatic bile ducts. Simultaneously, blood
lakes form between these hepatic cords, followed by
the development of capillaries and portal and hepatic
veins. This vasculature is derived from the vitelline and
umbilical blood vessels that traverse the septum trans-
versum. Though the hepatocytes are intimately related
to the sinusoids, they are separated from the portal vein
radicals by connective tissue derived from the septum
transversum.

DEVELOPMENT

Formation of intrahepatic bile ducts begins at approx-
imately 9ÿ10 weeks of gestation. The ®rst ducts to ap-
pear are the left and right hepatic ducts at the hilum of
the liver, and development progresses centrifugally to-
ward the periphery of the liver. Biliary epithelium is
derived from the hepatocytes immediately adjacent to
the mesenchyme surrounding the portal veins. These

hepatocytes change their phenotype to form the ductal
plate. In contrast to the larger hepatocytes, the ductal
plate cells have a low cuboidal shape and acquire cyto-
keratin 19 and 7 expression that is not present in the
hepatocytes. Partial reduplication of the ductal plate
occurs and the initial bile ducts are formed by fusion
of these two layers at the portal mesenchymal interface.
Between 12 and 14 weeks of gestation, these ducts mig-
rate into the portal mesenchyme that now separates
them from hepatocytes. Throughout the gestational pe-
riod, this process extends more peripherally and devel-
opment of the smallest bile ducts continues in the ®rst
couple of months after birth. The extrahepatic biliary
system, which includes the common hepatic, cystic and
common bile ducts, develops from the portion of the
hepatic diverticulum between the duodenum and the
septum transversum. On day 26, 4 days after the initi-
ation of the hepatic diverticulum, another diverticulum
develops from the ventral duodenal wall; this is destined
to develop into the cystic duct and gall bladder. The
tissues at the junction of the hepatic and cystic duct
diverticuli proliferate to form the common bile duct,
which elongates as the duodenum grows away from
the septum transversum and undergoes rotation.

Even though studies in rodent models demonstrate
the relevance of hepatocyte growth factor (HGF) in
mesenchymal epithelial interactions that may be rele-
vant to biliary epithelial proliferation, there is evidence
to suggest that direct hepatocyteÿbiliary epithelial in-
teractions are involved in orderly bile ductal develop-
ment in the human.
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apoptosis Death of a cell in a programmed manner.

atresia Absence of a normal opening or lumen.

cholestasis State in which there is a reduction or inhibition

of the ¯ow of bile.

hypersplenism Condition, usually associated with portal

hypertension, in which the spleen is enlarged, sequester-

ing platelets and red and white blood cells.

jaundice Visible yellow staining of the skin and sclera due to

an increase in bile pigments in the serum.

lithiasis Formation of stones of any kind (e.g., gallstones).

polysplenia Syndrome consisting of multiple spleens, usually

bilateral, with rudimentary and accessory splenic

tissue.

porta hepatis (hilum) Location in the liver between the

caudate and quadrate lobes that contains the portal vein,

hepatic artery, hepatic nerves, hepatic ducts, and

lymphatic vessels.

portoenterostomy (Kasai operation) Surgery performed for

extrahepatic biliary atresia whereby a Roux-en-Y loop of

jejunum is anastomosed to the porta hepatis.

pruritus State of itching.

situs inversus viscerum Condition in which the viscera are

transposed in the abdominal cavity, with the liver on the

left side and the stomach and spleen on the right.

TORCH infection Toxoplasmosis, rubella, cytomegalovirus,

and herpesvirus congenital infections associated with

fetal malformations; syphilis is also associated with

congenital infections.

Developmental anomalies of the biliary tract are common

causes of obstructive jaundice in infants and children. In

most cases, these disorders appear to be due to a defect in

biliary embryogenesis or to acquired obliteration of the

biliary ductal system. Although some of these disorders

are amenable to surgical correction, many will continue to

impart some degree of impaired bile ¯ow and subsequent

development of hepatic ®brosis or cirrhosis. The diagnos-

tic and therapeutic challenge for the clinician is to iden-

tify, as rapidly as possible, those patients for whom

surgical correction is bene®cial. For the remainder of

the patients for whom there are no surgical options, treat-

ment is aimed at the prevention and treatment of the

complications of cholestasis.

INTRODUCTION

Congenital abnormalities of the liver and biliary tract
are usually diagnosed in early infancy and childhood
(Table I). Most affected infants and children present
with conjugated hyperbilirubinemia. Any infant with
jaundice beyond 2 weeks of age (the acceptable range

TABLE I Common Developmental Anomalies of the

Biliary Tract

Extrahepatic biliary atresia

Choledochal cyst

Intrahepatic bile duct paucity

Infantile polycystic disease/congenital hepatic ®brosis

Cystic dilatation of intrahepatic ducts

Encyclopedia of Gastroenterology Copyright 2004, Elsevier (USA). All rights reserved.
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for physiologic jaundice) should be evaluated by a frac-
tionated bilirubin assay. If the conjugated fraction of
bilirubin is elevated, further evaluation should be per-
formed. Although a large number of genetic, metabolic,
and infectious disorders may produce neonatal chole-
stasis, extrahepatic biliary atresia remains among the
most common etiologies. Other developmental anom-
alies of the biliary tract, although less common, repre-
sent important potentially correctable causes of
infantile cholestasis.

NORMAL DEVELOPMENT OF THE
BILIARY TRACT

In the human fetus, the liver begins formation in the
third to fourth week of gestation. Immature liver cells
begin as outgrowths of the foregut endodermal epithe-
lium; the outgrowths merge with a mesodermal region
called the septum transversum. As the endodermal cells
proliferate, the liver parenchyma and intrahepatic bile
ducts are formed. The liver cells grow in thick sheets
with surrounding vasculature, which become the
hepatic sinusoids. The sinusoids become the template
for the architectural pattern that is assumed by the ma-
ture liver.

The bile duct forms as a connection between the fetal
liver and the duodenum. The gallbladder and cystic duct
connecting the gallbladder to the hepatic duct are
formed as outgrowths of the common bile duct. Both
are initially hollow, then become solid and once again
recanalized by week 12 of gestation, when bile is formed
and drains into the gastrointestinal tract. It is the pres-
ence of bile that gives the meconium its characteristic
dark color. Subsequently, the duodenum rotates and the
bile duct assumes its ®nal location, entering the duode-
num posteriorly.

The Kupffer cells, connective tissue cells, and he-
matopoietic cells arise from the mesoderm. The hema-
topoietic cells reside in the liver until the last 2 months
of gestation, when the source of precursor cells is shifted
to the bone marrow. At birth, only small regions of
hematopoietic cells remain in the liver.

Normal development of the liver and the biliary tract
requires a highly coordinated combination of cell pro-
liferation and apoptosis. Developmental anomalies of
the liver are presumably related to a defect in this in-
teraction. As a result, there is a large spectrum of ab-
normalities, including malformation of the entire liver
or one of its lobes, positional anomalies (situs inversus
viscerum), and hepatic vascular malformations. The
most common neonatal anomaly of the biliary tract is
extrahepatic biliary atresia.

EXTRAHEPATIC BILIARY ATRESIA

Extrahepatic biliary atresia (EHBA), or bile duct ob-
struction, is a result of an idiopathic in¯ammatory pro-
cess that results in the destruction of the common bile
duct, at any point between the porta hepatis and the
duodenum. A ®brous cord replaces the normal bile duct
and the out¯ow tract of the liver is therefore obstructed.
When persistent obstruction occurs, biliary cirrhosis
and its sequelae ensue. EHBA is the most common struc-
tural abnormality causing chronic cholestasis in infancy
and is the most frequent indication for liver transplant-
ation in the pediatric age group. Although this disease
usually presents in the ®rst 2 months of life, in most
cases it is unlikely to be a true congenital malformation
but is more likely acquired in late pregnancy or after
birth.

Characteristics of Extrahepatic Biliary Atresia

EHBA occurs worldwide with an incidence ranging
from 1 in 8000 to 1 in 25,000 live births. The female:
male ratio is 1.4 : 1 and, in the United States, the inci-
dence is higher in African-Americans and Asians com-
pared to Caucasians. Caucasians have signi®cantly
lower survival rates compared to African-Americans,
Hispanics, and Asians, but the reasons for this remain
unknown. There is no known genetic basis for this
disorder.

Kasai has classi®ed extrahepatic biliary atresia into
three types. Type I, occurring in 10ÿ15% of cases, con-
sists of an obstruction at the common bile duct and is
considered `̀ correctable.'' Type II is obstruction of the
common hepatic duct and includes both correctable and
uncorrectable forms. Type III is an `̀ uncorrectable'' ob-
struction of the hepatic ducts at the porta hepatis and
occurs in 75ÿ80% of cases.

There are at least two apparent phenotypes of biliary
atresia. The embryonic (fetal) type accounts for less
than one-third of the cases, and these children have
onset of cholestasis immediately after birth. These
cases are often associated with other anomalies, includ-
ing polysplenia, congenital heart disease, situs inversus
viscerum, intestinal malrotation and atresias, bilobed
right lung, preduodenal portal vein, and azygous con-
tinuation of the inferior vena cava. Therefore, the em-
bryonic type is thought to occur early in fetal life and
represents a true congenital anomaly. The second type is
the perinatal type, in which there is a jaundice-free pe-
riod followed by later onset of jaundice. This insult most
likely occurs after birth, because bile duct remnants are
present in the porta hepatis. Landing has suggested that
neonatal hepatitis, biliary atresia, and choledochal cyst
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represent a spectrum of disorders initiated by a perinatal
insult. A perinatal viral infection has been suggested as
the most likely initiating event. Other studies have also
suggested an association between viral infections and
biliary atresia. Potential etiologic agents include cyto-
megalovirus, rotavirus (groups A and C), and reovirus
type 3.

Diagnosis of Extrahepatic Biliary Atresia

Because EHBA presents similarly to other causes of
neonatal cholestasis, differentiating the etiology can be
dif®cult (Table II). The clinical presentation of biliary
atresia usually consists of a term infant with the onset of
jaundice between 2 and 5 weeks of age. Stools without
pigmentation (acholic) are common. On physical exam-
ination, the jaundiced infant has an enlarged and ®rm
liver and may have splenomegaly. Laboratory studies
reveal mildly to moderately elevated total serum biliru-
bin levels (usually less than 8 mg/dl, with a conjugated
fraction greater than 2 mg/dl, or more than 20% of the
total), normal to mildly elevated alanine and aspartate
transaminases (ALT and AST), and markedly elevated
alkaline phosphatase and g-glutamyl transpeptidase
(GGT). As the disease progresses, biliary cirrhosis de-
velops, with resultant portal hypertension.

The two radiologic studies that are helpful in the
diagnosis of biliary atresia are hepatobiliary ultrasound
and nuclear scintigraphy. The ultrasound can identify a
choledochal cyst, or other etiologies of extrahepatic ob-
struction, as well as associated anomalies, such as poly-
splenia, situs inversus viscerum, preduodenal portal
vein, and discontinuous inferior vena cava. The gall-

bladder is often absent or small, even after fasting. Bil-
iary dilatation is not usually visualized. Intravenous
technetium-99 m-labeled iminodiacetic acid (IDA) is
normally taken up by hepatocytes and excreted into
the biliary system. In the case of biliary atresia, the up-
take is normal, or delayed in the presence of hepatic
dysfunction, and excretion into the duodenum is not
visualized. The sensitivity of the test is 97ÿ100%, al-
though the speci®city ranges from 43 to 97%.
Phenobarbital improves sensitivity by increasing the
excretion of the imaging agent. The recommended
dose of phenobarbital is 5 mg/kg/day for 3 to 5 days
prior to the hepatobiliary scan. Computer tomography
(CT) and magnetic resonance imaging (MRI) add little
additional diagnostic information.

Evaluation of hepatic histopathology is the most
reliable method for diagnosing EHBA. Percutaneous
liver biopsy is often obtained for tissue diagnosis
prior to surgical exploration. The histologic features
of biliary atresia are those of extrahepatic obstruction.
There are variable degrees of bile stasis, and bile plugs
within the portal ducts. Although speci®c for
biliary obstruction, these ®ndings are present in less
than half of the cases. Bile duct proliferation is
present with or without lymphocytic in¯ammation in
the portal tracts. Additionally, giant cell transforma-
tion of the hepatocytes may be present. The portal
triads are enlarged with variable degrees of ®brosis
(Fig. 1). With continued cholestasis, portal and
periportal ®brosis may progress to bridging ®brosis
and cirrhosis.

If the diagnosis in EHBA is suspected, an
intraoperative cholangiogram is recommended. The

TABLE II Characteristics of Extrahepatic Biliary Atresia

Symptoms Physical signs Laboratory dataa

Initial Jaundice Conjugated hyperbilirubinemia

Jaundice Firm liver Elevated aminotransferases

Acholic or light-colored stools � Enlarged liver Elevated alkaline phosphatase

Dark urine � Enlarged spleen Elevated 
-glutamyl transpeptidase

Late Wasting of extremities Prolonged prothrombin time

Pruritus � Ascites Normal to low albumin

Fussiness; crying more than usual Normal thyroid studies

Abdominal distension Normal �-1-antitrypsin phenotype

Hematemesis Negative blood and urine cultures

Negative for TORCH, VDRL, and

HIV infections

Ultrasound: enlarged liver, enlarged spleen,

small or absent gallbladder

Iminodiacetic acid scan: normal or reduced uptake;

absent biliary excretion

a TORCH infections include toxoplasmosis, rubella, cytomegalovirus, and herpesvirus; the Venereal Disease Research Laboratory (VDRL) test is

for syphilis.
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usual approach, through the gallbladder, may be dif®-
cult due to the smallness of the gallbladder. Meticulous
evaluation of the entire biliary tree is necessary because
intrahepatic bile duct paucity can be mistaken for EHBA
and is not amenable to surgery.

Extrahepatic Complications of EHBA

Extrahepatic complications of biliary atresia include
nutritional de®ciencies. Poor weight gain and wasting of
the extremities are common and are due to the combi-
nation of cachexia and fat malabsorption. Intestinal ab-
sorption of fat-soluble vitamins is dependent on bile
salts, and when bile ¯ow is reduced, as in the case of
biliary atresia, vitamin de®ciencies can occur. The most
common problem is vitamin D de®ciency, resulting in
rickets or osteopenia. Vitamin E de®ciency can lead to
progressive neuromuscular symptoms and can be diag-
nosed early by the loss of deep tendon re¯exes. Vitamin
A de®ciency can lead to retinopathy. Additionally, vi-
tamin K is important for synthesis of clotting factors and
can be monitored with a serum prothrombin time. Oral
supplementation is recommended at two to four times
the recommended daily requirement (Table III). Vita-
min D can be supplemented with cholecalciferol (D3) or
ergocalciferol (D2). Vitamin E is available in two forms,
but the micellized form, D-a-tocopherol polyethylene
glycol succinate (TPGS), is recommended. Fat malab-
sorption from the diet also occurs. Medium-chain tri-
glycerides (MCTs) are absorbed by the intestine without
need for lipolysis. Therefore, diets containing MCTs are
recommended in the form of MCT-containing formulas
or as a dietary supplement. However, even those infants

that consume adequate calories often suffer from pro-
tein-calorie malnutrition, as evidenced by wasting of
their extremities.

The most life threatening complication of biliary
atresia is portal hypertension. Despite surgical relief
of the biliary obstruction, the intrahepatic disease
often progresses. One-®fth to one-third of children
will not have signi®cant excretion of bile after portoen-
terostomy and up to three-fourths of children who ini-
tially had good bile ¯ow will develop chronic liver
disease. This often progresses to biliary cirrhosis and
resultant portal hypertension. Almost half of children
who survive for 5 or more years after operation have
hepatomegaly and/or splenomegaly. Therefore, they
are at risk for complications of cirrhosis, including
jaundice, hypersplenism, ascites, and bleeding from
esophageal varices. Ascites is managed by sodium re-
striction and diuretics (spironolactone). Persistent as-
cites despite sodium restriction and oral diuretics may
require intravenous colloid, such as albumin, followed
by diuretics or paracentesis if the child is having
symptoms of respiratory distress or feeding dif®culties
due to compression of the stomach. Aggressive manage-
ment is important because ascites increases the risk for
spontaneous bacterial peritonitis and is an indicator of
progressive hepatic decompensation.

The presence of signi®cant esophageal varices is
bimodal in the presence of successful surgical interven-
tion. The ®rst peak occurs in young survivors, between 9
and 23 months, and the second peak occurs in those
over 5 years. The larger and more numerous the varices,
the higher the risk of bleeding. Varices will develop in
about half of those children with splenomegaly. Of

FIGURE 1 Extrahepatic biliary atresia. Bile duct proliferation,

mixed in¯ammatory in®ltrate, and ®brosis expand the portal tract.

The bile duct cells are prominent throughout the portal zone

(darkly stained cells) (cytokeratin stain, original magni®cation

�40). Courtesy of Hector Monforte, Children's Hospital Los

Angeles, California.

TABLE III Commonly Used Medications for

Extrahepatic Biliary Atresia

Medications Dose

Poly-vi-Sol 2 ml daily

Vitamin K 2.5 mg three times per week

Vitamin E D-a-Tocopherol

polyethylene glycol,

20ÿ25 mg/kg/day

Aquasol E, 50 units

(0.1 ml) daily

Vitamin A 5000 units (0.1 ml) daily

Vitamin D Ergocalciferol (D2), 8000 units

(1 ml) daily

Calcitriol, 0.01ÿ0.04 mg/kg/day

Ursodeoxycholic Acid 10ÿ25 mg/kg/day (divided into

two daily doses)

Bactrim 2 ml, twice daily (5ÿ10 mg

trimethoprim/kg/day)
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those, half will develop variceal bleeding. Endoscopic
therapy with sclerotherapy or band ligation is the initial
treatment of choice.

Treatment of EHBA

Timely diagnosis of biliary atresia is important be-
cause early surgical intervention is associated with im-
proved outcome. The Kasai portoenterostomy has
altered the outcome of infants with `̀ uncorrectable'' bil-
iary atresia, a previously uniformly fatal disease. If the
atresia is in the distal common bile duct (type I), the
proximal portion can be directly connected to the in-
testine via Roux-en-Y anastomosis. However, if the
proximal common hepatic ducts demonstrate atresia
throughout the porta hepatis, the primary therapy is
the Kasai portoenterostomy. The gallbladder and extra-
hepatic biliary tree are excised. Subsequently, the porta
is extensively dissected to the surface of the liver, and a
segment of jejunum is anastomosed around the small
intrahepatic bile ducts. Due to this alteration of the
anatomy, the most common complication of the porto-
enterostomy is ascending cholangitis. Prognosis is di-
rectly related to establishing bile ¯ow and resolution of
jaundice.

In 82% of Kasai's patients, surgical correction within
the ®rst 60 days of life produced satisfactory bile excre-
tion. If the surgery was performed after 90 days of age,
the success rate declined to less than 38%. The prognosis
of the portoenterostomy depends upon the initial
success of the surgery, the extent of the ®brosis, and
postoperative complications. In the event of abrupt re-
duction in bile out¯ow after previously satisfactory bile
excretion, suggesting scar tissue within the porta
hepatis, reoperation to reestablish bile ¯ow may be rec-
ommended. However, reoperation due to poor
initial bile drainage has little advantage at establishing
bile ¯ow.

After satisfactory bile ¯ow has been surgically estab-
lished, laboratory values do not always completely re-
turn to normal. Serum bilirubin falls to normal early
postoperatively, but ALT and GGT ¯uctuate between
normal to moderately elevated. Alkaline phosphatase
often remains elevated but may return to normal over
time. Despite normal bilirubin levels, some patients
have progressive liver disease. By age 5 years,
40ÿ80% have esophageal varices at endoscopy.
Figure 2 summarizes the prognosis in children with
EHBA undergoing Kasai portoenterostomy.

Ascending cholangitis is the most signi®cant post-
operative complication following portoenterostomy,
initially described in 68% of patients. Therefore, surgi-
cal modi®cations of the intestinal anastomosis have

been performed and the incidence of cholangitis has
been reduced. The symptoms of cholangitis include
fever (greater than 38 �C), elevated white blood cell
count and erythrocyte sedimentation rate, positive bac-
terial culture or evidence of sepsis, and simultaneous
reduction in bile drainage as evidenced by elevated total
and conjugated bilirubin. Bacterial cholangitis prior to
the age of 2 years can cause obstruction of the previously
patent biliary tree. This complication is almost always
limited to children who have established good bile
¯ow, suggesting the direct ascension of intestinal bac-
teria into the biliary system from the intestinal limb.
Treatment includes intravenous antibiotics with both
anaerobic and gram-negative coverage. Aggressive
management is imperative because cholangitis is asso-
ciated with progressive ®brosis of the intrahepatic
biliary tree. Prophylactic antibiotics remain controver-
sial but many medical centers use a sulfameth-
oxazoleÿtrimethoprim combination (Septa, Bactrim)
for up to 1 year postoperatively.

Prior to the introduction of the Kasai portoenteros-
tomy, the mean life expectancy of an infant with extra-
hepatic biliary atresia was 11 months. According to
Kasai's series, the 10-year survival rate postoperatively
was 33% and currently has increased to 54%, with those
undergoing surgery prior to 2 months of age having
a better prognosis than those undergoing surgery
after 3 months of age. Over 50% of pediatric liver trans-
plantations are performed for biliary atresia, and
approximately 80% of children undergoing porto-
enterostomy for biliary atresia will require liver trans-
plantation sometime during their lifetime. The patient
survival after liver transplantation is high, 87% at 1 year
and 84% at 3 years, with graft survival of 77% at 1 year

FIGURE 2 Prognosis following Kasai portoenterostomy for

extrahepatic biliary atresia. Modi®ed from Sinatra (2001).
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and 69% at 3 years, according to the United Network for
Organ Sharing.

CHOLEDOCHAL CYST

A congenital segmental cystic dilatation of the biliary
system, or choledochal cyst, can be located in any por-
tion of the extrahepatic biliary tract. Symptoms may
occur at any age and choledochal cyst must be included
in the differential diagnosis of a neonate with cholesta-
sis. Choledochal cysts are 2 to 4 times more common in
females, have the highest incidence in Asia, and occur in
1 in 13,000 to 1 in 2,000,000 live births. There is an
uncommon association with other abnormalities of the
biliary tract, such as biliary atresia, double common
duct, double gallbladder, and polycystic or hypoplastic
kidneys. The classic clinical presentation includes a
triad of pain, abdominal mass, and jaundice, but occurs
in only 15% of patients. Neonates usually present with
persistent or intermittent jaundice. Other symptoms
include fever and vomiting. The laboratory results are
nonspeci®c and demonstrate an elevation of conjugated
bilirubin and amino-transferases.

The diagnosis is usually made by pre- or postnatal
ultrasound examination that demonstrates extrahepatic
and/or intrahepatic bile duct dilatation. Magnetic reso-
nance cholangiopancreatography is another diagnostic
tool to evaluate the biliary tree. Todani has classi®ed
congenital bile duct cysts into ®ve types, based on lo-
cation. Type I consists of a fusiform, cystic dilatation of
the common bile duct (Fig. 3). Type II is a single out-
pouching of the common bile duct and/or the gallblad-
der. Type III is a cystic lesion at the entry into the
duodenum, also known as a choledochocoele. In type
IV there are multiple cysts in the extrahepatic bile ducts,
with or without involvement of the intrahepatic bile
ducts. Type V consists of intrahepatic dilatations, sim-
ilar to those seen in Caroli's disease.

The diagnosis requires an exploratory laparo-
tomy with operative cholangiogram, endoscopic
retrograde cholangiography, or transhepatic cholangi-
ography to visualize the entire biliary tree. Once the
diagnosis has been con®rmed, excision of the entire
cyst(s) and gallbladder, followed by Roux-en-Y
choledochojejunostomy, is recommended. If untreated,
obstructive biliary disease may occur, including bile
stasis, cholelithiasis, and pancreatitis, with ultimate de-
velopment of biliary cirrhosis and portal hypertension.
Additionally, there is a high rate (20-fold) of malignant
transformation in the residual tissue. The most
common malignancy is adenocarcinoma, located in
the bile duct, gallbladder, liver, or pancreas. Even

after resection, an increased incidence of biliary malig-
nancy exists.

INTRAHEPATIC BILE DUCT PAUCITY

Bile duct paucity is de®ned as absence or reduction of
normal intralobular hepatic bile ducts, usually less than
0.5 bile ducts per portal triad. The normal number of
bile ducts in term infants and adults is 0.9ÿ1.8 bile
ducts per portal triad. The pathogenesis of bile duct
paucity is unclear but may be the result of congenital
absence, partial absence, atrophy, or response to injury.

The most common condition associated with
intrahepatic bile duct hypoplasia in infants and children
is arteriohepatic dysplasia or syndromic paucity of
intrahepatic bile ducts (Alagille's syndrome). Described
by Daniel Alagille in 1975, this group of patients has a
variable combination of hepatic ductular hypoplasia
and characteristic facies, vertebral malformations, eye
®ndings, and cardiac anomalies. The extrahepatic bili-
ary tree is patent but may be hypoplastic.

Alagille's syndrome occurs worldwide with an inci-
dence of approximately 1 in 100,000. Genetic studies
have demonstrated an autosomal dominant inheritance
pattern with variable penetrance and expression. Dele-
tion or translocation within the region of chromosome
20p12 has been linked to Alagille's syndrome. This re-
gion has been mapped to the human Jagged 1 gene,
which encodes a ligand for the Notch receptor that
mediates cellÿcell interaction. Further studies are

FIGURE 3 Type I choledochal cyst. The fusiform dilatation is

located in the proximal region of the extrahepatic biliary tree. This

operative specimen is from a 3-year-old female with conjugated

hyperbilirubinemia.

216 BILIARY TRACT, DEVELOPMENTAL ANOMALIES OF THE



underway to evaluate how this genetic deletion results
in paucity of intrahepatic bile ducts in addition to the
other features of this syndrome.

Persistent jaundice is usually the ®rst sign in infants
and is often followed by the onset of intense pruritus.
Laboratory ®ndings include elevation of conjugated bil-
irubin, alkaline phosphatase, GGT, cholesterol, trigly-
cerides, and serum bile acids. On physical examination,
the children have a recognizable facial pattern, includ-
ing broad forehead and pointed chin which produce the
triangular shape, in addition to mid-face hypoplasia,
deeply set eyes and an elongated nose with a ¯attened
tip. Hepatomegaly is usually present. A cardiac murmur
can suggest peripheral pulmonic stenosis (in approxi-
mately 90% of patients), tetralogy of Fallot, ventricular
or atrial septal defects, aortic stenosis, or coarctation.
The vertebral anomalies include butter¯y vertebrae
(hemivertebrae) in the thoracic area, and the ophthal-
mologic exam may demonstrate the presence of poste-
rior embryotoxon, a prominence of Schwalbe's line
within the anterior chamber of the eye. Posterior em-
bryotoxon occurs in up to 15% of the normal population
and can result in glaucoma. Short stature and delayed
pubertal development are also common. Cutaneous
xanthomas are noted in the presence of extreme eleva-
tions of serum phospholipids, with serum cholesterol
concentrations often in excess of 500 mg/dl. Other af-
fected organs include the kidneys, pancreas, and vascu-
lature of the central nervous system.

Pruritus and vitamin de®ciencies are common
complications of prolonged cholestasis. Initial specu-
lation suggested that pruritus was due to the elevation
of serum bile acids, but the cause is currently
unknown. Oral therapies include ursodeoxycholic
acid, cholestyramine, phenobarbital, and rifampin.
However, when these are ineffective, phototherapy,
partial external biliary diversion, and plasmapheresis
have been suggested. Fat-soluble vitamins should be
monitored, and supplementation as needed should be
provided.

In conjunction with associated features, hepatic his-
topathology provides the most reliable information in
diagnosing intrahepatic biliary duct paucity. However,
in young infants, liver biopsy specimens may not dem-
onstrate absence or paucity of intrahepatic interlobular
ducts, even in the presence of cholestasis. In fact, bile
duct proliferation and giant cell transformation with
reduced portal tract size and number may be present
in the ®rst months of life. Therefore, the importance of a
cholangiogram when EHBA is suspected cannot be em-
phasized enough, because intrahepatic bile duct disease
may be exacerbated by performance of a portoenteros-
tomy and is associated with higher mortality when

performed. As a child ages, there is a progressive loss
of intrahepatic bile ducts with a variable progression to
®brosis or cirrhosis.

The prognosis of Alagille's syndrome is generally
good and is directly related to the severity of liver
and/or cardiac involvement. The severity of liver disease
does not correlate with the severity of extrahepatic man-
ifestations. The morbidity due to pruritus, hyperlipid-
emia, and vitamin de®ciencies may be signi®cant, and
treatment is directed at these complications. Patients
with Alagille's syndrome may develop hepatic malig-
nancy, most commonly hepatocellular carcinoma.
Approximately 15ÿ20% of patients will develop pro-
gressive liver disease and require liver transplantation.
Transplantation is also indicated to improve the child's
quality of life, usually when associated with intractable
pruritus, in the absence of cirrhosis.

Other causes of intrahepatic bile duct paucity
include progressive familial intrahepatic cholestasis,
a1-antitrypsin de®ciency, hypopituitarism, Down's
syndrome, congenital infections, graft-versus-host dis-
ease, and organ rejection.

INFANTILE POLYCYSTIC DISEASE/
CONGENITAL HEPATIC FIBROSIS

The intrahepatic biliary ducts are formed by immature
hepatocytes and branches of the portal vein, which com-
prise, in the ductal plate, a double-walled tube with a
narrow lumen. Remodeling of this plate by cell prolif-
eration in combination with apoptosis is important for
development of the mature biliary tract. Lack of remod-
eling of these immature structures results in ductal plate
malformations (Fig. 4). This appears to be the basic

FIGURE 4 Ductal plate malformation in congenital hepatic

®brosis. The portal tract has abnormal and dilated intrahepatic

bile duct structures with signi®cant amounts of portal ®brosis

(hematoxylin and eosin stain, original magni®cation �40).
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mechanism in the development of congenital diseases of
the intrahepatic bile ducts. Ductal plate malformations
appear to be associated with destruction of intrahepatic
bile ducts by an in¯ammatory process. The cysts may be
diffuse or localized, causing variable amounts of biliary
dilatation and increased ®brous tissue. Multiple
syndromes of childhood have been associated with cys-
tic lesions of the liver.

The presence of multiple hepatic ductal cysts is as-
sociated with cystic lesions in other organs, especially
the kidneys. Cystic disease in the kidney affects the
tubular structures of the nephron or collecting ducts.
Autosomal recessive polycystic kidney disease
(ARPKD) is a rare disorder with an incidence of 1 in
6000 to 1 in 40,000 live births. Genetic studies have
revealed an autosomal recessive inheritance pattern,
and the gene has been mapped to chromosome 6p.
The liver is usually enlarged but liver function is normal.
Cystic dilatation of the ductules at the periphery of the
portal zone and portal ®brosis are often seen only mi-
croscopically. These ®ndings often increase with age.
These cystic bile ducts are in communication with the
rest of the biliary system and increase the risk of
cholangitis, lithiasis, and neoplasm.

Autosomal dominant polycystic kidney disease
(ADPKD) is more common, with an incidence of 1 in
l000 live births, and the genes have been mapped to
chromosomes 16p (85% of cases) and 4q (15% of
cases). This disorder is often diagnosed in the adult,
not during childhood, because the intrahepatic cystic
dilatations may not communicate with the biliary tree
and are usually asymptomatic.

Congenital hepatic ®brosis (CHF) is an autosomal
recessive disease in which presinusoidal ®brosis is as-
sociated with distorted bile duct structures that do not
communicate with the biliary tree. The hepatocytes are
preserved but portal hypertension develops. Treatment
of CHF is directed at controlling variceal bleeding. CHF
may occur alone but is also associated with cystic
changes of the larger biliary ducts, as in Caroli's
syndrome, and 20% of cases have associated renal ab-
normalities, most commonly ARPKD (less commonly,
ADPKD). Other associations include vascular abnor-
malities, including congenital heart disease and aneu-
rysms, and malformation syndromes such as trisomies
9 and 13.

CYSTIC DILATATION OF INTRAHEPATIC
DUCTS (CAROLI'S DISEASE)

Cystic dilatation of the larger, segmental intrahepatic
bile ducts, or Caroli's disease, involves multiple seg-
ments of the biliary tract. These macroscopic, nonob-
structive saccular dilatations alternate with areas
of stenosis and are contiguous with the unaffected bil-
iary tract. There is an absence of other histologic abnor-
malities. These ductal abnormalities are associated with
an increased risk of repetitive attacks of cholangitis,
intrahepatic lithiasis, and progression to cirrhosis, he-
patic failure, and cholangiocarcinoma. Renal abnormal-
ities, most commonly ARPKD, are associated with
Caroli's disease.
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Bilirubin and Jaundice
WEIZHENG W. WANG AND STEPHEN D. ZUCKER

University of Cincinnati College of Medicine

cholestasis Systemic accumulation of biliary constituents

resulting from impaired bile ¯ow.

CriglerÿNajjar syndrome Inherited de®ciency of bilirubin

UDP-glucuronosyltransferase activity.

DubinÿJohnson syndrome Conjugated hyperbilirubinemic

disorder caused by an inherited de®ciency of the MRP2

canalicular transporter.

Gilbert's syndrome Genetic polymorphism resulting in

impaired bilirubin conjugation.

Rotor syndrome Genetic disorder of unclear etiology

characterized by conjugated hyperbilirubinemia.

Bilirubin (from the Latin `̀ bilis,'' meaning bile, and

`̀ rubor,'' meaning red) is a bile pigment formed during

the catabolism of heme-containing compounds, primarily

hemoglobin. Excessive accumulation of bilirubin, as a

result of enhanced production or impaired elimination,

results in yellow discoloration of the skin, sclera, and

mucus membranes, which is termed jaundice.

CHEMICAL PROPERTIES OF BILIRUBIN

Bilirubin is a nearly symmetric tetrapyrrole consisting of
two rigid planar dipyrrole units joined by a methylene
bridge, which is stabilized in a ridge-tile conformation
by two trios of internal hydrogen bonds (Fig. 1). Bili-
rubin exhibits poor aqueous solubility because it is pre-
dominantly in the un-ionized diacid form at physiologic
pH. For this reason, plasma bilirubin is bound primarily
to albumin and, to a much lesser degree, high-density
lipoproteins, with only a trivial fraction present as the
free monomer.

BILIRUBIN PRODUCTION
AND ELIMINATION

Eighty percent of daily bilirubin production
(250ÿ400 mg) is derived from erythrocyte hemoglobin,
with the remaining 20% resulting from the degradation
of other hemoproteins (e.g., cytochromes, myoglobin,
catalases). Bilirubin is generated by the sequential
activity of heme oxygenase and biliverdin reductase
enzymes, which are present at high levels in

reticuloendothelial cells of the spleen, Kupffer cells of
the liver, macrophages, and intestinal epithelium. Heme
oxygenase is an NADPH-dependent enzyme that initi-
ates the opening of the porphyrin ring by catalyzing the
oxidation of the a-carbon bridge of heme, leading to the
release of iron and the formation of carbon monoxide
and the green pigment, biliverdin. Biliverdin reductase
subsequently mediates the reduction of biliverdin to
bilirubin, also via an NADPH-dependent mechanism.
Bilirubin is cleared from the systemic circulation almost
exclusively by the liver. Hepatocellular uptake of
bilirubin occurs both by passive diffusion and by a
facilitated transport mechanism. In the hepatocyte, bili-
rubin is conjugated with glucuronic acid to form water-
soluble bilirubin mono- and diglucuronides. This
reaction is catalyzed by the microsomal enzyme UDP-
glucuronosyltransferase (UGT). To date, 15 human
UGT isoforms have been identi®ed, each with distinc-
tive substrate speci®city. Of these, 8 are encoded by the
UGT1A locus, including the bilirubin-speci®c isoform
(UGT1A1). Bilirubin conjugates are actively secreted
across the canalicular membrane of the hepatocyte
into bile by multidrug-resistance-associated protein 2
(MRP2). Less than 4% of bilirubin in normal human bile
is in the unconjugated form.

FIGURE 1 The chemical structure of bilirubin. The bilirubin

molecule consists of two slightly asymmetrical, rigid, planar

dipyrrinones connected by a central CH2 bridge. The bottom

panel depicts the two optical enantiomers of bilirubin in their

folded, ridge-tile conformation that is stabilized by intramolecular

hydrogen bonds (dotted lines).
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ENTEROHEPATIC CYCLING
OF BILIRUBIN

In the colon, bilirubin conjugates are hydrolyzed by
bacterial b-glucuronidases. The resultant unconjugated
bilirubin either precipitates as insoluble calcium salts or
is further reduced by colonic bacteria to a series of mol-
ecules termed urobilinogens, which undergo entero-
hepatic recycling and are eventually excreted into the
urine and feces. Under conditions in which bile salt
malabsorption occurs (e.g., ileal resection), unconju-
gated bilirubin is solublized in the intestinal lumen
and passively diffuses across the mucosal epithelium,
resulting in enhanced bilirubin ¯ux and increased rates
of pigment gallstone formation.

BILIRUBIN TOXICITY

Bilirubin is neurotoxic at high concentrations, a phe-
nomenon known as kernicterus (bilirubin encephalo-
pathy). Infants are at particularly high risk for
kernicterus when serum bilirubin levels exceed
20ÿ25 mg/dl (340ÿ425 mM). The most affected regions
of the brain include the basal ganglia and the brainstem
nuclei for oculomotor and auditory function. Photo-
therapy can reduce serum bilirubin levels by inducing
geometric and structural isomerization, thereby en-
hancing excretion into bile.

JAUNDICE

Jaundice can be observed clinically when
hyperbilirubinemia reaches levels that exceed 3 mg/dl
(50 mM), approximately three times the upper limit of
normal. Hyperbilirubinemia can be classi®ed into two
main categories: (1) unconjugated hyperbilirubinemia
as a result of bilirubin overproduction or impaired
bilirubin conjugation and (2) conjugated hyper-
bilirubinemia due to impaired canalicular excretion
or biliary obstruction (Table I).

Unconjugated Hyperbilirubinemias

Bilirubin Overproduction

Extravascular hemolysis, intravascular hemolysis,
ineffective erythropoiesis, or large hematomas may
cause increased bilirubin production through enhanced
heme catabolism. Because hepatic bilirubin clearance is
extremely ef®cient and the bone marrow cannot in-
crease erythrocyte production more than eightfold, on-
going steady-state hemolysis generally does not produce
plasma unconjugated hyperbilirubinemia beyond
4ÿ5 mg/dl. Bilirubin concentrations that exceed this
level are indicative of coincident hepatic dysfunction.

CriglerÿNajjar Syndrome

CriglerÿNajjar syndrome is a rare, autosomal reces-
sive disorder of bilirubin metabolism. It has been clas-
si®ed into two distinct forms (types I and II) based upon
the severity of disease. CriglerÿNajjar type I manifests
as extreme jaundice and kernicterus as a result of absent
hepatic UGT1A1 activity and is nearly always fatal un-
less liver transplantation is performed. In contrast, type
II disease, which is caused by small point mutations that

TABLE I Classi®cation of Hyperbilirubinemia

Unconjugated hyperbilirubinemias

Bilirubin overproduction

Hemolysis (e.g., sickle cell disease, glucose-6-phosphate

dehydrogenase de®ciency)

Ineffective erythropoiesis (e.g., thalassemia, megaloblastic

anemia)

Hematoma

Impaired hepatic conjugation

Inherited disorders

CriglerÿNajjar syndrome

Gilbert's syndrome

Drugs (e.g., chlorpromazine, rifampin, irinotecan, HIV

protease inhibitors)

Multifactorial

Neonatal (physiologic) jaundice

Chronic hepatic congestion (e.g., congestive heart failure)

Jaundice of sepsis

Portosystemic shunts

Wilson's disease

Zieve's syndrome (associated with alcoholic hepatitis)

Conjugated hyperbilirubinemias

Intrahepatic cholestasis

Inherited disorders

DubinÿJohnson syndrome

Rotor syndrome

Progressive familiar intrahepatic cholestasis

Primary biliary cirrhosis

Primary sclerosing cholangitis

Drugs and toxins (e.g., arsenic, sulfonylureas)

In®ltrative process (e.g., sarcoidosis, amyloidosis)

Total parental nutrition

Cholestasis of pregnancy

Liver transplant rejection

Hepatocellular injury (e.g., hepatitis A, ®brosing cholestatic

hepatitis)

Paraneoplastic syndrome (e.g., lymphoma)

Extrahepatic cholestasis (biliary obstruction)

Choledocholithiasis

Malignancy

Intrinsic (e.g., cholangiocarcinoma, ampullary

carcinoma)

Extrinsic (e.g., pancreatic carcinoma, hepatocellular

carcinoma, metastatic disease)

Biliary stricture (e.g., postsurgical, sclerosing cholangitis)

Parasitic infections (e.g., Ascaris lumbricoides, liver ¯ukes)
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reduce but do not abrogate enzyme activity, is associ-
ated with lower serum bilirubin concentrations and
affected individuals typically survive into adulthood
without neurologic impairment. Patients with Criglerÿ
Najjar type II frequently respond to phenobarbital
treatment, which reduces serum bilirubin levels by
approximately 25%.

Gilbert's Syndrome

Gilbert's syndrome is the most common inherited
disorder of bilirubin glucuronidation. Affected individ-
uals exhibit isolated unconjugated hyperbilirubinemia,
with levels as high as 6 mg/dl occurring in the setting of
fasting, febrile illness, or physical stress. This benign
condition is caused by a polymorphism in the promoter
TATA element of the gene encoding UGT1A1, leading
to a TA insertion into the wild-type A(TA)6TAA
sequence. Liver homogenates from individuals homo-
zygous for the Gilbert's A(TA)7TAA genotype exhibit
a 50% reduction in bilirubin-conjugating activity.
Approximately 9% of the general population is
homozygous and 30% heterozygous for the Gilbert's
polymorphism.

`̀ Physiologic Jaundice'' of the Neonate

Mild unconjugated hyperbilirubinemia (�6 mg/dl)
is commonly observed in the neonatal period, generally
peaking at 3 to 4 days of age. This condition arises from
the combination of increased production, decreased
conjugation, and enhanced enterohepatic cycling of bil-
irubin. Bilirubin production is two to three times higher
in neonates than in adults due to increased turnover of
erythrocytes. Furthermore, bilirubin UGT1A1 activity
is very low at birth, rising to adult levels over the initial
2 weeks of life. Newborns also have a relative paucity
of enteric ¯ora, resulting in decreased conversion of
bilirubin to urobilinogen and high intestinal activity
of b-glucuronidase, leading to enhanced deconjugation
of bilirubin, which is then absorbed across the intestinal
mucosa.

Conjugated Hyperbilirubinemias

Conjugated hyperbilirubinemia results either from
impaired canalicular secretion of conjugated bilirubin
into bile (intrahepatic) or from obstruction of the biliary
system (extrahepatic).

DubinÿJohnson Syndrome

DubinÿJohnson syndrome is a rare, benign, auto-
somal recessive disorder of the liver characterized by
chronic conjugated hyperbilirubinemia. It is caused by

mutations in the MRP2 gene. MRP2 is responsible for
the canalicular secretion of non-bile-acid organic an-
ions, such as conjugated bilirubin and other glucuro-
nide- or glutathione-conjugated compounds. The liver
is histologically normal except for the presence of dense
pigment within hepatocytes (lysosomes containing
polymers of epinephrine metabolites), which produces
a grossly black appearance.

Rotor Syndrome

Individuals with the autosomal recessive Rotor
syndrome also exhibit chronic conjugated hyper-
bilirubinemia. However, in contrast to DubinÿJohnson
syndrome, in which total urinary coproporphyrin
excretion is normal with 80% excreted as copropor-
phyrin I, Rotor syndrome patients exhibit elevated
levels of urinary coproporphyrins with approximately
65% coproporphyrin I. The liver exhibits a normal
appearance and the underlying molecular defect
remains to be elucidated.

Progressive Familial Intrahepatic Cholestasis

Progressive familial intrahepatic cholestasis is a het-
erogeneous group of disorders, characterized by defec-
tive secretion of biliary components. Mutations in
several canalicular transport proteins have been de-
scribed, including the aminophospholipid transferase
(FIC1), the bile salt export pump (BSEP), and the mul-
tidrug resistance protein 3 P-glycoprotein (MDR3),
which serves as a phosphatidylcholine ¯ipase. These
disorders typically present in infancy or childhood
and are associated with growth retardation and progres-
sive liver failure.

Cholestasis

Any process that impairs canalicular secretion of
biliary conjugates or obstructs the ¯ow of bile can
cause cholestasis and concomitant conjugated hyper-
bilirubinemia. As canalicular transport processes are
typically impaired earlier in the course of liver disease
than is hepatic conjugation, hepatocellular injury tends
to manifest as conjugated hyperbilirubinemia. In extra-
hepatic cholestasis (biliary obstruction), conjugated
bile pigments and other components of bile, such as
bile salts and alkaline phosphatase, spill over into the
blood.

See Also the Following Articles

Bile Composition � Bile Flow � Kernicterus � Liver Cysts �
Neonatal Hyperbilirubinemia
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Boerhaave's Syndrome
MAKAU LEE

University of Mississippi Medical Center, Jackson

Boerhaave's syndrome Spontaneous, transmural tear of the

esophagus, with free perforation.

Hamman sign Mediastinal crunching sound with heartbeat.

mediastinitis Infection involving the mediastinum.

odynophagia Pain on swallowing foods or liquids.

Herman Boerhaave, in 1724, described a spontaneous,

transmural tear of the esophagus, with free perforation re-

sulting from very forceful retching and vomiting.

Boerhaave's syndromeis seenfrequently inalcoholismand

is highly lethal if diagnosis and treatment are not prompt.

CLINICAL FEATURES

Although most patients report antecedent retching and
vomiting, Boerhaave's syndrome can result from any
maneuver that causes a sudden increase in intraabdomi-

nal pressure. A majority of the esophageal ruptures
occur in the distal esophagus on the left side. Boerhaave's
syndrome tends to occur outside of the hospital setting
and has a high mortality rate from mediastinitis, abscess
formation in the mediastinum and pleural space, tissue
necrosis, and septicemia, due to a delay in diagnosis.
Delays in the diagnosis of Boerhaave's syndrome are
common because the initial trauma leading to the perfo-
ration frequently occurs during an alcoholic stupor, and
the clinical manifestations of this condition are generally
nonspeci®c.

DIAGNOSIS

Clinically, patients with Boerhaave's syndrome may
present with chest, neck, and abdominal pain and
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odynophagia, dysphagia, hoarseness, aphonia, vomit-
ing, hematemesis, and respiratory distress. Physical ex-
amination may reveal subcutaneous crepitation,
mediastinal crunching sound with the heartbeat (also
called Hamman sign), fever, and shock. Of note, only
one-third of patients with Boerhaave's syndrome pres-
ent with the classic Mackler triad of chest pain, vomit-
ing, and subcutaneous emphysema. Leukocytosis is
common. Radiographic ®ndings include pleural effu-
sion, mediastinal widening, hydropneumothorax, and
pneumomediastinum. Esophagrams performed with
water-soluble contrast medium (such as gastrograf®n)
are generally diagnostic. The differential diagnosis
should include MalloryÿWeiss tear, esophageal
intramural hematoma, peptic ulcer disease and its com-
plications (such as bleeding and perforation), aortic
dissection, myocardial infarction, pericarditis, pulmo-
nary embolism, spontaneous pneumothorax, and
pancreatitis.

MANAGEMENT

Boerhaave's syndrome is a highly lethal condition
that demands early surgical consultation. Treatment

is primarily surgical, involving repair of the perforation,
with or without resection of the affected segment of the
esophagus. Diagnosed patients should not be managed
nonoperatively because diagnosis typically occurs at a
time when gross contamination of the surrounding tis-
sues is already advanced and surgical intervention is
required.

See Also the Following Articles
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Borborygmus
JACKIE D. WOOD

The Ohio State University College of Medicine and Public Health

borborygmi Sounds emanating from the digestive tract.

intestinal power propulsion One of the patterns of motility

occurring in the small and large intestine.

migrating motor complex One of the patterns of motility in

the stomach and small intestine.

Sounds originating from the digestive tract are termed

borborygmus in its singular form and borborygmi in

the plural. The term was derived from the Latin word

for `̀ rumbling.'' Borborygmi can be heard during physical

examination by placing the listening device on the abdom-

inal surface. Exaggerated borborygmi can often be heard

without the aid of listening devices by someone posi-

tioned within approximately 1 m of the individual. Move-

ments of gas and liquid in the stomach and intestines

cause borborygmi. The muscles in the walls of the stom-

ach and intestines contract in a variety of organized pat-

terns that propel the liquid and gaseous contents within

the lumen. Rapid propulsion generates turbulence in the

mixed medium of liquid and gas bubbles. The passage of

turbulence, especially through ori®ces of reduced diam-

eter, produces sounds of suf®cient volume to be heard

away from the abdomen. These sounds may be variously

described as rumbling, `̀ growling,'' `̀ bubbling,'' `̀ gur-

gling,'' etc. There are two kinds of bowel sounds. Normal

sounds are those associated with the normal digestion of

a meal and the clearance of undigested residue after di-

gestion of a meal is complete. Pathologic bowel sounds are

those that re¯ect a disordered condition. Knowledge of

the relations of bowel sounds and speci®c pathologic

conditions can be helpful in clinical diagnosis of patient

complaints.

NORMAL BOWEL SOUNDS

The stomach, small intestine, and large intestine can
generate borborygmi. Each of these specialized organs
differs in its normal physiology. Each differs in its pat-
terns of muscle contractions and propulsive motility.
The properties of the solid, liquid, and gaseous contents
also differ for the three organs. Together, these factors
determine the nature of the sounds that can be heard
coming from the abdomen.

Stomach

The stomach is divided into two functional compart-
ments. The proximal compartment is for storage. Its
musculature relaxes to increase compartmental volume
as food is ingested and slowly contracts to decrease the
volume as emptying of the stomach proceeds. The distal
compartment has powerful musculature and a contract-
ile pattern that are specialized for grinding food into the
small-sized particles required for emptying and for pro-
pulsion of the contents through the sphincter that sep-
arates the stomach from the small intestine. Propulsive
contractile waves are ring-like in the distal stomach and
occur at a frequency of 3 per minute in humans. They
start in the midstomach and travel to the junction of the
stomach with the small intestine. The ring-like contrac-
tions vary in strength from weak contractions that can
barely be seen in the lumen to very strong contractions
that obliterate the lumen. Agitation of the contents by
the forces of these contractions accounts for the sounds
emanating from the stomach.

The sounds of the stomach are most audible when
the subject is reclining in such a way as to bring the gas
bubble into the distal compartment of the stomach. In
humans, the sounds may continue in lock-step fashion
for 2 h or more after a large meal.

`̀ Growling'' sounds from the stomach and the sen-
sation of `̀ hunger pangs'' several hours after a meal re-
¯ect a pattern of motility termed the migrating motor
complex (MMC). The MMC is a specialized pattern of
gastrointestinal motility that starts in the stomach and
slowly migrates to the small intestine and onward to-
ward the small intestinal junction with the large intes-
tine. The ®rst MMC starts in the stomach when digestion
and absorption of a meal have reached completion. A
second MMC starts in the stomach as the ®rst one
reaches the end of the small intestine. Eighty to
120 min are required for the MMC to travel the length
of the small intestine. This cycling of the MMC is re-
peated at approximately hourly intervals until such time
as the next meal is ingested.

Ring-like propulsive contractions in the distal stom-
ach are strongest during the occurrence of an MMC.
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Secretions and gas bubbles accumulate in the stomach
between occurrences of the MMC and their move-
ments during an MMC account for the gastric noises.
Hunger pangs are believed to be the sensations an
individual experiences while the strong contractions
of the MMC are occurring in the distal compartment
of the stomach.

Small IntestineÐLarge Intestine

The rhythmic sounds of the small intestine are dif-
ferent in quality from the sounds of the stomach when
monitored with a listening device on the abdominal
surface. Walter C. Alvarez, of the Mayo Clinic, de-
scribed the small intestinal sounds as `̀ either soft crep-
itations, rattling explosive discharges or sometimes
slow rumbles'' that differ from the `̀ gushing, explosive
sounds of the stomach.'' The sounds from the small
intestine are best heard in the lower left quadrant of
the abdomen.

Walter B. Cannon (1871ÿ1945), the much res-
pected physiologist at Harvard University, ®rst reported
gurgling sounds that were interpreted to be due to con-
tractions of the colon. After the subject was given an
enema, the sounds came at regular intervals and were
associated with cramp-like lower abdominal pain.

Contractions of the wall musculature and the move-
ments of the lumenal contents cause the borborygmi
that emanate from the small intestine or colon. A spe-
cialized pattern of intestinal motility, termed power
propulsion, most likely accounts for the exaggerated
sounds from the small or large bowel. Power propulsion
involves strong, long-lasting contractions that propa-
gate for extended distances along the intestine. The
contractions are part of an ef®cient propulsive mecha-
nism that rapidly strips the lumen clean as it travel at
speeds of approximately 1 cm/s over long lengths of
intestine. Power propulsion accomplishes mass move-
ment of intralumenal material in normal and disordered
states. Its occurrence in disordered states (e.g., stimu-
lant laxatives or intestinal infections) is associated with
abdominal cramp-like pain.

PATHOLOGIC BOWEL SOUNDS

Ability to hear increased bowel sounds is among the
most common physical ®ndings in mechanical obstruc-
tion of the bowel. In suspected cases of intestinal ob-
struction, auscultation is generally included in the
physical examination. Borborygmi are often the earliest
physical evidence of obstruction. The sounds are de-
scribed as loud and bubbling, like those made by the
emptying of a bottle of water. They can be heard in large
rushes and be succeeded by periods of relative quies-
cence. Frequently, ®ne high-pitched metallic-like `̀ tin-
kles'' that are often localized to a small abdominal region
are heard.

Borborygmi heard in mechanical obstruction are
accentuated during the waves of abdominal pain expe-
rienced by the patient. The paroxysms of pain and the
rushes of sound occur simultaneously because both are
produced by powerful contractions of the intestinal
musculature. Increased strength of contraction in this
case presumably re¯ects adjustment by the intestinal
nervous system for propulsive forces to overcome the
obstruction. Whereas audible borborygmi are useful
diagnostic signs of mechanical blockage of passage
through the intestine, the absence of bowel sounds is
a characteristic feature of paralytic ileus, which is the
pathologic absence of intestinal motility.
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BrainÿGut Axis
JACKIE D. WOOD

The Ohio State University College of Medicine and Public Health

afferent traf®cking In¯ow of sensory information from the

gut to the brain.

efferent traf®cking Out¯ow of information to the gut from

the brain and spinal cord.

homeostasis Maintenance of a constant internal state in an

organ or the whole body.

The brainÿgut axis is a physiologic system comprising all

of the neural centers and the incorporated neurophysio-

logic mechanisms involved between the head and gut.

Two-way traf®cking of neural information in the

moment-to-moment control of activities in the digestive

tract is the rule in the brainÿgut axis.

EFFERENT±AFFERENT TRAFFICKING

Efferent traf®cking is the out¯ow of information (i.e.,
efferent information) to the gut from the brain and spi-
nal cord. Out¯ow information is generally command
information for gut behavior determined by the brain
to be necessary for bodily homeostasis at a given instant
in time. Afferent traf®cking is the in¯ow of sensory in-
formation from the gut to the brain. A steady stream of
sensory information informs the brain of the ongoing
state of the gut. The integrative microcircuits in the
brain require accurate information on the state of the
gut in order to issue commands for effective adjustments
of state. State adjustments include (1) amount of acid
being secreted in the stomach, (2) the size of the stom-
ach reservoir during ingestion of food, (3) rate of emp-
tying of the stomach into the small intestine, and (4)
reversal of propulsive motility during vomiting.

Afferent information in the brainÿgut axis underlies
the sensations that an individual refers to the gut. This
aspect of information ¯ow to the brain stands aside from
the necessity of afferent information for the functions of
the automatic feedback control loops that exist between
the central nervous system and gut. Most gut feelings
would not be felt without the transmission of afferent
information and processing of the information in the
brain. A majority of the sensations referred to the gut are
unpleasant. Often, when extreme, the sensations are

motivation for consultation with a physician. Some
well-known examples are heartburn, bloating, cramp-
ing abdominal pain, and urgency to defecate.

EMOTIONAL GUT

The underpinnings of the `̀ emotional gut'' are centered
in the brain part of the brainÿgut axis. Connections
between the neural networks in the higher centers of
the brain (e.g., cerebral cortex) and the gut account for
the projections to the digestive tract of emotions such as
fright, stress, and anger. Projections to the gut of emo-
tions of psychogenic origin are often profound. A re-
pugnant experience may be repeated as nausea and
vomiting either at the thought of or on a repetition of
the experience. Recently appreciated psychosocial as-
pects of functional bowel disorders direct additional
attention to the brainÿgut axis. The evidence suggests
that symptoms of the irritable bowel syndrome may
arise later in life as a consequence of physical or
emotional abuse in earlier life.
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Breath Tests
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alveolar air Expired breath that is representative in

composition of the gas present in the alveoli, the

smallest divisions of the respiratory tree. Alveolar air is

obtained by having the subject expire normally and then

having the subject forcefully expire the residual air in his

or her lungs.

endolytic breath test A breath test based on metabolism of a

substrate labeled with isotopic carbon by tissue enzymes.

stable isotope An isotope containing more or fewer neutrons

in the nucleus than those observed in the most abundant

form of the element. The stable isotope used in breath

tests is 13C, which can be measured by mass spectro-

metry or infrared spectroscopy.

ureolysis Cleavage of urea to carbon dioxide and ammonia

by bacterial enzymes.

xenolytic breath test A breath test based on formation of

hydrogen or labeled carbon dioxide from an ingested

substrate by bacterial enzymes.

This article summarizes the principles of breath tests and

describes their clinical purposes and utility. Breath tests

are diagnostic tests in which the concentration of labeled

carbon dioxide or hydrogen in breath is measured in order

to assess the rate of a physiological or pathophysiological

process.

INTRODUCTION

Breath tests may be divided into two types according to
what is measured in breathÐlabeled carbon dioxide or
hydrogen. They may also be divided into endolytic tests,
in which the rate to be measured is mediated by tissue
enzymes, or xenolytic tests, in which the substrate is
metabolized by bacterial enzymes. Since tissue enzymes
do not form hydrogen, all hydrogen breath tests are
xenolytic tests. Labeled carbon dioxide tests may be
either endolytic or xenolytic.

Other substances may be measured in breath in the
research laboratory to provide metabolic information,
but discussion of the use of such substances is beyond
the scope of this article. Examples are breath ethane
to assess cytochrome P450 function, breath carbon
monoxide to assess the rate of bilirubin biosynthesis
or airway in¯ammation, hydrogen peroxide to detect
airway in¯ammation, mercaptans in breath as an indi-

cator of halitosis, or ammonia to detect ureolysis of
ingested urea or to infer impaired urea synthesis caused
by impaired hepatic function. However, such measure-
ments are not usually considered to be `̀ breath tests.'' In
addition, there are other studies examining speci®c sub-
strates to detect abnormalities in uncommon diseases.
These include measurement of 13CO2 excretion after
administration of cholesterol-1-[13C]oleate incorpora-
ted into chylomicrons or measurement of 13CO2 pro-
duction after administration of [13C]galactose in inborn
errors of galactose metabolism.

LABELED CARBON DIOXIDE
BREATH TESTS

Overview

Labeled carbon dioxide breath tests use either 13C-
or 14C-labeled substrates. 13C is a stable isotope that
offers the advantage of avoiding radioactivity exposure
to the subject; however, 13C has the disadvantage of
being more dif®cult to measure than 14C as well as
being a more costly isotope. 14C is a radioactive isotope
of carbon that gives off a weak beta particle. The half-life
is several thousand years. Because the mass of breath
CO2 that is collected is large (1ÿ2 mmol) and because of
the high ef®ciency of liquid scintillation spectrometric
measurement of 14C, only very small quantities of
radioactivity need to be administered (5ÿ10 mCi).
The radiation hazard to the patient has been calculated
to be negligible and the [14C]urea breath test has been
approved for marketing in the United States.

Measurement of Labeled Carbon Dioxide
in Breath

13C is a stable isotope that can be measured by using
a dedicated mass spectrometer or by infrared spectros-
copy. When mass spectroscopy is used, breath is col-
lected in an impermeable bag or in an evacuated test
tube and mailed to a mass spectrometry facility for pro-
cessing. Mass spectrometric measurements have been
automated and are rapid, accurate, and precise. Mea-
surement of 13C by infrared spectroscopy has improved
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greatly in the past few years, and a tabletop instruments
that permit measurements of 13C within minutes have
been developed. Such instruments permit 13C breath
tests to be performed in the clinic or at the bedside
with results available shortly after the test is performed.

Measurement of 14CO2 is made in two ways. In the
®rst method, breath CO2 is trapped in a known volume
of organic base. To achieve this, alveolar air is blown
into the base that contains an acidÿbase indicator until
the color changes, indicating that the base has been fully
consumed by expired carbon dioxide. Radioactivity is
determined by liquid scintillation spectroscopy. In the
second method, breath is trapped in a base and the
content of 14C is determined using a GeigerÿMuller
radiation detector.

Both of these methods give breath-speci®c activity,
that is, the enrichment of breath CO2 by the adminis-
tered isotope. To convert enrichment or speci®c activity
to percentage dose expired per unit time, a certain rate
of endogenous CO2 production is assumed, e.g., 9 mmol
CO2 per kilogram per hour.

Endolytic Labeled Carbon Dioxide
Breath Tests

In endolytic breath tests, cleavage of the target bond
or availability of the substrate to cleavage is rate-limiting
in the conversion of an ingested or injected substrate to
CO2. It is assumed that all of the reactions after cleavage
are rapid so that the rate of labeled CO2 production is
directly proportional to the rate of cleavage of the target
bond. Octanoate, for example, is an excellent `̀ leaving
group,'' as it is rapidly metabolized to CO2 in the hepa-
tocyte and is not incorporated into ester lipids.

The endolytic labeled carbon dioxide breath test that
appears to have some clinical utility is the
[14C]octanoate or [13C]octanoate breath test, which
is used to measure the rate of gastric emptying.
Octanoate is poorly absorbed from the stomach, rapidly
absorbed from the small intestine, and rapidly oxidized
to CO2. Accordingly, the rate of appearance of labeled
carbon dioxide in the breath is, in principle, a valid
indicator of gastric emptying. The disease to be detected
is delayed gastric emptying as occurs, for example, in
diabetic neuropathy. At present, the test is investiga-
tional. The test is not as sensitive as imaging studies
of gastric emptying, but is much easier to conduct.

For measurement of pancreatic function,
cholesterol-1-[14C]octanoate has been proposed. The
cholesterol ester is a substrate for the nonspeci®c ester-
ase (bile acid-dependent) present in pancreatic juice.
The test is not speci®c for pancreatic disease. It is
also not sensitive when compared to direct (invasive)

measurements of pancreatic enzyme secretion. The test
is investigational at present.

For assessment of lactase activity, a [14C]lactose test
has been described and, in limited studies, was sensitive
and speci®c. However, the hydrogen breath test is
equally sensitive and speci®c, [14C]lactose is not readily
available, and the test has had little application.

For assessment of hepatic function, a large number
of substrates have been improved. These include sub-
strates for microsomal demethylating enzymes such as
aminopyrine, methacetin, and erythromycin. Amino
acids containing a labeled carboxyl group have also
been proposed; the carboxyl carbon is rapidly converted
to CO2 by mitochondrial enzymes. One limitation of
microsomal substrates is that the subsequent metabo-
lism of the liberated methyl group is complex and may
be impaired in liver disease.

Most of these tests detect severe liver disease, but
they have not proven to have clinical utility when com-
pared to other tests of hepatic function such as plasma
levels of bilirubin or albumin or measurement of pro-
thrombin time. However, a number of these tests are
under active investigation and it appears premature to
dismiss them as lacking clinical utility.

Xenolytic Labeled Carbon Dioxide Breath Tests

During the past decade, the treatment of peptic ulcer
disease has undergone a revolution because of the as-
tonishing ®nding that the majority of peptic ulcer dis-
ease is caused by Helicobacter pylori colonization of the
gastroduodenal mucosa. Recognition that H. pylori had
urease activity and that urease is lacking in all tissues led
to the introduction of the urea-labeled carbon breath
test (urea breath test, UBT). In this test, urea labeled
with 13C or 14C is administered orally and breath CO2 is
collected during the ®rst half hour or hour. The UBT was
approved for marketing using urea labeled with either
13C or 14C and has been used widely throughout the
world. Because of its excellent speci®city and sensitivity,
it has been used to diagnose the presence of H. pylori as
well as to test ef®cacy of therapy.

Several substrates tagged with labeled carbon have
been used to detect bacterial overgrowth in the small
intestine. The [13C]xylose or [14C]xylose breath test is
based on the rapid oxidation of xylose by bacteria com-
pared to minimal oxidation by endogenous enzymes.
The test is investigational and has not been widely
used in part because of the rarity of the clinical condition
as well as the limited sensitivity of the test. Moreover,
rapid small intestinal transit results in the xylose being
transported to the colon where it is rapidly oxidized by
bacteria. A combined hydrogen-labeled carbon dioxide
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breath test in which a positive test is signaled by the
appearance of labeled CO2 before a hydrogen peak has
been proposed.

The cholyl-[13C]glycine or cholyl-[14C]glycine
breath test is based on the ability of intestinal bacteria
to deconjugate the substrate and the rapid oxidation of
the liberated glycine (by bacterial and/or tissue en-
zymes) to CO2. Only the ®rst carbon of glycine is tagged
with labeled carbon, as conversion of this atom to CO2

is greater than and incorporation into tissue proteins is
less than that for the second carbon atom. The test is
investigational and has not been widely used because of
the rarity of the clinical condition and because of the
incomplete sensitivity of the test. Incomplete sensitivity
for the detection of bacterial overgrowth is explained by
overgrowth with bacteria lacking the enzymes to decon-
jugate cholylglycine.

Clinical Utility of Labeled Carbon Dioxide
Breath Tests

Adaptation of labeled carbon dioxide breath tests in
clinical practice has been slow for multiple reasons.
Only the UBT has been widely used. Breath tests
other than the UBT require prolonged collection of
breath and the taking of multiple samples. For sub-
strates given orally, delayed gastric emptying may
give false-negative results. Intravenous injection solves
this problem, but transforms a noninvasive procedure
into an invasive procedure. In many disease conditions,
there are competing diagnostic procedures. The techni-
cal problems of analyzing rapid and accurate measure-
ment of 13CO2 or 14CO2 in breath have been solved, but
the complexity of reproducible substrate delivery and
the subsequent oxidation of the released moiety remain.
It is possible that breath tests could be valuable in vet-
erinary medicine where their noninvasive aspects make
them attractive for diagnostic procedures.

HYDROGEN BREATH TESTS

Overview

In the healthy person, hydrogen is formed by anaer-
obic bacteria in the colon from dietary carbohydrate that
escapes absorption in the small intestine. Some indi-
viduals do not form hydrogen, presumably because such
individuals have a different colonic ¯ora. Hydrogen
breath tests measure the interaction of a substrate that
generates hydrogen when metabolized by anaerobic
bacteria. Rapid hydrogen production occurs under
three conditions: (1) a substrate that is normally ef®ci-
ently absorbed is malabsorbed and passes into the colon,
for example, lactose in lactase-de®cient individuals;

(2) there is overgrowth of anaerobic bacteria in the
small intestine; or (3) there is rapid small intestinal
transit of a nonabsorbed substance, e.g., lactulose.

Measurement of Hydrogen in Breath

Expired alveolar air is collected in an impermeable
bag or into the intake of a measuring device. Breath
hydrogen is currently detected by speci®c hydrogen
detectors. These are not expensive and are accurate
and precise. They are based on the use of a metallic
membrane that is permeable to hydrogen gas. Breath
hydrogen may also be determined accurately by gas
chromatography. Because dietary carbohydrate is not
completely absorbed, there is always some hydrogen
present in expired air. What is recorded is a peak of
hydrogen above the baseline level.

Types of Hydrogen Breath Tests and Their
Clinical Utility

Hydrogen breath tests are used to diagnose lactase
de®ciency. Increased breath hydrogen after a lactose
load is a speci®c and rather sensitive test for lac-
tase de®ciency. Measurement of breath hydrogen
after a glucose or xylose load appears to be a useful
test as a screening test for overgrowth of anaerobic bac-
teria in the small intestine. Finally, hydrogen breath
tests are used in research studies to measure small
intestinal transit time by observing the time for breath
hydrogen to appear after an oral load of a nonabsorbed
carbohydrate such as lactulose, even though the
lactulose itself causes more rapid small intestinal transit.
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mesocaval shunt Surgically created shunt promoting ¯ow

from the superior mesenteric vein into the inferior vena

cava, bypassing an occluded hepatic out¯ow tract.

side-to-side portacaval shunt Surgically created shunt

promoting ¯ow from the portal vein into the inferior

vena cava, bypassing an occluded hepatic out¯ow tract.

transjugular intrahepatic portosystemic shunt Internal

jugular vein is used to create communication between

the systemic and portal circulations in order to decom-

press the portal circulation.

venoocclusive disease Occlusion of the terminal hepatic

venules caused by nonthrombotic ®broobliterative

endophlebitis.

Hepatic venous out¯ow obstruction may lead to a variety

of disorders known as the BuddÿChiari syndrome. In this

syndrome, patients present with occlusion of the terminal

hepatic venules, major hepatic veins, or the inferior vena

cava. Patients may be asymptomatic, or they may present

with fulminant hepatic failure or cirrhosis with portal

hypertensive complications. Although many options are

available to diagnose and treat BuddÿChiari syndrome,

patients are typically refractory to medical therapy alone.

Interventional radiologic techniques may be appropriate

and effective in selected cases. Decompressive surgical

shunts are recommended for patients with acute or sub-

acute liver injury, whereas orthotopic liver transplanta-

tion is standard care for patients with fulminant hepatic

failure or decompensated cirrhosis.

ETIOLOGY

Occlusion of the Inferior Vena Cava and
Major Hepatic Veins

Membranous and nonmembranous occlusions
of the hepatic veins and inferior vena cava (IVC) are
responsible for hepatic out¯ow obstruction and the
BuddÿChiari syndrome. Hematologic disorders and
myeloproliferative diseases are the most frequent causes
of nonmembranous venous obstruction in the Western
world (Table I). Paroxysmal nocturnal hemoglobinuria,
antithrombin III de®ciency, factor V Leiden mutation,

and de®ciencies of protein C and protein S are addi-
tional causes of BuddÿChiari syndrome.

Solid tumors (primary hepatocellular, renal, adre-
nal, pulmonary, pancreatic, and gastric carcinomas) and
vascular neoplasms arising within the hepatic veins or
the vena cava can also produce BuddÿChiari syndrome
and hepatic failure. Rare causes of nonmembranous he-
patic venous out¯ow obstruction include infections,
collagen vascular diseases, in¯ammatory bowel disease,
and many systemic diseases. Whereas nonmembranous
venous occlusion is common in the West, membranous
occlusion is more common in the Far East, South Africa,
and India (Table I). Membranous obstruction can occur
in children, but is more prevalent in adults.

Occlusion of the Terminal Hepatic Venules

Nonthrombotic, ®broobliterative endophlebitis of
the terminal hepatic venules within the liver is referred
to as venoocclusive disease. As with occlusion of the

TABLE I Etiologies of BuddÿChiari Syndrome

Nonmembranous Membranous

Myeloproliferative disorders Webs

Paroxysmal nocturnal hemoglobinuria Membranes

Antithrombin III de®ciency

Proteins C and S de®ciency

Factor V Leiden mutation

Antiphospholipid antibodies

Lupus anticoagulant

G20210A (factor II gene mutation)

Neoplasms

Infections

Collagen vascular diseases

Behcet's disease

Sarcoidosis

Oral contraceptives

Pregnancy

In¯ammatory bowel disease

Cirrhosis

Polycystic liver disease

Idiopathic
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major hepatic veins and the IVC, occlusion of these
smaller veins may lead to the BuddÿChiari syndrome.
Multiple etiologies have been reported (Table II). Pa-
tients at risk for developing venoocclusive lesions in-
clude recipients of bone marrow and renal allografts.
Other conditions associated with small vessel occlusion
include cryptogenic cirrhosis or cirrhosis secondary to
alcohol or hepatitis B. Patients with alcoholic hepatitis
may also exhibit focal obliteration of intrahepatic veins.
Vitamin A toxicity, arsenic poisoning, insecticide expo-
sure, 6-thioguanine, intraarterial 5-¯uoro-20-deoxy-
uridine, oral contraceptives, and thorotrast have
rarely been associated with venoocclusive disease.

PATHOLOGY

Pathologically, there are distinct differences between
acute and chronic hepatic venous out¯ow obstruction.
Grossly, acute out¯ow obstruction is associated with an
enlarged, smooth, redÿpurple liver. Histologically,
centrilobular congestion and sinusoidal dilatation are
appreciated. Atrophy, necrosis, and centrizonal hepa-
tocyte dropout with extension to periportal regions are
associated with severe injury (Fig. 1). In chronic
BuddÿChiari syndrome, the inferior vena cava receives
direct out¯ow from the caudate lobe of the liver, which
compensates for venous out¯ow obstruction of the
major hepatic veins. The result is caudate lobe hyper-
trophy with atrophy and cirrhosis of the remaining he-
patic segments. Histologically, there is complete
obliteration of the central veins associated with
midzonal and centrilobular ®brosis with or without
cirrhosis.

CLINICAL PRESENTATION

The clinical presentation of patients with BuddÿChiari
syndrome is highly variable, depending on the extent
and rate of out¯ow obstruction. Patients may present
in many ways, ranging from an asymptomatic state to

fulminant hepatic failure or cirrhosis with portal hyper-
tensive complications. Hepatomegaly and ascites are
present in greater than 85% of patients, whereas esoph-
agogastric varices, splenomegaly, and prominent collat-
erals are less frequently seen. Right upper quadrant
pain, nausea, vomiting, hepatomegaly, and ascites are
characteristic of acute obstruction. Jaundice and spleno-
megaly can be present but are usually mild. Most pa-
tients present with a subacute course (less than
6 months) characterized by vague right upper quadrant
discomfort, hepatomegaly, mild to moderate ascites,
and splenomegaly; jaundice may be either absent or
mild. Chronic venous out¯ow obstruction is likely if
symptoms have been present for greater than 6 months
and are associated with fatigue, bleeding varices, en-
cephalopathy, coagulopathy, hepatorenal syndrome,
and /or malnutrition. Fulminant hepatic failure is a

TABLE II Etiologies of Venoocclusive Disease

Pyrrolizidine alkaloids Cirrhosis

Medications and toxins Cryptogenic

Cytosine arabinoside Alcoholic

6-Thioguanine Hepatitis B

Cyclophosphamide Systemic lupus erythematosus

Nitrosoureas Allergic granulomatous arteritis

Busulfan Thorotrast

Vitamin A Oral contraceptives

Arsenic Insecticides

Total body irradiation

AA

BB

FIGURE 1 Acute BuddÿChiari syndrome. (A) Low-power

view of centrilobular congestion, atrophy, necrosis, and dropout

of centrizonal hepatocytes (arrow) with periportal sparing (arrow-

heads) (hematoxylin and eosin stain,�40). (B) Higher magni®-

cation of acute injury, with thrombus identi®ed within the hepatic

vein (arrow) (hematoxylin and eosin stain,�100). Courtesy of

John Hart, University of Chicago Hospitals, Chicago, Illinois.
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rare manifestation of BuddÿChiari syndrome and is
typically the result of complete occlusion of all major
hepatic veins. Without treatment, progressive enceph-
alopathy, coagulopathy, and death are inevitable within
8 weeks of venous out¯ow obstruction.

DIAGNOSTIC EVALUATION

Laboratory Investigation

Standard laboratory investigation is rarely useful in
the assessment of patients with suspected BuddÿChiari
syndrome. Aminotransferases are typically normal or
mildly abnormal; however, elevated enzyme values
are not speci®c for venous out¯ow obstruction. Like-
wise, the serum bilirubin, alkaline phosphatase, and
prothrombin time can be either normal or mildly ab-
normal but are not useful in diagnosing BuddÿChiari
syndrome. Ascitic ¯uid analysis adds little speci®city to
the diagnosis, although it may be useful in ruling out
other causes of abdominal ¯uid accumulation. The
workup for BuddÿChiari syndrome cannot be consid-
ered complete without a comprehensive workup for an
underlying hypercoagulable state.

Medical Imaging

Abdominal ultrasound is the best screening test for
the evaluation of the hepatic veins, vena cava, and portal
vein. In experienced hands, the sensitivity of ultrasound
approaches 85ÿ95%. Enlarged, stenotic, and tortuous
hepatic veins identify acute venous occlusion, whereas
the veins of patients with chronic disease may be more
dif®cult to visualize. Ultrasound may reveal caval com-
pression by a hypertrophic caudate lobe, or obstruction
by thrombus, tumor, or membranes. Hepatic venous-to-
venous `̀ spiderweb'' collaterals are highly suggestive of
BuddÿChiari syndrome. Doppler technology added to
conventional ultrasound greatly increases sensitivity.

Computer tomography (CT) and magnetic reso-
nance imaging (MRI) may reveal nonvisualization of
vessels or obstruction by thrombus. In addition, these
studies readily detect hepatic parenchymal disease,
ascites, and splenomegaly.

Angiography remains the gold standard for the di-
agnosis of BuddÿChiari syndrome. Thrombi commonly
form at the junction of the major hepatic veins with the
cava or just distal to the venous ori®ces. Injection of
contrast medium classically reveals intrahepatic collat-
eral vessels or recanalized veins, giving the classic spi-
derweb appearance. Pressure measurements obtained
during angiography provide useful information prior
to surgical decompression.

Liver Biopsy

Liver biopsy is useful in establishing the diagnosis of
BuddÿChiari syndrome and in evaluating the severity of
the disease. Based on the severity, physicians can select
the most appropriate therapy for individual patients.
Angiography and liver biopsy should be obtained
from all patients considered to be surgical candidates.
Biopsies should be bilobar, because injury may be var-
iable from one lobe to the other.

MANAGEMENT

The goals of treatment for patients with BuddÿChiari
syndrome include alleviating venous obstruction and
preserving hepatic function through eradication of
centrilobular congestion. Despite medical therapy and
interventional radiologic techniques, the majority of
patients will require surgical decompression.

Medical Therapy

Although frequently used in patients with Buddÿ
Chiari syndrome, low-sodium diets, diuretics, and ther-
apeutic paracentesis are generally ineffective because
these methods do little to reverse the underlying path-
ophysiology. The use of anticoagulants and thrombo-
lytics for patients with acute incomplete thrombotic
occlusion must be balanced against the typically
short window of opportunity to decompress the liver
surgically.

Interventional Radiology

Percutaneous transluminal balloon angioplasty is
an exciting therapy for hepatic venous out¯ow obstruc-
tion secondary to caval webs or hepatic venous stenoses.
Although excellent short-term results are achievable,
sustained patency rates have been disappointing.
Wire, laser, or needle-assisted angioplasty and
intraluminal stenting are emerging techniques (Fig. 2).
Transjugular intrahepatic portosystemic shunts (TIPSs)
are frequently used as a bridge to transplantation for
patients with end-stage liver disease and ascites refrac-
tory to medical therapy, or for patients presenting with
fulminant hepatic failure. Because patients can develop
TIPS thrombosis or pseudointimal hyperplasia after
placement, surveillance of TIPS patency with Doppler
ultrasonography and /or angiography is recommended.
Additional studies will be required before the TIPS can
be routinely recommended as treatment for patients
with either acute or chronic out¯ow obstruction.

232 BUDD ±CHIARI SYNDROME



Surgical Procedures

Surgical options for patients with BuddÿChiari
syndrome includedecompressiveproceduresand ortho-
topic liver transplantation (OLT). A variety of surgical
shunts are available for decompression to relieve
centrilobular congestion and necrosis. Decompression
should be considered the standard of care for patients
with acute or subacute venous occlusion. After surgery,
long-term anticoagulation is recommended. Prior to
surgery, liver biopsy and pressure measurements of
the portal vein, IVC, and right atrium should be ob-
tained to determine the best method of decompression.
The procedure of choice for patients with either acute or
subacute BuddÿChiari syndrome is the creation of a
side-to-side portacaval shunt, which converts the portal
vein into an effective out¯ow tract into the IVC. Greater
than 85% of patients who receive portacaval shunts
enjoy long-term survival, with improvement in
hepatosplenomegaly, ascites, liver function tests, and
histology; however, decompensation may be observed
in patients with marginal hepatic reserve. Mesocaval
shunts provide effective portal decompression for pa-
tients unable to receive side-to-side shunts. With suc-
cessfully placed mesocaval shunts, long-term survival is
possible for 75ÿ95% of patients. Unfortunately, shunt
thrombosis may develop in 20ÿ55% of patients who
receive mesocaval shunts. Depending on the venous
anatomy, other decompressive shunts may need to be
considered. Other surgical techniques can also provide
adequate decompression in appropriately selected pa-
tients. Surgical reconstruction of the vena cava and he-
patic venous ostia, transatrial membranotomy with
®nger fracture or excision, cavoplasty with autologous
pericardial patch, and dorsocranial resection of the liver
with hepatoatrial anastamosis have shown ef®cacy in
limited studies.

OLT is the preferred option for patients with
BuddÿChiari syndrome and fulminant liver failure or
decompensated cirrhosis. Transplantation may also be
appropriate for patients with signi®cant liver disease
who decompensate after receiving decompressive
shunts or for patients with shunt failure. In patients
without signi®cant preoperative hemodynamic instabil-
ity or multiorgan failure, survival after transplantation

A
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1FIGURE 2 (A) Angiographic view of an occluded inferior vena

cava at its junction with the right atrium. There is a stenosis due to

thrombus (arrow), with subsequent ®lling of the lumbar venous

plexus (arrowheads). (B) Postinterventional dilatation revealing

good ¯ow of contrast into the right atrium (arrow) and lack of

®lling of the lumbar venous plexus. Courtesy of Brian Funaki,

University of Chicago Hospitals, Chicago, Illinois.
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is similar to that of decompressive shunts. Survival of
patients transplanted for BuddÿChiari syndrome is also
comparable to that of patients receiving allografts for
other noncholestatic liver diseases, and is better than
that of patients receiving transplants for malignancy or
chronic hepatitis B. Selected patients, such as those with
underlying hypercoagulable states not cured with OLT,
require long-term anticoagulation.

SUMMARY

BuddÿChiari syndrome is an uncommon disorder as-
sociated with obstruction of the terminal hepatic ve-
nules, hepatic veins, IVC, and /or right atrium.
Sinusoidal congestion, centrilobular necrosis, hepatic
®brosis, and cirrhosis can develop as a consequence
of hepatic venous out¯ow obstruction. Patients typically
present with symptoms and signs of subacute disease or
cirrhosis, although an occasional patient may present
without any evidence of signi®cant liver injury. Routine
laboratory and ascitic ¯uid analyses are rarely helpful in
establishing the diagnosis. Doppler sonography is an
excellent screening test, and CT and MRI complement
sonography as noninvasive studies. Angiography re-
mains the best technique for the diagnosis of venous
occlusion. Pressure measurements at the time of angi-
ography and bilobar liver biopsy are also helpful in
guiding the clinician to the most appropriate therapy.

Low-sodium diets, diuretics, and paracentesis are of
limited bene®t in patients with BuddÿChiari syndrome.
Thrombolytic therapy may be useful for early disease
associated with fresh thrombosis. Selected patients may
also bene®t from interventional radiologic techniques
such as percutaneous angioplasty with or without
stenting. The TIPS can serve as a bridge to transplant-
ation, but additional studies are warranted to assess the
impact of TIPS placement on long-term survival. Sur-
gical decompression is appropriate for patients with
acute or subacute venous occlusion; alleviation of sinu-
soidal congestion and hepatic necrosis is possible. OLT
is reserved for patients with BuddÿChiari syndrome
associated with fulminant hepatic failure, decompen-
sated cirrhosis, or failed surgical shunts. With careful
patient selection and improvements in surgical tech-
nique, perioperative care, and immunosuppression,
long-term patient survival after OLT is expected.
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Bulimia Nervosa

JULIE E. B. NOLAN AND THOMAS D. GERACIOTI, JR.

University of Cincinnati and Veterans Affairs Medical Center

arrhythmia Abnormal rhythm of the heartbeat.

binge (binge eating) Consumption in a discrete time frame

(usually �2 h) of an amount of food that is de®nitely

excessive in comparison with the amount of food

consumed by most others in similar circumstances.

The consumption of large quantities of food at certain

celebratory or holiday feasts, for example, is not usually

considered to constitute pathological bingeing. A single

binge-eating episode may take place at more than one

locationÐsuch as following dinner at a friend's with

eating at homeÐbut day-long snacking is not a binge.

hyperamylasemia Abnormally high concentrations of the

digestive enzyme amylase in the blood.

hypokalemia Abnormally low potassium concentrations in

the blood.

osteoporosis Diminished mineralization of bone.

ostopenia Reduced bone formation.

parotid gland hypertrophy Enlargement of the salivary

glands.

postprandial satiety Sense of satiation or fullness after

eating.

The possibility of eating large quantities of food in one

feeding episode is contained in the human behavioral

repertoire, having developed under prehistorical evolu-

tionary pressure to take advantage of transiently available

food during periods of overall food scarcity. In recent

decades, binge eating followed by vomitingÐor other

methods of purgingÐhas been used as a means of body

weight control, wherein the gustatory, self-soothing, and

orally gratifying aspects of eating can be repeatedly ob-

tained without an increase in body mass. If used routinely

by vulnerable individuals, a pattern of binge eating

followed by vomiting can become entrained and, in a

sense, addictive.

CORE SYMPTOMS OF BULIMIA NERVOSA

The modern syndrome of bulimia nervosa was ®rst
described in London by Russell in 1979, in a 30-patient
case series, as an eating disorder characterized by
recurrent, uncontrolled binge-eating episodes in
combination with compensatory behavior aimed at

preventing weight gain. Individuals with bulimia
nervosa commonly ingest up to 10,000 calories per
day. The most common postbinge compensatory behav-
iors in individuals with bulimia nervosa are self-induced
vomiting and laxative, diuretic, or enema misuse.
Excessive exercise, fasting, and misuse of medica-
tionsÐincluding appetite suppressants (for example,
amphetamines), cathartics (for example, syrup of ipe-
cac), and metabolism-stimulating agents (for example,
thyroid hormone)Ðare also commonly manifested.
A formal diagnosis of bulimia nervosa, according to
the American Psychiatric Association, requires that
both binge eating and purging (or other compensatory
behaviors) occur at least twice per week for at least
3 months (see Table I).

Excessive concern about or preoccupation
with body shape, size, or weight is also a hallmark of
bulimia nervosa. These individuals are focused upon
maintaining or achieving a desirable body weight
and shape. Therefore, pathological binge eating that
exists in the absence of intense body consciousness
(and in the absence of attempts to control body
weight or shape) is not bulimia nervosa. Although a
substantial minority of individuals with bulimia nervosa
have histories of anorexia nervosa, most people with
bulimia nervosa have a body weight within the normal
range.

Patients with bulimia nervosa show an awareness of
having an eating disorder, in contradistinction to pa-
tients with anorexia nervosa, in whom denial of an eat-
ing problem is intrinsic to the illness. However,
individuals with bulimia nervosa are frequently
ashamed about their eating pattern and usuallyÐbut
certainly not alwaysÐmaintain strict secrecy about it.
Since the majority of people with bulimia nervosa are
within a normal weight range, or are only slightly under-
or overweight, it is dif®cult to identify someone with
bulimia nervosa by sight (whereas, of course, the
wasted, skeletal appearance of individuals with anorexia
nervosa is quite obvious). Thus, individuals with bu-
limia nervosa are not frequently recognized by others to
have an eating disorder.
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BULIMIA NERVOSA SUBTYPES

Two subtypes of bulimia nervosa have been character-
ized, the purging type and the nonpurging type. Indi-
viduals with bulimia nervosa who purposefully vomit
after binging or who misuse laxatives or enemas to expel
undigested or incompletely digested food from the gas-
trointestinal tract have the purging type of bulimia
nervosa. Misuse of diuretics is also regarded as a purging
behavior. Those individuals with bulimia nervosa who
do not purge themselves of undigested food or create a
diuresis after binge eating have the nonpurging type of
the disorder. Those individuals with the nonpurging
type nevertheless engage in behaviors aimed at elimi-
nating the potentially adverse effects of binge eating on
body weight and shape by excessive exercise and /or
fasting. In many cases, women with bulimia nervosa
are intense, obsessive exercisers or `̀ obligatory athletes.''

Purging is present in approximately 90% of patients
with bulimia nervosa, with forced vomiting present in
the overwhelming majority of these individuals. As
noted by Russell is his original description of the
syndrome in 1979, `̀ with repeated practice, the act of
vomiting becomes effortless.'' Some individuals with
bulimia nervosa do not have to stimulate the gag re¯ex
at all in order to vomit; forceful contraction of the ab-
dominal musculature suf®ces. Laxative abuse is seen in
more than half of patients.

VARIANTS OF BULIMIA NERVOSA

In clinical practice, both `̀ subclinical'' (low-grade) forms
of bulimia nervosa and variants of bulimia nervosa are
seen about as frequently as the bulimia nervosa

syndrome per se. These variants include, but are not
limited to, those that (1) involve binge eating fewer
than two times per week; (2) involve binge eating with-
out compensatory, weight-control behavior (so-called
binge eating disorder, see below); or (3) involve purg-
ing, such as self-induced vomiting, without binge eat-
ing. For example, the individual who engages in binge
eating followed by self-induced vomiting an average of
once per week for months or years has an eating disorder
that does not meet the full diagnostic criteria for bulimia
nervosa due to a lower frequency of bingeing. The nor-
mal-weight or slightly underweight woman who shows
overconcern about body weight, intense interest in food,
frequently diets, and routinely chews food and spits it
out before swallowing it does not meet diagnostic cri-
teria for bulimia nervosa due to the lack of binge eating.
Other individuals, again mostly women, induce vomit-
ing after intake of regular or modest amounts of food as a
diet strategy; they do not binge eat. In these cases, per-
haps one or more meals are digested but most other
bouts of eating end in self-induced emesis. These
women are at an increased risk of eventually developing
full-blown bulimia nervosa. If one of these individuals
does not show a compensatory increase in eating, fasts,
or vomits after every meal, then she moves on the con-
tinuum of disordered eating toward anorexia nervosa,
bulimic subtype. The unwieldy, catch-all diagnosis of
`̀ eating disorder, not otherwise speci®ed'' has been
adopted by the American Psychiatric Association to cap-
ture these and other eating disorder variants.

Binge eating disorder is a common condition (2ÿ5%
in community studies in the United States and 30%
among obese patients seeking weight loss) that is

TABLE I DSM-IV Criteria for Bulimia Nervosa

A. Recurrent episodes of binge eating. An episode of binge eating is characterized by both of the following:

1. Eating, in a discrete period of time (e.g., within any 2-h period), an amount of food that is de®nitely larger than most

people would eat during a similar period of time and in similar circumstances.

2. A sense of lack of control over eating during the episode (e.g., a feeling that one cannot stop eating or control what or

how much one is eating).

B. Recurrent inappropriate compensatory behavior in order to prevent weight gain, such as self-induced vomiting; misuse of

laxatives, diuretics, enemas, or other medications; fasting; or excessive exercise.

C. The binge eating and inappropriate compensatory behaviors both occur, on average, at least twice a week for 3 months.

D. Self-evaluation is unduly in¯uenced by body shape and weight.

E. The disturbance does not occur exclusively during episodes of anorexia nervosa.

Purging type

During the current episode of bulimia nervosa, the person has regularly engaged in self-induced vomiting or the misuse of

laxatives, diuretics, or enemas.

Nonpurging type

During the current episode of bulimia nervosa, the person has used other inappropriate compensatory behaviors, such as

fasting or excessive exercise, but has not regularly engaged in self-induced vomiting or the misuse of laxatives, diuretics,

or enemas.
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characterized by chronic binge eating without compen-
satory weight-restricting behavior. Given the lack of
weight-controlling compensatory behaviors, individu-
als with binge eating disorder are frequently obese.
Binge eating disorder is seen in both men and women
across the life span. Although an accepted diagnosis by
practicing clinicians, the most recent Diagnostic and
Statistical Manual of the American Psychiatric Asso-
ciation (DSM-IV), published in 1994, proposed binge
eating disorder as a new diagnostic entity about
which there was insuf®cient information to include as
an of®cial category. It is likely that the diagnosis will be
of®cially recognized by the American Psychiatric
Association with the next DSM edition. See Table II
for the complete 1994 DSM criteria.

Bulimia nervosa and anorexia nervosa can occur
simultaneously, such as constitutes the binge-eating/
purging subtype of anorexia nervosa, commonly called
bulimarexia. Bulimia nervosa and anorexia nervosa can
also occur alternately within the same individual over
time.

Yet another eating disorder in which hyperphagia
is an essential component is night eating syndrome,
described by Stunkard and colleagues in 1955 and con-
sisting of morning anorexia and evening or nighttime
hyperphagia with agitation and insomnia. At a mini-
mum, this syndrome appears to re¯ect phase-delayed
circadian rhythms.

EPIDEMIOLOGY

Bulimia nervosa is generally a syndrome seen in young
women, af¯icting approximately 1ÿ4% of college-aged

women in community samples, although it is also seen
in older women (mostly with chronic or chronic, inter-
mittent bulimia nervosa that had its onset in youth, but
occasionally as a new onset syndrome) and in men.
Indeed, the overwhelming majority of people with bu-
limia nervosa, over 90% in clinical samples, are female.
This gender distribution is often regarded to be a result
of a societal or cultural premium on feminine beauty
that is transmitted to the young woman through either
conscious or unconscious channels (most conspicu-
ously via mass media). That eating disorders are
more common in industrialized nations and in af¯uent
individuals is consistent with the notion of environmen-
tal in¯uences on the development of bulimia nervosa.
That white women much more frequently develop
bulimia nervosa and anorexia nervosa than black
women is also taken to re¯ect the relatively higher
value placed on thinness in the former culture. Black
and white women are at roughly equal risk for binge
eating disorderÐthat is, unrestrained eatingÐbut
white women are more likely to show compensatory
fasting or purging behavior and concerns about body
weight and shape. However, if a femaleÐregardless of
raceÐinternalizes the view that slender beauty is
ideal, body dissatisfaction, severe fasting, and even
subsequent binge eating and full-blown bulimia nervosa
may develop.

Impaired satiety, secretive eating, binge eating, post-
prandial vomiting, and other symptoms of abnormal
eating are also surprisingly common in preschool chil-
dren, although much more work is needed to under-
stand and characterize these phenomena and their
frequency.

TABLE II DSM-IV Criteria for Binge-Eating Disorder

A. Recurrent episodes of binge eating. An episode of binge eating is characterized by both of the following:

1. Eating, in a discrete period of time (e.g., within any 2-h period), an amount of food that is de®nitely larger than most

people would eat in a similar period of time under similar circumstances.

2. A sense of lack of control over eating during the episodes (e.g., a feeling that one cannot stop eating or control what or

how much one is eating).

B. The binge-eating episodes are associated with three (or more) of the following:

1. eating much more rapidly than normal;

2. eating until feeling uncomfortably full;

3. eating large amounts of food when not feeling physically hungry;

4. eating alone because of being embarrassed by how much one is eating;

5. feeling disgusted with oneself, depressed, or very guilty after overeating.

C. Marked distress regarding binge eating is present.

D. The binge eating occurs, on average, at least 2 days a week for 6 months.

Note: The method of determining frequency differs from that used for bulimia nervosa; future research should address

whether the preferred method of setting a frequency threshold is counting the number of days on which binges occur or

counting the number of episodes of binge eating.

E. The binge eating is not associated with the regular use of inappropriate compensatory behaviors (e.g., purging, fasting, or

excessive exercise) and does not occur exclusively during the course of anorexia nervosa or, bulimia nervosa.
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RISK FACTORS, COMORBIDITIES, AND
ASSOCIATED FEATURES

Dieting, especially severe and /or repeated dieting, is a
major risk factor for development of bulimia nervosa
and other eating disorders. Although most individuals
who diet do not develop an eating disorder, even mod-
erate dieting by adolescent girls increases the risk of
later developing an eating disorder by several-fold.
Many bulimic patients have had histories of anorexia
nervosa.

Genetic factors are increasingly appreciated as a fac-
tor in the development of eating disorders. Studies of the
differences in rates of bulimia nervosa between dizy-
gotic and monozygotic twins suggest that approxi-
mately 50% of the risk of developing bulimia nervosa
is genetic. However, the interplay between inherited
vulnerabilities and intrafamilial relationships is hard
to de®nitively tease out. Maternal body dissatisfaction
increases the likelihood that an eating disorder will de-
velop in her progeny. The majority of patients with
bulimia nervosa have a ®rst-degree relative with a
mood disorder, substance abuse disorder (most often
alcoholism), or an eating disorder. Indeed, the majority
of patients who present for treatment of bulimia nervosa
have suffered from another psychiatric syndrome either
prior to the onset of the eating disorder or currently with
the eating disorder. Most commonly, a mood (affective)
disorder, such as major depression, atypical depression,
or bipolar affective disorder (manic depression and its
low-grade variants), is seen in patients with bulimia
nervosa, but a range of other psychiatric syndromes,
including anxiety disorders (such as posttraumatic
stress disorder, panic disorder, and obsessiveÿcompul-
sive disorder), substance abuse (especially of tobacco
and alcohol), and personality disorders, are also seen.

COMPLICATIONS, PHYSICAL STIGMATA,
AND MORBIDITY

Despite the normal or even vigorously healthy appear-
ance of most individuals with bulimia nervosa, physical
stigmata do exist as a result of complications from the
chronically disordered eating pattern (see Table III).
Calluses on the dorsum of the hand or knuckles (Rus-
sel's sign) are often seen. These calluses eventually de-
velop after the repeated thrusting of the ®ngers into the
throat in order to induce vomiting, due to the pressure
of the teeth on the skin. Loss of enamel from the
teethÐeven a moth-eaten appearance of the denti-
tionÐcan be seen following years of very frequent con-
tact with acidic vomitus. Bilateral parotid (salivary)

gland hypertrophy (swollen cheeks) can develop
from the hyperstimulation of excessive eating and fre-
quent vomiting and confers a characteristic `̀ chipmunk''
facies. The breath may be foul from recent or frequent
passage of partly digested food during emesis. Rectal
prolapse, most likely from forced vomiting-related in-
creases in intra-abdominal pressure or from straining
during defecation, has been reported in a number of
patients, invariably preceded by complaints of rectal
bleeding.

An important, frequently encountered metabolic
complication is hypokalemia due to frequent vomiting
and /or frequent use of laxatives or enemas; cardiac ar-
rhythmias sometimes follow. Surprisingly, some pa-
tients show substantial hypokalemia without cardiac
arrhythmia or other apparent adverse effects, perhaps
due to long-term organismic adaptations to the situa-
tion. For example, a young woman with long-standing
bulimia nervosa had a potassium level of 2.1 mEq/L but
still performed with great success in a demanding ex-
ercise competition. Other patients with similarly low
potassium levels have irregular heartbeats and
require emergency cardiac monitoring and electrolyte
normalization.

Use of syrup of ipecac to induce vomiting can
weaken or damage the cardiac myocardium. Circulating
pancreas-derived amylase concentrations increase fol-
lowing a bingeÿpurge episode and, clinically, elevated
blood amylase levels are a reliable indicator of such
behavior.

Despite the numerous complications that can de-
velop (see Table III for a partial list), the morbidity

TABLE III Potential Complications of Bulimia Nervosa

Dental

Erosion of dental enamel

Chipped and/or ragged teeth

Frequent caries

Cardiac arrhythmias

Cardiac myopathies

Calluses or scars over knuckles (Russell's sign)

Constipation /delayed gut transit time

Esophageal re¯ux, spasms, rarely tears

Foul breath odor

Gastric distension (rarely, gastric perforation, rupture)

Hypokalemia

Hyperamylasemia

Hypothermia

Lowered seizure threshold

Osteopenia

Osteoporosis

Parotid gland hypertrophy (`̀ chipmunk'' appearance)

Rectal bleeding (rarely, rectal prolapse)
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associated with bulimia nervosa is surprisingly
lowÐcertainly much lower than was feared when the
®rst 30 cases were described by Russell in 1979 (al-
though some of those cases would now be classi®ed
as `̀ eating disorders not otherwise speci®ed''). As op-
posed to the situation in anorexia nervosa, wherein
growth, genital sexuality, and fertility essentially
cease or fail to develop, these parameters are often
quite adequate in the person with bulimia nervosa.
Moreover, unlike the case with anorexia nervosa,
death from a complication of bulimia nervosa is very
rare. Gross mortality rates in patients with bulimia
nervosa have been found to be at least 0.3%, including
deaths from traf®c accidents, suicide, malnutrition, and
drug interactions. The crude mortality rate in anorexic
patients is perhaps 20 times higher.

PATHOPHYSIOLOGY

Patients with bulimia nervosa almost always show
prominent impairments in their experience of postpran-
dial satiety. Although the degree of hunger experienced
by patients variesÐwith some showing great ability to
suppress hunger and fast between binge eating episo-
desÐonce the ingestion of food occurs they are at high
risk for uncontrollable food intake. In part, the inability
or impaired ability to experience postprandial satiety
re¯ects a general impairment in the communication
of peripherally generated satiety signals to the brain.
Thus, most patients with bulimia nervosa have impaired
postprandial secretion of the satiety-inducing hormone
cholecystokinin (CCK) from the proximal intestine.
Normally, postprandial CCK-mediated signals promote
closure of the gastric pylorus (increasing the feeling of
fullness) and travel via the vagus nerve to brainstem and
hypothalamic feeding centers that mediate the satiety
response. Abnormalities in this signaling system could
be genetic and /or acquired (perhaps as a result of fre-
quent binge eating). Part of the mechanism of antide-
pressant drug treatment of bulimia nervosa involves
increasing the postprandial elaboration of CCK.

Abnormally low integrated function of the indole-
amine serotonin has also been identi®ed in patients with
bulimia nervosa. In this regard, serotonin in intestinal
enterochromaf®n cells has been found to be necessary
for the contractile effect of CCK. Serotonin also appears
to have a satiety-inducing effect in the central nervous
system. Low brain serotonin function also underlies
obsessiveÿcompulsive disorder, elements of which
are routinely encountered in patients with bulimia
nervosa, and other eating disorders, in whom seemingly

nonsensical behaviors are irresistible (such as the eating
of 5000 calories within an hour in a person who is
trying to remain trim). High doses of pharmacologic
agents that increase the whole-body availability of
serotonin are ef®cacious in both bulimia nervosa and
obsessiveÿcompulsive disorder.

If patients with bulimia nervosa maintain a
normal weight, the hypothalamicÿpituitaryÿthyroid,
hypothalamicÿpituitaryÿadrenal, and hypothalamicÿ
pituitaryÿgonadal neuroendocrine axes remain sur-
prisingly normal.

NATURAL HISTORY AND TREATMENT

The natural history of bulimia nervosa is highly variable,
with perhaps 50% undergoing spontaneous remission
without treatment after an active, syndromic period of
months to years. Other individualsÐwhether eaters of
normal quantities of food, overeaters, or binge
eatersÐimmediately give up on self-induced emesis
as a method of weight control after attempting it. How-
ever, a substantial minority of those who develop bu-
limia nervosa, up to 20%, go on to chronically
demonstrate the full-blown syndrome at 10-year fol-
low-up, whereas others continue to show subsyndromal
elements over the long term. Treatment studies show
signi®cantly higher rates of short-term remission than
naturalistic follow-up studies, but the long-term bene-
®ts of treatment interventions have not been estab-
lished. Approximately 30% of well-improved patients
eventually experience a bulimic relapse. Thus, although
bulimia nervosa is generally much more benign than
anorexia nervosa, some individuals suffer from chronic
bulimia nervosa, lasting even decades. Little is known
regarding the risks for developing chronic bulimia
nervosa, although the comorbid presence of severe bor-
derline personality disorder is a negative prognostic
sign.

The standard approach to the treatment of bulimic
patients is a combination of antidepressant medication
and psychotherapy. Usually, treatment is instituted
and accomplished on an outpatient basis, as opposed
to the situation in anorexia nervosa or bulimarexia
where inpatient correction of malnutrition and severe
wasting is usually necessary. Brief inpatient admissions
are reserved for the emergency control of severe elec-
trolyte imbalances and other severe bulimia-related
complications (including severe depression and acute
suicidality).

A variety of antidepressants, including selective
serotonin reuptake inhibitors (usually in high
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doses), monoamine oxidase inhibitors, and tricyclic
antidepressants, are successful in ameliorating or reduc-
ing bulimic behavior in the majority of patients. How-
ever, antidepressant treatment alone is inadequate in
most cases; complementary intensive psychotherapy
is also indicated.

The most well-studied psychotherapy for bulimia
nervosa is cognitive-behavioral psychotherapy, with re-
sults suggesting that this intervention is ef®cacious.
Cognitive therapy focuses upon the morbid fears of obe-
sity and worries about body size and shape, with cog-
nitive and behavioral exercises aimed at correcting
cognitive distortions and low self-esteem and at reduc-
ing perfectionism and the hyperfocus on the body.
However, intensive, exploratory, psychodynamic
psychotherapy with an experienced clinicianÐin com-
bination with antidepressant medicationÐis also help-
ful in most cases and has the advantage of not focusing
strictly on eating disorder symptoms (and other super-
®cial, behavioral manifestations of the psyche), but also
provides the context for the uncovering of occult or
unconscious psychological problems or con¯icts.

Psychologically, patients with bulimia nervosa
often, but not always, show substantial impulsivity
and a great deal of interpersonal neediness and object
hunger (hunger for caring and empathic relatedness
with others), for which oral grati®cation often substi-
tutes. Analogous impairments to feeding-related satiety
are often seen clinically in the form of seemingly insa-
tiable desire for close contact or merger with another
person. The stable presence of a caring, empathically
attuned psychotherapist is in itself highly therapeutic
for such patients. Nevertheless, long-established bin-
geÿpurge (or bingeÿfasting) cycles can become deeply
and organismically entrained, and pointed interven-
tions, such as antidepressant medications and nutri-
tional oversight, aimed at normalizing the appetitive
and satiety signal processing mechanisms (optimally
together with exploratory psychotherapy) are some-
times therapeutically necessary.

SUMMARY

In fewer than 25 years, major strides have occurred in
the understanding of the clinical course, pathophysiol-
ogy, psychopathology, and treatment of bulimia
nervosa. Currently, the ef®cacy of both psychotherapy
and psychopharmacologic interventions in the treat-
ment of this common eating disorder has been well
established. Ideally, these treatment modalities should
be combined.
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Calcitonin Gene-Related Peptide (CGRP)
PETER HOLZER

University of Graz, Austria

calcitonin gene-related peptide First neuropeptide discov-

ered by molecular analysis of the calcitonin gene, in the

absence of any information about its functional role.

calcitonin receptor-like receptor One of the three proteins

that form the calcitonin gene-related peptide receptor

complex (the other two proteins are the receptor-

associated membrane protein-1 and the receptor com-

ponent protein). The calcitonin receptor-like receptor

consists of seven transmembrane domains, is coupled to

G proteins, and serves as the receptor protein that

recognizes calcitonin gene-related peptide as ligand.

extrinsic afferent nerve ®bers Originate from the nodose

ganglia (vagal afferents) and dorsal root ganglia (spinal

afferents) and connect the gut with the brain stem and

spinal cord, respectively.

intrinsic enteric neurons Originate from the myenteric and

submucosal nerve plexuses within the wall of the gastro-

intestinal tract and supply all effector tissues of the gut.

mucosal homeostasis Complex array of protective mechan-

isms coordinated by neural and other control systems

to ensure that the mucosa survives undamaged the

onslaughts that occur during digestion; the gastrointest-

inal mucosa is endangered by toxic, antigenic, and

pathogenic food ingredients as well as by potentially

harmful secretory products such as pepsin and acid.

neuropeptide Oligo- or polypeptide that is expressed by

speci®c neurons and serves as an extracellular messenger

of those neurons.

receptor-associated membrane protein-1 Single-membrane-

spanning protein (also termed receptor activity-

modifying protein); required to guide the intracellular

traf®cking of calcitonin receptor-like receptor to the cell

membrane and to endow calcitonin receptor-like recep-

tor with high af®nity for calcitonin gene-related peptide.

Association of calcitonin receptor-like receptor with

receptor-associated membrane protein-1 is a prerequisite

for the formation of functional calcitonin gene-related

peptide receptors.

receptor component protein Intracellular peptide important

for coupling calcitonin receptor-like receptor to the G

protein Gs /adenylate cyclase signal transduction pathway.

Calcitonin gene-related peptide is a 37-amino-acid neuro-

peptide; within the gastrointestinal tract, this peptide

occurs primarily in extrinsic afferent nerve ®bers and

intrinsic enteric neurons. Following its release, calcitonin

gene-related peptide acts on speci®c receptors that are

expressed by enteric neurons and gastrointestinal effector

systems in a tissue-speci®c manner. In so doing, the pep-

tide plays a role in the regulation of blood ¯ow, exocrine

and endocrine secretory activity, mucosal homeostasis,

motor activity, and nociception. It appears that the

peptide-speci®c receptors represent a signi®cant target

for therapeutic intervention in various gastroenterologi-

cal disease entities. Although the molecular pharmacol-

ogy of calcitonin gene-related peptide actions is not yet

completely understood, new information on receptor

structure and function suggests that it may be feasible

to design selective ligands for the calcitonin gene-

related peptide receptor and to evaluate their utility as

therapeutics.

INTRODUCTION

Calcitonin gene-related peptide (CGRP) was the ®rst
biologically active peptide to be discovered by recom-
binant DNA technology, instead of the traditional ap-
proach of tissue extraction, puri®cation, and bioassay.
In 1983, M. G. Rosenfeld and co-workers discovered not
only this neuropeptide but also a new regulatory mech-
anism of cell-speci®c gene expression. Expression of
calcitonin gene-related peptide results from the alter-
native splicing of RNA transcribed from the calcitonin
gene. Primary RNA transcripts are processed to messen-
ger RNA (mRNA) for calcitonin in the thyroid C cells,
whereas the mRNA for CGRP is formed predominantly
in neurons of the central and peripheral nervous system.

Since the publication of Rosenfeld's work, CGRP has
been localized to distinct neurons as well as some en-
docrine and immune cells in the gastrointestinal (GI)
tract. The complex structure of CGRP receptors has
only recently been disclosed; functional CGRP
receptors are now known to consist of three proteins,
calcitonin receptor-like receptor (CRLR), receptor-
associated membrane protein-1 (RAMP-1), and recep-
tor component protein (RCP). The cell-selective
expression of CGRP receptors on GI effector systems
and the peptide's biological actions in the gut suggest

C
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that CGRP plays multiple roles in the neural control
of digestive activity. These functions include mucosal-
blood ¯ow, mucosal homeostasis, exocrine and
endocrine secretory processes, motor activity, and
GI nociception. Experimental work indicates that a dis-
turbance of the CGRP system may contribute to a num-
ber of GI disorders and that a correction of these
perturbations may be of therapeutic potential.

THE CGRP FAMILY

CGRP-a (CGRP-I) is encoded by the calcitonin/CGRP-a
gene on chromosome 11 of the human genome and
represents a 37-amino-acid polypeptide, the sequence
of which varies slightly among different vertebrate spe-
cies (Fig. 1), although mouse and rat CGRP-a are iden-
tical. Common to all of the CGRPs is a disul®de bridge
between Cys-2 and Cys-7 and an amidated C terminus.
Mouse, rat, and human tissues contain an additional
peptide, CGRP-b (CGRP-II), which has a high sequence
homology to CGRP-a (Fig. 1). Importantly, though, the
gene from which CGRP-b is derived does not encode
calcitonin. Because the biological activities of CGRP-a
and CGRP-b are generally similar, it is thought that both
CGRP homologues act on a similar receptor population.

CGRP belongs to a family of bioactive peptides,
often termed the calcitonin peptide family, which com-
prise calcitonin, CGRP-a, CGRP-b, amylin (islet amy-
loid polypeptide), and adrenomedullin (Fig. 1). The
sequence homologies range from 20 to 30% between
CGRP and adrenomedullin as well as CGRP and calci-
tonin, to 40 to 50% between CGRP and amylin. Encoded
by separate genes, amylin, like CGRP, is a 37-amino-
acid polypeptide, whereas adrenomedullin is made
of 52 amino acids. Although CGRP, amylin, and adreno-
medullin share some biological effects, there is now
good evidence that they act via different CGRP, amylin,
and adrenomedullin receptors (which, however, are
related to each other).

CGRP RECEPTORS

The biological effects of CGRP are brought about by
interaction with speci®c membrane receptors. Pharma-
cologically, two CGRP receptor subtypes, termed
CGRP1 and CGRP2 receptors, have been proposed to
exist because certain CGRP analogues differ in their
potencies in various bioassays. Characteristic of the
CGRP1 receptors is their sensitivity to the antagonistic
effect of the human CGRP8ÿ37 fragment. Although
known to be receptors that are coupled to G proteins
and linked to adenylate cyclase, functional CGRP recep-
tors have long resisted molecular identi®cation because
they are assembled from three different proteins (Fig. 2),
CRLR, RAMP-1, and RCP. Despite the fact that CRLR is
the CGRP-recognizing protein, the CGRP receptor be-
comes functional only if the seven-transmembrane do-
main-containing CRLR is associated with the single-
membrane-spanning RAMP-1. This chaperone protein
is important for the intracellular translocation of CRLR
and its insertion into the plasma membrane and is es-
sential for conferring a CGRP (CGRP1) receptor-like
binding pro®le on CRLR. In addition, RAMP-1 may
also play a role in receptor desensitization by modulat-
ing the activation of protein kinase A. The intracellular
RCP is required for ef®cient coupling of the receptor to
the Gs /adenylate cyclase signaling pathway (Fig. 2).
Following activation by an agonist, the CRLR/RAMP-
1 complex is phosphorylated and internalized in a
dynamin- and b-arrestin-dependent manner. The puta-
tive heterogeneity of CGRP receptors inferred from
pharmacological studies has not yet been disclosed at
the molecular level.

CRLR can associate not only with RAMP-1 and RCP
to produce a CGRP (CGRP1) receptor, but also with
RAMP-2 or RAMP-3, two other chaperone proteins
sharing an approximately 30% sequence homology
with RAMP-1. Interestingly enough, these RAMPs dic-
tate the pharmacological pro®le of CRLR because they

FIGURE 1 Comparison of the amino acid sequences of mouse, rat, and human CGRP-a and

CGRP-b, human amylin, and human adrenomedullin.
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transfer a unique agonist selectivity pro®le to the recep-
tor complex. Thus, CRLR associated with RAMP-2
behaves as an adrenomedullin receptor at which
adrenomedullin-like peptides have a much greater af-
®nity than do CGRP-like peptides. If the human calci-
tonin receptor isotype 2 (hCTR2) is assembled with
RAMP-1 or RAMP-3, hCTR2 loses its af®nity for
human calcitonin but acquires high af®nity for amylin,
thus behaving like an amylin receptor.

Owing to the dif®culties in the molecular receptor
characterization, the pharmacology of CGRP receptors
is still poorly understood. For a long time, CGRP8ÿ37

was the sole CGRP receptor antagonist available, and
only recently has the ®rst nonpeptide antagonist of
CGRP receptors, BIBN4096BS, been published. This
compound exhibits extremely high af®nity for the
human CGRP (CGRP1) receptor, its Ki in the picomolar
range being more than 1000-fold lower than that of
human CGRP8ÿ37. As seen with nonpeptide antagonists
for other neuropeptide receptors, the activity of
BIBN4096BS is species speci®c, given that its potency
at the rat CGRP (CGRP1) receptor is 100-fold less than
at the human counterpart. This variation in potency
appears to be determined by species differences in the
amino acid sequence of RAMP-1, notably at position 74.

EXPRESSION AND RELEASE OF
CGRP IN THE GI TRACT

The principal sources of CGRP in the digestive system
are extrinsic primary afferent nerve ®bers and intrinsic
enteric neurons (Fig. 3). These two neuronal systems
contain different molecular forms of the peptide, be-
cause most of the CGRP expressed in extrinsic

afferents of the rat is CGRP-a, whereas the only form
of CGRP in enteric neurons is CGRP-b. The density of
the GI innervation by CGRP-immunoreactive neurons
varies greatly among different regions of the gut and
different mammalian species, as does the relative con-
tribution of extrinsic afferent and intrinsic enteric neu-
rons to the overall CGRP content of the gut. Most of the
CGRP found in the esophagus and stomach of small
rodents is derived from extrinsic afferent neurons
whereas the small and large intestine contains a sizable
number of intrinsic enteric neurons expressing CGRP.
The CGRP-immunoreactive neurons of the myenteric
and submucosal plexus in the guinea pig intestine proj-
ect primarily into the mucosa whereas those in the rat
intestine issue oral and caudal projections within the
plexuses as well as to the muscle layers and the mucosa.

Most of the CGRP-expressing extrinsic afferent neu-
rons in the rodent gut originate from cell bodies in the
dorsal root ganglia and reach the gut via sympathetic
(splanchnic, colonic, and hypogastric) and sacral para-
sympathetic (pelvic) nerves while passing through pre-
vertebral ganglia and forming collateral synapses with
sympathetic ganglion cells. Within the wall of the GI
tract, they supply primarily arteries and arterioles but
also project to the lamina propria of the mucosa, to the
submucosal and myenteric nerve plexuses, and to the
circular and longitudinal muscle layers (Fig. 3). It is a
characteristic of many spinal afferents in the rat, guinea
pig, and canine gut that CGRP is coexpressed with the
tachykinin substance P, whereas CGRP and tachykinins
do not coexist in enteric neurons of these species.
CGRP-positive vagal afferents originating from the no-
dose ganglion supply the esophagus and proximal part

FIGURE 3 Diagram showing rat intestine extrinsic afferent

and intrinsic enteric neurons that express calcitonin gene-related

peptide (CGRP). DRG, dorsal root ganglion; LM, longitudinal

muscle; MP, myenteric plexus; CM, circular muscle; SMP, sub-

mucosal plexus; MM, muscularis mucosae; MU, mucosa; ART,

arteriole.

FIGURE 2 Diagram of the calcitonin gene-related peptide

(CGRP) receptor complex consisting of the calcitonin receptor-

like receptor (CRLR), the receptor activity-modifying protein-1

(RAMP-1), and the receptor component protein (RCP). Associa-

tion of CRLR with RAMP-1 forms a high-af®nity CGRP receptor

that, through RCP, is effectively coupled to the G protein Gs /

adenylate cyclase (AC)/cyclic adenosine monophosphate (cAMP)

signaling pathway.

CALCITONIN GENE-RELATED PEPTIDE (CGRP) 243



of the stomach but make a relatively small contribution
to the content of CGRP in the gastric corpus, antrum,
and intestine, given that a vast majority (80ÿ90%) of the
CGRP-containing nerve ®bers in the rat stomach are
derived from dorsal root ganglia.

As is expected for substances with a vesicular local-
ization, CGRP is released from extrinsic afferent or
intrinsic enteric neurons of the GI tract in a calcium-
dependent manner if these cells are depolarized.
CGRP release from extrinsic spinal afferents within
the gut can be elicited by the vanilloid capsaicin because
these nerve cells express functional vanilloid receptors
of type 1. With the use of capsaicin, it has also been
found that CGRP in the general circulation represents
primarily an overspill of CGRP released from peri- and
paravascular afferent nerve ®bers. It is particularly
worth noting that acidi®cation of the mucosal tissue
releases CGRP from extrinsic afferents in the stomach
and duodenum.

Apart from neurons, CGRP is also found in endo-
crine cells of the human GI mucosa and rat pancreas and
in blood-derived or resident immune cells within the
lamina propria of the rat gastric mucosa. However, the
quantitative and functional signi®cance of these sources
is still little known.

EFFECTS, PHYSIOLOGICAL ROLES,
AND PATHOLOGICAL IMPLICATIONS
OF CGRP IN THE GI TRACT

Motor Activity

The most prominent motor action of CGRP in the
active gut is muscle relaxation via CGRP8ÿ37-sensitive
CGRP receptors. This effect arises in most instances
from a direct action on the muscle and leads to retar-
dation of gastric emptying and to attenuation of motility
throughout the digestive tract. However, CGRP is also
able to excite enteric cholinergic motor pathways,
which is in keeping with the peptide's ability to depo-
larize intrinsic primary afferent neurons of the
myenteric plexus, to enhance the release of acetylcho-
line from enteric neurons, and, via CGRP8ÿ37-insensi-
tive CGRP receptors on enteric neurons, to cause
contraction of the resting muscle.

There is still scarce information as to whether CGRP
released from intrinsic or extrinsic neurons of the gut
plays a physiological role in the neural control of GI
motility. The claim that CGRP released from sensory
neurons contributes to distension-induced peristalsis is
not universally accepted. There is, however, increasing
evidence to infer that CGRP released from extrinsic
afferent nerve ®bers contributes to pathological

disturbances of GI motility. Thus, experimental data
attribute to CGRP a role in the pathological shutdown
of GI motility that is associated with postoperative or
peritonitis-induced ileus. This is consistent with the
observation that CGRP acting via CGRP8ÿ37-sensitive
CGRP receptors contributes to the inhibition of intes-
tinal peristalsis that ensues after sensory neuron
stimulation.

Secretory Processes

The actions of CGRP on GI ion, enzyme, mucus, and
¯uid secretion vary with the region and species under
study and in some instances appear to depend on the
experimental conditions. For instance, CGRP is able to
inhibit secretagogue-evoked secretion of enzyme, bicar-
bonate, and ¯uid from the pancreas of the dog and rat
in vivo, an effect that to a large extent is mediated by
CGRP-induced release of somatostatin. In contrast,
amylase secretion from isolated acini of the rat and
guinea pig pancreas is enhanced by the peptide.

Electrolyte and ¯uid secretion in the small intestine
of the dog and in the colon of the guinea pig and rat is
stimulated by CGRP. Although the secretory effect of
CGRP in the rat colon arises from a direct action on
enterocytes, as is the case with human epithelial cell
lines, the secretory action of CGRP in the guinea pig
colon is mediated by enteric neurons. It remains to be
shown whether CGRP plays a physiological role in the
control of intestinal ion and ¯uid secretion. Patholog-
ically, it appears as if the peptide contributes to the ¯uid
secretion in the rat ileum that is evoked by Clostridium
dif®cile toxin A.

There is good evidence to implicate CGRP as a trans-
mitter by which extrinsic afferent nerve ®bers contrib-
ute to the homeostatic regulation of endocrine and
exocrine secretory processes in the gastroduodenal re-
gion. CGRP is highly potent in depressing basal and
secretagogue-evoked output of acid and pepsin in the
stomach of humans, dogs, rabbits, and rats, an action
that is brought about by CGRP8ÿ37-sensitive CGRP re-
ceptors, that depends on somatostatin as an essential
mediator, and that goes along with a depression of the
release of acetylcholine, gastrin, and histamine (Fig. 4).
It is of note in this context that CGRP regulates not
only the release of somatostatin and gastrin but
also the transcription of their genes. The physiological
relevance of these effects is highlighted by the ability of
the CGRP receptor antagonist CGRP8ÿ37 to augment
basal and stimulated acid output and by the ability of
acid accumulation in the gastric lumen to release
CGRP from extrinsic afferent nerve ®bers. By way of
its effects on the release of somatostatin, gastrin,
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histamine, and acetylcholine, CGRP halts further secre-
tion of acid and thus represents an essential transmitter
in the feedback inhibition of gastric acid output (Fig. 4).
The protection of the gastroduodenal mucosa from
any deleterious in¯uence of acid is supported by the
peptide's ability to stimulate bicarbonate and mucus
secretion.

Vascular Functions

The arteries and submucosal arterioles of the GI
tract receive the densest innervation by extrinsic affer-
ents containing CGRP. This localization of CGRP, the
expression of CGRP receptors on the endothelium and
smooth muscle of arteries and arterioles, and the pepti-
de's high potency in causing vasodilatation point to a
vasoregulatory function of CGRP. There is ample evi-
dence to conclude that nonadrenergic noncholinergic
dilation of the rat superior mesenteric artery is mediated
by capsaicin-sensitive afferent nerve ®bers releasing
CGRP. In contrast, the physiological signi®cance of
CGRP in the microcirculation of the small and large
intestine is little known. CGRP is able to dilate submu-
cosal arterioles in the guinea-pig ileum, in which this
neuropeptide mediates the vasodilator reaction to
afferent neuron stimulation with capsaicin, whereas
mucosal blood ¯ow in the rat small and large intestine
is not altered by CGRP.

The situation is different in the rat stomach, where
CGRPpotentlyenhancesblood¯owthroughthemucosa,
an action that is brought about by CGRP8ÿ37-sensitive
CGRP receptors. This CGRP-induced hyperemia arises
from dilation of submucosal arterioles, but the diameter
of venules remains unchanged. The dilator action of low
doses of CGRP is mediated by a mechanism that involves
nitric oxide; high doses of the peptide increase blood
¯ow independently of nitric oxide. Although CGRP me-
diates the nitric oxide-dependent vasodilatation that
afferent neuron stimulation by intragastric capsaicin
elicits in the rat stomach, there is little evidence that
this neuropeptide participates directly in the physiolog-
ical regulation of gastric blood ¯ow. However, pharma-
cological and CGRP-a gene knockout studies suggest
that endogenous CGRP in¯uences vascular function in-
directly through inhibitory modulation of sympathetic
nerve activity.

CGRP comes prominently into play under patholog-
ical conditions, a role that is best exempli®ed by the
hyperemic response that ensues when the gastric mu-
cosal barrier is disrupted by ethanol or bile salts, allow-
ing acid to enter the tissue and damage the gastric
mucosa. This acid-evoked rise of gastric mucosal
blood ¯ow involves CGRP released from extrinsic affer-
ent nerve ®bers and nitric oxide as the major vasodilator
messengers (Fig. 5). The rise of gastric mucosal blood
¯ow in response to acid in¯ux serves a homeostatic and
protective role in the gastric mucosa because it helps to
neutralize and wash away intruding acid and delivers
bicarbonate and other factors to defend and repair the
mucosa (Fig. 5). Another example relates to the C. dif-
®cile toxin A-evoked in¯ammation in the rat ileum,
which involves CGRP as a proin¯ammatory mediator.

Mucosal Homeostasis

There are several lines of evidence to indicate that GI
mucosal integrity and repair are under the control of
extrinsic afferent neurons releasing CGRP. The ®rst hint
at such a role came from the ability of CGRP to protect
the mucosa in a number of experimental models of
gastric injury and colonic in¯ammation. The action
of CGRP to reduce ethanol-induced damage in the gas-
tric mucosa is mediated by CGRP8ÿ37-sensitive CGRP
receptors and involves both nitric oxide and KATP chan-
nels, whereas prostaglandins do not participate.

The activity of CGRP to strengthen mucosal defense
appears to be of pathophysiological signi®cance, given
that the peptide mediates the gastroprotective effect of
primary afferent neuron excitation by capsaicin and
many other factors and drugs. Thus, blockade of
CGRP receptors with CGRP8ÿ37 prevents the ability

FIGURE 4 Diagram illustrating the role of calcitonin gene-

related peptide (CGRP)-releasing afferent nerve ®bers in the feed-

back control of gastric acid secretion in the rat stomach. When the

acidity in the lumen rises, afferent nerve ®bers release CGRP,

which, via activation of CGRP8ÿ37-sensitive CGRP (CGRP1) re-

ceptors, stimulates the release of somatostatin and inhibits the

release of gastrin, histamine, and acetylcholine. D, endocrine D

cells releasing somatostatin; G, endocrine G cells releasing gastrin;

ECL, enterochromaf®n-like cells releasing histamine; ACh, neu-

rons releasing acetylcholine.
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of intragastric capsaicin to attenuate experimentally im-
posed injury, as does immunoneutralization of CGRP
with polyclonal and monoclonal antibodies to the pep-
tide. This implication of CGRP in gastric mucosal ho-
meostasis is corroborated by the observations
that CGRP8ÿ37 as well as active immunization of rats
against CGRP exacerbates experimental injury in the
stomach.

As has been pointed out by P. Holzer, CGRP released
from sensory nerve ®bers strengthens gastric mucosal
defense by mechanisms that involve vasodilatation
and hyperemia-dependent and hyperemia-independent
processes. Hyperemia supports a number of gastropro-
tective mechanisms, including appropriate delivery of
bicarbonate to the surface mucus layer, and facilitates
the rapid restitution and repair of the wounded mucosa.
In addition, CGRP is per se able to enhance the secretion
of bicarbonate and mucus in the rat stomach and duo-
denum. Because CGRP-releasing afferent nerve ®bers
are not tonically active, it seems that they operate as
a neural alarm system that, when stimulated by mucosal
insults, activates mechanisms of acute defense and
supports processes that aid the repair of the injured
mucosa (Fig. 5). Complementary evidence for such a
homeostatic role of CGRP-releasing afferent nerve ®bers
in the GI mucosa comes from the observation that sen-
sory neuropathies weaken the resistance of the tissue to

injury. This applies not only to the stomach, but also to
the esophagus, small intestine, and colon, in which
experimentally induced in¯ammation and damage are
aggravated.

GI Sensitivity and Nociception

CGRP is a transmitter of spinal afferent neurons
innervating the gut, and there is experimental evidence
that CGRP can mediate GI pain and in¯ammatory
hyperalgesia. Intraperitoneal administration of exoge-
nous CGRP or acetic acid-induced release of endoge-
nous CGRP triggers abdominal muscle contractions, a
reaction that is indicative of pain. Of particular impor-
tance is the ®nding that CGRP8ÿ37 is able to prevent
in¯ammation-induced hypersensitivity to colonic dis-
tension. In this respect, intrathecal CGRP8ÿ37 is more
potent than intravenous CGRP8ÿ37, thus J. M.
Gschossmann, E. A. Mayer, and co-workers have con-
cluded that the site of CGRP-mediated hyperalgesia is
primarily in the spinal cord.

SUMMARY

Experimental evidence indicates that, in the GI tract,
CGRP is a transmitter candidate of intrinsic enteric neu-
rons and extrinsic afferent nerve ®bers. As such, this
neuropeptide seems to be involved in the neural regu-
lation of various digestive functions as deduced from the
distribution of CGRP-releasing nerve ®bers and CGRP
receptors in the gut and the pharmacological effects of
exogenous CGRP on GI motility, exocrine and endo-
crine secretory activity, blood ¯ow, mucosal homeosta-
sis, and abdominal pain. However, the physiological and
pathophysiological implications of CGRP in gut func-
tion have not yet been fully characterized because po-
tent nonpeptide CGRP receptor antagonists have
not been available until recently. It would nevertheless
appear, if the situation encountered in small rodents can
be extrapolated to humans, that CGRP-immunoreactive
afferent nerve ®bers act to halt GI motility, increase
gastric blood ¯ow, inhibit gastric acid secretion, enforce
GI mucosal resistance to injury, and contribute to in-
¯ammation-induced GI hyperalgesia. If so, the CGRP
system in the digestive tract represents a regulatory
system with considerable potential for therapeutic in-
tervention.

Apart from acting within the gut and signaling nox-
ious information to the spinal cord, CGRP may also play
a role in the central regulation of digestive functions
along the brainÿgut axis. As ®rst discovered by
Y. TacheÂ, intracerebral administration of CGRP inhibits

FIGURE 5 Diagram illustrating the homeostatic role of calci-

tonin gene-related peptide (CGRP)-releasing afferent nerve ®bers

in the rat gastric mucosa. In¯ux of acid into the mucosa through a

disrupted mucosal barrier or challenge by other chemical insults

stimulates these nerve ®bers to release CGRP, which then activates

CGRP8ÿ37-sensitive CGRP (CGRP1) receptors to initiate local

mechanisms of defense and repair. NO, nitric oxide.
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gastric acid secretion, ulcer formation, and motility,
mostly by increasing the sympathoadrenal out¯ow.

See Also the Following Articles

Gastric Acid Secretion � Gastrin � Sensory Innervation �
Somatostatin
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osteomalacia Defective mineralization of the organic

matrix, resulting in excessive accumulation of osteoid

in the bone tissue and increased propensity of the

bones to bow or fracture under the weight of the body.

osteopenia Condition of decreased bone mass, de®ned

as a bone mineral density between ÿ1.0 and ÿ2.5

standard deviations relative to the ideal peak bone mass

(World Health Organization de®nition).

osteoporosis A skeletal disorder characterized by compro-

mised bone strength predisposing to an increased risk of

fractures. According to the World Health Organization,

it is de®ned as a bone mineral level lower than ÿ2.5

standard deviations from the ideal peak bone mass.

rickets A disease caused by vitamin D or phosphate

de®ciency during childhood; it is characterized by lack

of growth plate fusion and bowing of the long bones,

with defective bone matrix mineralization.

vitamin D metabolites Cholecalciferol (vitamin D3) and

ergocalciferol (vitamin D2) are ingested with food,

although ergocalciferol can also be synthesized in the

skin. They both undergo two subsequent hydroxylation

steps to 25-hydroxyvitamin D in the liver, and 1a,25-

dihydroxyvitamin D the kidney. The former metabolite

represents the storage form of the vitamin, which

decreases under de®ciency conditions; the latter is the

hormonal form, is under the control of parathyroid

hormone, and regulates intestinal calcium absorption.

In terrestrial vertebrates, mineral homeostasis involves

intestine, kidney, and bone and is regulated primarily

by parathyroid hormone (PTH) and 1a,25(OH)2D, the

biologically active, hormonal form of vitamin D. The con-

centration of calcium ions in the circulation is maintained

within a narrow range; increased absorption of Ca2�

in the intestine and decreased excretion of Ca2� by the

kidney are usually suf®cient to maintain calcium balance;

however, under conditions of severe calcium de®ciency,

Ca2� is mobilized from bone. The concentration of serum

magnesium is regulated primarily by the kidney and mag-

nesium is involved in the synthesis of PTH.

INTRODUCTION

The evolution from marine to terrestrial life required
a major change in the way live organisms utilized

minerals from the environment. Such a shift led to the
evolution of a most exquisite biological homeostatic
system that allowed organisms to absorb minerals (pri-
marily calcium) and maintain their content in the body
¯uids within a narrow range. This homeostatic system,
which involves intestine, kidney, and bone, is main-
tained primarily by two key hormones, parathyroid hor-
mone (PTH) and 1a,25(OH)2D, the hormonal form of
vitamin D. Vitamin D dates back at least half a billion
years. It was originally produced in ocean-dwelling phy-
toplankton by exposure to sunlight, probably acting as a
sunscreen. With the evolution of terrestrial vertebrates,
this `̀ vitamin,'' which can be produced by ultraviolet
(UV) irradiation of precursors in most organisms, grad-
ually assumed its current role in the development and
maintenance of the ossi®ed skeleton.

The ®rst priority of the integrated system that reg-
ulates mineral homeostasis is to maintain the concen-
tration of circulating ionized calcium (Ca2�) within a
narrow range. Even modest deviations from the normal
range must be controlled. In most cases, increased in-
testinal absorption and decreased renal excretion are
adaptive mechanisms that are suf®cient to maintain ex-
tracellular Ca2� concentration within the normal range
without the need to mobilize calcium from bone. How-
ever, under conditions of severe calcium de®ciency and
hypocalcemia, skeletal Ca2� stores must be accessed to
maintain circulating Ca2�. This homeostatic response
occurs even to the point of potentially compromising
the structural integrity of the skeleton. Parathyroid hor-
mone directs fast responses to changes in circulating
calcium, whereas the vitamin D system represents a
slower adaptive mechanism that maintains calcium bal-
ance, regulating primarily its input through intestinal
absorption. The actions of PTH and 1a,25(OH)2D are
coordinated and each hormone in¯uences the produc-
tion of the other.

Magnesium, the fourth most abundant cation in the
body and the major intracellular divalent cation, is not
as tightly regulated as calcium, but it is directly involved
in the synthesis of PTH.
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CALCIUM

Calcium Balance

Calcium is an essential element for survival. It
provides the structural integrity of the skeleton and
controls vital physiologic processes, i.e., nerve excit-
ability, muscle contraction, and blood coagulation. An
adult human body contains approximately 1000 g of
calcium, 99% of which is in the skeleton in the form of
hydroxyapatite [Ca10(PO4)(OH)2] and 1% in the ex-
tracellular ¯uids and soft tissues.

There are three fractions of calcium in serum: ion-
ized (or free) calcium (�47%), protein-bound calcium
(�46%), and calcium complexed to small ions, such as
bicarbonate, citrate, and phosphate (�5ÿ10%). Ionized
and complexed calcium constitute the ®lterable
calcium, but only the former is metabolically active.
Albumin binds almost 90% of the protein-bound cal-
cium, with the remainder bound to various globulins.
Alterations of serum albumin concentration result in
changes of total serum calcium with only minor or no
changes in ionized calcium. Binding of calcium to serum
proteins is pH dependent; acidosis decreases binding
and increases ionized calcium, whereas alkalosis
increases binding with a consequent decrease in ionized
calcium. Reduced ionized calcium increases sodium
permeability and enhances tissue excitability, whereas
an increase in ionized calcium has the opposite effect.
An example of this mechanism is the respiratory
alkalosis produced in states of hyperventilation.
Increased calcium binding to serum proteins causes a
relative decrease of ionized calcium with consequent
neuromuscular symptoms.

It is the extracellular ionized fraction of calcium
that is physiologically important and it is rigidly
maintained by the combined effects of PTH and
1a,25(OH)2D. The parathyroid cells are able to sense
extracellular calcium concentration via a calcium-
sensing receptor and can thus respond to hypocalcemia
with increased PTH secretion. As noted above, the
integrated actions of PTH on distal tubular calcium
reabsorption, osteoclastic bone resorption, and
1a,25(OH)2D-mediated intestinal calcium absorption
are responsible for the ®ne regulation of the serum
calcium concentration. The sensitivity and accuracy
of this integrated control allows ¯uctuation of ionized
calcium to stay within 0.1 mg /dl in either direction from
its normal setpoint. Slight decrements in the ionized
calcium level elicit a prompt (within seconds) increase
in the rate of PTH secretion. The increased circulating
levels of PTH stimulate reabsorption of calcium from
the distal kidney tubules, thus raising serum calcium.
In parallel, phosphaturia is stimulated along with

conversion of 25(OH)D to 1a,25(OH)2D. The latter is
responsible for a slower adaptive response that aug-
ments intestinal absorption of calcium and phosphate.
If necessary, PTH and 1a,25(OH)2D also promote the
net release of calcium and phosphate from bone. The
combined calcium ef¯ux into the extracellular ¯uid
from the intestine and bone and the increased calcium
reclamation in the distal tubules restore ionized calcium
to normal, thereby inhibiting PTH secretion and closing
the negative feedback loop. The most rapid changes
in calcium handling in response to PTH come from
the kidneys and the skeleton. Changes in renal tubular
reabsorption are observed within minutes, whereas
release of calcium from the skeleton occurs within
1ÿ3 h. On the other hand, adjustments to the rate
of calcium absorption in the intestine via the
PTHÿ1a,25(OH)2D axis require 24ÿ48 h to become
fully operative, so that this system does not contribute
to rapid adaptive responses. Thus, only minor increases
in 1a,25(OH)2D occur within the ®rst few hours of a low
calcium challenge, whereas prolonged hypocalcemia
results in higher levels of 1a,25(OH)2D in the circula-
tion. With time, an increased number of new osteoclasts
appear in bone.

Calcium De®ciency

Although calcium de®ciency is highly prevalent in
Western societies and in many other ethnic groups, it
seldom leads to clinically evident hypocalcemia. The
homeostatic mechanisms described above effectively
compensate for shortages of calcium intakes in mild
or transitory de®ciency conditions. Overt hypocalcemia
develops with prolonged and severe calcium de®ciency
or when additional causative factors intervene to either
prevent absorption or increase excretion. Therefore,
hypocalcemia presents in most circumstances as an
asymptomatic condition detected on routine screening
and only rarely as a life-threatening medical emergency.
Ionized calcium rather than total serum calcium is
the primary determinant of symptoms in patients
with hypocalcemia.

Perhaps the most relevant example or the metabolic
consequences of subtle, but chronic calcium de®ciency
is represented by age-dependent (type II) osteoporosis.
Aging is associated with decreased intestinal calcium
absorption, decreased skin production of vitamin D,
and de®cient dietary intake of calcium and vitamin D.
As a compensatory mechanism, PTH secretion in-
creases, leading to increased urinary calcium reclama-
tion and stimulation of 1a,25(OH)2D synthesis, but also
to increased bone resorption to enhance calcium ef¯ux
from bone to the circulation. The defective calcium
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intake occurs in the backdrop of an age-dependent de-
cline in intestinal ability to adapt to a low-calcium diet.
It is estimated that after the age of 40, calcium absorp-
tion decreases at a rate of 0.21% per year, and in women,
an additional �2% decline occurs after menopause.
Thus, the combined effects of menopause and age
lead to a 20ÿ25% decrease in absorption ef®ciency in
women between the ages of 40 and 60. If calcium de®-
ciency continues for a substantial period of time, the
mild secondary hyperparathyroidism developing with
age may cause continued bone loss, thus effecting one
of the pathophysiologic mechanisms of age-dependent
osteoporosis.

The causes of calcium de®ciency can be classi®ed
into three major categories, i.e., dietary de®ciency, cal-
cium malabsorption, and vitamin D-dependent de®-
ciency (reviewed in Section IV). Although milk and
other dairy products are the best source of calcium,
calcium-containing supplements currently represent
the preferred method of calcium intake in Western
countries, especially in elderly individuals. Despite
the growing evidence that an adequate calcium intake
is critical not only to achieve an optimal peak bone mass
but also to minimize age-dependent bone loss, a large
number of Americans still fail to meet the currently
recommended dietary calcium intake. The inadequacy
of standard diets to provide suf®cient calcium remains
a problem of national relevance in most Western coun-
tries, despite food forti®cation. Clearly, this measure is
insuf®cient to effectively correct the de®ciency, and cal-
cium supplementation is commonly required, espe-
cially for subjects at risk for bone loss and for elderly
individuals. According to a consensus panel convened
by the National Institutes of Health in 1994, the optimal
daily calcium intake is 800 mg until age 10, between
1200 and 1500 mg/day for young adults, and 1000 mg
for individuals in the fertile period. After menopause or
in individuals older than 65, a daily intake of at least
1500 mg is required, unless estrogen replacement
therapy is instituted.

As noted, most dietary calcium comes from dairy
products, grains, and bony ®sh. Other common food
constituents, such as pasta, bread, fruits, vegetables,
and juices, contain much smaller amounts of calcium.
They also contain large amounts of ®bers, the consump-
tion of which has increased because of their putative
therapeutic role in the control of serum lipids and bowel
motility, particularly in elderly people. Unfortunately,
the very mechanism by which indigestible ®bers facil-
itate intestinal transit also reduces the time for calcium
absorption in the duodenum. Other mechanisms con-
tribute to the low bioavailability of calcium in leafy
green vegetables, including the relatively high content

of oxalic acid in spinach and phytate in whole wheat
products and other cereals, leading to the formation of
insoluble and unabsorbable oxalate or phytate calcium
complexes. On the other hand, the most common
calcium supplement currently used is calcium carbon-
ate, the salt with the highest concentration of calcium by
weight (40%). Preparations containing calcium citrate
are also very popular, as they may cause less constipa-
tion than calcium carbonate although they tend to be
more dif®cult to ingest.

Aside from ®bers, a number of food products or
additives may alter calcium absorption from food.
Certain dietary sugars, such as lactose, xylitol, and
sorbitol, enhance intestinal calcium absorption through
various mechanisms, but the potential bene®ts of lactose
are often offset by lactose intolerance in older patients.
Ethanol has negative effects on calcium balance. It de-
creases calcium transport and absorption in the intes-
tinal epithelium and it can indirectly affect calcium
transport through its negative effects on other organs,
such as the pancreas and the liver. Likewise, there is an
inverse correlation between caffeine intake and calcium
balance. Caffeine, acting as mild diuretic, transiently
increases the urine output of sodium that in turn drives
the calcium loss. However, these changes are in most
part compensated for by homeostatic responses, and an
adequate calcium intake (41200 mg) protects against
any harmful effects that caffeine may have on calcium
metabolism and bone mass.

Reduction of the absorptive surface area is respon-
sible for calcium malabsorption in gastrointestinal
conditions, such as Crohn's disease and celiac disease,
as well as in subjects with short bowel syndrome. Mal-
absorption of vitamin D and loss of bile salts add to the
inadequate calcium input. At the skeletal level, this
results in osteopenia sometimes associated with osteo-
malacia, depending on whether the vitamin D or the
calcium de®cit prevails. Celiac disease represents a
good paradigm for the combined calcium and vitamin
D malabsorption in certain intestinal disorders. In celiac
disease, serum levels of 25(OH)D are lower than
normal, whereas 1a,25(OH)2D is either normal or
even increased. Thus, the increase of 1a,25(OH)2D,
driven by a secondary rise of PTH, is not able to com-
pensate for the absorption inef®ciency. Correction of
the malabsorption with a gluten-free diet corrects the
vitamin D de®ciency and prevents osteopenia or osteo-
porosis characteristic of untreated celiac disease.

Long-term use of anticonvulsant medications,
especially phenobarbital and phenytoin, can lead to
chronic, subclinical calcium de®ciency with biochem-
ical evidence of secondary hyperparathyroidism, more
severe in nonambulatory or institutionalized subjects.
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The most consistent abnormality is a decreased serum
25(OH)D, reduced calcium absorption, increased
fecal calcium excretion with normal or even elevated
concentration of circulating 1a,25(OH)2D. Colchicine
produces a dose-dependent inhibition of calcium up-
take and accumulation by duodenal cells. Cytotoxic
chemotherapeutic agents can also induce profound mal-
absorption of calcium by damaging the intestinal epi-
thelium, which is extremely sensitive to these agents
owing to the rapid turnover of the intestinal mucosa
epithelium.

MAGNESIUM

Magnesium Balance

Although much less abundant than calcium, mag-
nesium is essential in many cellular functions, especially
for certain enzymatic activities. Approximately 30% of
the total magnesium is protein bound (mostly to albu-
min), whereas 55% is ionized and 15% is complexed in
salts. The kidney is primarily responsible for the regu-
lation of the serum magnesium concentration. Approx-
imately 5ÿ15% of ®ltered magnesium is reabsorbed in
the proximal convoluted tubule and at least 50% is re-
absorbed in the thick ascending limb of the loop of
Henle. Magnesium reabsorption follows that of sodium
and water via a passive paracellular process, including
solvent drag, and depends on lumenal magnesium con-
centration. Tubular reabsorption is normally close to
saturation and any increased distal delivery of magne-
sium results in increased urine magnesium.

Magnesium is rather ubiquitous in food products,
especially in vegetables, meats, and dairy products. As
for calcium, lactose in milk can substantially enhance
intestinal magnesium absorption. Since food of cellular
origin is a good source of magnesium, the average die-
tary magnesium intake in developed countries is higher
than the RDA, except in certain conditions, such as
during pregnancy and lactation, as well as during
chronic use of loop diuretics or after extensive burns,
when the magnesium requirement is far higher than the
RDA. Magnesium can be absorbed along the entire gas-
trointestinal tract, with the highest level of ef®ciency in
the jejunum and ileum. Unlike calcium, net intestinal
magnesium absorption is directly proportional to
dietary magnesium intake, with a fractional absorption
of approximately 30ÿ40%. Although magnesium ab-
sorption is primarily passive, vitamin D may indirectly
affect intestinal magnesium absorption through changes
in phosphate and/or calcium absorption, as it occurs
when dietary calcium is very low (200 mg/day). In
such cases, the homeostatic increases in PTH and

1a,25(OH)2D drive active magnesium absorption,
adding to the passive transport mechanism.

Magnesium De®ciency

Because magnesium is found in virtually all foods,
dietary deprivation is an infrequent cause of hypomag-
nesemia in individuals with normal caloric intake.
Magnesium de®ciency is more commonly caused by
excessive losses from either the gastrointestinal tract
or the kidney. However, since magnesium absorption
is strictly dependent on the lumenal concentration of
the element, any chronic dietary restriction or de®ci-
ency results in reduced absorption. Hypomagnesemia is
not uncommon in hospitalized patients in whom many
factors may contribute to magnesium loss, including
acidosis, continuous use of diuretics, intravenous ad-
ministration of sodium-containing ¯uids, and drugs that
increase urinary excretion of magnesium. It is estimated
that up to 10% of hospitalized patients have low serum
magnesium and the prevalence can be even higher in
intensive care patients.

A number of dietary constituents may interfere with
magnesium and decrease its bioavailability at sites of
absorption. Zinc interferes with magnesium absorption
probably by competing for the same absorptive sites
along the intestine. Diets with high zinc content can
decrease magnesium absorption as much as 10%, result-
ing in negative magnesium balance if dietary magne-
sium is low. Although the evidence that dietary
calcium can interfere with magnesium absorption is
tenuous at best, of more concern for the possible devel-
opment of magnesium de®ciency is the interference of
magnesium with anions and in particular phosphate and
oxalate. As occurs for calcium, insoluble magnesium
phosphate or oxalate salts can form in the intestinal
lumen, thus preventing the absorption of either ion.
The high level of phosphate in milk formulas used to
feed very-low-birth-weight babies, under the assump-
tion that the high level of phosphate may facilitate
their skeletal development, exempli®es this pre-
mise. Unfortunately, when phosphate is increased to
a calcium : phosphate ratio lower than 2 : 1, fractional
intestinal magnesium absorption decreases and hypo-
magnesemia may occur in these small babies. Leafy
green vegetables are an important source of magnesium,
but calcium absorbability is reduced by the presence of
oxalic acid. Food processing can also modify the bio-
availability of magnesium. For example, raw spinach
has a poorer magnesium bioavailability than boiled
or fried spinach, whereas boiling or frying does not
improve spinach calcium bioavailability. Phytate,
contained in many vegetables, negatively affects
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magnesium absorption, as it does with calcium. A
case in point is soybean, which contains large amounts
of phytate, thus making diets based exclusively on
soybean inadequate to provide the daily requirements
of minerals.

Primary intestinal diseases associated with
decreased transit time (resection or bypass of the
ileum for obesity, stomach resection, chronic diar-
rhea/steatorrhea such as regional enteritis, or ulcerative
colitis), loss of absorptive surface from intestinal
mucosal damage (short bowel syndrome, nontropical
sprue, radiation injury, or intestinal lymphectasia),
or insuf®cient bile secretion (biliary ®stula or atresia)
can cause a magnesium de®cit. It is questionable
whether the vitamin D de®ciency that develops in he-
patobiliary disorders as a consequence of fat malabsorp-
tion has any contribution to the decreased magnesium
absorption, which is largely a vitamin D-independent
process. Massive large bowel resection affects magne-
sium kinetics more than calcium, leading to decreased
magnesium absorption. Abuse of laxatives may also
cause hypomagnesemia secondary to decreased transit
time, whereas vomiting or nasogastric suction may
contribute to magnesium depletion because of loss
of the upper intestinal tract ¯uid, which is rich in
magnesium.

Renal magnesium transport is in¯uenced by the ®l-
tered sodium and calcium load, and administration of
excessive sodium in parenteral ¯uids is a common factor
for hypomagnesemia in hospitalized patients. Excessive
urinary magnesium loss is the cause of hypomagnesemia
that may occur after treatment with a wide spectrum of
medications, including loop diuretics, aminoglycosides,
cisplatin, cyclosporine A, amphotericin B, and pentam-
idine, as well as in alcoholism. Likewise, the mechanism
for hypomagnesemia in poorly controlled diabetes
mellitus is probably related to both increased urinary
magnesium loss and dietary restrictions of grains
and nuts. Intestinal magnesium absorption is
also reduced in patients with hypoparathyroidism or
pseudo-hypoparathyroidism, likely as a consequence
of decreased serum 1a,25(OH)2D, since magnesium
de®ciency corrects after therapy with vitamin D
metabolites.

VITAMIN D

Vitamin D Balance

Vitamin D is a fat-soluble steroid and exists as two
forms, vitamin D2 (ergocalciferol), found in plants, and
vitamin D3 (cholecalciferol), found primarily in fatty
®sh. Only the latter can be synthesized in the skin

from the precursor 7-dehydrocholesterol and this
endogenous production can account for up to 80% of
total body vitamin D. In fact, cutaneous production is
the main source of vitamin D in humans worldwide. In
the circulation, vitamin D is bound to vitamin D-binding
protein and is taken up by the liver, where a ®rst hy-
droxylation on C-25 takes place to produce 25(OH)D.
This form of vitamin D is bioactive only at high con-
centrations, as it occurs in vitamin D intoxication. The
physiologically active form is produced by further hy-
droxylation on C-1, which occurs in the kidney. Because
of its very tightly regulated circulating levels, the pres-
ence of speci®c receptors in target tissues, and speci®c
biologic actions, 1,25(OH)2D is a bone ®de hor-
mone. The most important regulator is PTH, which
stimulates the 1a-hydroxylase. The resulting increased
1,25(OH)2D concentration represents the slow-
response feedback loop that increases serum calcium
by stimulating its intestinal absorption, thus correcting
hypocalcemic conditions. Experimental data also sug-
gest that phosphorus may stimulate 1a-hydroxylase
activity independent of PTH, a mechanism operative
in renal failure. Both 25(OH)D and 1,25(OH)2D un-
dergo hydroxylation on C-24. Although some physio-
logic functions have been proposed for 24,25(OH)2D,
24-hydroxylation renders the molecule susceptible to
inactivation by side chain cleavage and oxidation.

Unlike calcium and magnesium, vitamin D is rare in
food. Natural sources of appreciable amounts of vitamin
D are fatty ®sh, such as salmon and mackerel, and in
particular their livers, which account for the ef®cacy of
cod liver oil as a cure for rickets. As for calcium, several
food products, in particular cereals, bread products, and
milk, are frequently forti®ed with vitamin D and ac-
count for a substantial share of vitamin D intake in
Western populations. In the United States, federal reg-
ulations stipulate that 10 mg (400 IU) of vitamin D be
added to every quart of milk. Multivitamin preparations
also typically contain 10 mg. Although these doses
would meet the recommended dietary allowance of vi-
tamin D, it has been estimated that the true vitamin D
requirement in the absence of sunlight exposure could
be as much as 600 IU per day.

Vitamin D De®ciency

Despite the widespread use of calcium supple-
ments containing vitamin D and food forti®cation,
the prevalence of relative vitamin D de®ciency in the
Western hemisphere remains surprisingly elevated.
Subclinical vitamin D de®ciency, de®ned biochemically
as low 25(OH)D with low-normal serum calcium
and phosphate, increased alkaline phosphates, and
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mildsecondary hyperparathyroidism, was found in ap-
proximately 10% of ambulatory women living in the
midwestern United States, referred for evaluation of
osteoporosis. Moreover, almost 50% of homebound,
community-dwelling, elderly persons may suffer from
vitamin D de®ciency. Thus, the possibility of subclinical
de®ciency of vitamin D and calcium malabsorption
should be considered in elderly subjects with poor
nutrition, who spend most of their time indoors.

A variety of factors can alter the cutaneous produc-
tion of vitamin D. The skin pigment melanin competes
with 7-dehydrocholesterol, the precursor of vitamin D3,
for absorption of UV light. Thus, people with darker
skin color require longer exposure to sunlight to pro-
duce the same amount of vitamin D3 as those with ligh-
ter skin color. Similarly, sunscreens with a sun
protection factor of 8 and above substantially reduce
endogenous vitamin D synthesis. Aging signi®cantly
decreases the production of vitamin D because of
lower abundance of 7-dehydrocholestrol in the aging
epidermis. A person older than 70 years produces
30ÿ35% less vitamin D2 than a young adult, under
the same sunlight exposure. Regional meteorological
conditions, latitude, and seasons affect dermal vitamin
D production because of the different degree of sunlight
irradiation, although an average outdoor exposure dur-
ing normal daily living is adequate to provide with vi-
tamin D requirements in most circumstances.

Once vitamin D is ingested, it is incorporated into
the chylomicron fraction and absorbed through the lym-
phatic system. Biliary cirrhosis and other chronic cho-
lestatic syndromes with impairment of bile salt secretion
result in marked reduction of serum 25(OH)D levels
and calcium absorption. Excess intralumenal unab-
sorbed fat not only binds calcium and limits its acces-
sibility to the transport site, it also impairs the
absorption of vitamin D. On the other hand, patients
with cirrhosis and marked hepatocyte loss have only
modestly reduced serum 25(OH)D levels, in the
absence of cholestasis, as the enzymatic reserve for
25-hydroxylation of vitamin D is adequately maintained
by a relatively small number of hepatocytes. Among the
many drugs that are known to interfere with the hepatic
P-450 enzyme system, barbiturates are very effective at
increasing catabolic hydroxylation of 1a,25(OH)2D and
25(OH)D to biologically inactive metabolites, leading to
vitamin D de®ciency and osteomalacia in the most se-
vere cases. Intestinal malabsorption syndromes, such as
Crohn's disease, cystic ®brosis, and Wipple's disease,
can lead to vitamin D malabsorption, whereas diseases
that affect the more distal small intestine and large in-
testine appear to have little effect on the intestinal ab-
sorption of fat-soluble vitamins.

In chronic renal failure, a defective production of
1a,25(OH)2D is the leading cause of calcium malab-
sorption. However, since passive calcium absorption
is essentially intact, uremic patients can absorb suf®-
cient calcium when their dietary intake is augmented to
4ÿ10 g/day, although such doses are usually not
well tolerated. Oral administration of 1a,25(OH)2D in-
creases fractional calcium absorption up to 45ÿ
50% and is the mainstay of therapy in chronic renal
failure. Similarly, vitamin D de®ciency, hypocalcemia,
and reduced intestinal calcium absorption occur in the
nephrotic syndrome. These changes are attributed to
hypoalbuminemia and the attendant urine loss of
25(OH)D and 1a,25(OH)2D bound to vitamin D-bind-
ing protein (DBP). Urinary excretion of DBP increases
proportionally to the degree of proteinuria in nephrotic
syndrome, whereas absorption of vitamin D is normal.
In more advanced stages, 1a-hydroxylase de®ciency
also ensues, thus contributing to vitamin D de®ciency,
calcium malabsorption, hypocalcemia, and secondary
hyperparathyroidism.
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Campylobacter
MANFRED KIST

University Hospital Freiburg, Germany

anthropozoonosis A transmissible infection that occurs in

animals and humans.

ataxia Coordination problems, such as clumsy or awkward

movements and unsteadiness, often beginning with

dif®culty in walking.

human leukocyte antigen B27 A genetically determined self-

antigen (protein) localized on tissue cell surfaces.

ophthalmoparesis A weakness of the eye muscles.

toxic megacolon An acute distension of the large bowel,

which may complicate severe colitis.

Spiral-shaped bacteria were ®rst seen by Theodor

Escherich in 1886 in the gut of children suffering

from `̀ cholera infantum'' but effective isolation

techniques were not developed until the later part of the

20th century by Butzler and Skirrow. The genus Campylo-
bacter, including 16 species, belongs to the family

Camplyobacteriaceae in the rRNA superfamily VI of the

epsilon subdivision of the alpha proteobacteria. The most

important species are C. jejuni, C. coli, and C. fetus ssp.
fetus. Campylobacter are microaerophilic, gram-negative,

spirally curved rods, which are rendered highly motile by

two polar ¯agella. The complete genome sequence of the

C. jejuni reference strain NCTC11168 consists of

1,641,481 bp and is predicted to encode 1654 proteins

and 54 RNA species.

EPIDEMIOLOGY

Campylobacter infection is a worldwide anthro-
pozoonosis, with C. jejuni probably the most important
bacterial causative agent of infectious diarrhea in hu-
mans. C. jejuni and C. coli live predominantly as com-
mensals in a wide range of wild and domestic birds and
mammals, including poultry, dairy cows, and domestic
pets. Sources of human Campylobacter infection there-
fore are animals and animal products, especially raw
milk and poultry meat, as well as untreated water,
which is frequently contaminated by birds or farm an-
imals. Water, milk, and poultry have also been involved
in community outbreaks. The infectious dose is 500
organisms in milk. C. jejuni is an important cause of
traveler's diarrhea.

CLINICAL FEATURES
AND COMPLICATIONS

Enteritis is the most common illness associated with
Campylobacter infection. A prodromal period with
malaise, headache, back pain, and myalgia is followed
by the acute phase, often starting with a short peak of
fever up to 40�C, severe abdominal cramps, and
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watery stools, sometimes with gross blood. Symptoms
usually resolve within a few days, but excretion of
bacteria may continue for several weeks. Fatal out-
come is rare; case fatality rates range between 0.05
and 0.3 per 1000 infections. Severe colitis is one of
the more frequent acute complications, whereas toxic
megacolon, appendicitis, pancreatitis, and cholecysti-
tis are rare. Bacteremia may occur in approximately
one case per 1000 infections. Septic abortion has
been reported occasionally. Neonatal meningitis can
be a life-threatening complication in such cases. Re-
active arthritis as a late complication can occur 1ÿ2
weeks after onset of bowel symptoms in approxi-
mately 1% of patients, especially in human leukocyte
antigen B27-positive individuals, and in up to 20% is
complicated by urethritis and uveitis (Reiter's
syndrome).

Postinfectious Guillain-BarreÂ syndrome (GBS) and
MillerÿFisher syndrome (MFS), although rare, are the
most important complications following Campylobacter
enteritis in approximately 1 to 3 per 1000 cases. GBS
as the predominant condition is characterized by a
bilateral ascending paralysis, which can involve cranial
nerves, resulting in respiratory insuf®ciency with a need
for ventilation; MFS occurs with ophthalmoparesis,
ataxia, and tendon are¯exia. A remarkably high propor-
tion of Campylobacter-related GBS patients develop
serum antibodies against gangliosides, sialic acid-con-
taining glycosphingolipids that are highly concentrated
in the nervous tissues, especially in the myelin sheaths of
the nerve axons.

C. fetus ssp. fetus in compromised patients is
involved in extraintestinal infections, such as septice-
mia, endocarditis, thrombophlebitis, meningoencepha-
litis, and osteomyelitis.

LABORATORY DIAGNOSIS

Primary plating of stool samples on selective medium
is the optimal method for recovering Campylobacter

during the acute stage of enteritis. Identi®cation of
Campylobacter at the species level can be accomplished
by using classical biochemical methods, species-speci®c
polymerase chain reaction, and whole-cell fatty acid gas
chromatography.

TREATMENT

Most Campylobacter enteritis patients do not require
speci®c treatment other than oral replacement of
¯uid and electrolytes. Antibiotics are indicated in
cases with protracted febrile illness, if infections relapse,
and in immunocompromised patients. The drug of
choice is erythromycin stearate 500 mg bid. Alternative
antibiotics are ¯uoroqinolones, such as cipro¯oxacin
250 mg bid, or amoxicillin 500ÿ1000 mg tid or tetra-
cycline 250 mg tid. All drugs are given for 5ÿ7 days.
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Cancer, Overview
WILLIAM M. GRADY

Vanderbilt University Medical Center

apoptosis Form of cell death that follows a characteristic

pattern of molecular and cellular events, resulting in

nuclear condensation and cell membrane disruption.

carcinogenesis Process in which normal tissue develops into

cancer.

DNA caretaker gene Sequence on a gene encoding a product

that normally maintains the ®delity of genomic DNA.

epigenetic Genomic code other than the base pair code of the

DNA sequence. The epigenetic code consists of DNA

methylation and histone modi®cations. e.g., CpG DNA

methylation.

genomic instability Loss of ®delity of DNA in cells, resulting

in changes to the genomic DNA code.

neoangiogenesis Growth of new blood vessels in tissues.

oncogene Genetic sequence encoding a product that

promotes cell transformation or cancer formation.

Oncogenes usually result from gain-of-function

mutations of normal genes, called proto-oncogenes.

tumor suppressor gene Genetic sequence encoding a

product that normally suppress tumor formation;

inactivation by mutation or transcriptional silencing

contributes to tumor formation.

Cancer is a pathologic condition that results from the

abnormal growth and death of cells. Cancer causes dis-

ease because of mass effects from the growth of

the primary tumor or from tumor invasion into adjacent

tissues and/or tumor metastases. At the biological level,

de®ning features of cancer include (1) unregulated (or

autonomous) cell growth, (2) unregulated programmed

cell death (apoptosis), (3) immortalization/loss of senes-

cence, (4) genomic instability, (5) neoangiogenesis, and

(6) invasive growth and metastatic behavior. All neo-

plasms, which include benign and malignant neoplasms,

display unregulated growth. However, only malignant

neoplasms invade tissues and spread to distant sites in

the body (metastasize). Malignant neoplasms that origi-

nate in epithelial cells are called carcinomas, and cancers

of mesenchymal cell origin are called sarcomas.

INTRODUCTION

The complex process of cancer formation is characterized
by alterations in the morphology and behavior of normal
cells; the alterations occur as a consequence of alterations

in the cells' genomic DNA. In light of the myriad abnor-
malities in cancers, it has taken decades to begin to arrive
at an understanding of the fundamental processes that
drive cancer formation. The initial aspect of cancer that
was understood and characterized was the histologic and
anatomic aberrations found in the affected tissues. This
original understanding of cancer as a histologic and bi-
ologic process has given way to an understanding that
cancer is fundamentally a molecular and a genetic dis-
ease. Indeed, it is now appreciated that the histologic
changes characteristic of cancer are the consequence of
fundamental alterations in the biology of cancer cells that
in turn result from the accumulation of mutations in
genomic DNA. The genetic and epigenetic alterations
of genomic DNA, which can broadly be considered mu-
tations, play a key role in cancer formation by altering the
behavior of proto-oncogenes or tumor suppressor genes.
For a cancer to form, however, mutations, usually of both
oncogenes and tumor suppressor genes, must ®rst occur
in a clonal cell population. These alterations allow the
cells to bypass a complex regulatory system that normally
precisely controls cell proliferation and behavior. It takes
a critical number of DNA alterations that, in aggregate,
supersede these regulatory mechanisms and lead once-
normal cells to behave as cancer cells. This process
has been termed multistage or multistep carcinogenesis
and is considered to be the most common way that
cancers form.

FUNDAMENTAL ASPECTS
OF CARCINOGENESIS

The adult human is composed of approximately 1015

cells, and many of them replicate on a daily basis. These
cells undergo regulated proliferation in order to main-
tain the homeostasis of the tissues in the various organs
in the body. Examples of organs in which cell prolifer-
ation is occurring at high rates include the intestines,
where the epithelium turns over approximately every 7
days, and the bone marrow, which has stem cells that
can divide as often as every 24 hours. Those cells that
have the capacity to proliferate and replenish the cellu-
lar mass in a tissue are called stem cells. It is estimated
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that there are 1012 stem cell divisions every day, which
normally maintains the integrity of the organ by replen-
ishing cells that either die or are shed from the organism.
In light of the constant proliferation of these cells, there
are multiple checks and balances on the system to pre-
vent inappropriate cell growth and also to regulate pro-
grammed cell death, which is also called apoptosis. Cell
proliferation and apoptosis are regulated by processes
such as cell : cell contact growth inhibition, which halts
cell division when epithelial cells come into contact
with one another; anchorage dependence, which pre-
vents epithelial cells from growing unless they are in
contact with extracellular matrix; and growth factor
dependence.

As a consequence of the multiple mechanisms that
control cell growth regulation, cancers do not arise as
the result of a single mutational event. Rather, cancer
cells arise from the accumulation of multiple mutations,
which in sum total allow a cell to circumvent the mul-
tiple regulatory mechanisms that maintain homeostasis
in the organ. These mutations occur through a variety of
different mechanisms, including (1) inheritance of mu-
tated alleles from parent to child [e.g., familial adeno-
matous polyposis (FAP) with germ-line mutations in
APC], (2) exposure to carcinogenic agents, such as ion-
izing radiation, ultraviolet radiation, or chemical car-
cinogens, and (3) endogenous processes such as errors
in DNA replication and the intrinsic chemical instability
of certain DNA bases. Normally, cells can repair these
mutations and, in fact, have evolved a variety of over-
lapping repair mechanisms to be able to do so. However,
on occasion, these repair processes do not function cor-
rectly and DNA base changes, or mutations, occur and
are retained in the genomic DNA of the cell. These
mutations can accumulate over time in clonal popula-
tions and result in these cells becoming independent of
the regulatory mechanisms that normally control their
behavior. In fact, in cultured cells, which are already
immortalized, it has been shown to take at least two
added genetic changes to transform the cells into
cells with tumorigenic competence.

MUTAGENESIS

Mutations can occur because DNA is a complex mole-
cule that is susceptible to chemical damage. The damage
to DNA can cause base pair changes in the DNA and alter
the genomic code of the cell. There are a variety of
different types of damage, or mutations, that can
occur and result in changes in the proteins that are
ultimately encoded for by the DNA. These alterations
to DNA include the following events: (1) point muta-
tions, which cause amino acid substitutions (missense

mutations), frameshift mutations, or mutations that
convert amino acid codons to stop codons and lead
to protein truncation (nonsense mutations), (2) chro-
mosomal imbalance or instability, resulting in gene am-
pli®cation or overexpression of a gene, (3) gene
deletions secondary to chromosomal loss or chromo-
somal breakage and fusion, and (4) epigenetic alter-
ations, such as methylation of cytosines in CpG
islands, leading to transcriptional silencing.

The most common proximal causes of these DNA
alterations are believed to be exposure to environmental
mutagens, such as benzopyrene in tobacco smoke, and
spontaneous damage to DNA from reactive molecules
that are generated during normal cell metabolism or
during DNA replication. Thus, it has been estimated
that approximately 70% of cancer in Western popula-
tions can be attributed to diet and lifestyle, with tobacco
exposure accounting for 30% of this cancer incidence.
In addition, dietary de®ciencies of certain micronutri-
ents such as folate and selenium are believed to in¯u-
ence DNA mutation rates. Spontaneous DNA damage is
also a frequent event because of the inherent instability
of the DNA molecule. In fact, depurination from break-
age of the N-glycosidic bond connecting purines to de-
oxyribose occurs at the rate of 104 events /cell /day and
deamination of cytidine to uridine occurs about 20
times/cell/day. The most dangerous mutagenic event
that occurs as a consequence of reaction of DNA with
by-products of oxidative metabolism is the production
of 8-hydroxydeoxyguanosine, which occurs at a rate of
2� 104ÿ105 lesions/cell/day. The net effect of these
mutations is to lead to alterations in oncogenes and
tumor suppressor genes that ultimately disrupt signal-
ing pathways and transform cells.

GENERAL CLASSES OF CANCER GENES

The genes that are mutated in cancer promote the
tumorigenesis process through a variety of different
mechanisms that alter cell behavior. As originally pro-
posed by Bishop and Varmus, the genes involved
in tumorigenesis can be classi®ed as oncogenes or
tumor suppressor genes. More recently, Vogelstein
has proposed two additional categories, DNA caretaker
genes and landscaper genes.

Classic oncogenes are genes that can deregulate cell
growth through gain-of-function mutations. They are
referred to as proto-oncogenes until they are mutated,
at which time they are called oncogenes. The activation
of these genes can occur through point mutations, gene
ampli®cation, or chromosomal rearrangements. A clas-
sic example of an oncogene that is commonly mutated in
colon cancer is KRAS, which encodes a protein that
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regulates signal transduction from growth factor recep-
tors; its mutation commonly results in increased signal
transduction pathway activity and subsequent cell pro-
liferation (see Fig. 1). Oncogenic mutations in KRAS
occur in codons 12, 13, and 61 and result in loss of
GTPase activity of the protein, which results in it always
being in an active conformation.

Tumor suppressor genes, on the contrary, are genes
that normally regulate a variety of processes that main-
tain normal tissue homeostasis and cell growth. The loss
of function of tumor suppressor genes is the key event
that contributes to tumor formation. Usually, a tumor
suppressor gene will show inactivation of both alleles in
cancers. This principle is known as Knudson's two-hit
hypothesis and postulates that biallelic inactivation of
a tumor suppressor gene is necessary to eliminate func-
tion of the gene. Mechanisms through which this can
occur include genomic DNA deletion, also known as
loss of heterozygosity (LOH), biallelic somatic muta-
tions, and aberrant DNA methylation. Examples of
tumor suppressor genes include TP53, CDH1 (the
gene for E-cadherin), and APC. Each one of these
genes regulates normal cell growth in a speci®c manner.
For instance, E-cadherin is a membrane-associated
calcium-dependent homophilic protein that regulates

cell:cell adhesion and cell polarity. Many tumors, in-
cluding diffuse gastric cancer and prostate cancer, show
mutational inactivation or transcriptional silencing of
CDH1, which is believed to cause enhanced tumor cell
motility and invasiveness.

There is at least one additional category of genes that
can be considered to have a discrete role in carcinogen-
esis. This class of genes includes genes that encode pro-
teins that regulate DNA ®delity, and they have been
referred to as DNA caretaker genes. Their inactivation
is believed to contribute to the hypermutable state ob-
served in most cancer cells that leads to genomic insta-
bility. A classic example of a DNA caretaker gene is the
mutation mismatch repair gene, MLH1. The product of
MLH1 is one member of a class of proteins called mu-
tation mismatch repair proteins, which correct
baseÿbase mismatch and insertionÿdeletion loop er-
rors that occur during DNA replication. MLH1 inacti-
vation results in a form of genomic instability called
microsatellite instability, increasing the mutation rate
up to 1000-fold in expressed sequences. Microsatellite
instability results in frameshift mutations in a number of
tumor suppressor genes that carry microsatellite se-
quences in coding regions of the genes, including
TGFBR2, MSH3, and IGF2R (see Fig. 2). Other DNA
repair genes that are inactivated in cancers include
MGMT, which encodes O6-methylguanine DNA
methyltransferase; ATM, which causes ataxiaÿ
telangiectasia; FANCA, which causes Fanconi anemia,
BLM, which causes Bloom syndrome; and CKN1, XPA
(causing Cockayne syndrome and xeroderma pigmen-
tosa 1, respectively), and other members of the mutation
mismatch repair family, such as MSH2 and MSH6. These
genes encode proteins that regulate a variety of DNA
repair processes, such as pyrimidine dimer excision
(e.g., XPA), DNA cross-linking repair (e.g., FANCA),
and DNA alkylation repair (e.g., MGMT).

MULTISTEP MODEL OF
CANCER FORMATION

It is well appreciated that cancer cells typically contain
hundreds of mutations. In fact, it has been shown that
an average cancer may even have up to 11,000 mu-
tations/genome. The carcinogenesis process, though,
is initiated by the occurrence of a single mutation in a
critical gene in a stem cell. The likelihood of such an
event occurring during a cell division at a particular
genetic locus is low, approximately 10ÿ10, which
means that only 1 cell in 10 billion is mutated per
cell division. Thus, it is only as a result of the large
number of stem cell divisions that occur every day

FIGURE 1 Schematic diagram of activation of ras. Ras is acti-

vated by phosphorylation of GDP secondary to activation of one of

several different pathways, such as the mitogen-activated protein

kinase pathway. The phosphorylated ras can then transmit the

signal to downstream signaling proteins, which eventually medi-

ate cell proliferation. Ras has endogenous GTPase activity that

normally restores it to the inactive state. Mutations in codons

12 and 13, which are the most common type of mutation observed

in colon cancer, do not have GTPase activity and result in a con-

stantly activated ras. GRF, GTPase-releasing factor; GEF, guanine

nucleotide exchange factor; GAP, GTPase-activating protein.
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(approximately 1012/day) that mutations of DNA can
have any consequence. Indeed, even though it is es-
timated that most adult humans have mutated cells
inside of them, these people do not have cancers be-
cause of the multiple regulatory mechanisms in oper-
ation at the cellular level that prevent functional
mutations from having a transforming effect on the
cells. However, over time, these stem cells can sequen-
tially acquire additional mutations that can eventually
overcome these regulatory mechanisms. The exact
number of mutations needed to form a cancer cell
is not known, but it appears from studies of colon
cancer that at least ®ve mutations are needed. Thus,
in light of the low rate of DNA mutation and the need
for multiple mutations in crucial tumor suppressor
genes and oncogenes, it becomes clear that forming
a cancer is not a simple process. Furthermore, for a
cancer to form, the initial mutations must be coupled
to cell proliferation and must promote the clonal ex-
pansion of the cells. The clonal expansion is believed
to be important in the tumorigenesis process because
it creates a cadre of cells that have one mutation in
either an oncogene or tumor suppressor gene that can
then acquire additional mutations that favor progres-
sion to a frank cancer. This process of serial mutations
coupled with subsequent waves of clonal growth of
the mutant cells is believed to generate a recognizable
precancer phase that precedes the appearance of frank
carcinomas. For example, in colon cancer, it has been

shown that a precancer phase (colon adenoma) usu-
ally precedes the cancer phase (colon adenocarci-
noma), and that this precancer phase progresses
through at least two histological stages before becom-
ing a cancer. Furthermore, this adenomaÿcarcinoma
sequence has easily recognized histologic phases that
are accompanied by speci®c genetic alterations, which
presumably drive the cancer formation process (see
Figs. 3 and 4). Thus, the carcinogenesis process fol-
lows the principles of Darwinian evolution, with cells
that acquire mutations that promote their proliferation
outcompeting other cells in the precancer. The cancer
cells are those cells that show the highest level of
reproductive ®tness, which at the cellular level is mea-
sured by cell proliferation. A dramatic example of this
process is the development of cancer cell lines that are
used in laboratories around the world. The vast ma-
jority of these cell lines, such as HeLa cells, which is a
cell line derived from a cervical cancer, or HCT116, a
colon cancer cell line, have even outlived the individ-
uals from whom they were derived. Thus, from an
evolutionary perspective at the cellular level, these
cancer cells have been highly successful.

The concept of multistep carcinogenesis has been
most clearly shown in the context of cervical cancer and
colon cancer formation, but is likely true of all cancers.
Important implications of this model of cancer forma-
tion are as follows: (1) there is a precancer phase that
may be more amenable to treatment because the cells

-

FIGURE 2 Representative example of microsatellite instability analysis at BAT40, TGFBR2 BATRII,

and D2S147. Microsatellite instability is most commonly demonstrated by a polymerase chain reac-

tion-based method that generates labeled products ampli®ed from different microsatellite loci, e.g.,

BAT40. The labeled products are subjected to polyacrylamide gel electrophoresis and then visualized.

The unstable loci are identi®ed because of their size difference from the normal loci. In this example,

the polymerase chain reaction product has been end-labeled with [32P-]ATP and visualized with

autoradiography. The microsatellite unstable loci (arrows) are recognized by their size difference from

the normal tissue loci.
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have not become as independent of the regulatory mech-
anisms as they will be when they become frank cancer
cells and (2) there may be multiple parallel evolutionary
paths for individual cancers as well as for cancer cell
clones in a single cancer. Indeed, the phenomenon of
intratumoral genetic heterogeneity has been appreci-
ated indirectly byour limitedability to treat most cancers
effectively. The polyclonal nature of tumors combined
with their Darwinian behavior makes them very effec-
tive at acquiring resistance to most chemotherapeutic
agents. Furthermore, many cancers, such as Hodgkin
lymphoma, have a bimodal age distribution for peak
incidences of disease consistent with the idea that
there are at least two independent `̀ evolutionary'' path-
ways through which cancers can arise (see Fig. 3). Some
of the central biological effects of these mutations of
tumor suppressor genes, oncogenes, and DNA caretaker
genes on the promotion of tumor formation will be
assessed further in the following discussions.

REGULATION OF CELL GROWTH

The mechanisms that control cell division and cell
cycle control in dividing cells are highly conserved

and are often abnormally regulated in neoplastic
cells. Furthermore, a variety of mutations in the genes
that govern the cell cycle have been found in many
different cancers, providing further evidence that dereg-
ulation of cell cycle control contributes to cancer for-
mation. The cell cycle is classically divided into four
phases, G1, S, G2, and M, and cells not in any one of
these phases are in G0, a resting state. Cells begin di-
viding by progressing from G0 to G1 (gap 1), at which
time cell growth occurs, and the cell `̀ determines'' if it is
ready to initiate DNA synthesis. The cell must transition
through a critical point in the cell cycle, called the re-
striction checkpoint, in order to move from G1 to the
next phase, S. Once the cell passes the restriction check-
point, DNA synthesis is initiated and the genomic DNA
of the cell is replicated. The DNA replication process
involves the unfolding of the chromatin and nucleosome
complexes and the recruitment of DNA polymerases
and primases, DNA helicases, single-strand binding
proteins, and topoisomerases to replicate the DNA ef-
®ciently at a rate of approximately 50 nucleotides/sec-
ond. After the DNA is replicated, the cell cycle
transitions to G2 (gap 2), during which the ®delity of
the DNA is determined and replication errors are
corrected. The cell then must go through a second re-
striction point, the G2/M restriction checkpoint, in
order to enter M phase and undergo mitosis, which is
the process of the replicated chromosomes physically
separating into two nuclei and the cytoplasm undergo-
ing cytokinesis. The transitions from G1 to S and G2 to M
are tightly regulated in order to ensure the orderly
proliferation of cells.

The checkpoints are regulated by a family of serine/
threonine protein kinases called cyclin-dependent ki-
nases (cdks) and kinase-associated proteins called cy-
clins. The activation of the cdks is dependent on the
cyclins, the levels of which ¯uctuate throughout the
phases of the cell cycle. In addition, proteins that acti-
vate the cdks [cdk-activating kinases (CAKs)], phos-
phatases that remove inhibitory phosphates (cdc25),
and cdk inhibitors (p15, p16, p18, p19, p21, p27,
and p57) all play essential roles in regulating cell
cycle progression and cell division. Finally, the regula-
tion of passage through the G1/S checkpoint is usually
dependent on the phosphorylation status of the nuclear
phosphoprotein, retinoblastoma (Rb). Rb binds tran-
scription factors E2F and DP1 in a phosphorylation-
speci®c manner, resulting in their inactivation. The
cdkÿcyclin complexes can phosphorylate Rb, causing
the release of E2F, which can then act as a transcription
factor for genes that drive cell cycle progression into
S phase. A second pathway regulated by p53 can interact
with the Rb pathway to ensure the ®delity of DNA

FIGURE 3 Multistep carcinogenesis and Darwinian evolution

of cancer. The circles represent cells, and each cell division is

shown as two cells to the right of the parent cell, connected to

it by lines. The clonal evolution occurring during the cell prolif-

eration is shown by the acquisition of new patterns, representing

the acquisition of new genetic makeup or epigenetic alterations

that favor tumor cell growth. It can be appreciated that some

clones in the cell mass stop proliferating secondary to lethal mu-

tations, whereas others proliferate better than the others do.
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replication by preventing transition through the G1/S
restriction point if DNA damage is present.

Cancers have been found to carry activating muta-
tions in the cdks [e.g., CDK4 mutations in melanomas,
cyclin D1 (CCND1) overexpression in B cell chronic
lymphocytic leukemia secondary to a t(11;19)
(q13;p13) chromosomal translocation], inactivating
mutations in the cdk inhibitors (CDKN2A/p16 muta-
tions in melanomas), and mutations in RB1. In addition,
many other genetic alterations in tumor suppressor
genes and oncogenes have been shown to directly result
in altered expression and function of the cyclin-associ-
ated proteins.

REGULATION OF CELL DEATH

In addition to mutations in genes that regulate cell pro-
liferation, cancers also commonly carry mutations in
genes that regulate cell death. The deregulation of the
mechanisms that regulate cell death is important in can-
cer formation because the maintenance of homeostasis
in tissues not only depends on the regulation of cell
proliferation, but also on the regulation of cell death.
Programmed cell death, also known as apoptosis, is an
important mechanism through which organs maintain
an appropriate tissue mass and organization. For

example, intestinal epithelial cells undergo apoptosis
as they reach the luminal surface and are consequently
shed. This process, in conjunction with proliferation,
maintains the normal villus/crypt architecture in the
epithelial layer. Tumor cells are often resistant to
apoptosis, and this evasion of apoptosis appears to
play a signi®cant role in the clonal expansion of
tumor cells and in the ultimate formation of cancers.

Virtually all normal cells are susceptible to apoptosis
and can be induced to undergo this process by a variety
of different physiologic signals, including hypoxia and
cytokine exposure [e.g., transforming growth factor-b
(TGF-b), tumor necrosis factor a (TNFa)]. These sig-
nals trigger a series of well-orchestrated events that dis-
rupt cellular membranes, degrade the cytoplasmic and
nuclear cytoskeletons, and then degrade chromosomes
and fragment the DNA. The proteins involved in medi-
ating apoptosis can be roughly divided into sensors and
effectors. The sensors detect alterations in the extracel-
lular environment [e.g., interleukin-3 (IL-3) binding to
IL-3R] and /or the intracellular environment, and, if
appropriately cued, trigger the effectors, which consist
of a family of proteases called caspases as well as pro-
teins that ultimately regulate mitochondrial release of
cytochrome c and effect mitochondrial membrane po-
tential states. Proteins that play a role in this process

FIGURE 4 An example of multistep carcinogenesis. A schematic representation of the colon

adenomaÿadenocarcinoma sequence indicates the different stages of colon cancer progression,

from the benign neoplasm stage (adenoma) to the malignant neoplasm (cancer). Different pat-

terns of genetic alterations can be identi®ed in colon cancers, depending on whether they

display microsatellite instability or chromosome instability (CIN). Microsatellite instability

occurs when the mutation mismatch repair (MMR) system is inactivated either through mu-

tations or epigenetic alterations. ACF, Aberrant crypt foci. From Grady (2002). Colorectal

cancer: Genetic alterations. In `̀ Gastrointestinal Oncology: Principles and Practice'' (D. Kelsen,

J. M. Daly, S. E. Kern, eds.), pp. 685ÿ701. Copyright Lippincott Williams & Wilkins, reprinted

with permission.
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include members of the Bcl-2 family, including Bax, Bid,
Bcl-XL, Bcl-W, and Bim, and APAF1. The evidence to
date suggests that there are multiple, redundant regu-
latory and effector components involved in apoptosis.

Cancer cells acquire resistance to apoptosis through
an array of different mechanisms. One of the most fre-
quent means through which the apoptotic machinery is
deregulated is through TP53 mutations, which occurs in
approximately 50% of all cancers. p53 normally plays
a central role in mediating apoptosis in response to
genotoxic stress. Another common mechanism through
which cancers deregulate apoptosis is via disruption
of the phosphatidylinositol 3-kinase (PI 3-kinase)/Akt
pathway, which regulates antiapoptotic survival signals
and frequently plays a role in preventing apoptosis in
a signi®cant portion of cancers. For example, PTEN,
a gene that encodes for a protein that inactivates Akt,
is commonly mutated in a variety of cancers, causing
increased PI 3-kinase/Akt signaling pathway activity.
It is likely that virtually all cancers have acquired
genetic or epigenetic alterations that mitigate against
apoptosis.

GENOMIC INSTABILITY

Although it is now widely appreciated that cancer is a
disease that results from genetic alterations that dereg-
ulate cell proliferation, apoptosis, and senescence, the
mechanisms responsible for the acquisition and accu-
mulation of these gene alterations are less well under-
stood. Another apparently fundamental process in cell
behavior that is altered in virtually all cancers is the
maintenance of DNA ®delity or genomic stability.
The role of genomic instability in the process of cancer
formation has been an area of investigation since 1914,
when Theodor Boveri postulated that cancer cells might
be aneuploid. In 1993, Aaltonen et al. identi®ed a form
of genomic instability called microsatellite instability
(MSI) in colon cancers arising in people with the cancer
family syndrome, hereditary nonpolyposis colon cancer
(HNPCC); these individuals have germ-line mutations
in the mutation mismatch repair (MMR) genes, MLH1
or MSH2, giving further support to the concept that
instability of genomic DNA plays an important role in
carcinogenesis. This discovery of MSI in HNPCC colon
cancers provided evidence for the mutator phenotype
hypothesis proposed by Loeb in 1974. This hypothesis
argues that for potential tumor cells to acquire the
number of mutations needed to attain a malignant
state, they must have a higher than normal mutation
rate, which would presumably occur through inactiva-

tion of the mechanisms that normally regulate DNA
®delity. In fact, if one assumes the known non-germ-
line mutation rate of approximately 10ÿ8, it is impos-
sible for a cell to accumulate enough gene mutations
during a human lifetime to acquire a malignant pheno-
type. However, the role of genomic instability as an
integral mechanism in cancer formation is not univer-
sally accepted. Others have concluded that the genetic
events observed in cancer can occur under normal mu-
tation rates, without the need to invoke genomic insta-
bility, as long as the normal mutation rates are coupled
with rounds of clonal expansion that select for gene
alterations that promote tumor formation. Nonetheless,
despite the controversy over the exact role of genomic
instability in colon tumorigenesis, a wealth of data gen-
erated over the past 6ÿ8 years has provided signi®cant
indirect support for the concept that genomic instability
is a common mechanism that plays a central role in the
formation of most, if not all, cancers, including cancers
of the gastrointestinal system. This loss of genomic sta-
bility appears to occur very early in the process of cancer
formation and to play a central role in generating a
hypermutable state that leads to the accumulation of
enough mutations to transform a cell.

Several forms of genomic instability can be observed
in cancer in general. Lengauer et al. proposed four
major categories of alterations: (1) subtle sequence
changes, including base substitutions, deletions, or in-
sertions, and microsatellite instability, (2) alterations in
chromosome number (aneuploidy, also termed chro-
mosomal instability), (3) chromosome translocations,
and (4) gene ampli®cation. The ®rst two categories
occur commonly in colon and stomach cancers. The
genome of colon cancers, like many solid tumors, is
often marked by a complex pattern of chromosome
translocations that appears nearly random. This form
of genomic instability, `̀ translocation instability,'' is
likely mediated by the same mechanisms that cause
aneuploidy, but its role in colon tumorigenesis is still
being de®ned. Gene ampli®cation occurs rarely in colon
cancer and thus does not appear to be an important
process in colon cancer formation.

SIGNALING PATHWAYS AND
NETWORKS IN CANCER FORMATION

As the signaling pathways of many of the growth factor-
coupled receptors, integrin receptors, etc. have been
elucidated, it has become appreciated that the ultimate
biological effects of mutations in cancers are not only a
result of the deregulation of the function of the single
gene products, but also the result of disruption of the
signaling pathway in which the gene products operate.
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In addition, the multiple mutations in cancers appear
to cooperate through effects on these pathways to alter
the output of the networks of signaling pathways.
Thus, it is now well recognized that cancers result
from the mutation of oncogenes and tumor suppressor
genes at least in part because these mutations result in
the disruption of signaling pathways that regulate cell
proliferation and apoptosis. Indeed, it is not uncommon
to observe a speci®c signaling pathway deregulated
in a speci®c cancer type through the inactivation of
one of a variety of different members of the signaling
path. For instance, in colon cancer, the TGF-b signaling
pathway has been shown to be disrupted through mu-
tations of the TGF-b receptor type II (TGFBR2), muta-
tions in postreceptor signaling elements (SMAD2
and SMAD4), or up-regulation of pathway inhibitors
such as Smad7. Similarly, deregulation of the Wnt sig-
naling pathway can occur through mutations in APC or
CTNNB1 (b-catenin), and mutations in one or the other
of these genes appear to be nearly universal in colon
cancers. Furthermore, the deregulation of these signal-
ing pathways has a multitude of indirect effects, because
these pathways also appear to interrelate at multiple
levels in the cell, resulting in networks of proteinÿpro-
tein interactions. These networks are often affected in
cancers in ways that result in a common effect on target
proteins, such as overexpression CCND1/cyclin D1. For

example, TP53, a tumor suppressor gene that is com-
monly mutated in cancers, interacts with a variety of
proteins both in regard to its own regulation and in
regard to the regulation of downstream proteins.
These effects ultimately regulate cell cycle progression
and apoptosis. Consequently, TP53 mutations have
both direct and indirect effects that promote tumori-
genesis (see Fig. 5). As our understanding of these
signaling pathways and networks improves, our under-
standing of the global impact of the mutations of differ-
ent genes on the molecular biology of the cells and
cancer formation will improve.

SUMMARY

In general, cancer arises through a complex process of
mutagenesis of oncogenes and tumor suppressor genes,
followed by clonal expansion of the mutant cells. As a
result of the serial acquisition of mutant tumor suppres-
sor genes, oncogenes, and DNA caretaker genes, normal
cells transform through a multistep process into malig-
nant cells, resulting in cancer. These gene mutations
ultimately lead to cancer formation because they disrupt
the regulation of fundamental cellular processes of
proliferation, programmed cell death, senescence, and
maintenance of DNA ®delity.

FIGURE 5 Protein network involving p53. p53 interacts with a variety of proteins on exposure of

cells to genotoxic events, such as ultraviolet (UV) radiation. These proteinÿprotein interactions result

in the phosphorylation and activation of p53, which then either transcriptionally regulates other

genes, such as the gene for proliferating cell nuclear agent (PCNA), or directly interacts with

the proteins to regulate cell cycle progression or apoptosis. Only a few representative pathways

and p53-interacting proteins are shown.
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Candidiasis
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chlamydospore Thick-walled fungal spore, considered a

survival structure in most fungi.

fungistatic antifungal Drug that inhibits fungal growth but

does not kill fungi.

fungitoxic antifungal Drug that kills fungi.

neutropenic De®cient in neutrophils.

Yeast species of genus Candida are the most common

etiologic agents causing fungal infections of the gastroin-

testinal tract. Numerous species are reported and, though

Candida albicans predominates, it is not rare to ®nd Can-

dida parapsilosis and Candida tropicalis. Other species are

less commonly isolated and can differ in their suscepti-

bility to typical therapeutic antifungals, including the fun-

gistatic azoles, the fungitoxic polyenes, and caspofungin

(Table I). Even in species that have been reported as being

susceptible, isolates with resistance to azole antifungals,

especially ¯uconazole, are being reported more com-

monly. Though there are some differences reported in

the virulence of Candida species (for example, C. tropicalis
appears to be more invasive than C. albicans in neutro-

penic mice), the diseases produced by the different

species are very similar.

GROWTH PATTERNS OF
CANDIDA ALBICANS

Candida albicans has a variety of morphological forms. It
may be found growing as single cells in the form of a
budding yeast. It may also grow in a ®lamentous mor-
phology (Fig. 1). The most invasive form of the fungus
has been associated with the ®lamentous form, but in
most situations a mixture of morphological forms is
found. Switches between these different morphologies
may be necessary to allow both colonization of new
epithelial surfaces and release of new cells from colo-
nized epithelium. Indeed, experiments show that epi-
thelial cells tend to bind to the ®lamentous forms more
strongly than to the budding yeasts. The chlamydo-
spore, a morphological form that is produced is culture,
is helpful in identifying C. albicans. A similar structure
has been reported within the intestinal tissues of immu-
nosuppressed mice infected with C. albicans. These
chlamydospore-like cells show a differential staining
similar to that found for chlamydospores produced
in vitro. Chlamydospores are typically considered to

TABLE I Candida Species with Classes and Examples of Antifungal Drugs Active against Thema

Polyenes Azoles Echinocandins

Amphotericin B Fluconazole, itraconazole, voriconazole Caspofungin

Molecular target Ergosterol Cytochrome P450ÿlanosterol demethylase b-Glucan synthase

C. albicans � �b �
C. dubliniensis � �b �
C. parapsilosis � � �
C. tropicalis � � �
C. krusei � ÿ �
C. lusitaniae �b � �
C. glabrata � ÿ �

a�, Normally susceptible; ÿ, usually resistant.
b Resistance occasionally found or developing during treatment.
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be `̀ resting spores,'' or resistant structures; they might
allow the fungus to survive during antifungal therapy
and to later recolonize the gastrointestinal tract. Almost
never reported in humans, this may be because they
have been overlooked or because they are formed
only under unusual circumstances. For example,
chlamydospores have been detected in bronchoalveolar
lavage ¯uid from one AIDS patient.

PREDISPOSITION AND TISSUE DAMAGE

Candidal diseases vary in their presentation and are
signi®cantly modi®ed by predisposing factors in the
patient. Frank invasion through the gastrointestinal
wall, followed by dissemination of Candida via the
blood and subsequent invasive infection of other
areas of the body, such as the kidneys, is typically
only seen when the defenses provided by neutrophils
are absent or greatly diminished. This can be the situ-
ation when the patient has received cytotoxic therapy
for certain cancers or in preparation for stem cell or
bone marrow transplantation. High doses of steroids
or drugs that cause profound neutrophil dysfunction
may also predispose invasive disease. In contrast,
when there is adequate neutrophil function, any disease
is largely restricted to the mucosal tissues of the gastro-
intestinal tract. Even so, the overgrowth of the yeasts
leads to in¯ammation and signi®cant discomfort and the
disease may spread to adjacent regions, including the
oropharynx, the edges of the mouth, and the skin sur-
rounding the anus. All these sites become painful and
in¯amed. This condition is fairly common in patients
with diabetes or with T cell dysfunctions, including
AIDS, and it can be responsible for severe diaper
(nappy) rash in infants. Candidiasis of the oral mucosa
was one of the ®rst signs used to de®ne AIDS; the
patients may develop such extensive in¯ammation of
the oral mucosa and esophagus that they ®nd it dif®cult
to eat. In some patients with AIDS, there can be
perforations in the esophageal wall. In addition to

A

B

C

c

c

FIGURE 1 Morphological forms of Candida albicans. (A)

Yeasts, ®laments, and chlamydospores formed in vitro. The chla-

mydospores, which are approximately 15 mm in diameter, are the

spherical terminal spores. (B) Tissue from esophagitis that has

been macerated gently, then smeared onto a slide and stained with

a ¯uorescent brightener that binds fungal cell walls. Both yeasts

and ®laments are present in the lesions. (C) Transmission electron

microscopy showing thick-walled chlamydospore-like structures

(c) in the gastric submucosa of immunode®cient mice infected

with C. albicans. The unlabeled arrows indicate a section of a

single yeast cell or a ®lament. Micrographs are provided courtesy

of Dr. G. T. Cole, Medical College of Ohio.
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morphological switching, production of extracellular
phospholipase and proteinase appears important for
allowing tissue invasion by C. albicans. Complement
plays an important role in the induction of in¯amma-
tion; not only does the yeast activate the alternative
pathway directly, but, because antibodies to C. albicans
cell wall mannoproteins are present in all persons, ac-
tivation via the classical pathway can also occur.

YEAST MICROFLORA IN HUMANS
AND ANIMALS

It can be dif®cult to prove that some Candida species are
causes of gastrointestinal infections due to their pres-
ence on healthy gastrointestinal mucosa. The microbial
¯ora associated with the gastrointestinal tracts of a large
number of different mammals, including aquatic
mammals, birds, amphibians, and reptiles, includes
C. albicans and, most likely, its sibling species Candida
dubliniensis which until recently was not distinguished
as a separate entity. Usually frank invasion of tissues
needs to be demonstrated via histology before it is
certain that Candida is the cause of disease (Fig. 1).

OTHER GASTROINTESTINAL DISEASES
CAUSED BY FUNGI

In addition to infections, fungus-induced disease of the
gastrointestinal system can be a result of exposure to
fungal allergens and toxins, including the mycotoxins,

ergot, and mushroom toxins. In persons de®cient in
trehalase, the trehalose disaccharide found in mush-
rooms can produce symptoms that are similar to
those associated with lactose intolerance. Unusually,
drunkenness may follow ingestion of food by persons
in which a gastrointestinal stenosis has occurred, be-
cause yeasts can produce ethanol via fermentation dur-
ing digestion.

See Also the Following Articles

AIDS, Biliary Manifestations of � AIDS, Gastrointestinal

Manifestations of �AIDS, Hepatic Manifestations of � Fungal

Infections � Gastric Infection (non-H. pylori) � Micro¯ora,
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carbohydrate intolerance Clinical symptoms induced by the

ingestion of speci®c forms of carbohydrate (e.g., lactose

intolerance, sucrose intolerance, fructose intolerance) or

carbohydrates in general.

carbohydrate malabsorption Poor absorption of any given

carbohydrate; detected by speci®c testing (e.g., lactose

absorption test, lactose breath test).

lactase de®ciency Very low or absent lactase activity;

determined by assay of an intestinal biopsy sample (a

similar de®nition holds for de®ciency of sucrase or

maltase-glucoamylase)

milk intolerance Clinical symptoms induced by the ingestion

of milk; can be due to either lactose intolerance or milk

protein allergy.

Carbohydrate digestion reduces complex nutrients into

smaller components that are suitable for absorption.

Starch digestion is accomplished in two phasesÐan ini-

tial intraluminal phase mediated by salivary and pancre-

atic amylase and a mucosal phase characterized by surface

digestion at the intestinal microvillus membrane. Disac-

charides undergo surface hydrolysis followed by uptake

of monosaccharides by microvillus membrane carriers.

Intolerance to carbohydrates occurs when there is any

digestiveÿabsorptive imbalance or when bacterial over-

growth occurs in the small intestine.

PHYSIOLOGY OF
CARBOHYDRATE ABSORPTION

Carbohydrate Intake

In infants, carbohydrates account for 35ÿ55% of
daily calories ingested, and these are mainly as lactose.
As weaning foods are introduced, carbohydrate intake
varies and approaches the composition commonly
found in adults. The average adult ingests 300 g of car-
bohydrates per day in approximately the following
distribution: 52% of daily calories as starch (mainly
cereals and potatoes), 37% as sucrose, 5% as lactose
(mainly in milk), and 3% as fructose (in fruit and
honey). Glycogen, glucose, and maltose are minor

constituents of the diet, and cellulose accounts for
approximately 4 g of carbohydrates per day.

Digestion

Salivary amylase initiates starch hydrolysis in the
mouth, and this process accounts for not more than
30% of total starch hydrolysis. Because salivary amylase
is inactivated by an acid pH, no signi®cant hydrolysis of
carbohydrates occurs in the stomach. The intraluminal
intestinal phase of starch digestion depends on pancre-
atic amylase to complete hydrolysis, yielding
oligosaccharides of varying lengths. This process is ex-
tremely rapid; 75% is completed in the proximal 2.5 feet
of jejunum within 10 minutes after passage of starch into
the small intestine.

The mucosal phase is characterized by surface di-
gestion of oligosaccharides released by amylase. It also
includes hydrolysis of disaccharides (maltose, sucrose,
and lactose) by speci®c disaccharidases (maltaseÿ
glucoamylase, sucraseÿisomaltase, and lactase). The
rates of maltose and sucrose hydrolysis are rapid be-
cause these disaccharides are readily cleaved, and the
released monosaccharides are rapidly absorbed. Lactose
digestion is slower, and hydrolysis is the rate-limiting
step for the overall process of absorption. The ®nal
uptake of monosaccharides is accomplished by the
sodium-dependent glucose transporter (SGLT1).

Colonic Salvage

When carbohydrates are not absorbed by the small
bowel, they are passed rapidly into the colon as a con-
sequence of the osmolarity of the intraluminal
oligosaccharides, the in¯ux of water, and the increase
in motility. In the colon, they are converted to short-
chain fatty acids and hydrogen gas by the bacterial
¯ora, producing acetate, butyrate, and propionate. The
short-chain fatty acids are absorbed by the colonic mu-
cosa, and this route salvages malabsorbed carbohydrates
for energy utilization by colonic epithelial cells. This
is a mechanism by which the adult colon salvages
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carbohydrate, especially from wheat starch, and the
newborn colon salvages lactose. This fermentative pro-
cess not only conserves nutritionally important carbo-
hydrate, but it also serves as the basis for the breath
hydrogen test (discussed later).

CLINICAL PRESENTATION

Symptoms and Signs of
Carbohydrate Malabsorption

Considering clinical symptoms induced by the in-
gestion of carbohydrates, the term `̀ carbohydrate intol-
erance'' is often applied. Symptoms may be induced
by the ingestion of carbohydrate (as in cystic ®brosis)
or speci®c sugars (e.g., lactose, sucrose, or fructose).
Either nonspeci®c carbohydrate or speci®c sugar intol-
erances (e.g., lactose intolerance) can produce similar
symptoms. These include abdominal pain, cramps, or
distension; nausea; ¯atulence; and diarrhea or vomiting.
The abdominal pain may be crampy in nature and may
be periumbilical or lower quadrant. Borborygmi may be
audible. Carbohydrate intolerance generally produces
abnormal stools, which are usually bulky, frothy, and
watery. In severe cases, mostly in infants, acidosis and
dehydration may be a problem. Vomiting after lactose
ingestion is often seen in adolescents.

Clinical symptoms may mimic those of the irritable
bowel syndrome. Careful clinical history may point to
the correct diagnosis; however, this may be established
only after appropriate testing.

PATHOPHYSIOLOGY

Several factors account for the variability of symptoms
produced by carbohydrate ingestion in people who are
intolerant. This pathophysiology is of particular
importance in those with lactose intolerance accompa-
nying low lactase activity, but similar mechanisms
apply to people with sucrose intolerance and other
sugar intolerances, and to those with intraluminal
phase defects in carbohydrate digestion. Important fac-
tors include the osmolarity and fat content of the food in
which the sugar is ingested, the rate of gastric emptying,
individual sensitivity to intestinal distension produced
by the osmotic load of unhydrolyzed carbohydrate in
the upper small bowel, the rate of intestinal transit, and
the response of the colon to the carbohydrate load. In
general, the higher the osmolarity of gastric contents
and the higher the fat content of the diet containing
the speci®c sugar involved, the slower the gastric emp-
tying and the lesser the symptoms induced by the
carbohydrate or sugar.

Different individuals appear to have more or less
sensitivity to abdominal distension and patients com-
plain differently when ingested carbohydrates stimulate
an in¯ux of water into the lumen of the small intestine or
the production of gas that leads to distension of the
colon. Those with greater tolerance will report fewer
symptoms. These subjective responses are dif®cult to
quantify. Intestinal transit is also in¯uenced by the
quality of the diet and individual motility patterns. Ac-
cordingly, some lactose- or sucrose-intolerant people
experience very rapid movement of sugar to the
cecum, whereas others have slower motility. Fecal
¯ora are known to adapt to maldigested carbohydrate.
Thus, if an offending carbohydrate or sugar (e.g., lac-
tose) is provided slowly over a long period of time in
many `̀ intolerant'' people, the ¯ora may adapt to the
load, and symptoms produced by gas and acid in the
colon may be reduced or eliminated. This mechanism of
lactose tolerance commonly occurs in people with low
lactase levels; this accounts for the discrepancy between
measured `̀ lactase de®ciency'' or `̀ lactose malabsorp-
tion'' and lactose tolerance.

The term `̀ carbohydrate malabsorption'' is generally
reserved for those patients for whom the intestinal mal-
absorption of sugar or complex carbohydrates has been
investigated using an appropriate test of absorption
(e.g., lactose or sucrose absorption test) or malabsorp-
tion (lactose or sucrose breath hydrogen test, or breath
hydrogen production after the ingestion of complex
carbohydrate). Carbohydrate malabsorption may be
due to pancreatic insuf®ciency with impairment of
the intraluminal phase of starch digestion or to disac-
charidase de®ciency characterized by an absence or
very low levels of speci®c microvillus membrane en-
zymes (e.g., sucrase or lactase). In very rare circum-
stances, glucose malabsorption produces clinical
symptoms, as in the disorder known as glucoseÿ
galactose malabsorption.

DIAGNOSIS OF
CARBOHYDRATE MALABSORPTION

Con®rmatory Tests

The diagnosis of carbohydrate malabsorption is
based on the combination of clinical ®ndings and results
of appropriate tests. The presence of low fecal pH or
reducing substances indicates carbohydrate malabsorp-
tion, but these tests are valid only when carbohydrate
has been recently ingested, intestinal transit time is
rapid, stools are collected fresh, and assays are per-
formed immediately, and when bacterial metabolism
of colonic carbohydrate is incomplete. In general,
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carbohydrate malabsorption is best con®rmed using
more speci®c tests, especially because sucrose is a non-
reducing sugar, will not produce reducing substances,
and requires special techniques for detection in stool.

The capacity for sugar absorption can be measured
using a lactose or sucrose absorption test. The patient
ingests water containing the sugar to be tested and blood
glucose is measured before and at 30-minute intervals
for 3 hours after a dose of 2 g/kg body weight (maximal
dose in adults, 50 g). In adults, the test has a sensitivity
of 75% and a speci®city of 96%. However, in children, it
is cumbersome, invasive, and time consuming, and has
largely been replaced by the breath hydrogen test.

The breath hydrogen test really measures carbohy-
drate (usually lactose or sucrose) nonabsorption (rather
than carbohydrate or sugar hydrolysis and monosaccha-
ride uptake). Its sensitivity and speci®city are superior
compared to absorption tests, and it is simple and non-
invasive. The breath hydrogen test can be performed
in people of all ages. The dose is customarily 2 g of
carbohydrate (or lactose, sucrose, or glucose) per kilo-
gram of body weight (maximum 25 g). Breath hydrogen
is sampled prior to the ingestion of sugar and at
30-minute intervals following the ingestion of
sugar for 3 hours. It is customary to use a value of
� 10 parts per million as normal, comparing samples
obtained after carbohydrate ingestion to the baseline
value. Values between 10 and 20 parts per million
may be indeterminate unless accompanied by
symptoms, but values over 20 parts per million are rep-
resentative of carbohydrate malabsorption. False posi-
tive tests are seen with inadequate pretest fasting and
when the patient has smoked recently or has swallowed
toothpaste just prior to the test. False negative results
are obtained when patients have recently used antibi-
otics or are nonhydrogen producers (approximately 1%
of the population). In children less than 5 years of age,
an abnormal lactose breath hydrogen test always signi-
®es abnormal intestinal mucosa or bacterial over-
growth, both of which require further de®nition by
appropriate diagnostic tests. A normal breath hydrogen
test does not rule out an intestinal mucosal lesion, and it
cannot be used to avoid an intestinal biopsy. The glucose
breath hydrogen test can be used in the diagnosis of
bacterial overgrowth syndromes.

The assay of disaccharidase activity in small bowel
biopsy samples establishes the presence of disacchari-
dase de®ciency, and has been used to de®ne populations
with low lactase levels and to establish the diagnosis
of sucrase-isomaltase de®ciency. However, when low
lactase activity accompanies intestinal injury, the lesion
may be focal or patchy; consequently, intestinal
biopsy samples may not yield an abnormal result on

disaccharidase assay. Clinical, biochemical, and breath
test data must always be compared to obtain the correct
diagnosis.

SPECIFIC DISORDERS AND
THEIR TREATMENT

Approach to the Patient

Patients who have symptoms and signs of carbohy-
drate malabsorption should be evaluated in a systematic
fashion (Table I). The clinical ®ndings may not imme-
diately suggest a diagnosis of carbohydrate malabsorp-
tion, because many patients with this diagnosis actually
have a clinical pattern more like that seen in irritable
bowel syndrome. Secondary causes for carbohydrate
malabsorption must be pursued and appropriate con-
®rmatory tests obtained. When considering lactose mal-
absorption, especially in infants and young children, the
possibility of milk protein allergy must be ruled out.

It is important to remember that lactose malabsorp-
tion may occur in patients with other disorders (for
example, irritable bowel syndrome or celiac disease).
Thus, a lactose breath hydrogen test may be a valuable

TABLE I Differential Diagnosis of Carbohydrate Mal-

absorption

Intraluminal phase defects

Primary

Cystic ®brosis

ShwachmanÿDiamond syndrome

Secondary

Pancreatic insuf®ciency due to alcohol or

chronic pancreatitis

Bacterial overgrowth

Mucosal phase defects

Primary

Lactose

Genetic

Developmental

Congenital

Sucrose

Sucraseÿisomaltase de®ciency

Glucoseÿgalactose malabsorption

Secondary

Bacterial overgrowth

Mucosal injury

Infectious enteritis

Giardiasis

Celiac disease

Drug-induced enteritis

In¯ammatory bowel disease

Radiation enteritis

Acquired glucose malabsorption
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part of the evaluation of patients suspected of having
irritable bowel syndrome (it should not be used to avoid
small bowel biopsy in patients suspected of having
celiac disease).

Intraluminal Phase Defects

Pancreatic amylase de®ciency is seen with heredi-
tary diseases of the exocrine pancreas (particularly cys-
tic ®brosis and ShwachmanÿDiamond syndrome),
pancreatic insuf®ciency due to alcohol or chronic pan-
creatitis, and bacterial overgrowth. The majority of
patients with cystic ®brosis have absent or low levels
of amylase activity; however, their symptoms are
usually more attributable to fat than to carbohydrate
maldigestion. ShwachmanÿDiamond syndrome, con-
sisting of exocrine pancreatic insuf®ciency and hema-
tologic and skeletal abnormalities, is the second most
frequent cause of hereditary pancreatic insuf®ciency in
children. Amylase activity is low or absent in such pa-
tients, and they have diarrhea and malabsorption. Low
amylase levels in adults with pancreatic insuf®ciency
have been well described, and bacterial overgrowth
may produce intraluminal fermentation. Amylase de®-
ciency is generally successfully treated by the adminis-
tration of pancreatic supplements, achieving virtually
complete carbohydrate digestion. Elimination of com-
plex carbohydrates from the diet is not acceptable. Bac-
terial overgrowth syndrome is treated with appropriate
antibiotics.

Mucosal Phase Defects

Primary Lactose Intolerance

Primary lactose malabsorption occurs in three clin-
ical settings: (1) genetic lactase decline, (2) develop-
mental lactase de®ciency, and (3) congenital lactase
de®ciency. Genetically controlled lactase decline with
lactose malabsorption is the most common form of ge-
netically determined reductions of lactase activity. This
clinical ®nding has been termed `̀ lactase de®ciency,''
although this term is really a misnomer, because a ma-
jority of the world's populations develop low intestinal
lactase levels during midchildhood (approximately age
5 years). This ®nding is most prominent in Asian, Af-
rican, and indigenous populations (Table II). The exact
molecular basis of this pattern is unknown, but it has
been shown that lactase mRNA content and lactase ac-
tivity are both extremely low, strongly suggesting that
the genetic regulation is at the level of transcription. In
striking contrast, peoples of Scandinavian or Caucasian
genetic background have a genetically regulated pres-
ervation of intestinal lactase activity and a high degree of

lactose tolerance as adults. The molecular basis of this
phenotype is also unknown. No matter what the genetic
background, normal lactase activity is found in all chil-
dren until about 5 years of age. Lactase de®ciency or
lactose intolerance detected in children before this age
usually indicates an underlying mucosal lesion or bac-
terial overgrowth syndrome. Recently, genetic polymor-
phisms in the introns of a gene lying 50 to the lactase gene
on chromosome 2q22 have been associated with lactase
persistence or nonpersistence. Similar associations have
been found among polymorphisms in the lactase coding
region and proximal 50 untranslated region. The func-
tional signi®cance of these polymorphisms is at present
unknown.

There is no evidence that lactase de®ciency or
lactose malabsorption is a normal part of the aging pro-
cess. Thus, in the mixed population of Caucasian ex-
traction, the normal aging process does not lead to
lactase de®ciency. However, alterations in motility, sec-
ondary lactase reduction due to medications or to other
disorders, or intestinal injury may produce lactose
intolerance.

Developmental lactase de®ciency is a consequence
of gestational age. During fetal development, lactase
activity rises late in gestation so that 28- to 32-week
premature infants have reduced lactase activity. If
they are otherwise healthy, the colon can salvage unab-
sorbed carbohydrate so that these infants are not nutri-
tionally compromised and do not have diarrhea.

Primary lactase de®ciency is characterized by the
absence of lactase activity in the small intestine, by nor-
mal histology, and by normal levels of other disaccha-
ridases. The disorder has been described mainly in

TABLE II Prevalence of Lactose Intolerance in

Selected Populations

Country

Prevalence of lactose

intolerance in adults (%)

Scandinavia 0ÿ1

Austria 20

United States

Caucasians 22

France

North 32

South 44

Italy

North 50

South 72

United States

African Americans 65

Native Americans 95

Asians 95ÿ100
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Finnish populations and is associated with a genetic
abnormality in the DNA adjacent to the extended lactase
gene, but not in the coding region. This very rare
syndrome is associated with diarrhea accompanying
lactose ingestion from birth in affected infants. The
use of other sugars (e.g., sucrose, fructose) in infant
formula leads to elimination of symptoms.

Treatment of Lactose Malabsorption

The treatment of lactose malabsorption includes
four general principles: (1) reduction or restriction of
dietary lactose, (2) substitution of alternative nutrient
sources to avoid reductions in energy and protein in-
take, (3) regulation of calcium intake, and (4) the use of
a commercially available enzyme substitute. When lac-
tose restriction is necessary, the patient must be in-
structed to read labels of commercially prepared
foods, because hidden lactose may be dif®cult to iden-
tify. Table III summarizes the lactose content of selected
foods. Complete restriction of lactose-containing foods
should be necessary for only a limited period to ascer-
tain the speci®city of the diagnosis. Because some pa-
tients can tolerate graded increases in lactose intake,
small quantities of lactose may subsequently be re-
introduced into the diet, careful attention being paid
to associated symptoms. Because of its high sugar and
fat content, ice cream may be a good way to introduce
lactose into the diet. Carefully controlled studies of lac-
tose intolerance have shown that when people com-
plaining of lactose intolerance ingest milk or a
control milk containing hydrolyzed lactose, without
knowing which sample they ingest, their symptom
scores are identical. This indicates an important `̀ antic-
ipatory'' component to the symptoms in many people.

Calcium is supplemented in the form of calcium
carbonate; tablets such as Tums (Norcliff Thayer,
Inc., Tarrytown, NY) or Viactiv (McNeil Nutritionals,
Fort Washington, PA) are popular and effective. Stan-
dard preparations contain 500 mg of calcium carbonate
equivalent to 200 mg of elemental calcium, which is
20% of the United States Recommended Dietary Allow-

ance (RDA) for adults. In infants and young children,
liquid calcium gluconate is readily tolerated and avail-
able. When complete lactose restriction is recom-
mended, the RDA for calcium should be provided as
a supplement. Prolonged lactose restriction predisposes
to reduced calcium intake and increases the risk for
long-term bone mineral depletion.

Commercially available `̀ lactase'' preparations are
actually bacterial or yeast b-galactosidases. When
added to lactose-containing food or when ingested
with meals containing lactose, these are effective in re-
ducing symptoms and breath hydrogen values in many
people who have low lactase levels and complaints of
lactose intolerance. However, these products are not
capable of completely hydrolyzing all dietary lactose,
and the results achieved in individual patients are var-
iable. Some of the commercial `̀ lactase'' preparations are
listed in Table IV. LactAid liquid (LactAid, Inc.,
Pleasantville, NJ) may be added to milk (14 drops/
quart), which is then refrigerated overnight before
use. The resulting hydrolysis of lactose (which is ap-
proximately 90% effective) produces a sweeter taste
compared to milk containing lactose. Commercial
LactAid products are also sold in most markets in the
United States. Lactrase (Kremers-Urban Company,
Milwaukee, WI) capsules may be taken orally with lac-
tose-containing foods, as can the other products listed in
Table IV, but the individual dose required and responses
to individual products must be tested in each patient. It
should be noted that `̀ acidophilus milk'' is not suf®-
ciently lactose depleted. Live-culture yogurt, which
contains endogenous b-galactosidase, is a useful alter-
native source for calcium and calories, and may be well
tolerated by a number of lactose-intolerant patients.
However, yogurts that contain milk products added
back after fermentation may produce symptoms. Al-
though consumption of yogurt alone by individuals
with low lactase activity and lactose intolerance reduces
symptoms, consumption of yogurt together with addi-
tional lactose does not lead to reduced symptoms.

Sucrose Intolerance

Sucraseÿisomaltase de®ciency is an uncommon au-
tosomal recessive disorder characterized by very low
levels of this microvillus membrane enzyme. The ge-
netic basis appears to be mutations in the gene that lead
to alterations in the posttranscriptional processing of
the enzyme. Sucrose intolerance presents at different
ages. In infants, symptoms may appear when sucrose is
introduced into the diet; in younger children, chronic
diarrhea may occur, alternating with constipation
and confusing the diagnosis. Occasionally, the ®rst
manifestations appear in adulthood with complaints

TABLE III Lactose Content of Selected Foods

Food Lactose content

Cow milk 9ÿ13 g per 8 oz

Milk sherbet 4 g per 8 oz

Cottage cheese 5ÿ6 g per 8 oz

Light cream 0.6 g per tablespoon

Natural cheddar cheese 0.4ÿ0.6 per 28 g

Processed Swiss cheese 0.4ÿ0.6 per 28 g

Ice cream 2ÿ6 g per 4 oz
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of carbohydrate malabsorption or may mimic irritable
bowel syndrome. The diagnosis is most easily achieved
by means of the sucrose breath hydrogen test. Treatment
is accomplished by restriction of dietary sucrose.
Some studies suggest that provision of exogenous
sucrase activity (`̀ sacrosidase'') using viable yeast
cells (Saccharomyces cerevisiae) may assist in sucrose
tolerance.

GlucoseÿGalactose Malabsorption

Glucoseÿgalactose malabsorption is a rare, autoso-
mal recessive disorder detected in neonates who de-
velop diarrhea; their stools are acidic and contain
fecal reducing substances usually after the ®rst feeding
of glucose water (e.g., Pedialyte or similar prepara-
tions). The diagnosis in these patients can be con®rmed
with a ¯at glucose and a normal fructose tolerance test.
Con®rmation of the diagnosis can be achieved in vitro by
measurement of glucose transport in small bowel biopsy
or by intraluminal perfusion. Treatment is based on the
elimination of glucose and galactose and the use of fruc-
tose-containing formula.

Fructose Malabsorption

Fructose malabsorption is an uncommon cause of
serious disease. However, the ingestion of large amounts
of fructose (particularly in the form of fruit juices) in
infants and young children may lead to diarrhea and
symptoms of carbohydrate malabsorption because of an
ingested load of fructose in excess of the capacity of the
small intestine to absorb the sugar. Fruit juice ingestion
in infants and young children may produce the
syndrome of `̀ chronic nonspeci®c diarrhea'' or `̀ toddler's
diarrhea.'' This can be rapidly reversed by reducing di-
etary fructose. Fructose content of foods varies, but
considerable quantities can be found in ®gs (31 g/
100 g edible portion), dates (24 g), prunes (15 g), and
soft drinks containing high-fructose corn syrup (37.5 g/
18 oz of soda).

The sugar alcohol of fructose (sorbitol) is not well
tolerated by some people. It is poorly absorbed in the
small intestine and its transport to the colon may be

associated with symptoms of carbohydrate malabsorp-
tion. Sorbitol can be found in `̀ diet'' products, such as
chewing gums (1.3ÿ2.2 g/piece), and `̀ low-sugar'' fruits
(pears, 4.6 g/100 g dry weight), fruit juices (apple
juice 0.5 g/100 g), and carbonated beverages. In the ap-
propriate clinical setting, a search for sorbitol-
containing foods in the diet and elimination of offending
substances may lead to resolution of symptoms of
carbohydrate malabsorption.

Secondary Carbohydrate Malabsorption

Bacterial overgrowth or stasis syndromes may be
associated with increased fermentation of dietary car-
bohydrates in the small bowel. Clinical symptoms of
carbohydrate intolerance are often found. The diagnosis
may be suspected when a very early peak of breath hy-
drogen is detected during a lactose, sucrose, or glucose
breath test.

Carbohydrate malabsorption frequently occurs after
gastrointestinal tract mucosal injury involving villus
¯attening or damage to the intestinal epithelium. Dis-
orders that often produce this lesion are listed in Table I.
When the mucosa is damaged, lactase is usually the ®rst
affected disaccharidase, presumably because of its distal
location on the villus. Treatment of the primary disorder
is mandatory for the return of lactase activity, which
often lags behind the return of normal intestinal mor-
phology. Prolonged lactose intolerance, which may
persist for months after healing starts, is unique to
this disaccharidase, and its biochemical basis is
unexplained.

Secondary sucrase-isomaltase de®ciency is usually
of less clinical signi®cance compared to secondary lact-
ase de®ciency. Enzyme activity is not totally lost and
usually does not reach the low levels of primary sucrase-
isomaltase de®ciency; thus, patients tend to tolerate
some sucrose intake. Maltase-glucoamylase de®ciency
is related to the severity of the mucosal lesion and is
usually of minimal clinical signi®cance in most patients.

The principles of treatment in carbohydrate malab-
sorption in patients with secondary disorders are iden-
tical to those for the primary disorders, in addition to the
treatment of the underlying problem.

Miscellaneous Observations

Patients demonstrating symptoms compatible with
the diagnosis of carbohydrate malabsorption, but for
whom speci®c testing fails to reveal an abnormality,
may have symptoms related to ®ber ingestion. The cus-
tom of eating extremely high-®ber foods may predispose
some people to symptomatic carbohydrate malabsorp-
tion. Flatulence associated with the ingestion of a
variety of beans and other vegetables considered to be

TABLE IV Some Commercial `̀ Lactase'' Substitutes

Name Dose form Supplier

LactAid Liquid /tablets LactAid, Inc.

Lactrase Capsules Kremers-Urban

LactAce Capsules Nature's Way Products, Inc.

DairyEase Tablets Glenbrook Laboratories

Lactrol Caplets

Advanced Nutritional

Technology
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`̀ gas producing'' is a common complaint. When dried
beans are used in food preparation, they can be soaked
for 12ÿ24 hours prior to cooking to eliminate sugars not
absorbed in the small intestine. This often reduces `̀ gas''-
related symptoms.

Patients whose main complaints are increased ¯at-
ulence may or may not have carbohydrate malabsorp-
tion, but they should have this possibility ruled out by
appropriate testing. It should be remembered that swal-
lowed air may lead to ¯atulence as well. However, air
swallowing is more often accompanied by excessive
belching. The ingestion of large quantities of air may
be due to psychogenic factors, to crying in infants, to
gum chewing, or to the consumption of carbonated
drinks. Appropriate dietary recommendations may
lead to resolution of symptoms.
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Carbohydrate Digestion and Absorption
ERIC SIBLEY

Stanford University School of Medicine

glycosidic linkage Covalent chemical bond between the

monosaccharide units of disaccharides, oligosaccharides,

and polysaccharides formed by the removal of a

molecule of water. The bond is normally formed between

the C-1 on one sugar and the C-4 on the other. An a-

glycosidic bond is formed when the OH group on C-1 is

below the plane of the glucose ring and a b-glycosidic

bond is formed when it is above the plane.

oligosaccharide Carbohydrate compound in which mono-

saccharide units are joined by glycosidic linkages. The

term `̀ oligosaccharide'' is commonly used to refer to

de®ned structures having three to nine monosaccharide

units.

polysaccharide Macromolecule carbohydrate consisting of

more than nine monosaccharide residues joined to each

other by glycosidic linkages.

Carbohydrates consumed in the diet must be digested and

absorbed in the gastrointestinal tract prior to utilization

as nutrient energy sources. The processes of carbohydrate

digestion and absorption are accomplished by the action

of digestive enzymes and carrier proteins with specialized

functions and speci®cities.

INTRODUCTION

Carbohydrates account for 40ÿ60% of the average
caloric energy intake in humans. The primary carbo-
hydrates in the human diet are starches, sucrose, and
lactose. Starches and complex polysaccharides com-
prise 60% of the digestible carbohydrates in the average
adult Western diet. Sucrose and lactose comprise 30 and
10%, respectively, of carbohydrates in the adult diet.
The various carbohydrates must be digested to their
monosaccharide components prior to transport across
the surface membrane of the absorptive intestinal epi-
thelial cells, enterocytes. The process of carbohydrate
digestion (in the case of starches) is initiated by salivary
and pancreatic amylase in the lumen of the gut. Diges-
tion is completed by the action of carbohydrate-speci®c
hydrolases bound to the brush border membrane of the
absorptive enterocytes lining the villi of the small intes-
tine. The digestive and absorptive pathways for the three
major nutrient carbohydrate sources in the human diet

(starches, sucrose, and lactose) are described in the
following discussions.

Signi®cant amounts of nondigestible carbohydrates
are also consumed in the human diet. These carbohy-
drates consist of nondigestible starches, largely in the
form of plant ®ber; nondigestible sugars such as
stachyose and raf®nose present in legumes; and sugar
alcohols such as sorbitol and mannitol used as
sweeteners. Humans lack digestive enzymes capable
of ef®ciently hydrolyzing these carbohydrates. Thus,
these dietary ®bers and nondigestible sugars pass
through the gastrointestinal tract undigested or are par-
tially digested by enzymes produced by intestinal bac-
terial ¯ora to yield short-chain fatty acids, hydrogen,
carbon dioxide, and methane.

DIGESTION OF STARCHES

Luminal Hydrolysis by a-Amylases

The two major starch polysaccharides in the human
diet are amylose and amylopectin. Amylose is a linear
chain of glucose molecules linked by a-1,4 glycosidic
bonds and accounts for 20% of dietary starch. Amylo-
pectin is a branching chain of a-1,4-linked glucose mol-
ecules with an a-1,6 linkage occurring approximately
every 20 glucose molecules. Amylopectin accounts for
80% of dietary starch. Glycogen is a polysaccharide
found in animal tissues and has a structure similar to
that of amylopectin. In order for these complex carbo-
hydrates to be utilized as a nutrient source they must be
digested to smaller oligosaccharides and then ultimately
must be hydrolyzed to individual monosaccharides.
Food starches are present in association with hydropho-
bic proteins that limit access to enzymes responsible for
starch hydrolysis. Prior to consumption, methods of
food preparation, such as cracking grains, milling,
and cooking, facilitate starch utilization. The process
of enzymatic starch digestion is initiated in the lumen
of the gastrointestinal tract by the action of
a-amylases secreted by the salivary gland and the pan-
creas. Human salivary amylase (94% identical to
pancreatic amylase) tends to be degraded at acidic pH
and thus contributes minimally to starch digestion in
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the small intestine. Pancreatic amylase is secreted into
the intestinal lumen in the duodenum and is the major
enzyme of intraluminal starch digestion in adults. In
neonates with decreased pancreatic secretion, however,
salivary amylase supports a signi®cant amount of starch
digestion.

Amylase functions to cleave the internal a-1,4 gly-
cosidic bonds of amylose and amylopectin but is inac-
tive against the a-1,6 linkages in amylopectin and
glycogen. The products of luminal starch digestion by
amylase are maltose (a glucoseÿglucose disaccharide),
maltotriose (a glucose trisaccharide), and a-limit dex-
trins. The enzymatic action of the a-amylases on
starches is shown in Fig. 1.

Brush Border Membrane Hydrolysis
by Oligosaccharidases

The oligosaccharide products of luminal starch di-
gestion are hydrolyzed to glucose monomers by the
membrane-bound brush-border digestive enzymes,
maltase-glucoamylase, sucrase, and isomaltase (also
called a-dextrinase). Maltase-glucoamylase removes
single glucose residues from the a-1,4 chains of
oligosaccharides, and from maltotriose and maltose.
Sucrase-isomaltase is initially synthesized in the en-
terocyte as a single glycoprotein chain. After insertion
in the brush-border membrane, it is cleaved into sucrase
and isomaltase units that reassociate noncovalently.
Sucrase is capable of hydrolyzing the a-1,4 glycosidic

bonds of short oligosaccharides, including maltose and
maltotriose. Isomaltase is the only enzyme capable of
hydrolyzing the a-1,6 glycosidic linkage in the a-limit
dextrins. The free glucose products of oligosaccharidase
hydrolysis are transported into the enterocyte as de-
scribed in the following sections. The pathway for starch
digestion is summarized in Fig. 2.

DIGESTION OF DISACCHARIDES

Sucrose and lactose are the major disaccharides in the
human diet. These sugars, along with maltose and other
disaccharides consumed in minimal amounts, cannot be
absorbed across the enterocyte surface membrane in-
tact. Unlike starch digestion, there is no luminal diges-
tion of disaccharides. Rather, they are hydrolyzed to
their monosaccharide components by speci®c brush
border membrane hydrolases expressed in the small
intestine. Maltase catalyzes the enzymatic hydrolysis
of maltose as previously described. Trehalase is a
brush border enzyme that speci®cally hydrolyzes treha-
lose, a disaccharide found predominantly in mush-
rooms. The brush border membrane hydrolysis of
sucrose and lactose is described in the following section
and is summarized in Fig. 2.

Sucrose Digestion

Sucrose, the major carbohydrate in most fruits, is a
disaccharide composed of a glucose molecule linked via
an a-glycosidic linkage to a fructose molecule. As with
the other oligosaccharides, sucrose must be digested to
its constituent glucose and fructose monosaccharides
prior to absorption across the absorptive intestinal
cell membrane. The enzymatic hydrolysis of the

FIGURE 1 Digestion of amylose and amylopectin forms of

starch by a-amylase. Glux and the open circles represent glucose

residues; thin solid lines indicate a(1ÿ4) glycosidic linkages;

thick solid lines indicate a(1ÿ6) glycosidic linkages; broken ver-

tical lines indicate a-amylase hydrolysis. Adapted from Gray

(1981). `̀ Physiology of the Gastrointestinal Tract'' (L. R. Johnson,

ed.), Copyright Lippincott Williams & Wilkins, with permission.

FIGURE 2 Major pathways for digestion and absorption of

dietary carbohydrates. GA, glucoamylase. Adapted from Gray

(1975).
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a-glycosidic bond in sucrose is mediated by the intes-
tinal epithelial cell surface membrane-bound enzyme,
sucrase. Sucrase is a membrane-bound glycoprotein as-
sociated with the digestive enzyme isomaltase. In
most mammalian species, the expression of sucrase-
isomaltase is minimal at birth and then is induced dra-
matically at the time of weaning. In humans, however,
sucrase-isomaltase expression is induced prenatally
(10ÿ14 weeks of gestation) and is maximal at birth.
Such a precocious expression pattern in humans allows
for the digestion and absorption of solid sugars prior to
weaning in human infants.

Clinical de®ciency of sucrase-isomaltase is a rare au-
tosomal recessive condition that results in the inability to
digestandabsorbdietarysucrose.Theconditionbecomes
manifest during infancy on the introduction of sucrose in
fruits and juices. The inability to digest the sugars results
in signs and symptoms of malabsorption, including diar-
rhea, increased gas production, and abdominal disten-
sion. Treatment for congenital sucrase-isomaltase
de®ciency consists of avoidance of sucrose in the diet.

Lactose Digestion

Lactose is the predominant carbohydrate in breast
milk. The lactose disaccharide consists of a glucose
and a galactose molecule linked by a b-1,4 glycosidic
bond. The digestive enzyme lactase-phlorizin hydro-
lase (b-galactosidase) catalyzes the hydrolysis of lactose
to yield glucose and galactose, which can then be
absorbed across the intestinal mucosa membrane.
Lactase-phlorizin hydrolase, lactase, is a brush border
membrane protein with enzymatic activity against gly-
colipids as well as lactose. The lactase-phorizin hydro-
lase gene is speci®cally expressed by the small intestinal
enterocytes of most mammals. Lactase enzyme activity
is maximal in preweaned mammals and declines
markedly during maturation. The maturational decline
in lactase activity renders most of the world's adult
human population intolerant of milk and other dairy
products. Lactose present in dairy products cannot be
digested in the small intestine, due to the reduced lact-
ase level, and instead is fermented by bacteria in the
distal ileum and colon. The fermentative products result
in symptoms of diarrhea, gas bloat, ¯atulence, and ab-
dominal pain. Treatment consists primarily of avoiding
lactose-containing foods. Lactase enzyme supplements
may be helpful. In a minority of adults, high levels of
lactase activity persist in adulthood. This hereditary
persistence of lactase is common primarily in people
of northern European descent and is attributed to
inheritance of an unidenti®ed autosomal-dominant mu-
tation that prevents the normal maturational decline

in lactase expression. Linkage disequilibrium and
haplotype analyses in humans have recently allowed
for identi®cation of two genetic variants located up-
stream of the human lactase gene that are associated
with hereditary lactase persistence.

MONOSACCHARIDE ABSORPTION

Glucose and Galactose Transport

The products of luminal and membrane-bound hy-
drolysis of starches and sugars are the constituent
monosaccharides, glucose, galactose, and fructose.
These monosaccharides, present at the enterocyte
brush border membrane, must be transported across
both the apical and basolateral enterocyte membranes
and into the portal circulation. The apical membrane
absorption of glucose and galactose is carried out pre-
dominantly by a Na�-dependent active transport mech-
anism in which each monosaccharide is transported
along with two Na� molecules (see Fig. 2). The so-
dium/glucose cotransporter, SGLT1, has been charac-
terized. SGLT1 is a 664-amino-acid transmembrane
protein expressed on the apical surface of intestinal
epithelial cells. The protein has 12 membrane-spanning
domains. Sodium molecules enter the enterocyte via an
electrochemical gradient that is maintained by Na�, K�-
ATPase (the sodium pump) that extrudes sodium mol-
ecules out the basolateral surface. By coupling transport
to the sodium gradient, the glucose and galactose mol-
ecules are able to be transported actively into the cell.
Glucose and galactose are transported out of the entero-
cyte into the portal circulation by the Na�-independent
glucose transporter, GLUT2, located on the basolateral
membrane.

Congenital defects of the SGLT1 protein resulting
from missense and nonsense mutations have been
reported as rare clinical causes of severe glucoseÿ
galactose malabsorption in infancy. Such children
present in the neonatal period with severe, watery,
acidic diarrhea while consuming breast milk or standard
infant formulas. The symptoms of diarrhea and dehy-
dration are life threatening. Treatment consists of rehy-
dration and initiation of a glucose- and galactose-free
diet. Because fructose is tolerated, most of the carbohy-
drate initially can be given as fructose.

Fructose Transport

The fructose monosaccharide is transported
across the intestinal brush border membrane via a
Na�-independent facilitated diffusion mechanism.
GLUT5 is a 501-amino-acid transmembrane protein
that transports fructose and glucose molecules. Fructose
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is transported from the enterocyte into the portal
circulation via the basolateral membrane GLUT2
transporter. Fructose is not as well absorbed as is glu-
cose. Consequently, ingestion of high levels of fructose
in the diet can lead to carbohydrate intolerance. In chil-
dren, drinking excessive amounts of juices high in fruc-
tose may result in nonspeci®c diarrhea and recurrent
abdominal pain. In adults, fructose malabsorption has
been associated with irritable bowel syndrome.
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gluten Wheat protein responsible for damage of small

intestine in celiac disease.

gluten-free diet Regimen with no gluten or similar proteins

in any meal component.

malabsorption Impaired intestinal absorption of nutrients.

Celiac disease, a chronic in¯ammatory condition associ-

ated with small intestinal injury induced by gluten expo-

sure, results in malabsorption of different nutrients. It is

associated with multiple other medical conditions. The

diagnosis relies on characteristic ®ndings of small intes-

tinal biopsy. Patients with celiac disease usually respond

quickly to a gluten-free diet. The disease requires a life-

long commitment to a gluten-free diet to prevent recur-

rence of symptoms and other potential consequences.

INTRODUCTION

Celiac disease (CD) was described in the ®rst century
A.D. However, modern knowledge of the relationship
between CD and the damaging effect of gluten on the
small intestine is credited to Dicke, who, in the 1940s,
®rst observed improvement of children with CD when
there was shortage of wheat during World War II. Dicke
noted the recurrence of symptoms when food supplies
became available again.

The disease may induce no symptoms at all for a long
time, yet in some cases subtle symptoms can be detected
and in others a more debilitating form of the disease may
be encountered. The disease is being recognized more
often nowadays thanks to increasingly available testing
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is transported from the enterocyte into the portal
circulation via the basolateral membrane GLUT2
transporter. Fructose is not as well absorbed as is glu-
cose. Consequently, ingestion of high levels of fructose
in the diet can lead to carbohydrate intolerance. In chil-
dren, drinking excessive amounts of juices high in fruc-
tose may result in nonspeci®c diarrhea and recurrent
abdominal pain. In adults, fructose malabsorption has
been associated with irritable bowel syndrome.

See Also the Following Articles

Amylase � Carbohydrate and Lactose Malabsorption

� Digestion, Overview � Small Intestine, Absorption and

Secretion

Further Reading

Alpers, D. H. (1994). Digestion and absorption of carbohydrates and

protein. In `̀ Physiology of the Gastrointestinal Tract'' (L. R.

Johnson, ed.), 3rd Ed., pp. 1723ÿ1749. Raven Press, New York.

Buller, H. A, and Grand, R. J. (1990). Lactose intolerance. Annu. Rev.

Med. 41, 141ÿ418.

Burant, C. F., Takeda, J., Brot-Laroche, E., Bell, G. I., and Davidson,

N. O. (1992). Fructose transporter in human spermatozoa

and small intestine is GLUT5. J. Biol. Chem. 267, 14523ÿ14526.

Enattah, N. S., Sahi, T., Savilahti, E., Terwilliger, J. D., Peltonen, L.,

and Jarvela, I. (2002). Identi®cation of a variant associated with

adult-type hypolactasia. Nat. Genet. 30, 233ÿ237.

Gray, G. M. (1975). Carbohydrate digestion and absorption: Role of

the small intestine. N. Engl. J. Med. 292, 1225.

Gray, G. M. (1981). Carbohydrate absorption and malabsorption. In

`̀ Physiology of the Gastrointestinal Tract'' (L. R. Johnson, ed.),

3rd Ed., p. 1064. Raven Press, New York.

Gray, G. M. (1992). Starch digestion and absorption in nonrumi-

nants. J. Nutr. 122, 172ÿ177.

Levin, R. J. (1994). Digestion and absorption of carbohydratesÐ

From molecules and membranes to humans. Am. J. Clin. Nutr.

59, 690Sÿ698S.

Sitrin, M. D. (1996). Nutritional physiology. In `̀ Gastrointestinal,

Hepatobiliary, and Nutritional Physiology'' (E. B. Chang, M. D.

Sitrin, and D. B. Black, eds.), pp. 121ÿ140. Lippincott-Raven,

Philadelphia, Pennsylvania.

Southgate, D. (1995). Digestion and metabolism of sugars. Am. J.

Clin. Nutr. 62, 203Sÿ211S.

Turk, E., Martin, M. G., and Wright, E. M. (1994). Structure of the

human Na�/glucose cotransporter gene SGLT1. J. Biol. Chem.

269, 15204ÿ15209.

Encyclopedia of Gastroenterology Copyright 2004, Elsevier (USA). All rights reserved.Encyclopedia of Gastroenterology Copyright 2004, Elsevier (USA). All rights reserved.

Celiac Disease
AHMAD S. ABDULKARIM* AND JOSEPH A. MURRAY

y

*Marsh®eld Clinic, Wisconsin, and yMayo Clinic and Foundation

gluten Wheat protein responsible for damage of small

intestine in celiac disease.

gluten-free diet Regimen with no gluten or similar proteins

in any meal component.

malabsorption Impaired intestinal absorption of nutrients.

Celiac disease, a chronic in¯ammatory condition associ-

ated with small intestinal injury induced by gluten expo-

sure, results in malabsorption of different nutrients. It is

associated with multiple other medical conditions. The

diagnosis relies on characteristic ®ndings of small intes-

tinal biopsy. Patients with celiac disease usually respond

quickly to a gluten-free diet. The disease requires a life-

long commitment to a gluten-free diet to prevent recur-

rence of symptoms and other potential consequences.

INTRODUCTION

Celiac disease (CD) was described in the ®rst century
A.D. However, modern knowledge of the relationship
between CD and the damaging effect of gluten on the
small intestine is credited to Dicke, who, in the 1940s,
®rst observed improvement of children with CD when
there was shortage of wheat during World War II. Dicke
noted the recurrence of symptoms when food supplies
became available again.

The disease may induce no symptoms at all for a long
time, yet in some cases subtle symptoms can be detected
and in others a more debilitating form of the disease may
be encountered. The disease is being recognized more
often nowadays thanks to increasingly available testing
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methods and better awareness of the disease and its
complications.

EPIDEMIOLOGY

Currently, the precise prevalence of CD is hard to pre-
dict. CD in the United States is more prevalent than what
was initially thought. It was thought that the prevalence
of clinically diagnosed CD was 1:300ÿ4500 in parts of
Europe and 1:10,000 in the United States. On the other
hand, the prevalence in more recent population screen-
ing studies ranges between 1:100ÿ500 in Europe
and 1:100ÿ200 in the United States. The prevalence
of CD is higher in ®rst-degree relatives of patients
with CD (close to 10%).

PATHOGENESIS

In genetically susceptible individuals, ingested gluten
peptides are presented by the antigen-presenting cells

in association with human leukocyte antigen (HLA)
DQ2 or DQ8 (Fig. 1). The gluten antigen is presented
toTcellsexpressinga/bTcell receptors, initiatingactiva-
tion and production of lymphocytes, which are respon-
sible for releasing cytokines (e.g., interferong and tumor
necrosis factora).Cytokinesare thought tobe the factors
that damage the small intestinal epithelia. The damaged
mucosa triggers the release of tissue transglutaminase
(tTG), a cytosolic enzyme that deamidates gluten and
catalyzes deamidation between glutenÿgluten and pos-
siblyglutenÿtTG; thecross-linking in turnaugments the
gluten presentation by HLA DQ2 or DQ8. In addition,
released cytokines increase the expression of HLA DQ2
on small intestine epithelia, allowing increased antigen
presentation to sensitized lymphocytes.

All alcohol-soluble protein components of wheat
gluten (gliadins), barley (secalins), and rye (hordeins)
are damaging in patients with CD. Rice, corn, and
soybean ¯ours are nontoxic. Oats are thought to be
safe in most patients.

FIGURE 1 The alcohol-soluble gliadin (1) fraction of wheat is highly antigenic. After gliadin

peptides are absorbed (2), they are taken up by an antigen-presenting cell (3). The antigen-presenting

cell (APC) processes the peptides and presents the gliadin fragments, in conjunction with human

leukocyte antigen DQ2 or DQ8, to a T cell expressing T cell receptors (3). Deamidation of the gliadin

peptide ligand (PL), which is mediated by tissue transglutaminase (tTG), makes the binding of the

ligand to DQ2 or DQ8 stronger by converting the glutamine (Q) in the ligand (PQL) to glutamic acid

(E; PEL), inducing a stronger T cell response (4). Activation of T cells leads to activation of lym-

phocytes (5), which produce a variety of damaging cytokines, and activation of plasma cells (6), which

are responsible for the production of antibodies. These actions result in a cascade of effects and

ultimately in mucosal damage (7) and antibody production (8). IFN, Interferon ; TNF, tumor necrosis

factor; IL, interleukin. Copyright Mayo Foundation, 2002.
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CLINICAL FEATURES

Children

Symptoms in children usually start after introduc-
tion of cereals into the diet, usually after the age of 6
months. Symptoms may include failure to thrive, diar-
rhea, vomiting, muscle wasting, abdominal distension,
abdominal pain, and occasionally constipation. In older
children, the disease can present with anemia, rickets,
short stature, dental enamel defects, poor performance
in school, or behavioral disturbances.

Adults

The disease in adulthood may present as adult onset
or may be a clinically silent disease that was present
since childhood but produced no symptoms. The
most common presenting symptoms in adults with
CD are chronic diarrhea and iron-de®ciency anemia.
Diarrhea may be absent in 50% of patients. Severe ste-
atorrhea is less common and indicates more severe dis-
ease. Because of better awareness and test protocols,
celiac disease is currently being diagnosed more fre-
quently in asymptomatic patients who are found to
have iron de®ciency anemia, folate de®ciency, or oste-
oporosis. Other less common features of CD are pres-
ented in Table I.

Dermatitis herpetiformis is associated with celiac
disease, presenting with intestinal lesions of various
degrees of severity in most cases and characterized by
blistering skin lesions on the elbows, knees, and but-
tocks. Intestinal symptoms are not always present when
CD presents as dermatitis herpetiformis. The skin dis-

ease usually responds well to a gluten-free diet (GFD),
although initially dapsone might be needed.

ASSOCIATED DISEASES

CD has been associated with a number of medical con-
ditions, many of which occur with a higher frequency in
patients with CD than in the general population. A list of
such associated diseases is shown in Table II.

DIAGNOSIS

Small Intestinal Biopsy

The gold standard diagnostic test for CD is a
small intestinal mucosal biopsy obtained during
upper endoscopy, with multiple biopsies taken from
the second or third part of the duodenum. Although
on occasion they might give a hint for the diagnosis,
¯attened or scalloped duodenal folds seen at endoscopy
are not speci®c for CD. The characteristic ®ndings on
the biopsy include (1) partial or complete villous atro-
phy, (2) crypt hyperplasia, and (3) increased
intraepithelial lymphocytes and plasma cells. In the
past, a diagnostic small intestinal biopsy on a gluten-
containing diet followed by complete healing on a GFD,
then deterioration on gluten challenge, was required for
the diagnosis of CD. Currently, the criteria for the di-
agnosis of CD require a single biopsy with characteristic
®ndings while on gluten-containing diet, and an un-
equivocal clinical response to a GFD.

Villous atrophy alone can be found in other diseases
of the gastrointestinal tract; when not related to CD,
villous atrophy requires different diagnostic methods
and treatment. Some of the diseases that can be associ-
ated with villous atrophy include cow's milk allergy,
lymphoma of the small intestine, autoimmune entero-
pathy, tropical sprue, and graft-versus-host, disease
among others.

The small intestinal lesion of CD usually decreases
distally from the duodenum to the ileum, with the ®rst
part of the small intestine usually healing last following
institution of a GFD. The patient classically improves
within a period of a few weeks of starting a GFD, with

TABLE II Diseases Associated with Celiac Disease

Type 1 diabetes IgA de®ciency

Autoimmune thyroiditis Down's syndrome

Primary biliary cirrhosis Myasthenia gravis

Psoriasis Autoimmune hepatitis

Addison's disease Autoimmune atrophic gastritis

Turner syndrome Congenital heart defects

Rheumatoid arthritis Sarcoidosis

Cystic ®brosis Schizophrenia

TABLE I Findings in Celiac Disease

Dermatitis herpetiformis Short stature

Delayed puberty Abdominal pain

Abdominal distension Osteopenia

Osteoporosis Hepatic steatosis

Recurrent abortions Steatorrhea

Folate-de®ciency anemia Vitamin K de®ciency

Thrombocytosis Infertility (male/female)

Anxiety Depression

Arthralgia or arthropathy Dental enamel hypoplasia

Ataxia Alopecia

Isolated hypertransaminasemia Aphthous stomatitis

Recurrent pericarditis Polyneuropathy

Vasculitis Dilated cardiomyopathy

Hypo/hyperthyroidism Clubbing

Weight loss Nausea/vomiting

Ecchymosis Cheilosis

Epilepsy with or without

intracranial calci®cation
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histological improvement that might take up to 1 year
before complete resolution of the characteristic lesions
and return to a normal or near-normal architecture. In
the case of refractory celiac disease, there is persistence
of symptoms or recurrence of symptoms after initial
improvement following institution of a GFD, and per-
sistence of histological damage on small intestinal bi-
opsy. This may be associated with ulceration and can
progress to lymphoma.

Serological Markers

Antigliadin Antibodies

Gliadins, the alcohol-soluble fraction of gluten,
elicit a strong humoral response that originates in the
submucosa. Immunoglobulins of two subclasses (IgA
and IgG), or antigliadin antibodies (AGAs), are pro-
duced in the small intestine and are used as an
adjunct for diagnosis. Their lack of speci®city in CD
and the development of newer tests have rendered
them not useful clinically for speci®c diagnosis. How-
ever, they can be used to follow the response to a GFD.
The IgG subclass may help identify CD cases that are
associated with IgA de®ciency, whereby IgA AGAs, IgA
antiendomysial antibodies, and antitransglutaminase
are absent.

Antiendomysial Antibodies

Endomysium is a connective tissue protein found in
the collagenous matrix of human and monkey tissue.
IgA antibodies directed against the endomysium have
been found in association with CD. These antibodies are
highly sensitive and speci®c for CD, using both human
umbilical cord or monkey esophagus as a substrate. The
test is based on immuno¯uorescence ®ndings of retic-
ular staining when antiendomysial antibody binds to the
endomysium. Although highly speci®c when positive,
this binding is still subjective because of variations in
interpretation from one laboratory to another. Like IgA
AGAs, antiendomysial antibodies will be absent in IgA-
de®cient patients with CD.

Tissue Transglutaminase Antibodies

Tissue transglutaminase is a cytosolic protein that is
released during wounding and serves as a cross-linker of
different extracellular matrix molecules. It has been
recently found by Diederich that tTG is the autoantigen
of CD. IgA enzyme-linked immunosorbent assay
(ELISA)-based kits are now available for tTG antibodies,
using either human red cell or recombinant tTG.

Test Sensitivity/Speci®city

The test sensitivities/speci®cities for immunoglobu-
lin antigliadin antibodies, tissue transglutaminase, and
antiendomysial antibodies (AEMAs) are as follows:

� IgA AGAs: 70ÿ90%/85ÿ94%
� IgG AGAs: 69ÿ85%/88ÿ92%
� IgA tTG: 90ÿ98%/94ÿ98%
� IgA AEMAs: 85ÿ98%/98ÿ100%

Hematologic and Biochemical Findings

Anemia in CD may be secondary to iron, folate, and,
occasionally, vitamin B12 de®ciencies. Anemia with iron
de®ciency is one of the most common presentations of
CD. Low calcium and vitamin D levels can lead to
osteopenia and osteoporosis. Leukopenia and throm-
bocytopenia can be secondary to severe folate de®ci-
ency, whereas thrombocytosis is usually seen with
hyposplenism. Low vitamin K levels can result in
increased prothrombin. Severe malabsorption and diar-
rhea can be associated with low sodium, albumin,
potassium, magnesium, and zinc levels. IgA de®ciency
is seen in 2ÿ10% of patients with CD. Persistent
hypertransaminasemia in a patient with no other diag-
nosed chronic liver disease should raise the suspicion
of CD.

Radiographic Findings

The role of radiographic evaluation in the initial
diagnosis of celiac disease is limited. The nonspeci®c
®ndings of thickened mucosal folds, dilatation of the
small intestine, straightening of the valvulae conni-
ventes, and excessive secretion of ¯uid into the small
intestine on small intestinal X ray suggest malabsorption
rather than CD per se. On the other hand, small intes-
tinal X ray can be used to rule out serious complications
of CD (lymphoma, ulcerative jejunitis, or carcinoma)
in patients who are on a strict GFD and presenting
with abdominal pain, weight loss, anemia, hypoalbu-
minemia, or symptoms of obstruction.

Computer tomography is also used to rule out
lymphomas and adenocarcinomas and may reveal
hyposplenism, ascites, or cavitating mesenteric lymph-
adenopathy that can be associated with CD.

Stool Studies

The 72-hour stool fat collection and D-xylose ab-
sorption tests are nonspeci®c and play only a minor
role in the speci®c diagnosis of CD.

CELIAC DISEASE 281



TREATMENT

A GFD is the mainstay of the treatment of CD and it must
be a lifelong regimen. No drug therapy has been proved
to suppress the disease. Involvement of the patient in the
treatment plan is crucial. Physicians caring for patients
with CD should educate the patient about celiac disease.
They should provide dietary consultation regarding a
GFD and changes in lifestyle and must also encourage
patients to join support groups. Patients should be en-
couraged to lead as normal a lifestyle as possible. Other
responsibilities of the physician include assessing the
patient's nutritional status and response to interven-
tions, screening for other known associated diseases,
followup to ensure compliance with the GFD, obtaining
baseline bone mineral density, and being on watch for
potential complications of CD.

Gluten-Free Diet

A GFD as a treatment for CD was established by
Dicke. A few points about the GFD require further clar-
i®cation:

1. Even small amounts of gluten can result in injury to
the intestinal lining.

2. Patient education and motivation are crucial for suc-
cessful treatment of CD.

3. The diet requires extensive education of patients and
their families by both doctors and experienced
dietitians.

4. A trial of a GFD as the sole means of diagnosis should
be abandoned.

5. Patients need to know that a GFD not only improves
their symptoms but may also reverse anemia, infer-
tility, depression, and osteoporosis and may help
prevent small intestinal malignancy.

Clinical improvement is evident in most patients
within 2ÿ3 weeks of initiating a GFD. Gluten contam-
ination of food in the diet is very common and is the
leading reason for persistence of symptoms. Flours al-
lowed in a GFD include rice, soybean, corn, soy, potato,
tapioca, arrowroot, bean, sorghum, quinoa, millet,
buckwheat, tef, nut, and amaranth ¯ours. Products
made from these ¯ours are safe for use by celiac disease
patients.

Wheat, barley, rye, malt, triticale (wheatÿrye
hybrid), couscous, kamut, spelt, and semolina ¯ours
are not allowed. Recent studies have clearly demon-
strated that oats are nontoxic for patients with celiac
disease; however, contamination of oat products with
other prohibited ¯ours during harvesting, milling, or
processing of oat products is a concern.

Some items that might be overlooked as a source of
contamination include broth, breading, ketchup, mus-
tard, candy bars, cheese spreads, chip and dip mixes,
¯avoring in meat products, soy sauce, hydrolyzed
plant protein, hot chocolate mixes or cocoa, imitation
bacon or seafood, instant coffee and tea, salad dressing,
malt, modi®ed food starch, nondairy creamer, pasta,
peanut butter, processed meat, sausage products, sauce
and soup bases, stuf®ngs, tomato sauce, vegetable
gum, vegetable protein (thickener), and yogurt with
fruit. Medications, vitamins, and mineral supplements
may also contain gluten as an inactive ingredient.

A GFD may be associated with either weight gain or
loss. It may also be associated with constipation, and the
patient should be counseled about these side effects.
Special attention should be paid to de®ciency states
and supplementation with speci®c agents as needed.
Also, after improvement of intestinal injury and conse-
quent improved absorption, adjustment in the dose of
medications may be needed.

Support groups provide assistance to newly diag-
nosed celiac disease patients, particularly by providing
name and contact information of companies that pro-
duce GFD items and of local vendors; support groups
are also sources of up-to date information on the disease
and on the GFD, in addition to a wide variety of mate-
rials, books, and recipes that can be used with physician/
dietitian guidance.

COMPLICATIONS

Serious complications of CD may arise because of the
severity of malabsorption and steatorrhea; in addition to
osteomalacia and osteoporosis, complications include
mineral de®ciency states. Patients with CD are at in-
creased risk of developing lymphomas (enteropathy-
associated T cell lymphoma) and small intestinal
adenocarcinoma, though the risk is still very small.
Refractory sprue is de®ned as initial failure of a GFD
to improve clinical symptoms and histological abnor-
malities of the small intestine or secondary failure after
initial improvement. This complication is hard to treat
and harbors the risk of progressing to lymphoma.
Another serious complication is ulcerative jejunitis,
which can be associated with duodenal strictures or
intestinal perforation.

See Also the Following Articles

Calcium, Magnesium, and Vitamin D Absorption, Metabo-

lism, and De®ciency � Endomysial and Related Antibodies �
Immunode®ciency �Malabsorption �TH1, TH2 Responses �
Tropical Sprue
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gliadin Alcohol-soluble protein fraction of gluten.

gluten Water-insoluble protein-rich residue remaining after

wheat starch has been extracted from the dough made

from wheat ¯our.

latent celiac disease Celiac disease in patients with who have

a normal small intestinal biopsy on a gluten-containing

diet, but at some time before or since have an

enteropathy that resolved with gluten restriction.

refractory celiac disease Celiac disease not responsive to

6 months of a strict gluten-free diet.

silent celiac disease Asymptomatic celiac disease in patients

with an abnormal intestinal biopsy.

Th1 response Helper T lymphocyte response that results in

the production of interferon g and other proin¯amma-

tory cytokines.

Celiac disease is an autoimmune enteropathy triggered by

the ingestion of wheat or the related grains, rye and barley,

in susceptible individuals. The clinical manifestations of

this disorder are extremely variable and individuals with

signi®cant small bowel villous atrophy may have no gas-

trointestinal symptoms or be completely asymptomatic.

Recognition of atypical and silent cases of celiac disease

and the application of screening serological tests have led

to the relatively recent discovery that the prevalence of

this disorder has been greatly underestimated previously

and may exceed 1 in every 200 individuals in Europe and

North America.

INTRODUCTION

Although celiac disease has been recognized for centu-
ries, the ®rst person to link the disorder to ingestion of
gluten was a pediatrician named Dicke in the 1940s. In
fact, the classic description of celiac disease has derived
from the childhood disease and much of our knowledge
of the disorder has been gained from the study of chil-
dren. The processes of growth and development com-
bine to make children special, and the manifestations of
celiac disease must be understood in this context. The
unique aspects of childhood celiac disease will be em-
phasized in the following discussion.

EPIDEMIOLOGY

In the era before serological screening, the highest prev-
alence of symptomatic celiac disease was reported from
Western Europe, approaching 1 in 300 individuals in
Western Ireland. Celiac disease was also recognized in
North America and Australia, both of which were sites
of European emigration and where wheat remained a
staple food. However, based on studies of patients un-
dergoing small bowel biopsy because of gastrointestinal
symptoms, estimates of prevalence in the United States
during this era, were signi®cantly lower, approximately
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1 in 2000ÿ3000. The advent of serological testing has
permitted screening of larger populations, and recent
series of blood donor tests both in Europe and in the
United States have demonstrated strikingly higher prev-
alence rates. Furthermore, these studies have also re-
vealed that a majority of patients are either
asymptomatic or have previously unrecognized atypical
symptoms of celiac disease. An Italian study of school-
age children revealed more than six times as many un-
expected cases of celiac disease as established cases.
These studies have led to the concept of a celiac disease
`̀ iceberg,'' with classical symptomatic cases being far out-
numbered by atypical and silent cases below the
`̀ water's'' surface (Fig. 1). Currently, the prevalence in
Western Europe, estimated to be greater than 1 in 100,
and estimates for the United States, at more than 1 in 250,
are similar. Furthermore, the prevalence of this disorder
has probably been underestimated in certain non-Euro-
pean countries and areas to which Europeans have not
emigrated in high numbers, including the northern
Sudan and northern India and other parts of Asia.

Earlychildhoodexperiencesmayaffect the incidence
of celiac disease and its clinical manifestations. The ep-
idemiology of celiac disease has been carefully studied in
Sweden, especially in relationship togluten introduction
and breast feeding. The incidence of celiac disease in that
country rose rapidly in the period from 1985 to 1987,
when infant gluten consumption was increased through
the addition of gluten to baby formula, despite the post-
ponement in cereal introduction from 4 to 6 months of
age.Starting in1995, therewasadramaticdecline inearly
childhood celiac disease in Sweden, coincident with na-
tional recommendations to promote breast feeding and

the introduction of gluten in smaller amounts while
babies were still nursing. In London, a similar decline
in incidence of celiac disease in the 1980s and 1990s
followed recommendations for later introduction of glu-
ten in the infant diet. Experts have speculated that the
delayed introduction of large amounts of gluten in the
diet may not have actually decreased the overall inci-
dence of celiac disease, but just changed its presentation.
Insteadofdevelopingclassical symptoms ofdiarrheaand
failure to thrive in the ®rst 2 years of life, more at-risk
individuals were presenting in later childhood or as
adults, often with atypical symptoms. An independent
effect of breast feeding on the occurrence of childhood
celiac disease is not clear and merits further study.

Substantial epidemiological evidence of a genetic
basis for celiac disease now exists. Approximately
10% of children with celiac disease have a family mem-
ber who is also affected by the disease and the incidence
in monozygotic twins is up to 70% in some series. His-
tocompatibility genes clearly account for part of this
susceptibility; 95% of patients with celiac disease are
positive for human leukocyte antigen (HLA) DQ2 or
DQ8, as compared to 30% of control patients. The
fact that the concordance rate in monozygotic twins
is higher than that in HLA identical siblings suggests
that other genes may play an important role in the ex-
pression of celiac disease.

PATHOPHYSIOLOGY

Major advances have been recently made in understand-
ing the pathogenesis of celiac disease. The toxic com-
ponents of wheat are proteins, gliadins, which have a
rich content of proline and glutamine. These proteins
are modi®ed by the enzyme tissue transglutaminase
and the resulting peptides are subsequently bound by
antigen-presenting cells in the context of the HLA DQ2
molecule. As a consequence, CD4-positive T cells are
stimulated to proliferate in a Th1 response. The release
of proin¯ammatory cytokines results in destruction of
small intestinal epithelial cells. The unique sequence of
the gliadin-derived peptides is required both for the
interaction with HLA molecules and for resistance to
gastric and intestinal proteolysis.

Abnormal intestinal permeability may also be an
important factor in the pathophysiology of celiac dis-
ease. One possible mechanism for alteration of perme-
ability is zonulin, a recently discovered protein that can
reversibly alter tight junction assembly, thereby increas-
ing permeability via the paracellular pathway. The
expression of zonulin has been noted to be increased
in intestinal tissues during the acute phase of celiac

Classic
Symptoms

Atypical
Symptoms

Silent
Disease

FIGURE 1 The celiac iceberg. Classic symptoms are the tip of

the celiac iceberg; most patients have atypical symptoms or silent

disease.
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disease. Regardless of the exact mechanism, if increased
intestinal permeability is an early event in pathogenesis
of celiac disease, it might permit exposure of gliadin to
the mucosal immune system. Some researchers specu-
late further that increased permeability of the intestine
in celiac disease may permit entry of other luminal fac-
tors important in the pathogenesis of associated auto-
immune diseases, such as diabetes mellitus.

Despite the elucidation of the key steps in the path-
ogenesis of celiac disease, many questions remain. The
event that triggers the development of celiac disease in a
susceptible host is not clear, but presumably could be an
infection or other stress resulting in an increase in in-
testinal permeability to gliadin peptides. Whether the
antibody response to tissue transglutaminase observed
in active celiac disease plays an important role in the
genesis of intestinal injury or is merely an epiphenom-
enon also remains to be elucidated.

PATHOLOGY

Immune-mediated injury results in the classical histo-
pathologic features of celiac disease, which are subtotal
or total villous atrophy, crypt hyperplasia, and an in-
crease in intraepithelial lymphocytes and lamina
propria lymphocytes and plasma cells. As cases are di-
agnosed earlier or in patients with few symptoms, more
subtle changes in the intestinal mucosa are being
recognized, and some biopsies may demonstrate
focal or partial villous atrophy, or only an increase in
intraepithelial lymphocytes. In some patients with
celiac disease, the immune-mediated injury is not
con®ned to the small intestine and there may be asso-
ciated lymphocytic gastritis and /or lymphocytic colitis.

CLINICAL MANIFESTATIONS

The typical symptoms of celiac disease follow the intro-
duction of wheat, rye, or barley in to the diet and consist
of diarrhea, abdominal pain, and weight loss (or failure
to gain weight appropriately). Typically, children be-
tween the ages of 9 and 18 months present with fre-
quent, foul-smelling bowel movements, weight loss,
poor appetite, a distended abdomen, thin extremities
with loss of subcutaneous tissue and sometimes muscle
wasting, and irritability (Fig. 2). In severe cases, the
child may be pale, listless, and have peripheral
edema. In infants younger than 9 months, vomiting
may be a prominent symptom. Paradoxically, some

children present with constipation, rather than diar-
rhea, and celiac disease should be considered in the
differential diagnosis of intractable constipation.

Although diarrhea and weight loss may occur at any
age, older children are more apt to have an atypical
presentation. It is extremely important to recognize
that isolated short stature, delayed puberty, anemia re-
sistant to iron therapy, osteoporosis, primary amenor-
rhea, and unexplained elevation of serum transaminase
levels may be the presenting complaint of children or
adolescents with celiac disease. Other less common
signs and symptoms include oral ulcers, behavior prob-
lems, dental hypoplasia, and seizures associated with
cerebellar calci®cation.

The intolerance to gluten in celiac disease should
be considered permanent, although rare cases of
transient gluten intolerance have been reported in child-
hood. Patients with so-called transient gluten intoler-
ance present with gastrointestinal symptoms and an

A B

FIGURE 2 An 18-month-old child with celiac disease. Note

the anxious look, the distended abdomen, and loss of subcutane-

ous tissue in the thigh folds and buttocks. Reproduced with per-

mission from H. Shwachman (1954). Mucoviscidosis and the

Celiac Syndrome. Pediatr. Clin. North Am. 54.
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abnormal small intestine, and respond to a gluten-free
diet. With gluten reintroduction, however, the patient
remains free of symptoms and the intestinal biopsy
remains normal. Because histopathologic relapse can
be delayed after challenge of celiac patients with gluten
for months to years, some of these patients have latent
celiac disease and will eventually become symptomatic.

A wide range of disorders are associated with celiac
disease. Children with Down syndrome have an in-
creased prevalence of celiac disease, estimated at 5%.
Other genetic disorders recently associated with celiac
disease include Turner syndrome and Williams
syndrome. Dermatitis herpetiformis is a pruritic papu-
lovesicular rash that is frequently associated with small
intestinal injury reminiscent of celiac disease. This
disorder usually responds to a gluten-free diet, although
treatment with dapsone is sometimes required. Other
autoimmune disorders associated with celiac disease
include type 1 diabetes mellitus, autoimmune thyroid-
itis, rheumatoid arthritis, and possibly others. Up to 8%
of patients with diabetes have celiac disease. Since these
children often have no gastrointestinal symptoms, the
only clue to diagnosis may be dif®culty in controlling
serum glucose levels. Based on the strong association
with celiac disease, however, it would seem advisable to
screen all patients newly diagnosed with type 1 diabetes.
Immunoglobulin A (IgA) de®ciency is also associated
with celiac disease and may confound serologic
diagnosis.

DIAGNOSIS

The diagnosis of celiac disease should always rest on the
®nding of histologically abnormal small intestinal mu-
cosa. However, because of the invasive nature of small
bowel biopsy, serological tests have been developed and
are useful as screening tests. These include assays for
antigliadin antibodies (AGAs), antireticulin antibodies
(ARAs), antiendomysial antibodies (AEAs), and antitis-
sue transglutaminase antibodies (ATTGs). Patients with
celiac disease may have IgA and IgG antibodies in each
of these classes, but detection of the IgA class is generally
a more speci®c assay for celiac disease and is the basis for
most commercial test kits. The IgG AGA assay has a
particularly low speci®city and may be elevated in a
signi®cant number of control subjects and in patients
with other intestinal disorders. Until recently, the best
test was the AEA assay, which typically has a sensitivity
and speci®city of greater than 95%. However, because
detection of AEAs is based on an immuno¯uorescent
assay using monkey esophagus or human placental
tissue as a substrate, there may be signi®cant variability
between different laboratories and the test is quite

expensive to perform. The enzyme tissue trans-
glutaminase has recently been identi®ed as a
speci®c target of the AEA assay. This discovery has
led to the development of enzyme-linked immunosor-
bent assays (ELISAs) directed at this enzyme. Initially,
the ATTG assays used guinea pig enzyme as the sub-
strate, but the most recent generation assay is based on
the human protein. Early studies noted a slightly re-
duced sensitivity and /or speci®city of the ATTG
when compared to the AEA assay, but it is likely that
the more recently developed assays will not detect sig-
ni®cant differences. If the equivalency of these assays is
con®rmed, it would be most prudent for the clinician to
order only the ATTG assay, rather than a panel of dif-
ferent antibodies. Because IgA de®ciency can be asso-
ciated with celiac disease, a total serum IgA should be
obtained to ensure that a negative assay is not due to IgA
de®ciency.

The availability of serological assays has obviated
the need for tests of malabsorption and for imaging
studies in uncomplicated cases. Standard tests for mal-
absorption, such as D-xylose absorption assays, breath
testing to detect secondary lactose intolerance in young
children, and qualitative and quantitative analyses of
fecal fat, are too insensitive to be of practical use for
the diagnosis of celiac disease in children. Likewise,
sugar permeability tests fail to identify most children
with active celiac disease. Imaging tests are of limited
utility in diagnosing celiac disease and are not indicated
unless gastrointestinal complications, such as intussus-
ception, are suspected.

Patients with positive serology and those with neg-
ative serology but symptoms suggestive of celiac disease
should undergo small bowel biopsy. The ®rst small
bowel biopsies were obtained using suction-triggered
capsules positioned in the jejunum under ¯uoroscopic
guidance. The advent of small-diameter ¯exible endo-
scopes has permitted the performance of endoscopic
biopsies, even in infants. Anxious children, particularly
those under 5 years of age, may require that the endo-
scopy be performed under general anesthesia. Patients
with celiac disease undergoing endoscopy have been
described to have scalloped or otherwise irregular
small intestinal folds; however this ®nding is nonspe-
ci®c. More recently, a technique of ¯ooding the intes-
tinal lumen to provide a magni®ed view of the intestinal
surface and actual visualization of villi has been devel-
oped. Multiple small bowel biopsies should be obtained
(at least three), because early intestinal changes may
be focal. Biopsies should be obtained as far distally as
possible and not in the duodenal bulb, where non-
speci®c changes of duodenitis may confound biopsy
interpretation.
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Traditionally, patients with suspected celiac disease
have been subjected to a series of three biopsies to con-
®rm the diagnosis and exclude transient gluten sensi-
tivity or other processes that mimic the clinical and
histopathological features. A second biopsy has been
performed at least 1 year after the diagnosis to con®rm
resolution of the mucosal injury. The third biopsy has
followed a challenge with dietary gluten to reproduce
the histopathological changes of active disease. Current
criteria for diagnosis are based on recommendations of
the European Society for Pediatric Gastroenterology,
Hepatology, and Nutrition (ESPGHAN) and include a
small bowel biopsy with compatible histopathological
features and a complete clinical response to a gluten-free
diet (Table I). Because elevated levels of antiendomysial
antibodies in patients with celiac disease decrease to
normal levels with adherence to a gluten-free diet, re-
turn to normal antibody levels constitutes a complete
serological response. It is important to note, however,
that it usually takes months for these levels to return to
normal.

A gluten challenge should still be considered in cer-
tain patients, including those who did not have a biopsy
performed before starting on a gluten-free diet or who
had atypical biopsies, and those with atypical symptoms
and negative serology. In children under 2 years of age, a
number of other disorders may result in a ¯at villous
lesion mimicking celiac disease (Table II). Therefore,
patients presenting at this age should be considered for
gluten challenge, especially if serological studies were
not performed or were negative. Also patients, typically
teenagers, seeming to tolerate some gluten in their diet
and intending to discontinue the gluten-free diet should
undergo gluten challenge before the diagnosis of celiac

disease is abandoned. The actual challenge can be per-
formed by either reintroducing a standard diet or con-
tinuing a gluten-free diet, with the addition of gluten
powder added to a food such as applesauce. The latter
approach may cause less emotional distress in children
who fail the challenge. Repeat serology and biopsy are
performed with the recurrence of symptoms or, in
the absence of symptoms, after a period of 3 months.
Caution should be exercised during the gluten chal-
lenge, because patients will occasionally develop severe
symptoms (celiac crisis) with reintroduction of dietary
gluten.

Given the high incidence of celiac disease in ®rst-
degree relatives of children with celiac disease, parents
and siblings should be screened with serological testing.
Those with positive serology or negative serology but
compatible symptoms should undergo small bowel
biopsy.

TREATMENT

The treatment of celiac disease is a gluten-free diet,
which requires the dietary exclusion of wheat, barley,
rye, and other substances that may be contaminated by
these grains. The question of whether small amounts of
gluten in the diet are harmful has not been adequately
answered. Therefore, the goal of the diet should be to
eliminate these grains completely. Plant taxonomy can
serve as a guide to what other grains should be accept-
able in the diet of patients with celiac disease. Grains
derived from plants closely related to wheat, such as
barley and rye, are toxic, whereas unrelated grains,
such as corn and rice, are completely tolerated. Oats,
which are a more distant relative to wheat than are rye
and barley, have been demonstrated to be safe in both
adults and children with celiac disease when ingested in
a pure form. The major practical issue is that oats are
frequently contaminated by wheat both in the ®eld and
in the factory.

Given the ubiquitous occurrence of wheat in the
diet, following a gluten-free diet is extremely challeng-
ing and requires the assistance of a specially trained
dietitian. Determination of whether prepared foods
are truly gluten-free demands continual vigilance, be-
cause manufacturers do not always explicitly list spe-
ci®c ingredients or may change the source of their
ingredients without warning. Organizations and sup-
port groups can be very helpful in providing updated
information in this regard. Special gluten-free foods are
available in specialty food stores and via mail order or
the Internet. Baking, however, remains quite dif®cult,
because several unique nongliadin proteins in wheat are
responsible for the stickiness critical to the baking

TABLE I Diagnostic Criteria for Celiac Disease

Consistent small bowel biopsy

and at least one of the following responses:

1. Clinical response (resolution of gastrointestinal

symptoms) to gluten-free diet

2. Serological response to gluten-free diet

or

Histopathological remission on a gluten-free diet and

relapse with gluten challenge (positive gluten challenge)

TABLE II Causes of Villous Atrophy in Childhood

Celiac disease Autoimmune enteropathy

Cow's milk protein sensitivity Immunode®ciency

Soy protein sensitivity Microvillous inclusion disease

Severe viral enteritis Malnutrition

Giardiasis Chemotherapy

Tropical sprue Radiation
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process. Hidden sources of gluten include food addi-
tives, emulsi®ers, and stabilizers. Importantly, some
medications may contain these substances.

Dietary changes other than gluten restriction are
generally not necessary. Secondary lactose intolerance
is unusual even in recently diagnosed children with
celiac disease, although occasional patients may bene®t
from temporary restriction of lactose. Vitamin and min-
eral supplements may be recommended, especially if
malabsorption or de®ciencies of folate, iron, and cal-
cium are suspected.

COMPLICATIONS

Occasionally, patients with celiac disease do not re-
spond to a gluten-free diet alone and require immuno-
suppressive therapy for so-called refractory celiac
disease. In children, such refractory disease is rare. Fur-
thermore, before this diagnosis is made, other compli-
cations such as lymphoma need to be excluded. The
incidence of enteropathy-associated T cell lymphoma
has been documented to be higher in patients with celiac
disease than in the general population. Patients with
celiac disease also have a greater risk of developing
small intestinal, esophageal, and oropharyngeal carci-
noma. However, this increased risk of developing cer-
tain gastrointestinal cancers may be reduced by strict
adherence to a gluten-free diet.

Patients with celiac disease are at increased risk of
developing other autoimmune diseases, such as type 1
diabetes mellitus. This risk has been demonstrated to
increase with increasing age at diagnosis. Whether the
higher risk is the result of a longer period of exposure to
gluten or simply the older age of the patient is not clear.
Nevertheless, further study may demonstrate that strict
adherence to the gluten-free diet may decrease the risk
of developing other autoimmune diseases in patients
with celiac disease.

PROGNOSIS

Response to a gluten-free diet usually is prompt, with
most children demonstrating improvement in
symptoms within 1 to 2 weeks. Mucosal healing may
be demonstrated in 6ÿ12 weeks. However, complete
catch-up growth may take 1 to 2 years. With strict ad-
herence to a gluten-free diet, life expectancy is similar to
that of the general population and parents should expect
their children with celiac disease to lead productive
lives.
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Cestodes
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Yale University

hydatid Cyst with daughter cysts, each containing several

scolices.

proglottid The segment of the tapeworm that, when gravid,

contains eggs.

scolex The head of the tapeworm.

strobilation The process by which a tapeworm grows in an

anterior to posterior direction.

The adult forms of cestodes share several common char-

acteristics. Mammalian tapeworms have no internal cavity

butare¯atwithasegmentedbodyandaheadorscolex.The

scolex may have two sucking grooves as in

Diphyllobothrium or four circular suckers as in Taenia.

The adult tapeworm grows distally in a process called

strobilation, so that the most posterior segments are the

most mature. The segments of the tapeworm are named

proglottids and contain egg-®lled uteri when gravid. Tape-

worms are hermaphroditic, with proglottids containing

both ovaries and testes. There are four major groups of

cestodes, but only those of the orders Pseudophylidea

(Diphyllobothrium latum) and Cyclophylidea (Taenia
saginata, Taenia solium, Hymenolepis nana) are signi®cant

parasites in humans. Clinical manifestations of tapeworm

infection are attributable only to the adult or larval stages.

This article will describe cestode infections of the human

gastrointestinal tract and hepatobiliary system.

TAENIA SOLIUM

Life Cycle and Biology

Taenia solium infection is common in Mexico, Cen-
tral and South America, parts of Africa, and Southeast
Asia. T. solium can cause disease in both its adult and its
larval forms. Intestinal tapeworm infection (taeniasis) is
acquired by eating undercooked pork containing the
larval stages, whereas ingestion of T. solium eggs
leads to tissue dissemination of larvae and cyst forma-
tion (cysticercosis). Neurocysticercosis, or infection of
the central nervous system with T. solium, is the leading
cause of seizures in tapeworm endemic areas. Impor-
tantly, adult tapeworm carriers are the primary source of
transmission of the larval stages in humans.

The T. solium tapeworm (Fig. 1) has a scolex out-
®tted with four suckers and a double crown of hooks, a
narrow neck, and a large body (strobila) that measures
between 2 and 4 m and consists of several hundred pro-
glottids. The life cycle begins when human feces con-
taminated with Taenia proglottids are ingested by pigs.
The invasive oncospheres in the eggs are liberated by the
action of porcine gastric acid and intestinal ¯uids. The
oncospheres then actively cross the bowel wall, enter
the bloodstream, and are carried to the muscles and
other tissues, where they develop into larval vesicles
or cysticerci. Ingestion of undercooked pork containing
cysticerci leads to cyst wall breakdown and attachment
of the larval scolex to the intestinal wall. Maturation into
the adult worm takes 6ÿ8 weeks, at which time the adult
sheds up to 10 proglottids per day. Proglottids may
contain 50,000 to 100,000 eggs.

Clinical Features

Symptoms of intestinal taeniasis often include vague
abdominal pain, nausea, changes in appetite, or diar-
rhea. However, most cases are asymptomatic until pas-
sage of proglottids in feces is noted.

Diagnosis, Treatment, and Prevention

Anti-cysticercal antibodies can be detected in serum,
cerebrospinal ¯uid, and saliva using several assays, in-
cluding complement ®xation, hemagglutination, radio-
immunoassay, enzyme-linked immunosorbent assay
(ELISA), and immunoblot. For those patients with neu-
rologic abnormalities, computed tomography (CT) or
magnetic resonance imaging (MRI) of the brain
will detect lesions diagnostic of neurocysticercosis.
Praziquantel in a single dose (5ÿ10 mg/kg) is the
drug of choice for intestinal taeniasis. The role of an-
thelmintic treatment in the management of uncompli-
cated neurocysticercosis remains controversial.
Infection can be prevented by thorough cooking of
pork and sanitary measures taken to avoid spread
from tapeworm carriers.
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TAENIA SAGINATA

Life Cycle and Biology

Taenia saginata, the beef tapeworm, is highly en-
demic in Africa and South America, with a prevalence
of greater than 90% in certain areas. The initial step in
the life cycle is contamination of pastures or animal feed
with human feces that contain Taenia eggs. The eggs are
ingested by the cattle and hatch in the intestine. They
travel via the bloodstream and lymphatics and then de-
velop into cysticerci in the tissues. When undercooked
beef containing cysticerci is ingested, the larvae are re-
leased from the cyst and attach to the intestine via four
suckers (no hooks). The worms then grow distally by
strobilation, reaching lengths of 10ÿ25 m. Distal pro-
glottids are shed, with each containing up to 80,000
eggs. The proglottids or eggs usually pass through the
large intestine and are excreted. The cycle is completed

when the eggs or proglottids are ingested by the inter-
mediate host (cattle).

Clinical Features

The incubation period from the time of infection to
the passage of proglottids is approximately 10ÿ12
weeks. Infection with a single tapeworm is typical
and many patients are asymptomatic unless they note
worm parts being passed from the anus. Symptoms as-
sociated with T. saginata include nausea, postprandial
fullness, abdominal pain, and occasionally vomiting or
diarrhea. Eosinophilia of up to 1000 mm3 occurs in
approximately half of patients with T. saginata infec-
tions. Of note, mild eosinophilia is also common in
H. nana, D. latum, and intestinal T. solium tapeworm
infections.

FIGURE 1 Scolices (top) and proglottids (bottom) from the tapeworms Taenia saginata (left) and

T. solium (right). The proglottids are excreted in the feces of infected individuals. Reprinted from

Ash, L., and Orihel, T. (1997). `̀ Atlas of Human Parasitology,'' 4th Ed., ACSP Press, Chicago.

Copyright # 1977 by the American Society of Clinical Pathologists. Reprinted with permission.
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Diagnosis, Treatment, and Prevention

Identi®cation of gravid proglottids is the usual
method of diagnosing T. saginata infection. They should
be collected in saline or ®xed in formalin. In order to
determine the species of tapeworm, proglottids are pres-
sed gently between two microscope slides, India ink is
injected into the lateral pore, and the number of uterine
branches is counted. T. saginata contains more than 15
primary branches on each side of the central core
(Fig. 1). Eggs of T. saginata and T. solium are morpho-
logically similar and are indistinguishable by light
microscopy. Coproantigen detection of Taenia-speci®c
antigens by ELISA is a sensitive diagnostic tool,
although cross-reactivity with other Taenia species
can occur. Drug therapy is extremely effective at erad-
icating tapeworm infections in adults and children. The
drug of choice for T. saginata infection is praziquantel,
which can be given orally in a single dose (5ÿ10 mg/kg).
Paromomycin is also effective and is considered safe for
use during pregnancy. Proglottid segments may pass for
several days after treatment is initiated. Follow-up stool
examinations should be performed 3 months after treat-
ment to document cure. Re-infection is quite common
in endemic areas. The best ways of preventing infection
include thorough cooking of meat and sanitary disposal
of human feces. Freezing of beef will kill cysticerci.
Unfortunately, these measures of public health control
are not always feasible in endemic areas.

DIPHYLLOBOTHRIUM LATUM

Life Cycle and Biology

D. latum can measure up to 15 m in length. Its scolex
has two deep grooves rather than suckers. An adult
worm can release up to 1 million eggs per day. Once
an egg reaches fresh water, a coracidium hatches from
the embryonated egg, which is then ingested by a small
freshwater crustacean (copepod). A procercoid devel-
ops within the copepod. When a ®sh ingests the infected
copepod, the procercoid invades the stomach wall and
penetrates the host's muscle tissue. The procercoid de-
velops in the muscle of the ®sh into a plerocercoid.
Humans become infected when they eat ®sh that con-
tains plerocercoid larvae. The larvae then mature into
adult tapeworms in the human intestine. Some mam-
mals that ingest ®sh may also become de®nitive hosts for
D. latum.

Clinical Features

Most patients infected with D. latum are asymptom-
atic. Patients may note worm segments in stool.

Signi®cant gastrointestinal symptoms occur rarely, al-
though nausea, diarrhea, abdominal pain or distension,
and weight loss have been reported. Chronic infection
with D. latum is associated with macrocytic anemia sec-
ondary to vitamin B12 de®ciency.

Diagnosis, Treatment, and Prevention

Diagnosis can be established by examination of the
stool for proglottids or eggs. Praziquantel is effective
treatment (5ÿ10 mg/kg). The greatest risk for acquiring
the infection is the ingestion of raw ®sh. Not surpris-
ingly, the disease is most common in Asia, in northern
Europe, and among Native American populations in
Alaska and northern Canada. As sushi has become
more popular in the United States, an increased number
of cases occurring after patients have eaten raw salmon
have been reported.

ECHINOCOCCUS SPECIES

Humans can become infected with the larval stages of
Echinococcus granulosus, Echinococcus multilocularis,
and Echinococcus vogeli. The adult worm of E. granulosus
is found in the intestine of dogs or wolves. Humans
become an incidental intermediate host when they acci-
dentally ingest infected eggs from canine feces. Infec-
tions occur most frequently in areas where sheep or
cattle raising are common.

Life Cycle and Biology

The adult E. granulosus tapeworm has a scolex with
hooks, a neck region, and one immature, one mature,
and one gravid proglottid. Adult tapeworms are found in
the intestines of canines such as dogs and wolves. The
eggs, which are morphologically identical to those of
Taenia species, are passed in the feces and ingested by an
intermediate host such as sheep. The embryos then
hatch from the eggs, penetrate the intestinal mucosa
of the host, and enter the bloodstream or lymphatics
to be carried to various organs. Larvae then develop into
¯uid-®lled unilocular hydatid cysts with an external
membrane and an inner germinal layer. Protoscolices,
which precede the development of the adult worm sco-
lex, develop from within the inner capsule of the ex-
panding cyst and can accumulate within the cyst as
hydatid sand. Daughter cysts can grow from the inner
germinal layer as well as cystic structures termed brood
capsules. Cysts may rupture, leading to multifocal dis-
semination of infectious scolices. Adult worms of
E. multilocularis are morphologically similar to those
of E. granulosus, but the larval stage grows by external
budding. The disease caused by E. multilocularis is
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termed alveolar hydatid disease. Foxes are usually de-
®nitive hosts and rodents are intermediate hosts for
E. multilocularis.

Clinical Features

Hydatid cysts are capable of developing in nearly any
tissue but almost 90% develop in either the liver or the
lung. Most patients will have only a single cyst, but they
may develop in multiple sites. Symptoms usually de-
velop once the cyst has become large enough to impinge
on surrounding tissues. Cysts may grow slowly and can
take up to 20 years to become symptomatic. Lung ab-
scesses may develop if a cyst ruptures into a bronchus or
the pleural space. Liver cysts may be asymptomatic cal-
ci®ed cysts or may become large enough to cause right
upper quadrant discomfort. Biliary obstruction from a
large cyst may present with jaundice, abdominal pain,
and fever. In 5ÿ15% of infected adults, hepatic cysts
rupture into the biliary tract.

Diagnosis, Treatment, and Prevention

A history of exposure to a canine source in an en-
demic area is suggestive of echinococcosis. Daughter
cysts may appear as highly opaque densities on MRI
or CT scan. Certain reference laboratories can perform
ELISA, immunoblots, or indirect hemoagglutination
tests on serum from infected patients. Surgical removal
or drainage of cysts in combination with three or more
cycles of albendazole (400 mg twice daily for 1 month) is
the recommended treatment regimen. The combination
of albendazole with praziquantel may be more effective
in some patients.

HYMENOLEPIS NANA

Hymenolepis nana, also called the human dwarf tape-
worm, is the cestode that most commonly infects hu-
mans. Transmission occurs most commonly via the
fecalÿoral route and commonly affects young children
in endemic areas.

Life Cycle and Biology

The life cycle does not require an intermediate host.
Once eggs are ingested, they hatch in the small intestine
to release a double-membraned oncosphere. The
oncosphere then penetrates the intestinal mucosa and
develops into a cysticercoid larva within the lymphatics
of the intestinal villi. The cysticercoid then migrates
back into the lumen of the intestine, attaches by its
scolex to the mucosa, and matures into an adult. The
adult tapeworm can measure 20 to 40 mm in length. It

has four suckers on its scolex and a retractable rostellum
that contains up to 25 hooks. Each proglottid contains
three testes and one ovary and may contain up to 200
eggs when gravid.

Clinical Features

Most cases are asymptomatic, but heavy infection
with H. nana can cause signi®cant intestinal in¯amma-
tion, especially in children. Diarrhea, abdominal pain,
anorexia, and pruritus ani have also been described.

Diagnosis, Treatment, and Prevention

Diagnosis is con®rmed by identifying the character-
istic double-membraned eggs in a patient's stool. Egg
output is irregular and multiple stool examinations may
need to be performed. ELISA has been used to detect
antibodies to H. nana in sera, but the test has poor
speci®city and is not routinely used. The drug of choice
is praziquantel in a single oral dose (25 mg/kg). Preven-
tion of disease is by control of fecalÿoral contamination
and proper hygienic measures.

UNCOMMON TAPEWORM INFECTIONS

Dipylidium caninum is an unusual cause of intestinal
disease in humans. It is a common tapeworm of dogs
and cats and is found worldwide. Infection usually oc-
curs when young children ingest an intermediate host
such as an infected insect or ¯ea containing cysticer-
coids. Cases are usually asymptomatic but may be as-
sociated with diarrhea, abdominal discomfort, or
irritability. Praziquantel is the drug of choice
(5ÿ10 mg/kg) in a single dose. Infection with
Hymenolepis diminuta, a tapeworm of rodents, occurs
when humans ingest an infected ¯ea or cockroach.
Symptoms are similar to those of H. nana. Identi®cation
of H. diminuta eggs in stool is diagnostic. Praziquantel
given in a single dose (10 mg/kg) is the recommended
treatment.
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Chagas' Disease
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megacolon Dilation of the colon.

Trypanosoma cruzi The blood-borne protozoan parasite

responsible for Chagas' disease.

Intestinal pseudo-obstruction is one of the pathologic

conditions that appears in Chagas' disease. Chagas' dis-

ease results from infection with the blood-borne, proto-

zoan parasite Trypanosoma cruzi. T. cruzi multiplies

intracellularly until the loaded cell bursts to release the

parasites, which are distributed in the blood to invade the

cells of different kinds of tissues. While free in the blood,

the parasites are exposed to the immune system where

stimulation of antibodies to the parasites occurs. The

parasite is transmitted by large blood-sucking bugs of

the family Reduviidae and affects an estimated 12ÿ15

million people in Latin American countries, in a range

that extends from Mexico to northern Argentina.

INTRODUCTION

Heart muscle and nervous tissue are the favorite targets
for the blood-borne, protozoan parasite Trypanosoma
cruzi. Nearly all fatal cases show in¯ammatory damage
to the heart muscle that results in cardiac failure. Ex-
tensive neuronal degeneration is a secondary character-
istic in chronic stages of the infection. Debilitating
degeneration of neurons occurs in the sympathetic,
parasympathetic, and enteric divisions of the autonomic
nervous system. Neuropathy in the autonomic nervous

system in the later stages of Chagas' disease is associated
with megaesophagus and megacolon. The clinical pic-
ture in the large intestine is reminiscent of Hirsch-
sprung's disease.

Megaesophagus and megacolon in Chagas' disease
re¯ect impaired transit through an obstructed region
and accumulation of the lumenal contents proximal
to the obstruction. A marked reduction in the numbers
of neurons in the enteric nervous system occurs in the
affected regions of gut. Prolongation of gastrointestinal
transit time is found also in laboratory animals after
infection with T. cruzi and the degree of transit prolon-
gation is proportional to the decrease in the numbers of
neurons in the animal's enteric nervous system. The
obstruction is classi®ed as pseudo-obstruction because
the lumen of the obstructed segment is patent (i.e., there
is no mechanical obstruction). Pseudo-obstruction may
occur in the esophagus or the small and large intestine.
Partial surgical resection of the affected segment of in-
testine provides relief in humans; nevertheless, later
recurrences commonly occur.

ETIOLOGY

An early assumption was that the parasite invaded cells
in the walls of the viscera and destroyed the intramural
neurons by the release of a toxin. Later evidence did not
support direct invasion by the parasite as the underlying
mechanism for the neuropathy. Current evidence
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suggests that an autoimmune mechanism is responsible
for the destruction of cardiac and neuronal tissue that
occurs in Chagas' disease. The explanation given for the
autoreactivity is that the cells of the host and the parasite
express common antigenic epitopes. As an immune at-
tack is mounted against the parasite, cross-reactivity
develops against tissue cells of the host.

Blood from patients with T. cruzi infection contains
antibodies that recognize components of cardiac muscle
and peripheral and central neurons. An antibody raised
against mammalian sensory neurons (i.e., dorsal root
ganglion neurons) cross-reacts with antigenic epitopes
expressed by the parasite. The same antibody that reacts
with the parasite also reacts with and labels neurons in
the myenteric and submucosal plexuses of the enteric
nervous system. This strongly suggests that the auto-
nomic neuropathy associated with Chagas' disease re-
sults from development of antibodies against the
parasite that later cross-react with neurons of the
host. The autoimmune attack results in the ultimate
destruction of the enteric nervous system.

PATHOPHYSIOLOGY

The degenerative in¯ammatory neuropathy associated
with Chagas' disease in the gut leads to pseudo-
obstruction. Pseudo-obstruction is a failure of propul-

sive motility that cannot be explained by mechanical
blockage. Because propulsive motility is programmed
and organized by the enteric nervous system (i.e., the
brain-in-the-gut), progressive autoimmune destruction
of the neurons in Chagas' disease removes the gut's brain
and its control over the motor functions of the digestive
tract. Contractile activity of the intestinal musculature
remains in the absence of the enteric nervous system due
to the myogenic nature of the smooth muscle. Never-
theless, in the absence of neural control, the contractile
patterns are not coordinated and fail to achieve func-
tional propulsion.

See Also the Following Articles
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Chest Pain, Non-Cardiac

GARY W. FALK

The Cleveland Clinic Foundation, Ohio

achalasia Failure of a muscle (e.g., smooth muscle sphincter)

to relax.

Bernstein test A diagnostic test used to determine whether

infusion of acid into the esophagus reproduces symp-

toms of non-cardiac chest pain.

diaphoresis Excessive perspiration.

dysphagia Dif®culty in swallowing.

dyspnea Dif®cult or labored breathing.

edrophonium A drug that when injected stimulates contrac-

tion of smooth muscles (e.g., esophageal smooth

muscle).

ergonovine A drug that constricts blood vessels and used in

provocative tests for sensitivity of smaller blood vessels

in the heart to cause chest pain.

gastroesophageal re¯ux disease A medical disorder caused

by acid re¯ux into the esophagus from the stomach.

myocardial infarction Blockade of blood ¯ow in one or more

major vessels of the heart.

myocardial ischemia Reduced blood ¯ow to the heart.

nociceptor Receptor on a sensory nerve that signals pain to

the central nervous system.

nutcracker esophagus An esophagus that displays abnor-

mally strong contractions during a swallow.

odynophagia Experience of pain during swallowing.

proton pump inhibitor A drug that blocks acid secretion in

the stomach.

Non-cardiac chest pain may be de®ned as recurrent an-

gina-like or substernal chest pain believed to be unrelated

to the heart after a reasonable cardiac evaluation. This

condition is also known as unexplained chest pain, as

even patients with negative coronary angiograms may

experience myocardial ischemia due to microvascular

angina.

INTRODUCTION

Recurring substernal chest pain is a common clinical
dilemma. Approximately 450,000 new cases are diag-
nosed annually in the United States. The prognosis for
these patients is uniformly excellent with a mortality
rate estimated to be less than 1% at 10 years. However,
many of these patients continue to have chest
pain, which they believe is cardiac in origin. This

misunderstanding results in continued health care
costs related to emergency room visits, of®ce visits, hos-
pital admissions to exclude myocardial infarction, more
diagnostic tests, therapeutic trials, as well as functional
impairment in terms of ability to work and quality of life.
Thus, the morbidity associated with this condition is
quite substantial. The estimated cost of diagnosing
and treating these patients approaches two billion
dollars annually.

Cardiac and esophageal symptoms may mimic each
other. Depending on the criteria used, the esophagus
has been implicated as a cause of chest pain in 20 to 60%
of these patients.

CLINICAL PRESENTATION

The clinical history does not reliably distinguish
between cardiac and non-cardiac causes of chest
pain, due in part to the shared innervation of the
heart and the esophagus. Both may have the same
location (substernal), sensation (squeezing, burning,
pressure), and radiation. Furthermore, both may be
relieved by nitrates and calcium channel-blocking
drugs. Chest pain related to myocardial ischemia typ-
ically is related to exertion, whereas esophageal chest
pain typically occurs at rest. However, both types of
pain may be induced by exercise, because exercise can
induce gastroesophageal re¯ux. Furthermore, both
types of pain may also occur at rest. Some features
of pain, however, may help to distinguish esophageal
from cardiac chest pain. Esophageal causes are more
likely to be associated with background esophageal
symptoms such as classic heartburn, regurgitation,
dysphagia, or odynophagia and respond to antacids
or over-the-counter histamine type 2 receptor antag-
onists. However, these features of esophageal pain are
also found in some patients with ischemia-induced
chest pain. Similarly, panic attacks, which may in-
clude symptoms such as chest pain, dyspnea, and di-
aphoresis, may be dif®cult to distinguish from angina-
induced chest pain.
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MECHANISMS OF NON-CARDIAC
CHEST PAIN

The mechanisms underlying non-cardiac chest pain
remain incompletely understood. The shared innerva-
tion of the esophagus and the heart has focused much of
the evaluation on the esophagus as the most common
cause of non-cardiac chest pain. Depending on the cri-
teria used, the esophagus has been described as the
cause of chest pain in 20 to 60% of these patients.
This may be due to hypersensitivity to acid, motility
abnormalities, intralumenal distension, or visceral hy-
persensitivity.

Gastroesophageal re¯ux disease (GERD) has
emerged as perhaps the most common esophageal
cause of non-cardiac chest pain. GERD may be present
in up to 60% of patients with non-cardiac chest
pain. Both acid perfusion studies and prolonged pH
monitoring have con®rmed that intraesophageal acid
may trigger chest pain. Furthermore, anti-secretory
therapy is effective in decreasing GERD-associated
chest pain. However, the mechanism whereby this oc-
curs remains obscure. It is possible that intraepithelial
free nerve endings act as acid-sensitive nociceptors. Pa-
tients with gastroesophageal re¯ux-induced non-car-
diac chest pain may also develop hypersensitivity to
physiologic amounts of intraesophageal acid.

Patients with well-de®ned motility abnormalities
such as achalasia and diffuse esophageal spasm may
experience chest pain. However, these disorders are
quite uncommon in patients with non-cardiac chest
pain. Instead, abnormalities such as high-amplitude,
long-duration contractions (`̀ nutcracker esophagus'')
or nonspeci®c motility abnormalities are encountered
more commonly in these patients. However, the causal
relationship between esophageal motility disorders and
chest pain is dif®cult to prove. Patients rarely have chest
pain at the time of diagnostic manometric evaluation,
even if a motility abnormality is present. Furthermore,
provocation of pain with pharmacologic agents is often
not accompanied by motility abnormalities. Studies
with 24 h ambulatory esophageal manometry reveal
that chest pain is associated with motility abnormalities
in only 10 to 20% of cases. Administration of medica-
tions that decrease esophageal contraction amplitude
does not decrease chest pain in patients with nutcracker
esophagus. More recent studies suggest an association
between nutcracker esophagus and GERD as well as a
lower threshold of perception for intraesophageal bal-
loon distension (visceral hypersensitivity), abnormal
psychological pro®les (depression, somatization, anxi-
ety), and decreased esophageal wall compliance. As
such, nutcracker esophagus may simply be a marker

of abnormal brainÿgut interactions or gastroesophageal
re¯ux disease in patients with non-cardiac chest pain. A
more recent observation is that both spontaneous chest
pain and chest pain provoked by injection of edropho-
nium may be preceded by sustained esophageal contrac-
tions detectable only by high-frequency intralumenal
ultrasonography. These changes are not accompanied
by changes in intralumenal pressure.

Abnormal visceral pain perception (visceral hyper-
sensitivity) may contribute to non-cardiac chest pain.
Intraesophageal balloon distension reproduces chest
pain in these patients at a lower distension volume com-
pared to control subjects who infrequently develop
pain. The etiology of visceral hypersensitivity is un-
known, but this abnormality of pain perception may
be due to abnormal processing of information in the
central nervous system. Psychiatric abnormalities are
often encountered in patients with unexplained chest
pain. The most common diagnosis include depression,
anxiety, somatization disorders, and panic attacks.
Panic attacks are encountered in approximately one-
third of chest pain patients with normal coronary arter-
ies. Panic attacks consist of a generalized anxiety state
characterized by chest pain associated with intense fear,
palpitations, diaphoresis, paresthesias, dizziness, or
breathlessness. Thus, alterations in sensory afferent
input, central nervous system processing, and efferent
muscle responses may play a role in disturbed
brainÿgut interactions in some patients with un-
explained chest pain.

DIFFERENTIAL DIAGNOSIS

The most common causes of non-cardiac chest pain are
shown in Table I. Typically, the cause of non-cardiac
chest pain is gastrointestinal, musculoskeletal, or psy-
chological in etiology. The single most important task is
to exclude a cardiac source of chest pain ®rst, because of
the potential life-threatening nature of cardiac ischemia.

TABLE I Differential Diagnosis of Unexplained Chest

Pain

Common causes of

unexplained chest pain

Less common causes of

unexplained chest pain

Coronary artery disease Esophageal motility disorders

Gastroesophageal re¯ux disease Peptic ulcer disease

Musculoskeletal disorders Gallstones

Psychological Mitral valve prolapse

Brainÿgut dysfunction Microvascular angina

Panic attacks
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Once cardiac causes of chest pain are excluded, at-
tention is typically directed to the esophagus. It is now
clear that the most common cause of esophageal chest
pain is GERD. GERD may present with chest pain as the
major and sometimes sole symptom. However, most
patients will report heartburn, regurgitation, or both
if closely questioned. Acid re¯ux may coexist and
cause chest pain in patients with known coronary artery
disease. Furthermore, drugs commonly used to treat
coronary artery disease, such as nitrates and calcium
channel antagonists, can decrease lower esophageal
sphincter pressure and distal esophageal contraction
amplitudes, thereby predisposing these patients to gas-
troesophageal re¯ux. Some studies report that up to
two-thirds of patients with known coronary artery dis-
ease with recurrent episodes of atypical chest pain de-
spite maximal medical and surgical therapy have chest
pain related to gastroesophageal re¯ux events.

Chest pain is a common presenting symptom in
patients with esophageal motility disorders, especially
the spastic variety. However, the majority of patients
with unexplained chest pain have normal esophageal
motility studies and the remainder have a variety of
generally nonspeci®c abnormalities of questionable sig-
ni®cance. In large studies of patients with unexplained
chest pain, no more than approximately one-third will
have an esophageal motility disorder. Nutcracker
esophagus is the most common motility disorder, fol-
lowed by nonspeci®c disorders, diffuse esophageal
spasm, hypertensive lower esophageal sphincter, and
achalasia.

Chest wall muscles, ribs, and cartilage may all cause
unexplained chest pain. These patients have pain and
tenderness in the anterior chest wall that may radiate
across the chest and increase with inspiration. Pressure
applied to the anterior chest on physical examination
may reproduce the pain. Radiographic studies typically
demonstrate no abnormalities. Symptoms may decrease
with nonsteroidal anti-in¯ammatory drug therapy, with
steroid injections into costosternal or costoclavicular
joints, or with trigger-point injections.

On occasion, patients with peptic ulcer disease will
present with unexplained chest pain. Classic dyspepsia
may be absent in these patients. Biliary colic is typically
described as severe right upper quadrant pain occurring
postprandially. Pain may radiate to the chest or back and
substernal pain may sometimes be the only manifesta-
tion of biliary disease. An ultrasound of the gallbladder
is the simplest way to con®rm the diagnosis.

Some patients with chest pain and normal coronary
arteries may have cardiac ischemia from microvascular
angina. These patients have normal epicardial arteries
by angiography, but an abnormal coronary vasodilator

reserve in response to atrial pacing and ergonovine as
well as reduced left ventricular ejection fractions during
exercise. Under these conditions, coronary artery resis-
tance increases instead of decreases, causing chest pain.
The physiologic signi®cance of microvascular angina is
uncertain because similar studies have not been per-
formed in age-matched normal individuals. Chest
pain is commonly reported by patients with mitral
valve prolapse. Symptoms may be exertional or non-
exertional. The duration of pain is highly variable,
lasting from minutes to hours. The cause of chest
pain in these patients is unknown, although many dif-
ferent mechanisms have been postulated. Many patients
with mitral valve prolapse have concurrent panic dis-
orders, but a cause and effect relationship between the
two disorders has not been proven. The diagnosis of
mitral valve prolapse is made by the characteristic aus-
cultatory ®ndings of a midsystolic click accompanied by
a late or holosystolic murmur. The diagnosis is con-
®rmed by echocardiography. Beta-blocker therapy de-
creases chest pain in some of these patients.

DIAGNOSTIC APPROACH

Diagnostic testing in patients with chest pain should
®rst focus on excluding a cardiac cause of chest pain.
The intensity of the evaluation depends on factors such
as patient age and risk factors for coronary artery dis-
ease. This should be done preferentially under the su-
pervision of a cardiologist who can then choose the best
diagnostic study, be it immediate catheterization, echo-
cardiography, or nuclear perfusion imaging.

Once a cardiac cause of chest pain is excluded, the
patient's evaluation should shift to possible esophageal
causes of chest pain. There are a number of diagnostic
studies that can evaluate the structure and function of
the esophagus including barium radiography, esopha-
gogastroduodenoscopy, esophageal manometry, 24 h
pH testing, 24 h esophageal manometry, and esophageal
provocative tests such as edrophonium injection and
intraesophageal acid infusion (Bernstein test). How-
ever, the yield of each of these tests is low and current
guidelines suggest deferring esophageal diagnostic test-
ing until after an adequate trial of proton pump inhibitor
therapy.

A trial of proton pump inhibitor therapy is both
sensitive and speci®c for diagnosing GERD in patients
with unexplained chest pain. Furthermore, it results in
signi®cant cost savings by decreasing the use of diag-
nostic tests in these patients. The `̀ omeprazole test'' con-
sists of omeprazole given as 40 mg in the morning and
20 mg in the evening for 7 days. Should the patient
respond, anti-secretory therapy is continued. Others
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suggest a trial of any of the proton pump inhibitors given
twice daily for at least 1 month prior to considering
additional esophageal testing. Should the patient fail
to respond, further esophageal diagnostic studies are
indicated.

If a proton pump inhibitor trial is negative, 24 h pH
monitoring can be considered. Data collection assesses
esophageal acid exposure in the supine, upright, and
combined positions, and the relationship between re-
¯ux events and chest pain can be determined. If the 24 h
pH study is noncontributory, esophageal manometry
can be performed to determine whether an esophageal
motility disorder is present. However, most patients will
have normal manometric studies.

Other gastrointestinal causes of chest pain are best
evaluated by a careful history and upper endoscopy. The
latter study may identify an unsuspected peptic ulcer,
esophageal ulcer, or other evidence of gastroesophageal
re¯ux disease that can be appropriately treated. A gall-
bladder ultrasound is the best way to evaluate the pa-
tient for gallstones. Despite this exhaustive evaluation,
many patients will still not have a diagnosis. In these
patients, formal psychological testing or an empiric trial
of antidepressants should be considered.

The physical examination should entail an assess-
ment of tenderness or pain in the vicinity of the sternum
and xiphoid. This is recommended because costochon-
dral causes of chest pain are easily treated and often
missed.

TREATMENT

Reassuring the patient that cardiac disease is absent is
the ®rst step in managing non-cardiac chest pain. GERD
is the most common esophageal cause of non-cardiac
chest pain and a number of studies demonstrate excel-
lent results in the treatment of non-cardiac chest pain
with proton pump inhibitors. In patients with a good
response, treatment can be titrated downward to the
lowest dose necessary to control symptoms. Should
the above measures fail, supportive reassurance based
upon the results of additional esophageal testing that
demonstrates an esophageal etiology for pain may alle-
viate some of the patients' symptoms, enable patients to
work, and decrease the need for prescription drugs,
physician and emergency room visits, and further hos-
pitalizations. None of the smooth muscle relaxants in-
cluding hydralazine, anticholinergics, nitrates, and
calcium channel blockers is reliably effective in patients
with non-cardiac chest pain. More aggressive therapy of
esophageal motility disorders with pneumatic dilation
or surgical myotomy should be avoided. Uncontrolled
trials suggest that botulinum toxin injection (100 units)

into either the lower esophageal sphincter or along the
entire length of the esophagus may be effective in se-
lected patients with diffuse esophageal spasm or other
spastic motility disorders accompanied by intractable
symptoms.

Tricyclic antidepressants and selective serotonin re-
uptake inhibitors may be very helpful in patients with
lower pain thresholds or psychiatric diagnoses contrib-
uting to their chest pain syndrome. In controlled clinical
trials, trazadone (100 to 150 mg daily) imipramine
(50 mg at bedtime), and sertraline (50 to 200 mg
daily) improve symptoms when compared to placebo.
Other effective agents include amitryptiline, desipra-
mine, and nortryptiline at doses of 25 to 75 mg daily.
Often, these drugs improve symptoms at lower doses
than required for treating psychiatric diseases, sugges-
ting that they are working by improving pain thresholds.
Patients with panic attacks will improve with tricyclic
antidepressants, selective serotonin reuptake inhibitors,
or benzodiazepines such as alprazolam. Controlled clin-
ical trials suggest that cognitive behavioral therapy may
also be effective in decreasing chest pain frequency and
psychological morbidity and disability in these patients.
Musculoskeletal causes of chest pain may be treated by
injecting a local anesthetic into painful trigger points.

See Also the Following Articles
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pepsigogue Agent that stimulates pepsinogen secretion.

pepsinogen Protein precursor of pepsin synthesized and

secreted by gastric chief cells.

Gastric chief cells, exocrine cell types localized near the

base of gastric glands, synthesize and secrete pepsinogen,

the precursor form of the proteolytic enzyme, pepsin.

HISTORICAL OVERVIEW

The Cambridge physiologist John Langley (1852ÿ
1925) translated and introduced the term `̀ chief cell''
fromthe `̀ Hauptzellen''of theGermanphysiologistRudolf
Heidenhain (1834ÿ1897). Using amphibian peptic
cells as a model, Langley elucidated the formation of
pepsinogen in chief cell zymogen granules, the secretion
of the proenzyme, and the proenzyme conversion to the
active acid protease pepsin. Further elucidation of the
cellular biology of chief cells has been obtained by using
amphibian (bullfrog esophagus) and mammalian (rab-
bit, rat, and guinea pig) secretory models (isolated gas-
tric glands, dispersed chief cells, and cell culture).

ANATOMY

In mammals, chief cells are located at the base of glands
distributed throughout the fundus and corpus of the
stomach. It is thought that chief cells derive from
mucous neck cells located in the midportion of the

glands. The primary function of gastric chief cells is
the synthesis and release of the proenzyme pepsinogen,
whichsubsequently,inanacidenvironment,isconverted
to the acid protease pepsin. Hence, like other enzyme-
secreting cells of the gastrointestinal tract (e.g., pancre-
atic acinar cells), chief cells contain abundant rough
endoplasmic reticulum and apical large dense zymo-
gen-containing granules that occupy more than a
third of the cell volume (Fig. 1). The nucleus is located
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FIGURE 1 Electron micrograph of a dispersed chief cell from

guinea pig stomach. Note cell polarity, with the nucleus and zy-

mogen granules (ZG) on opposite sides of cell; M, mitochondria

(original magni®cation �21,000).
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at the base of the cell, surrounded by mitochondria
(Fig. 1). On stimulation, zymogen granules move to-
ward the apical surface, where they fuse with the plasma
membrane and release pepsinogen into the lumen of the
gastric gland. The major physiologic control of pepsin-
ogen secretion is by the vagal nerve and intrinsic neural
re¯exes.

CELL BIOLOGY

The orderly and timely progression of zymogen gran-
ules toward the apical membrane of chief cells, so that
the active acid protease pepsin can be delivered to the
gastric lumen to assist in the digestion of ingested pro-
tein, requires an ef®cient and tightly regulated process.
Figure 2 represents a simpli®ed scheme illustrating
various steps in this process, from ligand binding to
basolateral membrane receptors, mediated by activation
of guanosine nucleotide binding proteins (Gq, Gs, and
Gi), to phosphorylation of currently unidenti®ed pro-
tein substrates. Although the identity of these protein
substrates remains obscure, their phosphorylation and
dephosphorylation are crucial to exocytosis. These pro-
teins may be related to synaptosomal-associated protein
receptors (SNAREs) or may be members of the Rab
family of guanosine nucleotide binding proteins that
are part of the secretory machinery in other cell
types. Rab proteins have been identi®ed in chief cells.

Basolateral membrane receptors for acetylcholine
(muscarinic receptors) and for cholecystokinin and
gastrin (CCK-A receptor) activate a phospholipase C,

which results in an increase in cytosolic calcium con-
centration and the release of diacylglycerol (DAG).
DAG activates the serineÿthreonine kinase protein ki-
nase C (PKC; the a and z isoforms have been identi®ed
in guinea pig chief cells). Calcium activates a number
of kinases and phosphatases, including PKC, calcium/
calmodulin kinase II, and protein phosphatase-2B (PP-
2B, also referred to as calcineurin).

Membrane receptors for secretin and vasoactive in-
testinal peptide (VIP) and for cholera toxin (ganglioside
GM1 receptor) are linked to activation of adenylyl cy-
clase, to increases in cellular cyclic adenosine mono-
phosphate (cAMP), and to activation of protein kinase A
(PKA). Activation of receptors for peptide YY and neu-
ropeptide Y (PYY and NPY) and for somatostatin re-
duces the activity of adenylyl cyclase. Recent studies
focusing on the integration of these various signals
have elucidated the presence of a 150-kDa A-kinase
anchoring protein (AKAP150) that serves as the
nidus of a complex of signaling molecules, including
PKA, PKC-a, and PP-2B, thereby facilitating concurrent
or sequential phosphorylation and dephosphorylation
of substrates. Attachment of AKAP150 to the actin cy-
toskeleton also serves an important role in compartmen-
talization of these signaling cascades within the cell.

Besides the pepsigogues illustrated in Fig. 2,
histamine and cytokines (epidermal growth factor
and interleukin-1b) have been reported to stimulate
pepsinogen secretion. With the exception of acetyl-
choline, the importance of these in vitro pepsigogues
to physiological pepsinogen secretion in response to
an ingested meal remains to be determined.

See Also the Following Articles

Exocytosis � Pancreatic Digestive Enzymes � Pancreatic En-

zyme Secretion (Physiology) � Pepsin
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Cholangiocarcinoma

MARY LEE KRINSKY

University of California, San Diego

bilirubin A bile pigment formed during the catabolism of

heme-containing compounds, primarily hemoglobin.

cholecystectomy Surgical removal of the gallbladder.

choledochocyst A congenital segmental cystic dilation of the

biliary system located in any portion of the extrahepatic

biliary tract.

hepatolithiasis (Oriental cholangiohepatitis) A chronic

disease characterized by the formation of primary

intrahepatic pigmented stones and sequelae that include

recurrent cholangitis, strictures of the intrahepatic bile

ducts, hepatic abscesses, portal vein thrombosis, cho-

langicarcinoma, and sometimes secondary biliary cir-

rhosis with hepatic failure.

jaundice Excessive accumulation of bilirubin, as a result of

enhanced production or impaired elimination, resulting

in yellow discoloration of the skin, sclera, and mucous

membranes.

sclerosing cholangitis A condition characterized by ®brosis

of the biliary tree.

ulcerative colitis Chronic in¯ammatory condition involving

the colon.

Cholangiocarcinoma (CCA) is a rare malignancy that ac-

counts for less than 1% of all cancers. The nomenclature of

tumors of the biliary tree has evolved over time. Initially,

`̀ cholangiocarcinoma'' was intended to de®ne tumors of

the intrahepatic biliary tree. In 1965, Gerald Klatskin

described tumors of the bifurcation of the extrahepatic

ducts, known as `̀ Klatskin'' tumors. Currently, CCA in-

cludes neoplasms occurring anywhere along the biliary

tree and is divided into three groups: (1) those located in

the intrahepatic ducts, (2) those located in the perihilar

ducts, and (3) those located in the distal extrahepatic

ducts. This classi®cation correlates best with the treat-

ment and prognosis. In addition, perihilar tumors have

been subclassi®ed further by the Bismuth classi®cation,

which identi®es the precise location of the tumor.

EPIDEMIOLOGY AND ETIOLOGY

Biliary tract cancers are rare; in the United States, 6800
new cases are estimated to be diagnosed in 2003. Gall-
bladder cancer accounts for approximately two-thirds
of biliary tract cancers and 2000ÿ3000 of these are

attributable to cholangiocarcinoma (CCA). The major-
ity of cases occur in patients between the ages of 50 and
70, with a slight male predominance. However, patients
with predisposing diseases may present up to two
decades earlier. The perihilar and distal extrahepatic
bile ducts are the most common sites of involvement.
Perihilar tumors account for approximately 70% and
distal extrahepatic bile duct tumors for 27% of cases.

The etiology of cholangiocarcinoma in the United
States is usually unknown. Genetic predisposition may
play a role. It is believed that chronic bile duct in¯am-
mation of any etiology may lead to neoplasia of the
biliary tree. However, a number of high-risk conditions
exist. In the United States, these include patients with
chronic in¯ammation associated with ulcerative colitis
with or without primary sclerosing cholangitis (PSC)
and chronic intraductal gallstones (hepatolithiasis). Ap-
proximately 10ÿ30% of cholangiocarcinomas exist in
patients with PSC. Furthermore, congenital and bile
duct abnormalities of the biliary tree including chole-
dochocysts, Caroli's disease, bile-duct adenoma, and
multiple biliary papillamatosis are associated with
cholangiocarcinoma. Caroli's disease consists of numer-
ous intrahepatic cystic dilations of the bile duct with or
without stone formation. In Southeast Asia, chronic in-
fections with liver parasites including Clonorchis
sinensis (in Japan, Korea, and Vietnam) and Opisthorchis
viverrini (in Laos, Malaysia, and Thailand) are
associated with a 25- to 50-fold increased risk of
cholangiocarcinoma. Hepatolithiasis (Oriental cholan-
giohepatitis) is endemic in Southeast Asia and may be
associated with congenital ductal abnormalities,
chronic infections, and diet. The risk of cholan-
giocarcinoma in hepatolithiasis is between 1 and
13%. These liver ¯ukes cause chronic in¯ammation
of the intrahepatic bile ducts that leads to stricture
and stone formation. In addition, Thorotrast (thorium
dioxide) exposure, a radiologic contrast agent used in
the 1930s and 1940s, has been associated with the de-
velopment of cholangiocarcinoma. Environmental fac-
tors including multiple chemicals and radionuclides
have been recognized as being causal in the develop-
ment of CCA. Finally, other entertained risk factors may
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include tobacco use, asbestos exposure, and prior
cholecystectomy and biliary sphincterotomy.

PRESENTATION AND DIAGNOSIS

The clinical presentation of a patient with cholangio-
carcinoma is dependent on the tumor's location, its in-
vasiveness, and the degree of biliary obstruction. The
patient will become symptomatic when the biliary tree
is obstructed. Obstructive symptoms are more prevalent
with extrahepatic and hilar disease. These include
jaundice, pruritus, abdominal pain, nausea, vomiting,
anorexia, and weight loss. The majority of patients
will present with painless jaundice. This must be differ-
entiated from other common causes, such as pancreatic
and ampullary cancer. The physical examination may
reveal only jaundice. Less common ®ndings include
hepatomegaly, right upper quadrant pain, and a
palpable mass (distended gallbladder or the tumor). Bio-
chemical studies will often show elevations in the
bilirubin, transaminases, g-glutamyl transferase (GGT),
alkaline phosphatase (AP), 50-nucleotidase (50NT), and
prothrombin time.

In contrast, patients with intrahepatic involvement
may be asymptomatic early on or have abdominal pain.
Biochemical testing will re¯ect elevations of the biliary
ductal epithelial enzymes: GGT, AP, and 50NT. The
bilirubin and other parenchymal enzymes (SGOT,
SGPT) will usually be normal until the disease is
more invasive, involving the majority of the hepatic
parenchyma. As the disease progresses, the prothrom-
bin time will be prolonged. The diagnosis of a pancreatic
or hepatico-biliary malignancy is often made from the
clinical history and biochemical tests. Further imaging,
tumor markers, and tissue acquisition will assist in
the ®nal diagnosis, tumor staging, and management
decisions. No speci®c tumor marker exists for cholan-
giocarcinoma. Serum carcinoembryonic antigen (CEA)
and cancer antigen 19ÿ9 may be utilized. However,
their sensitivity and speci®city have been poor and
their levels may normalize once the obstruction is re-
lieved. The a-fetoprotein is usually normal.

Diagnostic imaging modalities include trans-
abdominal ultrasound, computed tomography (CT),
cholangiography [via endoscopic retrograde cholangi-
opancreatography (ERCP) or the percutaneous route],
magnetic resonance imaging (MRI), positron emission
tomography (PET), endoscopic ultrasound (EUS),
and intraductal ultrasound. The primary goal of these
tools is to de®ne the local extent of the tumor and the
presence of distant metastasis. This information will
assist in tumor staging and determining prognosis
and management strategies.

The initial evaluation of a patient with the above-
listed laboratory test abnormalities will commonly in-
clude transabdominal ultrasound (US) and/or CT. US is
primarily utilized to identify bile duct dilation. Perihilar
CCA may appear as intrahepatic dilation. Intrahepatic
tumors may appear as segmental intrahepatic dilation
and distal extrahepatic tumors may be represented by
both intra- and extrahepatic bile duct dilation. CT and
MRI commonly identify the location of the obstructing
lesion, evidence of metastasis, and bile duct dilation.
Intrahepatic CCA may appear as a hepatic mass with
intrahepatic segmental bile duct dilation. Extrahepatic
tumors, including Klatskin tumors, may appear as a
hilar mass with associated biliary dilation. In some
cases, the tumor may not be identi®ed and the site of
the lesion may be elucidated by locating where the bile
duct dilation begins. In one report of 29 patients with
histologically proven hilar CCA, 100% of the tumors
were detected using intravenous bolus-enhanced (mul-
tiphasic) helical CT. However, resectability was accu-
rately determined in only 60% of the patients. Regional
lymph nodes may be detected and assist with local re-
gional staging. However, patients with chronic in¯am-
matory conditions of this anatomic region may be
associated with benign lymph nodes.

Cholangiography in the past has been a primary tool
used to diagnose CCA. The opaci®cation of the biliary
tree allows for localization of the obstructing lesion,
tissue acquisition, and stenting for biliary drainage.
Cholangiography can be performed by ERCP or by per-
cutaneous transhepatic cholangiography (PTC). ERCP
can be dif®cult in proximal and perihilar tumors that
completelyobstructthebileduct.Theinabilitytotraverse
the stricture after contrast injection may lead to an ob-
structed contaminated duct and the risk of cholangitis.
PTC may be limited in patients with PSC due to the
marked stricturing of the intrahepatic biliary tree.
Other diseases that may be confused with a CCA-asso-
ciated stricture are gallbladder cancer, Mirizzi's
syndrome, or a benign in¯ammatory stricture caused
by prior instrumentation or stone disease. Tissue acqui-
sition is most easily accomplished via brush cytology,
which makes the diagnosis in 20ÿ80% of the patients.
Other approaches include forceps biopsy, bile aspirate,
and ®ne-needle aspiration (FNA). A cytologic or histo-
logic diagnosis is not essential if the patient is deemed
resectable.

Magnetic resonance cholangiopancreatography
(MRCP) is a promising noninvasive modality that dis-
plays a three-dimensional image of the biliary tree, he-
patic parenchyma, and surrounding vessels. This
technique may become the primary imaging tool for
local regional preoperative staging.
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Additional relatively new modalities are being de-
veloped to detect, diagnose, and stage CCA. EUS is a
relatively noninvasive endoscopic technique that may
be utilized to image the distal extrahepatic bile ducts,
perihilar tumors, and surrounding structures. Portal
vein invasion has been shown to more accurate with
EUS than CT, angiography, and US. EUS-guided FNA
may be used to obtain a cytologic diagnosis and is as-
sociated with much less risk than ERCP. In one study of
10 patients with suspected hilar CCA, EUS-guided FNA
diagnosed 7 patients with CCA and 1 with hepatocel-
lular carcinoma. Intraductal ultrasound has been used
to image bile duct strictures and to evaluate for portal
vein involvement. However, they have a relatively shal-
low depth of penetration, limiting visualization of large
tumors and surrounding lymph nodes and vessels. PET
scanning re¯ects the high glucose metabolism of neo-
plasia. One study was able to show high uptake in CCA
patients versus those who had PSC. Furthermore, one
small study suggests a role for improved preoperative
staging by identifying distant metastasis. Other modal-
ities include choledochoscopy, radiolabeled antibody
tracing, or ligand imaging.

PATHOLOGY

Cholangiocarcinoma arises from the epithelial cells of
the bile duct (cholangiocytes). The most common
tumor histologic type is adenocarcinoma (495%)
(Table I).

Papillary carcinoma may have the best prognosis
because it typically presents early. These tumors have

a strong desmoplastic reaction that leads to dif®culty in
obtaining suf®cient cells for a diagnosis. This likely ex-
plains the poor yield from endoscopically obtained tis-
sue. Immunohistochemical stains for CEA, mucin, and
cytokeratins may be helpful in making the diagnosis.

CCA usually spreads locally to the adjacent struc-
tures, abdominal cavity, and lymph nodes. Regional
lymph node involvement occurs in more than 75% of
patients. Metastases occur late in the disease, most com-
monly to the liver, peritoneum, lungs, and bones.

STAGING AND PROGNOSIS

Extrahepatic biliary tract tumors commonly present
early. Early small tumors will partially or completely
occlude the small-diameter bile duct and lead to ob-
structive signs. However, tumors of the hilum have a
poor prognosis. They are dif®cult to resect due to their
vascular and hepatic parenchymal invasion. CCA is
staged according to the tumorÿnodeÿmetastasis
(TNM) system of classi®cation. Extrahepatic tumors
con®ned to the bile duct or beyond are staged as IA
and IB. Those tumors invading the liver, gallbladder,
pancreas, or unilateral branches of the portal vein or
hepatic artery are Stage IIA. Stage IIB is characterized by
any of the above with regional lymph node involvement.
Stage III includes tumors that invade the other adjacent
organs as well as the main portal vein and common
hepatic artery. Stage IV is distant metastasis, regardless
of the T and N stages. Alternatively, intrahepatic tumors
are currently staged the same as hepatocellular carcino-
mas because of the limited prognostic information.

TREATMENT STRATEGIES

Surgical resection is the only curative treatment modal-
ity for cholangiocarcinoma and is the only modality
associated with an improved 5-year survival. Overall,
the prognosis is poor, with a 5ÿ10% 5-year survival and
a 20-month median survival. However, patients with
perihilar disease have a median survival of 12ÿ24
months. Patients with distal extrahepatic CCA have
5-year survival rates of 15ÿ25%. Multiple factors deter-
mine a patient's candidacy for resection. Anatomical
criteria include the absence of distant metastasis, vas-
cular invasion, lymph node involvement, or extensive
disease beyond a feasible surgical margin. Common
clinical criteria that prohibit surgical resection include
poor performance status, signi®cant cardiopulmonary
disease, and cirrhosis.

Patients who undergo surgery and are found to have
a tumor approaching or involving the resection margins
should be considered for adjuvant therapy. Patients that

TABLE I Histologic Type

Adenocarcinomaa

Clear cell adenocarcinoma

Mucinous carcinomaa

Papillary carcinoma (invasive, noninvasive)a

Cystadenocarcinoma

Signet ring cell carcinoma

Squamous cell carcinoma

Adenosquamous cell carcinoma

Small cell carcinoma

Undifferentiated carcinoma

Leiomyosarcoma

Carcinoid

Granular cell tumors

Rhabdomyosarcoma

Papillomatosis

Kaposi's sarcomab

Lymphomab

a Most common histologic types.
b AIDS patients.
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are unresectable should be offered palliative biliary
drainage and adjuvant therapy. This has been shown
to improve quality of life and prolong survival.

The surgical approach depends on the location of
the tumor. Intrahepatic cholangiocarcinoma is usually
treated by hepatic resection. Perihilar tumors are dif®-
cult to resect and less than 40% are resectable. The
surgical technique depends on the Bismuth classi®-
cation (location of the tumor). Distal extrahepatic
CCA has the highest cure rate and the most common
surgery is pancreaticoduodenectomy (Whipple pro-
cedure). Liver transplantation has been disappointing
and is discouraged given the poor success rates and
shortage of livers.

Adjuvant radiation and chemotherapy have not been
well studied. Radiation in patients with involved mar-
gins may improve survival and quality of life. However,
it may be associated with complications of hepatitis and
gastroduodenal obstruction. Chemotherapy preopera-
tively or postoperatively has not been shown to improve
survival or quality of life. Chemoradiotherapy may have
a role; however, this remains unclear.

Palliative therapy is pursued in the majority of pa-
tients with cholangiocarcinoma. Jaundice is the most
common ailment palliated and this can be approached
surgically via biliary bypass or with endoscopic/percu-
taneous biliary stenting. The latter technique is less in-
vasive. Metal stents are preferred over plastic because of
their longer patency rates. Additional modalities for
biliary palliation include photodynamic therapy, Nd-
YAG laser, and microwave tissue coagulation.

SUMMARY

Cholangiocarcinoma is a relatively rare malignancy of
the biliary tree. The tumor may be located anywhere
along the intrahepatic or extrahepatic ducts. Patients
generally present with jaundice, pruritus, weight loss,
and pain. Associated conditions include liver ¯uke in-
festation in Third World countries, congenital biliary
cysts, and primary sclerosing cholangitis. A bilirubin
level 412 mg/dl in the setting of obstruction indicates
malignancy. The cancers arise from the biliary epithe-
lium and are most commonly adenocarcinomas. A tissue
diagnosis may be dif®cult to make because of a marked
desmoplastic reaction. Therefore, vigilance must be ad-
vocated in seemingly benign in¯ammatory strictures.
The diagnosis is made from the clinical history, labora-
tory, and imaging studies. Cholangiography, MRCP,
helical CT, EUS, intraductal US, and PET scanning

can determine the extent of disease and local regional
staging. Tissue acquisition is not necessary preopera-
tively; however, it can be obtained by EUS-guided FNA,
ERCP-directed brushings, or biopsies. Treatment en-
tails either surgical resection for attempted cure or
the use of endoscopically or percutaneous placed stents
for palliative biliary drainage. The role of adjuvant or
neoadjuvant therapy is unclear. The prognosis is poor
with a 5ÿ10% 5-year survival and a 20-month median
survival.
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Cholangiohepatitis, Oriental

SHIH-TING PATRICIA TSAI

Keck School of Medicine, University of Southern California

anaerobe A microorganism that can live and grow in the

absence of oxygen.

biliary stent A catheter placed within the bile duct to provide

patency of the duct.

cholangicarcinoma An adenocarcinoma, primarily in intra-

hepatic bile ducts, composed of duct lined by cuboidal or

columnar cells.

cholangiography Radiographic exam of the bile duct with

contrast medium.

cholangitis In¯ammation and infection of the bile duct and

biliary system.

choledochoenterostomy Surgical establishment of a com-

munication between the common bile duct and any part

of the intestine.

choledochoscopy Endoscopic exam of the common bile duct.

deconjugation The dissociation of the chemical bond

between two chemical compounds.

electrohydraulic lithotripsy Electrohydraulic shock wave

lithotripsy is a destruction of calculi (stone) by fragmenta-

tion using shock wave sent transcutaneously via ultra-

sound transducers.

endoscopic retrograde cholangiopancreatography An endo-

scopic procedure that evaluates the biliary system via the

sphincter of Oddi.

endoscopy Examination of the interior of intestine by an

endoscope.

hemobilia Bleeding into the biliary system as a result of

trauma, tumor, or infection.

hepaticoenterostomy Establishment of a communication

between the hepatic ducts and the duodenum.

jaundice A yellowish staining of the integument, sclera,

deeper tissues, and excretions with bile pigments,

resulting from increased levels in the plasma.

lobectomy Excision of a lobe of an organ, e.g., liver.

pancreatitis In¯ammation of the pancreas.

portal vein thrombosis Thrombus clot within the portal vein.

Roux-en-Y choledochojejunostomy A surgical anastomosis

between the common bile duct and the jejunum.

secondary biliary cirrhosis End-stage liver disease due to

obstruction of extrahepatic bile ducts, which leads to

cholestasisandproliferationofsmallbileductsand®brosis.

sphincter of Oddi Hepatopancreatic ampullae that open to

the common bile duct and pancreatic duct.

sphincterotomy An incision or division of the sphincter of Oddi.

stricture A narrowing or stenosis of a hollow structure,

usually consisting of cicatricial contracture or deposition

of abnormal tissue.

Oriental cholangiohepatitis, more commonly known as

recurrent pyogenic cholangitis, is a chronic disease char-

acterized by the formation of primary intrahepatic pig-

mented stones and sequelae that include recurrent

cholangitis, strictures of the intrahepatic bile ducts, he-

patic abscesses, portal vein thrombosis, cholangicarci-

noma, and sometimes secondary biliary cirrhosis with

hepatic failure. Patients often suffer from recurrent at-

tacks of abdominal pain, fever, jaundice due to

intrahepatic ductal stone, and strictures. Two theories

are proposed as the initiator of the disease process:

parasitic infestation with organisms such as Clonorchi
sinensis and Ascaris lumbricoides and malnutrition the-

ory, which suggests nutritional de®ciency of an inhibi-

tor(s) of bacterial bilirubin-deconjugating enzyme,

resulting in formation of bile duct stones.

INTRODUCTION

Oriental cholangiohepatitis is a syndrome character-
ized by recurrent attacks of suppurative cholangitis
in which the bile ducts are dilated and contain mul-
tiple pigment stones. It was ®rst described among the
Chinese in Hong Kong in 1930. This condition is also
known as Oriental cholangitis, Oriental biliary ob-
struction syndrome, intrahepatic pigment stone
disease, hepatolithiasis, and primary cholangitis and
currently is more commonly known as recurrent pyo-
genic cholangitis (RPC). As these names suggest, the
syndrome is endemic to Southeast Asia. It is also en-
countered mostly in Asian immigrants in the United
States and Canada. Sporadic cases have also been re-
ported among natives of Europe, South Africa, India,
and South America.

PATHOLOGY

The bile ducts within the liver (intrahepatic) and out-
side the liver (extrahepatic) are dilated and contain
many bile pigment stones. The common bile duct and
left hepatic duct are commonly affected. They are sur-
rounded by extensive ®brosis and in¯ammation. The
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papilla of the sphincter of Oddi may be hypertrophied
and ®brosed from the repeated passage of stones. As
many as 35% of the patients may have biliary strictures.
Hilar strictures involving the left hepatic duct are found
most frequently, followed by strictures of the common
hepatic duct. The stones are composed of bile pigment
with color ranging from orange to black and size varies
up to 3 cm. However, stones are absent in 20ÿ25% of
patients. This may be due to early disease or complete
passage of stones.

ETIOLOGY AND PATHOGENESIS

As the name implies, patients often have recurrent
pyogenic infection of the biliary system. The common
organisms in descending order are Escherichia coli,
Klebsiella, Pseudomonas, Proteus species, and rarely
anaerobes. These enteric organisms are thought to
be transported to the biliary system by transient portal
bacteremia. Some underlying abnormality, such as
ductal epithelial disruption or stasis, promotes seeding
of the bacteria and causes infection and secondary
pigment stone formation. Stone formation then pro-
duces more obstruction and infection and hence the
recurrent episode of cholangitis. Two theories are pro-
posed to explain the initiation of the pathogenesis: the
parasite theory and the malnutrition theory. The par-
asite theory proposes that parasitic infestation of the
biliary tree results in the epithelial damage. The par-
asitic debris and ova may act as a nidus. Parasites
implicated are liver ¯ukes, such as Clonorchis sinensis,
Opisthorchis viverrini, and Opisthorchis felineus. Infes-
tation with these liver ¯ukes is common in Southeast
Asia and up to 45% of patients have evidence of past
infestation. Ascaris lumbricoides are also associated
with RPC found outside of Asia. However, evidence
against this theory are the facts that helminthes or ova
are recovered from the stools in only 5 to 25% of
patients and that RPC is on the decline in some re-
gions that are endemic for Clonorchis, such as Japan.

Malnutrition theory suggests that recurrent bac-
terial gastroenteritis common in lower socioeconomic
areas results in portal bacteremia and subsequent
seeding of the bacteria in the biliary system. The
indigent population often consumes a low-protein
diet that may result in de®ciency in their bile of
glucaro-1:4-lactone, which is an inhibitor of the
enzyme b-glucuronidase. Bacterial b-glucuronidase
is particularly active at the bile pH and can decon-
jugate secreted bilirubin, resulting in formation of
insoluble calcium bilirubinate and brown pigment
stones.

CLINICAL PRESENTATION

RPC is usually seen in patients who are younger than
patients with choledocholithiasis in the West. A major-
ity of the patients present in the third to ®fth decade.
RPC affects men and women equally. Patients most
commonly present with Charcot's triad: fever, right
upper quadrant pain, and jaundice. The typical clinical
course is that of recurrent attacks. Approximately
70ÿ85% of patients have a history of frequent attacks,
typically once or twice a year.

COMPLICATIONS

Patients may present with complications such as rup-
ture of the bile duct, causing peritonitis or formation of
®stula to nearby organs. Portal vein thrombosis and
hemobilia may occur. Systemic sepsis may manifest
as brain or lung abscess. Acute pancreatitis occurs in
up to 10% of patients. There is an association with an
increased risk of cholangiocarcinoma.

DIAGNOSIS

The diagnosis is suggested in patients with the typical
history and demographic background. Radiologic
studies with ultrasound and computer tomography
(CT) are important to make the diagnosis. Ultrasound
shows ductal dilation and ductal stone in up to 90% of
patients. CT is the best noninvasive diagnostic modality.
CT often reveals a characteristic pattern of dilated cen-
tral intrahepatic ducts with acute tapering of the periph-
eral ducts. Stones, liver abscesses, and lobar atrophy are
best seen on CT scan. Once the patient is stabilized,
endoscopic retrograde cholangiopancreatography
(ERCP) can be used to demonstrate de®nitive imaging
of the biliary system. The dilation of the intra- and
extrahepatic ducts may produce a classic `̀ arrow sign''
pattern. However, if the duct was obstructed, cholangi-
ography may be nondiagnostic. ERCP can also assist in
sphincterotomy and in stone extraction using balloon
and basket and can facilitate bile duct drainage.

MANAGEMENT

The goal of treatment is to treat the acute infection and
prevent complications and recurrence. Most patients
respond to conservative treatment with broad-spectrum
antibiotics. However, up to 20% of patients may require
emergent cure surgery. These patients often fail antibi-
otics with persistent fever, pain, jaundice, or signs

306 CHOLANGIOHEPATITIS, ORIENTAL



of peritonitis. Emergent surgery often consists of
common bile duct exploration, T-tube placement,
and cholecystectomy if the gallbladder is also ob-
structed. ERCP with biliary stent or percutaneous drain-
age of the intrahepatic duct is also performed in selected
patients.

Prevention of future attacks is achieved by remov-
ing as many stones and debris as possible and dilating or
resecting the stricture. Surgery may be required in
patients with gallbladder stones, intrahepatic ductal
stones, and disease predominantly localized to the
left hepatic ductal system. Surgical techniques include
left lobectomy, removal of intrahepatic stone by
choledochoscopy and electrohydraulic lithotripsy,
and drainage procedures such as choledochoenterost-
omy or hepaticoenterostomy. In patients with extensive
intrahepatic ductal stones requiring frequent endos-
copic or radiographic intervention, a Roux-en-Y
choledochojejunostomy with the proximal Roux loop
attached to the abdominal wall or externalized as a
stoma is an increasingly popular approach. Surgical
management has a good outcome, with up to 80% of
patients remaining symptom-free during a mean follow-
up of 7 years. Endoscopic management in one large
study reported that 95% of patients were symptom-
free during a follow-up period of 2ÿ3 years.
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asis, Complications of � Computed Tomography (CT) �
Gallstones, Pathophysiology of
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Cholangitis, Sclerosing
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cholangiocarcinoma A malignant transformation of cholan-

giocytes that carries a poor prognosis.

cholestasis A pathologic process that prohibits the clearance

of bile salts from the hepatocyte to the lumen of the

gastrointestinal tract.

®brosis End result of an in¯ammatory response of an organ

or tissue to an insult, resulting in scar formation.

hepatic cirrhosis End-stage condition of the liver recognized

histologically by extensive ®brosis and clinically by

hepatic cellular dysfunction and portal hypertension.

ischemia Loss of blood supply to the cell, resulting in

hypoxia and subsequent cellular injury.

sclerosing cholangitis A condition characterized by ®brosis

of the biliary tree.

ulcerative colitis Chronic in¯ammatory condition involving

the colon.

Sclerosing cholangitis (SC) refers to a host of chronic

hepatobiliary disorders characterized by an irreversible

diffuse ®brosis of the biliary system, leading to the for-

mation of strictures of both the intra- and the extrahepatic

biliary trees. The ®rst description of SC is credited to

Delbet in 1924. SC used to be discovered at surgery in

the course of investigation of a patient with liver disease.

It was not until the advent of endoscopic retrograde

cholangiopancreatography in the early 1970s that SC be-

came more recognized, which led to improved research

and understanding of the disease. The etiology of SC is

varied. When the etiology of the biliary ®brosis is known,

the SC is referred to as secondary. When the etiology is

not known, it is referred to as primary sclerosing

cholangitis (PSC). PSC, however, seems to stand as a

separate entity, a chronic and progressive ®brosing

liver disease with clinical and serologic features sugges-

tive of an underlying autoimmune dysfunction. Most of

the published data pertain to PSC.

PRIMARY SCLEROSING CHOLANGITIS

Primary sclerosing cholangitis (PSC) is part of a spec-
trum of diseases referred to as sclerosing cholangitis.
PSC is characterized by chronic, active, and progressive
in¯ammation affecting the intra- and extra-hepatic bile
ducts, leading to an irreversible ®brosis of the biliary

tree, stricture formation, and bile duct obliteration and
loss; it manifests with cholestasis and eventually leads to
liver cirrhosis.

Epidemiology

PSC affects both males and females with a male :
female ratio of 2 : 1; most patients present between 25
and 45 years of age. PSC has been reported in patients as
early as the neonatal period and as late as the eighth
decade. The prevalence of PSC in the United States is
estimated to be 1 to 6 cases per 100,000. However,
because of the strong association with in¯ammatory
bowel disease (IBD), the prevalence of PSC is higher
in populations where IBD is more prevalent, as in the
Scandinavian countries.

Etiology/Pathophysiology

The etiology of PSC has not been de®ned. Many
possible mechanisms and associations have been pro-
posed but the evidence is inconclusive. The association
between PSC and IBD and other immune system dis-
eases, such as thyroiditis and type I diabetes mellitus,
increased levels of serum immunoglobulins, the pres-
ence of autoantibodies, and an association with human
leukocyte antigen (HLA) haplotypes are strong evidence
that immune-mediated malfunction plays a major role
in the pathogenesis of PSC. HLA-A1, -B8, and -DR3 as
well as -DR52a, -DQ2, and -DQ6 haplotypes have been
found to have a strong association with PSC. HLA-A1,
-B8, and -DR3 haplotypes seem to confer an risk of
developing PSC that is independent of ulcerative colitis
(UC) but the risk is increased in its presence. The ge-
netic inheritance pattern favors pleomorphism in the
gene of the major histocompatibility complex. How-
ever, PSC does not have many of the characteristics
of a classic autoimmune disease, such as having a female
preponderance and response to immunosuppressive
therapy.

Thus far, ®ve different human HLA haplotypes have
been associated with PSC: three with an increased risk
and two with a reduced risk of the disease. Those that are
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associated with an increased risk are MIC-A5.1 and
MIC-B24.

Nonimmunogenic mechanisms have been proposed
but supportive and reproducible evidence has been
lacking. These mechanisms include chronic portal
bacteremia, toxic bile acid metabolites produced by en-
teric ¯ora, toxins produced by enteric bacteria, chronic
viral infection, and ischemic vascular damage.

Portal Bacteremia

The association between PSC and UC led investiga-
tors to question whether chronic portal bacteremia
could constitute a cause for PSC based on ®ndings in
animals. Further research failed to ®nd evidence of
portal vein phlebitis, a typical feature of portal
bacteremia.

Toxic Bile Acid Metabolites

Lithocolic acid is hepatotoxic in animals. It is
formed from chenodeoxycholic acid by bacterial
7-a-dehydroxylation in the colon. However, an abnor-
mal concentration of bile acids was not found in the bile
and portal blood of patients with PSC. Furthermore,
lithocolic acid is rapidly sulfated and rendered nontoxic
in humans.

Bacterial Toxins

When N-formyl L-methionineL-leucineL-tyrosine,
a peptide produced by enteric ¯ora, was introduced
in rat colons, it produced a form of colitis and the biliary
tree of the rats showed pathological changes similar
to those occurring in PSC. Similar changes were also
seen when killed Escherichia coli and other bacteria cell
wall polymers were injected into the portal vein of
rabbits. However, the natural history of PSC does not
support this hypothesis. Antibiotic treatment was not
effective; the course of PSC is distinct from that of UC
and not altered even after proctocolectomy.

Viral Infection

Infection with human immunode®ciency virus
(HIV) and cytomegalovirus (CMV) can produce
changes in the biliary tree similar to those seen in
PSC. However, there has been no isolation of CMV or
Reovirus3 (a virus that has trophism to the biliary
epithelium) from patients with PSC.

Ischemia

The pathology in patients with PSC does not show
any involvement of the vasculature of the liver or any
ischemic changes in the bile duct as seen in patients
with vasculitis or intrahepatic arterial infusion of
chemotherapeutic drugs.

Complications and Natural History

What is striking about the natural history of PSC is
the variability in its clinical course and progression as
well as the dissociation between the cholangiographic
appearance of the disease and the clinical symptoms.
Some patients might present with cholangitis that re-
solves spontaneously and does not recur for a long pe-
riod of time; others, with a marked sclerotic appearance
of the bile duct, may be asymptomatic and have only an
elevated alkaline phosphatase or have advanced liver
disease with cirrhosis. This discrepancy between
symptoms and signs makes the formulation of a reliable
outcome scoring system hard to achieve. Nevertheless,
multiple scoring systems have been developed based on
univariate and multivariate predictors to aid in moni-
toring the clinical course of PSC and the timing of liver
transplantation.

The most serious complications that face patients
with PSC are the development of liver cirrhosis and
the development of cholangiocarcinoma (CC). Also,
patients with PSC and concomitant UC seem to have
a higher risk of developing colon cancer than patients
with UC without PSC. Other complications include the
formation of choledocholithiasis, cholangitis, malab-
sorption, pruritus, fatigue, and chronic pancreatitis.

Hepatic Cirrhosis

In PSC, the development of liver cirrhosis is a con-
sequence of chronic biliary cholestasis. The constant
in¯ammatory process that affects the bile ducts leads
to progressive ®brosis of the liver parenchyma and
bridging ®brosis. The exact mechanism that leads to
this stage is poorly understood. Whether bile retention
and copper retention play a role has yet to be elucidated.
Once cirrhosis sets in, patients are subject to the usual
complications of liver cirrhosis: portal hypertension,
ascites, variceal bleeding (esophageal, gastric, or at
the anastomotic site in patients with IBD who under-
went surgery), peritonitis, encephalopathy, and liver
failure; the last complication is the most common
cause of death.

Cholangiocarcinoma

The prevalence of CC in patients with PSC ranges
between 4 and 20%. The prevalence at autopsy is higher
and approximates 40%. In patients undergoing liver
transplantation, the prevalence of incidental CC is be-
tween 23 and 33%. The tumor is usually multicentric,
arises around the proximal main bile duct and its bifur-
cation, and is less common distally along the duct.
Factors such as age at presentation, sex, PSC involvement
of the intra- or extrahepatic ducts, or the presence of IBD
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do not affect the development of CC. Alcohol consump-
tion is an additional risk factor for developing CC in PSC.

CT scan of the abdomen is valuable in a deteriorating
patient to rule out the presence of CC. Ultrasound has
low sensitivity in this regard. Positron emission tomog-
raphy with [18F]¯uoro-2-deoxy-D-glucose might be
of value in the diagnosis of CC with a sensitivity of
92% and a speci®city of 93%.

Patients with tumors that display p53 over-
expression and k-Ras mutation have a worse prognosis
and shorter survival. However, these markers are not
helpful in the diagnosis of CC. For example, k-Ras is
found in 30% of patients with PSC without CC. DNA
cytometry, a method that detects DNA aneuploidy, was
found to be promising in the detection of CC in patients
with PSC. Cells of CC showed DNA aneuploidy in 80%
of the tissues compared to 12% in tissues of bile ducts of
patients with PSC but without CC and 1% in tissues of
gallbladders with chronic in¯ammation.

CA 19-9 and carcinoembryonic antigen (CEA) are
not sensitive or speci®c for the diagnosis of CC. A model
using both of these tests (CA 19-9 ÿ CEA� 40) has
yielded 86% accuracy, 66% sensitivity, and 100%
speci®city in the diagnosis of CC.

Obtaining biopsies and cytology from brushing at
the time of endoscopic retrograde cholangiopancreato-
graphy (ERCP) has resulted at best in a sensitivity of 80%
but the average is approximately 45%. Currently, per-
forming ERCP or any of the tests mentioned above as part
of surveillance for CC has not been shown to be bene®cial
and, in the case of ERCP, is not recommended.

Choledocholithiasis

Cholelithiasis and choledocholithiasis are well de-
scribed in patients with PSC. Gallstones are usually of
the calcium bilirubinate variety. Pigment stones may
form in the extra- and intrahepatic ducts, particularly
in patients with recurrent attacks of cholangitis. In a
retrospective review of 85 patients with sclerosing
cholangitis, 20% of patients had biliary stones, 8%
had cholelithiasis, 11% had choledocholithiasis, and 7%
had both cholelithiasis and choledocholithiasis. The
presence of cholelithiasis has no additional clinical sig-
ni®cance compared to patients who have cholelithiasis
without PSC. The development of cholangitis or a
worsening clinical status in a patient with PSC should
direct the clinic

Cholangitis

Acute ascending cholangitis can occur in patients
with PSC. It occurs mainly in those patients who had
endoscopic or surgical manipulation of the biliary
system and is less likely in those without endoscopic

stenting, dilation, or surgical drainage procedures. In
the latter subgroup of patients, a less severe type of
cholangitis occurs more frequently (10 to 20%). Usually
it is self-limiting but can be recurrent.

Pruritus

Pruritus can be one of the most frustrating compli-
cations of cholestasis. Symptoms can become so severe
as to interfere with sleep and cause skin abrasions. The
pathogenesis of the pruritus is uncertain. The evidence
that retention of endogenous bile acids causes chole-
static pruritus is deduced and indirect. Furthermore,
recent ®ndings suggest that central events in the
brain that lead to an increased opioidergic tone may
be implicated.

The view that bile acid retention causes pruritus is
old. Varco1 in 1947 noted that biliary drainage reduced
pruritus in patients with extrahepatic biliary obstruc-
tion and when bile was fed to patients, their pruritus
returned. It is known that biliary drainage improved
cholestatic pruritus in patients with intrahepatic
cholestasis. Processes and medications that bind bile
salts, such as the administration of cholestyramine,
passage of plasma over charcoal or anion-exchange res-
ins, and extracorporeal albumin dialysis, have been
shown to diminish cholestatic pruritus. In all of these
procedures, retained substances in addition to bile acids
could have been removed at the same time so that cause
and effect relationships are uncertain.

Whether peripheral events, such as the accumula-
tion of bile acids in interstitial ¯uid of the skin, initiate
the neural events that mediate this form of pruritus is
uncertain. Three lines of evidence support this hypo-
thesis: (1) Opioid receptor ligands with agonist
properties (e.g., morphine) mediate pruritus. (2)
Endogenous opioid-mediated neurotransmission/neu-
romodulation in the central nervous system is increased
in cholestasis. (3) Opiate antagonists induce ameliora-
tion of the behavioral consequence of the pruritus of
cholestasis (scratching activity). Serotonergic neuro-
transmission may also contribute to the pruritus.

Other Complications

Chronic pancreatitis is also associated with PSC.
The frequency of this association differs widely in the
literature, ranging from 8 to 77%. In general, the
pancreatic exocrine function is well preserved and
these patients rarely develop steatorrhea secondary to
pancreatic insuf®ciency.

Colonic neoplasia seems to be more prevalent in
patients with IBD and concomitant PSC than in patients
who have IBD but not PSC.
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Clinical Presentation

Symptoms

Patients with PSC usually present in an insidious
manner. Most patients suffer from vague symptoms
for approximately 2 years before diagnosis. These
symptoms can include fatigue, right upper quadrant
(RUQ) pain, and eventually jaundice and pruritus. Pre-
sentation of a patient with PSC differs between those
who have an associated IBD and those who do not. In a
Swedish study, 92% of asymptomatic patients had an
associated IBD at the time of diagnosis versus 74% of
symptomatic patients. This re¯ects the awareness of the
association and therefore the early diagnosis. In all pa-
tients, 56% were symptomatic, 37% had RUQ pain, 30%
had jaundice, 30% had pruritus, 4% had ascites, and 4%
presented with esophageal variceal bleeding. Forty-six
percent had histologic stages 1 and 2, 28% were stage 2,
and 26% were stage 4. In another study, 10 to 15% had
symptoms suggestive of recurrent cholangitis, such as
fever, chills, and RUQ pain. Along the course of PSC,
symptoms of weight loss or worsening liver test should
raise the possibility of CC and, if fever and RUQ pain
develop, of cholangitis.

Physical Exam

Early in the course of the disease and when PSC is
diagnosed incidentally, physical signs speci®c for PSC
are absent. Patients with advanced liver disease will
manifest signs of portal hypertension and cirrhosis,
such as spider angiomas, large spleen, muscle wasting,
and icterus. Skin scratches secondary to pruritus can
be seen. If the patient has cholangitis, abdominal
exam reveals tenderness in the RUQ; otherwise, the
abdominal exam is normal.

Laboratory Tests

The most common abnormal laboratory value is al-
kaline phosphatase (AKP). It is seen in more than 90% of
patients with PSC. Usually it is elevated 3 to 5 times
above the normal range but values as high as 20 times
elevated have been reported. Normal values still could
be seen in 6 to 8.5% of patients with PSC. Aspartate
aminotransferase (AST) and alanine aminotransferase
(ALT) are rarely elevated more than three times their
normal levels. Bilirubin is usually normal but is elevated
in bouts of cholangitis or intermittent obstruction and in
advanced cirrhotic patients. Elevated prothrombin time
usually denotes vitamin K de®ciency and, less likely,
cirrhosis. Albumin is usually normal unless the patient
has advanced liver disease.

Blood counts are normal, but eosinophilia can
be observed on rare occasions. Serum levels of

immunoglobulins are increased. The immunoglobulin
M (IgM) level is elevated in 45% of patients followed by
an elevation in IgG and IgA. Antinuclear cytoplasmic
antibody in a perinuclear pattern is seen in 77 to 88%
of patients with PSC. Smooth muscle antibodies
are also seen. Anti-mitochondrial antibody is typically
absent. Other miscellaneous laboratory ®ndings
include elevated levels of cholesterol, lipoprotein X,
ceruloplasmin, and copper.

The differential diagnosis of cholestasis is long and is
best approached by putting the patient's presentation in
the context of his or her past medical history and life
events in order to expose predisposing factors. A list of
disorders that can present with cholestasis is outlined in
Table I.

Diagnosis

The diagnosis of PSC requires a high index of sus-
picion since patients can be asymptomatic. All patients
with IBD should be screened with liver tests. If alkaline
phosphatase is elevated, the possibility of PSC should be
ruled out. The diagnosis of PSC is established by dem-
onstrating the characteristic changes affecting the bili-
ary tree. The different modalities available to make the
diagnosis are discussed below.

TABLE I Differential Diagnosis of Cholestasis

Acute

Biliary obstruction (benign and malignant)

Severe sepsis

Total parenteral nutrition

Medicationsa (chlorpromazine, estrogen, ¯ucloxacillin,

chlorpropramide, etc.)

Ischemic cholangitisa (hepatic artery injury, hepatic

intrarterial chemotherapy)

Cholestatic hepatitis A

Chronic

Primary sclerosing cholangitis

Primary biliary cirrhosis

Autoimmune cholangitis

Idiopathic adulthood ductopenia

Ischemic cholangitis

Liver transplant-related (post transplant rejection,

preservation injury, hepatic artery thrombosis,

biliary anastomotic stricture)

Infectious (hepatitis C, AIDS)

Benign recurrent intrahepatic cholestasis

Recurrent pyogenic cholangitis

In®ltrative cholestasis (lymphoma, sarcoidosis,

amyloidosis)

Cystic ®brosis

Malignancy (cholangiocarcinoma, hepatocellular carcinoma)

a Can also be chronic.
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Imaging

Endoscopic retrograde cholangiopancreatography
Because of the lack of speci®city of many of the changes
seen on liver biopsies, cholangiography is considered
the gold standard for the diagnosis of PSC. Although
percutaneous transhepatic cholangiography (PTC) is
available, because of the nature of the small and atten-
uated bile ducts and the formation of biliary strictures in
PSC, ERCP is the preferred method for diagnosing PSC.
In addition to establishing the diagnosis, ERCP can pro-
vide a means for therapeutic intervention, such as stric-
ture dilation and obtaining cytological brushing from
dominant and suspicious strictures. Also, it can provide
information about the pancreatic duct and rule out as-
sociated chronic pancreatitis. The classic appearance of
affected bile ducts in PSC consists of diminished and
attenuated intrahepatic ducts (pruning) with multifocal
strictures alternating with areas of normal or mildly
dilated segments (cholangiectasia), giving the typical
beaded appearance. The ®nding of webs and diverticula
in the biliary tree is not pathognomonic for PSC
since it can be seen equally in other conditions. The
majority of patients will demonstrate strictures of
both intra- and extrahepatic ducts (seen in 67% of
patients). Twenty-seven percent have intrahepatic
involvement alone and 6% have extrahepatic duct
involvement only. The gallbladder and the cystic duct
are usually spared.

Adequate visualization of the intrahepatic ducts is
needed to delineate the anatomy and exclude other eti-
ologies. Using a balloon and injecting contrast under
occlusion are typically used to achieve opaci®cation of
the ducts. For example, an under®lled intrahepatic tree
in Caroli's disease can give an appearance of PSC. Bile
ducts of patients with cirrhosis are attenuated but do not
show the beading appearance seen in PSC.

Computed tomography The ®ndings seen on CT
scan in patients with PSC are not speci®c for this disease
although they do suggest the diagnosis. However, CT is
useful in the follow-up of patients with PSC once the
diagnosis has been established. In 16 of 19 patients with
involvement of the extrahepatic duct seen on cholangi-
ography, CT demonstrated stenosis of the common bile
duct. It also depicted intrahepatic ductal dilation/steno-
sis in all patients and detected 3 cases of CC. CT is
superior to cholangiography in detecting CC with a
sensitivity and speci®city of 82 and 80%, respectively,
compared to 54 and 53% for cholangiography.

Magnetic resonance cholangiography Magnetic
resonance cholangiography (MRC) is a rapidly devel-
oping imaging modality that is gaining popularity in the
diagnostic work-up of patients with hepatobiliary and

pancreatic disease. The main advantages it offers over
ERCP and PTC are its noninvasive nature and its ability
to provide information about the extrabiliary structures.
As regards PSC, the current technology of MRC is not
yet able to detect the small changes of the intrahepatic
ducts seen on cholangiography. Although MRC is not
recommended for the diagnosis of PSC, it can be helpful
in the work-up of a patient with PSC to rule out CC or as
a road map for ERCP.

Ultrasonography For practical purposes, ultra-
sonography proves to be of little value in the diagnosis
and follow-up of patients with PSC. It is of great value in
the initial work-up of patients presenting with hepato-
biliary symptoms and helps to rule out other etiologies of
cholestasis, such as major biliary strictures, postopera-
tive complications, choledocholithiasis, liver cirrhosis,
and ischemic insults to the hepatic arteries and veins.

Pathology

Gross specimens of liver from patients with PSC
show thickened and hardened bile ducts. Histology re-
veals evidence of ®brosis involving all layers of the bile
ducts from the mucosa to the adventitia. Perfusion
studies of livers removed at the time of liver transplant-
ation demonstrated intrahepatic tubular and saccular
dilation (cholangiectasia) with transformation of bile
ducts into ®brous cords with complete or partial oblit-
eration of the duct lumen. These changes give the typical
beading and pruning appearance of the bile ducts seen
on cholangiography.

Microscopically, four stages of biliary and hepatic
involvement have been established and carry different
prognostic values. Early in the course of the disease, the
interlobular ducts are in®ltrated with small and large
lymphocytes, neutrophils, plasma cells, occasional mac-
rophages, and eosinophils. Degeneration of the ductular
epithelium is seen. The portal tracts are in¯amed and
edematous. The ductules show a periductular in¯am-
mation and concentric ®brosis representing the de-
scribed `̀ onion skin'' appearance. This ®nding occurs
in less than 50% of liver biopsy specimens. The portal
tracts in PSC are typically less in¯amed than in primary
biliary cirrhosis (PBC). In stage 2, the above-mentioned
in¯ammatory process extends outside the portal tract to
involve the periportal hepatocytes. The earlier involved
bile ducts start to disappear and bile ductopenia is
prominent. There is interference with bile ¯ow and fea-
tures of cholestasis begin to develop in the hepatocytes
adjacent to the portal tract. Accumulation of bile, cop-
per, and copper-associated proteins and formation of
Mallory bodies become apparent. Periductular ®brosis
is less prominent. In stage 3, bridging ®brosis is seen,
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bile ducts disappear, and cholestasis may be prominent,
mainly in periportal and periseptal hepatocytes. Stage 4
is frank liver cirrhosis and the histologic feature is sim-
ilar to what is seen resulting from other etiologies of
liver cirrhosis. The parenchyma of the liver displays an
increase in copper staining. It is important to note that
the pathologic changes seen in PSC, especially in the
early stages, vary in severity from one part of the liver to
another, which makes staging on the basis of liver biopsy
alone dif®cult.

In less than 5% of patients with IBD and histological
changes typical of PSC, the cholangiogram is normal.
These patients are thought to have small-duct PSC.

Management

Management of patients with PSC is aimed at
addressing two main issues. The ®rst is an attempt to
slow the progression of the disease process and
subsequent hepatic dysfunction. The second is to
treat the complications of PSC.

Treatment of the Disease Process

No treatment has been shown to reverse the in¯am-
matory process. At best there has been improvement in
the liver tests and liver biopsy histology but without any
proven reproducible evidence of delaying the progres-
sion of hepatic dysfunction.

Despite the prevailing concept of the autoimmune
basis of PSC, immunosuppressive therapy has been dis-
appointing. Results with oral corticosteroids are incon-
sistent. However, in a subgroup of patients with PSC
with pronounced features of autoimmune disease,
corticosteroids may be bene®cial. Studies using
budesonide had mixed results. AST and alkaline phos-
phatase (AKP) improved, whereas bilirubin increased.
The combination of prednisone and ursodeoxycholic
acid (UDCA) showed minimal improvement. Whether
adding azathioprine to the latter regimen is bene®cial
needs further investigation. Cyclosporine A has been
used with disappointing results. The use of tacrolimus,
methotrexate, pentoxifylline, and cladibrine (a nucleo-
side analogue with anti-lymphocytic activity) still needs
the veri®cation of controlled and larger trials.

Medications that affect bile acid physiology have
been used. Cholestyramine (a bile acid-binding resin)
has been used with equivocal results. Similar to results
obtained in treating PBC, UDCA has resulted in im-
provement in the laboratory tests (AST, ALT, AKP,
and bilirubin) but the effect on histology is less appar-
ent, especially in patients with cirrhosis. The cholangio-
graphic abnormalities do not change and there is no
proof that chronic therapy with UDCA alters survival.

Cessation of treatment results in an increase in all lab-
oratory values. The bene®cial dose was between 15 and
25 mg /kg per day. Higher doses seem to exacerbate
pruritus with no added bene®t; a lower dosage, e.g.,
10 mg /kg, did not have the same bene®cial effect.

UDCA is the 7b-epimer of chenodeoxycholic acid
and it makes a small fraction of the normal human bile
acid pool. The mechanism whereby UDCA induces im-
provement in liver tests in PSC and other cholestatic
diseases is unknown. Potential effects could be related
to the following: (1) reduced concentration of the hy-
drophobic (toxic) bile acid; (2) a hepatoprotective ef-
fect; (3) stimulation of choleresis; (4) in¯uence of bile
acid transport; or (5) an immunomodulatory effect.

The low side-effects pro®le of UDCA resulted in its
liberal use in PSC. However, long-term bene®t from this
therapy has not been shown yet. For this reason, and
because of the slow progression of PSC, treatment of
asymptomatic patients or those with early stage PSC
should be carried out as part of a controlled clinical
study when possible.

Treatment of Complications of PSC

By the time cirrhosis has developed in patients with
PSC, liver transplantation is the only therapy that is
associated with improved survival. PSC is the third most
common cause of liver transplantation in adults. One-
yearsurvivalafter liver transplantationhasbeenreported
to range from 71 to 88%. Studies from the Mayo Clinic
and the University of Pittsburgh have shown that the 5-
year survival of patients with PSC post-liver transplant
was 73% versus 28% for patients without liver transplan-
tation. Unfortunately, the ®nding of an unsuspected CC
in the explant was associated with decreased survival.

Short of liver transplantation, the complications
of advanced liver disease and portal hypertension are
treated as in any other cirrhosis. The complication of
peristomal variceal bleeding occurs to a greater extent
in patients with PSC with ileostomy secondary to
colectomy from UC. This bleeding can be severe and
hard to manage, eventually requiring portosystemic
shunts or liver transplantation.

Osteoporosis develops in patients with cholestatic
liver disease. Pathogenesis is not fully understood and
therapy is not fully satisfying. Exercise, calcium, and
vitamin D supplements should be given to all patients
with PSC. Therapy with calcitonin and alendronate
should be given to those with documented osteopenia
or osteoporosis although improvement in bone density
has not been consistent.

Steatorrhea usually develops late in the course of
PSC. De®ciencies of fat-soluble vitamins, such as
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vitamins A and K and, to a lesser extent, vitamins E and
D, can occur. A low-grade pancreatic insuf®ciency can
develop and therefore supplementation with pancreatic
enzymes, in addition to maintaining a low-fat diet, can
be helpful.

Endoscopic Treatment

As yet, there is no controlled study in patients with
PSC to show a survival bene®t from endoscopic inter-
vention and dilation of the accessible biliary strictures.
In addition, once the biliary milieu is violated with in-
strumentation, the incidence of cholangitis increases
and these patients are bound for recurrent intervention.
Therefore, ERCP should be reserved for patients who
develop complications from PSC, such as cholangitis or
dominant biliary strictures. Preliminary data have
shown that patients with dominant ductal strictures
who underwent scheduled endoscopic dilations had a
longer interval before needing liver transplantation than
controls.

Outcome Predictor Models

Survival analysis from a large number of asymptom-
atic patients with PSC showed that most patients have
progressive disease. Moreover, their survival is de-
creased when compared to matched controls in the
same geographic area. Data from the Mayo Clinic sug-
gest that 33 to 40% of patients with PSC die within 5 to 7
years after their diagnosis, with an average survival of
11.9 years. Because of the latter ®nding, risk score mod-
els that re¯ect disease severity and predict survival have
been developed. These models, despite their incomplete
nature, do provide an objective means of assessing the
severity of the disease in patients with PSC and therefore
help in their management and in the timing of liver
transplantation. The Mayo Clinic PSC model was
based on data from 426 patients and was validated.
Predictors of survival were as follows: age, serum bili-
rubin, histologic stage on liver biopsy, and splenomeg-
aly. According to this model, patients who are in the
low-risk category had a probability of 92% for 5-year
survival. Moderate-risk patients have a 5-year survival
of 55% and those in the high-risk category had a 1-year
survival of 70% and a 5-year survival of 18%. Still, this
model does not correct for the fact that the development
of CC does not directly correlate with the duration or
the stage of PSC.

Relation to In¯ammatory Bowel Disease

It is estimated that 75% of patients with PSC have
IBD; 87% of these patients have UC and 13% have

Crohn's disease. It is known that 2.5 to 7.5% of patients
with UC have or will develop PSC during their illness. It
is more common in patients who have diffuse colonic
involvement than in those with distal involvement. Pa-
tients with IBD tend to be older at the time of diagnosis
(44 versus 38 years of age). Sex, pattern of distribution
of the biliary strictures, and time to develop CC did not
differ between patients with and those without an asso-
ciated IBD. Several studies have shown that the presence
of PSC in patients with UC increases the incidence of
colorectal neoplasia. Currently it is suggested that these
patients undergo yearly surveillance colonoscopy.
Whether the risk of colon cancer increases in these
patients after liver transplantation is still controversial.

SECONDARY SCLEROSING
CHOLANGITIS

Biliary tract pathology similar to PSC on laboratory and
cholangiographic studies can develop secondary to a
variety of insults. Injury affecting the vascular supply
of the biliary tree (the hepatic artery) can cause ischemic
cholangiopathy, and infectious conditions, such as ac-
quired immunode®ciency syndrome (AIDS), can affect
the biliary tree. Direct exposure of the biliary tree to
different forms of scolecide, such as concentrated so-
dium chloride solution (30%) or alcohol, during
therapy of liver Echinococcus cysts (hepatic hydatic
disease) can also cause sclerosing cholangitis.

A different form of in¯ammatory change that affects
the biliary tree in a segmental fashion is seen in recurrent
pyogenic hepatitis. In this disorder, the intrahepatic
ducts show `̀ beading'' and dilation with formation of
intrahepatic stones of different sizes and number, affect-
ing the left hepatic ducts more frequently than the right.

Ischemic Cholangitis

Ischemic cholangitis is a term used to describe a scle-
rosing cholangitis that is due to an injury of the hepatic
artery, its major branches, and all the way to the level of
the microscopic peribiliary plexus. The biliary tree is
totally dependent on arterial circulation for its blood
supply and any injury to this system can lead to ischemia
followed by stricturing and beading of the affected area.
Table II lists the causes of ischemic cholangitis.

Clinically, the diagnosis is suspected when patients
have the predisposing conditions and present with in-
creased bilirubin and AKP. Cholangiogram shows
a picture that is indistinguishable from PSC. On his-
tology, the biliary epithelium of the major ducts displays
atrophy and erosion and, when severe, cholangiectasia.
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The smaller ducts and the intrahepatic ducts show sim-
ilar ®ndings and sometimes ductopenia. Depending on
the etiology of ischemic injury, the surrounding arteries
can show evidence of vasculitis, thrombosis, and signs
of chronic rejection or they can be normal.

In the setting of liver transplantation, the biliary tree
is at risk for serious complications. Anastomotic stric-
tures used to be more common in the early days of
transplantation but decreased in frequency with im-
provements in surgical techniques. However, it is still
one of the most common complications in living-related
donor liver transplantation. Nonanastomotic strictures
can be due to hepatic artery thrombosis or prolonged
cold or warm ischemia time during the processes of
organ procurement and vascularization, respectively.
Complications from hepatic artery thrombosis (HAT)
carry high rates of morbidity and mortality (30ÿ40%).
HAT usually occurs in 3% of liver transplantation pa-
tients but has been reported to occur in as many as 19%
of patients. Diagnosis is suspected when patients present
with fever, elevated liver tests, or frank cholangitis. Oc-
casionally, patients can be asymptomatic or can present
with fulminant hepatic failure. This complication can
occur early (less than 4 weeks) or late (more than 4
weeks) posttransplantation. Diagnosis could be estab-
lished with a Doppler ultrasound study (sensitivity of
53%) but occasionally an angiogram must be performed
(sensitivity of 82%). Management is usually by retrans-
plantation (71%). Occasionally, intra-arterial urokinase
treatment is effective. If the graft was salvaged, treat-
ment of the biliary stricture proves to be dif®cult, re-
quiring multiple sessions of endoscopic dilation and
stenting, most frequently with hepatico-jejunostomy
being the ®nal treatment.

Infusion of different chemotherapeutic materials
directly into the hepatic artery has been associated
with biliary strictures in 50% of reported series. The
most recognized agent is ¯oxuridine. The speculated
mechanism for inducing the biliary lesion is direct
toxicity and secondary thrombosis to the hilar hepatic
arteries used.

Infectious Cholangiopathy

Secondary cholangitis has been seen in association
with certain infectious diseases. The best described is
AIDS cholangiopathy, seen in patients with advanced
AIDS. The prevalence of AIDS cholangiopathy is not
well documented. In one study examining patients
with AIDS-related diarrhea, cholangiopathy was seen
in 30% of these patients. The etiologic factor is believed
to be infectious. The most commonly isolated organism
is Cryptosporidium parvum. Other organisms found in-
clude Microsporidia, Mycobacterium avium complex,
CMV, Isospora belli, Salmonella, Enterobacter, and
Candida albicans species. Also, the HIV virus itself is
known to involve the biliary tree but clinical signi®-
cance is not proven. In addition to infectious agents,
Kaposi's sarcoma and Burkitt's lymphoma can cause
similar results in this population.

Patients with AIDS cholangiopathy can be asymp-
tomatic, with the only abnormality being an elevated
AKP. Other patients can present with frank cholangitis
with RUQ pain, fever, and leukocytosis. Abdominal pain
is the most common symptom encountered in AIDS
cholangiopathy. Bilirubin is usually less than 3 mg/dl,
with higher levels seen in patients with biliary strictures
secondary to Kaposi's sarcoma, lymphoma, or extrinsic
bile duct compression. AST and ALT can be mildly el-
evated. AIDS cholangiopathy has been classi®ed into
three subgroups: (1) diffuse biliary involvement
(37%); (2) combined biliary involvement and papillary
stenosis (50ÿ60%); or (3) papillary stenosis alone
(6ÿ8%).

Patients with AIDS and elevated AKP should be
suspected of having AIDS cholangiopathy. Diagnosis
is by demonstrating a cholangiogram with beading
and narrowing of the biliary tree or with papillary ste-
nosis. ERCP proves to be the diagnostic modality of
choice. It offers diagnosis, a means to collect samples
for cultures, and a therapeutic modality in case of the
presence of papillary stenosis. The cholangiogram
shows the main bile duct to have a rugged and irregular
contour. The intrahepatic ducts show a pattern of nar-
rowing and dilation similar to that seen in PSC. Isolated
strictures of the main bile duct are usually not present,
but if they are present, they are usually related to a ma-
lignancy (lymphoma, Kaposi's sarcoma) or due to exter-
nal compression. However, ERCP should not be
performed in asymptomatic patients and should be re-
served for those in whom papillary stenosis is suspected.
Isolating the culprit organism is not straightforward.
Combining the cultures of bile aspirate with biopsies
from the biliary tree and from the peripapillary region
can increase the yield.

TABLE II Causes of Ischemic Cholangitis

Hepatic artery thrombosis after liver

transplantation

Cold and warm preservation injury post-OLTa

Postcholecystectomy arterial injury

Intrahepatic artery infusion of ¯oxuridine,

epirubicin

Vasculitis (temporal arteritis, polyarteritis nodosa)

Paroxysmal nocturnal hemoglobinuria

a Orthotopic liver transplantation.
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The prognosis of patients with AIDS cholangiopathy
is poor. However, the survival of these patients is
not different from patients with AIDS with the same
opportunistic infections but without cholangiopathy.

Medical therapy for various organisms involved
(paromomycin for Cryptosporidium, ganciclovir for
CMV) has failed to clear the biliary infection, change
the course of the cholangiopathy, or affect survival. Pa-
tients usually die from AIDS-related complications other
than the cholangiopathy. ERCP and endoscopic
sphincterotomy do not alter the natural history of
AIDS cholangiopathy; however, they do relieve abdom-
inal pain in 75% of patients with associated papillary
stenosis.

Secondary sclerosing cholangitis and subsequent
cirrhosis were reported in three patients following se-
vere systemic (extrahepatic/extrabiliary) infection.
Also, a case of sclerosing cholangitis in association
with Clonorchis sinensis (a parasite) has been reported.

Other Etiologies

Hypereosinophilic sclerosing cholangitis is a rare
disease caused by eosinophilic in®ltration of the gall-
bladder and biliary tract seen in idiopathic hypereosi-
nophilic syndrome. Therapy with steroids has been
reported to improve symptoms, biochemical parame-
ters, and cholangiographic parameters. Pathophysiol-
ogy is not fully known.

Langerhans cell histiocytosis is a rare clonal disorder
that consists of single or multiple mass lesions com-
posed of cells with an abnormal Langerhans cell
phenotype seen mainly in the pediatric population.
Adult patients with this disorder can have involvement
of the liver and biliary tree in a picture similar to scle-
rosing cholangitis.

Sarcoidosis is a multisystem granulomatous
disorder of unknown cause that presents most com-
monly with hilar adenopathy, pulmonary in®ltrates,
and skin or eye lesions. Liver involvement is seen in
more than 90% of these patients, manifesting with cho-
lestasis. Biliary involvement, however, is not common
but a case resembling sclerosing cholangitis has been
reported. Improvement of the biliary stricture was seen
after therapy with prednisone. Finally, tumors affecting
the biliary tree can present with a cholangiographic
appearance of sclerosing cholangitis and should be
ruled out.

In summary, sclerosing cholangitis is a spectrum of
disease that affects the intrahepatic and extrahepatic

biliary trees. More often than not, it is an irreversible,
slow, and progressive ®brosing process that leads
to hepatic cirrhosis. Unfortunately, there is no
effective therapy short of liver transplantation. Further
understanding of the physiology of in¯ammation and
repair of the biliary and hepatic system might lead to
improvements in therapy.
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Cholecystectomy
PATRICK J. JAVID * AND DAVID C. BROOKS *,y
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cholangiogram Radiograph of the gallbladder and bile ducts;

may be performed intraoperatively by either an open or a

laparoscopic technique.

cholecystitis In¯ammation of the gallbladder.

cholecystostomy Drainage of the gallbladder, usually by

percutaneous tube placement, in patients with cholecys-

titis who are too unstable to tolerate a traditional

cholecystectomy.

choledocholithiasis Stones in the common bile duct.

gallstones (cholelithiasis) Stones or pebbles within the

gallbladder.

pneumoperitoneum Insuf¯ation of carbon dioxide gas into

the abdominal cavity; performed in all laparoscopic

procedures to increase the `̀ work space'' available inside

the abdomen.

Cholecystectomy, de®ned as surgical removal of the gall-

bladder, can be performed for a variety of indications. The

traditional approach has been through an open incision in

the abdomen, but a revolutionary change in the ®eld of

general surgery took place with the introduction of the

laparoscopic cholecystectomy in the 1980s. Today, lapa-

roscopic cholecystectomy is one of the most common

surgical procedures performed worldwide. After inten-

sive retrospective and prospective review, both surgical

approaches to cholecystectomy achieve excellent results

and a high degree of patient satisfaction.

HISTORICAL BACKGROUND

Although the existence of gallstones was ®rst recognized
in the ®fth century, the ®rst documented cholecystec-
tomy took place on July 15, 1882, by Carl Langenbuch
in Berlin. After extensive anatomical dissection on ca-
davers and live animals, Langenbuch's ®rst human pa-
tient was a 43-year-old male who suffered from long-
standing biliary colic so debilitating that he had become
a morphine addict. The operation was deemed a success;
not only did the patient survive, but his biliary colic was
fully relieved and he gained over 10 pounds during his
postoperative stay alone. The ®rst successful cholecys-
tectomy in the United States was performed by Justus
Ohage in St. Paul, Minnesota, in 1886.

Open cholecystectomy would remain the gold stan-
dard for treatment of gallbladder pathology for the next

100 years. In 1987, Mouret performed the ®rst laparo-
scopic cholecystectomy in France, thereby introducing
a revolutionary change in biliary surgery. Over the past
decade and a half, the laparoscopic cholecystectomy has
become the new gold standard in the treatment of a wide
range of gallbladder disease.

INDICATIONS FOR CHOLECYSTECTOMY

The indications for cholecystectomy include chole-
lithiasis, cholecystitis, biliary dyskinesia, and gall-
bladder cancer. Most patients with cholelithiasis are
asymptomatic, and there is suf®cient evidence that pro-
phylactic cholecystectomy for asymptomatic disease is
not warranted. Although the annual conversion rate of
asymptomatic to symptomatic gallstones is 1ÿ4%
per year, a majority of patients develop symptoms for
some time before they develop the complications of
cholelithiasis, such as cholecystitis or gallstone pancre-
atitis. Moreover, studies that have followed patients
with asymptomatic gallstones over several years have
found that less than 20% of these patients will develop
biliary symptoms, and the patients with symptoms can
be safely treated at the time of presentation. Therefore,
the risk of maintaining observation of asymptomatic
patients is less than or equal to the risk of prophylactic
cholecystectomy, and surgery is not recommended in
these patients. One exception to this rule is the pediatric
patient with gallstones; a young patient with gallstones
will most likely develop symptoms over time. Another
important exception is the patient who is undergoing an
intraabdominal operation for morbid obesity; a patient
with rapid postoperative weight loss is prone to
symptomatic cholelithiasis, and data show that open
cholecystectomy at the same time as the bariatric sur-
gery is both clinically prudent and cost-effective.

Symptomatic cholelithiasis is the primary indication
for cholecystectomy. The operation is performed to
avoid recurrent biliary colic and to prevent complica-
tions such as choledocholithiasis, cholecystitis, and
gallstone pancreatitis. The majority of patients with
one episode of biliary colic will suffer from recurrent
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pain. In addition, symptomatic patients have a higher
risk of complications from their gallstone disease. In
one large population-based study, 6.5% of symptomatic
patients developed serious complications of gallstone
disease that required surgical intervention over a
10-year period.

Acute cholecystitis mandates a surgical procedure
on the gallbladder. The natural history of untreated
cholecystitis involves gangrenous necrosis of the gall-
bladder and ultimately life-threatening perforation. In
most cases, a laparoscopic or open cholecystectomy is
indicated to remove the gallbladder as the primary
source of infection. Although in the past many surgeons
have treated patients suffering from acute cholecystitis
with 4- to 6-week courses of antibiotics before operat-
ing, current data show that early operation within
48ÿ72 hours of the onset of symptoms yields the
most favorable outcomes. In unstable patients for
whom the formal operating room is contraindicated,
percutaneous cholecystostomy tube placement and
future interval cholecystectomy are indicated.

Acute acalculous cholecystitis also warrants surgical
management of the gallbladder. In the stable patient,
cholecystectomy is the treatment of choice. However,
the patient subset most prone to the acalculous
variety of cholecystitis also has a high incidence of he-
modynamic instability and severe cardiovascular
disease and may be more appropriately treated with
cholecystostomy.

Biliary dyskinesis is de®ned as symptoms of biliary
colic with the absence of gallstones and is often associ-
ated with abnormal functional emptying of the gallblad-
der. It is believed that more than 90% of patients with
documented biliary dyskinesia (as determined by ab-
normal gallbladder emptying in response to a fatty
meal) have improvement or resolution of their
symptoms following cholecystectomy.

Gallbladder cancer is an uncommon indication
for cholecystectomy. Most often, cancer of the gall-
bladder is unsuspected and is found on routine
pathologic examination of the gallbladder specimen
following cholecystectomy performed for a separate
indication. If gallbladder cancer is suspected pre-
operatively, the operation of choice is open cholecys-
tectomy, given the risks of port site metastasis in
laparoscopic cholecystectomy and the need for com-
plete resection of the gallbladder and the adjacent
hepatic tissue. For gallbladder cancer con®ned to the
muscular layer of the gallbladder wall (Stage I), simple
cholecystectomy is suf®cient. For more extensive
malignancies, an extended cholecystectomy with resec-
tion of portions of the liver around the gallbladder bed is
indicated.

OPERATIVE STRATEGY

In preparation for both laparoscopic and open chole-
cystectomy, all patients should ®rst undergo a thorough
history and physical examination. Routine laboratory
studies are ordered, including liver function studies;
normal liver function con®rms that the common bile
or hepatic ducts are not obstructed by the patient's gall-
stone disease. The presence of nonobstructing stones,
however, is not ruled out. The risks of the procedure to
be discussed in detail with the patient should include
infection, bleeding, possibility of bile duct injury,
and conversion to open procedure if laparoscopic
cholecystectomy is planned. A prophylactic dose of
an intravenous ®rst- or second-generation cephalospo-
rin is given preoperatively. All patients are positioned in
the supine position on the operating room table, and the
entire abdomen is prepped with sterile technique.

Laparoscopic Cholecystectomy

The laparoscopic cholecystectomy involves exten-
sive instrumentation and monitors. In general, a lapa-
roscope, laparoscopic electrocautery and suction
devices, and gas ¯ow line are connected at the start of
the procedure. Two monitors are placed on either side of
the patient, usually toward the head of the bed so that
both the operating surgeon and the ®rst assistant have
available lines of vision. The operating surgeon stands
on the patient's left side. Finally, a nasogastric tube is
placed to decompress the stomach.

The ®rst maneuver in a laparoscopic cholecystec-
tomy is the establishment of pneumoperitoneum.
This can be done percutaneously with a Veress needle
or by an open incision directly into the abdomen. This is
performed through a 1-cm incision that holds a
10-mm trocar containing the laparoscope. The incision
is often made just below the umbilicus in a transverse
fashion but may also be performed vertically above and
below the umbilicus. Through this incision, dissection
is performed ®rst to the fascia, which is sharply incised,
and then to the abdominal cavity. The surgeon can place
a ®nger through the incision and probe into the open
abdomen. A 10-mm trocar is placed through this inci-
sion, and the gas ¯ow is connected to the trocar to
achieve pneumoperitoneum. The laparoscope is then
inserted through the trocar when pneumoperitoneum
is adequate.

At this point, the surgeon inspects the abdominal
cavity. The camera is rotated around the abdomen,
looking for adhesions to the anterior abdominal wall
as well as additional intraabdominal pathology. Next,
two 5-mm incisions are made on the patient's right
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anterior abdominal wall, one in the right upper
quadrant in the midclavicular line and one laterally
in the anterior axillary line at the level of the umbilicus.
The 5-mm trocars are placed through these incisions
under direct visualization from the laparoscope to avoid
injury to the liver or bowel. Grasping forceps are in-
serted via these trocars. A ®nal incision is made through
the midline 3 cm below the xiphoid, and a blunt dis-
sector is inserted.

Using the grasping forceps, the fundus of the gall-
bladder is retracted toward the diaphragm and tipped
posteriorly. This lifts the posterior liver to expose the
infundibulum of the gallbladder. Detailed inspection
of the gallbladder is carried out; occasionally, due to
extensive adhesions around the gallbladder, it is clear at
this point that the operation would carry a prohibi-
tively high risk of complications if continued laparo-
scopically, and an open procedure is then initiated. If
the gallbladder appears suitable for laparoscopic re-
moval, the lower grasping forcep is attached to the
apex of the gallbladder fundus and is retracted cephalad
and held ®rmly in this position. The remaining grasping
forcep is placed on the lateral infundibulum of the gall-
bladder and is retracted anterolaterally. In this way, the
gallbladder is stretched out in both a vertical and trans-
verse axis so that the triangle of Calot is splayed out,
isolating and exposing the bile ducts and the vascular
structures.

Gently using the blunt dissector, any omental adhe-
sions to the gallbladder infundibulum are lightly
grasped and retracted downward. After all adhesions
are removed, the peritoneum overlying the gallbladder
infundibulum is then dissected downward. These ac-
tions serve to expose the region of the cystic duct and
artery. Once exposed, the next goal is to dissect around
the cystic duct and artery separately, so that both may be
individually clipped and ligated. During this portion of
the operation, the operating surgeon should carefully
trace out the cystic duct as well as the common bile duct.
The surgeon should plan on ligating the cystic duct close
to the gallbladder so as to avoid any injury to the com-
mon bile duct. If this anatomy cannot be readily dis-
cerned, a cholangiogram and/or conversion to an open
procedure should be strongly considered.

When the cystic duct and/or artery have been fully
exposed and dissecting instruments are easily passed
around the structure, a clip applicator is inserted
through the subxiphoid trocar and placed around the
structure. It is recommended to place two clips on the
inferior side of the structure and one clip on the superior
aspect. The applicator is then removed, and endoscis-
sors are used to divide the duct or artery between the
upper and lower clips, maintaining a small stump on the

downward side. After one structure has been clipped
and ligated, attention turns toward the remaining struc-
ture for dissection and ligation.

With the cystic structures ligated, the gallbladder
remains attached only to the liver bed. The peritoneum
on the lateral and medial sides of the gallbladder is
scored with electrocautery and the gallbladder is sepa-
rated from the liver bed using a combination of anterior
retraction and dissection via electrocautery. Any bleed-
ing areas from the liver bed are coagulated with elec-
trocautery as soon as they are visualized, because they
often bleed profusely and retract when the gallbladder
is fully removed. Once the gallbladder is completely
detached from the liver, the camera is placed through
the subxiphoid trocar, and a large grasping forceps or
specimen bag is inserted through the umbilical port.
The assistant then places the gallbladder in the forceps
or bag, which is withdrawn via the umbilical port. At this
point, the area is inspected for bleeding, and irrigation is
performed. The umbilical incision is closed ®rst at the
fascia and then all incisions are closed with running
subcuticular absorbable sutures.

Open Cholecystectomy

Elective open cholecystectomy is performed when it
is decided preoperatively that laparoscopic cholecystec-
tomy would be too dif®cult or contraindicated. This
most often occurs in the patient with multiple previous
abdominal surgeries. The procedure is also performed
when a laparoscopic cholecystectomy is found to be too
dif®cult and risky to the patient intraoperatively, and
the procedure is therefore converted to an open chole-
cystectomy. Finally, open cholecystectomy may be
performed in conjunction with other procedures,
such as bariatric surgery or pancreatic and duodenal
procedures.

Open cholecystectomy is performed using either the
`̀ fundus-down'' or the `̀ retrograde'' approach to the gall-
bladder. Both approaches utilize the same incision and
exposure of the right upper quadrant of the abdomen. A
right subcostal incision is made approximately two ®n-
gerbreadths below the costal margin. Alternatively, an
upper midline incision may be used if additional abdom-
inal pathology exists or is in question prior to the op-
eration. Once the abdominal cavity has been entered,
the gallbladder is palpated to examine for stones in the
common bile duct. A clamp is placed on the fundus of
the gallbladder and lifted cephalad to expose the gall-
bladder in full.

In the `̀ fundus-down'' approach, the fundus is
grabbed securely with the clamp and an incision is
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made super®cially in the gallbladder serosa around the
fundus. This allows for exposure of a plane between the
visceral layer of gallbladder serosa and the liver bed.
This plane is dissected using electrocautery starting at
the tip of the fundus and working down across the back
side of the gallbladder toward the body and neck. In this
way, a small amount of serosa is left on the liver side of
the gallbladder bed and the liver is not dissected. As
dissection is continued, the neck of the gallbladder
leads to the cystic duct, which is then visualized, pal-
pated for stones, and ultimately clamped with a right
angle. If stones are felt in the cystic duct, they are pushed
into the gallbladder neck rather than distally into the
common bile duct prior to clamping. The cystic duct is
then suture ligated using a nonabsorbable suture. The
cystic artery is also exposed in this way, clamped, and
suture ligated. The exposure usually allows for visual-
ization of the common bile duct; if dif®culty exists in
de®ning the cystic and common bile ducts, a cholangio-
gram is strongly recommended.

In the retrograde approach, following skin incision
and exposure of the gallbladder, attention is turned to
the region of the porta hepatis, which contains the cystic
and common bile ducts as well as the cystic artery.
Omental fat or adhesions to these structures are taken
down carefully to facilitate exposure. Once the struc-
tures are adequately isolated, the cystic duct and artery
are dissected and secured with ties but not divided until
all other structures have been dissected and identi®ed.
This prevents inadvertent division or injury to the com-
mon bile duct. At this point, a second clamp can be
placed on the body of the gallbladder to help retract
the gallbladder away from its liver bed. This exposes
the aforementioned avascular plane between the gall-
bladder and the liver and allows for dissection using
electrocautery. This method of dissection is similar to
that in the laparoscopic cholecystectomy in that it pro-
ceeds from the neck to the fundus of the gallbladder.
Although the retrograde approach commonly results in
less bleeding because the cystic artery is ligated at the
beginning of the dissection, primary exposure of the
duct and artery structures can be more dif®cult. Both
approaches have shown equivalent success rates.

Drainage of the gallbladder bed is controversial. Nu-
merous studies have shown that drainage for an uncom-
plicated procedure does not signi®cantly improve
wound infection rate or overall morbidity. Most sur-
geons agree that drainage is necessary only if the case
is complicated by signi®cant bleeding or concern over
the integrity of the biliary tree. Placing a drain in com-
plicated procedures allows for a controlled ®stula if a
bile leak ensues, as well as early recognition of excessive
postoperative bleeding.

OUTCOMES OF CHOLECYSTECTOMY

Cholecystectomy has been performed for over 100 years
and is a safe operation with a low rate of morbidity and
minimal mortality. At the advent of the current laparo-
scopic era, several studies reviewing tens of thousands
of patients con®rmed that the open cholecystectomy
was indeed the gold standard for the treatment of
symptomatic gallstones. The overall mortality rate in
these studies averaged less than 0.5%, with one popu-
lation-based study of 42,474 patients documenting a
mortality rate of 0.17%. Patient age was the most con-
sistent single factor associated with operative mortality;
other in¯uential factors include comorbid conditions
and nature of the biliary disease. In fact, the mortality
rate from open cholecystectomy for acute cholecystitis
is three times the rate for simple biliary colic but still
approximates 0.6%. Cardiovascular disease, including
perioperative myocardial infarction, stroke, congestive
heart failure, and pulmonary embolism, was the leading
cause of postoperative death in this patient group. Tech-
nical complications of the procedure account for the
minority of all postoperative mortality.

The morbidity rate of open cholecystectomy re-
mains 5ÿ15%, although most complications are non-
biliary in nature and relatively minor. Approximately
half of these complications result in no disability and do
not prolong the patient's hospital stay, and serious dis-
abling morbidity occurs in only 0.16% of patients. Pul-
monary dif®culties are common and often secondary to
the right subcostal muscle-splitting incision, which
makes deep inspiration painful and contributes to
risk of perioperative pneumonia. Bile leakage or ®stula
has been found in 0.3ÿ0.6% of patients. Injury to the
common bile duct, which often requires extensive op-
erative reconstruction and increases overall rate of
mortality, has been found to occur in only 0.1ÿ0.2%
of cases.

Laparoscopic cholecystectomy has proved equal
to open cholecystectomy in mortality and morbidity,
with the additional advantages of increased patient
comfort, shorter hospital stays, and quicker recovery
periods. The procedure is frequently done as day
surgeryÐsigni®cantly shorter than the typical 3- to
5-day stays following an open cholecystectomy. Studies
have shown an average time of 8 days from day of op-
eration to return to work. Overall conversion from a
laparoscopic to an open procedure occurs in 2ÿ5% of
all laparoscopic cholecystectomies.

Mortality from laparoscopic cholecystectomy is ex-
ceedingly low, ranging from 0 to 0.15%. In general, the
mortality rate for laparoscopic cholecystectomy is lower
than open cholecystectomy. However, of the few deaths
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from laparoscopic cholecystectomy, a sizable number
are related to technical complications. Complications
that increase the risk of mortality include bowel perfo-
rations and vascular injuries from percutaneous trocar
placement as well as trauma to extrahepatic bile ducts.
In some cases, these complications are not observed
during the initial procedure, and the delay in the diag-
nosis results in an unstable and critically ill patient.

The overall risk of complication from laparoscopic
cholecystectomy is roughly equal to that of open cho-
lecystectomy. Studies have documented morbidity rates
of 2ÿ5%, again with a predominance of minor compli-
cations. Wound infection is the most common compli-
cation, at 0.3ÿ1%, and is usually found at the umbilical
trocar site where the gallbladder is removed from the
abdomen. Postoperative hernias, again most common at
the umbilical incision, have been found in 0.3ÿ0.5% of
patients. Major complications are infrequent but again
are often technical in nature. Excessive bleeding (from
the gallbladder bed, incision site, or vascular injury) is
found in 0.5% of patients, and bowel perforations have
been recorded in 0.1ÿ0.3% of patients. Major bile duct
injuries have been seen in 0.3ÿ0.7% of patients, slightly
higher than in the open cholecystectomy. A majority of
patients with major bile duct injuries require laparot-
omy either at the time of the initial surgery or at a later
date for reconstruction. Complications requiring lapa-
rotomy are seen in approximately 1% of all patients
undergoing a laparoscopic cholecystectomy.

Although laparoscopic cholecystectomy was once
thought too risky for patients with acute cholecystitis,
the procedure is now used routinely for these patients
early in the course of their infection. Initial retrospective
reviews revealed that laparoscopic cholecystectomy can
be performed in this patient group with acceptable mor-
bidity and no mortality. More structured studies in pa-
tients with acute cholecystitis have found that the
overall complication rate for laparoscopic cholecystec-
tomy is equivalent to or less than that for open chole-
cystectomy. Conversion rate, however, is higher in these

patients, with a rate of 7ÿ28%, but appears dependent
on the timing of the operation. Recent data have shown
conclusively that early laparoscopic cholecystectomy
(within 48ÿ72 hours of presentation of acute cholecys-
titis) results in acceptable outcomes, with a lower risk of
conversion to an open procedure.

Within 5 years of its inception in the operating
room, the laparoscopic cholecystectomy has become
the new gold standard for cholecystectomy and con-
tinues in that role today. Open cholecystectomy is
reserved for patients with dif®cult anatomy or advanced
cholecystitis.
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Cholecystokinin (CCK)
RODGER A. LIDDLE

Duke University

gastrin Gastrointestinal polypeptide hormone produced by

G cells of the gastric antrum; stimulates gastric acid

secretion.

G-protein-coupled receptor Family of cell surface receptor

proteins consisting of seven transmembrane regions. The

intracellular region interacts with guanosine tripho-

sphate-binding proteins that, on ligand binding, trans-

duce signals within the cell, leading to a cellular

response (e.g., secretion, motility, and growth).

microvilli Fingerlike extensions along the apical surface of

intestinal mucosal cells. On enterocytes, microvilli

increase the absorptive surface of the cell; on endocrine

cells, microvilli allow potential stimuli greater exposure

to their targets (e.g., receptors).

myenteric (Auerbach's) plexus System of nerves and ganglia

lying within the longitudinal and circular muscle layers

of the intestine. The nerves of the system innervate

numerous targets, including the myenteric externa,

mucosa, and sympathetic prevertebral ganglia.

sphincter of Oddi Muscular region surrounding the distal

ends of the common bile duct and pancreatic duct as

they enter the duodenum. When constricted, this

sphincter prevents ¯ow of bile and pancreatic juice into

the duodenum and restricts re¯ux of duodenal contents

back into the bile and pancreatic ducts.

submucosal plexus Network of nerves and small ganglia

found in the submucosa of the intestine. It is composed

of outer and inner layers and transmits secretomotor and

vasodilator stimuli to the mucosa. Primary sensory

nerves are contained in this plexus, which also commu-

nicates with the myenteric plexus.

Cholecystokinin (CCK), a peptide hormone, is produced

and secreted by endocrine cells of the upper small intes-

tine following food ingestion. CCK is the major hormone

responsible for stimulating pancreatic enzyme secretion

and gallbladder contraction. CCK promotes satiety,

delays gastric emptying, potentiates insulin secretion,

and may regulate bowel motility; CCK may also play

a role in learning and memory, anxiety, analgesia, and

thermoregulation.

INTRODUCTION

Cholecystokinin (CCK) was discovered by Ivy and
Oldberg in 1928 when they recognized that intestinal

extracts could stimulate gallbladder contraction in
dogs; they named the substance cholecystokinin [`̀ cho-
lecyst'' (gallbladder); `̀ kinin'' (to move)], the term now
commonly used. In 1943, Harper and Raper noted that a
similar extract, which they named `̀ pancreozymin,''
stimulated pancreatic enzyme secretion. It was not
until CCK was puri®ed and its amino acid sequence
determined by Mutt in 1968 that it was proved that
CCK and pancreozymin were the same hormone,
both possessing the ability to stimulate the gallbladder
and pancreas.

Over the past three decades, CCK has been found to
have many other biological effects. In experimental an-
imals and human volunteers, CCK has been shown to
delay gastric emptying, potentiate insulin secretion, and
regulate bowel motility. One of the most noteworthy
actions of CCK is its ability to induce satiety and reduce
food intake. Until the development of reliable assays for
measuring blood levels of CCK, the physiological effects
of CCK remained controversial. However, it has now
been shown in humans that physiological levels of CCK
stimulate gallbladder contraction and pancreatic en-
zyme secretion, inhibit gastric emptying, potentiate in-
sulin secretion, and reduce food intake. Although yet to
be proved physiologically, CCK may regulate bowel
motility and, in certain species, promote pancreatic
growth. Less well-described but fascinating actions of
CCK include effects on learning and memory, anxiety,
analgesia, and thermoregulation. In the small intestine,
CCK is produced by discrete endocrine cells within the
mucosa. However, CCK is even more abundant in the
brain and is found in peripheral nerves innervating
the intestine, where it functions as a neurotransmitter.

MOLECULAR FORMS

The original CCK peptide isolated from the intestine
was a tritriacontapeptide (CCK-33). Several larger
and smaller molecular forms of CCK have since been
found in the intestine, brain, and blood of animals and
humans. The biologically active region of CCK resides
in its carboxyl terminus and all forms of CCK possesses
an identical carboxyl ®ve-amino-acid sequence
(-Gly-Trp-Asp-Met-Phe-NH2) (Fig. 1). This region is
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common to gastrin, thus gastrin has some CCK-like
activity (albeit weak) and CCK shares some weak gas-
trin-like activity. The amino acid sequence shared by the
two hormones has made developing assays for CCK
dif®cult because antibodies directed against the biolog-
ically active region of CCK may cross-react with gastrin.
This problem is accentuated by the ®nding that circu-
lating levels of gastrin are 10- to 100-fold greater than
those of CCK.

CCK is produced from a single gene that encodes a
115-amino-acid preprohormone. By posttranslational
processing, molecular forms of CCK ranging in size
from 4 to 83 amino acids have been identi®ed in tissues
and blood. However, the major molecular forms of CCK
are CCK-8, CCK-33, and CCK-58. In humans, the CCK
gene is located in the 3q12ÿ3pter region of chromo-
some 3. CCK expression is both tissue speci®c and de-
velopmentally regulated. In the intestine, the CCK gene
is expressed prenatally and is regulated after birth pri-
marily by ingestion of foods that stimulate CCK secre-
tion. In the central nervous system, stimuli regulating
neuronal CCK gene transcription include growth fac-
tors, second messengers such as cyclic AMP, the neu-
rotransmitter dopamine, and hormones such as
estrogen.

DISTRIBUTION

Cholecystokinin cells are individual ¯ask-shaped cells
that are scattered throughout the mucosa of the small
intestine. The concentration of CCK cells is greatest in
the proximal small intestine and diminishes in a gradi-
ent fashion toward the distal jejunum and ileum. CCK
cells arise from progenitor cells in the intestinal crypts
and, along with enterocytes, migrate up the villus.
Residing in the mucosa, the apical surface of CCK
cells is open to the lumen of the intestine. Here cells

can actually `̀ sample'' luminal contents such as food and
releasing factors. These enteroendocrine cells also
possess microvilli that increase the exposed surface
area, thus allowing greater exposure to potential
stimuli.

Like other gastrointestinal hormones, CCK is a
`̀ brainÿgut'' peptide, meaning that the same transmitter
is found in both the central nervous system and intes-
tine. In the brain, CCK is highly concentrated in the
striatum, hippocampus, and cerebral cortex. CCK-con-
taining neurons may also synthesize dopamine. Such
nerves have been shown to extend to the limbic fore-
brain and ventromedial hypothalamus, where they may
participate in controlling food intake. CCK has been
demonstrated to modulate dopamine release, dopa-
mine-mediated reward, and receptor binding and func-
tion. These actions have implications for a role of CCK
in drug abuse and neurologic and psychiatric disease.

CCK is prevalent in peripheral nerves of the gastro-
intestinal tract. It is most abundant in nerves innervat-
ing the colon, with fewer CCK nerves in the ileum. In
these locations, CCK is present in myenteric and sub-
mucosal plexi, where it innervates ganglionic bodies.
CCK is also abundant in the vagus nerve and celiac
plexus. In the intestine, CCK stimulates acetylcholine
release and causes smooth muscle contraction. Postgan-
glionic CCK-containing neurons also terminate around
the islets of Langerhans, where CCK may stimulate islet
hormone secretion (e.g., insulin and glucagon release).

CCK RECEPTORS

CCK exerts its biological actions by binding to speci®c
receptors on its target tissues. Gastrointestinal CCK
receptors reside on tissues of the pancreas, gallbladder,
stomach, lower esophageal sphincter, ileum, and colon.
In the nervous system, CCK receptors are abundant in
brain and on some peripheral nerves. Two types of
CCK receptors have been identi®ed: CCK alimentary
(CCK-A) receptors are the primary CCK receptor and
mediate most of the effects of CCK in the gastrointes-
tinal tract. The CCK brain (CCK-B) receptor is identical
to the gastrin receptor and is the major CCK receptor
subtype in the nervous system. It is also abundant in the
stomach. Both receptors are G-protein-coupled, seven-
membrane-spanning proteins, but arise from different
genes. CCK receptor antagonists have been extremely
useful in pharmacological and physiological studies
to de®ne the physiological role of CCK. The ®rst
CCK receptor antagonists useful for in vitro studies
were cyclic nucleotide analogues (e.g., dibutyryl cyclic
guanosine monophosphate). Subsequently, amino
acid derivatives (e.g., CR-1409), carboxyl-terminal

Cholecystokinin

CCK-58 
VSQRTDGESRAHLGALLARYIQQARKAPSGRMSIVKNLQNLDPSHRISDRDYMGWMDF

CCK-33 
KAPSGRMSIVKNLQNLDPSHRISDRDYMGWMDF

CCK-8
DYMGWMDF

Gastrin 

Gastrin-34 
QLGPQGPPHLVADPSKKQGPWLEEEEEAYGWMDF

Gastrin-17 
QGPWLEEEEEAYGWMDF 

FIGURE 1 The amino acid sequences of the common molec-

ular forms of CCK and gastrin. All biologically active forms

of CCK and gastrin share an identical carboxyl-terminal

pentapeptide sequence (shaded area).
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CCK analogues, and substituted benzodiazepines (e.g.,
devazepide) were developed and would be used in vivo.
Clinical studies have shown CCK receptor antagonists
to inhibit CCK- and meal-stimulated gallbladder con-
traction, accelerate gastric emptying, and induce hunger
(i.e., reverse satiety), indicating that CCK has important
physiological roles in each of these processes.

CHOLECYSTOKININ RELEASE

CCK is secreted from specialized endocrine cells of the
mucosa (known as I cells) into the extracellular space,
where it is taken up into the bloodstream. It is by this
mechanism that circulating CCK reaches distant target
tissues such as the pancreas and gallbladder. Enteric
endocrine cells package CCK in secretory granules
that are stored along the basolateral surface of the
cell, thus allowing CCK to be secreted into the
interstitium when the cell is stimulated. In vivo, ingested
proteins and fat are the major dietary stimulants of CCK
release. However, in some species, including humans,
and in cell preparations in vitro, partially digested nu-
trients such as amino acids and peptides and fatty acids
are potent releasers of CCK, indicating that these com-
ponents directly interact with the CCK cell.

Circulating blood levels of CCK average approxi-
mately 1 pM in the fasting state and increase to between
5 and 8 pM after eating. Postprandial levels remain el-
evated for 3ÿ5 hours as food empties from the stomach
into the upper small intestine. Gastric distension does
not in¯uence CCK release. Although fat and protein are
the primary stimulants of CCK, carbohydrate has a
modest effect on secretion.

It is well recognized that inactivation of protease
activity in the lumen of the small intestine of rodents
stimulates CCK release and pancreatic exocrine secre-
tion. This phenomenon is now known as negative feed-
back control of CCK release. Not only has this principle
now been demonstrated in rodents, but it also applies to
other species, including humans. Thus, CCK release is
controlled in part by the presence or absence of pancre-
atic enzymes in the intestine. (Fig. 2). This concept
indicates that there exist intestinal releasing factors
that are secreted into the intestine and stimulate CCK
secretion. When pancreatic enzymes are present in the
intestine, these CCK releasing factors are inactivated;
however, when pancreatic enzymes are inhibited or
pancreatic secretion is reduced, these CCK releasing
factors are active and stimulate CCK secretion. Simi-
larly, with ingestion of a meal that temporarily binds
trypsin and other digestive enzymes, CCK releasing fac-
tors are also available to stimulate CCK secretion. To

date, a human counterpart of a CCK-speci®c releasing
factor has not been identi®ed.

BIOLOGICAL ACTIONS OF CCK

CCK is the major hormonal regulator of gallbladder
contraction. Coincident with this effect, CCK also re-
laxes the sphincter of Oddi, which also promotes bile
secretion into the intestine. In humans, the predomi-
nant CCK receptor type in the pancreas is CCK-B. In
most species, however, CCK-A receptors predominate
in pancreas, and CCK is a potent stimulant of pancreatic
secretion. Therefore, in humans, although CCK stimu-
lates pancreatic secretion, its role may be limited.

At physiological blood concentrations that occur
after a meal, CCK delays gastric emptying; this may
be important for its ability to reduce food intake and
induce satiety. Due to its effects on gallbladder contrac-
tion, pancreatic secretion, and gastric emptying, CCK
coordinates many digestive processes. Thus, CCK plays
an important role in the ingestion and digestion of a
meal. Although it has been shown that CCK causes
relaxation of the lower esophageal sphincter and
promotes intestinal motility, it appears that these effects
are neural rather than hormonal. CCK receptors have
been found on some gastrointestinal and lung cancers,
but it remains unknown whether CCK plays a role in
human cancer growth.

Lumen

CCK-RF Trypsin

CCK

CCK

Pancreas

Food
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FIGURE 2 Model for regulation of CCK release by an

intraluminal releasing factor. One or more CCK releasing factors

(CCK-RF) stimulate intestinal CCK secretion. CCK-RF is nor-

mally secreted in the intestinal lumen, where it is exposed to

pancreatic enzymes. Under basal conditions, CCK-RF is inacti-

vated by even small amounts of enzyme; following a meal, how-

ever, food competes for enzyme binding, allowing CCK-RF to

interact with CCK cells to stimulate hormone secretion. CCK

in the circulation stimulates pancreatic secretion, which, follow-

ing digestion of food, restores CCK-RF and CCK secretion to basal

levels. Modi®ed from Liddle (1995).
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CLINICAL USES OF CCK

CCK is used along with secretin as a test of pancreatic
function. In patients with pancreatic insuf®ciency, low
levels of pancreatic juice are recovered following intra-
venous injection of these hormones. CCK can also be
used clinically to stimulate gallbladder contraction and
is helpful in radiographic testing of gallbladder func-
tion. For diagnostic purposes, CCK has facilitated the
collection of bile and pancreatic juices for cytological
examination.

CCK injections have been administered therapeuti-
cally to patients who are unable to eat (e.g., parenteral
alimentation) in order to stimulate gallbladder contrac-
tion. This therapy has been effective in reducing gall-
bladder sludge and in preventing gallstone formation.

Low blood levels of CCK have been reported in pa-
tients with celiac disease, bulimia nervosa, and in con-
ditions that delay gastric emptying. The defect in celiac
disease is likely due to reduced CCK secretion from
diseased small intestinal mucosa. The cause of abnormal
CCK responses in bulimia is unknown, but may be re-
lated to alterations in gastric emptying because normal
postprandial CCK release is dependent on delivery of
food from the stomach to the small intestine. It is not
known whether CCK de®ciency contributes to any spe-
ci®c pathological consequences. There are no known
diseases of cholecystokinin excess.
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Gastric Acid Secretion � Gastric Emptying � Gastrin � Pan-

creatic Enzyme Secretion (Physiology) � Pancreatic Function

Tests

Further Reading

Calam, J., Ellis, A., and Dockray, G. J. (1982). Identi®cation and

measurement of molecular variants of cholecystokinin in

duodenal mucosa and plasma. J. Clin. Invest. 69, 218ÿ225.

Doty, J. E., Pitt, H. A., Porter-Fink, V., and Denbesten, L. (1985).

Cholecystokinin prophylaxis of parenteral nutrition-induced

gallbladder disease. Ann. Surg. 201, 76ÿ80.

Gibbs, J., Young, R. C., and Smith, G. P. (1973). Cholecystokinin

decreases food intake in rats. J. Comp. Physiol. Psychol. 84,

488ÿ495.

Hansen, T. V. O. (2001). Cholecystokinin gene transcription:

Promoter elements, transcription factors and signaling

pathways. Peptides 22, 1201ÿ1211.

Harper, A. A., and Raper, H. S. (1943). Pancreozymin, a stimulant of

secretion of pancreatic enzymes in extracts of the small

intestine. J. Physiol. 102, 115ÿ125.

Ivy, A. C., and Oldberg, E. (1928). A hormone mechanism for

gallbladder contraction and evacuation. Am. J. Physiol. 65,

599ÿ613.

Jorpes, E., and Mutt, V. (1966). Cholecystokinin and pancreozymin,

one single hormone? Acta Physiol. Scand. 66, 196ÿ202.

Konturek, S. J., Kwiecien, N., Obtulowicz, W., Kopp, B., Oleksy, J.,

and Rovati, L. (1990). Cholecystokinin in the inhibition of

gastric secretion and gastric emptying in humans. Digestion 45,

1ÿ8.

Liddle, R. A. (1994). Cholecystokinin. In `̀ Gut Peptides: Biochem-

istry and Physiology'' (J. H. Walsh and G. J. Dockray, eds.), pp.

175ÿ216. Raven Press, New York.

Liddle, R. A. (1995). Regulation of cholecystokinin secretion

by intraluminal releasing factors. Am. J. Physiol. 269,

G319ÿG327.

Liddle, R. A., Gold®ne, I. D., Rosen, M. S., Taplitz, R. A.,

and Williams, J. A. (1985). Cholecystokinin bioactivity in

human plasma: Molecular forms, responses to feeding, and

relationship to gallbladder contraction. J. Clin. Invest. 75,

1144ÿ1152.

Lund, T., GeurtsvanKessel, A. H. M., Haun, S., and Dixon,

J. E. (1986). The genes for human gastrin and cholecysto-

kinin are located on different chromosomes. Hum. Genet. 73,

77ÿ80.

Rozengurt, E., and Walsh, J. H. (2001). Gastrin, CCK, signaling, and

cancer Annu. Rev. Physiol. 63, 49ÿ76.

Spannagel, A. W., Green, G. M., Guan, D., Liddle, R. A.,

Faull, K., and Reeve, J. R. Jr. (1996). Puri®cation and

characterization of a luminal cholecystokinin-releasing

factor from rat intestinal secretion. Proc. Natl. Acad. Sci. U.S.A.

93, 4415ÿ4420.

Szelenyi, A. (2001). Cholecystokinin and thermoregulationÐA

minireview. Peptides 22, 1245ÿ1250.

CHOLECYSTOKININ (CCK) 325



Cholelithiasis, Complications of
ARSHAD H. MALIK* AND PETER F. MALET

{

*University of Arkansas for Medical Sciences, Little Rock, and {University of Texas

Southwestern Medical Center, Dallas

acute cholecystitis Acute in¯ammation of the gallbladder.

biliary pain Symptom due to transient obstruction of the

biliary tract, including the gallbladder.

cholangitis In¯ammation and infection of the biliary ductal

system due to obstruction.

choledocholithiasis Stones in the common bile duct.

gallstone pancreatitis In¯ammation due to a gallstone

obstructing pancreatic out¯ow.

gallstones (cholelithiasis) Precipitates (stones or pebbles)

within the gallbladder.

ileus (gallstone ileus) Bowel obstruction due to a large

stone.

laparoscopic cholecystectomy Removal of the gallbladder

via a laparoscopic approach.

microlithiasis (sludge) Microscopic precipitates in bile that

can be visualized with ultrasonography or bile micro-

scopy.

Mirizzi syndrome Obstruction of the common hepatic duct

due to extrinsic pressure by a stone in the cystic duct or

the gallbladder neck.

Gallstones, which occur commonly and usually remain

asymptomatic, can result in a variety of symptoms and

presentations ranging from mild to extremely severe. The

most common symptom from gallstones is abdominal

pain, termed biliary pain, which generally occurs in the

right upper quadrant of the abdomen. More serious com-

plications include acute cholecystitis, biliary duct ob-

struction with or without acute cholangitis, and acute

pancreatitis. More unusual problems caused by gallstones

include gallstone ileus, enteric ®stulae, and Mirizzi

syndrome.

DIAGNOSIS AND COMPLICATIONS

Ultrasonography is the best method for diagnosing gall-
bladder stones; its sensitivity in detecting gallbladder
stones is about 95%. Although biliary duct stones may
sometimes be demonstrated by ultrasonography (about
30ÿ50% sensitivity), these stones are more often
diagnosed by the duct obstruction and subsequent
duct dilation that they cause. Cholangiography, usually
with endoscopic retrograde cholangiopancreatography
(ERCP), can directly image ductal obstruction due to

stones. ERCP is 490% sensitive and offers the potential
for therapeutic intervention. Magnetic resonance
cholangiopancreatography (MRCP), however, is being
used more often to diagnose bile duct stones.

In selected situations only, percutaneous trans-
hepatic cholangiography (PTC) or intraoperative chol-
angiography performed during cholecystectomy can be
performed to look for ductal stones. Endoscopic ultra-
sonography (EUS) can visualize ductal stones and
sludge or stones in the gallbladder, but is not often
used for this purpose. Computer tomography (CT)
scanning can often provide more extensive information
than ultrasonography about masses and abscesses, but
its sensitivity in detecting gallstones is signi®cantly
lower.

NATURAL HISTORY

It is now known that a majority of gallstones cause no
symptoms after formation. Surveys of large populations
using ultrasonography have shown that from 60 to 80%
of persons with gallstones are asymptomatic. Only a
small proportion of patients with gallstones develop
symptoms on a yearly basis on long-term followup.
The incidence rate at which asymptomatic patients de-
velop biliary pain is approximately 1ÿ2% annually. The
risk of ®rst presenting with a complication rather than
just biliary pain is very low. Because of this low rate of
development of symptoms, the consensus is that asymp-
tomatic patients with gallstones should not undergo
cholecystectomy because many or even most of them
will never develop symptoms.

Asymptomatic patients with gallstones may be fol-
lowed expectantly with surgery or other interventions
reserved for those who eventually develop biliary pain.
There is still some variation to this approach based on
individual physician and patient preference. There is
one condition in which there is still uniform agreement
that cholecystectomy should be performed as soon after
diagnosis as possible, and that is porcelain gallbladder
(calci®cation in the gallbladder wall) because of its risk
of developing malignancy, that is, gallbladder cancer.
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BILIARY PAIN

The most common complication of gallstones is epi-
sodic upper abdominal pain. The term `̀ biliary colic''
is still commonly used to describe pain due to gallstones.
However, the term `̀ biliary pain'' is preferred because the
pain due to gallstones is not a true colic, that is, of a
waxing and waning nature like intestinal colic. Biliary
pain can have somewhat varied features among patients,
but the hallmark of true biliary pain is its episodic na-
ture.

The term `̀ chronic cholecystitis'' is still sometimes
used to describe the condition in which a patient has
experienced repeated episodes of biliary pain. Strictly
speaking, chronic cholecystitis describes the histologic
changes in the gallbladder. There is frequently an
inexact correlation between the pathologic changes in
the gallbladder and the symptoms the patient has
experienced.

Etiology and Pathogenesis

Biliary pain is thought to arise from transient ob-
struction of the cystic duct by stones or sludge. It may
also develop due to microlithiasis or biliary sludge, pre-
sumably due to similar mechanisms. Sometimes, pa-
tients experience what appears to be biliary pain with
no demonstrable gallstones or sludge. The explanation
for this is not completely known; in some cases the pain
may result from disordered biliary motility at the gall-
bladder or sphincter of Oddi level, but in other cases,
no explanation is found.

Clinical Features of Biliary Pain

Biliary pain is typically characterized by its location
in the right upper quadrant or epigastrium and may
radiate around to the right subscapular area or midback
or occasionally to the right shoulder. Sometimes, the
pain may be felt in the middle lower chest or even in the
left abdomen. The pain may range from fairly mild to
very severe, and may be described, for example, as feel-
ing like a pressure, stabbing, heavy weight, cramping,
and so forth. Sometimes, the pain is compared to a
toothache or childbirth. Patients often state that they
are restless or cannot get comfortable during an attack of
biliary pain and often walk around the room or shift
position around on the couch or bed waiting for the pain
to end. Patients with milder discomfort may only de-
scribe it as a pressure or a heavy feeling or a localized
bloating and not a `̀ real'' pain. Some patients may expe-
rience nausea during an episode, but vomiting is un-
common. There are no systemic signs of toxicity such as
fever or chills.

Biliary pain usually has a fairly clear onset with no
antecedent warning. The pain then reaches a plateau of
intensity ranging from quite mild to extremely severe. It
may last from 15 to 30 minutes up to typically 3 to
4 hours. Sometimes, the duration may be 6 to 8
hours or more, but over 12 hours is unusual unless
acute cholecystitis is developing. After the pain abates,
the patient may feel a residual abdominal soreness for a
while. In some patients, what appears to be otherwise
typical biliary pain may last for 15 minutes or less. Some
patients even describe episodes lasting for a few min-
utes; it is dif®cult to know whether these brief episodes
represent true biliary pain.

Biliary pain is typically episodic in occurrence; the
interval between episodes varies from daily to once every
few weeks or months. Some patients have only one ep-
isodeeveryyearor so.Theclearlyepisodicnatureofmost
biliary pain is why it is often described in terms of `̀ at-
tacks'' or `̀ bouts.'' Once a patient experiences the ®rst
episode of biliary pain, it is highly likely that subsequent
episodes will occur. Approximately 75% of such patients
will have at least one further attack within a 2-year
period.

Differential Diagnosis of Biliary Pain

In some cases, biliary pain caused by gallbladder
stones may not be typical. The pain may vary in one
or more features, such as its location, frequency, dura-
tion, or character. Because there is no `̀ gold standard'' for
con®rming biliary pain, it is not uncommon to have
dif®culty in deciding whether the discomfort patients
are experiencing is due to gallstones. There are many
conditions that need to be considered in the differential
diagnosis of right upper quadrant abdominal pain, in-
cluding: peptic ulcer disease, pancreatitis, gastroesoph-
ageal re¯ux, angina, bowel obstruction, liver disease, rib
pain, and irritable bowel syndrome. In such situations,
clinical judgment, further diagnostic testing, followup
over time, and possible treatment for gastroesophageal
re¯ux or irritable bowel syndrome usually help eluci-
date the clinical picture. When the relationship between
stones and symptoms is not entirely clear, decisions
regarding cholecystectomy need to be carefully con-
sidered based on the patient's wishes and on surgical
consultation.

It has been fairly convincingly shown that symptoms
generally categorized as dyspepsia (intolerance to fatty
foods, ¯atulence, bloating, belching, and heartburn)
cannot be attributed to gallstones. Cholecystectomy
does not have a reliably bene®cial effect on such
symptoms. The term `̀ postcholecystectomy syndrome''
has been used to describe symptoms that remain after
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cholecystectomy; most often, such residual symptoms
were not due to the stones in the ®rst place.

Management

During an actual episode of biliary pain, analgesics
may be used for pain control. Cholecystectomy is
the de®nitive treatment of choice for symptomatic
gallstones. Once a patient experiences the ®rst episode
of biliary pain, it is very likely that future episodes
will occur and it is for symptomatic relief that
cholecystectomy is recommended for such patients.
Laparoscopic cholecystectomy is usually performed;
occasionally, the traditional open approach is used
either as a conversion from the laparoscopic approach
or as a planned procedure. Cholecystectomy removes
the stones and the gallbladder and prevents future
episodes of pain.

Oral bile salt therapy with ursodiol is an option that
is rarely used now. Extracorporeal shock-wave litho-
tripsy combined with ursodiol is utilized occasionally
outside the United States.

Biliary Pain and the Risk of Developing
More Serious Complications

Patients with symptomatic gallstones (that is,
patients who have experienced biliary pain at least
once) are at risk for developing a major complication,
such as acute cholecystitis, cholangitis, or pancreatitis,
at any time. The yearly rates at which these complica-
tions develop have not been well studied because most
symptomatic patients with gallstones undergo de®nitive
treatment and do not enter long-term studies in which
no therapy is given. But from the available data, it ap-
pears that the yearly risk of developing a serious com-
plication is in the range of 1ÿ3%.

A patient with previously asymptomatic gallstones
may present for the ®rst time not just with simple biliary
pain, but with a serious complication. However,
the annual incidence rate of this type of presentation,
although not known with certainty, is much lower than
that for with patients with symptomatic gallstones.

ACUTE CHOLECYSTITIS

Acute cholecystitis is the most common acute compli-
cation of gallbladder stones. Usually, the diagnosis is
straightforward based on a typical clinical scenario and
con®rmatory radiologic studies. But in some cases, the
diagnosis is more dif®cult because of an atypical clinical
presentation. A high index of suspicion for acute
cholecystitis is warranted in any patient with upper
abdominal pain.

Etiology and Pathogenesis

Cystic duct obstruction is the precipitating event
that results in in¯ammation of the gallbladder by cyto-
kines and other mediators (lysolecithin, prostaglan-
dins) of in¯ammation. The obstruction is usually
caused by a stone, but mucus, sludge, and viscous
bile may also play a role. In addition, the normally pro-
tective mucus layer over the luminal surface is dis-
rupted, allowing relatively toxic bile salts to come in
contact with the mucosa. Secondary bacterial infection
may later ensue.

Clinical Features

The majority of patients present with at least mod-
erate pain in right upper quadrant; the pain may radiate
to the right shoulder or scapula. The pain usually has
been present for at least several hours before the patient
presents. Fever may be present, although temperature is
usually not above 102�F; higher temperatures suggest
bacteremia or an abscess. There is right upper quadrant
tenderness and Murphy's sign (accentuated tenderness
to palpation during inspiration) is often present. Clin-
ical presentation may vary, however, and can range from
deceptively mild to quite severe with sepsis. There may
be minimal pain and minimal tenderness, particularly in
the elderly or an obtunded patient. Other patients may
present in a very toxic manner with high fever, severe
abdominal pain and tenderness, bacteremia, and
marked leukocytosis, sometimes in shock.

Laboratory studies show a white blood cell (WBC)
count of usually 10,000ÿ15,000/ml. Aspartate amino-
transferase (AST), alanine aminotransferase (ALT), and
alkaline phosphatase as well as bilirubin may be normal
or just slightly elevated. If the alkaline phosphatase is
disproportionately elevated relative to the transami-
nases, choledocholithiasis should be considered.

With more extensive complications, such as empy-
ema, gangrene, localized or free perforation, peritonitis,
or emphysematous cholecystitis (air in the gallbladder
wall), the clinical scenario is more severe and represents
more of a surgical emergency. Although unusual, the
combination of acute cholecystitis and either cholangitis
or pancreatitis may occur, thus making the clinical
picture more complex.

Diagnosis

The diagnosis of acute cholecystitis is made prima-
rily based on typical clinical ®ndings and secondarily
based on radiologic studies. Either ultrasonography or
radionuclide hepatobiliary scanning with iminodiacetic
acid (HIDA) derivatives may be used. Ultrasonography

328 CHOLELITHIASIS, COMPLICATIONS OF



is preferred because it is easier to perform and provides
additional information regarding the bile ducts and
other organs. The typical ®ndings seen are gallstones,
dilated gallbladder, thickened gallbladder wall, edema
within the gallbladder wall, or pericholecystic ¯uid;
sludge may also be seen. The sensitivity of ultrasonog-
raphy for acute cholecystitis is approximately 90ÿ95%
and speci®city is about 80%.

Management

It is common practice to administer antibiotics to
patients with acute cholecystitis. Coverage for entero-
cocci and gram-negative aerobic organisms is usually
enough. For patients who are extremely toxic, coverage
for anaerobic organisms should be added. Patients
should be kept at a `̀ nothing per oral'' (NPO) status;
intravenous ¯uids should be started and mild analgesia
may be necessary for pain.

Cholecystectomy is the treatment for acute chole-
cystitis and may be performed as soon as the diagnosis is
made and the patient is stable enough. Generally, this is
within the ®rst 2 to 3 days after admission. In the great
majority of cases, laparoscopic cholecystectomy is pos-
sible. In those cases in which a complication, such as an
abscess, gangrenous wall, or perforation, is suspected or
is encountered, an open approach is needed. If the
patient has a seriously decompensated medical condi-
tion, consideration may be given to either surgical or
radiologic-guided cholecystostomy as a temporizing
measure.

Acute Acalculous Cholecystitis

Acute cholecystitis may occur without the presence
of gallstones in the gallbladder, in which case it is
termed acute acalculous cholecystitis (AAC). AAC ac-
counts for 55% of all cases of acute cholecystitis and is
most frequently encountered in patients who are hos-
pitalized and frequently already seriously ill. Cystic duct
occlusion is thought to be the principal pathophysio-
logic event in the development of AAC. The occlusion
may be due to sludge or microlithiasis, viscous bile, or
mucus. Gallbladder stasis is a major factor in many cases
and gallbladder ischemia is also considered to play a
signi®cant role. Patients with AIDS are a special sub-
group because infectious causes for cholecystitis, espe-
cially viral or fungal, may be seen.

The diagnostic approach is similar to that for calcu-
lous cholecystitis but is complicated by the fact that
many patients with AAC are already seriously ill and
may have atypical signs and symptoms. Treatment is
with open cholecystectomy, which should be performed
expeditiously. In some cases, especially if the patient is

septic, an ultrasound-guided percutaneous puncture of
the gallbladder can be performed and a catheter can be
left in place for drainage. AAC has a high mortality,
especially if treatment is delayed, because gangrene,
perforation, and abscess formation are more frequent.

CHOLEDOCHOLITHIASIS AND
OBSTRUCTIVE JAUNDICE

Choledocholithiasis refers to gallstones in the common
bile duct and is present in approximately 10% of patients
with cholelithiasis. These stones can cause partial or
complete obstruction of the biliary system, causing
pain and ductal dilation, obstructive jaundice, favorable
conditions for acute bacterial cholangitis, and acute
gallstone pancreatitis.

Clinical Features

Clinical manifestations suggestive of choledocholi-
thiasis include biliary pain, nonspeci®c abdominal pain,
obstructive jaundice, cholangitis, or acute biliary pan-
creatitis. Individuals may also harbor asymptomatic
stones that are diagnosed serendipitously. Physical ex-
amination may reveal icteric discoloration of the skin
and visible mucous membranes and abdominal tender-
ness in the right upper quadrant on palpation.

Diagnosis

Laboratory Tests

Choledocholithiasis cannot reliably be diagnosed on
the basis of the patient's history and physical examina-
tion alone. Almost all patients will have an elevated
alkaline phosphatase and g-glutamyl transpeptidase
(GGT) level. Bilirubin and aminotransferase levels are
elevated in 70ÿ90% of patients at the onset of
symptoms. However, normal liver chemistries do not
completely exclude the possibility of choledocholi-
thiasis. In patients with biliary obstruction, alkaline
phosphatase rises faster and often precedes the elevation
of serum level of bilirubin.

Radiologic Imaging

Transcutaneous ultrasound has been the traditional
noninvasive test of choice for diagnosing choledocholi-
thiasis. It is very speci®c but has low sensitivity, thus a
negative ultrasound result should be interpreted with
caution. Dilation of extra- or intrahepatic ducts can be a
useful indirect sign of intraductal stones. In cases with
high likelihood of ductal obstruction with stones,
ERCP should be the next step after ultrasonography
and offers the potential for therapeutic intervention.
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However, there is a 3ÿ6% complication rate associated
with therapeutic ERCP for stone removal. EUS is
very sensitive and speci®c and, in cases of unsuccessful
cannulation of the major duodenal papilla, can be a
valuable diagnostic alternative to ERCP. MRCP can
also be an alternative to ERCP to screen for possible
choledocholithiasis in high-risk patients with compli-
cated medical problems. The reported sensitivity, spec-
i®city, and overall accuracy of MRCP is 91.6, 100, and
96.8%, respectively.

Therapy

Patients with common bile duct (CBD) stones
complicated by obstructive jaundice or cholangitis
need urgent ERCP. Uncomplicated choledocholithiasis
requires elective ERCP. For large stones, mechanical or
laser lithotripsy may be required. The overall therapeu-
tic success rate of endoscopic treatment is 80ÿ95%. If
endoscopic therapy fails, laparoscopic or open surgical
CBD exploration should be considered.

ACUTE CHOLANGITIS

Cholangitis is a clinical syndrome consisting of stasis in
and infection of the biliary ductal system; gallstones are
the cause in 80% of cases. Acute cholangitis can be a
serious and life-threatening illness and requires prompt
recognition and treatment.

Etiology and Pathogenesis

The most common cause of acute cholangitis in the
United States is choledocholithiasis. Bile is usually ster-
ile but biliary obstruction disrupts the host defense
mechanisms, allowing infecting microbes to reach the
biliary tree, typically by direct spread from the duode-
num into the bile duct or hematogenous spread by trans-
location of organisms through the bowel wall into
the portal venous system. The presence of a foreign
body, such as a stone or stent, can then act as a nidus
for bacterial colonization. Once bacteria colonize bile,
biliary stasis favors multiplication. High pressure
promotes the migration of bacteria from bile into the
systemic circulation, resulting in septicemia. Bile cul-
tures are positive in over 90% of cases, yielding a mixed
growth of gram-negative and gram-positive bacteria.
Escherichia coli is the major gram-negative bacterium
isolated (25ÿ50%), followed by Klebsiella (15ÿ20%)
and Enterobacter species (5ÿ10%). The most com-
mon gram-positive bacteria are Enterococcus species
(10ÿ20%). Pseudomonas may be found after interven-
tional endoscopy or a surgical procedure. Anaerobes,
such as Bacteroides and Clostridia, are usually present in

a mixed infection, but are rarely the sole infecting
organisms.

Clinical Features

The hallmark of cholangitis is the classic `̀ Charcot's
triad'' of fever, right upper quadrant pain, and jaundice,
but this is fully present in only 50ÿ75% of cases. Later
manifestations include mental obtundation and hypo-
tension, producing `̀ Reynold's pentad,'' which is asso-
ciated with signi®cant morbidity and mortality.
Hypotension may be the only presenting symptom in
elderly patients, and septic shock in severe cases can
lead to multiorgan failure.

Diagnosis

Diagnosis can usually be made on clinical grounds
alone, with laboratory tests and imaging studies playing
a con®rmatory role.

Laboratory Tests

Routine laboratory tests typically reveal an elevated
WBC count with neutrophil predominance, and a cho-
lestatic pattern of liver function test abnormalities with
elevations in serum alkaline phosphatase, GGT, and
bilirubin. AST and ALT levels are usually mildly elev-
ated, although a pattern of acute hepatocyte necrosis can
occasionally be seen. Mildly increased serum amylase
occurs in up to one-third of patients, with 10% also
having clinical acute pancreatitis.

Radiologic Imaging

Ultrasonography is usually the ®rst imaging study
in patients suspected of having cholangitis to look for
CBD dilatation and presence of stones. Ultrasonography
should usually be followed by ERCP both to con®rm
the diagnosis and to intervene therapeutically with
sphincterotomy, stone extraction, or stent insertion as
needed. If ERCP is not possible, PTC can serve to drain
the obstructed biliary system.

Management

General Support

The initial treatment usually includes stopping all
oral intake and intravenous ¯uids, frequent monitoring
of vital signs for evidence of sepsis and multiorgan fail-
ure, administering parenteral vitamin K to counteract
any coagulopathy due to hepatic dysfunction, and treat-
ing with antibiotics. Pressor agents may be indicated in
severely ill patients. The mainstays of therapy are anti-
biotics and establishment of biliary drainage.
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Antibiotics

Antibiotics for the treatment of acute cholangitis
should be given for 7ÿ10 days. A broad-spectrum
antibiotic regimen is required (e.g., ampicillin and gen-
tamicin, third-generation cephalosporins, imipenem, or
cipro¯oxacin). In sick patients, metronidazole is often
added to cover anaerobes.

Biliary Drainage

Eighty percent of patients with acute cholangitis will
respond to conservative management and antibiotic
therapy. Biliary drainage can then be performed on
an elective basis. In 15ÿ20% of cases, cholangitis fails
to improve over the ®rst 24 hours with conservative
therapy alone, requiring urgent biliary decompression.
Endoscopic sphincterotomy with stone extraction and /
or stent insertion is now the treatment of choice for
establishing biliary drainage in acute cholangitis.

Role of Surgery

Emergency surgery for acute cholangitis has largely
been replaced by nonoperative biliary drainage. Elective
surgery carries a very low morbidity and mortality risk
as opposed to emergency surgery. If emergent surgery is
needed due to failure of a nonsurgical drainage proce-
dure, choledochotomy with placement of a large-bore
T tube carries a lower mortality risk compared to
cholecystectomy with CBD exploration.

The rendezvous procedure combines the endo-
scopic technique with percutaneous cholangiography.
It is used when endoscopic cannulation of the papilla is
unsuccessful and surgery is indicated, but the risk as-
sociated with operation is high. The combined tech-
nique increases the success rate of biliary tract
cannulation and thus facilitates the diagnosis and treat-
ment of biliary tract disorders.

Prognosis

Reported mortality rates for acute cholangitis vary
from 13 to 88%. With effective antibiotics and biliary
drainage, the prognosis for mild to moderate cholangitis
is much improved. However, the mortality rate remains
very high (approximately 50%) for patients with severe
cholangitis (Reynold's pentad).

GALLSTONE PANCREATITIS

Gallstone pancreatitis is an episode of acute pancrea-
titis caused by a gallstone. Gallstones are a common
cause of acute pancreatitis, being responsible for
30ÿ75% of all cases. The presence of gallstones

increases the relative risk for pancreatitis 12- to
35-fold. Gallstone pancreatitis may sometimes be asso-
ciated with cholangitis.

Etiology and Pathogenesis

It is now accepted that gallstone-associated pancre-
atitis results from the passage of stones through the
sphincter of Oddi into the duodenum. Many cases of
presumed idiopathic pancreatitis are caused by gall-
stones too small to be visualized. Recent advances in
ultrasonography and the wider use of ERCP for diagno-
sis have demonstrated that in cases that previously
would have been classi®ed as `̀ idiopathic,'' small
microcalculi are indeed present in up to 75% of such
cases. The pathway by which ductal obstruction by the
passage of a stone leads to pancreatitis is still unclear. It
is believed that changes of acute pancreatitis are most
likely related to an injury from the digestive enzymes
secreted from the pancreas; a series of chemical events
leads to premature activation of inactive digestive en-
zymes that are usually activated in the duodenum.

Clinical Features

Patients with acute gallstone pancreatitis present
with complaints of severe diffuse epigastric or right
upper quadrant abdominal pain that typically radiates
to the back. This is usually constant and severe and may
last many hours. Severe nausea and vomiting may occur.
Patients with severe biliary pancreatitis appear ill with
signs of systemic toxicity (tachycardia, hypotension,
fever, and tachypnea). Skin and visible mucous mem-
branes may be icteric. Palpation of the abdomen usually
shows severe tenderness in the epigastric area and the
right upper quadrant, often with guarding and rebound
tenderness.

Diagnosis

Laboratory Tests

Blood tests for amylase and lipase are sensitive but
not speci®c for acute pancreatitis. Serum amylase is less
speci®c than lipase. The use of a cutoff level three times
the upper limit of normal serum value increases the
speci®city of amylase and lipase in the diagnosis of
acute pancreatitis. The WBC count is usually elevated
in patients with acute gallstone pancreatitis. Threefold
elevations of serum ALT and AST are highly speci®c but
not very sensitive (only about 50%) for gallstone pan-
creatitis. Total bilirubin and alkaline phosphatase are
elevated in patients with gallstone pancreatitis and ob-
struction of the extrahepatic bile ducts.
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Imaging

Transabdominal ultrasound is recommended for
all patients with suspected biliary pancreatitis. Dilation
of the biliary and pancreatic duct can be an indirect
ultrasonic sign of a stone impacted in the major duo-
denal papilla. The CT scan is currently the best test
available to evaluate the size and structure of the pan-
creas (edema, necrosis, phlegmon, and development of
pseudocyst), the condition of the gallbladder and biliary
ducts, and potential intraabdominal complications
(intraabdominal or intrapancreatic abscess, retroperito-
neal ¯uid collection, and pancreatic ascites).

ERCP is the best technique to visualize the pan-
creatic and biliary ducts and can be complemented by
therapeutic manipulations to relieve the obstruction
and to extract the offending stone(s). ERCP does
carry an associated morbidity and should be performed
in patients with suspected impacted stones in the distal
CBD or duodenal papilla only if therapeutic interven-
tion is envisaged.

Management

General clinical management is the same as for pan-
creatitis of any other cause. In severe cases and those in
which there is any evidence of biliary obstruction, the
use of prophylactic antibiotics and the early application
of ERCP are warranted.

General Measures

General supportive measures include intravenous
¯uids, bowel rest, histamine-2 (H2) receptor antago-
nists or proton pump inhibitors, parenteral analgesia,
antiemetic medications, and parenteral nutrition.
Systemic antibiotics reduce septic complications and
mortality in severe cases. Development of sepsis or
other systemic complications requires admission to
the intensive care unit. A majority of patients have a
relatively mild illness that clinically resolves within
1 week with this conservative management strategy.

The modi®ed Glasgow or acute physiology and
chronic health evaluation (APACHE II) scoring systems
can be used to predict which patients are likely to follow
a severe disease course, to develop systemic complica-
tions, and to bene®t from more aggressive interven-
tional therapies.

Biliary Decompression

Bile duct decompression is bene®cial in patients
with predicted severe pancreatitis. The currently rec-
ommended treatment for patients with gallstone-asso-
ciated pancreatitis and either jaundice or cholangitis
includes ERCP with endoscopic sphincterotomy (ES)

within the ®rst 2ÿ3 days. Three of four published ran-
domized trials have shown a signi®cant reduction in
local and systemic complications of severe gallstone-
associated pancreatitis by the use of urgent ERCP
plus ES. Emergent ERCP is not indicated in patients
with predicted mild or moderate gallstone pancreatitis.

On the basis of available information, ERCP is rec-
ommended within the ®rst 2 to 3 days of hospitalization
for patients with gallstone pancreatitis who have evi-
dence of biliary sepsis or organ failure. Stones that
are found in the common bile duct should be removed
endoscopically.

Role of Surgery

Elective cholecystectomy is recommended for
patients with cholelithiasis after gallstone pancreatitis
is resolved to prevent future relapses of pancreatitis. It
is advisable for cholecystectomy to be performed
during the same hospital admission. Cholangiography
should be performed during the cholecystectomy to
exclude residual common bile duct stones. The one
exception involves patients with severe gallstone pan-
creatitis who have a prolonged clinical course. Several
weeks are allowed to elapse between the hospitaliza-
tion for acute pancreatitis and readmission for
laparoscopic cholecystectomy.

MISCELLANEOUS COMPLICATIONS

Calci®cation in the gallbladder wall (termed porcelain
gallbladder) may develop over many years in gallblad-
ders that contain stones. Gallbladder carcinoma is found
in a signi®cant proportion of gallbladders with wall
calci®cation. Prophylactic cholecystectomy is recom-
mended for patients with porcelain gallbladder.

Gallbladder cancer may also be found in stone-con-
taining gallbladders without wall calci®cation. It does
not occur at a high enough frequency to warrant pro-
phylactic cholecystectomy. Mirizzi syndrome is the ob-
struction of the common hepatic duct as a result of
extrinsic pressure by a gallstone in the cystic duct or
the gallbladder neck. The clinical scenario is usually
that of acute cholangitis. Fistulae between the gallblad-
der and other organs may develop as a result of gallstone
erosion through the gallbladder wall. The most common
sites of ®stulization are into the duodenum or colon, but
other sites may be involved. Occasionally, a ®stula may
develop between the common bile duct and another
organ, usually the duodenum. Cholecysto- or choledo-
choenteric ®stulae may or may not require speci®c in-
tervention, depending on the patient's symptoms.

Gallstone ileus is a mechanical bowel obstruction
resulting from a stone, typically fairly large, eroding into
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usually the duodenum and becoming impacted at the
ileocecal valve or some other strictured area in the gas-
trointestinal tract. Gallstone ileus is not rare and most
often affects older patients. The diagnosis may be
suspected based on the ®nding of air in the biliary
tract in the setting of a bowel obstruction.

SUMMARY

Most gallbladder stones are asymptomatic. When they
do become symptomatic, biliary pain is the most com-
mon manifestation. The hallmarks of biliary pain are its
episodicity and location in the upper abdomen, usually
in the right upper quadrant. Because gallstones are fairly
common, other conditions may coexist with gallstones
and may actually be responsible for the symptoms /signs
initially attributed to the stones. The treatment of choice
for symptomatic gallbladder stones is laparoscopic cho-
lecystectomy; when this approach is not feasible, open
cholecystectomy is the alternative.

Acute cholecystitis is the most common acute
syndrome that gallstones may cause. Although chole-
cystectomy is the treatment of choice, there are often
dif®cult diagnostic and management decisions to be
made and consultation between internist/gastroenterol-
ogist, surgeon, and radiologist is frequently warranted
in order to arrive at the most ef®cient plan for care.
Acute acalculous cholecystitis requires a high index
of suspicion for diagnosis; patients are usually quite
ill and rapid therapy is usually necessary. When
managing acute gallstone complications, whether
the patient is improving, stabilizing, or worsening

will dictate the pace of the diagnostic evaluation and
the number and types of diagnostic studies that may be
performed in order to con®rm the presumptive diagno-
sis. The patient's course will also in¯uence the threshold
for intervening therapeutically as well as the choice of
intervention.
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Cholera

LARS ECKMANN
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cholera Diarrheal disease caused by toxigenic strains of

Vibrio cholerae.

phage Bacterial virus that can transmit genetic material

between different bacteria.

pili Bacterial surface appendages involved in attachment to

host cells.

serogroups Categorization of bacteria into groups with

similar carbohydrate-based surface antigens. Tests are

done by agglutination with de®ned antisera.

Cholera is among the leading causes of diarrheal disease in

developing countries of Africa, Asia, and South America.

Despite the recognition of its infectious etiology more

than a 100 years ago and the existence of effective control

measures, cholera remains a major public health problem

due to the lack of adequate water supply and infrastruc-

ture, ®nancial resources, and education in many areas of

the world.

MICROBIOLOGY

Cholera is caused by infection with toxigenic strains of
Vibrio cholerae, gram-negative, motile, curved, rod-
shaped bacteria of the family Vibrionaceae. Of the
200 recognized O serogroups, only two serogroups,
O1 and O139, have been associated with severe dis-
ease and pandemics. Vibrio cholerae are natural inha-
bitants of the aquatic ecosystems of rivers and coastal
waters, which form a large bacterial reservoir not ac-
cessible to exposure control measures. Toxigenic
strains differ from nonpathogenic strains by the pres-
ence of speci®c virulence genes, some of which can be
transmitted horizontally between different strains. The
major virulence genes, which code for toxins and col-
onization factors, are categorized into two groups. The
toxin-coding genes are located in a single-stranded
®lamentous phage integrated into the bacterial chro-
mosome as prophage DNA, which can be excised and
transmitted as a virion to other bacteria. Many of the
genes required for bacterial colonization are located in
a gene cluster, termed the Vibrio pathogenicity island
(VPI); the expression of this cluster is tightly
controlled by environmental conditions. The entire

V. cholerae genome comprises two circular chromo-
somes of 3 and 1.1 megabases, the sequences of which
have been determined completely. This provides an
important basis for understanding the biology and
virulence of these bacteria.

EPIDEMIOLOGY

Transmission is by the fecalÿoral route. Infection is
initiated by ingestion of contaminated water or, less
commonly, food. Contact with contaminated utensils
and house¯ies and direct person-to-person contact
also have been implicated, but are less important
routes of transmission. The most common causes of
water contamination are insuf®cient or absent disin-
fection and breaks in the integrity of water supply
systems, leading to mixing of fecally contaminated
and fresh water. These modes of transmission point
to the primary importance of hygienic measures in
preventing infection, both at the personal and the
community levels. In addition to environmental expo-
sure, personal risk factors play a role in determining
susceptibility. Persons with low gastric acidity due to
chronic gastritis, malnutrition, or treatment with gas-
tric acid blockers are at increased risk for cholera
infection. Bottle feeding of infants is also associated
with increased risk of acquiring infection, whereas
breast feeding is protective.

PATHOGENESIS

Vibrio cholerae colonizes the lumen and mucosal surface
of the small intestine, but has little capacity to invade the
intestinal mucosa. Bacteria attach to the mucous layers
and the brush border of the intestinal epithelium via
specialized appendages, particularly the toxin coregu-
lated pili (TCP) and bacteria-associated hemaggluti-
nins. Attachment is important for effective bacterial
colonization of the small intestine. Intestinal disease
is caused mainly by the release of cholera toxin, an
AB holotoxin composed of a single A subunit and ®ve
B subunits. The B subunits bind to the cell surface of
intestinal epithelial cells, whereas the A subunit enters
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the cells and exerts enzymatic activity. Cholera toxin is
taken up by apical endocytosis and subsequently follows
a retrograde traf®cking pathway through the Golgi cis-
ternae to the endoplasmic reticulum, after which it en-
ters the cytoplasm and binds to a G protein, Gas, at the
cell membrane. The toxin ADP-ribosylates and thereby
activates Gas, which in turn stimulates epithelial ade-
nylyl cyclases, leading to increased production of cyclic
AMP from ATP. Cyclic AMP activates protein kinase A,
which phosphorylates and controls the functions of
multiple target proteins in the cells, particularly those
involved in regulated ion transport. The most important
effects of elevated cAMP levels are stimulation of active
chloride secretion and inhibition of sodium absorption,
leading to the loss of electrolytes and secondarily water.
In addition to cholera toxin, V. cholerae elaborates
other toxins, such as zonula occludens toxin (ZOT),
that contribute to disease pathogenesis by disrupting
the epithelial barrier.

DISEASE AND DIAGNOSIS

The majority of infections (50ÿ95%) with V. cholerae
are asymptomatic or only mildly symptomatic, with a
few episodes of watery stools without mucus or blood,
and no signi®cant ¯uid loss. Severe disease (cholera
gravis) is characterized by massive watery diarrhea
(`̀ rice water'' stools), vomiting, and dehydration, in
the absence of abdominal pain and fever. Clinical
symptoms ®rst appear 1ÿ3 days after infection, and
often progress rapidly, leading to hypovolemic shock
and anuria within 24 hours after onset. With sustained
¯uid loss, severe electrolyte imbalances occur, particu-
larly hypokalemia and acidosis due to loss of potassium
and bicarbonate in the stool, respectively. Mortality in
untreated patients can be as high as 50%, with a higher
risk in children compared to adults. If treated appro-
priately, disease symptoms subside after 4ÿ6 days.

The symptoms of mild to moderate cholera cannot
be clearly distinguished clinically from diarrhea caused
by other infectious agents. Cholera should be consid-
ered in all cases with severe watery diarrhea and vom-
iting, particularly those with rapid progression and
severe dehydration, and the potential for exposure to
V. cholerae. Con®rmation requires laboratory identi®-
cation of toxigenic V. cholerae strains in stool specimens
or rectal swabs of patients with diarrhea. The bacteria
are grown on selective semisolid media [e.g., thiosulfate
citrate bile sucrose (TCBS) agar], which is suf®cient for
identi®cation in most cases because bacterial numbers
in the stool are often high (4106/ml). Based on their
characteristic tolerance to elevated pH, bacteria can be
enriched by initial growth in alkaline peptone water

before plating on selective agar media. Colonies are
further identi®ed by biochemical assays and agglutina-
tion tests with speci®c antisera. For epidemiological
studies, different V. cholerae strains can be further char-
acterized by determining the presence and/or sequence
of speci®c genes using polymerase chain reaction
(PCR)-based methods. This information can be used
to follow the spread of infections with speci®c strains
and to reconstruct the natural history of novel strains.

TREATMENT

The treatment of acute cholera is primarily symptomatic
and aimed at rapid and appropriate ¯uid replacement.
The time between the onset of symptoms and initiation
of therapy critically determines the outcome of infec-
tion. Rehydration therapy can be oral or intravenous,
depending on the available medical facilities and
supplies. Oral rehydration is based on the fact that glu-
cose-dependent sodium and water absorption remains
intact in the presence of cholera toxin. Patients are given
an oral rehydration solution (3.5 g sodium chloride,
2.5 g sodium bicarbonate, 1.5 g potassium chloride,
and 20 g glucose per liter of water, as recommended
by the World Health Organization). The volume is ad-
justed according to the severity of dehydration (as de-
termined by several clinical signs, such as degree of
thirst, mental state, pulse, and skin turgor). In severe
cases and when ready access to appropriate clinical fa-
cilities is available, intravenous rehydration therapy
with a balanced electrolyte solution (e.g., Ringer's lac-
tate) is indicated.

Although rehydration is necessary and suf®cient for
patient management, antibiotics can reduce the severity
of symptoms and the duration of bacterial excretion.
Tetracycline and doxycycline are the ®rst choice as
antimicrobials, with erythromycin, trimethoprim/
sulfamethoxazole, and furazolidone as alternatives for
infections with tetracycline-resistant strains. The appro-
priate antibiotics are given orally when vomiting stops,
which usually coincides with the completion of initial
rehydration. Injectable antibiotics are not necessary.
Antisecretory drugs have little or no bene®t in cholera.
Antidiarrheal, antiemetic, and antispasmodic drugs and
corticosteroid medications are contraindicated in the
management of cholera, because they have no bene®cial
effects and can prolong the disease.

PREVENTION

Prevention is mostly focused on improving hygienic
and sanitary conditions. Of foremost importance are
measures to provide adequate sewage collection and
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disposal, the protection of clean water resources, and
effective water disinfection. Although the effectiveness
of these measures is well established, many regions
throughout the world do not have the resources and
infrastructure to institute them. On a personal level,
hygienic measures can be taken to reduce the risk of
infection. These include hand washing after defecation,
proper food preparation and storage, and cleaning and
drying of kitchen utensils.

Chemoprophylaxis with antibiotics can be effective
under individual circumstances but has not been suc-
cessful in limiting the spread of cholera at the commu-
nity level. Several vaccines have been developed and
tested, but their ef®cacy is limited. The development
of vaccines that confer effective and long-lasting
protection against different V. cholerae strains without

causing excessive disease on inoculation remains a
promising but challenging approach to controlling
cholera.
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autoantigen A `̀ self-antigen'' evoking an immunologic

response by the host.

alloantigen An antigen that occurs in some but not all

members of the same species.

cholangiography Radiographic examination of the bile ducts

with contrast medium.

ductopenia Paucity of the bile ducts.

osteopenia Decreased calci®cation or density of bone.

periductal ®brosis Fibrosis occurring around the bile ducts.

steatorrhea Passage of large amounts of fat in the feces.

xanthoma A yellow nodule of the skin, composed of lipid-

laden histiocytes.

xanthelasma Yellow plaques on the eyelids or around the

eyes.

Primary biliary cirrhosis (PBC) and primary sclerosing

cholangitis (PSC) are the most common chronic chole-

static liver diseases in adults. Differential diagnosis of

cholestatic diseases in adults also includes drug-induced

cholestasis, idiopathic adulthood ductopenia, idiopathic

biliary ductopenia, cholestasis of pregnancy, and cystic

®brosis. PBC and PSC represent clinically distinct entities

with a presumed autoimmune basis. Both conditions are

characterized by progressive destruction of bile ducts

leading to chronic cholestasis and consequent complica-

tions such as portal hypertension and liver failure. De-

spite improvements in the management of complications

from end-stage liver disease and excellent long-term re-

sults from liver transplantation, a continued understand-

ing of the clinicopathologic processes responsible for

cholestatic liver disease remains important.

PRIMARY BILIARY CIRRHOSIS

Epidemiology

Primary biliary cirrhosis (PBC) occurs worldwide
andpredominantlyinmiddle-agedwomen,withafemale
to male ratio of 9 : 1. The median onset of disease is 50
years of age, but with a wide range of 21 to 91 years.
The true prevalence and incidence of PBC are unclear,
because few epidemiological studies have been
conducted. The estimates of annual incidence range
from 2 to 22 per million individuals. Whether this
variation represents a true difference in prevalence or
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hygienic measures can be taken to reduce the risk of
infection. These include hand washing after defecation,
proper food preparation and storage, and cleaning and
drying of kitchen utensils.
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under individual circumstances but has not been suc-
cessful in limiting the spread of cholera at the commu-
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results from different methodologies being used is un-
clear. The prevalence of PBC has increased over time,
with 18 cases per million individuals in 1976 rising to
240 cases per million individuals in 1997. This rise may
re¯ect an increase in survival time for patients with PBC,
as well as increased awareness of the disease, leading to
more frequent diagnosis. In families with one affected
member, a prevalence rate of up to 4% has been de-
scribed among ®rst-degree relatives. An increased prev-
alence of other autoimmune-related disorders among
®rst-degree relatives of PBC patients is also observed
despite the absence of a documented strong genetic as-
sociation.

Pathogenesis

Although the cause of PBC remains unknown, sev-
eral lines of evidence suggest an autoimmune process.
These include the presence of anti-mitochondrial
antibodies (AMA), a frequent association with other
autoimmune diseases, involvement of T cells in the
destruction of the bile ducts, and numerous defects
in immunologic regulation. The mechanisms and
agent(s) responsible for the in¯ammation and bile
duct destruction are unknown. The disease seems to
be triggered by an immune-mediated response to an
alloantigen or autoantigen that leads to progressive de-
struction of bile ducts and eventual development of
biliary cirrhosis. Disease progression is characterized
by ductular proliferation and necroin¯ammation lead-
ing to ®brous septa formation. Bridging between portal
triads results in nodule formation and cirrhosis. The
severity of ductopenia in PBC appears to correlate
highly with the degree of ®brosis and is unrelated to
periportal or lobular in¯ammation.

Clinical Features

Asymptomatic Disease

PBC is diagnosed at an asymptomatic stage in as
many as 30% of patients with this condition. Such pa-
tients are found incidentally to have an elevated serum
alkaline phosphatase level and AMA during routine
health evaluations. Recently, it has been found that
most asymptomatic individuals with AMA and normal
liver biochemistries have features in the liver biopsies
diagnostic of or consistent with PBC; these patients
eventually develop symptoms and laboratory abnormal-
ities of chronic cholestasis.

Symptomatic Disease

The patient who is diagnosed with PBC is typically
a woman in the ®fth or sixth decade of life with

complaints of fatigue or pruritus. Other symptoms
may include right upper quadrant abdominal pain,
jaundice, and anorexia. Fatigue, although relatively
nonspeci®c in PBC, is the most common symptom,
found in about two-thirds of patients, and generally
becomes worse as PBC progresses. Pruritus can occur
at any time during the course of the illness, developing
early, or later as the PBC evolves, or intermittently
throughout the course of the disease. Pruritus is gener-
ally intermittent during the day and most troublesome
at night. The development of xanthomas and xantha-
lesmas from abnormal lipid metabolism is also associ-
ated with PBC. Though uncommon, steatorrhea in PBC
is usually from bile salt malabsorption, pancreatic exo-
crine insuf®ciency, or concomitant celiac disease.
Osteopenia resulting in spontaneous bone fractures is
often a manifestation of the metabolic bone disease as-
sociated with PBC. Jaundice is a symptom that often
heralds the onset of advanced histologic disease and
is seen in fewer than 20% of cases at initial diagnosis.
Typical complications of cirrhosis such as ascites,
variceal bleeding, and hepatic encephalopathy occur.
Patients with advanced disease may warrant consider-
ation for surveillance endoscopy to exclude esophageal
varices at high-risk for bleeding.

Associated Diseases

Eighty percent of individuals with PBC also have
coexistent extrahepatic autoimmune diseases. These in-
clude a number of rheumatologic diseases such as sicca
syndrome, scleroderma, rheumatoid arthritis, dermato-
myositis, mixed connective tissue disease, and systemic
lupus erythematosus. Autoimmune thyroiditis and
renal tubular acidosis have also been described with
PBC. There is an increase in malignancy in patients
with PBC; hepatocellular carcinoma is uncommon,
but PBC patients have a substantially increased risk
of developing this disease compared with the general
population.

Diagnosis

Biochemical Changes

Liver biochemical tests show a cholestatic picture.
Almost all patients have elevations in serum alkaline
phosphatase (three to four times normal) and g-
glutamyltranspeptidase. Increased values for alanine
aminotransferase and aspartate aminotransferase (AST)
of two to three times normal are common; however,
marked elevations are unusual and may suggest
PBCÿautoimmune hepatitis overlap syndrome or coex-
isting viral hepatitis. Serum total bilirubin levels
often rise during the course of disease progression
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with levels occasionally reaching 20 mg/dl. With ad-
vanced disease, the combination of elevated total bili-
rubin, decreased albumin, and increased prothrombin
time represent poor prognostic markers for outcome.
Serum immunoglobulins, especially IgM levels, are
increased, as are serum bile acid levels, in particular
cholic and chenodeoxycholic acids, as well as serum
cholesterol.

Serologic Diagnosis

Up to 95% of patients with PBC test positive for
AMA. The M2 antibody, which is directed against
the pyruvate dehydrogenase complex of the inner
mitochondrial membrane, has a sensitivity of 98%
and a speci®city of 96% in the diagnosis of PBC.
Anti-centromere antibodies seen in the CREST (calci-
nosis, Raynaud's phenomenon, esophageal dysmotility,
sclerodactyly, teleangiectasias) syndrome despite ab-
sent clinical ®ndings of scleroderma have also been
noted. Seventy percent of PBC patients may also exhibit
anti-nuclear antibodies (ANA) with or without anti-
smooth muscle antibody (ASMA). The terms `̀ AMA-
negative PBC'' or `̀ autoimmune cholangitis'' have been
created to describe patients with clinical features and
natural history pro®les consistent with PBC but without
AMA. ANA or ASMA positivity is often observed in the
absence of AMA in this patient group.

Liver Biopsy

Although serum AMA will con®rm a suspected di-
agnosis of PBC, a liver biopsy is needed for determining
the stage of disease at diagnosis. Prognostic information
such as determining the need for surveillance of com-
plications related to cirrhosis or consideration of liver
transplant evaluation may also be provided by liver bi-
opsy. Wide variations in histology can exist even with
slight elevations in total bilirubin and alkaline phospha-
tase. The most important and only diagnostic clue in
many cases is ductopenia as de®ned by the absence of
interlobular bile ducts in more than 50% of portal tracts.
The ¯orid duct lesion, in which the epithelium of the
interlobular and segmental bile ducts degenerate seg-
mentally with formation of noncaseating epitheloid
granulomas, is nearly diagnostic of PBC, but is found
in a relatively small number of cases (510%)
and mainly in early stages. The two most popular clas-
si®cation systems are those presented by Ludwig
and Scheuer, which classify the disease in four stages.
Both systems describe progressive pathologic changes,
initially beginning in the periportal areas surround-
ing the bile ducts, with the eventual development of
cirrhosis.

Natural History

The natural history of PBC has been described in
both asymptomatic and symptomatic PBC.

Mitchison et al. and Metcalf et al. have reported that
83% of patients who were AMA-positive and who had
normal liver biochemistries and no symptoms of liver
disease had liver histology compatible with PBC. These
patients were followed for a median of 17.8 years, and
eventually 83% of patients developed abnormal liver
biochemistries and 76% developed symptoms consis-
tent with PBC. These studies clearly demonstrated
that asymptomatic patients who are AMA-positive
have very early PBC.

Several reports have provided evidence regarding
the natural history of asymptomatic patients who are
AMA-positive, have abnormal liver biochemistries, and
have liver histology compatible with PBC. Patients who
remain asymptomatic for years may have signi®cantly
longer survival than symptomatic patients, but their life
expectancy is still less than that of an age- and gender-
matched control population.

In contrast, patients with symptomatic PBC show a
more rapid progression to end-stage liver disease and its
inherent complications and they have a worse progno-
sis. Several independent predictors of poor prognosis
have been identi®ed in this group of patients with PBC,
including advanced age, high serum bilirubin levels,
poor synthetic function, hepatomegaly, ascites, variceal
bleeding, and advanced histological stage. When un-
treated, PBC may follow a course that extends over a
15- to 20-year period. However, in patients with serum
bilirubin levels greater than 10 mg/dl, the average life
expectancy is reduced to 2 years. To predict survival in
patients with PBC, several prognostic models have been
reported. Of these models, the Mayo risk score based on
patient age, serum bilirubin, albumin, prothrombin
time, and edema has been cross-validated and widely
used in predicting survival and guiding physicians in
patient referral for liver transplantation.

Treatment

A number of potential treatments for PBC have
been evaluated to date with the primary goals of sta-
bilizing or halting disease progression. A variety of
treatment options have been tested in patients with
primary biliary cirrhosis. Therapies that have been
tested and have not been found to be bene®cial or
had excessive toxicity included penicillamine, cyclo-
sporin, azathioprine, thalidomide, mycophenolic acid,
and chlorambucil. Corticosteroids and colchicine as
well as methotrexate have had some advocates, al-
though data supporting the use of any of these are
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either quite limited or unconvincing. The drug with
which there is currently the most experience and the
most optimism about is ursodeoxycholic acid. This
drug has been approved by the FDA for use in patients
with PBC. Ursodeoxycholic acid is a safe, well-toler-
ated drug that improves liver biochemistries, improves
survival free of transplantation, reduces the risk of
developing varices, and improves pruritus. Four
randomized, placebo-controlled trials using urso-
deoxycholic acid (UDCA) have demonstrated histo-
logic bene®t and/or a delay in the time to
transplantation or death. At a dose of 13 to 15 mg/
kg/day, UDCA has also been shown to reduce the
risk of developing esophageal varices and cirrhosis
in the long term. This is a cost-effective therapy and
is expected to have a real impact on the natural history
in patients with primary biliary cirrhosis.

Pruritus as a frequent complication of cholestatic
liver disease creates dif®cult management options as
signi®cant impairments in quality of life are observed.
Cholestyramine(abile-acid-bindingresin)maydecrease
the intensity of pruritus but rarely leads to complete
symptom resolution. Rifampin (300 to 600 mg daily),
antihistamines, and UDCA with or without cholestyr-
amine have been tried, usually with good success.
Patients should be instructed to take UDCA several
hours after cholestyramine administration to prevent
the binding of UDCA and its elimination without
absorption.

Osteopenia or metabolic bone disease has been as-
sociated with an accelerated rate of bone loss among
individuals with PBC. Decreased bone formation rather
than increased resorption is considered to be an impor-
tant mechanism of action.

PRIMARY SCLEROSING CHOLANGITIS

Epidemiology

Seventy percent of affected individuals are men with
an average age of 40 years at diagnosis. There have been
no epidemiologic studies on the prevalence of PSC in
any general population group. Most data were derived
from epidemiologic studies on in¯ammatory bowel dis-
ease (IBD) patients. The close association between PSC
and IBD has been well established, as 70ÿ80% of PSC
cases are associated with IBD, usually chronic ulcera-
tive colitis (CUC). Conversely, approximately 5% of
patients with CUC develop PSC. From an estimated
prevalence rate for CUC of 40 to 225 cases per 100,000
individuals in the United States, the prevalence of PSC
is estimated to be between 2 and 7 cases per 100,000
individuals. These ®gures, however, underestimate the

true prevalence of PSC, since the prevalence of PSC in
CUC is likely to be higher than estimated.

Pathogenesis

The cause of PSC is unknown. However, a number
of factors that might cause recurring damage to the bile
ducts and lead to the development of the disease have
been proposed. Periductal ®brosis with in¯ammation,
bile duct obliteration, and ductopenia constitute the
main histologic ®ndings in PSC. Similar ®ndings may
occur in other conditions such as PBC, autoimmune
hepatitis (AIH), or chronic extrahepatic bile duct ob-
struction, which constitute the primary differential di-
agnoses. In the pathogenesis of PSC, cellular immune
factors may play a role, as suggested by the composi-
tion of the portal in®ltrate, which is made up mainly of
CD4� T lymphocytes. An immune-mediated mecha-
nism also has been suggested by the ®ndings
in an experimental model of immune-mediated chole-
stasis and shared antibodies against colonic and biliary
epithelia.

Anti-neutrophil cytoplasmic antibodies (ANCA)
originally detected in serum from patients with ulcera-
tive colitis were subsequently identi®ed in a high pro-
portion of patients with PSC. However, ANCA have also
been detected in the serum of patients with other auto-
immune liver diseases such as autoimmune hepatitis
and PBC. The occurrence of PSC in relatives suggests
human leukocyte antigen association and genetic pre-
disposition for developing this condition. In fact, the
DR4 allele may be a marker of more rapid disease pro-
gression. Although major advances in the understand-
ing of PSC have been made in recent years, the cause of
the disease still remains to be elucidated.

Clinical Features

Originally, many patients who were recognized as
having this disease presented with features of advanced
liver disease. Now, increasingly, it appears that more
patients are being discovered incidentally, often during
evaluation for abnormal liver tests seen in association
with in¯ammatory bowel disease. Asymptomatic eleva-
tions in serum liver biochemistries or the development
of symptoms such as fatigue (75%) and pruritus (70%)
are often observed with the diagnosis of PSC. Jaundice
(60%) and weight loss (40%) are less common and
should raise the suspicion of advanced disease or a com-
plication related to PSC. Xanthomatous lesions and
hyperpigmentation, however, are less common than in
patients with PBC. Fever and abdominal pain in a patient
with PSC are highly suggestive of bacterial cholangitis,
which can manifest at initial presentation. The presence
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of jaundice is not required for the diagnosis of bacterial
cholangitis. Over the course of time as the disease
progresses, most patients will eventually develop one
or more of these symptoms. Over the average period of
10ÿ15 years, patients often progress to end-stage liver
disease and suffer the consequences of a failing liver or
require liver transplantation, although this course can
be highly variable, with some patients surviving 25 or
more years with nearly asymptomatic PSC.

Radiographic Features

Endoscopic retrograde cholangiopancreatography
(ERCP) is the test of choice for visualizing the biliary
tract and is considered the gold standard for making
the diagnosis of PSC. Segmental ®brosis of both
intrahepatic and extrahepatic ducts with subsequent
saccular dilation of normal intervening areas results
in the characteristic `̀ beads on a string'' appearance
seen in PSC (Fig. 1). Approximately 20% of patients
will have only intrahepatic and hilar involvement
with sparing of the remaining extrahepatic duct. The
presence of a signi®cant or dominant stricture on ERCP
should raise the question of cholangiocarcinoma as a
supervening complication of PSC. Cross-sectional im-
aging studies are of limited value in patients with

suspected primary sclerosing cholangitis. Magnetic res-
onance cholangiography (MRCP) is a noninvasive test
that does not require administration of contrast or use of
radiation and appears to be promising. MRCP does not
allow histological sampling or therapeutic intervention
but may be a cost-effective initial step.

Diagnosis

Nearly all patients with PSC have signi®cant eleva-
tions in serum alkaline phosphatase (three to ®ve times
normal) and a milder increase in serum hepatic trans-
aminases. High levels of total bilirubin, which often ¯uc-
tuate in PSC, are worrisome for advanced disease when
persistent elevations occur. No signi®cant differences in
serum liver biochemistry pro®les have been seen among
asymptomatic and symptomatic individuals at diagno-
sis. In combination with the appropriate clinical and
radiographic ®ndings, an initial diagnosis of PSC can
be made without the explicit use of hepatic histology.
Liver biopsy is useful in histological con®rmation and
staging of the disease, but, because of the sampling var-
iability, can be troublesome. A recent analysis by Burak
et al. suggests that a liver biopsy adds little to the diag-
nosis of PSC. Unlike PBC, no speci®c autoantibody has
been identi®ed to con®rm the diagnosis of PSC (see
Table I). A total of 70 to 80% of patients will test positive
for ANCA though its clinical signi®cance remains un-
clear because this autoantibody is common in several
other liver diseases. An increased prevalence of extra-
hepatic autoimmune disorders has been observed for
PSC but these are much less commonly seen than in
PBC, except for in¯ammatory bowel disease.

Natural History

The natural history of PSC is not as well de®ned as
with other liver diseases, primarily because the entity
has been widely recognized only in the past quarter
century. In 1970, a review described all cases of PSC
reported to that time, which numbered less than 100.
With the advent of ERCP in the mid to late 1970s, the
diagnosis became much more commonly established
so that some major medical centers are seeing over
100 patients a year with PSC. Because the broad recog-
nition of the disease is relatively recent, some may have
the sense that the natural history is changing. The me-
dian reported survival in patients with PSC is 10 to 12
years from the time of diagnosis. Several variables such
as older age, elevated serum levels of bilirubin, AST, low
albumin, hepatosplenomegaly, variceal bleeding, pres-
ence of IBD, and histologic stage have been identi®ed as
independent risk factors indicating poor prognosis.
ChildÿPugh classi®cation has been evaluated as a

FIGURE 1 ERCP in primary sclerosing cholangitis shows

beading irregularities (arrow) in the bile ducts.
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prognostic indicator for survival in PSC. The study
showed that the age-adjusted ChildÿPugh model pre-
dicts survival before transplantation and it has been
used in formulating minimal listing criteria. The re-
cently described entity of small duct PSC also seems
to follow a course comparable to classic PSC. These
patients have similar clinical, biochemical, and histo-
logic features and may make up fewer than 5% of pa-
tients with a histologic diagnosis of PSC. These patients
are distinguished by normal cholangiograms in the set-
ting of in¯ammatory bowel disease. Some of these pa-
tients may develop cholangiographic features of classic
PSC and eventually require liver transplantation. More
work is obviously needed to better understand the nat-
ural history of this variant.

Treatment

Due to the variable disease progression seen in PSC,
the development of randomized clinical trials for the
assessment of therapies has been dif®cult. As a potential
consequence, there is no acceptable medical therapy
available today for the treatment of PSC. As seen
with PBC, the use of pharmacologic agents such
as d-penicillamine, colchicine, corticosteroids, and
immunosuppressive agents has not been shown to im-
part a signi®cant clinical bene®t. UDCA in standard
doses (13 to 15 mg/kg/day) appears to cause bio-
chemical improvement but has no signi®cant impact
on histology or survival. Recently, it was shown that
UDCA at a higher dose (20 mg/kg) looks promising by
showing improvement in liver biochemistries and his-
tology after 2 years of treatment compared to placebo.

PSC is one of the more common indications
for liver transplantation in the United States. The
cumulative 1-year survival rate after liver transplanta-
tion is now greater than 85%. Liver transplantation
should be considered before the disease is too advanced
because PSC patients with low (54.4) Mayo risk score
have a signi®cantly better survival.

Cholangitis in PSC is most commonly associated
with a previous history of biliary tree manipulation

by surgical or radiologic/endoscopic interventions in
select individuals. Once suspected, empiric intravenous
antibiotic therapy to cover gram-negative and anaerobic
bacteria should be initiated. ERCP should then be con-
sidered to exclude biliary obstruction from benign
(choledocholithiasis, dominant stricture) or malignant
(cholangiocarcinoma) etiologies.

The presence of a dominant stricture (de®ned as a
high-grade, localized narrowing of the biliary tree) is
often manifested by a sudden increase in serum alkaline
phosphatase and/or bilirubin in the asymptomatic pa-
tient. Progressive jaundice and the development of
cholangitis from obstruction are also consequences of
dominant stricture formation, requiring cholangiogra-
phy. Balloon dilation of identi®ed strictures by endo-
scopic or radiologic approaches often provides
satisfactory results. Use of endoscopic stents for 3 to
6 months to prevent recurrent stricture formation
may be fraught with an increased rate of infectious com-
plications. Pinch biopsies with brushings for histolog-
ical analysis of all dominant strictures are required to
help exclude the presence of cholangiocarcinoma.

Cholangiocarcinoma is the most feared complica-
tion of PSC, occurring in 10ÿ15% of cases. Clinical
progression of disease in a rapid fashion with jaundice
and marked liver biochemistry elevations often alerts
the clinician to the possibility of bile duct cancer.
Repeated attempts at diagnosis with biopsy and
brushings may be required for de®nitive exclusion.
Occasional surgical intervention is required for full-
thickness biopsy in special instances. The overall
median survival is approximately 5 months from the
diagnosis of cholangiocarcinoma, although liver trans-
plantation in highly selected cases was shown to im-
prove survival.

VARIANT CHOLANGIOPATHIES

Recent observations have documented a group of pa-
tients with clinical characteristics suggestive of PBC
without AMA but with positive ANA or ASMA. The

TABLE I Primary Sclerosing Cholangitis (PSC) and Primary Biliary Cirrhosis (PBC)

PSC PBC

Sex 65% male 90% female

Presentation Fatigue, pruritus, jaundice,

cholangitis

Fatigue, pruritus, jaundice

Serum anti-mitochondrial antibodies Negative or very low titer Positive

Cholangiogram Beaded, irregular Non speci®c, may be pruned appearance

Associated diseases In¯ammatory bowel disease,

immunode®ciency syndromes,

cholangiocarcinoma

Autoimmune disorders, thyroiditis, renal

tubular acidosis
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terms `̀ autoimmune cholangitis'' or `̀ AMA-negative
PBC'' have been used in referring to these individuals.
The clinical course and response to UDCA therapy are
the same as in patients with AMA-positive PBC.

The presence of features consistent with both AIH
and PBC has resulted in a diagnostic category termed the
overlap syndrome. Both ANA and AMA are often pos-
itive through serologic testing. Piecemeal necrosis and
coexistent periductal/portal in¯ammation with bile
duct destruction is commonly seen. This group appears
to bene®t from immunosuppressive treatment as well as
UDCA. Similar overlap also occurs in PSC and AIH in
both adult and pediatric populations. The presence of
typical biliary stricturing and dilation seen in PSC is
often accompanied by histologic lesions seen in AIH
and also by high-titer ANA. The overlap of AIH and
PSC may warrant the use of immunosuppressive
therapy.

See Also the Following Articles

Cholangiocarcinoma � Cholangitis, Sclerosing � Cirrhosis �
Colitis, Ulcerative � Crohn's Disease � Liver Biopsy � Liver

Transplantation
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Cholesterol Absorption
DAVID Y. HUI

University of Cincinnati College of Medicine

bile Fluid secreted by the liver and passed into the intestinal

lumen, where it aids in lipid solubilization.

brush border Microvilli on the plasma membrane of

the intestinal epithelium, which is specialized for

absorption.

chylomicrons Large lipidÿprotein complexes secreted by the

intestine into the lymphatics and the blood circulation.

emulsions Large lipid droplets.

enterocytes Intestinal cells.

lipase Enzyme that hydrolyzes lipids.

lipoproteins Lipidÿprotein complexes in the blood

circulation.

lymphatics Vessels that contain or convey lymph; lymphatics

of the small intestine are where absorbed fat is drained.

micelle Small structure, usually between 3 and 10 mm in size,

made up of polymeric bile salts and fatty acids.

vesicle Structure of lipids dispersed in an aqueous solution,

usually surrounded by a phospholipid bilayer.

Dietary cholesterol absorption is de®ned as the process by

which dietary cholesterol is absorbed through the intes-

tinal tract and transported into the blood circulation. In

view of the fact that dietary fat and cholesterol intake are

increasing at an alarming pace in industrialized countries,

there is an increasing interest among clinicians to under-

stand the mechanism of dietary cholesterol absorption.

The goal is to design intervention strategies, either by

dietary manipulations or therapeutics, to lower the ef®-

ciency of dietary fat and cholesterol absorption, thereby

reducing the risk of coronary heart disease, cancer, dia-

betes, and obesity.

INTRODUCTION

Epidemiological studies have clearly established a direct
relationship between cholesterol level in blood plasma
and coronary heart disease. Elevated plasma cholesterol
level also promotes other debilitating diseases, includ-
ing certain forms of cancer, diabetes, and obesity.
Cholesterol levels in the circulation are dependent
on several parameters, including endogenous synthesis,
secretion, and catabolism of the various plasma lipo-
proteins. Another major contributor to the amount
of cholesterol in plasma is the exogenous cholesterol

ingested in the diet. Depending on different individuals,
10ÿ60% of the cholesterol entering the body each day is
derived from the diet. In addition to its effect on total
plasma cholesterol level, the amount of dietary
cholesterol entering the bloodstream also has a direct
impact on the level of low-density lipoproteins (LDLs),
the `̀ bad'' cholesterol that directly contributes to plaque
formation in the arterial wall. It has been estimated that
a 90% reduction of cholesterol absorption in subjects
with a moderately elevated plasma cholesterol level
can reduce plasma cholesterol level by 35%, and that
a 62% reduction in plasma cholesterol level can be
achieved by 100% inhibition of cholesterol absorption.

Cholesterol exists in the diet mainly in the un-
esteri®ed form, with only 5ÿ10% of the cholesterol
being esteri®ed by fatty acids as cholesteryl esters.
The intake of cholesterol is usually associated with
fat consumption. The process of absorption begins in
the stomach with partial fat digestion by preduodenal
lipases and emulsi®cation by peristalsis. The crude
emulsions are then delivered to the duodenum, where
they are mixed with bile and pancreatic juice. The
dietary cholesterol appearing in the lumen of the intes-
tine is usually associated with triglycerides and phos-
pholipids in lipid emulsions, and coexists with
cholesterol secreted from the liver into the bile,
which is mixed with bile salt in the form of micelles.
The lipid emulsions are further digested in the intestinal
lumen by enzymes secreted by the pancreas, converting
the phospholipids and triglycerides to fatty acids, lyso-
phospholipids, and monoglycerides. Cholesteryl esters
are also hydrolyzed to unesteri®ed cholesterol and free
fatty acids. The unesteri®ed cholesterol is then distrib-
uted to phospholipid vesicles and bile salt mixed mi-
celles, and is transported to the brush border of the
intestine, where it is taken up by the mucosal cells. A
diagrammatic representation of luminal events involved
in cholesterol absorption is shown in Fig. 1.

Once the cholesterol is transported to the intestinal
cell surface by phospholipid vesicles and bile salt mixed
micelles, it can diffuse through the cell membrane into
intracellular compartments. Cholesterol embedded in
vesicles and micelles can also be taken up into the cell
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interior by an active transport process involving cell
surface transporter proteins. The amount of cholesterol
entering the enterocytes can also be regulated by speci®c
cell surface transporter proteins, the function of which
is to export cholesterol back to the luminal space for
excretion out of the body. The cholesterol entering the
mucosal cells is rapidly transported to an intracellular
compartment, where it is reesteri®ed with fatty acid,
packaged into large intestinal lipoproteins called chy-
lomicrons, and then secreted into the lymphatics.

The process of dietary cholesterol absorption, from
the point of cholesterol ingestion to its appearance in
circulation, thus requires the participation of a number
of different proteins. It is not surprising, therefore, that
different expression level and/or activity of these
proteins can in¯uence the ef®ciency of cholesterol ab-
sorption. Indeed, genetic variations in cholesterol ab-
sorption ef®ciency have been reported in a number of
species, including humans. A number of key proteins
that participate in the cholesterol absorption process,
including those that are required for lipid digestion,
cellular uptake and ef¯ux, and intracellular processing
of the cholesterol prior to its secretion into the circu-
lation, are the focus of the following discussion. The
latest advances indicating genetic regulation and inter-
vention strategies aimed at reducing cholesterol absorp-
tion ef®ciency are also discussed.

LIPID DIGESTION

Cholesterol is ingested in the diet in association with the
fatty triglycerides. These lipids are emulsi®ed in the
stomach by the action of peristalsis. Some of the dietary
triglycerides are partially hydrolyzed by preduodenal
lipases into diglycerides and free fatty acids. Depending
on the individual species, the preduodenal lipase can be

found in the tongue (lingual lipase) or in the stomach
(gastric lipase). In humans, the preduodenal lipase is
gastric lipase and no lingual lipase is found. Regardless
of the tissue source of the preduodenal lipases, these
enzymes prefer triglycerides with short- and medium-
chain fatty acids and are incapable of hydrolyzing sig-
ni®cant amounts of triglycerides with long-chain fatty
acids. These lipases are also ineffective in hydrolyzing
phospholipids and cholesteryl esters. Thus, these pre-
duodenal lipolytic enzymes do not hydrolyze much of
the phospholipid-coated emulsions, and a majority of
the dietary fat and cholesterol are transported to the
intestinal lumen as large, emulsi®ed lipid droplets.

The lipid emulsions entering the luminal area of the
intestine are digested by lipolytic enzymes secreted by
the pancreas. The major lipases secreted by the pancreas
in response to a meal include the pancreatic triglyceride
lipase, a pancreas-speci®c form of phospholipase
A2, and carboxyl ester lipase. The latter enzyme is
also known as cholesterol esterase or as bile salt-stim-
ulated lipase. Two additional proteins, pancreatic li-
pase-related protein-1 and -2, which are similar in
sequence and structure to the pancreatic triglyceride
lipase, are also secreted by the pancreas. The important
role of pancreatic enzymes in fat and cholesterol absorp-
tion is best illustrated by fat and cholesterol malabsorp-
tion in cystic ®brosis patients and in patients with other
pancreatic diseases, including those with pancreatitis
due to chronic alcoholism. These patients suffer steat-
orrhea and reduced cholesterol absorption and have
de®ciencies of fat-soluble vitamins and essential fatty
acids.

In vitro studies show that pancreatic triglyceride li-
pase is the primary digestive tract enzyme that hydro-
lyzes triglycerides in emulsi®ed lipid particles. Its
activity is dependent on the presence of its coenzyme,
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FIGURE 1 Process of dietary lipid absorption in the lumen of the small intestine. Dietary lipid

absorption involves a multitude of processes in several different tissues. The processes include (i) lipid

emulsi®cation in the stomach, (ii) lipid digestion within the intestinal lumen by enzymes secreted

from the pancreas, (iii) micellar solubilization of the lipid components, (iv) intestinal uptake,

(v) intracellular lipid esteri®cation and lipoprotein assembly, (vi) enterocyte secretion, and
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colipase. The contribution of pancreatic triglyceride
lipase/colipase in fat and cholesterol absorption is high-
lighted by observations that patients with congenital
pancreatic triglyceride lipase de®ciency or de®ciency
of colipase suffer from fat and cholesterol malabsorption
similar to that seen in patients with pancreatic insuf®-
ciency. The mechanism by which pancreatic triglycer-
ide lipase facilitates dietary cholesterol absorption is
indirect. In vitro cell culture experiments suggest that
cholesterol carried by bulky lipid emulsions is not ac-
cessible for uptake by intestinal cells and that pancreatic
triglyceride lipase hydrolysis of the core triglycerides is
required for intestinal uptake of the cholesterol. It is
likely that the dietary cholesterol in lipid emulsions
needs to be redistributed to smaller phospholipid ves-
icles and bile salt mixed micelles prior to its transport to
the brush border surface, where it can be taken up by the
intestinal mucosa. In the absence of pancreatic triglyc-
eride lipase-mediated lipid hydrolysis, the cholesterol is
retained in the lipid emulsion, which may be too large
for penetration through the unstirred water layer of the
brush border membrane.

The remodeling of the cholesterol carrier in the in-
testinal lumen also requires phospholipase hydrolysis
of phospholipids on the surface of emulsions and on
lipid vesicles. Thus, phospholipase-mediated hydrolysis
of the phospholipid in mixed micelles may also be an
important step in the cholesterol absorption process.
The role of phospholipase in facilitating cholesterol
absorption can be inferred from early in vitro organ
culture experiments, which showed that increasing
phospholipid content of bile salt mixed micelles
retarded cholesterol transport to the intestine. Subse-
quent studies also showed cholesterol output from the
lumen to the lymphatics was higher when duodenal
infusions were performed with lipid emulsions contain-
ing low levels of phosphatidylcholine. In addition,
human subjects receiving an intraduodenal infusion
of phosphatidylcholine were also found to absorb
cholesterol to a lower extent compared with subjects
infused with the same amount of cholesterol and saf-
¯ower oil with a similar level of fatty acids. A direct role
of phospholipase A2 in facilitating cholesterol transport
to intestinal cells was suggested by cell culture exper-
iments showing that the addition of the pancreatic
Group 1B phospholipase A2 to the cell incubation me-
dium increased cholesterol uptake by Caco-2 cells. In
intact animals, phospholipase A2 inhibitors effectively
reduced cholesterol transport from the intestinal lumen
to the lymphatics. Although these experiments clearly
demonstrate a role for phospholipase A2 in mediating
cholesterol absorption, the particular type of phospho-
lipase that is involved in this process is less clear. The

Group 1B phospholipase A2 secreted by the pancreas is
the predominant phospholipase in the intestinal lumen,
but animals lacking this enzyme are not defective in
cholesterol absorption under normal dietary condi-
tions. However, under high dietary fat conditions, the
phospholipase A2-de®cient mice display reduced fat and
cholesterol absorption ef®ciency. These latter observa-
tions suggest that phospholipase A2 synthesized by the
intestine may compensate for the lack of the pancreatic-
type phospholipase A2 in phospholipid digestion in the
intestinal lumen and in mediating cholesterol absorp-
tion. Thus, the pancreatic phospholipase A2 is uniquely
required among various phospholipases in controlling
cholesterol absorption and transport during high die-
tary fat input, whereas other phospholipases expressed
in the intestine may take its place when dietary lipid
content is low.

The role of the third lipolytic enzyme secreted by the
pancreas, carboxyl ester lipase, in cholesterol absorp-
tion has drawn considerable interest over the past three
decades because of its ability to in¯uence cholesterol
esteri®cation and deesteri®cation directly. This enzyme
also catalyzes the hydrolysis of triglycerides and fat-
soluble vitamin esters. In vitro data reveal that complete
hydrolysis of triglycerides to fatty acids and glycerol
requires the concerted action of both pancreatic triglyc-
eride lipase and the carboxyl ester lipase. Thus, carboxyl
ester lipase works in concert with pancreatic triglycer-
ide lipase in mediating fat digestion. Its direct involve-
ment in the dietary cholesterol absorption process is
suggested by early studies that showed that the reduc-
tion in cholesterol absorption due to pancreatic diver-
sion can be restored by infusion with pancreatic juice
containing the carboxyl ester lipase, but not with juice
devoid of this enzyme. The incubation of rat intestinal
sacs with cholesterol containing micelles also shows
that cholesterol uptake by the intestinal sacs is three-
to ®vefold higher if carboxyl ester lipase is included in
the medium. Speci®c inhibitors of carboxyl ester lipase,
such as the phenoxylphenyl carbamates WAY-121,751
and WAY-121,898, are effective inhibitors of choles-
terol absorption in normal and cholesterol-fed animals.
Unfortunately, these results have been challenged by
more recent studies, which yield contradictory results.
It is likely that the carboxyl ester lipase preparations
used in the earlier studies contain other lipolytic en-
zymes that act in concert with carboxyl ester lipase to
facilitate cholesterol absorption. The phenoxylphenyl
carbamates may also be less speci®c and may also affect
the activity of other pancreatic lipases. The generation of
carboxyl ester lipase-de®cient mice by the homologous
recombination technique conclusively shows that
this enzyme plays only a minor role in controlling
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the amount of dietary cholesterol absorbed through the
intestine. However, carboxyl ester lipase may be more
important in dictating the type of lipoproteins being
produced by the intestine in response to a fatty meal.
Animals lacking a functional carboxyl ester lipase are
incapable of secreting the larger sized chylomicrons.
Lipoproteins produced in the intestine of these animals
are similar in size to the smaller liver-derived very-low-
density lipoproteins. It is postulated that carboxyl ester
lipase alters intracellular lipid traf®cking and/or signal-
ing pathways that are important in transporting exoge-
nous lipids to intracellular compartments where
lipoprotein assembly occurs. This hypothesis remains
to be tested by more vigorous experiments.

The pancreatic lipase-related protein-1 and -2
(PLRP-1 and PLRP-2) appear to be less important in
lipid digestion and absorption under normal conditions
in adults. Both of these enzymes have the highest ex-
pression level during the developmental period before
the onset of pancreatic triglyceride lipase gene express-
ion. The expression pro®le of these genes suggests that
the related proteins may compensate for the low pan-
creatic triglyceride lipase activity during the suckling
period, to ensure ef®cient fat digestion in newborns. The
possible role of PLRP-2 in newborn fat digestion is
supported by the observation that PLRP-2-de®cient
mice display higher fecal fat content and decreased
rate of weight gain than do their wild-type counterparts
when fed similar diets. In contrast, the role of PLRP-1
in fat digestion and absorption is less certain; in vitro
analyses fail to detect signi®cant lipolytic activity of
this protein. No PLRP-1-de®cient animal model is cur-
rently available to test for the function of this lipase
in vivo.

CHOLESTEROL UPTAKE BY INTESTINAL
MUCOSAL CELLS

The digestion of the surface phospholipids and the core
triglycerides in bulky lipid emulsions results in the lib-
eration of the dietary cholesterol and its transfer to
phospholipid vesicles and bile salt micelles. These
lipid carriers are responsible for cholesterol transport
to the surface of the intestinal mucosa, where
cholesterol can be absorbed into the enterocytes. Bile
salt present in the lumen helps transport cholesterol
across the unstirred water layer, which is a series of
water lamellae at the interface between the bulk
water phase of the lumen and the enterocyte cell mem-
brane. Thus, abnormal bile acid and biliary lipid com-
position may affect cholesterol absorption through
inhibition of this step of the absorption process. This

hypothesis is substantiated by observations that mice
defective in bile acid synthesis due to a genetic defect
in the cholesterol 7a-hydroxylase gene Cyp7a1 absorb
dietary cholesterol minimally in comparison with wild-
type mice. Likewise, defects in bile salt or phospholipid
export from the liver to the bile, due to deletion of P-
glycoprotein genes, also result in abnormal cholesterol
absorption ef®ciency.

Once cholesterol is transported to the mucosal sur-
face of the intestine by phospholipid vesicles and bile
salt micelles, the cholesterol can be taken up by the
enterocytes in a rapid process through passive diffusion
across the cell membrane. Although recent data suggest
the presence of an active transport mechanism for
cholesterol uptake, interpretation of the data remains
equivocal. The amount of cholesterol absorbed into the
enterocytes can also be regulated by membrane surface
proteins that are responsible for mediating cholesterol
ef¯ux.

Regardless of the precise mechanism by which
cholesterol enters the intestinal mucosa, intestinal
cholesterol uptake is a two-step process. The ®rst
step is a reversible process by which cholesterol in ves-
icles and micelles is embedded into the plasma mem-
brane of the enterocytes. The amount of cholesterol that
can be accommodated in the intestinal cell membrane is
correlated with the sphingomyelin content in the
membrane. Intestinal cell culture studies in vitro reveal
that the rate of exogenous cholesterol uptake also
decreases when the membrane is depleted of sphingo-
myelin. Thus, the amount of cholesterol that can be
absorbed into the enterocytes is in part regulated by
the sphingomyelin concentration in the plasma mem-
brane. By extrapolation, cholesterol absorption and
transport ef®ciency are also dictated by the level and
activity of the sphingomyelin hydrolytic enzyme,
sphingomyelinase, present in the intestinal lumen.

The second step in the cholesterol uptake process is
irreversible; which membrane-bound cholesterol is
transported to the endoplasmic reticulum, where the
cholesterol can be utilized for lipoprotein assembly
and secretion to the plasma compartment. The in¯ux
of membrane cholesterol into the cell interior requires
membrane sphingomyelin hydrolysis after the exoge-
nous cholesterol is embedded into the cell membrane.
A by-product generated from sphingomyelin hydrolysis
is ceramide, which regulates intracellular lipid traf®ck-
ing and thus plays an important role in controlling
the rate of lipoprotein being produced by the intestine.
Accordingly, enzymes that regulate intracellular
ceramide concentration, including the carboxyl ester
lipase secreted by the pancreas (which can be taken
up by enterocytes into the cell interior), are also
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important regulators in determining the rate of
cholesterol absorption and the type of lipoproteins pro-
duced in response to a fat meal.

Cholesterol uptake by intestinal cells may also be an
active process mediated by transporter proteins on the
brush border membranes of the enterocytes. The stron-
gest evidence supporting the existence of cholesterol-
transporting proteins comes from early observations
that cholesterol absorption follows second-order reac-
tion kinetics, with a high- and a low-af®nity component.
Hydrolysis of proteins off the brush border membranes
reduces cholesterol absorption to a ®rst-order reaction
with only a low-af®nity component. The hypothesis of a
protein-mediated cholesterol absorption process is also
supported by experiments showing that cholesterol
transport activity in liposomes can be reconstituted
with proteins extracted from intestinal brush border
membranes.

The identi®cation of the putative cholesterol trans-
porter on brush border membranes remains elusive.
Although numerous laboratories have attempted to
identify the cholesterol transporter, its identity has re-
mained controversial. One promising lead comes from
results reported by Helmut Hauser and colleagues in
Zurich. Their studies suggest that the scavenger recep-
tor class B type I protein (SR-BI) may function as a
cholesterol transporter in the intestine. According to
their results, cholesterol uptake by the intestinal-cell-
like Caco-2 cells is suppressed by SR-BI antibodies. The
binding of apolipoprotein A-I to SR-BI on the brush
border membranes also inhibits cholesterol uptake
from lipid donor particles. In support of these in vitro
observations, SR-BI is found to be expressed along the
gastrocolic axis of the intestine, with the highest level of
expression in the proximal intestine and decreasing to
minimal expression level in the ileum. Furthermore, SR-
BI is localized to both the apical and the basolateral
surfaces of enterocytes. Thus, the localization of SR-
BI in the intestine is consistent with the hypothesis of
its possible role in dietary cholesterol absorption. Un-
fortunately, this hypothesis cannot be substantiated,
because mice lacking a functional SR-BI gene absorb
dietary cholesterol with an ef®ciency similar to that
observed in wild-type mice. Additionally, SR-BI has
been shown in vitro to modulate cellular uptake of cho-
lesteryl esters and triglycerides in addition to facilitating
unesteri®ed cholesterol transport. Neither cholesteryl
esters nor triglycerides can be absorbed prior to their
digestion by lipases. Thus, the precise role of SR-BI in
the intestine remains uncertain.

The controversy surrounding the possible existence
of cholesterol transport proteins responsible for dietary
cholesterol absorption may stem from differences in

interpreting results obtained from in vivo and in vitro
studies. In in vitro experiments with enterocyte cell cul-
ture or brush border membranes, the cholesterol sub-
strate is usually supplied as vesicles and micelles.
Importantly, the substrate concentration is usually
kept at a low concentration to maintain cell and mem-
brane integrity. At low concentrations, the higher af®n-
ity but lower capacity process predominates in a second-
order reaction, thus allowing for the determination of a
protein-mediated high-af®nity process. In contrast,
under in vivo conditions, in which there is constant
bile ¯ow with its accompanying cholesterol-containing
micelles, substrate concentration is relatively high. The
higher concentration of cholesterol substrate in the
intestinal lumen will favor uptake through the higher
capacity, though lower af®nity, passive transport
process. The failure to observe protein-mediated
cholesterol absorption in vivo, and the lack of effect
on cholesterol absorption by speci®c transporter knock-
out mice, may be related to the concentration of the
substrate used. In this regard, an intestinal cholesterol
transporter may have only an auxiliary function in
cholesterol absorption when cholesterol concentration
in the intestinal lumen is low. Alternatively, the trans-
porter may target the cholesterol to a speci®c intracel-
lular compartment in which it can be utilized ef®ciently
for lipoprotein assembly and export. These two possi-
bilities remain to be resolved.

Another line of evidence used previously to support
the concept of a protein-mediated cholesterol absorp-
tion process is based on observations of the selectivity of
cholesterol absorption. Plant sterols, including stigma-
tosterol, sitosterol, and sitostanol, have chemical struc-
tures very similar to that of cholesterol and yet are not
absorbed by the intestine. These plant sterols and
cholesterol have similar hydrophobicities and are ex-
pected to diffuse through the plasma membrane with
similar ef®ciencies. Accordingly, the passive transport
process alone cannot account for the selectivity in
cholesterol absorption without the concomitant absorp-
tion of the plant sterols. However, recent studies have
shed light on the selectivity of the cholesterol absorption
process. These studies were based on investigations of
sitosterolemic patients, who can absorb plant sterols
with high ef®ciency. Results of these studies reveal
that plant sterols can indeed diffuse into intestinal
cells. The selectivity of cholesterol absorption is due
to adenosine triphosphate (ATP)-binding cassette
(ABC) proteins, which preferentially pump plant sterols
through the apical membranes back to the intestinal
lumen in an ATP-dependent mechanism. Sitosterolemic
patients have inherited an autosomal recessive mutation
in the gene encoding either the ABCG5 or ABCG8
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protein. The mutated ATP transporter cannot excrete
the plant sterols from intestinal mucosal cells, thereby
resulting in plant sterol absorption and secretion with
lipoproteins into the circulation. Thus, the normal func-
tion of the ABCG5 and ABCG8 proteins is the ATP-
dependent excretion of plant sterols back into the
lumen, prevention of further plant sterol processing,
and sterol transport to the circulation. Interestingly,
mutations in either of the genes for ABCG5 and
ABCG8 also result in increased cholesterol absorption.
Whether the increased cholesterol absorption is due to a
direct effect of the normal function of the ABCG5 and
ABCG8 proteins on cholesterol ef¯ux or to an indirect
effect due to modi®cation of luminal lipid composition
remains to be determined.

Another ABC transporter protein that has been im-
plicated to play a role in regulation of cholesterol ab-
sorption is ABCA1. This protein was initially identi®ed
as a liver protein that regulates high-density lipoprotein
(HDL) levels. Tangier disease, which results in the ab-
sence of HDL and familial HDL de®ciency, is a direct
result of ABCA1 gene mutations. Factors that activate
ABCA1 gene expression, such as the liver X receptor
(LXR) agonist rexinoids, are effective inhibitors of die-
tary cholesterol absorption in rodents. The latter obser-
vation led to the suggestion that ABCA1 may regulate
cholesterol absorption by limiting the amount of
cholesterol taken up by intestinal cells. However, it is
important to note that ABCA1-de®cient mice absorb
cholesterol with normal ef®ciency. Moreover, ABCA1
has not been demonstrated to be present in enterocytes.
Thus, the role of ABCA1 in cholesterol absorption may
be indirect, and may be related to alterations in biliary
lipid composition and/or other differences unrelated to
lipid uptake by intestinal cells.

INTRACELLULAR CHOLESTEROL
PROCESSING AND LIPOPROTEIN
ASSEMBLY

Cholesterol entering the intestinal mucosal cells is un-
esteri®ed and is packaged into lipoproteins as esteri®ed
cholesterol before secretion into the lymphatics. Ap-
proximately 70ÿ80% of the cholesterol found in the
lymph is esteri®ed with fatty acids. Thus, cholesterol
reesteri®cation is an important component of the
cholesterol absorption process. The enzyme responsible
for cholesterol esteri®cation in the intestine has been
debated for a number of years. Some evidence suggests
that intestinal cholesterol esteri®cation is mediated by
the pancreatic carboxyl ester lipase, whereas other ev-
idence suggests that this process is mediated by another
enzyme, acyl coenzyme A : cholesterol acyltransferase

(ACAT). The discrepancy has been resolved based on
studies with the carboxyl ester lipase-de®cient mice. As
discussed previously, these animals absorb dietary
cholesterol with normal ef®ciency. Cholesterol secreted
as chylomicrons in the carboxyl ester lipase knockout
mice is mainly esteri®ed with fatty acids, similar that
observed in wild-type mice. Thus, this enzyme appears
to play at best a supportive role for cholesterol esteri-
®cation in the intestine.

Attention has also been focused on the role of ACAT
in intestinal cholesterol esteri®cation. Progress in de®n-
itively proving the involvement of ACAT in intestinal
cholesterol absorption has been hampered for many
years due to the dif®culty in puri®cation of this enzyme.
The effect of ACAT inhibitors in blocking intestinal
cholesterol esteri®cation and dietary cholesterol absorp-
tion varies in different experiments. The discrepancy in
these studies has been partially resolved by molecular
biology tools, which show the presence of at least two
distinctACATgenes in themammaliangenome.The®rst
ACAT gene, called ACAT1, is expressed primarily in
adrenals and in macrophages, with minimal expression
in liver and intestine. Thus, de®ciency in ACAT1 does
not have any effect on cholesterol esteri®cation in the
latter tissues. Accordingly, ACAT1-de®cient mice also
absorb dietary cholesterol with normal ef®ciency, as ex-
pected. Similarly, inhibitors that are designed based on
suppression of ACAT1 activity may also have less effect
on intestinal cholesterol absorption. The second ACAT
gene, ACAT2, encodes the ACAT enzyme that is prima-
rily responsible for cholesterol esteri®cation in liver
and in intestine. Knockout of the ACAT2 gene in mice
results in animals that are resistant to diet-induced
hypercholesterolemia and gallstone formation. Interest-
ingly, although the resistance to diet-induced hyper-
cholesterolemia may be related to reduction of
cholesterol absorption when the animals are fed a
cholesterol-enriched diet, no difference in cholesterol
absorption between wild-type and ACAT2-de®cient
mice can be observed when the animals are fed normal
mouse chow. These latter results suggest that although
ACAT2 is essential for intestinal cholesterol esteri®ca-
tionandef®cient cholesterol absorptionwhen fedahigh-
cholesterol diet, other enzymes, possibly the carboxyl
ester lipase or ACAT1, may substitute for ACAT2 in
mediating intestinal cholesterol esteri®cation, support-
ing cholesterol absorption under normal conditions.

GENETICS OF CHOLESTEROL
ABSORPTION

The complexity of the dietary cholesterol absorption
process, which involves the participation of a multitude
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of different proteins, suggests possible genetic in¯uence
on regulating the amount of cholesterol absorbed by
different individuals. A number of studies have pro-
vided evidence to support this hypothesis. First, varia-
tions in cholesterol absorption ef®ciency account for
some of the differences between hypo- and hyperre-
sponding rabbits after eating a cholesterol-rich diet.
Second, cholesterol uptake by human intestinal biopsy
samples can also be divided into three groups, with low,
medium, and high rates of cholesterol absorption.
Third, genetic differences in cholesterol absorption ef-
®ciency have also been demonstrated in nonhuman
primates. Although these studies have failed to distin-
guish genetic and environmental factors as the deter-
mining factor in the observed difference in cholesterol
absorption, more recent studies with inbred mice have
added more strength to the concept of genetic regulation
of cholesterol absorption. The various inbred strains of
mice are established by repeated inbreeding such that
the genetic composition within each strain is identical.
Analysis of inbred mice has been used in the past to
identify successfully novel genes important for deter-
mining atherosclerosis susceptibility. Using similar ap-
proaches, by screening for cholesterol absorption
ef®ciency among the various inbred strains of mice
housed and fed under identical conditions, the genetic
in¯uence of cholesterol absorption ef®ciency is now
well established. The data clearly suggest the involve-
ment of multiple genes in dictating cholesterol absorp-
tion ef®ciency.

Identi®cation of the gene loci that dictate cholesterol
absorption ef®ciency is now underway. The most
extensive work thus far is being carried out in the
laboratory of David Russell in Dallas and in Martin
Carey's laboratory in Boston. Both laboratories use
the quantitative trait loci approach to tentatively iden-
tify several gene loci that may have in¯uence on
cholesterol absorption ef®ciency. One of these loci
is called Chab1 (cholesterol absorption gene 1). This
locus is localized to mouse chromosome 2 and includes
genes for the ABC transporter protein ABCB5 and for
the liver X receptor-a. The latter gene encodes a
transcription factor that regulates expression of lipid
metabolism genes. Other putative cholesterol absorp-
tion gene loci have been identi®ed on mouse chromo-
somes 1, 5, 6, 10, and 15. These gene loci may be linked
to the ACAT2 gene and to genes that participate in
bile acid metabolism. It remains to be determined
whether any of these previously identi®ed genes
are directly responsible for the genetic in¯uence on
cholesterol absorption, or whether they are only situ-
ated in close proximity to authentic cholesterol
absorption genes.

The list of candidate cholesterol absorption
genes identi®ed by the quantitative trait loci approach
to date does not include several genes thought to be
involved in the overall cholesterol absorption process.
For example, genes for the putative cholesterol trans-
porters SR-BI, ABCA1, ABCG5, and ABCG8 do not map
to the absorption gene intervals identi®ed to date. Like-
wise, the genes in the bile acid synthetic pathway,
Cyp7a1, Cyp7b1, and Cyp39a1, do not map to the cur-
rently identi®ed putative cholesterol absorption gene
loci. These results do not imply that these genes are
not involved with cholesterol absorption, but rather
that there may be little or no interstrain variation of
these genes in terms of their role in cholesterol absorp-
tion. The limited screening of inbred strains of mice to
date also reduces the power of the quantitative trait loci
approach. Nevertheless, these studies point to possibil-
ity of additional novel genes that may in¯uence
cholesterol absorption ef®ciency. The identi®cation
in these loci of the precise genes that participate in
regulation of cholesterol absorption will provide valu-
able information toward understanding individual
differences in cholesterol absorption ef®ciency and
responses to dietary cholesterol.

INHIBITORS OF
CHOLESTEROL ABSORPTION

The impact of dietary cholesterol absorption on plasma
cholesterol levels, and hence risk of coronary heart dis-
ease, has led to increasing interest in lowering
cholesterol absorption as a treatment strategy to reduce
plasma cholesterol level. Because of the complexity of
the cholesterol absorption process, numerous pharma-
ceutical targets have been designed in attempts to sup-
press cholesterol absorption. The most effective
treatment to date is the use of bile acid sequestrants
such as cholestyramine, which binds to bile salts in
the intestinal lumen. As a consequence of binding,
cholesterol solubility is reduced and the dietary
cholesterol is excreted from the body instead of being
absorbed by intestinal mucosal cells. Unfortunately, bile
salt sequestrants are not well tolerated, thus limiting
their use for treatment of hypercholesterolemia.

The ACAT enzymes, responsible for cholesterol
esteri®cation in the intestine, comprise another phar-
maceutical target for suppression of cholesterol absorp-
tion. Several ACAT inhibitors with high potency for
inhibiting cholesterol esteri®cation in cultured cells
have been synthesized by the pharmaceutical industry.
Some of these compounds have been found also to be
effective in suppressing cholesterol absorption in
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animal models when the animals were fed a cholesterol-
enriched diet. However, most of the ACAT inhibitors are
not effective in inhibiting cholesterol absorption under
more normal dietary conditions. Thus, results of ACAT
inhibitor studies mimic those observed with ACAT2
knockout mice showing that ACAT-mediated
cholesterol absorption may only be vital for cholesterol
absorption during high-cholesterol feeding. Impor-
tantly, clinical trials of ACAT inhibitors in humans
have been disappointing, and none of the compounds
have shown signi®cant reduction of cholesterol absorp-
tion and suppression of diet-induced hyper-
cholesterolemia in human volunteers.

More recent studies have revealed the potential of
two new classes of compounds in suppression of
cholesterol absorption. One class of compounds selec-
tively inhibits cholesterol absorption through inter-
action with speci®c sites on the brush border
membranes. These inhibitors include the sterol glyco-
sides synthesized by Merck Research Laboratories and
ezetimibe, produced by Schering-Plough. The latter
compound has also been shown to be effective in sup-
pressing diet-induced atherosclerosis in a rodent model.
Both of these compounds bind to brush border mem-
branes in a saturable manner, suggesting the possibility
that they may be interacting with cholesterol transpor-
ters in suppressing cholesterol absorption. It is also
possible, however, that these compounds interact
with speci®c lipid components in the brush border
membrane, thereby preventing cholesterol traf®cking
into and out of the plasma membrane and/or its
transport to an intracellular compartment where it
can be used for lipoprotein synthesis and secretion.
Thus, the exact mechanism by which these compounds
suppress cholesterol absorption in animal models re-
mains unknown.

The second class of compounds that show promise
in suppressing cholesterol absorption includes reagents
that activate ABC transporter expression in the intes-
tine. The goal of the design of this class of compounds is
to increase cholesterol export to the intestinal lumen,
where it can be excreted out of the body. The design
takes advantage of observations that agonists for the
oxysterol LXRs and the bile acid farnesoid X receptor
(FXR) are potent activators of ABC transporter gene
expression. Because LXRs and FXR form obligate het-

erodimers with retinoid X receptors (RXRs) for their
activities, recent studies have used an RXR-speci®c ag-
onist to demonstrate feasibility of increasing ABC trans-
porter expression in intestine as a mechanism to
suppress cholesterol absorption in rodents. However,
RXR interacts with a number of different transcriptional
factors and can regulate genes that span several meta-
bolic pathways. Thus, speci®c LXR or FXR agonists may
be preferred as more speci®c regulators of cholesterol
transport. The continued development of this class of
compounds and testing for the ef®cacy in reducing
cholesterol absorption in human subjects will be
valuable.
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acinus Smallest functional unit of the liver, which receives

blood ¯ow from the portal vein and hepatic artery.

angiogenesis Growth of new blood vessels.

ascites Collection of serous ¯uid (derived from liver and/or

intestine) in the peritoneal cavity.

ischemia A reduction in blood ¯ow of such magnitude as to

cause tissue hypoxia.

reperfusion The restoration of blood ¯ow following a period

of ischemia.

The gastrointestinal (GI) circulation accounts for over

25% of cardiac output under resting conditions. Blood

¯ow to the GI tract is dynamic, however, with tissue-

speci®c increases caused by the ingestion of a meal and

profound reductions in ¯ow elicited by stresses that

threaten to deprive the vital organs (e.g., brain, heart)

of their normal blood supply. Although the different

organs perfused by the GI circulation share common

stimuli and mechanisms of blood ¯ow regulation, sig-

ni®cant differences related to tissue function have been

described. As seen in most other vascular beds, im-

paired blood perfusion of GI organs can lead to

profound organ dysfunction and tissue injury. The

stomach, liver, intestine, and pancreas provide excellent

examples of the unique and diverse anatomical features

and regulatory mechanisms that distinguish the GI

circulation from other regional vascular beds.

GASTRIC CIRCULATION

Introduction

Gastric blood ¯ow plays an important role in
sustaining the normal physiologic functions of the
stomach and it helps to protect the gastric mucosa
against ulcer formation. Intrinsic regulatory mecha-
nisms ensure that blood ¯ow is adjusted to meet
the energy-demanding processes of gastric secretion
and motility. Gastric blood ¯ow also helps to maintain
a barrier against back-diffusion of lumenal acid,
thereby preventing mucosal damage and ulceration.
Impairment of gastric blood ¯ow renders the mucosa
vulnerable to the damaging actions of gastric juice as

well as ingested agents, such as ethanol, aspirin, and
bacteria (e.g., Helicobacter pylori).

Anatomy

Oxygenated blood is provided to the stomach via the
celiac artery, with deoxygenated blood drained by the
portal vein. Small branches of the celiac artery give rise
to arterioles in the external muscle layers and the sub-
mucosa. Some of the submucosal arterioles pierce the
muscularis mucosae to produce the capillary network
that supplies the mucosa. Hence, the tone of the sub-
mucosal arterioles determines the magnitude of muco-
sal blood ¯ow. The mucosal capillaries drain into a
central vein that begins just beneath the surface epithel-
ial cells. These venules coalesce to form a dense venous
plexus in the submucosa. The submucosal venous
drainage penetrates the external muscle layers where
additional venous blood is provided by the muscle
microvasculature.

Hemodynamics

The parallel-coupled capillary networks of the gas-
tric muscular layer and the mucosa are under separate
control, responding independently to tissue metabo-
lism, other local factors, and extrinsic neural input.
Between meals, blood ¯ow in the mucosal layer is
approximately six times higher than that of the muscle
layer, and approximately 75% of total gastric blood
¯ow is distributed to the mucosa, with 25% directed to
the muscle layer. This intramural distribution of blood
¯ow is altered when either of the two layers becomes
functionally active; i.e., when the mucosa is stimulated
to produce acid, mucosal blood ¯ow (and its percent-
age of total ¯ow) preferentially increases.

Blood Flow Regulation

Gastric blood ¯ow is controlled by neural, humoral,
and metabolic factors. Sympathetic activation elicits re-
ductions in total gastric blood ¯ow and mucosal ¯ow
through arteriolar constriction. Parasympathetic nerves
exert a tonic vasodilatory in¯uence on gastric arterioles,
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with vagotomy resulting in a reduction in blood ¯ow.
Gastrin and histamine, both powerful stimulants of
gastric acid secretion, increase mucosal blood ¯ow.
Oxygen consumption by the stomach increases in pro-
portion to acid production. Changes in both blood ¯ow
and oxygen extraction assist in meeting the demand for
additional oxygen in the acid-secreting stomach. When
gastric blood ¯ow is reduced, however, acid secretion
and blood ¯ow may fall in parallel, owing to the fact that
the rate of oxygen delivery to the parietal cells is limited
by blood ¯ow.

Pathophysiology

The gastric microcirculation contributes to gastric
ulcer formation in several ways. Capillary transport of
parietal cell-derived bicarbonate normally plays an im-
portant role in protecting the surface epithelium against
acid-induced injury and ulceration. The mucosal cap-
illaries originating near the gastric pits transport bicar-
bonate toward the mucosal surface, where it can diffuse
into the interstitial compartment beneath the surface
epithelial cells. The latter cells transport bicarbonate
into the gastric lumen where it can buffer lumenal
acid. As a consequence, there is an inverse relationship
between gastric mucosal injury and the rate of vascular
bicarbonate delivery to the mucosal surface.

Arteriolar constriction and capillary plugging with
thrombi or activated leukocytes often accompany the
ulceration process and are thought to promote mucosal
injury by rendering the tissue ischemic and vulnerable
to necrosis. Repair of gastric mucosal ulceration relies
on the restoration of blood ¯ow and on the growth of
new blood vessels (angiogenesis), which usually sprout
from venules.

HEPATIC CIRCULATION

Introduction

The hepatic circulation has many unique features
compared to other vascular beds in the splanchnic cir-
culation. There is the unusual presence of both an ar-
terial input and a venous input that combine to deliver a
large fraction of cardiac output to the liver. The acinar
arrangement of the microvasculature creates a series of
microenvironments within the organ that imparts a sig-
ni®cant spatial resolution for speci®c biosynthetic, bio-
transformation, and detoxi®cation functions of the
liver. These and other unique features of the hepatic
circulation serve to ensure that the varied and complex
functions of the liver are maintained at levels that are
optimal for the whole animal.

Anatomy

The liver receives blood from two sources: fully
oxygenated blood is derived from the high-pressure,
high-resistance hepatic artery and partially oxygenated
blood comes from the low-pressure, low-resistance por-
tal vein. Within the liver, these vessels give rise to
numerous smaller vessels, called hepatic arterioles
and terminal portal venules, which supply a small
mass of parenchyma called the liver acinus. The mixture
of arterial and venous blood from these terminal vessels
drains into the sinusoids, which constitutes the capillary
network of the liver. The sinusoidal capillaries are
highly permeable to water and plasma proteins. The
sinusoids radiate toward the periphery of the acinus,
where they connect with the terminal hepatic venules
and ultimately into progressively larger branches of
hepatic veins and the inferior vena cava.

Hemodynamics

Total hepatic blood ¯ow accounts for approximately
25% of resting cardiac output (1250ÿ1500 ml/min) in
the resting adult human. The portal vein supplies the
liver with 70ÿ75% of its blood and the hepatic artery
provides the remaining 25ÿ30%. Because of the higher
oxygen content of arterial blood, the hepatic artery and
portal vein contribute roughly equal amounts of oxygen
to the liver in the fasting state. The mean blood pressure
in the hepatic artery is approximately 90 mm Hg and
that in the portal vein is approximately 10 mm Hg, re-
sulting in a sinusoidal capillary pressure of 2ÿ3 mm Hg.
The low pressure within these highly permeable capil-
laries serves to minimize excessive loss of ¯uid and
protein into the liver interstitium and the subsequent
leakage of this plasma ®ltrate into the peritoneal cavity
(ascites ¯uid).

Blood Flow Regulation

Increased blood ¯ow in the portal vein leads to an
increased hepatic arterial resistance and a reduction in
portal vein ¯ow produces hepatic arterial dilation. Al-
though this reciprocal relationship between hepatic
arterial and portal vein blood ¯ows tends to maintain
a constant total blood ¯ow through the liver, ¯ow in one
system usually cannot fully compensate for the reduc-
tion in blood ¯ow in the other system. However, the
liver is more effective at maintaining a constant oxygen
consumption because the extraction of oxygen from
hepatic blood is very ef®cient. The small diffusion
distances for oxygen transport between blood and he-
patocytes accounts for this highly ef®cient oxygen
extraction. Hepatic blood ¯ow increases following
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ingestion of a meal, largely due to an increased ¯ow in
the portal vein.

Capacitance Function

The liver represents the most important blood res-
ervoir in human. It contains approximately 15% of the
total blood volume of the body. Hepatic blood volume
can nearly double when right atrial pressure is elevated.
The capacitance function of the liver plays an important
role during hemorrhage. After moderate blood loss, ac-
tivated sympathetic nerves constrict the hepatic venules
and expel enough blood to compensate for as much as
25% of the hemorrhage.

INTESTINAL CIRCULATION

Introduction

The blood circulation plays an important role in the
support of intestinal functions, such as propulsion of
chyme and assimilation of ingested nutrients. Intrinsic
regulatory mechanisms allow the intestine to adjust the
distribution of blood ¯ow between the muscular and
mucosal layers in accordance with local metabolic
needs. An extensive network of collateral channels
within and external to the gut wall helps to ensure ad-
equate intestinal blood ¯ow.

Anatomy

The small intestine receives blood primarily from
the numerous vascular arcades arising from the superior
mesenteric artery. The arterial arcades are connected by
extensive collateral channels both within the mesentery
(extramural) and within the bowel wall proper (intra-
mural). The major arterial vessels supplying the mu-
cosa, submucosa, and muscularis emerge from an
arterial plexus within the submucosa. The submucosa
proper has a very sparse vascular supply. The arterioles
entering the muscle layer branch into capillaries run-
ning parallel to the muscle ®bers. The mucosal villi are
supplied by a single arteriole running centrally to the tip
where the vessel branches into a fountain-like pattern of
capillaries that drain into the centrally located vein. The
venous drainage of the mucosa and muscularis empties
into large veins within the submucosa. These veins enter
the mesentery in parallel to the arterial arcades of the
superior mesenteric artery and eventually drain into the
portal vein.

Hemodynamics

Intestinal blood ¯ow accounts for 10ÿ15% of the
resting cardiac output (500ÿ750 ml/min) in the adult

human. There appears to be an oral-to-anal gradient in
blood ¯ow (milliliters per gram of tissue) along the
small intestine. In the resting state, approximately
65% of the total intestinal blood ¯ow is directed to
the mucosa, 25% to the muscularis, and the remainder
to the submucosa. This distribution of ¯ow within the
bowel wall is usually attributed to the greater metabolic
demand of the mucosa. Stimulation of mucosal epithel-
ial transport processes favors improved mucosal perfu-
sion, whereas enhanced motor activity redistributes
blood ¯ow to the muscle layers.

Blood Flow Regulation

Extrinsic control of intestinal blood ¯ow is exerted
by neural and humoral factors. Activation of para-
sympathetic nerves usually results in vasodilation (in-
creased blood ¯ow) mediated by acetylcholine.
Sympathetic nerve stimulation elicits vasoconstriction
(decreased blood ¯ow) that is mediated by nor-
epinephrine. This a-adrenergic vasoconstriction is
short-lived because intestinal arterioles escape from
the constrictor in¯uence of norepinephrine, resulting
in partial restoration of normal blood ¯ow (auto-
regulatory escape). Local release of adenosine appears
to mediate this autoregulatory escape. Hormones such
as vasoactive intestinal peptide, cholecystokinin, and
secretin can induce vasodilation and increase blood
¯ow, whereas angiotensin II and vasopressin are potent
constrictors of intestinal arterioles. Indeed, a large pro-
portion of basal vascular tone in the intestine can be
attributed to circulating angiotensin II and vasopressin.

Intrinsic control of intestinal blood ¯ow is mediated
by both metabolic and nonmetabolic factors. Ingestion
of a meal results in an increase in both intestinal oxygen
consumption and blood ¯ow. The postprandial hyper-
emia is directly coupled to the increase in intestinal
oxygen consumption. For any given increase in oxygen
consumption, the greater the initial oxygen extraction,
the greater the postprandial hyperemia. If the initial
oxygen extraction is low, then the postprandial hyper-
emia is minimal and the increased oxygen demand is
met primarily by an increase in oxygen extraction. The
opposite holds if the initial oxygen extraction is high.

The postprandial hyperemia is con®ned to that seg-
ment of intestine directly exposed to chyme; segments
distal to the bolus of chyme have normal resting blood
¯ow. Of the hydrolytic products of food digestion, lu-
menal glucose and oleic acid are capable of eliciting an
intestinal hyperemia. Intralumenal glucose presumably
elicits a hyperemia due to stimulation of absorptive pro-
cesses, since 2-deoxyglucose (which is not absorbed)
does not elicit a hyperemia. The glucose-induced
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hyperemia is mediated by metabolic factors, such as low
tissue pO2, and adenosine release. The same metabolic
factors contribute to the oleic acid-induced functional
hyperemia; however, a portion of the hyperemia can be
attributed to oleic acid-induced irritation of the mucosa,
which is linked to local release of vasoactive intestinal
peptide. The importance of active transport of nutrients
to the postprandial hyperemia is best exempli®ed by the
differential responses of the jejunum and ileum to lu-
menal bile or bile salts. In the jejunum, bile does not
elicit a hyperemia, whereas in the ileum (where bile salts
are actively transported), lumenal bile produces a pro-
found hyperemic response.

Pathophysiology

Occlusion of a major intestinal artery does not result
in the expected reduction in intestinal blood ¯ow. In
adult animals, occlusion of a branch of the superior
mesenteric artery results in only a 30ÿ50% reduction
in intestinal blood ¯ow, which is attributed to the ex-
tensive network of intramural and extramural collateral
channels. In neonatal animals, which have less devel-
oped collateral channels, a similar arterial occlusion
reduces intestinal blood ¯ow by 70%. This may explain
why the neonatal intestine is more vulnerable to ische-
mic necrosis than adult intestine.

Reperfusion of the ischemic intestine exacerbates
the microvascular dysfunction and tissue injury in-
curred during ischemia. The reperfusion-induced intes-
tinal pathology is comparable to that observed during an
intense in¯ammatory response. The reintroduction of
oxygen upon reperfusion results in the local formation
of oxygen radicals, which in turn initiate a series of
events that promote the recruitment and activation of
neutrophils. Extravasated neutrophils release a variety
of proteases and reactive oxygen metabolites that me-
diate the mucosal dysfunction and epithelial necrosis
induced by ischemia and reperfusion.

PANCREATIC CIRCULATION

Introduction

The pancreas has both exocrine and endocrine func-
tions. The endocrine functions of the pancreas are lo-
calized to the islet cells and the secretory functions are
localized to the ducts and acini. The human pancreas
can secrete approximately 1 liter of juice every 24 h. The
water and electrolytes delivered to pancreatic juice are
ultimately derived from the blood. Thus, the pancreas
controls its blood ¯ow to cope with the demands of basal
secretion and makes adjustments (arteriolar dilation) to

ensure an adequate supply of blood ¯ow to maintain
maximal secretion. The hormones secreted by the islet
cells modulate exocrine function.

Anatomy

The pancreas is supplied by arterial blood from two
sources: the superior mesenteric artery and the celiac
artery. The arteries entering the gland proper are the
inferior pancreaticoduodenal artery (from the superior
mesenteric artery) and the superior pancreaticoduo-
denal artery and branches of the splenic artery (from
the celiac artery). Within the pancreas, arterioles supply
the three functional components of the gland: the
acini, ducts, and islets. The blood draining all three
plexi drains into either the splenic vein or the superior
mesenteric vein, which ultimately empty into the
portal vein.

Portal Circulation

There is also an extensive portal system within the
pancreas. Blood vessels draining the capillary plexus
within the islets of Langerhans empty into the acinar
and ductal plexi. Blood vessels draining the acinar cap-
illary plexus perfuse the ductular plexus.

The functional signi®cance of this intrapancreatic
portal circulation is that the hormones secreted by
the islets reach the exocrine portion of the gland (the
acini and ducts) at very high concentrations. Virtually
all of the peptides and hormones secreted by the islets
exert an in¯uence on pancreatic secretion. This can be
attributed to the low molecular weight of these hor-
mones and peptides, which allows them to readily ®lter
across the fenestrated capillaries surrounding the acini
and ducts.

Blood Flow Regulation

Pancreatic blood ¯ow doubles after a meal. The
kallikreinÿkinin system, cholinergic and purinergic
neurotransmitters, and gastrointestinal hormones
(cholecystokinin and secretin) have all been implicated
in postprandial hyperemia. The hyperemia-associated
increase in pancreatic oxygen delivery appears to be
linked to the increased metabolic demand imposed
on the pancreas by the stimulated secretory processes.
The postprandial hyperemia also provides the addi-
tional ¯uid that accompanies the enhanced electrolyte
transport in pancreatic acini and ducts. The arteriolar
dilation elevates pancreatic capillary hydrostatic
pressure, which drives ¯uid across the capillaries into
the interstitial spaces surrounding the ductal epithe-
lium. The importance of these vascular adjustments
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postprandially is underscored by the fact that during
periods of maximal stimulation, the pancreas can
secrete its weight in juice in less than 30 min.

See Also the Following Articles

Hepatic Circulation � Liver, Anatomy � Pancreas, Anatomy �
Small Intestine, Anatomy � Stomach, Anatomy
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Cirrhosis
IAN R. WANLESS

University of Toronto

adhesion Close approximation of portal tracts and hepatic

veins. Adhesions indicate that loss of parenchyma has

occurred, usually through the process of extinction.

parenchymal extinction Process of focal loss of hepatocytes,

usually by a mechanism of ischemia. An extinction lesion

is the histologic product of this process.

regression Process of return of liver parenchyma toward a

normal histologic appearance, as in `̀ regression of

cirrhosis.''

remnant Residual visible structure of a portal tract or hepatic

vein after injury and repair.

septum Linear ®brous array that subdivides the parenchyma.

Septa are actually planes when seen in three dimensions.

stellate cell Facultative ®broblast residing in the suben-

dothelial space of sinusoids.

Cirrhosis is de®ned anatomically as a condition in which

®brous septa subdivide the hepatic parenchyma into re-

sidual masses with a nodular con®guration. The septa are

widespread throughout the liver. Cirrhosis develops in-

crementally with the accumulation of local scars. Thus, in

early or focal disease, the diagnosis of cirrhosis depends

on arbitrary quantitative limits.

PATHOGENESIS OF CIRRHOSIS

There are two basic mechanisms for the deposition of
collagen, stellate cell activation and parenchymal
extinction, and each is associated with a distinct histo-
logic pattern of ®brosis. Both are generally initiated by
hepatocellular injury.

Stellate Cell Activation

Stellate cells are quiescent ®broblasts that normally
reside in sinusoidal walls within the subendothelial
space of Disse. Stellate cells are activated by in¯amma-
tory mediators to commence collagen synthesis.
Simultaneously, there occurs activation of tissue
metalloproteinases that degrade collagen. When stellate
cells are activated in low-grade disease, the collagen is
deposited as delicate ®bers in the sinusoidal walls, caus-
ing what is known as sinusoidal, or pericellular, ®brosis.
This is most easily appreciated in the perivenular re-
gions (Rappaport zone 3). It has been demonstrated in

experimental animals that sinusoidal ®brosis is rapidly
removed within weeks of the cessation of injury.

Parenchymal Extinction

Parenchymal extinction is de®ned as the loss of a
contiguous group of hepatocytes (Fig. 1). Lesions may
be small, involving a few hepatocytes, or larger, involv-
ing many acini or even a whole lobe. Extinction occurs

FIGURE 1 Pathology of cirrhosis. (A) Micronodular cirrhosis

caused by hepatitis C virus. (B) Alcoholic cirrhosis with regional

parenchymal extinction seen as small irregular right lobe with

®brous thickening of the capsule (small arrow). The caudate

lobe is hypertrophied (large arrow). (C) Mixed cirrhosis from

hepatitis C with a small hepatocellular carcinoma (arrow).

(D) Alcoholic cirrhosis with an irregular macronodular pattern.

There are delicate septa on the right and broad septa on the left.

Macronodular cirrhosis caused by alcohol is found after a long

period of inactive disease and remodeling. (E) Cirrhosis with

uniform septa of moderate thickness (Masson trichrome).

(F) Needle biopsy of a cirrhotic liver showing almost no ®brosis

(Masson trichrome). (G) Close-up of F, showing that fracture

planes along septa are smooth and curved (small arrow) whereas

fractures in non®brotic areas (large arrow) are irregular.
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by a mechanism of ischemia secondary to obstruction of
veins or sinusoids. After parenchyma collapses, adjacent
regeneration compresses the collapsed regions into lin-
ear membranes recognized as septa. Large lesions are
recognized by regions with closely approximated portal
tracts separated only by collapsed stroma and ®brosis.
Small lesions are identi®ed by the close approximation
of a small hepatic vein and its adjacent portal tracts (an
adhesion).

A number of important consequences arise from the
concept of parenchymal extinction: (1) although usu-
ally initiated by hepatocellular injury, extinction results
when the circulation in a region fails, (2) each lesion of
extinction has a natural evolution during the healing
process, (3) cirrhosis is the accumulated result of a large
number of independent and discrete lesions, and (4) the

morphology of the cirrhosis is determined by the size
and location of the vascular occlusion events as well as
the degree of healing (regression) of each extinction
lesion. The obstruction of small veins is a bystander
event in response to local parenchymal injury. Throm-
bosis is most important in larger vessels, where local
parenchymal in¯ammation is unlikely to damage the
veins.

Natural History of Cirrhosis

The morphology of cirrhosis is determined by the
amount of time that has elapsed from the onset of pa-
renchymal extinction (Figs. 2 and 3). If active injury
continues, new lesions of extinction will coexist with
old lesions. If the primary disease is inactive and remote,

FIGURE 2 Diagrammatic depiction of tissue remodeling in chronic hepatitis (AÿF) and in

alcoholic liver disease (GÿL) during the development and regression of cirrhosis. (A and G) Normal

acini; the sequence of events leading to small regions of parenchymal extinction is shown in panels

BÿF and HÿL. Obstructed veins are shown as black circles. (B) Obliteration of small portal and

hepatic veins occurs early in the development of cirrhosis in response to local in¯ammatory damage.

The supplied parenchyma becomes ischemic. (C and D) Ischemic parenchyma shrinks and is re-

placed by ®brosis (process of extinction). The shrinkage is accompanied by close approximation of

adjacent vascular structures. (E) Septa are deformed and stretched by unsymmetrical expansion of

regenerating hepatocytes. (F) Fibrous septa are resorbed. They become progressively thinner and

then perforate before disappearing. Small residual tags may extend from portal tracts. Trapped portal

structures and hepatic veins are released from the septa and are recognizable as deformed remnants

that are irregularly distributed. Residual hepatic veins are often described as ectopic. Note the

absence of portal veins. In alcoholic disease (GÿL), the sequence of events may differ from that

of other forms of chronic liver disease. (H) Sinusoidal ®brosis is often prominent, with a pericellular

pattern of ®brosis prior to the development of parenchymal collapse. (I and J) In¯ammation and

®brosis lead to hepatic and portal vein obliteration with secondary condensation of preformed

sinusoidal collagen ®bers into a septum. (K and L) After prolonged periods of inactivity, sinusoidal

®brosis and septa are resorbed. Modi®ed with permission from Wanless et al. (2000) and Wanless

(2003).
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the liver will contain only lesions in late stages of repair.
Fresh extinction lesions are represented by bridging
necrosis in highly active hepatitis or milder lesions of
focal congestion and apoptosis in mild hepatitis.

Once cirrhosis has developed, the hepatic blood ¯ow
is chaotic and sluggish. Portal vein ¯ow may be biphasic
or continuously retrograde. In addition, loss of antico-
agulant function and prothrombotic effects of sepsis and
cholestasis may contribute to the increased risk of
thrombosis of the hepatic and portal vein. Portal vein
thrombosis is found in up to 40% of cirrhotic livers
examined at transplantation. Thrombosis of medium
or large hepatic veins causes large regions of extinction
to occur, explaining the markedly irregular capsular

shapes found in a third of livers with late-stage cirrhosis
(Fig. 1).

After primary liver disease goes into remission
or is successfully treated, old extinction lesions (septa
and adhesions) predominate. Fibrosis is progressively
removed so that broad septa become delicate and del-
icate septa become incomplete and may even disappear.
Frequent residual lesions are recognized as delicate
®brous spurs on portal tracts. Given suf®cient time,
micronodular cirrhosis may remodel into macronodu-
lar cirrhosis, incomplete septal cirrhosis, and eventually
nearly normal livers. After portal tracts are released
from septa, they often lack portal veins so that the post-
regression liver is largely supplied by arteries. These

Focal 
Parenchymal

Extinction

FIGURE 3 Summary of the factors that determine that natural history of chronic liver disease.

There are ®ve principal classes of disease leading to chronic liver disease (light gray boxes). Most

patients with chronic liver disease have hepatocellular injury. This may lead to local activation of

stellate cells and sinusoidal ®brosis that is largely reversible. Those patients developing obliter-

ation of vessels, especially small hepatic veins (HV), develop lesions of parenchymal collapse

(extinction) that heal as ®brous septa. When septa are numerous, the histologic features of

cirrhosis are present. Biliary disease and rheumatoid disease are associated with predominant

portal tract disease. Rheumatoid disease usually affects the portal vessels (PV), leading to mul-

tifocal atrophy of parenchyma with minimal or no ®brous septation, a condition recognized as

nodular regenerative hyperplasia. In biliary disease, portal in¯ammation is an early event, leading

to portal tract ®brous expansion and sometimes presinusoidal portal hypertension; zone 3 cho-

lestasis occurs later, leading to bile salt injury of small hepatic veins. Thus, the order of vascular

events is different but accumulation of extinction lesions eventually leads to cirrhosis. The out-

come depends on the time course of disease activity (dark gray boxes). If injury ceases, regression

occurs, because all extant lesions heal and new lesions do not appear. If injury continues, new

lesions develop and there is progressive collapse and ®brosis, either from the continuing primary

injury, secondary thrombotic events, or secondary bile salt injury to hepatic veins. NASH, Non-

alcoholic steatohepatitis.
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®ndings explain residual portal hypertension in patients
with such livers. The major impediments to the revers-
ibility of cirrhosis are continuing primary activity, sec-
ondary thrombosis, cholestatic decompensation, and
the arterialized state of the liver.

ANATOMIC SUBTYPES

Several recognized patterns of cirrhosis can be under-
stood, from this introduction, to depend on the severity
of the underlying liver disease and the duration of in-
activity prior to examination (Table I). The main types
of cirrhosis are micronodular and macronodular; the
former type has most nodules less than 3 mm in diam-
eter and the latter type has most nodules greater that
3 mm in diameter. The World Health Organization
(WHO) classi®cation also de®nes a mixed category in
which the nodules are both larger and smaller than
3 mm. Mixed cirrhosis is often found in primary biliary
cirrhosis and primary sclerosing cholangitis. Incom-
plete septal cirrhosis is a highly regressed form of cir-
rhosis often associated with portal hypertension but
normal hepatocellular function. Incomplete septal cir-
rhosis and noncirrhotic portal hypertension often rep-
resent late stages of regression. Portal vein thrombosis is
often the complication that leads to portal hypertension
in these cases, many of which would otherwise escape
clinical attention.

Cirrhosis with regional parenchymal extinction,
usually with severe micronodular cirrhosis, is a form
of cirrhosis in which large contiguous regions of col-
lapse and ®brosis have occurred (Fig. 1). This may be
confused with postnecrotic cirrhosis, which is the ®-
brotic stage of severe acute hepatitis occurring with
large contiguous regions of extinction. Because many
of these patients have hepatic failure and jaundice, these
livers are usually severely cholestatic.

EVALUATION OF LIVER SPECIMENS

Accuracy in staging liver disease depends on observer
and sampling errors. Observer error can be minimized if
the pathologist has complete knowledge of the clinical
situation and a clear understanding of the natural his-
tory of the diseases within the differential diagnosis.
Sampling error is impossible to avoid entirely, because
the de®nition of cirrhosis requires involvement of the
entire liver and the biopsy represents only a small por-
tion of the total. Also, ®brosis in chronic liver disease is
concentrated into ®brous septa that are not distributed
uniformly. Sampling error depends on the character
of the liver disease and is greatest in those diseases
having a low density of diagnostic lesions in the tissue.
In macronodular cirrhosis, the septa may be more than
1 cm apart, so that a small-needle biopsy may not have
any septa. In contrast, a biopsy 1ÿ2 mm in length may
be suf®cient for the diagnosis of micronodular cirrhosis.
In one study, agreement of stage and corrected sinusoi-
dal pressure was poor for biopsies less than 1.5 cm
in length. Transjugular biopsies are generally smaller
than percutaneous biopsies in both length and width.
However, the advantage of a transjugular biopsy is the
opportunity to obtain simultaneously a measurement
of portal pressure.

Resection specimens should be examined for
weight, color, thickened capsule, relative size of the
lobes, regional parenchymal collapse, and patency of
ducts, vessels, and any prosthetic stents. Uncomplicated
cirrhosis is usually very uniform in appearance. Any
heterogeneity should prompt extra sampling of vessels
and ducts to discover the cause. Nodules with variance
of size, color, or texture may be an indication of neo-
plasia. Dilated paraumbilical veins or severe congestion
of nodules may correlate with Doppler evidence of re-
versed portal vein ¯ow.

Staging Systems

Many staging systems are in wide use, including the
METAVIR and Ishak systems, applicable for most forms
of chronic liver disease, and the Scheuer and Ludwig
systems for chronic biliary disease. These systems vary
in the number of categories (0 to 4, 0 to 6, or 1 to 4) and
the category de®nitions. These systems do not provide
categories for the different severities of cirrhosis. The
Laennec system attempts to standardize staging for all
chronic liver disease on a scale of 0 to 4, with cirrhosis
being grade 4 (Table II). An extension divides cirrhosis
into subgrades 4A, 4B, and 4C, in recognition of the
variable severity among cirrhotic livers. The de®nitions
of each grade are based on the number and width of

TABLE I Anatomic Classi®cation of Cirrhosis and

Related Forms of Chronic Liver Disease

Micronodular cirrhosis

Macronodular cirrhosis

Mixed cirrhosis

Biliary cirrhosis

Pigmentary cirrhosis (hemochromatosis)

Cirrhosis with regional parenchymal extinction

Postnecrotic cirrhosis (subacute massive necrosis)

Incomplete septal cirrhosisa

Highly regressed cirrhosisa

a Noncirrhotic portal hypertension occurs with these forms.
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®brous septa. This simpli®cation decreases the oppor-
tunity for interobserver variation. The expanded scale
allows quanti®cation of changes with time in patients
with cirrhosis. As with other systems, the Laennec sys-
tem also reports grade of activity on a scale of 0 to 4,
as well as noting etiology-speci®c features.

Stage should be estimated with a connective tissue
stain.Whenthepresenceofaseptumisuncertain,curved
contours in the tissue may assist identi®cation. Because
all biopsies are susceptible to sampling errors, some
measure of diagnostic certainty should be recorded,
including comments on the size, fragmentation, and
technical quality of a biopsy. When faced with a biopsy
of regressed cirrhosis in which there are no visible septa,
detection of obliterated veins may distinguish the biopsy
from normal. Immunostain for CD34 may detect arter-
ialized sinusoids that would otherwise appear normal.

Evaluation of Etiology

Although etiology is increasingly being determined
by serological and other laboratory tests, the biopsy
often provides important information. This is especially
true when laboratory results are mildly abnormal or
con¯icting, or when more than one disease process is
present.

Chronic Hepatitis

Chronic hepatitis is characterized by an in®ltrate of
lymphocytes with variable numbers of plasma cells. The
in®ltrate is both portal and parenchymal. In portal

tracts, the in®ltrate may be diffuse or concentrated in
lymphoid aggregates. The parenchymal in®ltrate is dif-
fuse, involving all zones. In low-grade disease (activity
grade 1), the in®ltrate is not accompanied by visible
necrosis. Mild to moderate disease (activity grades 2
and 3) is accompanied by acidophilic bodies and
focal dropout of hepatocytes. In severe disease (activity
grade 4), there is contiguous dropout that may span
portal and venular regions (bridging necrosis). Activity
at the portalÿparenchymal interface is often called
`̀ piecemeal'' necrosis or interface hepatitis; because
this activity correlates with activity elsewhere in the
parenchyma, its presence has no special signi®cance.

Chronic hepatitis is most often caused by hepatitis B
virus, hepatitis C virus, autoimmune hepatitis, and,
rarely, by Wilson's disease or drug reactions. These
forms of hepatitis usually cannot be distinguished his-
tologically so that the diagnosis is made by serological or
clinical features. Cytoplasmic inclusions of hepatitis B
surface antigen, as detected by the presence of ground
glass cells or immunohistochemical staining, are diag-
nostic of hepatitis B. Untreated autoimmune hepatitis is
usually more active, compared to the other types.
Plasma cells may be found in chronic hepatitis of any
etiology but are more consistently prominent in auto-
immune hepatitis. The pattern of ®brosis varies with the
activity of the disease. Hepatitis C, as a low-grade dis-
ease, usually involves only the smallest hepatic veins
and thus the individual extinction lesions are small
but involve a large percentage of hepatic veins by the
time cirrhosis is present. The resulting cirrhosis is
micronodular. Hepatitis B and autoimmune hepatitis

TABLE II Laennec Scoring System for Grading Fibrosis in Liver Biopsies

Grade Name

Criteria (septa thickness

and number) Descriptive examples

0 No de®nite ®brosis Ð Ð

1 Minimal ®brosis �/ÿ No septa or rare thin septum; may have portal

expansion or mild sinusoidal ®brosis

2 Mild ®brosis � Occasional thin septa; may have portal expansion

or mild sinusoidal ®brosis

3 Moderate ®brosis �� Moderate thin septa, up to incomplete cirrhosis

4A Cirrhosis, mild, de®nite,

or probable

��� Marked septation with rounded contours or visible

nodules; most septa are thin (one broad septum

allowed)

4B Moderate cirrhosis ���� At least two broad septa, but no very broad septa

and less than half of biopsy length composed of

minute nodules

4C Severe cirrhosis ����� At least one very broad septum or more than half

of biopsy length composed of minute nodules

(micronodular cirrhosis)

aModi®ed from Wanless and Crawford (2003).
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involve larger hepatic veins so that larger extinction
lesions occur, leading to cirrhosis with fewer such le-
sions (and more spared hepatic veins) and thus a ma-
cronodular pattern.

Fatty Liver Disease

Fatty liver disease is commonly caused by alcohol
abuse or metabolic states with hyperinsulinemia, as seen
in obesity or type 2 diabetes mellitus. Fatty liver disease
is characterized by macrovesicular steatosis. Progres-
sive disease activity involves steatohepatitis, de®ned
by steatosis plus evidence of active or past necrosis.
The minimum requirement for a diagnosis of steato-
hepatitis is debated. A reasonable de®nition would be
steatosis with ballooning and one other feature of activ-
ity, such as Mallory bodies, pigmented macrophages in
zone 3, or neutrophilic in®ltrate. Fibrosis may be an
indicator of previous steatohepatitis. In this setting,
the ®brosis characteristically deposits in the walls of
zone 3 sinusoids. Small hepatic veins are obliterated
with focal collapse and approximation of small portal
tracts and adjacent veins. When larger regions of paren-
chyma collapse, broad ®brous septa develop. The same
sequence of events occurs with chronic viral disease,
thus sinusoidal ®brosis is not pathognomonic of fatty
liver disease.

Alcoholic and nonalcoholic fatty liver disease are
often identical in histologic appearance, though gener-
ally alcoholic hepatitis is more active compared to non-
alcoholic steatohepatitis. Low-grade steatohepatitis
often occurs in patients with chronic hepatitis C and
may be related to obesity in these patients. After onset of
cirrhosis, the fat and activity tend to decline, making
histologic diagnosis of fatty liver disease dif®cult in the
late stages.

Biliary Disease

Chronic biliary disease is caused by long-standing
obstruction of bile ducts, by cholestatic drug reactions,
and, in children, by genetic abnormalities involving
transport proteins. Large duct obstruction lasting
many months can result in cirrhosis, though this seldom
happens because of surgical intervention. In adults, the
frequent causes leading to cirrhosis are primary biliary
cirrhosis and primary sclerosing cholangitis. In primary
biliary cirrhosis, there is in¯ammatory destruction of
ducts less than 40 mm in diameter and these lesions
are easily seen in needle biopsies. In primary sclerosing
cholangitis, there is in¯ammation and ®brosis in the
ducts larger than 0.4 mm; these lesions are seldom
seen in small biopsies. In this disease, the ducts have
concentric ®brosis called `̀ onion-skinning.'' In cystic

®brosis, there are eosinophilic inclusions in the lumina
of small ducts and occasionally ®brous strictures in large
ducts. When duct lesions are not available for exami-
nation, chronic biliary disease can be suspected by
prominent ®brous expansion of portal tracts accompa-
nied by swelling of periportal hepatocytes (feathery de-
generation), often with periportal Mallory bodies and a
ductular reaction characterized by ductular prolifera-
tion, portal edema, and neutrophilic in®ltration. In ad-
dition, there may be bile-stained hepatocytes, clusters of
foamy or bile-stained macrophages, and liver cell
rosettes. Ductular proliferation alone is not a reliable
indicator of biliary disease because it may be a manifes-
tation of regeneration in nonbiliary diseases.

Fibrosis in biliary disease is topographically variable
and correlates with regions of high-grade duct obstruc-
tion. This correlation is most easily seen in primary
sclerosing cholangitis and cystic ®brosis, in which
whole segments may undergo extinction distal to
sites of obstruction.

Metabolic Diseases

Many uncommon or rare metabolic diseases may
result in cirrhosis. In the adult, metal accumulation is
a frequent ®nding. Iron and copper are deposited in the
liver in hemochromatosis and Wilson's disease, respec-
tively. The overload is usually genetically determined
but may be acquired through ingestion or, in the case of
iron, by transfusion. Both metals are thought to injure
hepatocytes by catalyzing generation of free radicals.
These metals may be detected by histochemistry and
the genetic predisposition can be determined by molec-
ular analysis of the genome. Even large amounts of iron
cause very slow progression of ®brosis and this progres-
sion is often enhanced by coincidental risk factors, such
as steatohepatitis or viral infection. Iron and copper may
accumulate in severe cirrhosis of any etiology and there-
fore their presence is not diagnostic of hemochromato-
sis or Wilson's disease. Copper stain is often negative in
Wilson's disease, so quantitative copper content in the
biopsy should be considered.

Congestive Cirrhosis

Congestive heart failure causes sinusoidal dilatation
and mild hepatocellular atrophy. Fibrosis develops
when local thrombosis causes obliteration of small he-
patic veins. The ®brosis is therefore focal and is called
cardiac sclerosis; complete cirrhosis does not occur
from congestive failure alone.

Thrombosis of all three main hepatic veins causes
hepatic enlargement and ascites (BuddÿChiari syn-
drome) with a markedly congested liver. The congestion
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and ®brosis are topographically variable, with a domi-
nant venocentric (reversed nodularity) pattern of necro-
sis and ®brosis. Secondary portal vein thrombosis is
found in 20% of patients with BuddÿChiari syndrome.
This event may cause the cirrhosis to remodel into a
venoportal pattern of ®brosis, with portal tracts incor-
porated into the ®brous septa in a fashion similar to the
more frequent types of cirrhosis. Early BuddÿChiari
syndrome has obvious congestion on biopsy, with
marked sinusoidal dilatation, hemorrhage into the
liver cell plates, and sometimes infarcts. Late congestive
cirrhosis may be similar to other forms of cirrhosis, and
examination of medium to large hepatic veins may be
necessary to con®rm the diagnosis.

Venoocclusive disease begins as necrosis of sinusoi-
dal endothelial cells with secondary ®brous obliteration
of small hepatic veins. This disease occurs in response to
radiomimetic drugs in preparation for bone marrow
transplantation and rarely in response to ingestion of
pyrrolizidine alkaloids from bush tea or contaminated
bread.

See Also the Following Articles

Alcoholic Liver Injury, Hepatic Manifestations of � Alcohol

Metabolism � Autoimmune Liver Disease � BuddÿChiari

Syndrome � Cholestatic Diseases, Chronic � Fibrogenesis
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Thrombosis � Wilson's Disease
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homocysteine An amino acid that is converted to methionine

with cobalamin as cofactor. Cobalamin de®ciency leads

to increased levels of homocysteine, which is used to

diagnose cobalamin de®ciency.

megaloblastic anemia Anemia characterized by peripheral

macrocytosis (mean cell volume4 100 fL) and bone

marrow containing megaloblasts due to impaired DNA

synthesis. Cobalamin de®ciency along with folate

de®ciency leads to megaloblastic anemia.

methylmalonic acid (MMA) A metabolite of methylmalonyl-

coenzyme A1 that is excreted in the urine. Cobalamin

de®ciency leads to the accumulation of MMA; measure-

ment of MMA in plasma is utilized for the diagnosis of

cobalamin de®ciency.

pernicious anemia Cobalamin de®ciency due to the absence

of intrinsic factor required for absorption of cobalamin.

This de®ciency leads to megaloblastic anemia.

vitamin B12 Cyanocobalamin used as a vitamin preparation

therapeutically.

Cobalamin is a complex organometallic compound, which

is composed of a tetrapyrrolic ring structure in the center

of which is a cobalt ion. Cobalamin can be synthesized

only by bacteria. It is incorporated into the food chain by

certain animals, mainly herbivores, which then act as a

source of nutrients for other animals. Liver, kidney, beef,

®sh, shell®sh, eggs, and milk and other dairy products

provide most of the cobalamin in a normal diet. The min-

imum daily requirement of cobalamin is approximately

2.5 mg. Cobalamin plays a critical role in cellular DNA

synthesis, and its de®ciency leads to anemia, neurologic

disease, and other manifestations.

INBORN ERRORS OF
COBALAMIN METABOLISM

Several inborn errors of Cbl metabolism have been de-
scribed, each of which produces a distinct form of co-
balamin, which in turn produces a clinical syndrome.
These intracellular errors of cobalamin metabolism can
be classi®ed as follows:

1. Defective synthesis of adenosylcobalamin causing
methylmalonic aciduria: intramitochondrial cobala-
min reductase de®ciency and intramitochondrial
cobalamin transferase de®ciency.

2. Defective synthesis of methylcobalamin causing
hyperhomocysteinemia: cytosolic methionine
synthase reductase defect and defective methionine
synthase.

3. Defect of both adenosyl- and methylcobalamin
synthesis, causing both methylmalonic aciduria
and hyperhomocysteinemia: cytosolic cobalamin
reductase defectÐearly onset; cytosolic cobalamin
reductase defectÐlate onset; and defective cobala-
min lysosomal ef¯ux.

ETIOLOGY OF
COBALAMIN DEFICIENCY

Dietary Intake

The dietary intake of cobalamin is usually adequate
in people consuming at least dairy products. However,
in true vegans and their breast-fed infants, dietary intake
of cobalamin is insuf®cient and these individuals are at
risk of developing cobalamin de®ciency unless they re-
ceive supplementation. In addition, women who are
only moderate vegetarians may become cobalamin de-
®cient during pregnancy and lactation.

Gastrointestinal Diseases

In most cases, de®ciency of cobalamin is due to
malabsorption. Malabsorption can result from abnor-
malities at several levels.

Stomach

Defective release of cobalamin from food For
the release of cobalamin bound tightly to proteins in
food, acid and pepsin in the stomach are essential. Peo-
ple who are achlorhydric, often the elderly, are com-
monly unable to release cobalamin from food sources,
but they can absorb crystalline B12, which is found in
multivitamin preparations. Only a minority of people
with this defect develop frank cobalamin de®ciency,
but many have biochemical changes including low levels
of plasma cobalamin and high levels of MMA and
homocysteine. Patients on drugs that suppress gastric
acid production, such as proton pump inhibitors, may
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also have a defect in cobalamin release from the food
sources, but Cbl de®ciency in such patients is very rare.

Pernicious anemia Pernicious anemia is consid-
ered to be the most common cause of cobalamin de®-
ciency. The cobalamin de®ciency is caused by the
absence of intrinsic factor because of either atrophy
of the gastric mucosa or autoimmune, cytotoxic
T-cell-mediated destruction of parietal cells. It is
most common in individuals of northern European de-
scent and African Americans and is least common in
Asians and southern Europeans. Patients with perni-
cious anemia have circulating antibodies to parietal
cell antigens (90%) and to IF (60%).

Postgastrectomy Cobalamin de®ciency develops
following total gastrectomy or extensive damage to the
gastric mucosa. Due to lack of IF, oral intake of B12 is
ineffective and parenteral administration of B12 is
essential to prevent cobalamin de®ciency.

Helicobacter pylori Some studies have suggested
a link between infection with Helicobacter pylori and
cobalamin de®ciency.

Intestine

Small intestinal colonization with bacteria Any
condition leading to small intestinal colonization with
bacteria (bacterial overgrowth) can cause cobalamin
de®ciency. This occurs due to utilization of dietary
cobalamin by the bacteria. Intestinal blind loops,
strictures, diverticula, and pseudo-obstruction are
associated with bacterial overgrowth of the small
intestine.

Ileal abnormalities Any condition leading to a
defect in the absorptive capacity of the distal ileum
can lead to cobalamin de®ciency. Cobalamin de®ciency
is seen in regional enteritis (Crohn's disease), tropical
sprue, gluten-sensitive enteropathy, Whipple's disease,
tuberculosis, and resection of distal ileum.

CLINICAL MANIFESTATION OF
COBALAMIN DEFICIENCY

The clinical features of cobalamin de®ciency are
megaloblastic anemia, neurological changes, and
hyperhomocysteinemia. The major hematologic ®nding
is a megaloblastic anemia with elevated serum bilirubin
and lactate dehydrogenase levels that re¯ect the in-
creased red blood cell breakdown due to ineffective
erythropoiesis. The peripheral blood smear shows
macrocytes, occasionally megaloblasts, and hyperseg-
mented neutrophils (greater than 5% of neutrophils
with ®ve or more lobes or 1% with six or more
lobes). Bone marrow aspiration and biopsy reveal a
very hypercellular marrow with megaloblastic erythroid

hyperplasia and giant metamyelocytes. The inadequate
conversion of deoxyuridate to thymidylate, which leads
to slowing of DNA synthesis and delayed nuclear mat-
uration, and methionine de®ciency play a central role in
these abnormalities.

The neurologic features of cobalamin de®ciency
consist of the classic picture of subacute combined de-
generation of the dorsal and lateral spinal columns,
which is due to a defect in myelin formation by an un-
known mechanism. The neuropathy is symmetrical and
affects the legs more than the arms. It begins with par-
esthesias and ataxia associated with loss of vibration and
position sense and can progress to severe weakness,
spasticity, clonus, paraplegia, and even fecal and urinary
incontinence.

Cobalamin and folate are essential for the metabo-
lism of homocysteine and de®ciency of either leads to
hyperhomocysteinemia, which is recognized as an in-
dependent risk for cardiovascular disease, atherosclero-
sis, and venous thromboembolism. It appears that mild
de®ciency of cobalamin, which may not be recognized
as classic cobalamin de®ciency due to a lack of
hematologic features, may cause elevation of plasma
homocysteine and risk for atherosclerosis and throm-
boembolism. The optimum plasma cobalamin levels to
achieve an optimum plasma homocysteine level are not
de®ned. Furthermore, there are ethnic differences in the
association between plasma levels of cobalamin and
homocysteine. Several clinical trials are in progress to
assess the role of vitamin B12 supplementation in
lowering plasma homocysteine and its impact on car-
diovascular disease event and mortality.

DIAGNOSIS OF
COBALAMIN DEFICIENCY

Cobalamin de®ciency can be evaluated by measuring
serum cobalamin levels. The normal level of cobalamin
in serum is considered to be 4200 pg /ml; values
5100 pg /ml indicate a clinically signi®cant de®ciency.
Elevated serum MMA and homocysteine levels are
considered useful in recognizing subtle cobalamin
de®ciency.

Schilling Test

To determine the pathogenesis of cobalamin de®-
ciency, a Schilling test can be performed, which consists
of three parts: In part (1), a patient is given radioactive
cobalamin by mouth, followed soon by an intramuscu-
lar injection of unlabeled cobalamin. A urine sample
is collected 24 h later and the amount of radioactive
cobalamin excreted gives an indication of absorption.
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Since cobalamin de®ciency in most of the cases is due to
malabsorption, only a small amount of radioactive co-
balamin is typically absorbed and excreted in the urine.
In part (2), the patient is given radioactive cobalamin
bound to IF and excretion of cobalamin in urine over
24 h is measured. If urinary cobalamin excretion is
normalized in the patient, it suggests IF de®ciency,
due to one of the causes listed above. If excretion of
cobalamin does not normalize, it suggests small intes-
tinal bacterial overgrowth or an ileal disease. In part (3),
the patient is treated with antibiotics and the Schilling's
test is repeated. Normalization of urinary B12 excretion
suggests bacterial overgrowth as the cause of Cbl
de®ciency.

TREATMENT OF
COBALAMIN DEFICIENCY

In patients with poor intake (vegans), daily oral admin-
istration of cobalamin (2 mg crystalline B12) is very
effective. However, in most other cases, since the defect
is malabsorption, parenteral therapy is preferred. Par-
enteral therapy is given as an intramuscular injection of
cyanocobalamin. The treatment begins with 1000 mg
cobalamin per week for 8 weeks followed by 1000 mg
cyanocobalamin per month for the rest of the patient's
life. High oral doses of B12 have also been reported to be
effective, presumably because small (but suf®cient)
amounts of B12 are absorbed passively by the small

intestine. Hyperhomocysteinemia is now recognized
as a cardiovascular risk factor and since optimal
cobalamin levels in serum are not known, in high-
risk patients with high blood levels of homocysteine,
oral administration of crystalline B12 and folate is
advocated. Various outcome trials with B12 and folate
are being conducted to evaluate the role of replacement
in preventing coronary heart disease.
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anastomosis Surgical union of two hollow organs, for

example, blood vessels or parts of the intestine, to

ensure continuity of the passageway.

®stula Abnormal connection between two epithelial-lined

surfaces.

ischemic Inadequate supply of blood to a part of the body,

caused by partial or total blockage of an artery.

lithotomy Body position in which the patient lies on their

back on the examining table, with hips and knees fully

¯exed; also called dorsosacral position. For obstetric

procedures, the buttocks are at the edge of the table and

the feet are held in stirrups.

megacolon Massive abnormal dilation of the colon.

pouch of Douglas A pouch formed by a fold of peritoneum

between the rectum and the uterus.

volvulus Twisting or axial rotation of a portion of bowel

about its mesentery.

Colectomy is the excision of the colon in a segment or in

its entirety. It is a common procedure performed either

electively or as emergency; performance by a general

surgeon requires knowledge of technique and careful

planning and execution.

INTRODUCTION

Reybard, of Lyon, France, performed the ®rst recorded
colectomy, an anastomosis, in 1844. Since then, of
course, there have been many changes in the ®eld
of surgery. Principles of antiseptic surgery following
Lister's treatise in 1867, antibiotic prophylaxis, progress
in general anesthesia, and intravenous ¯uid and blood
transfusion have all made intraabdominal surgery in-
creasingly safer. Current technologies in the form of
stapling devices and laparoscopic instruments as well
as newer imaging modalities have added to the surgeon's
armamentarium. Depending on the disease and its
extent and site, most colectomies result in restoration
of gastrointestinal continuity.

The initial principles of bowel anastomosis ®rst
reported by Halsted are still practiced. The importance
of no tension on the anastomosis, incorporation of
the subserosa by suture, inversion of the mucosa, and
adequate blood supply are tenets still upheld today.
Closure of the mesenteric defect and a two-layered anas-
tomosis are usually practiced but are not essential.

Exposure of the site to be anastomosed is important
and removal of serosal fat and epiploic appendages at
the site of anastomosis is helpful, provided the serosa is
left intact. The use of stapling sutures does not negate
these principles for a successful anastomosis.

INDICATIONS

Colectomy is commonly indicated in the treatment of
primary resectable colorectal carcinoma and the precan-
cerous condition familial adenomatous polpyposis. It
is also required in in¯ammatory bowel diseases such
as ulcerative colitis, Crohn' s disease, and diverticulitis
that have become refractory to medical therapy or are
life threatening due to their complications (bleeding,
perforation, or sepsis). Other conditions that may re-
quire excision of the colon include intestinal obstruc-
tions, perforation of the colon wall, ischemic colon,
toxic megacolon, volvulus, and ®stulas between the
colon and other viscera.

PREOPERATIVE PREPARATION

The principle of preoperative care is that the patient is
made as physically and biochemically ®t as possible; in
cancerous cases, patients are accurately staged prior to
surgery. Hence, nutritional and biochemical status are
evaluated and corrected as necessary. This maybe pos-
sible in elective cases, but in the emergency setting, time
may not permit. Mechanical cleansing of the colon is
helpful in colon surgery and along with antibiotics can
reduce the incidence of infection rates following colo-
rectal surgery. In a survey of colon and rectal surgeons,
two-thirds of surgeons preferred polyethylene glycol
electrolyte solution for their patients due to the reliabil-
ity of the cleansing results. Prophylactic antibiotics
complement cleansing to decrease the incidence of post-
operative septic complications, because the concentra-
tion of bacteria per millimeter of ef¯uent is not affected
by mechanical cleansing. The antibiotic regime used
most commonly is the one advocated by Nichols and
Condon, consisting of a neomycin and erythromycin
base, 1 g each orally at 1, 2, and 10 pm, on the day
prior to surgery. More recently, many surgeons have
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substituted metronidazole, 500 g, for erythromycin,
because metronidazole is bactericidal against a wider
spectrum of anaerobic bacteria.

Intravenous antibiotics are also given periopera-
tively to supplement the preoperative regime. Double
prophylaxis (oral and intravenous) is most bene®cial for
procedures below the peritoneal re¯ection, for opera-
tions lasting longer than 3.5ÿ4 hours, in immunocom-
promised patients (e.g., patients on steroids), and in
situations in which mechanical preparation is impossi-
ble. The intravenous antibiotics are directed against
aerobic and anaerobic bowel bacteria. Cefazolin (1 g,
for aerobic and skin ¯ora) is usually given and
metronidazole (500 g, for anaerobic bacteria) is used
at induction of anesthesia, the aim being to achieve a
high tissue level at the time of surgery. Coverage with
antibiotics is usually for 24 hours, although the preop-
erative dose is most critical.

Patients with known valvular disease of the heart or
with implanted vascular or recently placed orthopedic
prostheses also require additional prophylactic antibi-
otics. Intravenous ampicillin (2 g) and gentamycin
(1.5 mg/kg) are given at 30 minutes to 1 hour before
the procedure and at least one postoperative dose is
given in place of cefazolin. Metronidazole is given as
usual. Vancomycin is substituted for ampicillin in pati-
ents who are allergic to penicillins and cephalosporins.

Patients who have had colon and rectal surgery,
especially pelvic surgery, are at risk for deep venous
thrombosis complications. Patients should be given ei-
ther subcutaneous heparin (5000 units) or low-molec-
ular-weight heparin, or provided with compression
stockings. Patients on anticoagulants such as warfarin
need to stop the medication 2ÿ5 days prior to surgery,
with timing of medication dependent on individual
patient risk.

SURGICAL TECHNIQUES

Right Hemicolectomy

Right hemicolectomy is undertaken with the patient
placed in a supine position. The surgeon stands on
the left side of the patient. The procedure incorporates
the removal of the last few centimeters of the ileum,
the ascending colon, and the ®rst few centimeters of
the transverse colon. Intraabdominally, the colon is mo-
bilized along the avascular planeÐthe white line of
Toldt (which ®xes the colon to the lateral abdominal
wall)Ðfrom the cecum to beyond the hepatic ¯exure. In
mobilizing, the surgeon must be aware of the right
kidney, second part of duodenum, right ureter, and
right gonadal vessels.

The colon is re¯ected medially to expose the origin
of the ileocolic artery. The surgeon performs ligation
and division of the right branches of the middle colic
artery, right colic vessels, ileocolic vessels, and vessels to
last 5ÿ10 cm of the ileum. The major vascular trunks
should be double ligated to avoid risk of knot slippage
and hemorrhage. If clamps are used, they are placed at
the site of resection of both ends of the bowel, and the
bowel is excised ¯ush with the clamps. Many surgeons
use staplers to divide and occlude the ends of the bowel
prior to anastomosis. After removal of the specimen, the
ileum is anastomosed in a side-to-side (functional end-
to-end) fashion to the transverse colon. The side-to-side
arrangement is used because the caliber of the small
bowel and large bowel is very different.

In cases of hepatic ¯exure tumors, the excision is
extended along the gastrocolic ligament toward the
spleen. The splenic ¯exure and left colon can be mobi-
lized if necessary. The omentum is resected if involved
with cancer, otherwise it can be preserved. For an `̀ ex-
tended'' right hemicolectomy, most of the transverse
colon is resected. For cancer cases, the surgeon needs
to take the mesenteric dissection near their origin. The
right colic artery should be ligated close to the superior
mesenteric artery. Ligation of the middle colic artery
needs to be customized to each patient. Patients with
an occluded inferior mesenteric artery will need to have
the left branch of the middle colic artery preserved for
adequate blood supply to be maintained to the distal
transverse colon and left colon.

Transverse Colectomy

Transverse colectomy is the excision of the trans-
verse colon, with transection at the distal ascending and
proximal descending colons. The resection requires
ligation of the middle colic vessels. The stomach is
detached from the transverse colon by division of the
gastrocolic omentum. Both ¯exures are completely di-
vided and the right and left paracolic gutters are mobi-
lized. The site of resection is identi®ed and the
transverse colon is resected with its mesentery, and
the greater omentum is included if resection is for ma-
lignant disease. The transverse colon is re¯ected upward
to reveal the origin of the middle colic vessels beneath
the peritoneum. The middle colic artery and its vein are
ligated and divided. The bowel is reconstituted without
tension.

Left Hemicolectomy

Left hemicolectomy is performed with the patient
placed in the either the supine or the lithotomy position.
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The surgeon stands to the right. Mobilization of the left
colon begins with an incision of the white line of Toldt
and extends around the splenic ¯exure. The spleen, tail
of the pancreas, left kidney, left ureter, and left gonadal
vessels are vulnerable in this procedure. The left ureter
is identi®ed best at the pelvic brim as it crosses the
junction of the internal and external iliac vessels. The
colon is mobilized medially to reveal the left colic and
inferior mesenteric vessels.

Either the left colic artery or the inferior mesenteric
artery can be ligated. The inferior mesenteric vein or left
colic vein is also ligated. The left branch of the middle
colic artery, the marginal vessels at midtransverse colon,
and, on occasion, the superior hemorrhoidal artery are
preserved. Less extensive or segmental resections in-
volving only the affected portion of colon and its ac-
companying mesentery and lymph drainage are carried
out for benign disease.

Anterior Resection

Anterior resection is indicated for rectal carcinoma
between 5 cm from the anus and the rectosigmoid junc-
tion. The patient is placed in the lithotomy or modi®ed
lithotomy position using stirrups. This position allows
for access through the anus for a low rectal anastomosis
using a circular stapling device. In an anterior resection,
the sigmoid colon is mobilized, the ureter is identi®ed,
and the resection is started at the junction of the sigmoid
colon and the left colon. A high ligation should be per-
formed on the superior hemorrhoidal vessels after the
branches of the sigmoid arteries are divided. The dis-
section at this point needs to separate and preserve the
sympathetic nerves to the pelvis from the mesocolon
and mesorectum. The dissection over the pelvic brim
into the pelvis starts the `̀ total mesorectal excision'' por-
tion of the resection. By staying in the plane that is in
front of the sympathetic nerves but outside the
mesorectum, the surgeon can then remove all poten-
tially cancerous lymph nodes. For a malignancy, the
dissection should continue up to 4ÿ5 cm beyond the
lower border of the tumor in order to resect the com-
plete zone of downward spread that can exist in the
mesorectum.

The patient habitus (a thin female with a wide pelvis,
compared with a narrow male pelvis), adequacy of the
anal sphincter, encroachment of the tumor on the anal
sphincters, and inadequacy of the distal margins are
factors in determining the feasibility of anastomosis
with a sphincter-sparing operation. The advent of cir-
cular stapling devices has allowed patients with very
low-lying rectal cancer in whom the distal margin is

at the minimal acceptable level, yet adequate for cancer
clearance, to have sphincter-saving operations and
coloanal anastomosis.

For anastomosing the colon to the distal rectum,
prior to rectal cancer resection the rectum is stapled
with a straight stapling device transversely across the
rectum below the cancer. The bowel proximal to the
staple is then clamped and the rectum is divided just
above the stapler, and the cancer is removed. The cir-
cular stapling device with a trocar in its center is then
placed in the anus. The trocar pierces the stapled top
end of the residual rectum. The proximal bowel with the
other end of the circular stapler is then connected to the
lower end in the rectal remnant. Both parts are then
closed and ®red; the two rows of staples anastomose
the bowel ends in a turned-in fashion (serosa to serosa).
The resulting rings of residual tissue from inside the
staple lines (`̀ donuts'') are then removed, with the cir-
cular stapler, via the anus.

Total Mesorectal Excision

Total mesorectal excision (TME) by sharp dis-
section, in conjunction with a low anterior resection
or an abdominal perineal resection, has been shown
to decrease the incidence of positive radial margins
from 25% in conventional surgery to 7% in cases resec-
ted by TME. The hypothesis is that conventional surgery
violates the circumference of the mesorectum during
blunt dissection along unde®ned planes, leaving resid-
ual mesorectum in the pelvis and thus residual cancer.
This has been re¯ected in the high rate of pelvic cancer
recurrence in conventional surgery. The rectal mesen-
tery is removed sharply under direct visualization,
emphasizing autonomic nerve preservation, complete
hemostasis, and avoidance of violation of the mesorectal
envelope. The meticulous dissection is not without con-
sequence; there is prolonged operative time and an in-
creased anastomotic leak rate is noted. Anastomoses
3ÿ6 cm from the anal verge have led to anastomotic
leak rates of up to 17%. Some centers are routinely
fashioning a protective diverting colostomy or
ileostomy with a low anastomosis. Other postoperative
complications related to the damage to the pelvic auto-
nomic parasympathetic and sympathetic nerves by
blunt dissection, such as impotence and retrograde ejac-
ulation, have been reported to be as low as 10ÿ29% of
cases, as compared to 25ÿ75% seen in conventional
rectal surgery. (see Figs. 1 and 2).

The type of surgery offered for low rectal cancers
dependsonanaccurate stagingof the tumor and the loca-
tion of the tumor in relation to the surgical resection.
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Clinically, the most reliable landmark is the dentate line
where squamous mucosae of the anal skin merge into
the columnar mucosa of the rectum. The dentate line is
located in the middle of the anorectal ring, which is
composed of the internal and external sphincters and
the portions of the levators, the puborectalis. These
muscles provide a high-pressure zone and are respon-
sible for fecal continence. Commonly, the high-pressure
zone proceeds 1ÿ3 cm above the dentate line. But from
a technical perspective, a tumor has to be located high
enough above the top of the anorectal ring to allow for
an adequate distal margin if sphincter preservation is
to be achieved along with rectal cancer resection. How-
ever, a subset of rectal cancer patients are best treated
by an abdominoperineal resection.

Abdominoperitoneal Excision

Abdominoperitoneal excision was ®rst described in
1908 by Ernest Miles, though Czerny ®rst performed the
removal of the rectum via a combined abdominal and
perineal approach in 1884. In this procedure, the pa-
tient is placed in a lithotomy with stirrups. There are two
parts and two surgeons for this operation, with the ab-
dominal operator standing on the left of the patient and
the perineal operator sit facing the perineum. The ab-
dominal resection is the same as for a low anterior tumor
resection and its description is not repeated here, except
to say that a preliminary examination is required to see
whether the tumor is palpable above the pelvic ¯oor and
to assess the possibility of its removal.

Incorrect
dissection

FIGURE 2 Blunt dissection of the mesorectum leads to a

dissection plane that is within the mesorectal fat. Lymph nodes

and/or implants can be left within the pelvis, leading to a higher

recurrence rate.

Correct
dissection

FIGURE 1 The proper plane for a total mesorectal excision is

outside the mesorectal envelope, which would include all

mesorectal fat, mesorectal lymph nodes, and any locoregional

metastatic implants. However, the dissection is inside the pelvic

autonomic nerves (both sympathetic and parasympathetic) and

the pelvic side wall.
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Once the dissection has reached the level of the
levator ani bundle, the peritoneum is divided down
to the pouch of Douglas (in females) or to the
Denonvilliers fascia at the seminal vesicles (in males).
Anteriorly, the peritoneum is divided overlying the
bladder, creating a plane of dissection anteriorly in
males immediately posterior to the seminal vesicles
and anterior to the rectum; in females, the plane lies
posterior to the vagina. The posterior dissection is car-
ried out using cautery for all of the mesorectum, from
the sacrum proceeding as far as the coccyx.

The perineal dissection starts by placing a purse-
string suture around the anus. A skin incision is then
made in the form of an ellipse from the perineal body
anteriorly, to the ischiorectal spines laterally, and
extending posteriorly around each side to meet at the
tip of the coccyx. The incision is deepened, exposing the
coccyx. All vessels are ligated or cauterized. The peri-
neal surgeon meets the abdominal surgeon behind the
rectum but in front of the coccyx. After connecting
the planes, the puborectalis muscle is then `̀ hooked''
by the hand of the perineal surgeon and divided with
cautery. The anterior dissection is completed after the
proximal portion of the specimen is inverted posteriorly
in front of the coccyx out to the perineal surgeon. After
carefully completing the dissection of the prostate or
back wall of the vagina, the specimen is then removed.
The perineum is closed with secure, interrupted su-
tures, ensuring hemostasis. A left-sided colostomy is
fashioned but completed after the abdominal wound
is closed.

Total Proctocolectomy with
IlealÿAnal Anastomosis

Total proctocolectomy with ilealÿanal anastomosis
is a procedure that aims for the removal of all of the
large bowel mucosa while preserving the anal fecal
function.

POSTOPERATIVE COMPLICATIONS

Postoperative complications, as in many major opera-
tions, can generally occur early or late. Early complica-
tions can include hemorrhage, infections (wound,
septicemia, peritonitis, and abscess formation), anasto-
motic leakage and stricture, deep venous thrombosis,
and pulmonary embolism. Late complications are due
to obstruction secondary to adhesions and local recur-
rence. Metastatic deposits can occur at a later time in
the liver or peritoneum. Speci®c complications of

the procedure, e.g., urinary dysfunction and impotence
due to autonomic nerve damage in pelvic surgery,
can occur.

Following resections of the colon and rectum, func-
tional disturbances occur. Commonly, the frequency
and consistency of the stool are altered after segmental
colon resection. Usually, absorption of water and
electrolytes occurs in the right colon, but following
right colon resection and removal of the ileocecal
valve, most patients experience only a mild increase
in frequency with a looser stool. However, after a
while, the remaining colonic mucosa adapts and ef®-
ciently absorbs water and electrolytes and so stool con-
sistency and frequency return too normal. If treatment is
required, it may take the form of stool bulk-forming
agents in order to absorb excess stool water. Diarrhea
secondary to bacterial overgrowth due to the degrada-
tion of primary bile salts to secondary bile salts occurs
and can be treated with cholestyramine or low-dose
antibiotics to reduce the bacterial population.

Constipation after segmental resection of the sig-
moid is not unheard of and is most probably due to
the disruption of the coordinated mass movement
within the colon. Treatment initially should be with
bulk-forming agents and a stool softener; however,
most patients require stimulant laxatives to propel
the fecal bolus into the rectum. Frequent small-volume
stools, occasionally associated with seepage or frank
fecal incontinence, occur after low anterior resection
and coloanal anastomosis. The compliance of the prox-
imal colonic segment above the anastomosis is less com-
pared to that of the rectum, thus reducing the reservoir
capacity of the colon. However, in most patients, the
proximal bowel subsequently adapts and functions nor-
mally, with improved compliance and decreasing fre-
quency of stools. In those patients who cannot adapt,
bulk-forming agents are indicated.

LAPAROSCOPIC-ASSISTED
COLORECTAL SURGERY

As surgeons become more comfortable with laparo-
scopic or minimally invasive techniques and more tech-
nologically advanced surgical instruments and staplers
speci®cally designed for bowel work, it has become
possible to perform laparoscopic and laparoscopic-
assisted colon and rectal resections. The introduction
of intestinal staplers has allowed milestones such as
right hemicolectomy, sigmoid resection, low anterior
resection, APR, and total abdominal and transverse
colectomies to occur. This shift from conventional
open colorectal surgery to minimally invasive surgery
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is a continuation of the success derived from laparo-
scopic cholecystectomy and of the advantages of
decreased morbidity and faster recovery due to smaller
incision wounds.

The tenets of conventional surgery, exploration,
resection, and anastomosis, can still occur via a smaller
laparotomy incision, along with mini-incisions for
trocars. Because the mesentery of the colon is a midline
structure, the laparoscopiccamera is®rstplaced through
a midline port; three to ®ve more trocars, ranging in size
from 5 to 12 mm, are then placed. Trocars are placed in
all four quadrants of the abdomen. The colon is mobi-
lized away from the left or right peritoneal re¯ections,
up from the pelvis, or from its attachments to the omen-
tum in exactly the same fashion as open surgery, but via
laparoscopic instruments. The sigmoid colon, upper
rectum, and right colon appear most amenable to
laparoscopic techniques.

Various quality-of-life studies have reported that
laparoscopic-assisted colectomy (LAC) results in a de-
crease in pain early after surgery, but that bene®ts are
minimal. However, any bene®t of LAC must also be
shown to be ef®cacious in curing cancer. The ®nal rec-
ommendation for the use of laparoscopic-assisted sur-
gery in colon cancer awaits the outcome of ongoing
prospective studies.
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CONCLUSION

Collagenous colitis and lymphocytic colitis, which com-
prise the syndrome of microscopic colitis, are unique
forms of in¯ammatory bowel disease. Unlike Crohn's
disease and ulcerative colitis, they do not carry an in-
creased risk of cancer, and they rarely require surgery.
Few controlled trials of therapy have been performed,
but, in general, these disorders appear to respond to
antiin¯ammatory or immune modulator therapy.
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Colitis Cystica Profunda and
Solitary Rectal Ulcer Syndrome
DAVID E. BECK

Ochsner Clinic Foundation, Louisiana

colitis cystica profunda A benign pathologic condition

characterized by mucin-®lled cysts located deep to the

muscularis mucosae.

intussception A condition in which the rectum slips inside

itself; this condition can cause obstructive symptoms and

damage to the rectum.

perineal protectomy A surgical procedure, performed via the

anus, that excises redundant rectum and reconnects the

two remaining ends.

prolapse Rectal intussception continues to the point that

portions of the rectum are outside the anus.

solitary rectal ulcer syndrome A clinical condition char-

acterized by rectal bleeding, copious mucous discharge,

anorectal pain, and dif®cult evacuation.

Colitis cystica profunda and solitary rectal ulcer

syndrome are closely related diagnoses and some authors

consider them interchangeable. The etiology of these

conditions remains unclear, but a common feature is

chronic in¯ammation and/or trauma. The in¯ammation

may result from in¯ammatory bowel disease, resolving

ischemia, or trauma associated with internal intusscep-

tion or prolapse of the rectum, direct digital trauma, or the

forces associated with evacuating a hard stool.

INTRODUCTION

Colitis cystica profunda (CCP) and solitary rectal ulcer
syndrome (SRUS) are uncommon and controversial
conditions. Cystica profunda is a benign condition char-
acterized by mucin-®lled cysts located deep to the
muscularis mucosae. Although cysts can occur in any
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segment of the digestive tract submucosa, they are most
frequent in the colon and rectum. When these lesions
are found in the colon or rectum, they are called colitis
cystica profunda and appear as nodules or masses on the
anterior rectal wall. Patients can be asymptomatic (with
the lesions identi®ed on screening endoscopy) or com-
plain of rectal bleeding, mucous discharge, or anorectal
discomfort. Most patients will admit to dif®culty with
bowel movements. CCP is a pathologic diagnosis whose
most important aspect is to differentiate it from colo-
rectal adenocarcinoma. This prevents unnecessary rad-
ical operations.

SRUS is a related clinical condition characterized by
rectal bleeding, copious mucous discharge, anorectal
pain, and dif®cult evacuation. Despite its name, patients
with this condition can have single, multiple, or no
rectal ulcers. When present, the ulcers usually occur
on the anterior rectal wall just above the anorectal
ring. Less commonly, they may occur from just above
to 15 cm above the dentate line. Ulcers usually appear
shallow with a `̀ punched out'' gray-white base sur-
rounded by hyperemia.

DIAGNOSIS

In symptomatic patients, an endoscopic evaluation of
the distal colon and rectum will reveal the lesions
described above. Defecography documents intussus-
ception in 45 to 80% of patients. The differential diag-
nosis of both CCP and SRUS includes polyps,
endometriosis, in¯ammatory granulomas, infectious
disorders, drug-induced colitidies, and mucus-produc-
ing adenocarcinoma. Differentiation among these enti-
ties is possible with an adequate biopsy. Biopsies
obtained via a rigid proctoscope, or an endoscopic
snare excision, may be necessary to obtain enough
tissue for an accurate diagnosis. CCP is characterized
pathologically by mucous cysts lined by normal colum-
nar epithelium located deep to the muscularis mucosae.
The overlying mucosa may be normal or ulcerated and
the submucosa surrounding the cysts is ®brotic and
contains a mixed in¯ammatory in®ltrate. In adenocar-
cinoma, the epithelium is dysplastic and the surround-
ing stroma is reactive.

TREATMENT

Treatment is directed at reducing symptoms or prevent-
ing some of the proposed etiologic mechanisms. Con-
servative therapy (high-®ber diet and modifying bowel
movements to avoid straining) will reduce symptoms in
most patients and should be tried ®rst. Patients without
rectal intussusception should be offered biofeedback to

retrain their bowel function. Pharmacologic therapy has
had limited success, but it is reasonable to try this pro-
cedure before embarking on surgery. If symptoms per-
sist, a localized resection may be considered in selected
patients. Those suitable for localized resection should
be signi®cantly symptomatic, be good surgical risks, and
have localized, accessible areas of disease. Patients with
prolapse are considered for surgical treatment [abdom-
inal rectopexy, segmental resection and rectal ®xation,
perineal protectomy (Altmeier), or a mucosal protect-
omy (Delorme)]. Those without prolapse may be of-
fered excision, which varies from a transanal excision
to a major resection with coloanal pull-through.

CONCLUSION

Colitis cystica profunda and solitary rectal ulcer
syndrome are uncommon and related colorectal condi-
tions. As benign conditions, efforts are directed to es-
tablishing the diagnosis, excluding malignancy, and
treating symptoms. A directed history, physical exam-
ination, and endoscopic biopsy will con®rm the diag-
nosis. Therapy to modify bowel movements and habits
has had the most success. If these measures fail, surgical
therapy to correct rectal prolapse or locally excise the
lesions may be considered.
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Colitis Pseudomembranous
SUE ENG AND CHRISTINA M. SURAWICZ

University of Washington School of Medicine, Seattle

cytotoxin Substance that inhibits or prevents the function of

the cells leading to its destruction.

enterotoxin Cytotoxin speci®c for the cells of the intestinal

mucosa.

probiotics Live microorganisms that confer health bene®ts

beyond inherent general nutrition when ingested.

toxic megacolon Acute nonobstructive dilation of the colon.

Pseudomembranous colitis is a pathological diagnosis of

exudative plaques adherent to the colonic mucosa. This

colitis is most commonly associated with antibiotic usage

that leads to the disruption of the normal ¯ora, allowing

overgrowth of the bacterium Clostridium dif®cile and the

elaboration of toxins. Although antibiotics are the most

common cause, cancer chemotherapy also causes this co-

litis, and sporadic cases also occur. Pseudomembranous

colitis is the most severe form in a wide spectrum of

clinical diseases that result from C. dif®cile infection,

with the associated self-limited diarrhea being more com-

mon and much less severe.

INTRODUCTION

Prior to the antibiotic era, pseudomembranous colitis
(PMC) was a relatively rare disease and was associated
with various risk factors, including surgery (especially
of the gastrointestinal tract), shock, uremia, sepsis,
ischemic cardiovascular disease, heavy metal poisoning,
and colon cancer. However, in the past four decades,
virtually all cases of PMC have been associated with
Clostridium dif®cile, an anaerobic, gram-positive,
spore-forming bacillus. More than 95% of C. dif®cile
infections occur during or after antibiotic therapy,
and almost every antibiotic has been implicated. In
contrast, in antibiotic-associated diarrhea and anti-
biotic-associated colitis, only 10ÿ30% and 60ÿ75%
cases, respectively, are associated with C. dif®cile. The
increasing use of broad-spectrum antibiotics is re¯ected
in the increasing incidence of C. dif®cile infections. The
clinical manifestations of C. dif®cile infection range
from asymptomatic carriage to C. dif®cile-associated
diarrhea, to C. dif®cile-associated colitis, to the most
severe form of PMC.

EPIDEMIOLOGY

Clostridium dif®cile is the most common organism iso-
lated in nosocomial diarrhea. There are approximately
300,000 cases of C. dif®cile infection per year that occur
in hospitals or long-term care facilities in the United
States. Infection can occur sporadically or in outbreaks
and can add an estimated cost of $2000 per patient to
the cost of the hospitalization. Community-acquired
C. dif®cile occurs less frequently and accounts for
about 20,000 cases per year in the United States.
Clostridium dif®cile can be found in up to 5% of healthy
adults, and up to 20ÿ30% of hospitalized patients will
be colonized with C. dif®cile due to persistence of spores
on contaminated surfaces. Transmission occurs via a
fecalÿoral route; the unwashed hands of the hospital
staff are a common source.

Other risk factors for C. dif®cile-associated disease
are age above 60 years, female gender, gastrointestinal
manipulation with enemas or nasogastric tubes, in¯am-
matory bowel disease, renal disease, chemotherapy, and
HIV infection or AIDS.

PATHOPHYSIOLOGY

Exposure to antibiotics leads to alteration of the host's
normal gut ¯ora and presumably allows for the coloni-
zation of C. dif®cile acquired from the environment. The
toxins produced by C. dif®cile in the intestinal lumen
bind to the colonic mucosa and lead to the clinical
manifestations of the disease. Although there are several
toxic factors elaborated by C. dif®cile, only two are well
studied. Toxin A is a 308-kDa enterotoxin and toxin B is
a 269-kDa cytotoxin. Both toxins are endocytosed by the
intestinal epithelium, where they can disrupt the actin
cytoskeleton, leading to apoptosis. They can also induce
macrophages and mast cells to elaborate in¯ammatory
mediators such as tumor necrosis factor and interleu-
kins. The major difference in the two toxins is that, in
experimental animal models, toxin A leads to mucosal
damage and the accumulation of viscous hemorrhagic
¯uid, whereas these enterotoxic activities do not occur
with toxin B. However, toxin B cytopathic effects on cell
culture lines are 1000 times more potent compared to
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toxin A effects. Although C. dif®cile strains associated
with clinical disease usually produce both toxin A and
toxin B, there are reports of toxin A-negative/toxin B-
positive strains that can also cause the full spectrum of
disease, including PMC.

CLINICAL MANIFESTATION

Diarrheal symptoms usually occur within 1 week of
starting antibiotics but can be delayed for as long as
8 weeks after discontinuing antibiotics, though the
latter is uncommon. The reason for the range of clinical
manifestations of C. dif®cile infection is not known, but
the presence of immunoglobulin G (IgG) antibodies to
toxin A may be one explanation; colonized asymptom-
atic patients are more likely to have IgG antibodies
compared to patients who are symptomatic from
C. dif®cile. Patients who are colonized with C. dif®cile
are asymptomatic carriers and they continue to shed
bacteria in the stool and represent a continued source
of infection. In C. dif®cile diarrhea, there are usually
only three to four loose watery stools and the patient
may or may not experience lower abdominal crampy
pain. Fever and leukocytosis are usually mild or absent.
On endoscopy, the colonic mucosa is usually grossly
normal. Patients with C. dif®cile colitis are clinically
more ill. Constitutional symptoms of anorexia, low-
grade fever, and nausea are usually present as well as
profuse watery diarrhea with 5ÿ15 stools per day, lead-
ing to dehydration and electrolyte abnormalities. Leu-
kocytosis is typical and on endoscopic exam, there may
be nonspeci®c patchy or diffuse erythematous colitis.

PMC will present with the same symptoms as
C. dif®cile colitis, but on endoscopic evaluation, PMC
will have the typical raised yellow or off-white plaques
adherent to the colonic mucosa. Hypoalbuminemia oc-
curs in a subset of PMC patients from protein-losing
enteropathy; it may be secondary to the leakage of
serum albumin from the affected colonic wall and can
result in peripheral edema or anasarca. Although C.
dif®cile colitis and PMC can diffusely affect the colon,
the left colon and rectum are usually more severely
affected. Some patients may present with colitis or
PMC localized to only the right colon, but it is not
known how commonly this isolated right-sided colitis
occurs. In such cases, diarrhea may be mild or absent
and the predominant symptoms are fever, right-sided
abdominal pain, and tenderness with decreased intes-
tinal motility.

Uncommonly, PMC can lead to toxic megacolon
with associated ileus. At this point, patients may exhibit
diffuse abdominal pain with high fever, chills, and
minimal diarrhea secondary to the ileus. Laboratory

evaluation may show a leukemoid reaction. Patient
may require emergent laparotomy with subtotal
colectomy if there is evidence of clinical deterioration
due to imminent or actual perforation despite adequate
antibiotic treatment.

Relapse of C. dif®cile is the recurrence of symptoms a
few days to weeks or months after discontinuation of
successful treatment; relapse may be due to the persis-
tence of the original C. dif®cile or to reinfection by
another strain. The frequency of relapses ranges from
5 to 50% and repeated episodes of recurrence are not
common despite apparent successful treatment after
each episode.

DIAGNOSIS

The gold standard for diagnosing C. dif®cile infection
has long been the tissue culture test for toxin B. Filtrates
of diarrheal stool are added to a monolayer of cultured
®broblasts; if toxin B is present, the cell culture will
undergo a characteristic cytopathic effect. Pre-
incubating the ®ltrate with antibodies against the
toxin prevents the cytopathic effect and demonstrates
that the cytotoxin present is toxin B from C. dif®cile.
Sensitivity (94ÿ100%) and speci®city (99%) are both
high and improve as the disease progresses along the
clinical spectrum from diarrhea to colitis to PMC. The
utility of the tissue culture test is limited by its expense
and the time for testing, typically requiring 2ÿ3 days.
Thus, many hospital laboratories are using enzyme-
linked immunosorbent assay (ELISA) technologies
[also called enzyme immunoabsorbent assays (EIAs)].
These tests are rapid, less expensive, and widely used in
the United States for the detection of toxin A or B. Al-
though speci®city is 99%, sensitivity ranges from 70 to
90% and may miss up to 10% of patients with C. dif®cile
infection diagnosed either by endoscopy or by tissue
culture test for toxin B. Thus, a negative EIA or
ELISA test for either toxin A or B does not rule out
C. dif®cile.

The latex agglutination test (LAT) detects the glu-
tamate dehydrogenase produced by C. dif®cile rather
than the actual toxins. The sensitivity of the LAT is
equal to that of the EIA, but the speci®city is lower
because the protein is also produced by other colonic
bacteria and nontoxigenic strains of C. dif®cile. Another
diagnostic test is to culture stool for C. dif®cile. This test
is limited by its cost, the time delay of 2ÿ3 days for
results, and its inability to distinguish between toxigenic
and nontoxigenic strains; nontoxigenic strains would
presumably not be capable of causing clinical disease.
Asymptomatic carriers will have a positive culture.
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Although endoscopy is the most rapid way to diag-
nose PMC, it is generally not recommended due to the
high cost and the risk of perforation. It should be re-
served for situations in which rapid diagnosis is needed,
other test results are delayed and are not very sensitive,
or if the patient has an ileus and no stool specimen is
obtained.

TREATMENT

In mild disease, discontinuation of the antibiotic and
supportive care lead to resolution in 15ÿ20% of cases.
Opiates and antidiarrheal medications should be
avoided. Speci®c treatment should be initiated when
supportive therapy fails after several days, if the culprit
antibiotic cannot be discontinued, or if symptoms are
severe. Speci®c treatment consists of either oral
metronidazole at a dose of 250ÿ500 mg four times a
day or oral vancomycin at a dose of 125ÿ500 mg four
times a day, for 7 to 10 days. Although metronidazole
can be administered intravenously at a dose of
500ÿ700 mg three or four times a day if the patient is
unable to take oral medication, it is not as effective as
oral administration. Despite equivalent ef®cacy of
metronidazole and vancomycin, metronidazole is the
®rst-line therapy. Vancomycin is more expensive and
there is the evidence that increased usage leads to the
emergence of more vancomycin-resistant bacteria
(such as enterococci) in hospital environments. Use
of vancomycin should be reserved for patients who
are unable to tolerate metronidazole or have failed to
respond.

Recurrent infection with C. dif®cile is a dif®cult man-
agement problem, and no speci®c regimen is uniformly
effective. One approach is a tapered dose regimen; a
prolonged course of vancomycin is slowly tapered by
reducing the dose and frequency over several weeks.
Another approach is a pulse regimen; the antibiotic,
with addition of cholestyramine, is given over 5- to
7-day periods, alternating with periods of no antibiotics.
A combination of pulse or tapered regimen can also be
effective. Another approach is the use of probiotics,
such as Lactobacillus GG and Saccharomyces boulardii.
Saccharomyces boulardii has been shown in controlled
trials to decrease recurrences in combination with

antibiotics, and especially with high-dose vancomycin.
Probiotics in conjunction with antibiotics appear
to decrease the frequency of recurrent episodes of
C. dif®cile.

Surgical treatment is required in 4ÿ5% of cases. The
indications are clinical deterioration despite medical
treatment, perforation, hemorrhage, sepsis, and multior-
gan failure. The procedure of choice is total abdominal
colectomy with ileostomy, because partial resections
with diverting ileostomy or colostomy are associated
with higher mortality rates.
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Colitis, Collagenous and Lymphocytic
WILLIAM J. TREMAINE

Mayo Clinic

collagenous colitis Syndrome of watery diarrhea with

colonic mucosal abnormalities that include a thickened

subepithelial collagen band and a chronic in¯ammatory

cell in®ltrate in the lamina propria.

lymphocytic colitis Syndrome of watery diarrhea with

colonic mucosal abnormalities that include intraepithe-

lial lymphocytes and a chronic in¯ammatory cell

in®ltrate in the lamina propria.

microscopic colitis Syndrome of watery diarrhea with

colonic mucosal abnormalities that include the histologic

features of either collagenous colitis or lymphocytic

colitis.

Collagenous colitis and lymphocytic colitis are two sim-

ilar disorders that ®t under the heading of microscopic

colitis, a syndrome of watery diarrhea with a chronic

in¯ammatory in®ltrate in the colonic mucosa, and with-

out speci®c colonoscopic abnormalities. These disorders

have been recognized only in the past 25 years. Because

colonic mucosal biopsies are necessary to make the diag-

nosis, many patients with microscopic colitis were pre-

viously diagnosed as having diarrhea-predominant irrit-

able bowel syndrome or chronic diarrhea of unknown

origin. The clinical features of collagenous colitis and

lymphocytic colitis are similar, and differentiation is

made by the histological ®ndings.

CLINICAL AND PATHOLOGIC FEATURES

Clinical Presentation

The usual presentation of collagenous colitis and
lymphocytic colitis is chronic watery diarrhea with a
few stools, or up to 10 or more stools a day. Nocturnal
stools, cramping abdominal pain, and fecal urgency are
typical. About 40% of patients have an abrupt onset of
symptoms and the rest have a gradual onset. Symptoms
may be mild and intermittent, without nocturnal
stools and with clinical features indistinguishable
from diarrhea-predominant irritable bowel syndrome.
Rarely, the diarrhea is severe, with up to 5 liters of
watery stool per 24 hours reported. On physical exam-
ination, patients may have mild to moderate abdominal
tenderness, or the exam may be normal.

The course of these diseases is variable. Symptoms
may be intermittent, with apparent spontaneous reso-
lution for months followed by recurrent symptoms. In
others, symptoms are chronic or progressive.

Histopathology

Collagenous Colitis

The diagnosis of collagenous colitis is made by ®nd-
ing speci®c colonic mucosal histologic abnormalities in
a patient with watery diarrhea. A continuous or patchy
collagen band is present between myo®broblasts and
around capillaries in the upper lamina propria. The
width of the collagen band may vary from 7 to
100 mm, and the presence of the collagen band is nec-
essary to make the diagnosis. Intraepithelial lympho-
cytes may or may not be present in collagenous
colitis. There is a chronic in¯ammatory cell in®ltrate
in the lamina propria, composed mainly of lympho-
cytes, but also including eosinophils, mast cells, and
some neutrophils. Crypt distortion with branching
may be found.

Lymphocytic Colitis

There is no increase in the subepithelial collagen in
lymphocytic colitis. By de®nition, intraepithelial lym-
phocytes are present. There is a chronic in¯ammatory
cell in®ltrate in the lamina propria, just as is found in
collagenous colitis.

EPIDEMIOLOGY

The reported incidence of collagenous colitis is 1ÿ2 per
100,000 persons, and the prevalence is about 15 per
100,000. Incidence and prevalence for lymphocytic co-
litis are unknown. The disorders have been reported
from countries throughout the world. Most series of
patients have shown a female predominance for collag-
enous colitis, but the female:male ratio has been nearly
equal for lymphocytic colitis. The mean age for the onset
of collagenous colitis is reported to be 59 years; for
lymphocytic colitis, the mean age at onset is reported
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to be 51 years. Four cases of collagenous colitis in
children aged 5ÿ12 years have been reported. A familial
occurrence of microscopic colitis has been reported
in seven families, each with two affected sisters. In
one family, the sister who smoked had collagenous
colitis and the sister who did not smoke had
lymphocytic colitis.

POSSIBLE CAUSES

The causes of these disorders are unknown, but they are
likely the result of mucosal injury from unidenti®ed
toxins in the fecal stream. Several different observations
support this hypothesis. Fecal extracts from patients
with collagenous colitis are cytotoxic to McCoy cell
cultures, and mixing cholestyramine with the fecal ex-
tract eliminates the cytotoxic effect. However, only a
minority of patients with collagenous colitis who are
treated with cholestyramine improve, so toxins other
than those bound by cholestyramine appear to be im-
portant in most patients. Ileostomy with diversion of the
fecal stream results in clinical and histological remis-
sion, and restoration of intestinal continuity causes clin-
ical and histologic relapse.

A recent study suggests that the diarrhea in collage-
nous colitis is mediated by up-regulation of nitric
oxide synthase, with a marked increase in the produc-
tion of intraluminal nitric oxide, which in turn
causes the secretory diarrhea. However, the agents
that induce nitric oxide production in these disorders
are unidenti®ed. Originally, the collagen band was
thought to cause diarrhea by creating a barrier effect
to prevent resorption of ¯uids, but the collagen band
is likely a consequence of the mucosal injury and not
the cause of the diarrhea.

It is unclear whether collagenous colitis and
lymphocytic colitis are two distinct entities or are dif-
ferent expressions of the same underlying process. In-
deed, biopsies showing collagenous colitis and
lymphocytic colitis can been found in the same individ-
ual at one time, or on sequential exams.

DISEASE ASSOCIATIONS

Celiac sprue has been reported in some patients with
collagenous colitis. In a series from the Mayo Clinic,
among 45 patients with collagenous colitis in whom
intestinal malabsorption was suspected and proximal
small intestinal biopsies were obtained, 1 out of the
45 patients had celiac sprue. There are case reports of
ulcerative colitis and of Crohn's disease that developed
in patients with previously diagnosed collagenous

colitis. Collagenous colitis has been found coinciden-
tally in two patients with adenocarcinoma of the colon.
However, colorectal cancer did not develop in a series of
117 patients with collagenous colitis followed for
7 years. The relative risk of overall malignancy and
mortality is no different from that of the general popu-
lation. Because collagenous colitis and lymphocytic co-
litis do not have a premalignant potential, there is no
need for increased surveillance for colorectal cancer in
this group, above and beyond the recommendations for
screening in average-risk patients.

TREATMENT

Medical Therapy

Bismuth subsalicylate in a dose of nine chewable
tablets per day in three divided doses appears effective
in some patients with either collagenous or lymphocytic
colitis, based on the ®ndings in a small, placebo-control-
led trial. A recent placebo-controlled trial in 28 patients
with collagenous colitis showed ef®cacy of delayed-
release budesonide, a corticosteroid with a potent
local topical effect in the proximal colon and terminal
ileum, but with less systemic effect than prednisone.
A number of other drugs have been used in uncontrolled
studies and treatment has been largely empirical. A
stepwise approach is used for therapy. Patients with
mild symptoms may get relief with symptomatic therapy
such as loperamide, diphenoxylate with atropine, or
bulk agents. For more troublesome symptoms, chew-
able bismuth subsalicylate tablets, four to nine per day,
may be effective. In those patients who do not respond
to bismuth, sulfasalazine or mesalamine may be bene-
®cial. Other agents reported to be bene®cial in
small, uncontrolled series include cholestyramine and
antibiotics such as metronidazole, erythromycin, and
penicillin. For more severe symptoms, a corticosteroid
such as prednisone or budesonide may be used. Patients
dependent on or refractory to corticosteroids have
been successfully treated with the immune modulators,
6-mercaptopurine and azathioprine. Octreotide has
been effective in some patients with severe diarrhea.

Surgery

In a small number of patients with collagenous and
lymphocytic colitis, the diarrhea remains severe despite
medical therapy. With a diverting ileostomy, the diar-
rhea resolves. Some patients with collagenous colitis
and with lymphocytic colitis have undergone procto-
colectomy with ileal pouch to anal anastomosis.
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CONCLUSION

Collagenous colitis and lymphocytic colitis, which com-
prise the syndrome of microscopic colitis, are unique
forms of in¯ammatory bowel disease. Unlike Crohn's
disease and ulcerative colitis, they do not carry an in-
creased risk of cancer, and they rarely require surgery.
Few controlled trials of therapy have been performed,
but, in general, these disorders appear to respond to
antiin¯ammatory or immune modulator therapy.
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Colitis Cystica Profunda and
Solitary Rectal Ulcer Syndrome
DAVID E. BECK

Ochsner Clinic Foundation, Louisiana

colitis cystica profunda A benign pathologic condition

characterized by mucin-®lled cysts located deep to the

muscularis mucosae.

intussception A condition in which the rectum slips inside

itself; this condition can cause obstructive symptoms and

damage to the rectum.

perineal protectomy A surgical procedure, performed via the

anus, that excises redundant rectum and reconnects the

two remaining ends.

prolapse Rectal intussception continues to the point that

portions of the rectum are outside the anus.

solitary rectal ulcer syndrome A clinical condition char-

acterized by rectal bleeding, copious mucous discharge,

anorectal pain, and dif®cult evacuation.

Colitis cystica profunda and solitary rectal ulcer

syndrome are closely related diagnoses and some authors

consider them interchangeable. The etiology of these

conditions remains unclear, but a common feature is

chronic in¯ammation and/or trauma. The in¯ammation

may result from in¯ammatory bowel disease, resolving

ischemia, or trauma associated with internal intusscep-

tion or prolapse of the rectum, direct digital trauma, or the

forces associated with evacuating a hard stool.

INTRODUCTION

Colitis cystica profunda (CCP) and solitary rectal ulcer
syndrome (SRUS) are uncommon and controversial
conditions. Cystica profunda is a benign condition char-
acterized by mucin-®lled cysts located deep to the
muscularis mucosae. Although cysts can occur in any
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Colitis, Indeterminate
KONSTANTINOS A. PAPADAKIS
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Crohn's disease Chronic idiopathic in¯ammatory bowel

disease characterized by patchy, transmural, and often

granulomatous in¯ammation of any part of the gastro-

intestinal tract; the in¯ammatory process more often

involves the ileum and colon.

indeterminate colitis Chronic idiopathic in¯ammatory

colitis that cannot be classi®ed with certainty as

ulcerative colitis or Crohn's disease based on endo-

scopic, radiographic, and histopathologic criteria.

ulcerative colitis Chronic idiopathic in¯ammatory colitis,

characterized by continuous super®cial in¯ammation

extending to a varying degree in a continuous fashion

from the rectum to the proximal colon.

In¯ammatory bowel disease (IBD) has been traditionally

classi®ed into ulcerative colitis (UC) and Crohn's disease

(CD). In UC, the mucosal in¯ammation is limited to the

super®cial layers of the colon (mucosa and submucosa),

whereas in CD, which can affect any part of the gastroin-

testinal tract, the in¯ammatory process is patchy, trans-

mural, and often associated with granuloma formation.

The term `̀ indeterminate colitis'' (IC) was originally used

by pathologists to describe colitis observed in surgical

specimens that could not be accurately classi®ed as UC

or CD. This was therefore a provisional classi®cation

prior to establishing a de®nitive diagnosis. More recently,

the use of the term IC has been extended in the preco-

lectomy evaluation of patients with IBD to characterize

the type of colitis (in the absence of small intestinal

in¯ammation) that cannot be classi®ed with certainty

as UC or CD. It is still debated whether IC represents

a distinct clinical entity or simply a problem of classi®-

cation at the time of evaluation.

INTRODUCTION

Recent advances in our understanding of the pathogen-
esis of mucosal in¯ammation in animal models and hu-
mans suggest that in¯ammatory bowel disease (IBD),
and particularly Crohn's disease (CD), may represent a
heterogeneous group of diseases based on clinical, sub-
clinical, and genetic characteristics. This notion has
been supported by the development of numerous ani-
mal models of IBD with distinct phenotypes and immu-
nologic features following selective manipulation of

a variety of genes, including those of pro-in¯ammatory
or immunoregulatory cytokines. Given these advances,
indeterminate colitis (IC) may in fact be a distinct
manifestation within the in¯ammatory bowel disease
spectrum.

INCIDENCE, NATURAL HISTORY,
AND DIAGNOSTIC EVALUATION

Overall, 5 to 23% of initial diagnoses of IBD are clas-
si®ed as IC and its incidence is approximately 2.4 per
100,000. It has been reported that IC is associated
with a higher risk of colorectal cancer development
and increased mortality compared to ulcerative colitis
(UC). Also, the cumulative incidence of colectomy in
patients with IC in a population-based study was four
times higher than in patients with de®nite UC. Since
the cancer risk is related to the extent of colonic in-
¯ammation, the higher risk of colorectal cancer in
patients with IC may be due to the fact that most
patients classi®ed as having IC are more likely to
have pancolitis. In addition, the higher mortality
rate in patients with IC re¯ects a more severe and
extensive in¯ammatory process in patients with IC
compared to patients with UC, since the majority of
the deaths have been attributed to complications of
colitis. Recent studies have shown that most patients
with IC will be reclassi®ed as having CD or UC within
8 years of the initial diagnosis. The probability of
having a diagnosis of Crohn's disease was increased
in patients with fever at their initial presentation,
segmental endoscopic lesions, or extraintestinal com-
plications and in current smokers, whereas the prob-
ability of having a diagnosis of UC was increased in
patients who had not undergone appendectomy before
diagnosis. Serologic testing in patients with an initial
diagnosis of IC may be helpful in categorizing the
disease and predict the follow-up diagnosis. The
most extensively studied serologic markers in IBD
include perinuclear anti-neutrophil cytoplasmic
antibody (pANCA) and anti-Saccharomyces cerevisiae
antibodies (ASCA). As subclinical indicators of immune
dysregulation, these markers can be used in IBD to
stratify patients based on clinical, immunologic, and
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genetic characteristics. pANCA is detected in the
serum of 60 to 70% of patients with UC and in
10ÿ20% of patients with CD. ASCA is present in
50 to 70% of patients with CD and 6 to 14% of pa-
tients with UC. ASCA is rarely expressed in individ-
uals who do not have IBD and thus is highly speci®c
for CD. In a recent prospective study, pANCA and
ASCA were studied in 97 patients with IC. ASCA-pos-
itive /pANCA-negative IC predicted evolution to CD
in 80% of the patients. ASCA-negative/pANCA-posi-
tive IC predicted UC in 64% of patients, whereas this
combination was 100% predictive of UC or `̀ UC-like
CD.'' The latter represent cases of Crohn's disease
with left-sided colonic involvement, which resemble
UC both clinically and endoscopically. Interestingly,
almost half of the patients with IC were negative for
both of these serologic markers and most of these
patients (85%) continued to carry the diagnosis of
IC in follow-up evaluation.

MEDICAL THERAPY OF
INDETERMINATE COLITIS

Unfortunately, evidence-based medical treatment
strategies are lacking for IC simply because random-
ized controlled trials have included only well-docu-
mented cases of UC or CD. Since many patients with
IC will eventually be found to have either UC or CD,
any therapy that is effective in both diseases may
prove useful in the treatment of IC. The goals of med-
ical treatment in IC are the same as in the other forms
of IBD, namely, induction and maintenance of remis-
sion (absence of symptoms related to colitis such as
abdominal pain, diarrhea, rectal bleeding, or tenes-
mus). The mainstay of medical treatment for mild
to moderately active IC includes the use of aminosal-
icylates. There are three delivery systems for oral ami-
nosalicylates and several topical (rectal) formulations.
The oral formulations include azo-bond conjugates
(sulfasalazine, olsalazine, and balsalazide), pH-depen-
dent mesalamine with varied Eudragit (USP) coatings
(Asacol, Salofalk, and Claversal), and time/pH release
formulations of mesalamine encapsulated into ethyl-
cellulose beads (Pentasa). Since IC usually involves
the entire colon, combined administration of oral
and topical 5-ASA may have an additive therapeutic
effect. In patients with IC who fail to respond to 5-
ASA treatment or those with severe disease, cortico-
steroids will often be required to induce remission.
However, corticosteroids have no maintenance bene®t
in patients with CD or UC and therefore probably
should not be used long-term in patients with IC
either. In cases where IC becomes steroid-dependent,

immunomodulatory treatment with 6-mercaptopurine
(6-MP) or azathioprine (AZA) should be initiated. In
patients who are intolerant to 6-MP/AZA or fail to
respond adequately methotrexate can be tried. This
drug has been shown to be effective for the induction
and maintenance of remission in steroid-dependent,
chronic active CD but is less effective in UC. However,
its ef®cacy in IC is unknown. Novel treatments that
target in¯ammatory mediators [e.g., tumor necrosis
factor a (TNFa)] thought to be central in the patho-
genesis of mucosal in¯ammation, such as the human /
chimeric monoclonal antibody directed against TNFa,
in¯iximab (Remicade), have been found to be highly
effective for the treatment of in¯ammatory and
®stulizing CD, but less so for the treatment of UC.
In a small series of patients with treatment-resistant
IC, in¯iximab was effective in 67% of patients and
several patients avoided colectomy. Cyclosporine
(CsA) may also be effective in patients with IC who
failed to respond to corticosteroid treatment similarly
to patients with UC. Successful induction of remission
with CsA, however, will invariably require the long-
term use of 6-MP/AZA for maintenance of remission.

SURGICAL THERAPY OF
INDETERMINATE COLITIS

As discussed in a previous section, the risk of major
surgery is increased several fold in patients with IC
compared to those with UC. Ileal pouch-anal anasto-
mosis (IPAA) has been considered the gold standard
surgical treatment for UC and is generally contraindi-
cated in patients with CD due to the high incidence of
complications, including pelvic abscess, ®stula, and
pouch failure, which may require pouch excision. In
some cases of Crohn's disease, those with no small
bowel or ano-perineal disease may do well with restor-
ative proctocolectomy. This treatment, therefore, has
been advocated in a select group of patients. The
major decision regarding surgical treatment of IC is
whether to perform restorative proctocolectomy
(IPAA) or total colectomy with ileostomy or in cases
of rectal sparing subtotal colectomy with ileorectal
anastomosis. The outcome of patients operated on for
IC with IPAA, who did not develop CD in long-term
follow-up evaluation, is reportedly as good as those op-
erated on for UC, although other studies have reported
a higher incidence of complications in patients operated
on for IC. This discrepancy may be related to the
differences in the de®nition of IC used in different
studies. Nevertheless, the development of CD following
IPAA for either UC or IC is associated with poor long-
term outcome. Prior to surgery, however, extensive
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evaluation of patients with an upper gastrointestinal
series/small bowel follow-through or even wireless cap-
sule endoscopy should be performed to rule out Crohn's
disease of the small bowel and avoid performing an
IPAA in these patients. IBD serologies precolectomy
may be helpful in predicting the potential development
of complications following IPAA for IC, but long-term
follow-up studies are needed to assess their utility in this
setting.

CONCLUSION

Indeterminate colitis was originally reported in
colectomy specimens to describe the in¯ammatory
process that could not be adequately classi®ed as UC
or CD. Recently, the term has been extended in cases of
chronic IBD, without small bowel in¯ammation and
inconclusive diagnostic features of either UC or
CD on endoscopic and histopathologic evaluation.
Although long-term follow-up evaluation may change
the diagnosis to either UC or CD, a signi®cant number of
patients will still have IC. This observation supports the
idea that although IC may represent a problem of clas-
si®cation at the time of evaluation in some cases, other
cases may truly represent a distinct disease entity. Med-
ical therapies are similar to those used for the treatment
of UC and sometimes CD. Surgical treatment may be
needed in those patients with severe treatment-
resistant disease.
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Colitis, Radiation, Chemical,
and Drug-Induced
WALLACE K. MACNAUGHTON
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colitis In¯ammation of the colon, which can be transmural

or con®ned to the mucosa, which may be acute or

chronic, and which may resolve, resolve and recur, or be

persistent.

chemotherapeutics Anti-neoplastic drugs used to treat

leukemic cancers, solid tumor cancers, or other cancers.

ionizing radiation Energetic particles, emitted by some iso-

topes of certain atoms, that interact with biological tissues

to cause ionization, which leads to chemical, structural,

or physiological changes in cells.

neuroleptics Drugs used to treat various psychiatric disorders

including schizophrenia.

nonsteroidal anti-in¯ammatory drugs Medications used to

treat a variety of in¯ammatory conditions and which are

often prescribed for extended periods of time in the case

of chronic in¯ammatory diseases such as rheumatoid

arthritis.

Colonic in¯ammation, distinct from that which charac-

terizes Crohn's disease or ulcerative colitis, is occasion-

ally caused by external agents that are used to treat other

diseases or which may gain access to the colon through

ingestion or other routes. Many of the agents associated

with nonin¯ammatory bowel disease colitis, including

radiation, chemicals, and drugs, are suspected, but not

necessarily proven, causative agents. Causation has been

implied in case studies, but often carefully controlled

clinical trials are not available or ethically possible, re-

sulting in uncertainty as to whether or not a given agent is

responsible for the colitis.

INTRODUCTION

Colitis, or in¯ammation of the colon, is most commonly
associated with the in¯ammatory bowel diseases
Crohn's disease and ulcerative colitis. These diseases
have an unknown etiology and are characterized by
their `̀ relapsingÿremitting'' nature. Less common, but
no less deleterious to the patient, is colitis occurring in
the setting of exposure to a de®ned external factor. In
many cases, colitis is caused by a therapeutic modality
that is being used for an indication not related to the
colon per se. Examples are ionizing radiation, chemo-

therapeutic agents, other drugs, or other chemicals pres-
ent in the environment and to which patients may be
exposed. In most cases, when a speci®c agent is identi-
®ed as causing colitis, cessation of that particular agent
leads to the resolution of the colonic in¯ammation. In
other cases, however, removal of the associated agent
(such as cessation of abdominopelvic exposure to ion-
izing radiation in the case of radiotherapy) does not
result in resolution of the colitis. In these cases, chronic
colonic in¯ammatory disease may develop, which is
often dif®cult to manage and is associated with signif-
icant morbidity.

RADIATION-INDUCED COLITIS AND
RADIATION ENTEROPATHY

Abdominopelvic exposure to ionizing radiation, such as
that received during cancer radiotherapy, can result in
the development of an acute colonic in¯ammation that
often progresses to a chronic radiation enteritis. Irradi-
ation results in a rapid cellular burst of free radicals that
can cause single- and double-stranded DNA breaks, as
well as damage to proteins, lipids, carbohydrates, and
other molecules. Cells that are rapidly dividing and
undifferentiated (such as stem cells in the crypt region
of the intestinal mucosa) are most radiosensitive, par-
ticularly when they are in the G2 or M phases of the cell
cycle, and are induced to undergo p53-dependent
apoptosis. Following irradiation, there is rapid activa-
tion of the coagulation cascade and apoptosis of endo-
thelial cells within the radiation ®eld. There is also an
acute in¯ammatory response characterized by leuko-
cyte in®ltration. This in¯ammatory response can exac-
erbate the radiation-induced epithelial damage. The
acute phase of the response to ionizing radiation will
resolve, but during most fractionation protocols, an-
other dose of radiation is delivered before this resolu-
tion can occur. Thus, there is an `̀ accumulated injury,''
which can exacerbate the endothelial response and
lead to increased production of cytokines such as
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transforming growth factor-b (TGF-b), which can delay
the repair process further.

Epithelial damage is associated with decreased bar-
rier function. This is due to a combination of direct
epithelial cellular damage, decreased responsiveness
to secretagogues, and damage to the basement mem-
brane. The impaired barrier function may lead to in-
creased bacterial translocation, which has the potential
to exacerbate or prolong the injury, although this re-
mains controversial. Indeed, it has been observed that
acute clinical symptoms (from the second to the sixth
week postirradiation) are manifested even at times
when endoscopic and histological changes have
normalized. Nevertheless, impaired barrier function
is thought to contribute to the progression to chronic
disease. The chronic phase of radiation enteritis is char-
acterized by progressive ®brosis and vascular sclerosis.
The ®brosis can lead to bowel wall thickening and nar-
rowing of the colonic lumen, leading to stricture forma-
tion and dilation of the segment of bowel proximal to the
area of stricture. These regions are also characterized by
an in¯ammatory cell in®ltrate and, on occasion, ®stula
and abscess formation as a result of perforation. The
chronic ®brosis is thought to be mediated by TGF-b1,
which is initially expressed following radiation-induced
cytokine release. TGF-b1 overexpression has been
observed in irradiated tissues, including the colon.

CHEMICALLY INDUCED COLITIS

The incidence of colitis induced by chemicals distinct
from therapeutic drugs is rare. The most common of
these, however, is disinfectant colitis caused by inad-
vertent exposure of the colon to the 2% glutaraldehyde
solutions used to clean endoscopes. Glutaraldehyde-
containing disinfectant solutions can cause an acute,
nonspeci®c colitis or proctitis characterized by bloody
diarrhea, cramping, and fever, in the absence of Clos-
tridium dif®cile infection. There has been a report of
glutaraldehyde-induced colitis mimicking pseudo-
membranous colitis. The development of acute colitis
within 24 h after endoscopy, particularly when endo-
scopic ®ndings are normal, should be considered
iatrogenic in nature.

There are several experimental animal models of
chemically induced colitis, designed to mimic various
clinically important in¯ammatory diseases of the gut.
Intracolonic trinitrobenzene sulfonic acid or dinitro-
benzenesulfonic acid, often administered in an ethanol
vehicle, has been used in a number of rodent species
to mimic Crohn's disease. Typically, instillation of
these agents causes a T-helper 1 (TH1) T-cell-driven
colitis with acute and chronic phases that resolve within

several weeks. Dextran sodium sulfate administered
in the drinking water to mice or rats causes an
acute colitis mimicking ulcerative colitis. This is a
mixed TH-1/TH-2-driven in¯ammation characterized
by bloody diarrhea and a neutrophilic mucosal in¯am-
mation. Oral administration of oxazolone causes a
TH-2-mediated colitis in mice and rats. Intralumenal
administration of acetic acid causes a nonspeci®c colitis
in the rat, guinea pig, and rabbit.

DRUG-INDUCED COLITIS

Chemotherapy Agents

Chemotherapeutic drugs are occasionally associated
with the development of various colitides. In general,
patients undergoing combination chemotherapy for
leukemias or advanced solid tumors are at risk of
developing necrotizing enteropathy or neutropenic
enterocolitis. It is believed that the primary cause is
due to a drug-induced decrease in mucosal defense,
perhaps as a result of compromised epithelial integrity,
with subsequent infection, often polymicrobial. The
colon becomes edematous and hemorrhagic with trans-
mural necrosis. Involved areas are often sharply demar-
cated from uninvolved areas. Unlike radiation-induced
enteropathy, patients in most cases recover with sup-
portive care and administration of broad-spectrum
antibiotics. There have been case reports of severe
early-onset colitis, occasionally causing death, associ-
ated with taxane-based drugs used in the treatment of
breast cancer (e.g., docataxel, paclitaxel). These agents
do not cause typical neutropenic colitis, but rather a
pseudo-membranous or ischemic colitis.

Antibiotics

Although antibiotic use does not directly cause co-
litis, administration of some antibiotics is often associ-
ated with the development of a pseudo-membranous
colitis. Antibiotics disrupt the normal microbial balance
in the colon, allowing overgrowth of some pathogenic
species of bacteria, predominantly C. dif®cile. Particu-
larly susceptible are surgical and intensive care patients.
The majority of patients who contract C. dif®cile infec-
tion will develop diarrhea and 10% of these will progress
to pseudo-membranous colitis.

Other Drugs

Some neuroleptic drugs have been associated with
the development of colitis. Clozapine, used in some
schizophrenic patients, is associated with the develop-
ment of neutropenia and has, in some instances, been
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linked to the development of a neutropenic colitis.
Others have associated clozapine administration with
eosinophilia and still others associate its effect with its
anticholinergic activity. Phenothiazines have also been
linked with the development of colitis, perhaps due to
reduced blood ¯ow in the bowel. Hypersensitivity as-
sociated with anti-epileptic drugs may include colitis. In
all of these cases, colitis resolves with cessation of drug
intake.

There is a growing literature detailing the develop-
ment of colitis with the use of pseudoephedrine as a
nasal decongestant. Several reports of ischemic colitis
have been made, with the vasoconstrictor activity of the
drug proposed as the cause. In each case, colitis resolved
spontaneously when the pseudoephedrine use was
halted.

Sumatriptan, a serotonin type 1 receptor antagonist
used to treat migraine headaches, is associated with
several side effects, including ischemic colitis, although
most case reports are confounded by coadministration
of other drugs.

Nonsteroidal anti-in¯ammatory drugs (NSAIDs) are
also associated with the development of colitis, presum-
ably due to the fact that they decrease the production of
prostaglandins involved in the preservation of gastro-
intestinal integrity. Several case reports demonstrate
that NSAIDs that block both cyclooxygenase (COX)-1
and COX-2, or that selectively block COX-2, may in-
duce nonspeci®c colitis or, more rarely, eosinophilic,
pseudo-membranous, or collagenous colitis.

Effects of Drugs on Existing Colitis

Occasionally, patients with in¯ammatory bowel dis-
ease may experience relapse or exacerbation of their
disease as a result of drugs they may be taking. For
example, there are reports of exacerbation of in¯amma-
tory bowel disease (IBD) in patients taking NSAIDs. Of
particular note is the fact that selective COX-2 inhibitors
are capable of exacerbating colitis, despite the fact that

they are touted as being `̀ gastrointestinally safe.'' In ad-
dition, the immunosuppressant mycophenolate mofetil,
which is used in IBD patients refractory to azathioprine
and in renal transplant patients, has recently been as-
sociated with toxicity, including colitis, which has been
described as `̀ graft-versus-host disease-like.''
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5-aminosalicylic acid Drug that reduces in¯ammation in UC.

ankylosing spondylitis Chronic in¯ammation of the spine

and adjacent joints.

arthralgia Pain in the joints.

azathioprine Immunosuppressive drug used in refractory UC.

ciclosporin Immunosuppressive drug used to treat acute

severe refractory UC.

colonoscopy Examination of the colon, rectum, and terminal

ileum using a ¯exible videoendoscope introduced

through the anus, usually after preparation of the patient

with laxatives to clear the colon of feces.

Crohn's disease Idiopathic chronic in¯ammatory disease of

the entire gastrointestinal tract; included with UC in the

category `̀ in¯ammatory bowel disease.''

cytokines Group of peptides produced by in¯ammatory and

other cells; control cell function and may have pro- or

antiin¯ammatory effects.

dysplasia Alterations in the microscopic appearance of the

cells lining the colon; may herald the development of

cancer.

episcleritis In¯ammation of sclera of the eye, sometimes

occurring in patients with active UC.

erythema nodosum Red, tender swellings, usually on the

legs; may occur in patients with active UC.

ileoanal pouch Reservoir created from the distal ileum to

connect ileum to anus after total colectomy.

ileostomy Operation in which, after removal of the colon

(colectomy), the cut end of the ileum is brought through

an opening in the abdominal wall. Ileal ef¯uent is

collected thereafter into a bag ®xed over the stoma.

6-mercaptopurine Metabolic product of azathioprine; also

used in refractory UC.

mesalamine Approved name for 5-ASA products.

prednisolone Corticosteroid drug used to reduce in¯amma-

tion in active UC.

proctitis In¯ammation of the rectum; the least extensive

variety of UC.

pseudopolyp Polypoid projection from the mucosa into the

lumen of the colon, resulting from healing after

in¯ammation.

pyoderma gangrenosum Chronic skin ulcer sometimes

complicating UC.

sclerosing cholangitis Slowly progressive in¯ammatory

scarring of bile ducts, leading eventually to liver failure;

may occur in association with UC.

sulfasalazine Drug containing both 5-ASA and a

sulfonamide; useful in the treatment of UC.

tenesmus Persistent urge to defecate in patients with rectal

in¯ammation.

toxic megacolon Dilatation of the colon occurring rarely in

patients with severe attacks of UC; may cause colonic

perforation and usually requires urgent surgery.

ulcerative colitis Idiopathic chronic in¯ammatory disease of

the colon and rectum.

uveitis In¯ammation of the anterior chamber of the eye,

sometimes complicating active UC.

In¯ammatory bowel disease comprises two chronic re-

lapsing and remitting in¯ammatory disorders of the gas-

trointestinal tract, ulcerative colitis and Crohn's disease.

The cause of these diseases is unknown. Each is a lifelong

disease, characterized by recurrent episodes of diarrhea,

which is often bloody, with abdominal pain, malaise, and

weight loss. Unlike in Crohn's disease, gut in¯ammation

in ulcerative colitis affects only the colon and rectum.

INCIDENCE AND CAUSE

Ulcerative colitis (UC) is likely to result from a genet-
ically determined inappropriately prolonged mucosal
in¯ammatory response to as yet unidenti®ed environ-
mental factors, including, for example, gut microbial
products.

Epidemiology

In North America and Europe, the incidence of UC is
about 10 new cases per year per 100,000 population,
and its prevalence 150/100,000. In Africa, Asia, and
South America, UC is less common, although now in-
creasing in incidence, probably as a result of improved
hygiene. UC is slightly more common in women. It has a
major peak of onset at 20ÿ40 years of age and a lesser
one at ages 60ÿ80.

Cause

Genetic Factors

UC and Crohn's disease (CD) are likely to be related
heterogeneous polygenic disorders with no single
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Mendelian pattern of inheritance. The contribution of
genetic, as opposed to environmental, factors in UC is
about 40%, and in CD, 60%. Epidemiological studies
have shown that in¯ammatory bowel disease (IBD) is
more common in Ashkenazi than in Sephardic Jews,
and in North American Caucasians than in African-
Americans. There is a 10-fold increased risk of IBD in
the ®rst-degree relatives of patients with UC. There
is also high concordance for IBD in identical twins,
particularly in CD (60%) as opposed to UC (10%).

The results of some genetic studies have varied
according to the population under investigation. For
example, the frequency of human leukocyte antigen
(HLA) DR2 is increased in Japanese and Californians
patients with UC, but not in British or European patients
with UC. However, in several populations, susceptibil-
ity loci have been reported for UC on chromosomes 2
and 6, for CD on chromosomes 5 and 16, and for both on
chromosomes 1, 3, 4, 7, and 12, suggesting that the two
diseases are distinct, although sharing some suscepti-
bility genes.

It is estimated that between 10 and 20 genes may be
involved in the pathogenesis of IBD. Some of the path-
ophysiological abnormalities in IBD, such as abnormal
immune regulation, increased gut permeability, defec-
tive colonic mucus, and disordered immune regulation
(Table I), are probably genetically determined, but the
clinical variability of IBD may also re¯ect genetic het-
erogeneity. In UC, for example, DR3/DQ2 is associated
with extensive disease.

Genome scanning techniques using microsatellite
markers have been employed to highlight areas of

chromosomes linked to disease, including, for example,
those on chromosomes 12 (IBD2) and 16 (IBD1). IBD2
appears to make a major contribution to UC suscepti-
bility but to have only a relatively minor effect in CD, for
which there may be substantially more locus heteroge-
neity. The presence of perinuclear antineutrophil cyto-
plasmic antibodies (pANCA) in the serum of most
patients with UC (but in only 5% of those with CD)
is determined genetically. The genetics of IBD is cur-
rently under intense investigation; genetic clari®cation
of this disease will have major implications for our un-
derstanding of its etiopathogenesis and for improving
the treatment of IBD.

Environmental Factors

Several environmental factors appear to play a role
in the causation of IBD.

Smoking Only about 10% of patients with UC
smoke, compared with 30% of the normal population
and with 40% of those with CD. UC commonly pre-
sents for the ®rst time soon after a patient stops smoking,
and nicotine patches have a modest therapeutic bene®t.
Nicotine and other constituents of tobacco have a va-
riety of effects on the in¯ammatory response, but it
is not known why these are bene®cial in UC but
harmful in CD.

Diet Up to 5% of patients with UC improve on
avoidance of cow's milk; no other dietary in¯uences
are known.

Speci®c infection Despite its resemblance to, and
occasional onset after, infectious diarrhea, there is no
evidence that UC is due to a single infectious agent.

TABLE I Genetic Factors in the Etiology of IBD

Factora Ulcerative colitis Crohn's disease

Ethnic and familial incidence

First-degree relatives 5% 10%

Identical twins 10% 60%

Genetic abnormalities

HLA DR2 Increased ( Japanese) Ð

Susceptibility loci

Chromosomes 5 and 16 Ð Yes

Chromosomes 2 and 6 Yes Ð

Chromosomes 1, 3, 4, 7, and 12 Yes Yes

Gene products and markers

Increased gut permeability Ð Yes

Defective colonic mucus Yes Ð

Abnormal immune regulation Yes Yes

DR3/DQ2 for extensive disease Yes Ð

pANCA Yes Ð

ASCA Ð Yes

a Abbreviations: pANCA, perinuclear antineutrophil cytoplasmic antibody; ASCA, anti-Saccharomyces cerevisiae antibody.
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Enteric micro¯ora The resident gut micro¯ora are
likely to be a major factor in the pathogenesis of IBD.
Clinical and experimental evidence shows the impor-
tance of the fecal stream in driving mucosal in¯am-
mation. Patients with active IBD show loss of
immunological tolerance to intestinal micro¯ora. Anti-
biotics and, in preliminary studies, probiotics may have
a therapeutic role in IBD.

Drugs Relapse of IBD may be precipitated by
nonsteroidal antiin¯ammatory drugs (NSAIDs) and
by antibiotics, the latter probably acting by altering
enteric ¯ora.

Appendectomy Appendectomy seems to protect
patients from developing UC. In an in¯amed appendix
in genetically prone individuals, T lymphocytes may
trigger in¯ammation (UC) in the more distal colon.

Stress Psychological stress is common in patients
with IBD as a result of the unpleasantness, chronicity,
and intractability of their illness. It is possible, however,
that in some patients stress may trigger relapse of IBD
(for example, by activation of leukocytes by enteric
nerve endings in the gut wall) (Fig. 1).

Pathogenesis

Although the initiating factors in UC are unknown,
altered immune regulation leads to mucosal in¯amma-
tion, which is ampli®ed and perpetuated by recruitment
of leukocytes from the gut vasculature. Up-regulation of
expression of nuclear transcription factors is likely to
increase local release of cytokines and in¯ammatory
mediators (Fig. 1). In UC, a non-T helper 1 (non-
Th1) cytokine response generates a mainly humoral
immune pro®le, whereas in CD, a Th1-induced cell-
mediated response occurs (Table II). In UC, defective
colonic mucus and abnormal mucosal permeability may
facilitate access of bacterial and dietary products to the
mucosa; furthermore, impaired availability of bacteri-
ally derived short-chain fatty acids may adversely affect
colonocyte function.

Pathology

UC usually begins in the rectum, and either remains
there or spreads proximally with time (Fig. 2). The
colonic mucosa shows diffuse in¯ammation with hyper-
emia, granularity, and surface pus and blood, leading in
severe cases to extensive ulceration (Fig. 3). This heals
by granulation to form multiple pseudopolyps.

Microscopically, acute and chronic in¯ammatory
cells in®ltrate the lamina propria and crypts (producing
crypt abscesses). Crypt architecture is distorted and
goblet cells lose their mucin (Fig. 4). The mucosa is
edematous with epithelial ulceration. Biopsies in

long-standing total colitis may show dysplasia, in which
epithelial cell nuclei are enlarged and crowded and lose
their polarity; carcinoma may supervene.

CLINICAL FEATURES
AND COMPLICATIONS

Clinical Features

The onset of UC is usually gradual and its natural
history is chronic, with relapses and remissions over
many years. The features of active disease depend on
the extent as well as activity of the disease:

1. Acute severe UC, which most commonly occurs in
patients with subtotal or total disease (Fig. 2), causes
profuse, frequent diarrhea (46 loose stools per day)
with blood and mucus, abdominal pain, fever, malaise,
anorexia, and weight loss. The patient is thin, anemic,
¯uid depleted, febrile, and tachycardic. In patients
developing toxic megacolon and/or perforation, there

FIGURE 1 Mediators and mechanisms in the pathogenesis of

in¯ammatory bowel disease. Although the initiating factors of the

disease are uncertain, and may include a breakdown in tolerance

to enteric ¯ora, T cell and macrophage activation lead to produc-

tion of cytokines acting at several levels. These include the local

microvasculature, with generation of a chemokine gradient that

causes transmigration of neutrophils, leading to tissue damage by

metalloproteases and other reactive substances, augmentation of

the in¯ammatory response, and disruption of the epithelial bar-

rier, causing further ingress of enteric ¯ora and their products.

(IFNg, interferon g; TNFa, tumor necrosis factor a; IL-12, inter-

leukin-12; NO, nitric oxide; HOCl, hypochlorite; LTB4,

leukotriene B4). Reproduced from D. S. Rampton and F. Shanahan

(2000), Fast FactsÐIn¯ammatory Bowel Disease, with permission

of Health Press Ltd., Oxford.
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is sudden worsening of abdominal pain, distension,
fever, tachycardia, sepsis, and shock.

. 2. Moderately active UC, usually left sided (Fig. 2),
causes rectal bleeding and mucus discharge with
diarrhea (56 loose stools per day), urgency, and
sometimes abdominal pain.

3. Active proctitis causes rectal bleeding and mucus
discharge, often with tenesmus and pruritus ani. There
may be increased stool frequency but some patients are
constipated, particularly proximal to the in¯amed
rectum. General health is usually maintained..

Extraintestinal Associations and Complications

Systemic associations and complications of UC, as of
CD most commonly affect the liver and biliary tree,
joints, skin, and eyes (Table III). Some complications
occur mainly in active disease. In some instances, the
condition is a metabolic complication of IBD (gallstones
and urinary stones). In others, there is a genetic and/
or immunological (ankylosing spondylitis, uveitis,
arthropathy) association with IBD. The most important
complications are sclerosing cholangitis, joint disease,

osteoporosis, skin conditions, ocular diseases, and
thromboembolism.

Sclerosing Cholangitis

Sclerosing cholangitis occurs in about 5% of patients
with UC. Its pathogenesis is unknown, but it may occur
years before the onset of overt colitis. It is characterized
by gradually progressive obliterative ®brosis of the bil-
iary tree and is sometimes complicated by cholangio-
carcinoma. The risk of colorectal cancer in patients with
UC and sclerosing cholangitis exceeds that associated
with UC alone. Patients usually present with obstructive
jaundice, cholangitis, or abnormal liver function tests at
routine screening. The diagnosis may be suggested by
ultrasound, computer tomography (CT), magnetic res-
onance imaging, and/or liver biopsy; endoscopic retro-
grade choledochopancreatography (ERCP) is useful for
diagnosis and stenting of strictures. Although widely
used, ursodeoxycholic acid is of unproved bene®t.
Liver transplant is the only hope of long-term survival;
median survival without transplant is about 15 years.

Joint Disease

IBD-related arthropathy occurs in up to 10% of pa-
tients with UC. Pauciarticular disease involves less than
®ve joints; characteristically it affects one large joint (for
example, the knee) and is most common in women.
Attacks usually coincide with relapse of colitis and may
be due to deposition in the affected joint of gut-derived
immune complexes. Pauciarticular disease is neither
progressive nor deforming. In most patients, the joint
symptoms resolve on successful treatment of the active
UC. Sulfasalazine may be more effective for the joints
than other 5-aminosalicylic acids (5ASAs). NSAIDs
may exacerbate UC, and should if possible be avoided.
Joint aspiration with steroid installation may help.

TABLE II Immune and In¯ammatory Response in IBDa

Factor Ulcerative colitis Crohn's disease

Humoral immunity

Association with autoimmune

disease (thyroiditis, SLE)

Strong Weak

Autoantibody production (anticolon

antibody, pANCA, etc.)

Common Rare

Cell-mediated immunity

Mucosal in®ltrate Nongranulomatous;

neutrophils prominent

Granulomatous;

T lymphocytes prominent

T cell reactivity Normal/decreased Increased

Cytokine pro®le

Th response Non-Th1 (IL-10, IL-4, and IL-13) Th1 (IL-2, IFN, IL-12, and TNFa)

a Abbreviations: SLE, systemic lupus erythematosus; pANCA, perinuclear antineutrophil cytoplasmic antibody; Th,

T helper lymphocyte; IL, interleukin; IFN, interferon; TNFa, tumor necrosis factor a.

FIGURE 2 Distribution of UC. Reproduced from D. S.

Rampton and F. Shanahan (2000), Fast FactsÐIn¯ammatory

Bowel Disease, with permission of Health Press Ltd., Oxford.
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Polyarticular IBD-related arthropathy affects
more than ®ve joints, particularly small joints in the
hands. Symptoms are more common in women,
chronic, and not clearly related to activity of UC. Man-
agement resembles that of pauciarticular disease, except
that response of the arthropathy to treatment of
UC is poor.

Ankylosing spondylitis is characterized by in¯am-
mation of the spinal column leading to formation of
syndesmophytes between vertebra and later calci®ca-
tion and ossi®cation of the interspinous ligaments. It
affects about 5% of patients with UC and is usually
accompanied by in¯ammation, erosion, and sclerosis
of the sacroiliac joints (i.e., sacroiliitis). Although
about 95% of patients without IBD who have ankylosing
spondylitis are HLA-B27 positive, this is true of only
70% of patients with both diseases. Presentation is
with back pain and stiffness, and diagnosis is con®rmed
by X ray. The course of ankylosing spondylitis is inde-
pendent of the activity of UC and it may present years
before the colitis becomes manifest. Treatment consists
of vigorous physiotherapy, sulfasalazine, and, if toler-
ated, NSAIDs.

Osteoporosis

Osteoporosis is much less common in UC than in
CD and is a consequence of chronic intestinal in¯am-
mation and its treatment with corticosteroids. The dis-
ease is asymptomatic for many years, presenting
eventually with vertebral collapse or long bone frac-
tures. Diagnosis is best made by bone densitometry.
To prevent osteoporosis, patients should eat adequate
amounts of dairy products and, if necessary, take cal-
cium and vitamin D tablets. Patients should control
their weight, stop smoking, and take regular exercise.
Postmenopausal women are given hormone replace-
ment therapy. Patients with proved osteoporosis are
usually treated with cyclical bisphosphonates.

A

B

FIGURE 3 Colonoscopic appearance of (a) active UC, showing

mucopurulent exudate, erythema, granularity, and super®cial ul-

ceration, and (b) inactive UC, showing erythema and edema, with

a sharp `̀ cutoff '' to normal more proximal colonic mucosa.

FIGURE 4 Microscopic appearance of active UC, showing

intense in¯ammatory cell in®ltration of the lamina propria, goblet

cell depletion, and crypt abscesses. Courtesy of R. M. Feakins.

Reproduced from D. S. Rampton and F. Shanahan (2000), Fast

FactsÐIn¯ammatory Bowel Disease, with permission of Health

Press Ltd., Oxford.
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Skin Associations

Erythema nodosum occurs in about 8% of patients
with UC, usually when the disease is active. Hot, red,
tender nodules appear, usually on extensor surfaces of
the lower legs and arms (Fig. 5); these nodules gradually
subside after a few days and leave brownish skin
discoloration. Treatment is of the active associated UC.

Pyoderma gangrenosum occurs in about 2% of pa-
tients with UC. There is initially a discrete pustule with
surrounding erythema; this develops into an indolent,
enlarging ulcer. The pustules most commonly occur on
the leg (Fig. 6), sometimes at sites of previous trauma.
Biopsy shows a lymphocytic vasculitis with neutrophilic
in®ltration. Pyoderma is often refractory to treatment;
options include intralesional, topical, and systemic cor-
ticosteroids, and immunosuppressive drugs. Colectomy
does not reliably induce healing of the skin lesion.

Ocular Associations

The eye is involved in about 3% of patients with UC,
often when the bowel disease is active. Episcleritis
causes burning and itching accompanied by dilated
blood vessels at the site of in¯ammation. Uveitis is
more serious and often recurrent, causing headache,
red eye, and blurred vision: slit lamp examination shows
pus in the anterior chamber. Treatment of both disor-
ders includes topical steroids, cycloplegics, and therapy
of active UC. Prompt referral to an ophthalmologist of
UC patients with ocular symptoms is advisable.

Thromboembolism

A hypercoagulable state exists in both forms of
IBD, leading to an increased incidence of both venous
and arterial thromboembolism. This involves all
components of the clotting system with elevations of
®brinogen, factor V, and factor VIII, and reduction of
antithrombin III concentrations. There is also increased
activation of platelets. Patients particularly at risk of
thromboembolic complications are those with active
disease.

INVESTIGATION

The aims of evaluative tests in UC are to establish the
diagnosis and the extent and activity of the disease, to
check for complications of the disease, and to guide
treatment. In patients aged less than 50 years, the
main differential diagnoses include infection and irrita-
ble bowel syndrome; while in older people, the differ-
ential diagnoses are primarily neoplasia, diverticular
disease, and ischemia.

TABLE III Extraintestinal Associations and

Complications of UC

Organ Complication

Joints/bones Enteropathic arthropathy a

Sacroiliitis

Ankylosing spondylitis

Osteoporosis

Eyes Episcleritisa

Uveitisa

Skin Erythema nodosuma

Pyoderma gangrenosum

Liver Fatty change

Chronic active hepatitis

Biliary tract Sclerosing cholangitis

Cholangiocarcinoma

Kidneys Uric acid stones

Lungs Fibrosing alveolitis

Blood Anemiaa

Arterial and venous thrombosisa

Constitutional Weight lossa

Growth retardation (children)a

a Worsens when UC is active.

FIGURE 5 Erythema nodosum. Reproduced from D. S.

Rampton and F. Shanahan (2000), Fast FactsÐIn¯ammatory

Bowel Disease, with permission of Health Press Ltd., Oxford.
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Blood Tests

In patients with abdominal pain and/or diarrhea,
results indicating anemia, elevated platelet count, and
elevated erythrocyte sedimentation rate (ESR) may sug-
gest active UC, but are not diagnostic. Elevated C-reac-
tive protein and low serum albumin levels suggest active
disease in patients with established UC; prior to diag-
nosis, they are only suggestive but not diagnostic of UC.

Liver function is abnormal in patients with hepato-
biliary complications (Table III), and requires regular
monitoring of patients on immunosuppressive therapy.
Most patients with UC have circulating perinuclear an-
tineutrophil antibodies, but the test for pANCAs is not
suf®ciently sensitive or speci®c to be of diagnostic value.

Regular blood checks are necessary to check for
bone marrow depression and hepatitis in patients
maintained on immunosuppressive drugs. Patients on
sulfasalazine are, additionally, at risk for hemolytic ane-
mia and folate de®ciency.

Stool Microbiology

Stool microscopy shows red and white blood cells in
active colitis, whether due to IBD or infection. Hot, fresh
samples are essential to look for amebic trophozoites
in stools of recent travelers. Even in patients with
known UC, microbiological testing of stools may reveal
associated infection when patients relapse.

Endoscopy and Histopathology

In patients with diarrhea, with or without rectal
bleeding, rigid or ¯exible sigmoidoscopy with biopsy
can provide immediate con®rmation of colitis and its
activity (Figs. 3 and 4). In patients who are not severely
ill, colonoscopy is the best test for diagnosing UC and
assessing its extent and activity. In acute severe UC, full
colonoscopy may cause perforation and should be
avoided. Inactive UC is characterized by mucosal
edema, erythema, and granularity, whereas in active
disease, there is also contact or spontaneous bleeding,
mucopus, and ulceration (Fig. 3). In chronic UC, there
are pseudopolyps and loss of the haustral pattern, with
apparent shortening of the colon, and the mucosa may
be atrophic. Colonoscopy is used for cancer surveillance
in chronic extensive UC.

Radiology

In patients with active UC, a plain abdominal radio-
graph sometimes helps to assess disease extent, because
fecal residue on the X ray may indicate sites of
unin¯amed colonic mucosa. Plain ®lms are also used
to exclude colonic dilatation (diameter more than
5.5 cm) in acute severe UC; in this setting, severe disease
is also indicated by deep ulceration and coarse
nodularity of the mucosa, or `̀ mucosal islands,'' and
linear gas tracking in the gut wall.

Double-contrast barium enema (Fig. 7) has largely
been superseded by colonoscopy. In patients with active
colitis, `̀ air enemas,'' in which air is introduced into the

FIGURE 6 Pyoderma gangrenosum. Reproduced from D. S.

Rampton and F. Shanahan (2000), Fast FactsÐIn¯ammatory

Bowel Disease, with permission of Health Press Ltd., Oxford.

FIGURE 7 Barium enema, showing super®cial ulceration in

active total UC. This test has now been largely superseded

by colonoscopy in patients with UC; both tests are potentially

dangerous in active disease.
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unprepared rectum, are sometimes used to assess dis-
ease extent.

The intensity and extent of colonic uptake on an
isotope scan taken 1 hour after injection of autologous
leukocytes radiolabeled with [99mTc]hexamethylene
propyleneamineoxime(HMPAO)provides information,
noninvasively, about disease activity and extent (Fig. 8).
Increased isotopic activity is not speci®c for UC and can
also occur in other in¯ammatory gut diseases.

DRUGS USED IN THE TREATMENT
OF UC

The mechanism of action, pharmacology, and side ef-
fects of drugs used as speci®c antiin¯ammatory agents in
UC are discussed in the following sections.

Corticosteroids

By combining with intracellular glucocorticoid re-
ceptors, corticosteroids have multiple antiin¯ammatory
actions (Table IV), but which of these is of predominant
importance is unclear. Corticosteroids can be given
intravenously, orally, or topically, the route selected

depending on the severity and site of disease (Table IV).
The side effects of conventional steroids have prompted
a search for safer formulations. For topical therapy, two
enema preparations (budesonide and prednisolone
metasulfobenzoate) contain steroids that are poorly
absorbed and/or undergo rapid ®rst-pass hepatic metab-
olism, thereby producing fewer side effects and less
adrenocortical suppression compared to other steroid
enemas. Oral formulations are being developed to
release prednisolone in the colon and thus reduce
its systemic absorption and side effects. The many

FIGURE 8 [99mTc]Hexamethylene propyleneamine oxime-

labeled leukocyte scanning appearance of active UC, showing

in¯ammation affecting colon up to hepatic ¯exure (extensive

colitis).

TABLE IV Corticosteroidsa

Preparations

Intravenous

Hydrocortisone (300ÿ400 mg/day)

Methylprednisolone (40ÿ60 mg/day)

Oral

Prednisolone, prednisolone (enteric coated), prednisone

(560 mg/day)

Enemas

Liquid: prednisolone metasulfobenzoate (Predenema),

prednisolone sodium phosphate (Predsol), budesonide

(Entocort)

Foam: prednisolone metasulfobenzoate (Predfoam),

hydrocortisone (Colifoam)

Suppositories

Hydrocortisone, prednisolone sodium phosphate

(Predsol)

Indications

Active UC

Side effects

General: Cushingoid facies, weight gain, dysphoria

Metabolic: Adrenocortical suppression, hyperglycemia,

hypokalemia

Cardiovascular: Hypertension, ¯uid retention

Infection: Opportunistic infections, reactivation of

tuberculosis, severe chickenpox

Skin: Acne, bruising, striae, hirsuties

Eyes: Cataracts, glaucoma

Musculoskeletal: Osteoporosis, avascular osteonecrosis,

myopathy

Children: Growth retardation

Mechanisms of action

Leukocytes

Reduced migration, activation, survival

Reduced activation of NF-kB

Phospholipase A2 inhibition

Reduced induction of COX-2, iNOS

Reduced production of cytokines and lipid mediators

Endothelial cells

Reduced expression of adhesion molecules

Reduced capillary permeability

a Abbreviations: NF-kB, nuclear (transcription) factor kB; COX-2,

cyclooxygenase-2; iNOS, inducible nitric oxide synthase.
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side-effects of steroids are related to dose and duration
of treatment except in avascular osteonecrosis.

Aminosalicylates

Like corticosteroids, 5-aminosalicylates have nu-
merous antiin¯ammatory effects. Aminosalicylates are
available orally (Table V) and as enemas and supposi-
tories (Table VI). The original compound, sulfasalazine
(Fig. 9), consists of 5ASA linked by an azo bond to
sulfapyridine (Table V). The sulfonamide acts as a
carrier to deliver 5ASA, the active moiety, to the
colon, where it is released by bacterial action. About
20% of patients cannot tolerate sulfasalazine because
of side effects, which are mostly due to sulfapyridine
(Table VI). The newer oral 5ASA formulations (Table V)
are much better tolerated. The pH-dependent delayed-
release and, particularly, slow-release mesalazine prep-
arations release 5ASA more proximally in the gut, mak-
ing them useful in small-bowel CD as well as in UC and
Crohn's colitis. In contrast, olsalazine and balsalazide,
like sulfasalazine, release 5ASA by bacterial azo reduc-
tion in the colon and are used only in UC.

Although better tolerated than sulfasalazine, the
newer 5ASA formulations (Table V) may also cause
rash, headache, nausea, diarrhea, exacerbation of UC,
pancreatitis, and/or blood dyscrasias (Table VI). Inter-
stitial nephritis occurs in about 0.2% of patients on
mesalazine, and watery diarrhea occurs in about 5%
of patients on olsalazine.

Azathioprine and 6-Mercaptopurine

Azathioprine is a prodrug that is rapidly converted
to 6-mercaptopurine (6MP). Azathioprine and 6MP
(Table VII) modify the immune response by inhibiting
DNA synthesis in T lymphocytes. Both drugs are used

only orally and take up to 4 months to reach maximum
ef®cacy. Homozygous de®ciency of 6-thiopurine
methyltransferase (TPMT), an enzyme causing their
degradation, occurs in about 0.2% of the population
and accounts for some of the side effects of these
drugs, particularly bone marrow suppression.

Up to 20% of patients cannot tolerate azathioprine
because of nausea, rash, fever, arthralgia, abdominal
pain, and headache; for some patients, a switch to
6MP averts these problems. Acute pancreatitis occurs
in about 3% of patients. Their other potentially serious
side effects, bone marrow depression (particularly in the
®rst few weeks of treatment; 2% of patients) and cho-
lestatic hepatitis (0.5% of patients), necessitate regular
blood monitoring; if available, TPMT levels should be
checked prior to therapy to exclude a de®ciency of this
enzyme. There is an increased risk of infections. Long-
term use may increase the risk of malignancy, particu-
larly lymphoma.

Ciclosporin

Ciclosporin is a fungus-derived cyclic undeca-
peptide that reduces T helper cell and cytotoxic T cell
function by inhibiting interleukin-2 (IL-2) gene tran-
scription. The variable absorption of the conventional
oral preparation (Sandimmun) necessitates intravenous
therapy in active disease. Close monitoring of blood
concentrations is used to optimize ciclosporin dosage.
Because the cytochrome P450 enzyme system metabo-
lizes ciclosporin, grapefruit juice, St. John's wort, and
drugs that modify ciclosporin activity should be
avoided. The most serious side effects of ciclosporin
(Table VIII) are opportunistic infections (20% of
patients), renal impairment (20%), hypertension
(30%), hepatotoxicity (20%), and epileptic ®ts (3%).

TABLE V Oral Formulations of Aminosalicylates

Drug Formulation

Dose range (maintenanceÿconventional

maximum)a

Prodrugs (5ASA azo-linked to carrier)

Sulfasalazine 5ASA-sulfapyridine 1 g bdÿ2 g tds

Olsalazine 5ASA-5ASA 500 mg bdÿ1 g tds

Balsalazide 5ASA-aminobenzoylalanine 1.5 g bdÿ2.25 g tds

Mesalazine (5ASA alone)

Delayed release

Asacol Eudragit S coating dissolving at pH4 7 400 mg tdsÿ800 mg tds

Salofalk Eudragit L coating dissolving at pH4 6 500 mg tdsÿ1 g tds

Slow release

Pentasa Ethylcellulose microspheres 500 mg tdsÿ2 g bd

a bd, Two times/day (bis die); tds, three times/day (ter die sumendum).
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Long-term use, for which there is no clear indication in
UC, may predispose to lymphoma.

Antibiotics

Limited data suggest that oral tobramycin may im-
prove outcome in acute severe UC. However, the use of
antibiotics is usually restricted to bacteremia and endo-
toxic shock complicating severe acute colitis.

Other New Therapeutic Approaches

Recognition of altered cytokine expression in IBD
has prompted trials using a variety of cytokine-related
therapies (Table IX), of which only antitumor necrosis
factor a (anti-TNFa) antibody (in¯iximab) has reached

clinical use for refractory CD. In the longer term, it is
possible that gene transfer techniques will be used to
induce intestinal mucosal production of antiin¯amma-
tory cytokines such as IL-4 and IL-10.

Progressive elucidation of the pathogenesis of
UC has led to the evaluation of a number of further
therapies aimed at speci®c pathophysiological targets
(Table IX). Although none has yet reached routine
application, there is currently major interest in the pos-
sible therapeutic role of orally administered prepara-
tions of bacteria, or `̀ probiotics,'' thought to have a
bene®cial effect on mucosal immune function. Recent
trials suggest that capsules containing Lactobacillus,
Bi®dobacterium, and/or nonpathogenic Escherichia coli
may have a prophylactic effect in UC and pouchitis,
but further studies are needed to clarify their ef®cacy
and safety.

MEDICAL MANAGEMENT

Treatment in UC is aimed to induce and then maintain
remission. Management of UC comprises general mea-
sures, supportive treatment, and speci®c pharmacolog-
ical and surgical therapies (Table X).

General Measures

Explanation and Psychosocial Support

Patients with newly diagnosed UC need a full expla-
nation about their disease. This process can be facili-
tated by written information provided by patient
support groups such as the Crohn's and Colitis Foun-
dation of America (United States) and the National
Association for Colitis and Crohn's Disease (United
Kingdom). Services offered by such groups include
not only educational literature and web sites, but also

TABLE VI Aminosalicylates

Preparations

Oral (see Table V)
Enemas

Liquid: Pentasa, Salofalk, sulfasalazine

Foam: Asacolfoam

Suppositories

Asacol, Pentasa, Salofalk, sulfasalazine

Indications

Active and inactive UC

Side effects

General: Headache,a fevera

Gut: Nausea,a vomiting,a diarrhea,

exacerbation of UC

Blood: Hemolysis,a folate de®ciency,a

agranulocytosis,a thrombocytopenia,a aplastic

anemia,a methemoglobinemiaa

Renal: Orange urine,a interstitial nephritis

Skin: Rashes, toxic epidermal necrolysis,a

StevensÿJohnson syndrome,a hair loss

Other: Oligospermia,a pancreatitis, hepatitis,

lupus syndrome, pulmonary ®brosis

Mechanisms of actionb

Leukocytes

Reduced migration, cytotoxicity

Reduced activation of NF-kB

Reduced synthesis of interleukin-1 and lipid mediators

Antioxidant

TNF antagonist

Reduced FMLP receptor binding

Epithelium

Reduced MHC class II expression

Induction of heat-shock proteins

Reduced apoptosis

a Side effects usually due to sulfonamide component of

sulfasalazine.
bAbbreviations: NF-kB, nuclear (transcription) factor-kB;

TNF, tumour necrosis factor; FMLP, f-methionyl-leucyl-

phenylalanine; MHC, major histocompatibility complex.

SO2

Sulfasalazine

Olsalazine

Balsalazide

OCHNCH 2CH2COONa

NH2

FIGURE 9 Chemistry of 5-aminosalicylic acid preparations.
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meetings at which patients and their families can share
their problems, and counseling for individuals with dif-
®culties relating to their illness. These groups can also
direct patients to appropriate agencies in relation to
employment and insurance problems. Importantly, sup-
port groups can exert political pressure to help maxi-
mize accessibility of health services and to generate
funds for research.

Hospital Care

Patients with UC are best managed, whether as out-
patients or during admission to hospital, by specialist
gastroenterological medical, surgical, nursing, and
dietetic staff working in collaboration, and with access
to stoma therapists and counselors. Specialist IBD

clinics are the best way of providing patients with joint
medical/surgical consultations with open access for
early review in the event of relapse (Table X).

Drugs

Iron and folic acid supplements are sometimes
needed, as are drugs for osteoporosis. Antidiarrheal
(loperamide, codeine phosphate, or diphenoxylate),
opioid analgesic, antispasmodic, and anticholinergic
drugs are avoided in active UC because they may pro-
voke acute colonic dilatation. NSAIDs, and occasionally
antibiotics, may provoke relapse of UC, and are not used
unless essential.

Treatment of Active UC

Treatment in active UC is determined by the extent
of disease and the severity of the attack. Knowledge of
the extent of disease determines the feasibility of topical
therapy, whereas the severity of the attack de®nes the
optimal type and route of therapy, and whether
patients can be treated as out-patients or need hospital
admission.

In-Patient Management of Acute Severe UC
General measures These patients are admitted

immediately to a gastroenterology ward for close joint
medical, surgical, and nursing care. History and
investigations help establish the diagnosis in patients
presenting for the ®rst time and, in those with
established UC, exclude infection and assess disease
extent and severity. Progress is monitored daily by
clinical assessment, stool chart, 6-hourly measurement
of temperature and pulse, blood count, ESR, C-
reactive protein, routine biochemistry, and plain
abdominal X ray.

Supportive treatment Intravenous ¯uids and
electrolytes are required to replace diarrheal losses.
Blood transfusion may be necessary. Patients can
usually eat normally, with liquid protein and calorie
supplements if necessary. Very sick patients may need
total parenteral nutrition. To reduce the risk of venous
and arterial thromboembolism, prophylactic subcuta-
neous heparin is given.

Speci®c medical treatment The cornerstone of
speci®c medical treatment of acute severe UC remains
corticosteroids. Ciclosporin is a useful adjunct, but
thiopurines are too slow to work in patients with acute
steroid-refractory attacks. 5ASAs (Tables V and VI) are
continued in patients taking them on admission, but
do not have a major role in acute severe UC.

Hydrocortisone (300ÿ400 mg/day) or methyl-
prednisolone (40ÿ60 mg/day) (Table IV) given intrave-
nously will improve about 70% of patients in 5ÿ7 days.

TABLE VII Azathioprine and 6-Mercaptopurine

Preparations

Oral: Azathioprine (2ÿ2.5 mg/kg/day), 6-mercaptopurine

(1ÿ1.5 mg/kg/day)

Indications

Steroid-dependent or -refractory UC

Side effects

General: Nausea, vomiting, abdominal pain,

headache, arthralgia, fever, rash

Blood: Agranulocytosis, thrombocytopenia, macrocytosis

Infections: Opportunistic, including cytomegalovirus,

herpes zoster

Hepatobiliary: Cholestatic hepatitis, acute pancreatitis

Malignancy: Lymphoma

Mechanism of action

Inhibition of T cell DNA synthesis

TABLE VIII Ciclosporin

Preparations

Oral (5ÿ8 mg/kg/day)

Intravenous (4 mg/kg/day)

Indication

Steroid-refractory acute severe UC (intravenous then oral)

Side effects

General: Nausea, vomiting, headache

Renal: Interstitial nephritis

Infection: Opportunistic, including Pneumocystis carinii

pneumonia

Neurological: Epileptic ®ts, paresthesia, myopathy

Hypertension

Skin: Hypertrichosis, gingival hypertrophy

Metabolic: Hyperkalemia, hypomagnesemia, hyperuricemia

Liver: Cholestatic hepatitis

Malignancy: Lymphoma

Mechanism of action

Inhibition of T cell function and proliferation
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Oral prednisolone (40ÿ60 mg/day) is then used to in-
duce complete remission, tapering the dose to zero over
2ÿ3 months. Conventionally, failure to respond to in-
travenous steroids after 5ÿ7 days has indicated urgent
colectomy, but use of ciclosporin is now an alternative.

Intravenous ciclosporin (4 mg/kg/day for 5 days)
followed by oral ciclosporin (5ÿ8 mg/kg/day)
(Table VIII), given with continued steroids, averts
colectomy in about 70% of patients not responding to
intravenous steroids alone. Enthusiasm for this treat-
ment has to be tempered by the frequency of relapse
necessitating colectomy (up to 50%) that follows later
withdrawal of ciclosporin, and by its serious adverse
effects (Table VIII).

Toxic megacolon In sick patients with clinical
and/or radiological evidence of incipient colonic

dilatation, rolling into the kneeÿelbow position for
15 minutes every 2 hours may help to evacuate gas per
rectum and prevent toxic megacolon. If colonic
dilatation does occur, immediate surgery is needed if
patients do not improve after 24 hours of treatment
with rolling, antibiotics, and a nasogastric tube to
aspirate bowel contents.

Colonic perforation and massive hemorrhage
Emergency surgery is required for these rare complica-
tions of severe UC. Even with immediate surgery, the
mortality of colonic perforation approaches 30%.

Active Left-Sided or Extensive UC

The principles of management of moderate attacks
of UC resemble those described above. These patients,
however, do not usually need hospital admission. Stools
are examined to exclude infection. In mild attacks, an
oral 5ASA (Table V), with twice daily 5ASA or steroid
enemas, may suf®ce. Prednisolone, 20ÿ60 mg/day for
2ÿ4 weeks, depending on the severity of the attack, may
be needed to induce remission, followed by gradual
reduction of the dose to zero. About 30% of patients
fail to respond to these measures within 2 weeks, or
deteriorate, and need more intensive management.
An alternative treatment in steroid-refractory patients
who are not acutely ill, and in whom a response taking
up to 4 months is acceptable, is oral azathioprine

TABLE IX Potential New Treatments for UC Aimed at

Speci®c Pathophysiological Targets

Target Agenta

Colonic bacterial ¯ora Probiotics (Lactobacillus,

nonpathogenic

Escherichia coli)

Epithelium Short-chain fatty acid

enemas, trefoil peptides

Leukocytes

Reduce numbers Apheresis, anti-CD4 antibodies

Reduce migration Adhesion molecule antibodies

or antisense oligonucleotides

Cytokines

Reduce proin¯ammatory

cytokines

NF-kB antisense oligonucleotide

Antagonize in¯ammatory

cytokines

Anti-TNF antibodies, anti-IL-12

antibodies, IL-1, IL-2

Receptor antagonist

Increase antiin¯ammatory

cytokines

IL-10, IL-11, TGF-b,

IL-4 gene therapy

Mediators Cytoprotective prostaglandins

Synthesis inhibitors and

receptor antagonists of

leukotrienes, thromboxanes

Antioxidants

Inducible NOS inhibitors

Fish oil (eicosapentaenoic acid)

metalloproteinase inhibitors

Vasculature Heparin

Enteric nerves Local anesthetics

(lignocaine enemas)

Unknown targets Nicotine

a Abbreviations: NF-kB, nuclear (transcription) factor kB; IL, in-

terleukin; TGF-b, transforming growth factor-b; NOS, nitric oxide

synthase.

TABLE X Principles of Management of UC

General measures

Explanation, psychosocial support

Patient support groups

Specialist multidisciplinary hospital care

Monitoring disease activity, nutrition, therapy

Checking for extraintestinal complications

Colonoscopic cancer surveillance

Supportive treatment

Dietary and nutritional advice

Drugs

Antidiarrheals (not in active UC)

Hematinics

Vitamins, electrolytes

Osteoporosis prophylaxis and treatment

Subcutaneous heparin (in-patients with active UC)

Drugs to avoid

Antidiarrheal drugs (in active UC)

Inessential nonsteroidal antiin¯ammatory drugs, antibiotics

Speci®c treatment (according to presentation)

Drugs

Corticosteroids

Aminosalicylates

Immunomodulatory drugs (azathioprine/

6-mercaptopurine, cyclosporine)

Surgery (see text)
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(2ÿ2.5 mg/kg/day) or 6-mercaptopurine (1ÿ1.5 mg/
kg/day) (Table VII).

Active Proctitis

The principles of treating proctitis resemble those
for more extensive UC. Any coexisting constipation is
treated with a high-®ber diet and/or a stool-softening
laxative. Topical treatment is usually used in order to
obtain increased drug concentrations in the rectal mu-
cosa, without the risk of systemic side effects. Depend-
ing on disease extent, suppositories or enemas of 5ASA
(Table V) or corticosteroids (Table IV) are used; up to
80% of patients respond in 4 weeks. In patients with
unresponsive proctitis, options include oral or intrave-
nous corticosteroids, and a thiopurine. Arsenic-con-
taining suppositories (Acetarsol) may help but, to
avoid toxicity, should not be used for more than 4
weeks. Experimental possibilities include ciclosporin,
short-chain fatty acid or lignocaine enemas, and nico-
tine patches (Table IX). If all medical treatments
fail, patients require panproctocolectomy, because lim-
ited colectomy has too high a recurrence rate to be a
practicable option.

Maintenance of Remission of UC

An oral regimen of 5ASA for life (Table V) reduces
annual relapse rate of UC to 25%, compared with 75%
with no treatment. Some patients with recurrent attacks
of distal disease prefer prophylactic 5ASA therapy given
as daily or alternate daily enemas or suppositories. Pa-
tients with disease of limited extent and having relapses
less than once a year may decline maintenance therapy.
In patients who relapse repeatedly despite a 5ASA drug
regimen, and/or when steroids are withdrawn after
acute episodes, oral azathioprine or 6-mercaptopurine,
monitored and given for at least 2 years, is of proved
bene®t.

Surveillance for Colorectal Cancer

The increased risk of colorectal cancer in chronic
extensive UC (about 20% at 30 years after diagnosis)
has led to colonoscopic surveillance, in which multiple
biopsies from throughout the colon, and from any raised
lesions, are taken every 1ÿ3 years starting 8ÿ10 years
after diagnosis. If the biopsies show the premalignant
changes of high-grade epithelial dysplasia (Fig. 10),
colectomy is necessary. If there is con®rmed low-
grade dysplasia, either colectomy or, in patients reluc-
tant to have surgery, more frequent surveillance is
needed. Unfortunately, such surveillance has not yet
been shown to reduce mortality from colon cancer

in UC, perhaps because 25% of cancers occur in patients
without dysplasia. Molecular biological techniques
(e.g., DNA aneuploidy, p53 heterozygosity) are likely
soon to supersede detection of dysplasia for cancer
prevention in UC.

SURGICAL MANAGEMENT

The management of UC requires close liaison between
physician and surgeon. Specialist care from a stoma
therapist is also necessary. About 30% of patients
with total UC require colectomy by 15 years after its
onset.

FIGURE 10 Severe epithelial dysplasia in UC. There is glan-

dular distortion, strati®cation of the epithelium with heaping of

nuclei, and nuclear polymorphism and hyperchromaticism. Note

the normal crypts at the bottom of the picture. Courtesy of R. M.

Feakins. Reproduced from D. S. Rampton and F. Shanahan

(2000), Fast FactsÐIn¯ammatory Bowel Disease, with permission

of Health Press Ltd., Oxford.
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Indications for Surgery

Indications for surgery can be categorized as
follows:

1. Emergency colectomy is necessary in patients
with colonic perforation or massive hemorrhage.

2. Urgent colectomy is necessary in patients with
acute severe UC who fail to respond to intensive medical
treatment in 5ÿ7 days, or who develop unresponsive
toxic colonic dilatation.

3. Elective colectomy is indicated in refractory
chronic active UC, dysplasia, or frank carcinoma.
Colectomy may be necessary in children with chroni-
cally active disease to prevent growth retardation and,
very rarely, in patients with intractable pyoderma
gangrenosum.

Options

There are several options for surgical management
of UC (Fig. 11):

1. Proctocolectomy with permanent ileostomy has
the lowest morbidity and mortality of the surgical op-
tions, is technically the easiest, and involves only one
operation.

2. Colectomy with ileorectal anastomosis is useful
in older patients with rectal sparing who cannot cope
with a stoma or are unsuitable for an ileoanal pouch
because of frailty or a weak anal sphincter. This option
should not be chosen for patients with marked rectal
in¯ammation, or for young patients (because of the risk
of later rectal cancer).

3. Restorative proctocolectomy with ileoanal pouch
avoids theneed forpermanent ileostomy. It is the favored
operation in patients less than 60 years old with normal
anal sphincter function. Construction of an ileoanal

pouch usually requires a temporary ileostomy that is
closed at a second operation a few months later.

Complications

Complications of ileostomy and ileoanal pouch sur-
gery are outlined in Table XI. Complications of ileoanal
pouch surgery can lead to excision of the pouch and
conversion to permanent ileostomy (`̀ pouch failure'') in
about 10% of patients. Even after successful pouch sur-
gery, daytime stool frequency is 4ÿ7, urgency is com-
mon, and nocturnal incontinence is present in about
20% of patients.

About 30% of patients with pouches develop pouch
mucosal in¯ammation of unknown etiology. The diag-
nosis of pouchitis is made in patients with worsening
diarrhea, endoscopic signs of pouch in¯ammation, and
acute in¯ammation histologically. Treatments include
oral metronidazole and topical or oral steroids or 5ASAs
(Tables IV and V). Probiotic therapy is a novel option,
but a minority of patients with refractory pouchitis re-
quire pouch resection and a permanent ileostomy.

UC IN PREGNANCY AND CHILDHOOD

Fertility, Pregnancy, and Lactation

Female fertility is normal except in active UC. Male
fertility in patients taking sulfasalazine is reduced as a
result of azospermia, but this can be reversed within a
few weeks by switching to a different 5ASA (Table V).
Although the outcome of pregnancy is normal in qui-
escent UC, there is an increased rate of spontaneous
abortion, premature delivery, and stillbirth in persis-
tently active disease. Pregnancy has no consistent effect

TABLE XI Complications of Ileostomy and Ileoanal

Pouches

Ileostomy Ileoanal pouch

Early Early

Skin problems Pelvic sepsis

Adhesive intestinal obstruction Anastomotic leaks

Necrosis, ®stulas, retraction,

parastomal herniation

Adhesive intestinal

obstruction

Excess stomal output (normal,

approx. 500 ml/day)

Late Late

Sexual dysfunction

Uric acid renal stones

Pouchitis

Vitamin B12 de®ciency

Poor function: diarrhea,

urgency, incontinence

Sexual dysfunction

FIGURE 11 Surgical options in UC: (a) panproctocolectomy

with ileostomy, (b) subtotal colectomy with ileorectal anastomo-

sis, and (c) total colectomy with ileoanal pouch.
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on the activity of UC, although the disease occasionally
¯ares in the puerperium.

Corticosteroids and 5ASAs can be used safely during
pregnancy and lactation; withholding them exposes the
mother and fetus unnecessarily to the risks of active
disease. Although their teratogenic potential means
that thiopurines should be avoided during pregnancy
if possible, accidental pregnancies in patients taking
these drugs have been uneventful. Surgery is occasion-
ally necessary in very sick patients but has a high rate of
fetal loss.

Childhood

UC may occur in children of any age. Allergy to
protein in milk from cows produces a similar syndrome
in babies after weaning and needs to be excluded. The
diagnosis of UC in children is often delayed; it needs to
be considered early not only in patients with diarrhea,
but also in those with delayed growth and puberty.
Prompt referral to a pediatric gastroenterology unit is
advised for appropriate investigation.

The principles of treatment of UC in children resem-
ble those in adults. However, the adverse effects of UC
corticosteriods on growth and pubertal development
mean that active UC should be suppressed promptly,
undernutrition reversed, and prolonged courses of cor-
ticosteroids avoided. To maintain growth and develop-
ment, prepubertal colectomy may be necessary.
Azathioprine is a useful steroid-sparing agent in chil-
dren for whom surgery is inappropriate or is declined.

PROGNOSIS

The risk of death in UC is highest in the ®rst year of
diagnosis and relates mainly to acute severe UC. In this
setting, risk of death is now less than 2%. The overall
mortality of patients with UC resembles that of the nor-
mal population.

FUTURE TRENDS

The intense research effort underway to clarify the gen-
etics of in¯ammatory bowel disease is likely to have a
major impact on its management. Identi®cation of the

genes involved, and the proteins they encode, will shed
new light on the pathogenesis of the disease and is likely
in turn to lead to new treatments. Such information will
enable us to identify relatives of index patients who are
at risk of developing IBD, to facilitate diagnosis, to pre-
dict the phenotype and natural history of the disease,
and to determine the likely response of individuals to
speci®c therapies. Advances in molecular biology are
likely also to enable us to specify which patients with
UC are at particular risk of developing colorectal cancer,
such that colonoscopic screening may become obsolete.

Whatever advances are made in the coming years,
the management of patients with UC will continue to
require close collaboration between physicians, sur-
geons, nurses, dietitians, and counselors. Most impor-
tantly, the patient with UC must be viewed as a person
rather than a case. As management becomes more com-
plex, and the options more varied, it is essential that the
patient remains at the center of the decision-making
process: the individual with UC must be the ®nal arbiter
of the type of therapy he or she is to be given.

See Also the Following Articles

Cholangiocarcinoma � Cholangitis, Sclerosing � Colono-

scopy � Colorectal Adenocarcinoma � Crohn's Disease �
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Toxic Megacolon
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Colitis, Ulcerative (Pediatric)
SEUNG-DAE PARK* AND JAMES F. MARKOWITZ*,y

*Schneider Children's Hospital, New York and yNew York University

Ulcerative colitis (UC), a chronic in¯ammatory bowel

disease, is an important pediatric gastrointestinal

disorder. It is a condition that causes signi®cant morbid-

ity, and rarely mortality, in children and adolescents. De-

spite the increased understanding of its pathophysiology

and novel medical therapy, UC remains medically incur-

able. However, current medical and surgical therapeutic

options have improved the overall outlook for children

with UC.

EPIDEMIOLOGY

The incidence of ulcerative colitis (UC) appears to have
remained fairly stable over the past 30 years, with a re-
ported incidence in children of 1.5 to 10 cases per
100,000 and a prevalence of 18 to 30 per 100,000.
Males and females are equally affected. Although pre-
sentation during adolescence is common, as many as
40% of children present before the age of 10 years and
a number of well-documented cases have developed
before the ®rst birthday.

Risk factors associated with the development of UC
during childhood include ethnic background and a pos-
itive family history of in¯ammatory bowel disease
(IBD). Ashkenazic Jews are affected more often than
other Caucasians, and Caucasians are affected more
often than African Americans. Overall, 10 to 15% of
children with UC have ®rst-degree relatives with IBD.
Although cigarette smoking apparently protects against
the development of UC in adult populations, the data
regarding exposure to cigarette smoke as a risk factor for
the development of UC in childhood are less clear-cut.
Epidemiological studies have documented, however,
that passive smoking during childhood protects against
the development of UC in adulthood.

GENETICS

The search for genes associated with the development of
ulcerative colitis has begun to uncover intriguing possi-
bilities. Genome-wide screens have suggested that there
may be signi®cant genetic heterogeneity between differ-
ent ethnic and racial populations with UC. Interest has
focused on the human leukocyte antigens for many

years. Studies in both the United States and Japan have
suggestedasigni®cantassociationbetweenspeci®cHLA-
DR2 alleles and the development of UC. More recent
studies from Korea and Mexico suggest a similar associ-
ation with human leukocyte antigen (HLA)-DRB1
alleles. Gene mutations in the intracellular adhesion
molecule (ICAM)-1 gene and the tumor necrosis factor
(TNF)(oranothernearby)genehavealsobeen identi®ed
more frequently in patients with UC than in healthy
populations or those with Crohn's disease. Finally, a
recent report has identi®ed a genetic polymorphism in
themultidrug resistance 1(MDR1) gene, associated with
decreased production of P-glycoprotein, which is found
more frequently in patients with UC than in controls.
This abnormality likely impairs colonic defenses against
lumenal bacteria or toxins, resulting in a chronic im-
mune response. This observation is of particular impor-
tance, as an MDR1 knockout mouse has been shown to
develop a form of colitis similar to UC that can be pre-
vented by antibiotics. The Crohn's disease susceptibility
gene NOD2/CARD15 is not associated with UC.

Other serologic markers may identify speci®c ge-
netic subsets of UC. The best de®ned is pANCA, a peri-
nuclear anti-neutrophil cytoplasmic antibody that is
present in approximately 70% of UC patients but in
only 6% of those with Crohn's disease and 3% of healthy
controls. The presence or absence of pANCA is concor-
dant within families and also tends to correlate with the
presence of HLA-DR2. UC phenotype correlates poorly
with the presence or absence of pANCA, except for
patients with sclerosing cholangitis and UC, who are
almost always pANCA positive. The fact that not all UC
patients manifest this marker strongly suggests that UC
is a genetically heterogeneous disorder.

CLINICAL FEATURES

Anatomic Distribution

Pancolitis is common in children with UC, with
reports suggesting frequencies of 40 to 60%. Left-
sided colitis is seen in approximately one-third of chil-
dren and proctitis in approximately one-quarter.
Although UC is described as a disease restricted to
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the colon, several recent reports have demonstrated that
pathologic changes may also be found in the proximal
gastrointestinal tract. Endoscopic studies have revealed
histologic esophagitis in 15ÿ50% of children and gas-
troduodenal in¯ammation in 25ÿ69%. Although the
presence of granulomas can support a diagnosis of
Crohn's disease, in¯ammation in the proximal gastro-
intestinal tract is not a suf®cient ®nding to exclude UC.

Symptoms and Signs

Diarrhea, rectal bleeding, and abdominal pain are
almost universal. Frequent loose stool can contain ei-
ther streaks of blood or clots. Children describe both
tenesmus and urgency, although the former symptom is
at times misinterpreted as constipation. Acute weight
loss is common, but linear growth is usually maintained.
When only proctitis is present, children may have
stools of normal consistency, no systemic symptoms,
and minimal hematochezia.

At the time of initial presentation, disease activity
can be quite variable. Approximately 50% of children
present with mild symptoms, characterized by fewer
than four stools per day, intermittent hematochezia,
and minimal if any systemic symptoms or weight
loss. These children generally have normal physical ex-
aminations or only minimal tenderness on palpation of
the lower abdomen. Another third of children are mod-
erately ill, with weight loss, more frequent diarrhea, and
systemic symptoms. Physical examination demon-
strates more signi®cant abdominal tenderness. An
acute fulminant disease presentation, characterized by
severe crampy abdominal pain, fever, more than six
diarrheal stools per day, and, at times, copious rectal
bleeding, is seen in the remaining 10ÿ15% of cases.
These children commonly manifest tachycardia, ortho-
static hypotension, diffuse abdominal tenderness with-
out peritoneal signs, and distension. Toxic megacolon
represents the most dangerous extreme of acute, fulmi-
nant colitis, but is unusual in children.

Extraintestinal Manifestations

Extraintestinal manifestations of disease have been
described in many organ systems of the body, most com-
monly in the hepatobiliary tree, joints, skin, and eyes.
Many of these in¯ammatory manifestations develop
during bouts of increased colitis activity. Although
the cause of these manifestations remains unknown,
an anti-colonocyte antibody detectable in the sera of
patients with UC has been shown to cross-react with
antigens present in the skin, ciliary body of the eye, bile
duct, and joints. One hypothesis for the development of
extraintestinal symptoms in these organs is therefore

that they occur when autoantibodies capable of recog-
nizing these nonintestinal tissues develop as part of the
humoral response characteristic of UC.

Hepatobiliary Disease

Abnormal liver function tests are common in chil-
dren with UC, often seen transiently during periods of
increased disease activity or associated with the use
of a number of treatments including corticosteroids,
sulfasalazine, parenteral nutrition, azathioprine, and
6-mercaptopurine. Unfortunately, however, more sig-
ni®cant hepatobiliary problems are also seen in associ-
ation with UC. Primary sclerosing cholangitis (PSC)
occurs in 3.5% and immune hepatitis in 51% of chil-
dren and adolescents with UC. Both conditions may be
present before or at the time of the initial diagnosis of
UC or can develop at any time during the course of the
illness. Although most children described in the litera-
ture appear to have mild liver disease, this may be a
function of relatively short-term follow-up. In adults,
PSC commonly progresses to end-stage liver disease,
requiring transplantation or death from cholangio-
carcinoma. Immune hepatitis may also progress to
end-stage liver disease. Neither hepatobiliary disease
appears to positively or negatively in¯uence the activity
of colitis, but the presence of PSC in UC has been shown
to enhance the risk of colorectal aneuploidy, dysplasia,
and cancer. Absolute cumulative risk for colorectal
cancer in UC patients with PSC after 10, 20, and 25
years of disease is 9, 31, and 50%, respectively, com-
pared with 2, 5, and 10%, respectively, in UC patients
without PSC. Since the time to dysplasia may be accel-
erated, once the diagnosis of UC is made in the setting of
PSC, more frequent colonoscopic surveillance may be
indicated.

Joint Disorders

Arthralgias are common in children with UC
and arthritis, either a peripheral migratory type affecting
the large joints or a monoarticular, nondeforming
type primarily affecting the knees or ankles, is reported
in 10 to 20% of children. The presence and activity of
arthritis usually (but not invariably) correlate with the
activity of the bowel disease. Ankylosing spondylitis
occurs in up to 6% of adults with UC but is rare during
childhood.

Skin Disorder

Both erythema nodosum and pyoderma gangre-
nosum have been seen in children, generally during
periods of enhanced colitis activity. Erythema nodosum
lesions appear as raised, erythematous, painful circular
nodules that usually occur over the tibia but may be
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present on the lower leg, ankle, or extensor surface of
the arm. Lesions persist for several days to as long as a
few weeks, but usually remit following treatments di-
rected at the enhanced colitis activity. Pyoderma
gangrenosum usually appears as small, painful, sterile
pustules that coalesce into a larger sterile abscess. This
abscess usually drains, forming a deep, necrotic ulcer.
Lesions usually occur on the lower extremities, al-
though the upper extremities, trunk, and head are
not spared. Although pyoderma lesions have tradition-
ally been quite resistant to therapy, the anti-TNFa
monoclonal antibody in¯iximab or the immune modi-
®ers ciclosporin or tacrolimus can rapidly heal the le-
sions and should be considered the current treatments
of choice.

Thromboembolic Disorders

There have been case reports of thromboembolic
complications in children with UC. Sites of venous or
arterial thrombosis include the extremities, portal or
hepatic vein, lung, and central nervous system. Though
the presence of factor V Leiden mutations may be
associated with this hypercoaguable state, other
prothrombotic inherited abnormalities and other fac-
tors, such as hyperhomocysteinemia or resistance to
activated protein C, do not appear to be important.

Ocular Disorders

Severe eye disorders, such as optic neuritis, are rare
in children with UC. Less serious conditions including
episcleritis and asymptomatic uveitis have been de-
scribed. Other ocular disorders, such as posterior sub-
capsular cataracts or increased ocular pressure, may
result from corticosteroid therapy.

Complications

Toxic Megacolon

This complication develops rarely with current
medical management, although the literature reports
rates of up to 5% of children and adolescents with
UC. Toxic megacolon represents a medical and poten-
tially a surgical emergency with the potential for rapidly
progressive deterioration complicated by severe electro-
lyte disturbances, hypoalbuminemia, hemorrhage, per-
foration, sepsis, and/or shock. Precipitating factors
include the use of anti-diarrheal agents, such as anti-
cholinergics or opiates, and excessive colonic distension
during enema or colonoscopy.

Carcinoma

UC is a premalignant disease, with a well-
documented proclivity for adenocarcinoma. A ¯at

dysplastic mucosa rather than an adenomatous polyp
represents the precursor lesion. The genetic alterations
that precede the development of dysplasia occur mul-
tifocally in the colon, so that the resulting adenocarci-
nomas may be evenly distributed throughout the colon.
Multifocal or synchronous tumors are present in 10 to
20% of patients.

Duration of disease and extent of colitis are the two
most critical risk factors for cancer in UC. Because of
this, children with UC have a particularly high life-
time risk of colorectal adenocarcinoma. Less well-
characterized risk factors include concomitant PSC;
an excluded, defunctionalized, or bypassed segment
of bowel; and depressed red blood cell folate levels.
Although patients as young as 16 years of age have
been demonstrated to have colonic aneuploidy, dyspla-
sia, or cancer, as in adults the risk for these changes does
not appear to be signi®cant until after the ®rst decade
of illness.

Given the high risks of colorectal cancer, surveil-
lance colonoscopy is recommended. Studies have doc-
umented that undergoing colectomy following
detection of low- or high-grade dysplasia at surveillance
can reduce the risk of advanced adenocarcinoma,
thereby improving mortality in populations undergoing
regular surveillance. Although no prospective studies
have assessed the optimal schedule of surveillance, a
costÿbene®t analysis suggests colonoscopies every 3
years for the ®rst 10 years of surveillance, generally
starting 7 to 10 years after diagnosis, with more fre-
quent investigations as the duration of colitis increases.
Although many advocate initiating surveillance
only after 15 to 20 years of disease in adults with left-
sided colitis or proctosigmoiditis, the frequent proxi-
mal extension of these disease distributions in children
mandates that at least a screening colonoscopy be per-
formed in all children 7 to 10 years after diagnosis.
Subsequent frequency of surveillance can then be de-
termined based on whether the extent of colitis has
increased. Surveillance assessments require a panendo-
scopy to the cecum, with two to four biopsies obtained
every 10 cm from the cecum to the sigmoid and every
5 cm in the sigmoid and rectum. Additional biopsies
must be performed if a mass or other suspicious lesion
is identi®ed. Current recommendations for colectomy
include any identi®cation of dysplasia (low- or high-
grade) con®rmed by two independent, experienced
pathologists. Repeat colonoscopy for con®rmation of
dysplasia on new biopsies is not recommended. If in-
de®nite dysplasia is identi®ed, aggressive medical man-
agement to reduce active in¯ammation, followed by
repeat surveillance colonoscopy within 3 to 6 months,
is indicated.
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Growth and Development

In contrast to children with Crohn's disease, distur-
bances in growth are unusual in children with UC. Al-
though weight loss during periods of active colitis and
decreased dietary intake is common, signi®cant impair-
ments in linear growth occur in only approximately 10%
of children with UC. Differences in the cytokine alter-
ations and the absence of small bowel involvement in
UC are postulated to explain the difference in growth
patterns between these two diseases. When children
with UC are growing poorly, control of active disease,
avoidance of excessive corticosteroid use, and improve-
ment in caloric intake generally result in resumption in
linear growth.

DIAGNOSIS

History

Clinical symptoms, including abdominal pain,
diarrhea, and rectal bleeding, are often obvious. How-
ever, in children with mild disease activity or in¯am-
mation restricted to only the rectum, symptoms may be
less obvious and more dif®cult to elicit, especially in
children or adolescents who resist discussing their
bowel habits. Nocturnal bowel movements and
symptoms such as weight loss, poor growth, arrested
sexual development, or, in the postmenarchal adoles-
cent, secondary amenorrhea suggest an organic rather
than a functional condition. A positive family history for
IBD also should suggest the need to evaluate for
possible UC.

Physical Examination

Children with active UC often have mild to moder-
ate abdominal tenderness, especially in the left lower
quadrant or in the midepigastric area. With fulminant
disease, marked tenderness can be present. Rebound
tenderness and increasing abdominal distension are
particularly ominous signs and should alert the physi-
cian to possible toxic megacolon. The perianal area is
generally normal. Extraintestinal manifestations, such
as arthritis, erythema nodosum, or pyoderma
gangrenosum, are important clues to the autoimmune
nature of the child's illness.

Laboratory Studies

Laboratory studies cannot be used to make a diag-
nosis of UC. Rather, recommended laboratory studies
(see Table I) help exclude other illnesses and provide
evidence to support proceeding to more diagnostic ra-
diologic and endoscopic procedures. Serologic testing

for pANCA may be useful, as the presence of this marker
is unusual in children who do not have IBD. A negative
serologicstudydoesnot,however,excludethepossibility
of UC, and studies have not demonstrated signi®cant
advantage to the use of this serologic testing over more
traditional laboratory screening tests. The presence of
anti-Saccharomyces cerevisiae antibody may suggest a
diagnosis of Crohn's disease rather than UC. Stool
studies for enteric bacterial and parasitic pathogens
must be performed to exclude infectious colitis.
Given the frequency with which children are exposed
to antibiotics, screening for Clostridium dif®cile toxin
must also be performed. If pathogens are present, mon-
itoring the child's response to treatment is necessary, as
it is not unusual for children with UC to present initially
with superimposed infection. Microcytic anemia, mild
to moderate thrombocytosis, elevated erythrocyte sed-
imentation rate, and hypoalbuminemia are present in 40
to 80% of cases. The total leukocyte count is normal to
only mildly elevated, unless the illness is complicated by
acute fulminant colitis. Elevated serum aminotransfer-
ase levels are present in 3% of children at the time of
initial diagnosis and re¯ect signs of potential serious
concomitant liver disease (chronic active hepatitis or
PSC) in approximately half of them. In a number of
children, however, all laboratory studies are normal.

Radiography

Radiographic studies have a limited role in the eval-
uation of a child with suspected UC. Barium enema
is only rarely indicated, having been replaced by

TABLE I Laboratory Evaluation of the Child with

Suspected Ulcerative Colitis

Blood tests

Complete blood count, differential, reticulocyte count

Erythrocyte sedimentation rate, C-reactive protein

Electrolytes, serum chemistries (including total protein,

albumin, liver functions)

Serum iron, total iron-binding capacity, ferritin

Stool tests

Stools for enteric pathogens (including Salmonella, Shigella,

Campylobacter jejuni, Yersinia enterocolitica,

Aeromonas hydrophilia, Escherichia coli)

Stool for Clostridium dif®cile toxin A and B

Direct microscopic examination of the stool for ova and

parasites, Charcot-Leyden crystals, leukocytes

Stool for Giardia lamblia antigen

Serologic assessment

Anti-neutrophil cytoplasmic antibody

Anti-Saccharomyces cerevisiae antibody

Celiac serologies (tissue transglutaminase antibody,

anti-endomysial antibody)
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colonoscopy. Abdominal ultrasound and computed to-
mography (CT) offer little help to establish the diagno-
sis. Plain ®lms of the abdomen are important in
determining the degree of colonic distension and the
presence of possible toxic megacolon or perforation. In
most circumstances, however, the child with suspected
UC should undergo an upper gastrointestinal series
with small bowel follow-through to help exclude the
possibility of Crohn's disease. CT may also be helpful
in this regard.

Endoscopy and Histology

Colonoscopy provides the best means of diagnosing
UC, as the procedure allows direct visualization and
biopsy of the mucosa of the entire colon. This provides
the physician with the ability to accurately determine
the extent, distribution, and histologic characteristics of
the disease. Typically, UC is characterized by diffuse
in¯ammation that begins at the anal verge and
progresses proximally to a variable degree. Whereas
rectal sparing is generally thought to indicate Crohn's
disease, untreated children with UC have been de-
scribed with rectal sparing at initial evaluation, only
to manifest ®ndings of typical UC at a later date. Endo-
scopically, active UC is characterized by diffuse exu-
dates, ulceration, and marked hemorrhage. With
milder disease activity, the mucosa may only appear
erythematous, with loss of the normal vascular mark-
ings and increased contact friability. All children who
undergo endoscopy should be biopsied. Mucosal biop-
sies are characterized by neutrophilic in®ltration of the
crypts, crypt abscesses, goblet cell depletion, crypt dis-
tortion, and a papillary con®guration to the surface ep-
ithelium. Although these ®ndings are not
pathognemonic for UC (as they can be seen in cases
of severe Crohn's colitis), the biopsies often allow dif-
ferentiation between UC and both self-limited colitis
and most cases of Crohn's disease.

DIFFERENTIAL DIAGNOSIS

The differential diagnosis for the child or adolescent
with suspected UC is summarized in Table II. Though
much of the differential diagnosis will be the same for
children of all ages, as noted in Table II, a number of
these conditions are likely to occur only in the
very young. Similarly, a number of conditions in the
differential diagnosis list can be excluded simply by
ascertaining whether or not there is blood in
the stool.

MEDICAL THERAPIES

Despite extensive research, UC remains medically in-
curable. Treatment is therefore designed to minimize
symptoms and improve a child's quality of life with the
hope that complications can be avoided or controlled
with a minimum of treatment-induced toxicity. Unfor-
tunately, as pediatric trials are limited, much of the data
supporting the currently recommended treatments
for children with UC have been extrapolated from
adult studies. The following discussion focuses on
those aspects of treatment that have been shown to
be particularly effective in or unique to the pediatric
population.

Nutritional Therapy

No nutritional or dietary therapies have been shown
to be effective as primary treatment for children with
UC. Rare children may bene®t from an exclusion diet,
presumably because their particular illness is at least in
part an allergy rather than ulcerative colitis. Such a

TABLE II Differential Diagnosis of Ulcerative Colitis

in Children

Enteric infection

Salmonella

Shigella

Campylobacter jejuni

Aeromonas hydrophilia

Yersinia enterocolitica

Enterohemorrhagic Escherichia coli

Entomeba histolytica

Giardia lambliaa

Pseudo-membranous (postantibiotic) enterocolitis

Clostridium dif®cile

Carbohydrate intolerancea

Lactose

Sucrose

Nondigestible carbohydrates (sorbitol, xylitol, mannitol,

maltitol, sucralose)

Vasculitis

Henoch-Schonlein purpura

Hemolyticÿuremic syndrome

Allergic enterocolitisb

Hirschsprung's enterocolitisb

Eosinophilic gastroenteritis

Celiac diseasea

Laxative abusea

Neoplasms

Juvenile polypb

Adenocarcinoma

Intestinal polyposis

a Watery, nonbloody diarrhea.
b Primarily in the young child.
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patient is the exception, however, rather than the rule.
Possibly because the colonocyte derives energy from
short-chain fatty acids in the fecal stream, bowel rest
to reduce the frequency of bowel movements is not
effective therapy. Although preliminary treatment trials
using short-chain fatty acids have demonstrated modest
bene®ts in adults with UC, no pediatric trials have been
reported. Supplementation of the diet with omega-3
fatty acids (®sh oils) has been shown to offer some
protection against early relapse in adults with UC,
but again there are no comparable studies in children.
Nutritional interventions in UC are therefore generally
adjunctive to other treatments. Assurance of an ade-
quate dietary intake promotes normal growth and pre-
vents catabolism, thereby enhancing the effect of other
treatment modalities. Nutritional support can be ac-
complished successfully by a number of approaches,
including dietary supplementation and enteral or par-
enteral nutrition.

Corticosteroids

Corticosteroids remain the gold standard for induc-
ing remission in children with moderate to severe coli-
tis. These agents are not, however, effective or safe for
maintaining remission. Their use in children with UC
has largely been extrapolated from trials in adults, with
current recommendations evolving from empiric use
and clinical experience rather than controlled clinical
trials. Systemically acting agents, including prednisone,
methylprednisone, and hydrocortisone, are most fre-
quently prescribed and result in response rates of
65ÿ90% in children with moderate to severe disease.
Intravenous and rectal formulations in addition to oral
preparations make these medications suitable for a wide
variety of treatment scenarios. Rectal preparations, in-
cluding enemas, foams, and suppositories, are particu-
larly suitable as adjunctive therapy for the child with
severe tenesmus and urgency and may be the only treat-
ment required in cases of limited proctitis. The use of
corticosteroids must be weighed against their potential
adverse effects (see Table III). Systemically active cor-
ticosteroids can interfere with linear bone growth even
in the face of adequate dietary intake. Alternate-day
dosing can minimize these effects while maintaining
reduced disease activity and appears to have only lim-
ited deleterious effects on bone mineralization in chil-
dren. However, in most cases, the deleterious effects of
an extended course of steroids as well as their limited
effectiveness for maintenance of remission make the
long-term use of a corticosteroid inadvisable. Newer
topically active corticosteroids with high ®rst-pass me-
tabolism, such as budesonide, have the potential to pro-

vide anti-in¯ammatory activity to the gut without
systemic toxicity. Such an agent may offer particular
advantages for the treatment of children, but only lim-
ited pediatric trials have been reported. The enema for-
mulation of budesonide is as effective as rectal
mesalamine and rectal hydrocortisone in the treatment
of left-sided and distal colitis. Multiple courses of rectal
budesonide are safe and effective for recurrent ¯ares of
UC. By contrast, the oral formulation that is currently
available is a controlled ileal release capsule, which may
not deliver adequate medication to the distal colon for
effective treatment of UC. Studies of this formulation in
children with UC have not, however, been performed.

5-Aminosalicylates

Clinical experience suggests that the 5-aminosali-
cylate (5-ASA) drugs (sulfasalazine, mesalamine,
olsalazine, balsalazide) effectively induce and maintain
remission in 50ÿ90% of children with mild to moderate
UC. These agents exert local anti-in¯ammatory effects
through a number of different mechanisms including
inhibition of 5-lipoxygenase with resulting decreased

TABLE III Adverse Effects of Corticosteroids

Cosmetic

Moon facies

Acne

Hirsutism

Striae

Central obesity

Metabolic

Hypokalemia

Hyperglycemia

Hyperlipidemia

Endocrinologic

Suppression of linear growth

Adrenal suppression

Musculoskeletal

Osteopenia

Osteoporosis

Vertebral collapse

Aseptic necrosis of bone

Myopathy

Psychological

Mood swings

Psychosis

Ocular

Cataracts

Increased ocular pressure

Other

Systemic hypertension

Pseudotumor cerebri

Immunosuppression
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production of leukotriene B4, scavenging of reactive
oxygen metabolites, prevention of the up-regulation
of leukocyte adhesion molecules, and inhibition of in-
terleukin-1 (IL-1) synthesis. 5-ASA is rapidly absorbed
from the upper intestinal tract on oral ingestion and
various delivery systems have been employed to prevent
absorption until the active drug can be delivered to the
distal small bowel and colon. Sulfasalazine (Azul®dine)
links 5-ASA via an azo bond to sulfapyridine. Bacterial
enzymes in the colon break the azo linkage, releasing
5-ASA to exert its anti-in¯ammatory effect in the colon.
Because the sulfapyridine moiety causes most of the
untoward reactions to sulfasalazine and is thought to
have no therapeutic activity, newer agents have been
designed to deliver 5-ASA without sulfapyridine.
Olsalazine (Dipentum) links two molecules of 5-ASA
via an azo bond, whereas balsalazide (Colazal) links 5-
ASA via an azo bond to an inert, nonabsorbable carrier.
A number of other delayed-release preparations
(Asacol, Claversal, Mesasal, Salofalk, Pentasa) prevent
rapid absorption of 5-ASA (generically called
mesalamine) by coating tablets or microspheres with
different materials designed to dissolve and release med-
ication in a time- or pH-dependent manner. Uncoated
mesalamine is also available as a rectal suppository
(Canasa/Salofalk) or enema formulation (Rowasa),
which can be of signi®cant value in the treatment of a
child with UC or proctitis. Adverse reactions to all of the
5-ASA preparations have been described and have re-
quired discontinuation of treatment in 5 to 15% of cases.
Serious complications reported in pediatric patients in-
clude pancreatitis, nephritis, exacerbation of UC, and
sulfa- or 5-ASA-induced allergic reactions.

Antibiotics

There is little role for antibiotics in the primary
therapy of active UC. Based on experience in adults,
metronidazole is occasionally used for the treatment
of mild to moderate UC or for maintenance of remission
in the 5-ASA-intolerant or allergic patient. A controlled
trial of cipro¯oxacin as an adjunct to corticosteroids in
adults with active UC demonstrated no bene®t com-
pared with placebo.

Immunomodulators and Biologicals

Although colectomy `̀ cures'' UC, many parents and
physicians are reluctant to perform such an operation
in children with even severely active UC. As a con-
sequence, immunomodulators and new biologic
agents are increasingly being used therapeutically
when chronic or intractable symptoms are present.

The most commonly prescribed treatments in this cat-
egory are discussed below.

6-Mercaptopurine and Azathiopurine

6-Mercaptopurine and its prodrug azathioprine are
purine analogues that inhibit RNA and DNA synthesis,
thereby down-regulating cytotoxic T-cell activity and
delayed hypersensitivity reactions. Both medications
have steroid-sparing effects and effectively maintain re-
mission in approximately two-thirds of children with
UC. Onset of action is delayed (mean time to response of
4.5� 3.0 months), limiting the role of these agents for
the induction of remission. Adverse reactions requiring
discontinuation of treatment, such as allergic reactions,
pancreatitis, abnormal liver function tests, or severe
leukopenia, occur in less than 5ÿ15% of pediatric pa-
tients. The recent availability of assays to measure the
active metabolites of these agents offers the prospect of
further enhancing treatment ef®cacy while reducing
toxicity.

Ciclosporin and Tacrolimus

Ciclosporin and tacrolimus (FK506) are potent in-
hibitors of cell-mediated immunity that have been dem-
onstrated to rapidly and markedly reduce severe colitis
activity in 20 to 80% of children with fulminant UC
who might otherwise require imminent colectomy.
However, relapses necessitating colectomy occur
within 1 year in 70 to 100% of initial responders during
or after discontinuation of therapy. By contrast, if
6-mercaptopurine or azathiopurine is added to the
regimen once ciclosporin or tacrolimus has induced
remission, 60 to 90% of treated patients maintain
long-term remission. These agents bind to intracellular
receptors, forming complexes that ultimately down-
regulate the production of cytokines IL-2 and IL-4.
As a consequence, T-cell function and, to a lesser extent,
B-cell function are impaired.

The use of these agents has been limited by drug-
induced toxicity. Tremors, hirsutism, decreased renal
function, and systemic hypertension are the most com-
mon side effects that have been described in children
with IBD. However, isolated reports of pneumo-
cystis carinii pneumonia (PCP), lymphoproliferative
disease, and serious bacterial and fungal infections in
ciclosporin-treated patients merit careful monitoring of
all children treated with either drug, especially
those treated in combination with corticosteroids and
6-mercaptopurine or azathiopurine. When these agents
are used, PCP prophylaxis and anti-candida therapy are
indicated.
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Other Immunomodulators

Limited studies in adults have suggested that
methotrexate may be an effective treatment for UC in
patients who are intolerant of or resistant to azathio-
prine. Clinical trials in children have not been per-
formed and clinical experience with this agent in
children with UC is very limited.

In¯iximab

The chimeric anti-TNFa antibody, in¯iximab, is a
potent inhibitor of TNFa. In¯iximab rapidly down-
regulates cytokine activity in Crohn's disease. This
results in a rapid and signi®cant decrease of disease
activity. A few open-label trials in adults with UC and
a single small open-label trial in children have demon-
strated a meaningful clinical improvement in patients
with chronic intractable and severe UC. Response to a
single infusion lasts 4 to 12 weeks and repeat infusions
are necessary to maintain response in virtually all
responsive patients. Adverse reactions are primarily
related to minor infusion reactions, but only a very
small number of children with UC have been treated.
More severe reactions, such as delayed hypersensitivity
reactions, anaphylaxis, and reactivation of latent tuber-
culosis, have been seen in adults and children receiving
in¯iximab for Crohn's disease or rheumatoid arthritis.

Surgery

Curative surgery requires total proctocolectomy
with a reconstructive procedure (see below). This is
indicated because of intractable or fulminant disease
or because of the development of dysplasia or cancer.
In fact, approximately 20% of children and adolescents
require colectomy within 5 years of diagnosis because of
intractable disease or fulminant symptoms. Although
proctocolectomy and ileostomy result in a healthy pa-
tient with no risk of future recurrence, few children or
parents readily accept the option of a permanent
ileostomy. Most instead opt for restorative surgery
[the ileal pouchÿanal anastomosis (IPAA)], which al-
lows the child to continue to defecate by the normal
route. Although this can be performed as a one-stage
operation, it is often advisable to carry out an IPAA as a
two- or three-stage procedure, especially when there is
any preoperative suggestion that a patient might have
Crohn's rather than ulcerative colitis or when large
doses of steroids have been used chronically. Reviews
of pediatric surgical experience document that IPAA
utilizing an ileal J-pouch (or less commonly a W- or
an S-pouch) results in fewer daytime and nocturnal
bowel movements and less fecal soiling than an ileoanal
anastomosis without a pouch. Anorectal function is well

preserved in children and postoperative fecal soiling is
unusual. The most common early postoperative com-
plication of IPAA is small bowel obstruction. Pouchitis,
a chronic in¯ammation of the ileal pouch, is the most
common late complication described, occurring in
19% of children and adolescents. Pouchitis generally
responds to treatment with metronidazole, cipro-
¯oxacin, 5-ASA, or corticosteroids.

COURSE AND PROGNOSIS

Clinical experience amassed since 1975 suggests that
70% of children with UC can be expected to enter re-
mission within 3 months of initial diagnosis, irrespec-
tive of the severity of their initial attack. Though
symptoms remain inactive in 45ÿ58% over the ®rst
year after diagnosis, 10% of those initially presenting
with moderate to severe colitis can be expected to re-
main continuously symptomatic. In any given year over
the next decade, approximately 55% of patients have
inactive disease, 40% have chronic intermittent
symptoms, and 5ÿ10% have continuous symptoms. Ap-
proximately 5% of all children require colectomy within
the ®rst year after diagnosis and 19ÿ23% require sur-
gery within 5 years after diagnosis. These rates rise to 9
and 26%, respectively, in the subgroup of children ini-
tially presenting with moderate to severe symptoms.

Children with proctitis or proctosigmoiditis have
less morbidity, as more than 90% are asymptomatic
within 6 months of diagnosis and less than 5% have
continuously active disease. In contrast to adults, how-
ever, proximal extension of disease may occur in up to
70% of children over the course of follow-up.
Colectomy may eventually be required in 5% of these
patients.

See Also the Following Articles

Colorectal Adenocarcinoma � Crohn's Disease, Pediatric �
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eral pathologic processes occurring in the large intestine
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anus. In sequence, the segments of the colon are desi-
gnated as the ascending, the transverse, the descending,
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testine proximal to the middle of the transversum as the
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around the small intestine, and ®nally forms a sinuous
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the colon sigmoideum. Conversely, the thickness of the
muscle layers of the colonic wall gradually increases
from the cecum to the sigmoid colon. The characteristic
macroscopic appearance of the colon is given by the
three separate longitudinal `̀ teniae coli,'' which are
formed by a concentration of fascicles of the outer mus-
cle layer, by `̀ haustra,'' i.e., protrusions of the bowel wall
between the teniae and the plicae semilunares, and ®-
nally, by appendages of adipose tissue, the appendices
epiploicae, scattered on the serosal surface of the colon
but absent in the cecum and rectum (Fig. 1).

VERMIFORM APPENDIX

The vermiform appendix represents embryologically an
extension of the cecum. It consists of a blind tube with a
diameter usually measuring 0.5 to 0.8 cm and with
lengths ranging from 2.5 cm to more than 20 cm (aver-
age � 8 cm). It arises from the posteromedial wall of the
cecum approximately 1 to 3 cm below the ileocecal
junction, where the three teniae coli converge and
merge into the longitudinal muscle layer of the appen-
dix. The strong circular and longitudinal muscle layers
of the vermiform appendix prevent any substantial di-
lation of the lumen. Although the location of the base of
the appendix, with respect to the cecum, is constant, the
position of the tip is extremely variable. Mainly, the
vermiform appendix is found in a retrocecal and
retrocolic (posterior) or in a pelvic descending (ante-
rior) position. Other positions, such as in front of and
behind the terminal ileum, or descending to the right,
occur more rarely. The mesentery of the appendix con-
sists of a peritoneal fold contiguous with the mesentery
of the terminal ileum. It extends along the entire appen-
dix length and contains the appendical vascular supply.
The functions of the vermiform appendix remain a
matter of debate. The presence of numerous and

hyperplastic lymphoid follicles in young individuals
suggests specialized functions in the context of the mu-
cosal immune system.

CECUM AND ILEOCECAL VALVE

The cecum is generally located in the right iliacal fossa.
Commonly, it is entirely covered by peritoneum and in
only a small percentage of individuals is it ®xed poste-
riorly. Grossly, the cecum is wider than it is long and,
due to large haustrae located medially to the tenia libera,
an asymmetric shape characterizes it. The lack of a true
mesentery accounts for its increased motility, which
eventually can lead to cecal volvulus or even to cecal
herniation into the groin channel. The large diameter of
the cecum and the characteristic thin muscular layer in
this portion of the large intestine also have important
clinical implications. In fact, cecal cancers may reach a
considerable size before causing symptoms, and ob-
structing processes of the left colon or rectum can
cause perforation of the cecum, the site of lowest resis-
tance within the colon.

The ileocecal valve is characterized by two rather
horizontally oriented semilunar lips protruding into the
posterior medial aspect of the cecum. At their end, the
two lips merge into the frenula, which extends into
transverse mucosal folds dividing the cecum from the
ascendens colon. Whether the ileocecal junction is a
competent valve is still uncertain. In normal individu-
als, re¯ux into the terminal ileum has been observed,
especially when the cecum is empty. However, by in-
creasing intralumenal pressure in the proximal colon,
for instance, by obstruction beyond the cecum, the two
semilunar lips forming the ileocecal valve tend to col-
lapse together, preventing re¯ux. Conversely, although
the ileocecal valve is formed by an extension of the
enteric musculature and not by a true sphincter, it is
usually assumed that this well-innervated enterocolic
junction is also important in regulating the passage of
ileal contents into the cecum.

COLON

The ascending colon is mainly involved in absorptive
processes that eventually lead to feces formation. The
ventral aspect is covered by the peritoneum, whereas the
posterior surface is retroperitoneally ®xed to the iliac
fascia. A poorly formed mesocolon can occasionally be
observed. The anatomic relationships of the ascending
colon include the right kidney and ureter, the duode-
num, the liver, and the gallbladder. The right colic ¯ex-
ure, also called the hepatic ¯exure, consists of a curve at
the junction with the transverse colon. A peritoneal fold

FIGURE 1 Macroscopic appearance of the colon. Reprinted

from Benninghoff, A., and Goerttler, K., `̀ Lehrbuch der Anatomie

des Menschen,'' Vol. 2, 12th Ed., Urban & Schwarzenberg, 1979,

with permission. Copyright Urban & Fischer Verlag.
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extending from the hepatorenal ligament most likely
supports this portion of the large intestine. The trans-
verse colon is entirely intraperitoneal with the excep-
tion of its right end, which is in close contact with the
duodenum and the pancreas. It courses diagonally
across the upper abdomen from the ventrally located
hepatic ¯exure to the left colic (splenic) ¯exure, which
is located in the posterior plane of the abdominal cavity
in a more cranial position than its counterpart on the
right (Fig. 2). The left ¯exure forms an acute angle ®xed
to the diaphragm by the phrenicocolic ligament, which
also sustains the lower pole of the spleen. The position of
the middle part of the transverse colon is variable. In
asthenic individuals, it may reach the pelvis. The de-
scending colon ®rst passes the lateral border of the left
kidney and then curves medially, reaching the pelvic
rim. The anterior surface is covered by peritoneum,
whereas the posterior face lies retroperitoneally or is
occasionally sustained by a mesentery. The sigmoid
colon begins at the pelvic entrance. It is characterized
by an S shape of variable length, a short mesentery, and
therefore good mobility. The sigmoid colon may be in
close contact with the urinary bladder, the ventral sur-
face of the upper rectum, or, in females, the uterus and
annexes. The junction between the sigmoid colon and
the rectum is located 15 cm from the anal verge. It is
characterized by fusion of the teniae into the complete
longitudinal muscle layer of the rectum and by an abrupt
loss of appendices epiploicae.

HISTOLOGY

The mucosa, the submcosa, the muscle coat, and the
serosa constitute the wall of the large intestine. The
mucosa has no villi and is characterized by crypts ar-
ranged in parallel. It consists of a single-cell layer of tall
columnar epithelium covering the surface including the
crypts, smooth muscle cells of the muscularis mucosae
at the base, and, in between, a stromal compartment
called the lamina propria. The columnar epithelium
is supported by a thin collagenous basement membrane
and represents an important border between the lu-
menal environment of the intestine and the inner envi-
ronment. It is formed by highly specialized polarized
absorptive cells located mainly at the surface and at the
neck of the crypts, and by goblet cells, which secrete
mucus granules and are particularly abundant in the
crypts. Immature precursor cells with marked prolifer-
ative activity as well as specialized endocrine cells with
multiple and still not fully understood regulatory func-
tions are found toward the crypt base. As in the small
intestine, Paneth cells are regularly found in the mucosa
of the cecum and ascending colon. Numerous T lym-
phocytes are normally present within the colonic epi-
thelium. Occasionally, eosinophilic granulocytes may
also be observed within the epithelial layer. In contrast,
neutrophilic granulocytes migrate into and through the
epithelial cell layer only during in¯ammatory processes.
The lamina propria contains a heterogeneous cell pop-
ulation consisting mainly of leukocytes, such as plasma
cells, T and B lymphocytes, macrophages, and occasion-
ally eosinophilic granulocytes or mast cells. In addition,
scattered smooth muscle cells, blood capillaries, lym-
phatic vessels, and nerve twiglets, but not nerve ganglia,
are arranged in its loose connective tissue. Lymphoid
follicles are scattered throughout the entire mucosa of
the large intestine but appear to be slightly more pre-
dominant in the cecum and rectum. Morphologically,
two types may be identi®ed: one type displays a pit-like
follicle-associated epithelium. Many of these lymphoid
follicles extend into the submucosa. The second type is
entirely intramucosal, has a ¯at follicle-associated epi-
thelium, and is observed mainly in the rectum.

The submucosa of the large intestine is very wide,
constituting up to approximately half of the total wall
thickness. It consists mainly of loosely organized strands
of collagen and elastic ®bers, vascular structures includ-
ing arterioles, venules, and lymphatic vessels, few leu-
kocytes,andtwoneuralplexuses.TheplexusofMeissner
is located beneath the muscularis mucosae where nerve
cells and glia cells may be grouped in intramural ganglia
arranged in an irregular pattern, and with declining den-
sity along the distal segments. The second submucosal

FIGURE 2 Course of the large intestine as seen from the side.

Reprinted from Benninghoff, A., and Goerttler, K., `̀ Lehrbuch der

Anatomie des Menschen,'' Vol. 2, 12th Ed., Urban & Schwarzen-

berg, 1979, with permission. Copyright Urban & Fischer Verlag.
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plexus, Henle' s plexus, lies adjacent to the muscularis
propria. Both plexuses are connected by interganglionic
fascicles. A circular inner layer and a longitudinal outer
muscle layer form the muscle coat of the colon. The
plexus of Auerbach, also called the plexus myentericus,
lies between these two muscle layers. It is morphologi-
cally related to the submucosal plexuses, but the ganglia
are generally larger and they are arranged in a more reg-
ular pattern. The interstitial cells ofCajal form acomplex
cell network within the gastrointestinal tract wall. They
are intercalated to the autonomic nerves of the plexus
myentericus and to the smooth muscle cells of the inner
portionofthecircularmuscle layer.Thesecellsmayactas
a pacemaker to regulate smooth muscle contraction.
Recently, Cajal cells have been implicated as possible
cells of origin of human gastrointestinal tumors. The
mesothelial cells of the serosa cover the external colon
surface. A thin layer of loose connective tissue, com-
monly called the subserosa, separates the serosa from
the external muscle layer.

VASCULAR SUPPLY AND
LYMPHATIC DRAINAGE

The superior and the inferior mesenteric arteries pro-
vide the arterial blood supply of the colon (Fig. 3). The
superior mesenteric artery branches into the ileocolic,
the right colic, and the middle colic arteries. They
supply the terminal portion of the ileum, the vermi-
form appendix, the colon ascendens, and part of the

transverse colon. It is noteworthy that the right colic
artery is missing in approximately 10% of individuals
and that an accessory middle colic artery is present in
approximately 10ÿ20%. The inferior mesenteric artery
branches in the superior left colic, the sigmoid, and the
superior rectal arteries. All these major branches anas-
tomose to form a series of arterial arches constituting the
marginal artery of Drummond, which lies a few centi-
meters from the colonic wall and extends from the
ileocecal region to the rectosigmoid junction. The con-
nection between the middle colic artery and the left colic
artery is called the arc of Riolan. It is located approxi-
mately at the junction between the transverse and the
descending colon and connects the domains of the su-
perior and inferior mesenteric artery. The arc of Riolan
is absent in 0.1ÿ1% of individuals. From the marginal
artery, multiple small arteries, the arteriae rectae, enter
the colonic wall along the line of the mesenteric inser-
tion, where they branch to arterioles that extend
symmetrically to the anti-mesenteric side and penetrate
the muscular coat to reach the mucosa. The venous
return re¯ects the arterial supply and thus bears the
same names. The superior mesenteric and the splenic
vein converge to the portal vein. The inferior mesenteric
vein leads mostly into the splenic vein, rarely directly
into the portal vein, and extremely rarely into the su-
perior mesenteric vein. A peculiarity of the portal
venous system is the absence of valves, which may
lead to severe intestinal blood congestion by portal
hypertension.

The lymphatic drainage follows in general the mes-
enteric vessels and converges to the cisterna chyli. The
lymph channels pass several lymph nodes, which may
be grossly gathered in four groups: the epicolic lymph
nodes adjacent to the colonic wall; the paracolic lymph
nodes, situated along the marginal arteries; the interme-
diate lymph nodes, alongside the main mesenteric ves-
sels; and the central lymph nodes, at the mesenteric
roots.

INNERVATION

The motor and secretory activities of the colon are reg-
ulated by the autonomic nervous system and by the
neurohormonal system, which includes a complex net-
work of modulators, such as serotonin, dopamine, so-
matostatin, bombesin, Substance P, and vasoactive
intestinal peptides. The autonomic nervous system
includes the sympathetic and parasympathetic path-
ways and it may be divided into components intrinsic
or extrinsic to the colon, i.e., lying within or outside the
colon wall, respectively. The intrinsic component is
formed mainly by the neural plexuses described

FIGURE 3 Arterial supply of the large intestine. Reprinted

from Benninghoff, A., and Goerttler, K., `̀ Lehrbuch der Anatomie

des Menschen,'' Vol. 2, 12th Ed., Urban & Schwarzenberg, 1979,

with permission. Copyright Urban & Fischer Verlag.
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above. It has a great functional signi®cance since it
is capable of working independently of the extrinsic
component.

The extrinsic component of the parasympathetic
innervation is formed by ®bers originating either
from the medulla oblongata or from the sacral segments
of the spinal cord. The ®bers from the medulla
oblongata are gathered mainly in the vagus nerve,
which descends along the esophagus, rami®es in the
preaortal celiac regions, and extends approximately
to the left third of the transverse colon. Synapses are
formed in the ganglia of the submucosal plexus and the
myenteric plexus. The sacral parasympathetic nerves
form the pelvic nerves, which are located within the
hypogastric plexus and contribute to the innervation
of the distal colon segments. Conversely, the afferent
sympathetic innervation originates from thoracic
and lumbar segments of the spinal cord as part of the
anterior spinal nerves. It then transverse the
sympathetic ganglionic chain, mostly without making
synapses, and forms the splanchnic nerves, which meet
synapses located in preaortic ganglia, namely, the celiac,
superior mesenteric, inferior mesenteric, and pelvic
ganglia. The postganglionic adrenergic ®bers eventually
reach the colon along the adventitia of the arteries. Con-
nections between the preaortic ganglia are numerous
and as a consequence the respective innervation

zones of the large intestine overlap to a considerable
degree.
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Colonic Absorption and Secretion
ROGER T. WORRELL, JOHN CUPPOLETTI, AND JEFFREY B. MATTHEWS

University of Cincinnati

absorption Active or passive movement of a substance from

the lumen of the gut (mucosal side) to the blood side of

the gut (serosal).

apical membrane Side of an epithelial cell that faces toward

the lumen, outside of the body; the mucosal side.

basolateral membrane Side of an epithelial cell that faces

toward the blood or inside of the body; the serosal side.

conductance Electrogenic movement of a charged particle.

constipation Condition in which there is infrequent or

dif®cult defecation or hard and dry stool.

cotransporter Membrane protein with which one or more

substances are moved in concert. Typically, the energy

gradient of one substance (almost always Na�) is used to

establish a gradient for the other(s).

crypts of Lieberkuhn Invaginations in the surface of the

colonic mucosa, predominant location of ¯uid secretory

processes. The base of the crypt contains the progenitor

cells for the entire crypt as well as surface cells.

diarrhea Condition in which there is a two- to threefold or

greater increase in the normal amount of fecal water

content (approximately 300ÿ450�ml/day).

ion channel Membrane protein that forms a selective and

regulated pore for the diffusion of a particular ion or

ions. The direction of movement is dependent on the

electrochemical driving force for the given ion, which is

determined by the concentration of ion on each side of

the membrane and the electrical potential across the

membrane.

ion exchangers Subclass of cotransporters that move

substances in opposite directions; antiporters.

ion pump Membrane protein in which ATP hydrolysis is

used as an energy source to move one or more ions

across the cell membrane.

secretion Active or passive movement of a substance from

the blood side of the gut (serosal) to the lumen of the gut

(mucosal side).

tight junction Complex of proteins near the apical side of

epithelial cells; acts as a barrier to the movement of

molecules between the cells.

Fluid and electrolytes are secreted as well as absorbed by

the colonic epithelium. The net transport, in the normal

state, is absorption of sodium, chloride, water, ammo-

nium ions, and short-chain fatty acids, and net secretion

of potassium, bicarbonate, and mucus. Similar to ¯uid

processing in the kidney, both the secretory and the ab-

sorptive processes can be ®ne-tuned by selective regula-

tion, such that homeostasis is maintained. Abnormalities

in individual transport processes or abnormalities in their

regulation can lead to excessive ¯uid loss (diarrhea) or

excessive ¯uid retention (constipation), both of which can

cause substantial symptomology and, if extreme, can be

life threatening.

INTRODUCTION

For the average individual, the colon receives approx-
imately 1.5 liters of ¯uid /solid load per day. On average,
approximately 150 ml of water and 100ÿ200 g of solid
waste are excreted from the colon. The balance between
these amounts constitutes the colonic processing of lu-
minal contents. The colonic epithelium is capable of
both secretion and absorption; the difference between
these processes determines the ®nal ionic and water
composition of the fecal material. Under normal condi-
tions, the integrated outcome of bidirectional ¯uid
movement is absorption. Although the colon normally
receives 1.5 liters of input per day, it is capable of pro-
cessing approximately 2.5 liters per day. Delivery
volumes in excess of 2.5 liters per day by the small
bowel may exceed the absorptive capacity of the
colon and lead to an over¯ow diarrheal state, despite
otherwise normal colonic function. The colonic absorp-
tive processes predominantly involve movement of so-
dium (Na�), chloride (Clÿ), and water, such that
80ÿ90% of the ileal ¯uid is removed from the gut
lumen. The ionic composition of the ileal ¯uid delivered
to the colon is essentially isosmotic to plasma, with
140 mEq/liter Na�, 60 mEq/liter Clÿ, 70 mEq/liter
HCO3

ÿ, and 7 mEq/liter K�. The fecal ionic composition
is reduced in Na� and Clÿ and enriched in K� and
HCO3

ÿ. In addition to the net absorption of Na� and
Clÿ and the net secretion of K� and HCO3

ÿ, short-chain
fatty acids (SCFAs) and NH4

�, both produced by colonic
bacteria within the colon, are major constituents of
colonic luminal ¯uid and are also absorbed. Mucus, se-
creted by the colonic mucosa, is hydrated and propelled
along the crypt by ¯uid secretion driven by K� and /or
Clÿ secretion within the crypts. The focus in this article
is on the mechanisms whereby the colonic content is

Encyclopedia of Gastroenterology 413 Copyright 2004, Elsevier (USA). All rights reserved.



modi®ed, the regulation of those mechanisms, and the
pathology associated with alterations in these processes.

CRYPTÿSURFACE AXIS

The human colon contains millions of crypts of
Lieberkuhn (Fig. 1a), with each crypt being 30ÿ60 mm
in diameter and 200ÿ400 mm in length, composed of
approximately 2000 cells, termed `̀ enterocytes.'' The
epithelial cells of the colon are generated from progen-
itor cells at the base of the crypts. Each crypt contains at
least one stem cell, thus each individual crypt is con-
sidered to represent a clonal or quasi-clonal population
of cells, based on DNA methylation patterns. Stem cells
divide in an asymmetric manner, producing another
stem cell and a cell destined for differentiation. The
cells destined for differentiation migrate along the
crypt axis and eventually form the surface cell layer.
During the migratory process, the cells become more
differentiated and less proliferative. The fully differen-
tiated surface cells subsequently undergo apoptosis and
slough off into the lumen. This process of enterocyte
production, migration, and terminal differentiation oc-
curs over a 4- to 8-day period, thus the stem cells of the
crypt are highly proliferative and represent a major lo-
cale for tumorigenesis.

During the migration of enterocytes from the base of
the crypt to the surface, the differentiation process re-
sults in functionally distinct cell populations. The three
general cell types produced are goblet cells, columnar
epithelialcells,andenteroendocrineorenterochromaf®n
cells. Of these, the latter represent only 5%. The entero-
chromaf®n cells act as mechanical sensors within the
epithelium and provide the initial signal for neuronal
re¯ex regulation of transport. Goblet cells are mucus-
secreting cells and occur along the length of the crypt as
well as on the surface, varying little in function along the
cryptÿsurface axis. The columnar cells are responsible
for¯uidandelectrolytetransportbutalsosecreteamucus
distinct from that produced by goblet cells. Columnar
cell function varies greatly along the cryptÿsurface axis,
with the early and midcrypt cells having a predomi-
nantly secretory function and the surface cells having
a predominantly absorptive function. Columnar cells at
the neck of the crypt display a mixed phenotype. Al-
though the secretory function appears uniform along
the length of the colon, the absorptive process (the func-
tional fate of terminal differentiation) differs. Absorp-
tion in the proximal colon (ascending and transverse
segments) is electroneutral, involving apical membrane
cotransporters, whereas the process of absorption in the
distal colon (descending and sigmoid segments) is elec-
trogenic and involves apical ion channels.

MECHANISMS OF FLUID AND
ELECTROLYTE TRANSPORT

The consensus model of ¯uid and electrolyte transport
by colonic epithelium was established in the 1970s and
1980s. The unidirectional movement of ions and thus

(a)

(b)

Jsm

emf

RB

RA

Mucosal side

Serosal side

Jms

RS

FIGURE 1 General aspects of colonic transport. (a) Crypt of

Lieberkuhn functional model. Stem cells (w) at the base of each

crypt proliferate and cells differentiate as they migrate toward the

lumen surface. Surface epithelial cells undergo apoptosis and

slough off. Cells in the lower crypt primarily secrete whereas

surface cells are primarily absorptive. (b) Minimal equivalent

circuit model for epithelial transport: RS, the barrier to paracel-

lular ion movement (tight junctions, ); RA, the cell apical

membrane barrier; RB, the cell basolateral membrane barrier;

emf, the electromotive force (energy source, Na�,K�-ATPase).

Net transepithelial transport, or ¯ux ( JNet), is determined by

the difference between the serosal to mucosal ¯ux ( Jsm) and

the mucosal to serosal ¯ux ( Jms).
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water by osmotic ¯ow results from the polarized distri-
bution of speci®c membrane proteins in epithelial cells
and the occurrence of a barrier to ¯ow between the cells.
The net movement, or ¯ux, of a substance across an ep-
ithelium (Fig. 1b), JNet, is de®ned as the difference be-
tween the rate of absorption (mucosal to serosal ¯ux),
Jms,andtherateofsecretion(serosal tomucosal¯ux), Jsm.
For passive diffusion, JNet of a substance occurs down its
electrochemicalgradient.When JNet cannotbeexplained
by passive diffusion, an active transport system must be
considered. The energy source (electromotive force,
emf ) for directed ion transport is principally supplied
by the Na�,K�-ATPase, which pumps three Na� ions out
of the cell per two K� ions into the cell and thus estab-
lishes an ion gradient for both K� and Na� across the cell
membrane. The established electrical potential and the
Na� concentration gradient then provide the energy for
active transport of other ions. The epithelium represents
twobarriersorresistances to¯uxÐtheparacellularpath-
way and the transcellular pathway.

The paracellular space between adjacent epithelial
cells is bridged by an intercellular functional complex
that consists of three zones, the zonula occludins (tight
junction), the zonula adherens (adherens junction), and
the desmosomes. The tight junction is the anatomical
locus of epithelial barrier function and determines the
leakiness of the paracellular pathway. The relative per-
meability of the tight junction to speci®c ions, the ion
selectivity, is in part determined by the isoform type and
state of claudin proteins within the tight junctional
complex. This leakiness of the tight junction can be
described in electrical terms as the paracellular resis-
tance, RS (Fig. 1b). The paracellular resistance is higher
in the colon than in the jejunum and ileum, increasing
along the length of the colon from approximately
100O � cm2 in the proximal segments to approximately
300ÿ400O � cm2 in the distal segments. Thus, the abil-
ity to establish and maintain transepithelial gradients
increases along the length of the colon.

The ¯ux across the epithelial cell is further deter-
mined by two components, the apical membrane resis-
tance, RA, and the basolateral membrane resistance, RB

(Fig. 1b). Thus, the net ¯ux of a substance across the cell
is determined by the net ¯ux across the apical mem-
brane, JNet

A, in combination with the net ¯ux across the
basolateral membrane, JNet

B. In colonic epithelial cells,
JNet

A is considered to be rate limiting (e.g., RA � RB),
although it is now appreciated that changes in JNet

B can
have a regulatory effect on the magnitude of the cellular
¯ux. Although poorly understood at present, regulatory
changes in the paracellular resistance or ¯ux pathway
are also thought to occur and likely involve posttrans-
lational modi®cation of claudins, which comprise part

of the tight junction complex. Increased paracellular
permeability, particularly when ion selective, can en-
hance the rate of directed transport, or, when nonselec-
tive, can decrease the ability of the epithelium to
maintain an ionic or osmotic gradient.

The functional phenotype of a transporting epithel-
ial cell is determined by the identity of speci®c mem-
brane transport pathways in the apical and basolateral
membrane. The asymmetric distribution of proteins in
the apical versus basolateral membrane produces cell
polarity. The direction and magnitude of transport, that
is, the conductance of a particular ion or molecule, are
set by the relative activity of these apical and basolateral
transport processes. Crypt cells are similar along the
length of the colon, with the key features being apical
K� and Clÿ ion channels in combination with
basolateral Na�,K�-ATPaseÐthe Na�/ K�/2Clÿ co-
transporter 1 (NKCC1)Ðand K� ion channels. The sur-
face cells of the proximal colon contain the apical Na�/
H� exchanger (NHE), the Clÿ/ HCO3

ÿ exchanger
(anion exchanger), and the Clÿ/OHÿ exchanger [orig-
inally designated `̀ down-regulated in adenoma'' (DRA)],
in combination with basolateral K� and Clÿ ion chan-
nels, the K�/Clÿ cotransporter 1 (KCC1), the anion
exchanger (AE), and Na�,K�-ATPase. The surface
cells of the distal colon differ in that the apical mem-
brane contains K� and Na� ion channels and two dif-
ferent isoforms of H�,K�-ATPase.

Absorption

The majority of NaCl and ¯uid absorption occurs in
the proximal colon via an electroneutral process de-
picted in Fig. 2a. Na� enters across the apical membrane
in exchange for H� via two isoforms of the Na�/H�

exchanger (NHE2 and NHE3), which have distinct reg-
ulatory pro®les, although the functional signi®cance of
their redundancy remains unclear. DRA was originally
described as a sulfate/oxalate exchanger and was later
shown to have Clÿ/OHÿ exchange as well as Clÿ/
HCO3

ÿ exchange activity. Although apical AE isoform
1 (AE1) is present in rat colon cells, it has not been
identi®ed in human colon cells, thus DRA may serve
as the apical anion exchanger (Clÿ/HCO3

ÿ) in humans.
Clÿ enters via DRA in exchange for OHÿ and via the AE
and /or DRA in exchange for HCO3

ÿ. The driving force
for apical Na� entry is maintained by active removal via
the basolateral Na�,K�-ATPase. Clÿ exits the cell via
basolateral KCC1, AE2 and AE3, and Clÿ channels. AE2
and AE3 provide a pathway for the basolateral entry of
HCO3

ÿ. K� is recycled across the basolateral membrane
by basolateral K� channels. The combined result of
these transport processes is the net transport of NaCl
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from lumen to serosa and the net movement of HCO3
ÿ

from serosa to lumen. Activity of NHE2 and NHE3 does
not signi®cantly contribute to luminal acidi®cation be-
cause the secreted H� is buffered by the OHÿ and
HCO3

ÿ secreted by the DRA and AE.
The surface cells of the proximal colon also

have the capacity to absorb short-chain fatty acids
(SCFAs) (Fig. 2b). Absorption occurs predominantly
by nonionic diffusion; however, the charged forms

can also be transported across the apical membrane
via a SCFAÿ/HCO3

ÿ exchanger. There also exists an
exchange process for butyrate and Clÿ in the apical
membrane, thus, via SCFAÿ/HCO3

ÿ exchange coupled
to Clÿ/butyrate exchange, net Clÿ absorption and
HCO3

ÿ secretion can occur.
The cell model for electrogenic NaCl absorption

occurring in the surface cells of the distal colon is de-
picted in Fig. 3a. Intracellular Na� is kept low by
the basolateral Na�,K�-ATPase and provides the
driving force for the electrogenic diffusion of Na�

through an apical epithelial Na� channel (ENaC).
The electrogenic movement of Na� from the lumen
to the serosal side creates a negative lumen potential,
which facilitates the cellular and /or paracellular diffu-
sion of Clÿ. An apical K� channel provides a pathway for
K� secretion. The driving force for K� secretion is de-
pendent on the relative permeability of the apical mem-
brane to Clÿ; that is, Na� entry can be `̀ charge balanced''
by either apical K� exit or apical Clÿ entry. At the
basolateral membrane, K� channels provide a pathway
to recycle K�. The net movement of K� also depends on
the relative activity of the apical K� channel with respect
to that of the basolateral K� channel and the driving
force across each respective membrane. The colon con-
tributes to body K� homeostasis and can function both
to secrete and to absorb K�. The cells responsible for K�

absorption are the same as involved in electrogenic Na�

absorption. The cellular model for K� absorption, for
the sake of simplicity, is shown separately in Fig. 3b.
Two H�,K�-ATPases are responsible for the active ex-
change of luminal K� for intracellular H�, the colonic
H�,K�-ATPase (HKc) being sensitive to omeprazole
and the other sensitive to ouabain. Accumulated intra-
cellular K� exits the cell across the basolateral mem-
brane either by a K� channel or by KCC1.

It is well appreciated that the colon absorbs ammo-
nium from the lumen, because portal vein ammonium
levels are higher than those of the systemic circulation.
However, the exact mechanism of absorption is not un-
derstood. It is likely that, similar to SCFA absorption,
both the passive diffusion of uncharged ammonia and
the directed transport of ammonium ions contribute to
the process.

Secretion

Within the crypts, NaCl, KCl, and HCO3
ÿ secretion

can occur. The cellular model for these secretory pro-
cesses is depicted in Fig. 4. In KCl secretion, both
apical membrane Clÿ and K� ion channels are active,
with a relatively less active basolateral K� channel.
Intracellular Clÿ is accumulated above electrochemical

FIGURE 2 Cellular models for surface cell transport in the

proximal colon. (a) Electroneutral absorption. Na� and Clÿ are

taken up across the apical membrane by Na�/ H�, Clÿ/OHÿ, and

Clÿ/ HCO3
ÿ exchangers. Intracellular Na� is kept low by

basolateral Na�,K�-ATPase. Intracellular Clÿ is kept low by

basolateral K� and Clÿ cotransport, Clÿ/ HCO3
ÿ exchange, and

Clÿ channels. Note that HCO3
ÿ secretion occurs in conjunction

with NaCl absorption, but does not result in a signi®cant luminal

pH change because H� is also secreted. NHE2,3, Na� and H�

exchangers, isoforms 2 and 3; AE2,3, anion exchangers, isoforms

2 and 3. (b) Short-chain fatty acid (SCFA) absorption. Uncharged

SCFA passively diffuses across the cellular membrane. SCFAÿ is

absorbed across the apical membrane in exchange for HCO3
ÿ. Via

a butyrate/Clÿ exchanger, Clÿ absorption can occur. SCFAÿmay

also permeate the paracellular pathway driven by a negative

lumen-to-serosa potential. The processes depicted here and in

(a) occur within the same cells but are shown separately for clarity.
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equilibrium by basolateral NKCC1. A basolateral
Na�,K�-ATPase maintains the driving force for
NKCC1. In NaCl secretion, the apical K� channel ac-
tivity is relatively lower than that of basolateral K� chan-
nels such that K� preferentially recycles across the
basolateral membrane. The electrogenic movement of
Clÿ across the apical membrane creates a lumen nega-
tive potential, which acts to drive the paracellular move-
ment of Na�. Numerous apical Clÿ channels have been
described, the two most prominent being the Ca2�-ac-
tivated Clÿ channel (CaCC) and the cAMP-activated
Clÿ channel; the latter, designated the cystic ®brosis
transmembrane conductance regulator (CFTR), was
originally identi®ed by genetic screening as the protein
that is defective in cystic ®brosis. Subsequently, by

electrophysiological studies, CFTR was identi®ed as
being a cAMP-activated Clÿ channel. Electrogenic
HCO3

ÿ secretion can also occur via these apical Clÿ

channels.
Mucus secretion by goblet cells serves to protect the

epithelium from abrasion and to create a protective un-
stirred layer near the apical membrane. Goblet cell
mucus secretion occurs via exocytosis of apically lo-
cated mucus-containing granules. Movement of the
granules is microtubule dependent and restricted by
the actin cytoskeleton at the apical membrane. On stim-
ulation of goblet cells by Ca2� agonists such as acetyl-
choline (ACh) and histamine, but not by cAMP agonists,
the granule contents are released into the lumen of the
crypt or on the surface lumen. Columnar cells in the
crypt can also secrete mucus contained within apical
vesicles. In contrast to goblet cells, columnar cells secret
mucus in response to cAMP agonists but not to Ca2�

agonists. Mucus within the granules is compact and
in a somewhat dehydrated state; on exocytosis, hydra-
tion of the mucus results in an approximately
twofold expansion in volume. Crypt ¯uid secretion is
necessary both to hydrate the luminal mucus and to
provide a ¯ow for expulsion of the mucus from the
crypt lumen.

FIGURE 3 Cellular models for surface cell transport in the

distal colon. (a) Electrogenic absorption of Na�. Intracellular

Na� is kept low by basolateral Na�,K�-ATPase. Na� absorption

occurs via the passive diffusion of Na� through an apical a, b, and

g epithelial Na� channels (ENaC-a,b,g). Apical K� and Clÿ chan-

nels provide a pathway for charge balance across the apical mem-

brane. (b) K� absorption. Two distinct isoforms of H�,K�-ATPase

provide a pathway for apical entry of K�. The exit of K� across the

basolateral membrane occurs by K�,Clÿ cotransport and /or K�

channels. The processes depicted here and in (a) occur within the

same cells but are shown separately for clarity.

FIGURE 4 Cellular model for crypt cell secretion. Apical Clÿ

channels provide an exit pathway for Clÿ across the apical mem-

brane. Intracellular Clÿ is maintained by functional basolateral

Na�/ K�/2Clÿ cotransport. Agonists that increase intracellular

Ca2� increase the activity of the apical Ca2�-activated Clÿchannel

(CaCC) and a Ca2�-sensitive basolateral K� channel. Agonists

that increase intracellular cAMP increase the activity of the apical

cystic ®brosis transmembrane conductance regulator (CFTR)

and, depending on the level of cAMP, either an apical K� channel

or a basolateral K� channel. The directional ¯ow of K� (e.g.,

secretion or basolateral recycling) is determined by the relative

activity of the apical and basolateral conductive pathways.

The cAMP agonists also up-regulate NKCC1 in the basolateral

membrane.

COLONIC ABSORPTION AND SECRETION 417

a

b

Na+

Na+
K+

K+

K+K+

H+ H+
K+

K+

K+

K+ Na+
Cl–

K+

K+

Cl–

Cl–

ENaC-α,β,γ

Distal Colon
Surface cell: Electrogenic Absorption

Distal Colon
Surface cell: K+ Absorption

KCC1 ATPase

KCC1 ATPase

HKc
ATPase

ATPase

ouabainomeprazole



REGULATION OF ABSORPTION

The normal default function of the colon is absorption,
thus effects on net absorption are more typically asso-
ciated with an inhibition of secretion. Electrogenic ab-
sorption in the distal colon is under more signi®cant
regulation than is the electroneutral absorption in the
proximal colon. Nonetheless, electroneutral absorption
is affected by a number of extracellular factors. NHE2
and NHE3 expression is up-regulated with Na� deple-
tion and, in a nongenomic manner, with low-dose glu-
cocorticoids and aldosterone. Stimulation of a1 or b2
receptors increases NHE3 activity and thus increases
absorption. Agonists that stimulate protein kinase C
(PKC), calmodulin-dependent kinase II (CaMKII), or
cyclic adenosine monophosphate (cAMP) inhibit NHE3
function; interestingly these second-messenger systems
are also strong activators of secretion. Norepinephrine,
somatostatin, and neuropeptide Y (NPY) are able to
increase electroneutral absorption; however, their
major in¯uence on net transport is via inhibition of
secretion. Electrogenic Na� absorption in the distal
colon is strongly in¯uenced by circulating glucocorti-
coids and mineralocorticoids. Both exert genomic early-
and late-phase stimulation of apical Na� entry by effects
on the apical Na� channel, ENaC. The early-phase re-
sponse, which requires protein expression, is the up-
regulation of ENaC activity in the apical membrane,
whereas in the late phase, ENaC protein expression is
increased along with an increase in Na�,K�-ATPase.
Increases in intracellular cAMP increase ENaC activity,
whereas increases in intracellular Ca2� or PKC activity
tend to diminish activity. ENaC is also subject to feed-
back inhibition by increases in intracellular Na�. A
number of studies have demonstrated that the express-
ion of CFTR and CFTR activity has a negative effect on
ENaC activity. Although CFTR abundance is low in the
surface cells, it may play a signi®cant role in the regu-
lation of ENaC as well as in pathological conditions that
increase CFTR activity, or in cystic ®brosis, in which
ENaC-mediated Na� absorption is enhanced. Dietary
Na� and K� depletion as well as aldosterone cause in-
creased K� absorption by increasing the expression and
activity of the H�,K�-ATPase.

REGULATION OF SECRETION

Homeostatic regulation of colonic function is primarily
directed at inhibition of the absorptive pathway or stim-
ulation of the secretory pathway. Regulation of secretion
occurs by paracrine, autocrine, endocrine, and neuro-
endocrine mechanisms. Although a plethora of agents

have been demonstrated to affect Clÿ and K� secretion,
the majority of these do so by effects on intracellular
cAMP, cGMP, Ca2�, or PKC. Discussion of all the ex-
tracellular and intracellular regulatory pathways in-
volved in the regulation of secretion is beyond the
scope of this article, but the two most signi®cant phys-
iological agonists for secretion are acetylcholine (ACh)
and vasoactive intestinal polypeptide (VIP), which
cause increases in intracellular Ca2� and cAMP, respec-
tively. Both ACh and VIP are locally released by intrinsic
primary afferents within the submucosal plexus in re-
sponse to mechanical stimulus of enterochromaf®n cells
and subsequent 5-hydroxytryptamine (5-HT) release.
Whereas the secretory response to cAMP agonists is
long term, the secretory response to Ca2� agonists is
more transient.

A number of peptide and nonpeptide factors act on
the secretory cells to produce an increase in intracellular
cAMP, including VIP, adenosine, and prostaglandins.
Increases in intracellular cAMP lead to the activation of
protein kinase A (PKA), which in turn leads to the
activation of the apical membrane Clÿ channel CFTR,
activation of NKCC1, and activation of either or both
apical and basolateral K� channels. Low levels of cAMP
tend preferentially to activate the apical K� conductance
and support KCl secretion, whereas high levels prefer-
entially activate the basolateral K� conductance, and
thus support NaCl secretion. Guanylin acting via apical
receptors leads to an increase in intracellular cGMP,
which activates CFTR via protein kinase G (PKG)
and increases cAMP levels by inhibiting phosphodies-
terase (PDE) breakdown of cAMP. cAMP may also,
acutely increase the number of CFTR proteins in the
apical membrane and thus further promote secretion.

ACh and histamine stimulate secretion by causing
an increase in intracellular Ca2� levels. For ACh
and histamine, Ca2� is increased in an inositol 1,4,5-
trisphosphate (IP3)-dependent manner. The increased
Ca2� leads to activation of apically located Ca2�-depen-
dent Clÿ channels and the stimulation of Ca2�-sensitive
basolateral K� conductance. The transient nature of
this response has been attributed to the generation of
inositol 3,4,5,6-tetrakisphosphate (IP4) as well as
phosphatidylinositol 3-kinase (PI 3-kinase)-dependent
activation of PKC-E and their respective negative
effect on CaCC. Growth factorsÐepidermal growth
factor (EGF), insulin, and insulin-like growth factor
(IGF)Ðalso exert a negative effect of Ca2�-dependent
Clÿ secretion by inhibition of the basolateral Ca2�-
dependent K� conductance. Enkephalins, neuro-
peptide Y, and somatostatin act to inhibit secretion by
inhibition of ACh release; these substances also increase
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Na� reabsorption. Bile acids, in part, stimulate secretion
by an IP3-dependent increase in intracellular Ca2� and
by increasing prostaglandin E2 (PGE2) release from
colonic ®broblasts.

PATHOLOGICAL INFLUENCES ON
SECRETION AND ABSORPTION

Dysregulation of colonic secretion and absorption un-
derlies a number of digestive disorders. These condi-
tions may arise from congenital or acquired defects. In
addition, the presence of unabsorbed osmolytes in the
lumen of the colon can result in an osmotic diarrhea.
These osmolytes may either be voluntarily ingested or
result from small intestinal malabsorption.

Congenital chloride diarrhea, or congenital
chloridorrhea, is the result of a mutation in DRA, a con-
dition known as Pendred syndrome that also results in
deafness. Although DRA acts as a Clÿ/OHÿ exchanger,
there is some evidence that it can also effect
Clÿ/ HCO3

ÿ exchange. In addition, defective DRA
leads to an increased intracellular pH, which in turn
reduces theactivityof apical anionexchange. Congenital
chloridorrhea is characterized by an acidic watery diar-
rhea with chloride concentrations in excess of 90 mEq/
liter (due to decreased Clÿ absorption) and metabolic
alkalosis (due to decreased HCO3

ÿ and OHÿ secretion).
Defects in NHE3 cause congenital sodium secretory di-
arrhea, in which stool sodium and HCO3

ÿ are elevated,
with only slight diarrhea and metabolic acidosis. Cystic
®brosis (CF) is the result of a defect in the cAMP-stim-
ulated Clÿ channel, CFTR. CF results in a decrease in
colonic secretion or an antidiarrheal state, which in
5ÿ10% of CF newborns results in colonic obstruction
(meconium ileus). Diarrhea is seen in some patients with
CF due to steatorrhea caused by pancreatic exocrine
insuf®ciency. Interestingly, the high prevalence CF
(1 in 2500 births) may relate to a heterozygote protective
effect against the development of acquired secretory di-
arrheas, particularly in cholera.

The major cause of acquired secretory and in¯am-
matory diarrheas is pathogenic colonization within the
gastrointestinal (GI) tract. Bacterial species that com-
monly affect colonic transport are Vibrio cholerae,
Escherichia coli, Clostridium dif®cile, and Salmonella
typhimurium. In children, rotavirus is a common
cause of secretory diarrhea. Toxins produced by these
organisms produce diarrhea (1) by increasing the chlo-
ride secretory pathway, (2) by indirectly or directly
decreasing electrogenic Na� absorption, (3) by decreas-
ing the tight junction permeability, thus making
the epithelia more leaky, and (4) by initiating an

in¯ammatory response, which in turn can activate the
secretory pathway via the enteric nervous system. It
should be noted that these toxins also increase ¯uid
secretion in the small bowel, which can in and of itself
produce an over¯ow diarrhea due to the increased ¯uid
volume delivery to the colon.

Vibrio cholerae produces a number of toxins. Chol-
era toxin causes a covalent and irreversible activation of
the G protein, Gs, which in turn activates adenylate
cyclase and raises intracellular cAMP levels, activating
CFTR. Zonula occludens toxin (ZOT) acts to increase
the ionic permeability of the tight junctions, whereas
other toxins result in the release of serotonin from en-
terochromaf®n cells. Escherichia coli produces a heat-
labile toxin (STb) that acts to increase intracellular
cAMP and a heat-stable toxin (STa) that acts to revers-
ibly increase intracellular cGMP, resulting in stimula-
tion of CFTR. STa increases cGMP by hijacking the
endogenous guanylin receptor, which, when active,
acts as a guanylate cyclase. With cholera toxin and
ST, activation of CFTR results in increased secretion
of Clÿ as well as HCO3

ÿ via CFTR and the subsequent
development of metabolic acidosis accompanying the
diarrhea. Clostridium dif®cile produces two toxins, A
and B, that increase tight junction permeability via glu-
cosylation of Rho protein. Toxin A has also been impli-
cated to increase intracellular Ca2� and activate CaCC.
Rotavirus and C. dif®cile act similarly, rotavirus produc-
ing a nonstructural glycoprotein, NSP4, which acts both
to increase intracellular Ca2� and thus stimulate CaCC
as well as to decrease tight junction permeability.

The chronic diarrhea observed in colonic carcinoma
is likely due to increased proliferation and decreased
differentiation within the crypt cells. As mentioned ear-
lier, a protein (DRA) found to be down-regulated in
carcinoma is expressed predominantly on the fully dif-
ferentiated surface cells, with little expression within
the undifferentiated crypt cells. Thus, the loss of DRA
in colon carcinoma is indicative of decreased colonocyte
differentiation, which suggests an increase in the secre-
tory cell population at the expense of a decrease in the
absorptive cell population. A number of neoplastic dis-
orders can lead to humoral-mediated chronic diarrhea.
The VIP-secreting tumors (VIPomas), due to high
plasma levels of VIP, present with profuse chronic wa-
tery diarrhea associated with hypokalemia and achlor-
hydria (WDHA syndrome).

SUMMARY

The overall state of colonic transport determines the
water and electrolyte content of the feces and is the
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integrated result of both absorptive and secretory pro-
cesses. The normal balance is such that the net effect is
absorption of salt and water and thus conservation of
water. The absorptive process predominantly occurs at
the surface cells and is electroneutral in the proximal
colon and electrogenic in the distal colon, with the latter
being more tightly regulated. The secretory process pre-
dominantly occurs in the crypts and is more uniform
throughout the length of the colon. In contrast to the
absorptive processes, the secretory processes are much
more tightly regulated. Pathological disruption of the
balance between the absorptive and secretory processes
generally involves an increase in secretion and thus
diarrhea.
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Colonic Ischemia
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hypoxia Condition that arises when the cellular demand for

molecular oxygen necessary to maintain physiologic

function exceeds supply.

ischemia Pathologic reduction in blood supply to a tissue.

Colonic ischemia is associated with a diverse array

of pathologies wherein the epithelial barrier is com-

promised, including acute mesenteric ischemia,

ischemic colitis, necrotizing enterocolitis, and in¯am-

matory bowel disease. Although the underlying disease

processes leading to colonic ischemia are numerous, a

major consequence for the mucosal tissue is that oxygen

demand exceeds supply, resulting in tissue hypoxia.

Because the chemical reduction of molecular oxygen is

the primary source of metabolic energy for all eukaryotic

cells, hypoxia represents a severe threat to tissue function

and survival. Hypoxia has an impact on intestinal cell

function, which relates to disease processes. This entry re-

views the molecular mechanisms underlying such events.

INTRODUCTION

Tissue ischemia and subsequent hypoxia are com-
mon physiologic and pathophysiologic occurrences.
Because of its juxtaposition with the anoxic lumen of
the gut, the colonic mucosa relies heavily on the rich
mucosal vascular bed for oxygen supply and is conse-
quently highly susceptible to ischemic/hypoxic insult
(Fig. 1). Colonic ischemia can occur as a result of
frank vascular occlusion or vasoconstriction, such
as in cases of occlusive or nonocclusive acute mesen-
teric ischemia, respectively. Alternatively, at the
tissue level, hypoxia can originate from ®brosis and
microvascular breakdown associated with chronic in-
¯ammation. Furthermore, oxygen supply can be com-
promised as a function of a general decrease in perfusion
in shock and hypotension, or may be due to whole body
hypoxia (e.g., carbon monoxide poisoning, altitude
sickness). Although other factors such as acidosis, in-
suf®cient tissue detoxi®cation, and hypercapnia play a
role in ischemic disease, a primary consequence com-
mon to all the pathophysiologic mechanisms is that

cellular oxygen demand exceeds supply, leading to tis-
sue hypoxia.

The intestinal epithelium represents an important
dynamic barrier, preventing the free mixing of luminal
antigenic material with the mucosal immune system,
while at the same time facilitating antigen presentation
and the development of oral tolerance. The epithelial
barrier is maintained through the existence of tight and
adherens junctions between cells. These junctions are
dynamic structures, the organization and function of
which are highly regulated processes. In both health
and disease, intercellular tight junction permeability
is under the regulation of a number of autocrine and
paracrine factors that signal through basolaterally local-
ized receptors. Though the mechanisms involved are
still under investigation, it is clear that hypoxia, either
directly or through ATP depletion, disrupts assembly of
both tight and adherens junctions, crucially impairing
barrier integrity. As a consequence, epithelial barrier
dysfunction leads to dramatically increased transepi-
thelial paracellular permeability, as has been docu-
mented both in vitro and in vivo. Under such
conditions, luminal antigenic material gains unregu-
lated access to the lamina propria, which houses the
mucosal immune system. Resulting interactions be-
tween luminal antigens and cells of the mucosal im-
mune system lead to the activation and development
of in¯ammatory episodes, which actively contribute
to ongoing disease processes.

Because of the challenge that hypoxia represents
to physiologic cell function, an exquisite oxygen-sens-
ing mechanism has evolved that allows a rapid, adaptive
molecular response to occur. Activation of the adaptive
response to hypoxia results in the expression of speci®c
genes encoding proteins that increase tissue blood ¯ow/
oxygenation and promote cell survival in oxygen-
depleted environments. Temporally downstream of
the adaptive phenotype, and through independent sig-
naling mechanisms, hypoxia also initiates an in¯amma-
tory response that can lead to epithelial dysfunction.
The resulting increase in transepithelial permeability
is an event that is of pivotal importance in the propa-
gation of disease states in the large intestine, where
in¯ammation and hypoxia are intimately associated.
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MOLECULAR MECHANISMS IN
THE INTESTINAL EPITHELIAL
HYPOXIC RESPONSE

Adaptive

Due to the imminent threat that hypoxia represents
to cell, tissue, and whole animal survival, mammalian
cells have evolved a highly effective mechanism that
allows a rapid molecular response through the induc-
tion of an adaptive phenotype. This response is medi-
ated primarily by the heterodimeric transcription factor
hypoxia inducible factor-1 (HIF-1), a master regulator
of oxygen-dependent gene transcription. Whereas the b
subunit is constitutively expressed and dimerizes with
several other target proteins, HIF-1a is the speci®c and
O2-regulated subunit that determines biological activ-
ity. Under normoxic conditions, HIF-1a has a high rate
of turnover, with the protein being targeted for imme-
diate degradation by the ubiquitin/proteasome pathway
in a manner dependent on the oxygen-dependent hy-
droxylation of proline residues. Hypoxia-dependent
stabilization of HIF-1a results in its association with
HIF-1b and the formation of a transcriptionally active
complex that activates the expression of a number of
genes with speci®c binding sites known as hypoxia

response elements (HREs) in their promoter or en-
hancer regions. These genes encode angiogenic factors
such as vascular endothelial growth factor (VEGF),
vasodilatatory factors such as the inducible form of ni-
tric oxide synthase (iNOS), and other factors such as
erythropoietin (EPO), all of which can optimize tissue
oxygenation. Furthermore, hypoxia induces the HIF-1-
dependent expression of genes encoding glycolytic
enzymes that facilitate the generation of cellular ATP
through oxygen-independent pathways.

Apart from these general adaptive mechanisms,
which are responses to the risk of metabolic demise
during decreased oxygen levels, organ-speci®c mecha-
nisms exist that preserve tissue function and constitute
part of the speci®c hypoxic phenotype of that tissue.
A resistance to impairment of barrier function by
colonic epithelial cells in response to hypoxia is not
found in barrier-forming cells derived from other tissues
(endothelia, oral epithelia). Pivotal for this intestinal
epithelial hypoxic phenotype is the HIF-1-dependent
up-regulation of a number of barrier-protective genes,
such as intestinal trefoil factor (ITF) and ecto-50-nucleo-
tidase (CD73). ITF is a small protease-resistant peptide
that is widely expressed in the mammalian intestinal
tract, especially in proximity to sites of mucosal injury.

A B

FIGURE 1 Immunhistological localization of retention of EF5 (a penta¯uorinated derivative of

etanidazole) as a marker of tissue hypoxia. (A) In control mice (room air), colonic sections demon-

strate predominantly apical EF5 retention, indicating the presence of signi®cant hypoxia under

physiological conditions. (B) In contrast, animals exposed to 8% ambient oxygen for 4 hours display

a profound increase in staining of the whole crypt. Under both conditions, staining is almost exclu-

sively mucosal, supporting the concept that the epithelial barrier is specially challenged by oxygen

de®ciency.
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ITF promotes epithelial barrier function, protects
against injury, and facilitates repair following damage.
One possible mechanism by which this is achieved is via
the ITF-regulated expression of E-cadherin and a- and
b-catenin, crucial components of the adherens junction.
Here, ITF adopts a role as a motogenic factor that
facilitates wound healing. ITF also supports barrier
integrity, likely through epidermal growth factor
(EGF)-dependent and -independent activation of the
mitogen-activated protein (MAP) kinase pathway,
which leads to reorganization of tight junctional
components such as zonula occludens-1 (ZO-1) and
claudin-2.

The potential relevance of CD73 in the regulation of
barrier function was revealed following observations
that neutrophil-derived adenosine monophosphate
(AMP) promotes endothelial barrier function through
CD73-dependent conversion into adenosine. Though
the exact mechanisms remain unclear, the effect is
most likely conveyed via an increase of intracellular
cAMP that results from adenosine activation of the
A2b receptor. In¯ammatory cells accumulate at hyp-
oxic/ischemic tissue sites and represent a signi®cant
source of extracellular AMP. Furthermore, hypoxic
epithelia generate extracellular AMP, allowing it to
contribute to this pathway in either an autocrine or
paracrine manner.

Both ITF and CD73 are dramatically induced by
hypoxia in colonic epithelial cells. Functional HRE con-
sensus sequences that exist within the regulatory do-
mains of these genes mediate transcriptional activation
in hypoxia. Furthermore, in vivo data clearly support the
concept that these two genes constitute part of an innate
protective phenotype of intestinal epithelia. Treatment
with the speci®c CD73 inhibitor, a,b-methylene-ADP,
leads to augmentation of the intestinal barrier injury
induced by hypoxia. Similarly, ITF knockout mice dis-
play increased susceptibility in their intestinal perme-
ability response to hypoxia. Thus, intestinal epithelial
cells are equipped with adaptive mechanisms that pro-
mote cell and tissue survival and enhance epithelial
barrier function in hypoxia.

In¯ammatory

In a number of pathologies, colonic ischemia is
associated with the induction of inappropriate in¯am-
matory episodes that may actively contribute to ongoing
disease processes, particularly through the disruption
of epithelial barrier function. Exposure of intestinal
epithelial cells to hypoxia results in the induction of
an in¯ammatory phenotype, typi®ed by the expression
of proin¯ammatory markers, decreased capacity of

the epithelium to restitute following immune cell
transmigration, and decreased ion and ¯uid transport.
A primary factor in hypoxia-elicited epithelial cell dys-
function is mediated through the basolaterally polarized
release of epithelial tumor necrosis factor a (TNFa),
which synergizes with immune-derived cytokines
such as interferon g (IFNg; present at physiologically
high levels in the colonic mucosa) to cause dramatically
increased transepithelial permeability to antigenic ma-
terial and subsequently to promote mucosal in¯amma-
tion. Inhibition of hypoxia-elicited TNFa using
thalidomide or neutralizing antibodies reverses hyp-
oxia-elicited increases in IFNg-induced permeability.
Because TNFa is a major therapeutic target in in¯am-
matory disease of the intestine, the molecular mecha-
nisms underlying hypoxia-elicited TNFa have been
investigated. The hypoxia-elicited epithelial expression
of TNFa appears to be HIF-1 independent and is de-
pendent instead on the activation of the pro-
in¯ammatory transcription factor nuclear factor kB
(NF-kB) and coincidental degradation of the cyclic
AMP response-element binding protein (CREB). NF-
kB activation and CREB depletion rely on the phosphor-
ylation-dependent targeting of inhibitor kBa (IkBa) and
CREB, respectively, to ubiquitination and subsequent
proteasomal degradation. Interestingly, IkBa and CREB
share similar phosphorylation sites that act as targeting
sequences for ubiquitination and subsequent degrada-
tion, implicating a common signaling pathway, leading
to hypoxia-elicited activation of these distinct pathways.
The net result of NF-kB activation and coincidental
CREB degradation is the activation of in¯ammatory
gene expression.

CLINICAL RELEVANCE AND
FUTURE PERSPECTIVES

Mucosal hypoxia is an important contributing factor in
ischemic disease of the large intestine. Furthermore, it
has become increasingly clear that disease processes not
classically associated with hypoxia are signi®cantly in-
¯uenced by hypoxia-related pathways. For example,
signi®cant signaling cross-talk between hypoxia and
in¯ammatory pathways exists. This is exempli®ed by
TNFa-dependent induction of HIF-1a in normoxia.
Traditionally, inappropriate activity of the mucosal im-
mune system has been deemed responsible for much of
the pathophysiology of in¯ammatory bowel disease.
However, mounting evidence indicates that intestinal
epithelial hypoxia, due to microvascular breakdown
resulting from either tissue ®brosis or mesenteric
vasculitis, might be an important factor in mediating

COLONIC ISCHEMIA 423



barrier disturbance associated with the disease. Evi-
dence for a role of epithelial hypoxia in in¯ammatory
disease processes in the gut stems from observations
both in human disease and animal models. For example,
in experimental colitis, the degree of intestinal hypoxia
has been directly related to the severity of disease; con-
versely, knockout of hypoxia-induced adaptive genes
such as ITF increases susceptibility. Thus, it is likely
that hypoxia signi®cantly contributes as a pathological
stimulus in chronic in¯ammatory disease in the gut.

Bacterial translocation and endotoxemia are
devastating complications in intensive care patients.
Following intraoperative hypovolemia and/or vasocon-
striction associated with surgery, intestinal permeability
increases and the degree of endotoxemia is related to
this increase. Endotoxemia not only may arise from
disturbances of intestinal perfusion, but may also con-
tribute to it by further decreasing intestinal blood sup-
ply and increasing mucosal permeability through the
induction of in¯ammatory episodes. These events
may constitute a self-propagating series of events that
raise challenges to effective therapeutic intervention.
These two distinct clinical entities exemplify the crucial
importance of intestinal barrier integrity and the pro-
found impact that ischemia/hypoxia exerts on this
system. Consequently, innate mechanisms that protect
against hypoxia are of fundamental importance. One
such mechanism could be the HIF-1-regulated express-
ion of barrier protective genes. Efforts to better under-
stand this pathway as a therapeutic modality could
prove bene®cial to diseases that are characterized by
barrier disruption. Taking into account the signi®cant
progress made in immunomodulatory therapy in
Crohn's disease, this could constitute a profoundly
new approach in the sense of an `̀ epithelial therapeutic.''
One such approach already under investigation is the
use of recombinant trefoil factor, which has proved ben-
e®cial in the reduction of in¯ammation and in
acceleration of healing in a rat model of colitis.

Due to its role as a master regulator of hypoxia adap-
tive responses, enhancement of the HIF-1 pathway, e.g.,
through stabilization of HIF-1a, could consequently
lead to a broad barrier protective response involving
multiple downstream effectors. In cancer therapy, sup-
pression of the adaptive HIF-1 response is required, but
in the case of ischemic disease in the colon, support of
barrier function through induction of the same pathway
would be a desirable consequence. Data from studies
utilizing induction of HIF-1a by pharmacologic inter-
vention (peptide inhibitor of HIF-1a degradation) in
models of ischemic injury have provided promising
preliminary data. Although these or other approaches
constitute signi®cant advances, a better understanding

of the complexity of the hypoxia/in¯ammation
interrelationship is required to permit useful clinical
applications.

SUMMARY

Colonic ischemia is a relatively frequent pathophysio-
logic occurrence that leads to colonic epithelial cell
hypoxia and the activation of distinct molecular path-
ways. Adaptive and in¯ammatory responses to hypoxia
are mediated through HIF-1a and NF-kB/CREB (Fig. 2).
A greater understanding of the oxygen-sensing and sig-
naling mechanisms leading to the activation of these
pathways will lead to a more rational de®nition of
novel therapeutic targets in ischemic disease in the
large intestine.
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FIGURE 2 Distinct molecular mechanisms underlie the induc-

tion of adaptive and in¯ammatory responses of colonic epithelial

cells to hypoxia. Mucosal ischemia leads to intestinal epithelial

cell hypoxia. A rapid adaptive response is induced through the

accumulation of hypoxia inducible factor-1a (HIF-1a), an event

that leads to the induction of transcription of a number of adaptive

genes, typi®ed by vascular endothelial growth factor (VEGF).

Temporally downstream, an in¯ammatory response to hypoxia

occurs that is mediated through the activation and suppression of

nuclear factor kB (NF-kB) and cyclic AMP response-element

binding protein (CREB), respectively. TNFa, Tumor necrosis

factor a.
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Colonic Motility
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excitationÿcontraction coupling Signaling cascades in

smooth muscle cells that transform the binding of neuro-

transmitters to cell surface receptors into the phosphoryla-

tion of contractile proteins, resulting in cell contraction.

giant migrating contraction A large-amplitude, long-

duration, lumen-occluding contraction that rapidly

propagates over long distances. It causes mass movement

and produces descending inhibition of contractions and

relaxation of tone to facilitate rapid propulsion.

interneurons Neurons that relay signals among ganglia in a

three-dimensional structure.

interstitial cells of Cajal Specialized nonneuronal non-

smooth-muscle cells found at speci®c locations in the

gut wall.

intrinsic primary afferent neurons Neurons with cell bodies

located in the colonic wall and axons projecting to mucosa

to detect chemical and mechanical stimuli in the lumen.

mass movement Ultrarapid propulsion of a large bolus of

digesta over a sizable length of the small bowel or colon.

motor neurons Neurons with cell bodies located in the

myenteric plexus and axons projecting to longitudinal

and circular muscle layers.

rhythmic phasic contractions Regularly occurring contrac-

tions of colon musculature that cause mixing and slow

net distal propulsion of digesta.

slow waves Periodic spontaneous depolarization of smooth

muscle cells that regulate the maximum frequency,

direction of propagation, and timing of occurrence of

contractions on receiving an excitatory signal from the

motor neurons.

The motility requirements of the colon are threefold:

®rst, to cause extensive turning over and mixing move-

ments; second, to cause slow net distal propulsion of

colonic contents; and third, to produce infrequent mass

movements. This article discusses the types of colonic

contractions and their spatiotemporal organization and

Encyclopedia of Gastroenterology Copyright 2004, Elsevier (USA). All rights reserved.

COLONIC MOTILITY 425



See Also the Following Articles

Colitus, Radiation, Chemical, and Drug-Induced � Colitis,

Ulcerative � Crohn's Disease � Necrotizing Enterocolitis

Further Reading

Furuta, G. T., Turner, J. R., Taylor, C. T., Hershberg, R. M.,

Comerford, K., Narravula, S., Podolsky, D. K., and Colgan, S. P.

(2001). Hypoxia-inducible factor 1-dependent induction of

intestinal trefoil factor protects barrier function during hypoxia.

J. Exp. Med. 193, 1027ÿ1034.

Haglund, U., and Bergqvist, D. (1999). Intestinal ischemiaÐThe

basics. Langenbecks Arch. Surg. 384, 233ÿ238.

Hauser, C. J., Locke, R. R., Kao, H. W., Patterson, J., and Zipser, R. D.

(1989). Visceral surface oxygen tension in experimental colitis

in the rabbit. J. Lab. Clin. Med. 112, 68ÿ71.

Madara, J. L. (1990). Pathobiology of the intestinal epithelial barrier.

Am. J. Pathol. 137, 1273ÿ1278.

Podolsky, D. K. (1999). Mucosal immunity and in¯amma-

tion. V. Innate mechanisms of mucosal defense and repair:

The best offense is a good defense. Am. J. Physiol. 277,

G495ÿG499.

Sartor, R. B. (1997). Pathogenesis and immune mechanisms of

chronic in¯ammatory bowel diseases. Am. J. Gastroenterol. 92,

5Sÿ11S.

Semenza, G. L. (2001). HIF-1, O(2), and the 3 PHDs: How animal

cells signal hypoxia to the nucleus. Cell 107, 1ÿ3.

Synnestvedt, K., Furuta, G. T., Comerford, K. M., Louis, N.,

Karhausen, J., Eltzschig, H. K., Hansen, K. R., Thompson, L. F.,

and Colgan, S. P. (2002). Ecto-50-nucleotidase (CD73) regula-

tion by hypoxia-inducible factor-1 mediates permeability

changes in intestinal epithelia. J. Clin. Invest. 110, 993ÿ1002.

Taylor, C. T., and Colgan, S. P. (1999). Therapeutic targets for

hypoxia-elicited pathways. Pharm. Res. 16, 1498ÿ1505.

Taylor, C. T., Dzus, A. L., and Colgan, S. P. (1998). Autocrine

regulation of intestinal epithelial permeability induced by

hypoxia: Role for basolateral release of tumor necrosis factor-a.

Gastroenterology 114, 657ÿ668.

Wake®eld, A. J., Sawyerr, A. M., Dhillon, A. P., Pittilo, R. M.,

Rowles, P. M., Lewis, A. A., and Pounder, R. E. (1989).

Pathogenesis of Crohn's disease: Multifocal gastrointestinal

infarction. Lancet 2, 1057ÿ1062.

Colonic Motility
SUSHIL K. SARNA

University of Texas Medical Branch, Galveston

excitationÿcontraction coupling Signaling cascades in

smooth muscle cells that transform the binding of neuro-

transmitters to cell surface receptors into the phosphoryla-

tion of contractile proteins, resulting in cell contraction.

giant migrating contraction A large-amplitude, long-

duration, lumen-occluding contraction that rapidly

propagates over long distances. It causes mass movement

and produces descending inhibition of contractions and

relaxation of tone to facilitate rapid propulsion.

interneurons Neurons that relay signals among ganglia in a

three-dimensional structure.

interstitial cells of Cajal Specialized nonneuronal non-

smooth-muscle cells found at speci®c locations in the

gut wall.

intrinsic primary afferent neurons Neurons with cell bodies

located in the colonic wall and axons projecting to mucosa

to detect chemical and mechanical stimuli in the lumen.

mass movement Ultrarapid propulsion of a large bolus of

digesta over a sizable length of the small bowel or colon.

motor neurons Neurons with cell bodies located in the

myenteric plexus and axons projecting to longitudinal

and circular muscle layers.

rhythmic phasic contractions Regularly occurring contrac-

tions of colon musculature that cause mixing and slow

net distal propulsion of digesta.

slow waves Periodic spontaneous depolarization of smooth

muscle cells that regulate the maximum frequency,

direction of propagation, and timing of occurrence of

contractions on receiving an excitatory signal from the

motor neurons.

The motility requirements of the colon are threefold:

®rst, to cause extensive turning over and mixing move-

ments; second, to cause slow net distal propulsion of

colonic contents; and third, to produce infrequent mass

movements. This article discusses the types of colonic

contractions and their spatiotemporal organization and

Encyclopedia of Gastroenterology Copyright 2004, Elsevier (USA). All rights reserved.

COLONIC MOTILITY 425



regulation, as well as disordered motility in conditions

such as diarrhea, constipation, irritable bowel syndrome,

and in¯ammatory bowel disease.

REQUIREMENTS OF COLONIC
MOTILITY FUNCTION

The colon is the last major organ in the gastrointes-
tinal tract. As such, it plays a critical role in regulating
the frequency of defecation and consistency of stools.
These two parameters are determined by the rates of
absorption and secretion, the rate of propulsion, and
the degree of mixing and turning over of lumenal con-
tents in the colon. The colon absorbs primarily water
and some electrolytes to maintain homeostasis. The
colonic mucosa is tight and, therefore, its absorption
rate is slower than that in the small bowel. Conse-
quently, for adequate absorption an important require-
ment of colonic motility is to mix and turn over the
lumenal contents frequently and regularly and at the
same time propel them slowly for their uniform and
prolonged exposure to the mucosa.

Another major requirement of colonic motility is
rapid propulsion of the feces during defecation. Such
rapid propulsion is also required infrequently over the
rest of the colon, which, otherwise, has sluggish move-
ments to accommodate the slow absorption rate. These
rapid propulsions are called `̀ mass movements.'' In
health, mass movements occur only a few times a day
in the colon. However, these rapid propulsions play an
important role in colonic motor function since a signif-
icant decrease in their frequency causes constipation
and a signi®cant increase in their frequency causes
motor diarrhea. Motor diarrhea results from frequent
mass movements as opposed to secretory diarrhea,
which results from excessive secretions. The softer
stools in motor diarrhea are due to the lack of absorption
of water due to rapid propulsion.

TYPES OF COLONIC CONTRACTIONS

The colonic circular smooth muscle cells generate three
types of contractions: (1) rhythmic phasic contractions
(RPCs); (2) giant migrating contractions (GMCs); and
(3) tone. The longitudinal muscle cells also generate
similar contractions but the role of these contractions
in colonic motor function is minimal due to their axis of
contraction. The longitudinal muscle contractions
would reduce the length of a colonic segment without
directly shortening the lumen size and, hence, will be
minimally ineffective in propulsion. On the other hand,
contractions of circular smooth muscle cells partially or
completely occlude the lumen, causing mixing and/or

propulsion. An underlying requirement for propulsion
in the gut is that the circular muscle contractions must
propagate. Additionally, the larger amplitude contrac-
tions occlude the lumen strongly and are more effective
in propulsion. Similarly, a higher frequency of propa-
gating contractions propels lumenal contents more
frequently. Nonpropagating contractions, on the other
hand, cause basically the mixing and turning over of
lumenal contents with minor propulsion due to the
to-and-fro movement of contents during contractions.

Rhythmic Phasic Contractions

Rhythmic phasic contractions are responsible for
the mixing and slow net distal prolusion in the colon.
The extensive mixing and slow distal propulsion in the
colon are achieved because the RPCs in the colon are
largely nonpropagating and small in amplitude so that
they only partially occlude the lumen (Fig. 1).

Giant Migrating Contractions

The mass movements in the colon and rapid expul-
sion of feces during defecation are achieved by GMCs.
These are large-amplitude, lumen-occluding contrac-
tions that rapidly propagate over fairly long distances
in the colon (Fig. 2). In higher species, such as humans
and dogs, these contractions occur infrequently (a few
times a day). However, in rodents, these contractions
occur regularly and are primarily responsible for their
colonic motor function. One major difference between
rodent and human GMCs is that, in rodents, most of
them do not propagate or propagate only over short
distances. The reason that GMCs occur regularly in ro-
dents may be that they pass fecal pellets, which may
require stronger propulsive forces. The phasic contrac-
tions do occur in the rodent colon, but they are very
small in amplitude compared with the amplitude of
GMCs and, therefore, have only a minor effect on
colonic motility. The GMCs have the characteristics
of peristaltic contractions, as descending relaxation pre-
cedes their distal propagation. By contrast, the RPCs do
not produce descending relaxation. This distinction is
often missed in the literature.

The GMCs not only produce mass movements, but
they are also important physiological stimuli to produce
the sensation of intermittent abdominal cramping (see
Fig. 3). Strong contractile forces generated by GMCs can
exceed the nociceptive threshold of the gut wall recep-
tors and activate sensory neurons. In addition, if rapid
propulsion due to a GMC is not accompanied by de-
scending relaxation to accommodate the large bolus
of digesta being propelled, or if a lumenal obstruction
exists ahead of a GMC, distension may occur in the
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descending segment, which may act as a stimulus to
activate stretch sensory receptors.

Tone

The colonic circular smooth muscle cells also gen-
erate tonic contractions, which can last from several
minutes to hours. Typically, the tone in the circular
muscle is increased following a meal. However, an in-
crease in tone by itself does not cause any signi®cant
mixing or propulsion. It may, however, enhance the
mixing and propulsive functions of phasic contractions
and GMCs by reducing lumenal diameter.

REGULATION OF
COLONIC CONTRACTIONS

The three types of colonic contractions, discussed
above, and their spatial and temporal organizations
are regulated at multiple levels to achieve the desired
motility functions. The basic scheme is as follows:
(1) the mechano- and chemoreceptors in the mucosa
sense the presence and characteristics of lumenal con-
tents and send appropriate signals to the myenteric
ganglia either directly or via interneurons; (2) the ex-
citatory and inhibitory motor neurons release their
respective neurotransmitters when excited by the
above inputs; (3) the neurotransmitters bind to mem-
brane receptors on smooth muscle cells or diffuse
through the membrane to initiate cascades of signaling
pathways to phosphorylate or dephosphorylate con-
tractile proteins; (4) an important condition to initiate

these smooth muscle signaling cascades in response to
ligandÿreceptor binding is that the smooth muscle
must be depolarized; (5) the myenteric neurons also
have the ability to contract smooth muscle cells during
their depolarization, independent of any input from
mucosal sensory neurons, and colon contractions can
occur even when the lumen is completely empty. This
suggests that some neurons in the enteric ganglia may
spontaneously and periodically release excitatory
neurotransmitters to stimulate excitatory motor
neurons (6). The gut is an intelligent organ. The mixing
and propulsion at any given location depend not only on
the lumenal contents at that location, but also on the
conditions orad and aborad to that location. This mod-
ulation of motility function is achieved by re¯exes
mediated by orad- and aborad-projecting interneurons
in the gut wall, as well as by re¯exes mediated by vagal
and sympathetic neurons and circulating hormones.
Both the extrinsic neurons and hormones eventually
work through the enteric ganglia and smooth muscle
cells described in (2), (3), and (4) to stimulate or inhibit
contractions. (7) Finally, the colon also responds to
emotions and stress generated in higher centers.
These effects are mediated by extrinsic neurons de-
scribed in (6). Some salient features of multiple mech-
anisms in the regulation of colonic motility are
discussed below.

Sensory Regulation

The intrinsic primary afferent neurons (IPANS)
have their nerve endings in the mucosa close to
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enterochromaf®n (EC) cells containing serotonin.
Mucosal stimulation releases 5-hydroxytryptamine
(5-HT) from these cells, which acts on 5-HT type
4/5-HT type 1p receptors on IPANS to send a signal
to the enteric ganglia either directly or via interneurons.
The neurotransmitter for IPANS is acetylcholine, acting
on nicotinic receptors, and calcitonin gene-related pep-
tide (CGRP), acting on CGRP receptors. In the small
bowel, at least, CGRP administered close intra-arterially
stimulates both RPCs and GMCs. The 5-HT released
from EC cells may also act on 5-HT type 3 receptors
of ®rst-order extrinsic sensory neurons to send signals
to higher centers. It has been hypothesized that this
route may transmit nociceptive signals, but a complete
understanding of this afferent sensory limb is lacking.

Balloon distension is sometimes used as an experi-
mental tool to elicit stretch-induced re¯exes from
the colon. However, distension is not the primary stim-
ulus for spontaneous colonic contractions in the fasting
and postprandial states. Unless there is a lumenal

obstruction, the colon may rarely distend to thresholds
required for stretch-induced re¯exes. The lumenal vol-
ume of the colon is normally enough to accommodate
the fecal material before any signi®cant stretch can
occur under healthy conditions. The primary physio-
logical sensory stimulus is the gentle contact of digesta
to stimulate the chemo- and mechanoreceptors in the
mucosa. These receptors can be activated experimen-
tally by applying chemicals to the mucosal surface or by
stroking the mucosa. Stretch and contractile receptors
are, of course, present in the colon wall, but they are
more likely to be utilized under abnormal conditions.

Motor Neurons

The enteric ganglia in the myenteric plexus project
excitatory and inhibitory motor neurons to smooth
muscle cells. Acetylcholine (ACh) is the established
physiological neurotransmitter of excitatory motor
neurons to stimulate all three types of contractions,
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i.e., RPCs, GMCs, and tone. The primary inhibitory
neurotransmitters are nitric oxide (NO) and vasoactive
intestinal polypeptide (VIP). Of these, NO seems to play
a more prominent role for inhibitory control in colonic
motility. The smooth muscle cells are in their basal
resting state in the absence of any excitatory or inhib-
itory input from the motor neurons. They contract in
response to the release of ACh, subject to the concurrent
occurrence of a slow-wave depolarization. Under some
conditions, there may be a constitutive release of NO in
the basal resting state of cells, but the excitatory input
dominates to stimulate ACh-induced contractions. The
hypothesis that spontaneous colon contractions occur
by the inhibition of inhibitory input to smooth muscle
cells in vivo lacks evidence. The sudden block of neural
conduction, in vivo or in vitro, sometimes stimulates
colon contractions, but they are transient, lasting
only a few minutes. The major role of inhibitory
motor neurons is in response to speci®c inputs, such
as those that produce descending relaxation or inputs
from higher centers in which case the increased inhib-
itory excitation may overcome the cholinergic excit-
atory input and prevent the occurrence of
contractions, even when the sensory signals to stimulate
them are present.

Tachykinins, particularly substance P (SP), are also
putative neurotransmitters of excitatory motor neurons

and are co-localized with ACh in the myenteric neurons.
However, their precise physiological role is not under-
stood. Exogenously administered substance P stimu-
lates GMCs as well as RPCs in the canine colon and
it is also released in the ascending limb of the peristaltic
re¯ex in an organ bath, which suggests that it may par-
ticipate in the stimulation of GMCs, along with ACh.
Substance P inhibitors, however, do not block the spon-
taneous phasic contractions in intact conscious dogs,
indicating that SP may not mediate their spontaneous
stimulation.

Interneurons

As noted above, the enteric motor neurons and
smooth muscle cells are the primary regulators of gut
contractions at any given location, in response to sen-
sory input from the same location. However, in the
context of overall gut function, these two regulatory
mechanisms need integrated information from proxi-
mal and distal locations to ®ne-tune the mixing and
propulsion rates in the segment under their direct con-
trol. This information may come from proximal and
distal segments within the same organ, such as occurs
in an `̀ ileal brake,'' or it may come from adjacent organs,
such as duodeno-gastric and colo-ileal re¯exes to
regulate the rate of emptying of the proximal organ
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FIGURE 3 Colonic motor activity recorded by a manometric device from a patient with idiopathic

chronic constipation. Each occurrence of a GMC was associated with the sensation of abdominal

cramping. Reprinted from Bassotti, G., Gaburri, M., Imbimbo, B. P., Rossi, L., Farroni, F., Pelli, M. A.,

and Morelli, A. (1988). Colonic mass movements in idiopathic chronic constipation. Gut 29,

1173ÿ1179, with permission from the BMJ Publishing Group.
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into the next gut organ. The information from the distal
locations is used to sense the state of digestion and the
readiness of the distal segments to receive more digesta.
The information from the proximal segments is used
to prepare the distal segments for the arrival of new
digesta. This coded information is transmitted by
interneurons. The extrinsic neurons and hormones
also perform a part of this function, but these will not
be discussed here.

Peristaltic re¯ex that manifests as a GMC in the
intact conscious state is the most studied re¯ex involv-
ing interneurons. But, as noted above, GMCs occur only
infrequently. The rest of the time, the orad or aborad
transmission of information in the colonic interneurons
is used to ®ne-tune the spatiotemporal patterns of RPCs
for optimal digestion. Note also that the descending
inhibition occurs only with GMCs; the RPCs do not
produce descending relaxation.

A majority of interneurons in the human colon are
immunoreactive for choline acetyltransferase (ChAT)
and nitric oxide synthase (NOS). Speci®cally, approx-
imately 90% of the orad-projecting neurons in the
human colon contain ChAT, whereas no ascending neu-
rons contain NOS. On the contrary, approximately 46%
of the aborad-projecting neurons contain NOS immu-
noreactivity alone, 29% contain both ChAT and NOS
immunoreactivities, and approximately 20% contain
ChAT activity alone. In agreement with the orad or
aborad projections of ChAT-containing neurons, both
the orad and aborad re¯exes are blocked by nicotinic
receptor blockade with hexamethonium. The average
length of orally and aborally projecting neurons is ap-
proximately 10 mm. This suggests that a chain of inter-
neurons, where each neuron innervates the lateral
excitatory or inhibitory motor neurons in the ganglia,
as well as orad- or aborad-projecting interneurons in the
same ganglia conveys the information along the entire
length of the colon. The interneurons in the human
colon display the Dogiel type 1 morphology. Although
a physiological role for NO as one of the inhibitory
neurotransmitters in the gut is well established, a
physiological role for NO in the interneurons has not
yet been identi®ed.

The human colonic interneurons also display immu-
noreactivity for other neurotransmitters, including
tachykinins, VIP, calretinin, and 5-HT. These neuro-
transmitters may perform specialized roles, which
have largely not yet been identi®ed. The roles of neu-
rotransmitters, other than ACh, are likely to be support-
ive rather than primary. It must be noted, though, that
the neurochemical coding of interneurons in the colon
of animals, such as guinea pig, differs substantially from
that in the human colon.

Electrophysiological Regulation (Slow Waves)

Periodic depolarization of smooth muscle cells,
called slow waves, is an important mechanism of the
regulation of gut contractions. The slow waves regulate
the maximum frequency of RPCs, their timing of occur-
rence, and the direction and distance of their propaga-
tion. A phasic contraction can occur only once during
cell depolarization. Therefore, the maximum frequency
of contractions at a given location cannot exceed the
frequency of slow waves. The slow waves are omnipre-
sent but contractions occur only under the conditions of
concurrent depolarization and excitatory neurotrans-
mitter release from motor neurons. The frequency of
slow waves in the intact human colon is highly irregular
and varies from approximately 2 to 13 cycles/min. Since
a local contraction occurs only once during a slow wave
depolarization, it will propagate distally only if the slow
waves are phase-locked in that direction. In the colon,
the slow waves exhibit very poor coupling, which is the
reason that the phasic contractions do not propagate or
propagate only over very short distances. This is the
underlying cause of slow distal propulsion of colonic
contents, as noted above.

The importance of coordination of the actions of
slow waves and excitatory neural input to regulate con-
tractions is sometimes overlooked in the literature. This
confusion arises because, in other organs, the muscle
cells alone regulate spontaneous contractions, such as
the cardiac muscle that contracts with every membrane
depolarization. The colonic smooth muscle cells do not
contract with every depolarization. In other organs,
such as those containing only skeletal muscle, the neu-
rons alone regulate contractions. On the other hand, the
excitatory input from neurons alone cannot contract
colonic smooth muscle cells. Also, the colonic smooth
muscle cells are not like the vascular smooth muscle
cells, which generate predominantly a tone to regulate
blood ¯ow. The colonic muscle generates three distinct
types of contractions, RPCs, GMCs, and tone, to regu-
late motility function.

Unlike the small bowel and stomach, the colon of
most species, such as human and dog, also generates
long-duration phasic contractions. These contractions
are not regulated by the omnipresent slow waves as
discussed above; they are regulated by contractile
electrical complexes (CECs) that occur intermittently.
The frequency of CECs and their corresponding long-
duration contractions in the human colon varies from
approximately 0.5 to 2 per minute. The short- and
long-duration phasic contractions together are respon-
sible for the extensive mixing and slow net distal pro-
pulsion in the colon.
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The gut of most species exhibits three types of in-
terstitial cells of Cajal (ICC): one layered network in the
myenteric plexus (ICC-MP), one in the submucosal
plexus (ICC-SP), and one in the circular muscle layer
(ICC-IM). The hypothesis is that the ICC (MP) drive the
slow waves in the small intestine, whereas ICC (SP)
drive them in the colon. The ICC (IM) may mediate
the inhibitory neuronal input to muscle cells. The ma-
jority of the studies in support of this hypothesis have
been carried out in the rat and mouse guts. The dis-
section of submucosa from the rat colon muscle strips
obliterates phasic contractions regulated by slow waves.
The presence and distribution of ICC in the human
colon, however, differ substantially from those in ro-
dents. The highest density of ICC in the human colon
has been reported to be in the myenteric plexus. The
ICC (SM) at the inner layer of the circular muscle are
sparse and may not form a continuous network as has
been reported in rodents. The density of ICC (IM) is
several-fold less than that of ICC (SM) or ICC (MP) in
the entire human colon. The differences in the distri-
butions of ICC between humans and rodents leave open
the question whether there are differences in their roles
in the two species. Several studies have reported a de-
crease in the density of ICC or damage to their processes
in colonic motility disorders, such as constipation, but
in most of these reports the concurrent absence of slow
waves or impaired inhibitory motor function related to
the defects in ICC was not investigated.

ExcitationÿContraction Coupling through
Cell Signaling

On ligand binding to surface receptors, a number
of signaling cascades, starting with the activation of
G-proteins, are brought into play for smooth muscle
cells to contract. An immediate-early event is the in-
crease of cytosolic [Ca2�]. This event utilizes Ca2� in-
¯ux through L-type Ca2� channels, as well as calcium
release from the endoplasmic reticulum. The gut
smooth muscle cells express primarily the M2 and M3

receptors. M3 receptors are coupled to Gq11 protein and
M2 to Gai3. The activation of Gq11 by M3 receptors
activates phospholipase C to hydrolyze inositol phos-
pholipids. The hydrolysis of phosphatidylinositol 4,5-
biphosphate generates two second messengers, inositol
1,4,5-triphosphate (IP3) and diacylglycerol (DAG). IP3

acts on its receptors on the endoplasmic reticulum to
release calcium from intracellular stores. Ca2� release
from these stores also occurs in response to ryanodine.
DAG, on the other hand, activates protein kinase C
(PKC), which translocates it from the cytosol to the
plasma membrane. The activation of G-protein and

PKC is also linked to the opening of L-type calcium
channels for Ca2� in¯ux. The activation of PKC
and increase of cytosolic [Ca2�] are key steps in cell
contraction, but several other steps, such as the release
of arachidonic acid from membrane phospholipids and
activation of mitogen-activated protein kinases, also
play important roles in excitationÿcontraction coupl-
ing in colonic smooth muscle cells. The expression of
some of these signaling molecules is altered in in¯am-
mation, leading to motility abnormalities.

COLONIC MOTILITY DYSFUNCTION IN
INFLAMMATION AND IRRITABLE
BOWEL SYNDROME

Colonic In¯ammation

The classic concept of in¯ammatory bowel disease
has been that an autoimmune disorder results in uncon-
trolled in¯ammation in which the rest of the cells in the
gut wall are `̀ innocent bystanders'' and get hurt.
Accumulatingevidenceover thepastdecadeor soshows,
however, that although an immune disorder is a major
component of this disease, the rest of the cells, including
smooth muscle cells, enteric neurons, epithelial cells,
myo®broblasts, and glia, play an active rather than a
passive role in both acute and chronic in¯ammations.
The role of smooth muscle cells and enteric neurons is
twofold: (1) to generate abnormal motility patterns that
produce the symptoms of diarrhea, urgency of defeca-
tion, and abdominal cramping; and (2) to secrete cyto-
kines and chemokines and express cell adhesion
molecules on their surface to amplify the in¯ammatory
response triggered by the activation of resident and in-
®ltrating immunocytes in the muscularis externa.

In both acute and chronic in¯ammation, rhythmic
phasic contractions and tone are suppressed in the
colon, whereas the frequency of GMCs is signi®cantly
increased. The absence of phasic contractions and de-
crease of tone result in the lack of mixing and slow
propulsive movements, thus decreasing the uniform
and prolonged exposure of the lumenal contents to
the mucosa for absorption. The absence of phasic con-
tractions also allows rapid propulsion of colonic con-
tents, which otherwise move slowly to and fro. At the
same time, frequent mass movements produced by the
increased frequency of GMCs propel the fecal contents
rapidly to further decrease their mucosal contact. When
the GMCs occur in the distal colon or propagate from
the proximal colon to the rectum, they produce a sense
of urgency by forcefully propelling the bolus ahead of
them against the anal sphincters. In addition, the GMCs,
by their strong contractile force and/or by distending the
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descending segment beyond the nociceptive threshold,
may produce the sensation of abdominal cramping. The
nociceptive threshold in the in¯amed colon is reduced
due to hyperalgesia and allodynia, further increasing the
incidence of abdominal cramping. In health, the GMCs
are rarely felt to be painful because of the lack of
hyperalgesia and because of intact descending relaxa-
tion that accommodates the large bolus that is propelled
rapidly by a GMC.

Primary cultures of human colonic smooth muscle
cells, as well as longitudinal muscle/myenteric plexus
strips, secrete a panel of cytokines and chemokines and
express cell adhesion molecules in in¯ammation and on
exposure to cytokines, such as tumor necrosis factor a
and interleukin-1b. The recruitment of smooth muscle
cells and enteric neurons, which are in much greater
numbers than the immunocytes, may be essential for
full-blown in¯ammation in the muscularis. Thus, the
colonic smooth muscle cells and enteric neurons
may serve as secretory cells, although their normal
function is to contract and release neurotransmitters,
respectively.

Both of the above changes in cell behavior, i.e., al-
tered motility patterns and secretions of in¯ammatory
mediators, are mediated by altered gene expression of
key signaling molecules through the activation of tran-
scription factors, such as nuclear factor kB (NF-kB).
Calcium in¯ux through L-type Ca2� channels plays a
critical role in the contraction of smooth muscle cells.
Recent ®ndings show that calcium in¯ux through these
channels is reduced in in¯ammation. Other ®ndings
also show that in¯ammation, as well as oxidative stress,
activates NF-kB and, thereby, suppresses contractility.
The inhibition of NF-kB in single cells or in intact an-
imals reverses the suppression of contractility. Regula-
tion of gene expression in colonic smooth muscle cells
to affect their contractility, as well as in enteric neurons
to affect neurotransmitter release, may be a potent
target of molecular medicine to normalize motility
disorders.

Irritable Bowel Syndrome

Irritable bowel syndrome results from motility
dysfunction and visceral hypersensitivity. It is charac-
terized by visceral pain accompanied by diarrhea (IBS-
diarrhea; IBS-d), constipation (IBS-constipation; IBS-c),
or alternating diarrhea and constipation (IBS-diarrhea/
constipation; IBS-d/c). The symptoms of diarrhea and
constipation result directly from enteric neuromuscular
disorders. Since mental stress exacerbates the symptoms
of IBS or can even precipitate them, abnormal input
from the central nervous system and/or spinal cord

may also play an important role in producing motility
dysfunction in these patients.

Unlike in IBD patients, RPCs and tone are not gen-
erally suppressed severely in IBS patients. However, the
precise alterations in the spatiotemporal patterns of
RPCs that may lead to altered transit in IBS-d or IBS-
c have not been identi®ed for several reasons: (1) As
noted above, the colonic RPCs are highly disorganized
in space and are irregular in frequency, which makes it
almost impossible to analyze them visually. (2) The
manometric or solid-state transducer devices record
primarily the lumen-occluding contractions. Most
colonic RPCs do not occlude the lumen. Therefore,
these devices do not record all RPCs. (3) Cleansing
the colon prior to motility recordings by intralumenal
devices may signi®cantly alter its motility patterns.
Under normal conditions, the colon is seldom empty.
(4) The colonic motility is neither uniform nor consis-
tent throughout its length, which re¯ects different mix-
ing and propulsion rates in different segments of the
colon. Reliable conclusions on colonic motility can be
made only by concurrent recordings from the entire
colon. This is technically challenging. (5) The normal
transit time from the appearance of digesta at the ileo-
colonic junction to defecation is on the order of 36 to
48 h in the human colon. During this period, the mo-
tility patterns change almost continuously throughout
the colon. Shorter periods of recording are unable to
provide a complete understanding of motility patterns
in either health or disease. These dif®culties have led
some investigators to speculate that there may be no
abnormal motility in IBS patients. This hypothesis
does not explain the rapid or slow transits in the
colon in IBS-d and IBS-c patients, respectively, as well
as intermittent occurrences of abdominal cramping.

GMCs play a major role in motility dysfunction in
IBS patients as they can be related to all three major
symptoms of this disease: rapid transit, slow transit,
and visceral pain. Patients with constipation have
been reported to have a signi®cantly lower frequency
of colonic GMCs than healthy subjects. The smaller
frequency of GMCs would not only reduce mass move-
ments, which are essential in an otherwise sluggish mo-
tility environment, but they may also affect the
propulsive force required for defecation and the strong
contractile stimulus required in the rectum to relax the
anal sphincters. On the other hand, an increase in the
frequency of GMCs causes motor diarrhea by producing
excessive mass movements. Hyperalgesia in IBS patients
coupled with the occurrence of GMCs can produce
the sensation of abdominal cramping. In comparison
with rhythmic phasic contractions, the GMCs are easier
to record and analyze because they are mostly lumen
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occluding. However, long-term recordings from the en-
tire length of the colon may still be a prerequisite for a
complete understanding of their contribution to colonic
motor function in both health and disease.
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Colonic Obstruction
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adynamic ileus Absence of intestinal motility, often occur-

ring for several days following surgery.

diverticulosis Herniations of the mucosa and submucosa

through the muscular wall of the colon.

intussusception Invagination or telescoping of proximal

bowel into the adjacent distal bowel, often resulting in

bowel obstruction.

volvulus Abnormal twisting of a segment of bowel on itself in

the longitudinal axis, often resulting in bowel obstruction.

Colonic obstruction refers to blockage of fecal or other

luminal contents from movement in the anal direction

within the colon. There are many causes of colonic ob-

struction, most of which can be subdivided into mech-

anical or nonmechanical categories; nonmechanical

obstruction may be congenital or acquired.

INTRODUCTION

Mechanical colonic obstructions are caused by a tumor
or other lesion that results in narrowing or total stricture
of the bowel lumen, thereby preventing intestinal con-
tents from moving toward the anus. Nonmechanical
colonic obstruction results from failure of normal pro-
pulsive motility. Commonly, this is due to a condition
called adynamic ileus, which usually has a reversible
cause. A more severe and prolonged form of ileus is
termed colonic pseudo-obstruction, which is a syn-
drome with all the signs and symptoms of mechanical
obstruction in the absence of an occluding lesion.
Patients with this syndrome may have an underlying
congenital defect involving absence of the nerve supply
to the intestinal wall or lack of circular smooth muscle,
which causes severe dysmotility that can lead to
megacolon. An example of congenital aganglionosis is
Hirschsprung's disease. Colonic pseudo-obstruction
that is acquired later in life after trauma or surgery is
referred to as Ogilvie's syndrome.

ETIOLOGY

By far the most common cause of mechanical
colonic obstruction is cancer, which accounts for

60ÿ70% of all cases. Most colorectal cancers occur in
the distal third of the colon and up to 10% of these
patients will require emergent surgery for decompres-
sion. Up to 20% of cases of colonic obstruction are
caused by a volvulus. The most frequent site of colonic
volvulus is the sigmoid colon. Other sites, in order of
decreasing frequency, are the cecum, transverse colon,
and splenic ¯exure. Diverticular stricture is the third
most common cause of mechanical colonic obstruction.
Diverticulosis is common in the United States and
Western world in general, with a prevalence approach-
ing 40% in some case series. Diverticulitis refers to in-
¯ammation in the involved segment of bowel, causing a
perforation of the colonic diverticulum. Progression
of this process can lead to complications that include
development of a localized abscess, ®stula formation,
stricture, and complete bowel obstruction. Less com-
mon causes of mechanical colonic obstruction include
intussusception, stricture secondary to in¯ammatory
bowel disease, fecal impaction, and extrinsic compres-
sion (i.e., from intraabdominal adhesions, masses, or
hernia).

Nonmechanical colonic obstruction likewise has
many causes and can be categorized as either congenital
or acquired. Congenital absence of the enteric nervous
system (aganglionosis), lack of circular smooth muscle,
or loss of extrinsic nervous supply to the bowel can
all lead to ineffective colonic motility and ultimately
functional obstruction of the lumen. Hirschsprung's
disease is the classic example of congenital colonic
aganglionosis. Due to lack of enteric inhibitory motor
neurons, the involved segment of bowel fails to relax,
resulting in narrowing of the lumen and obstruction to
the passage of feces. This usually occurs in distal colonic
segments or in the rectum and leads to megacolon in
severe cases. Familial visceral myopathies, or progres-
sive dystrophy of intestinal smooth muscle, can be
the underlying cause of failure of propulsive motility
resulting in nonmechanical (i.e., functional) obstruc-
tion. Finally, systemic neurologic disorders such as
Parkinson's disease and brain stem lesions can lead to
colonic dysmotility and functional obstruction via
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compromise of nervous signaling from the brain and
spinal cord to the bowel.

The most common acquired nonmechanical cause
of acute colonic obstruction is Ogilvie's syndrome,
which involves gross dilation of the cecum and proximal
colon in the absence of an anatomic lesion. The etiology
of this process is unknown; a postulated mechanism
involves impairment of the autonomic nervous supply
to the colon, usually following trauma or surgery. Met-
abolic disturbances (i.e., hypokalemia, hypomagnese-
mia, or hypocalcemia) or use of narcotic drugs may
occur in conjunction with Ogilvie's syndrome and con-
tribute to colonic dysmotility or may occur indepen-
dently as a cause for transient colonic obstruction.
Other drugs implicated as a cause for nonmechanical
intestinal obstruction include calcium channel block-
ers, tricyclic antidepressants, antihistamines, phenothi-
azines, and clonidine. Endocrine disorders, such as
hypothyroidism, also remain an important underlying
factor in functional colonic obstruction.

Acquired colonic obstruction may be associated
with a variety of degenerative changes to the mus-
culature and nervous supply of the bowel that
occur in other systemic diseases. In®ltrative diseases
such as amyloidosis involve disruption of the contrac-
tile proteins in intestinal smooth muscle due to depo-
sition of amyloid in the muscle. Systemic sclerosis
causes similar disruption that is secondary to ®brosis
and smooth muscle atrophy in the involved segments
of bowel. Some visceral neuropathies re¯ect auto-
immune attack on the enteric nervous system and can
be the cause of intestinal pseudo-obstruction. Neuro-
pathies of this nature occur in Chagas' disease and
paraneoplastic syndrome secondary to small cell carci-
noma of the lung. Circulating antineuronal antibodies
directed to neural elements of the enteric nervous
system occur in both Chagas disease and paraneoplastic
syndrome and, when present, can lead to functional
dysmotility.

SYMPTOMS

Whether the cause is mechanical or nonmechanical,
most patients with colonic obstruction develop
similar symptoms. Abdominal pain, distension, and
bloating are the most common presenting symptoms.
The degree of abdominal pain varies considerably
among affected patients and is usually more severe if
total obstruction or peritonitis is present. If the pain is
severe and persistent, then a complication such as bowel
perforation or strangulation must be considered. De-
pending on the degree to which the obstruction impedes

the forward propulsion of the luminal contents, the
patient may experience constipation or diarrhea.
Change in stool caliber may re¯ect the location of the
obstruction. Patients often report pencil-thin stools
when a partially obstructing lesion is present in the
distal colon or rectum. Vomiting can be a late symptom
but is uncommon in colonic obstruction. Other
symptoms, when present, may suggest the underlying
cause of the obstruction. For example, weight loss,
blood in the stools and poor appetite are common in
patients with colorectal cancer.

DIAGNOSIS

Making the diagnosis of colonic obstruction always
starts with taking a history and performing a physical
exam. The most frequently reported symptoms are ab-
dominal pain, distension, and bloating; however, it is
important to consider that lack of pain does not exclude
the diagnosis. This is especially true in elderly patients
or postoperative patients being treated with narcotic
medications. Duration of symptoms may also provide
a clue to the cause of the obstruction. Acute onset of
symptoms is common with volvulus or intussusception;
whereas insidious onset tends to occur in patients who
have colorectal cancer. The physical exam usually re-
veals a tympanitic, distended abdomen with tenderness
to palpation that is often more severe below the level of
the umbilicus. Even with complete mechanical obstruc-
tion, bowel sounds are usually present and may sound
like `̀ rushes and tinkles.'' Nevertheless, there are no
pathognomonic physical exam signs or symptoms for
colonic obstruction.

Plain radiographs should be taken with the patient
both in the supine and the upright positions. The char-
acteristic ®nding will be dilated loops of bowel proximal
to the site of obstruction with little or no gas in the distal
colon or rectum. Air/¯uid levels in the proximal colon or
small bowel may also be present and suggestive of an
obstruction. Computed tomography (CT) scan of the
abdomen is helpful in distinguishing between partial
and complete obstruction and can identify segments
of bowel that may be strangulated.

Ultimately, most patients with suspected colonic
obstruction will undergo a proctosigmoidoscopy to
identify the site and potential cause of the obstruction.
If a neoplastic process is discovered, histologic evalua-
tion of biopsy specimens can provide a de®nitive diag-
nosis. Exceptions are patients with signs of peritonitis,
strangulation, or bowel perforation. Water-soluble con-
trast enema may be performed to con®rm the diagnosis
and de®ne the site of the anatomic obstruction. Any
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colonoscopic examination must be done with caution to
avoid causing perforation secondary to air insuf¯ation
during the procedure.

There are no reliable blood tests that con®rm
the diagnosis of colonic obstruction. Nevertheless, it
is useful to obtain blood work for measurement of
serum electrolytes, kidney function, and complete
blood count. These tests can reveal whether a patient
is dehydrated, losing blood, or showing signs of infec-
tion. A serum lactate level is usually obtained and, if
elevated, suggests compromise of blood supply to the
affected bowel.

TREATMENT

The treatment of colonic obstruction depends on the
cause and whether it is partial or complete. Complica-
tions secondary to the obstruction, such as bowel stran-
gulation or perforation, can also change management.
As a general rule, treatment for partial obstruction be-
gins with supportive care. Intravenous ¯uids are given
to restore blood volume and prevent dehydration and
electrolyte imbalances are corrected. A nasogastric tube
can be placed to decompress the stomach and proximal
small bowel. Oral intake should be avoided. If there are
signs of peritonitis, antibiotics are administered. Air or
contrast enemas are sometimes useful in relieving
obstructions, especially if caused by intussusception.

Possible precipitants such as narcotic or anticholinergic
medications are used sparingly, if at all, and pro-
motility drugs such as neostigmine are often helpful.
Colonoscopic placement of a rectal tube may be done
to decompress the colon when supportive measures
have failed.

Surgery is usually needed if a partial obstruction
does not resolve or if the colonic obstruction is com-
plete. It is also reserved as an option for patients who
develop a complication, such as bowel strangulation or
perforation. The type of surgery will depend on the
cause of the obstruction, the patient's clinical condition,
and the ®ndings during the operation.
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active colonic injury Colonic mucosal disease characterized

by neutrophilic in¯ammation of the mucosa, cryptitis,

and crypt abscesses, with or without ulcers.

chronic colonic injury Colonic mucosal disease character-

ized by alterations in the cellular components and

architecture, suggestive of ongoing injury.

colitis In¯ammation of the colonic mucosa characterized by

neutrophilic and/or mononuclear cell in¯ammation in

the lamina propria, with associated injury to the colonic

epithelium.

in¯ammatory bowel disease Chronic, idiopathic in¯amma-

tory disease of the colon, speci®cally Crohn's disease and

ulcerative colitis.

ischemia Pattern of disease injury characterized by ®brin and

hemorrhage in the lamina propria, crypt loss and

regeneration, and necrosis of the mucosa. This pattern

of injury may be seen in association with a variety of

vascular insults, infections, and medications.

Colonoscopy has assumed a major role in the evaluation

of patients with lower gastrointestinal bleeding. As a re-

sult, clinicians increasingly encounter the presence of

colonic ulcers and, thus, are faced with the problem of

diagnosing these lesions based on the anatomic distribu-

tion, endoscopic appearance, and pathologic features of

the affected areas of mucosa. A variety of different disease

processes may lead to mucosal ulceration. Some are as-

sociated with speci®c pathologic features that may help

clarify a speci®c etiology. Diagnosis requires knowledge

of the more common types of colonic ulcers and informa-

tion regarding methods to identify the etiology based on

the clinical, endoscopic, and pathologic features of these

lesions.

VASCULAR DISORDERS

Ischemic Colitis

Ischemic colitis is classi®ed as occlusive or non-
occlusive disease (Table I). Acute ischemic colitis
results from a sudden reduction of splanchnic blood
¯ow and may develop in association with a variety of
systemic diseases, including atherosclerosis, diabetes
mellitus, cardiovascular disease, vasculitis, hypercoag-
ulable states, and hypertension; low-¯ow states,

including cardiac failure, systemic hypotension, and
sepsis; and certain drugs, including oral contraceptives
and cocaine. Acute ischemic colitis may also occur
as a result of mechanical occlusion of blood ¯ow due
to an incarcerated hernia, volvulus, intussusception, or
adhesions.

Ischemic colitis may develop at any age, but is most
common in older individuals. The clinical manifesta-
tions vary according to the underlying etiology, the se-
verity of the injury, and the distribution of disease.
Patients typically complain of rapidly progressive
crampy abdominal pain associated with abdominal
distension, bloody diarrhea, leukocytosis, and fever.
Extensive ischemic colitis may be associated with
peritoneal signs, ileus, shock, and mental status
changes.

Endoscopically, affected areas often demonstrate
mucosal ulceration, friability, and erythema, or even
pseudomembranes composed of sloughed epithelium
admixed with ®brin and in¯ammatory cells. The distri-
bution of disease tends to re¯ect the vascular supply to
the colon, with a predilection to occur in `̀ watershed''
areas that lie within anastomosing branches of the ar-
terial tree. Thus, the splenic ¯exure and rectosigmoid
colon are particularly common areas affected by ische-
mic injury.

TABLE I Causes of Ischemic Colitis

Etiologic agent

Occlusive disease

Arterial occlusion

Atheroemboli

Thromboemboli

Mechanical disorders

Incarcerated hernia

Volvulus

Intussusception

Extrinsic compression

Nonocclusive disease

Hypotension

Sepsis

Vasculitis
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Pathologically, the mucosa may show a variety
of changes, depending on the stage of disease. Early
histologic features of acute ischemic colitis include
crypt necrosis, edema, hemorrhage, and ®brin deposi-
tion in the lamina propria (Fig. 1). With progression,
the mucosa may become entirely necrotic, resulting
in the formation of ulcers. Extensive sloughing of
mucosa and the development of pseudomembranes
may also be apparent. With progression, the deeper
layers of the bowel wall may become affected, resulting
in transmural necrosis, serositis, and perforation. If the
ischemic insult is reversed, or is only mild, the mucosa
will undergo healing and repair, which, in some cases,
may be complete. However, repeated injury may result
in the development of chronic changes such as crypt
architectural abnormalities, atrophy, ®brosis, and
chronic in¯ammation, features that can mimic in¯am-
matory bowel disease. Injury to the submucosa and
muscularis propria usually heals with scar tissue.

Milder forms of ischemic colitis that are con®ned to
the mucosa are frequently reversible and may be man-
aged expectantly. However, transmural necrosis usually
represents a surgical emergency and necessitates surgi-
cal resection of the involved areas. Complications of
ischemic colitis include bacterial superinfection, partic-
ularly by Clostridium dif®cile, stricture, and the devel-
opment of colonic obstruction.

Vasculitis

Many forms of systemic vasculitic illnesses, such
as polyarteritis nodosa, ChurgÿStrauss syndrome,
HenochÿSchoÈnlein purpura, systemic lupus

erythematosus, rheumatoid disease, Wegener's granulo-
matosis, hemolytic uremia syndrome, and BehcËet's dis-
ease, may involve the gastrointestinal tract, resulting in
colonic ulceration. These diseases commonly affect
small arteries, capillaries, and venules, and thus may
be encountered anywhere in the colon.

Clinical manifestations of vasculitic injury to the
colon include abdominal pain and distension, bloody
diarrhea, and fever. The endoscopic appearance of the
affected colon is variable, depending on the severity of
the disease. Mucosal erythema associated with shallow
ulcers may be present in milder disease, whereas more
extensive disease shows marked mucosal erythema and
ulcers, epithelial necrosis, and, occasionally, transmural
injury with perforation.

Histologic features that suggest the presence of an
underlying vasculitis involve mucosal changes of ische-
mic colitis, including regeneration of colonic crypts,
hemorrhage and ®brin deposition in the lamina propria,
and ulcers; combined with the presence of leukocyto-
clasis and ®brin deposition within blood vessel walls.
Also, rare vasculitic syndromes, such as enterocolic
lymphocytic phlebitis, are encountered exclusively in
the gastrointestinal tract. This unusual form of vasculitis
is con®ned to the intestinal tract and is characterized by
the presence of lymphocytic in¯ammation of medium
and small veins.

The management of patients with vasculitis-induced
colitis involves the use of immunosuppressive therapy.
Patients who develop necrosis are at risk for the devel-
opment of bacterial superinfection, bleeding, and
colonic perforation in the acute setting and may require
surgical intervention. Chronic complications, such as
colonic strictures or obstruction, may also require
surgical resection of the affected areas.

Radiation-Induced Injury

Radiation injury may produce acute or chronic
colonic ulcers via two different mechanisms. Radiation
is directly toxic to the colonic mucosa and causes
mucosal necrosis and ulcers, which develop shortly
after the initiation of therapy. However, radiation
also causes progressive obliteration of blood vessels
and may produce ischemic-type colonic ulcers in the
months to years following therapy. Colonic disease
usually occurs as a result of radiotherapy for a variety
of tumors, such as those that arise from the prostate,
urinary bladder, uterus, distal colon, and pelvic bones
and soft tissues. The distal colon, particularly the
rectosigmoid colon, is most frequently affected. Acute
radiation injury, which is manifest approximately
7ÿ14 days after initiation of therapy, is heralded by

FIGURE 1 Ischemic colitis. The mucosa is ulcerated and the

crypts appear small and regenerative. The lamina propria is ®lled

with ®brin and extravasated red blood cells.
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the onset of lower abdominal pain, abdominal disten-
sion, rectal bleeding, diarrhea, mucoid discharge, and
tenesmus. The endoscopic ®ndings include edema,
erythema, erosions, and friability. Vascular telangiec-
tasias may present as well.

Pathologically, acute radiation injury is character-
ized by submucosal edema. However, there may also be
active colitis with crypt abscesses, increased neutro-
philic in¯ammation in the lamina propria, and ulcera-
tion associated with epithelial cell necrosis. The disease
is largely con®ned to the mucosa, with sparing of the
deeper layers of the bowel wall. In most cases, the
symptoms of acute radiation colitis are self-limited
and resolve with cessation of radiotherapy. Therapy
consists predominantly of supportive care. In the
months to years following radiotherapy, patients may
develop chronic sequelae due to the effects on blood
vessels and soft tissues. Radiation-induced vascular
ectasia may develop in thin-walled venules and capil-
laries and lead to gastrointestinal bleeding. Chronic ra-
diation injury results in progressive intimal and ®brous
obliteration of arteries, which ultimately compromises
the vascular supply to the affected colon and produces
ischemic ulceration of the mucosa. In this setting, pa-
tients usually present with lower gastrointestinal bleed-
ing due to vascular telangiectasias. If there is an ischemic
component to the injury, they may also complain of
crampy lower abdominal pain, bloody diarrhea, tenes-
mus, and/or rectal bleeding.

The endoscopic appearance of chronic radiation in-
jury is characteristic. In many instances, the mucosa is
atrophic and vascular ectasias are present. The mucosa
may be friable and erythematous with super®cial ulcer-
ations as a result of vascular obliteration and ischemic
injury. The histologic hallmark of chronic radiation
injury is manifest by damage to endothelial cells and
blood vessels, particularly arteries. Increased subepithe-
lial collagen deposition may also be seen, in addition to
crypt architectural distortion and atrophy of the mucosa
(Fig. 2). Affected arteries show luminal obliteration,
intimal hyperplasia, and abundant `̀ foam'' cells within
the muscular wall (Fig. 3). `̀ Atypical'' ®broblasts, with
abundant eosinophilic cytoplasm and hyperchromatic
nuclei, may also be present in the stroma.

Chronic complications of radiation injury include
stricture formation and serosal adhesions. These com-
plications may become severe enough to warrant sur-
gical resection. Lower gastrointestinal bleeding from
mucosal and submucosal telangiectasias is a frequent
occurrence and may be treated with argon plasma co-
agulation laser therapy. Post-irradiation sarcomas and
carcinomas have been reported to develop after a long
latency period as well.

INFECTIOUS COLITIS

Bacterial Colitis

Acute Self-Limited Colitis

Acute self-limited colitis is one of the most common
causes of colonic ulcers. The majority of cases develop
as a result of exposure to an infectious agent or toxic
substance. Unfortunately, an etiologic agent is not iden-
ti®ed in up to one-half of cases of acute self-limited
colitis. Patients typically present acutely with crampy
abdominal pain, bloody diarrhea, and fever. Laboratory
tests often reveal leukocytosis and the presence of fecal
leukocytes on stool examination.

The endoscopic features of acute self-limited colitis
are usually evident within the ®rst 4 days of onset of
symptoms. The colonic mucosa appears erythematous,
edematous, and friable, with small ulcers and super®cial
erosions that do not demonstrate a predilection
for any speci®c site within the colon. Pathologically,
the features of acute self-limited colitis are quite
consistent. Early changes include edema, increased ac-
tive (neutrophilic) in¯ammation in the lamina propria
and epithelium, and crypt abscesses and ulcers. With

FIGURE 2 Post-irradiation changes include subepithelial col-

lagen deposition and vascular ectasia in the submucosa.
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progression, edema becomes less prominent and the
neutrophilic in¯ammation regresses. During the ®nal
stages of resolution, the epithelium regenerates to re-
store normal architecture to the mucosa. Architectural
distortion and marked mononuclear cell in¯ammation
of the lamina propria are usually conspicuously absent
in cases of acute self-limited colitis. Generally, the dis-
ease is con®ned to the mucosa, with sparing of the
deeper layers of the bowel wall. In most instances,
acute self-limited colitis resolves spontaneously or fol-
lowing antibacterial therapy. On resolution, there is
normally complete restoration of the mucosa to the
pre-disease state. Because the disease is usually limited
to the mucosa, it generally heals without any signi®cant
complications.

Clostridium di¤cile-Induced
Pseudomembranous Colitis

Clostridium dif®cile is a toxin-secreting gram-posi-
tive rod that damages colonic epithelial cells, resulting
in sloughing of the mucosa and the development of
pseudomembranes (pseudomembranous colitis). In
most cases, C. dif®cile-associated pseudomembranous
colitis occurs following antibiotic therapy, presumably
as a result of alterations of the colonic bacterial ¯ora.

Patients with pseudomembranous colitis develop
watery diarrhea, abdominal pain, distension, and leu-
kocytosis. In severe cases, some individuals may show
systemic manifestations such as hypotension, fever,
and a change in mental status. Serologic measurement
of C. dif®cile toxin is a highly sensitive method of
detecting infection with this organism. In most cases,
the diagnosis of pseudomembranous colitis is evident

on endoscopic examination. Punctate or con¯uent
plaques of yellowÿtan ®brinous pseudomembranes ad-
herent to an edematous, erythematous, and ulcerated
mucosa are often seen (Fig. 4). The right colon is typ-
ically more severely affected than the left, but fulminant
disease may involve the entire colon.

The pathologic changes are characteristic. The
pseudomembranes consist of an admixture of denuded
epithelial cells and in¯ammatory cells enmeshed within
®brinous and mucinous debris, which appear to `̀ erupt''
from the colonic crypts (Fig. 5). Initially, the pseudo-
membranes form discrete plaques; however, in severe
disease, the mucosa may become extensively ulcerated
and associated with con¯uent pseudomembranes, sig-
naling a possible evolution toward toxic megacolon.
Importantly, a number of infectious agents, including
some strains of Escherichia coli and Shigella, may also
cause a pseudomembranous colitis indistinguishable
from that due to C. dif®cile.

The management of affected patients is determined
by the severity of their illness. The mainstay of medical
therapy is antibiotics, such as Flagyl or, less commonly,
oral vancomycin. Surgical resection of the colon is re-
served for patients who do not respond to antibiotic
therapy or develop systemic toxicity despite medical
therapy, or develop toxic megacolon. In addition to
toxic megacolon, other complications may occur, in-
cluding colonic perforation, which is associated with
a high mortality rate.

Viral Colitis

Although a variety of different viruses may cause
disease in the gastrointestinal tract, most are not path-
ogenic in the colon, and, with rare exception, the de-
velopment of colonic ulcers occurs as a result of
infection by only a few different viruses.

FIGURE 3 Radiation injury induces intimal hyperplasia and

luminal narrowing of the submucosal blood vessels. In this ex-

ample, mural foam cells are associated with in¯ammation. The

submucosa is ®brotic, and scattered atypical stromal ®broblasts

are present.

FIGURE 4 Pseudomembranous colitis. The mucosa is covered

by numerous pseudomembranes. The background mucosa is

edematous and erythematous.
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Cytomegalovirus Colitis

Cytomegalovirus (CMV) may cause a severe, life-
threatening form of colitis associated with ulcers. Al-
though CMV colitis has been reported to occur rarely in
immunocompetent individuals, it is much more com-
monly encountered among immunocompromised pa-
tients. In this setting, the infection usually represents
reactivation of latent disease that becomes apparent fol-
lowing immunosuppression. CMV demonstrates a pre-
dilection to infect rapidly proliferating ®broblasts and
endothelial cells present in granulation tissue of ulcers,
so it may complicate pre-existing colonic diseases such
as in¯ammatory bowel disease and ischemic colitis.

Most patients with CMV colitis complain of fever,
bloody diarrhea, and abdominal pain. In some cases,
CMV colitis develops as a complication of immunosup-
pressive therapy for ulcerative colitis or Crohn's disease,
such that the clinical picture is one of progressively
severe colitis that persists despite increasing levels of
immunosuppression. Serologic assays for CMV, includ-
ing reverse transcription polymerase chain reaction
(RT-PCR), may be extremely useful in establishing
the correct diagnosis in these cases.

The endoscopic appearance of CMV colitis is non-
speci®c. Generally, there is a predilection for the right
colon, but this is not always the case. The distribution of
disease is usually segmental, characterized by the pres-
ence of severe colitis with edema and erythema of the
mucosa, as well as deep ulcers. CMV induces a nonspe-
ci®c histologic pattern of injury to the colonic mucosa.
Frequently, the mucosa is ulcerated and the affected
biopsy fragments consist entirely of granulation tissue

and ®brinopurulent debris. Biopsy fragments obtained
from the non-ulcerated mucosa often show active colitis
with cryptitis and crypt abscesses. The diagnosis of
CMV colitis rests on identi®cation of pathognomonic
viral inclusions in the cytoplasm and nuclei of infected
cells by routine stains or by immunohistochemistry. The
virus typically infects endothelial cells and ®broblasts,
producing granular, brightly eosinophilic cytoplasmic
inclusions as well as large eosinophilic `̀ owl's eye'' in-
tranuclear inclusions (Fig. 6). Occasionally, viral inclu-
sions may be encountered in the glandular epithelium as
well, but these are much less common.

Treatment of CMV colitis includes the use of anti-
viral therapy with ganciclovir. Complications include
systemic manifestations of infection, superinfection
with other organisms, and colonic perforation in the
acute setting.

Herpes Simplex Virus Colitis

Herpes simplex viruses (HSV I and HSV II) may
cause colonic ulcers and are an important cause of
proctitis in some patient populations. Importantly,
HSV may cause disease in both immunocompetent
and immunocompromised individuals. In immuno-
competent patients, the disease usually occurs as a result
of direct contact between the colonic mucosa and in-
fected secretions or mucosal lesions. As a result, HSV-
associated ulcers are almost exclusively encountered in
the distal rectum and anus. In immunocompromised
individuals, however, the disease may occur as a result
of either direct contact or as a manifestation of systemic
disease in otherwise severely ill patients.

FIGURE 6 Cytomegalovirus colitis. This biopsy fragment con-

sists entirely of in¯amed granulation tissue. Many of the stromal

and endothelial cells contain both cytoplasmic (arrow) and intra-

nuclear (arrowhead) inclusions.

FIGURE 5 Pseudomembranous colitis. Aggregates of cellular

debris appear to `̀ erupt'' from the damaged mucosa. These aggre-

gates are composed of necrotic epithelial cells enmeshed in mucin

and ®brinopurulent material.
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Patients present with anorectal pain, constipation,
tenesmus, pain on defecation, and gastrointestinal
bleeding or bloody diarrhea. Characteristic vesicular
lesions may be present on the anorectal mucosa or peri-
anal skin. Endoscopically, the viral-infected lesions are
often located circumferentially within the affected colon
and usually appear as small vesicles on a background of
erythematous mucosa. As the vesicles enlarge, they fre-
quently rupture, resulting in the formation of shallow,
well-demarcated ulcers.

The histologic features of the ulcers are not speci®c.
They are often associated with a marked in¯ammatory
in®ltrate rich in neutrophils, as well as a ®brinopurulent
exudate. Diagnostic multinucleated giant cells with
`̀ ground glass'' or amphophilic intranuclear inclusions
and nuclear molding are most commonly encountered
in the stromal cells of the submucosa and can be iden-
ti®ed on routine stains or by immunohistochemistry.

Treatment of herpetic colitis/proctitis includes the
management of symptoms in the acute setting as well as
the use of antiviral medications. In most instances, the
lesions resolve completely with therapy and are not
associated with complications.

Fungal Colitis

Fungal colitis is extremely rare and is encountered
almost exclusively as a terminal event in seriously ill
individuals who are also immunocompromised. Some
of the more common organisms associated with fungal
colitis include Aspergillus and Candida species. Both
cause a severe, ulcerative form of colitis characterized
by the presence of neutrophilic abscesses as well as in-
vasive yeast forms within the lamina propria.

Protozoan-Induced Colitis

Amebiasis

Amebiasis, particularly that due to Entamoeba
histolytica, is a major cause of ulcerative colonic disease
and dysentery worldwide. The trophozoites cause dis-
ease by adhering to epithelial cells and invading the
underlying mucosa, destroying the tissue via elabora-
tion of a variety of proteolytic enzymes and cytolytic
agents.

Patients typically complain of acute-onset abdomi-
nal pain, bloody diarrhea with mucus, tenesmus, and
fever. The correct diagnosis is often suspected on en-
doscopic examination because the organisms demon-
strate a predilection for the cecum and right colon.
However, the entire colon may be involved in severe
cases. The ulcers are usually deep, ¯ask shaped, and
exudative, but may be con¯uent in severe cases. The
adjacent mucosa may be erythematous, but is usually
relatively unaffected.

The pathologic features of amebic colitis include
deep, excavating ulcers that are typically associated
with a marked in¯ammatory in®ltrate (Fig. 7). Abun-
dant ®brinopurulent material is often present overlying
the ulcers and, although the organisms may be found
within the mucosa, they are more frequently identi®ed
in the overlying necroin¯ammatory debris. Entamoeba
histolytica trophozoites also ingest red blood cells, thus
the presence of red cell fragments within the organisms
con®rms the diagnosis.The treatment of amebic colitis
consists of antiprotozoal therapy and supportive care.
Although complete resolution and restoration of
the colonic mucosa may occur following treatment,

A B

FIGURE 7 Amebiasis of the colon results in the development of deeply ulcerating lesions associated with a ®brinous

exudate and mucosal necrosis (A). The organisms are usually apparent within necrotic debris on the mucosal surface (B).
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complications, including the development of colonic
strictures secondary to healing of deep ulcers, are not
uncommon.

DRUG-INDUCED COLONIC ULCERS

Nonsteroidal Antiin¯ammatory Drugs

It is well-known that nonsteroidal antiin¯ammatory
drugs (NSAIDs) cause ulcers in the gastrointestinal tract
by inhibiting prostaglandin synthesis in the mucosa and
altering local blood ¯ow. In fact, NSAID use is one of the
most common causes of gastrointestinal bleeding. Al-
though NSAID use is more commonly associated with
upper gastrointestinal disease, it has recently become
clear that in¯ammation and ulceration may involve the
colon as well. The clinical manifestations of NSAID-in-
duced colonic injury are variable. In some cases, patients
are asymptomatic and lesions are identi®ed during en-
doscopic colon evaluation performed for other reasons.
Symptomatic patients may complain of rectal bleeding,
abdominal pain, and/or bloody diarrhea.

Typically, NSAIDs cause an acute self-limited type of
colitis that is endoscopically indistinguishable from that
due to infections. Ulceration occurs more often in the
cecum and ascending colon. The mucosa may show
erythema and edema with or without super®cial ulcers.
However, deeper ulcers associated with perforation may
rarely occur. The use of NSAID-containing supposito-
ries has also been associated with severe ulcerating
proctitis. The pathologic features of NSAID-induced
colitis are essentially non-speci®c. The mucosa is in®l-
trated with a mixed in¯ammatory cell population rich in
neutrophils. Cryptitis and crypt abscesses, as well as
mucosal ulcers, are variably present. The use of NSAIDs
has also been linked to the development of collagenous
and lymphocytic colitis, which are characterized by the
presence of increased stromal and intraepithelial lym-
phocytes, eosinophils, and a thickened subepithelial
collagen layer in the former.

The clinical and pathologic features of NSAID-
induced colonic injury usually resolve with cessation
of drug intake and are not normally associated with
chronic mucosal injury, except in rare and unusual
circumstances, such as the development of `̀ diaphragm
disease.'' This condition is characterized by the devel-
opment of colonic obstruction due to the presence of
web-like strictures composed of mucosa and sub-
mucosa, which cause luminal stenosis.

Oral Contraceptives

Estrogen and progesterone compounds may
induce ischemic lesions in the colon due to decreased

splanchnic blood ¯ow and the development of small
thrombi in the mesenteric veins and small venules. Pa-
tients may be asymptomatic or may present with lower
abdominal pain, rectal bleeding, or bloody stools. In
most instances, lesions involve the colon in a segmental
fashion, resulting in mucosal erythema. Erosions and
super®cial ulcers as a result of epithelial cell necrosis
may also be identi®ed.

The pathologic features are indistinguishable from
those of ischemic colitis due to other causes and consist
of mucosal ulceration, ®brin deposition in the lamina
propria, and regeneration of the colonic crypts. In most
instances, the mucosal changes are completely revers-
ible on cessation of contraceptives. However, severe,
transmural disease may result in perforation or scarring.

Vasoconstrictive Drugs

Other medications that decrease splanchnic blood
¯ow, such as cocaine and vasopressive agents, may result
in ischemic colitis and ulceration. These medications
may produce ischemic-type ulcers in the colon, result-
ing in gastrointestinal bleeding. The endoscopic appear-
ance is that of a segmental area of colitis with mucosal
erythema, edema, and ulcers. The histologic features
include mucosal hemorrhage, ®brin deposition, and re-
generation of injured colonic crypts associated with ul-
ceration. Treatment is supportive and most of the
changes are reversible on cessation of the drug.

Enemas

A number of different bowel preparations and
enema solutions may cause colonic injury and mucosal
ulceration. Mildly irritating enema solutions produce
mucosal edema, but hypertonic solutions [Fleet Phos-
phoSoda (CB Fleet Co, Lynchburg, VA), bisacodyl, or
hydrogen peroxide] may cause more severe colonic in-
jury, such as mucosal erosions. The histologic changes
are generally mild and consist of a variable amount of
epithelial cell mucin depletion and acute in¯ammation.

In contrast, oral preparations and enemas that con-
tain Kayexelate have been associated with the develop-
ment of severe intestinal ulceration, which may be life
threatening. Histologically, the lesions are character-
ized by necrosis, ulceration, and granulation tissue,
which may contain refractile basophilic (Kayexelate)
particles (Fig. 8). Interestingly, this complication oc-
curs in association with Kayexelate preparations that
contain a sorbitol carrier (Sano® Winthrop Pharmaceu-
ticals, NY), but does not develop with preparations that
contain a lactulose carrier. Thus, most believe that the
injury is the result of sorbitol, because similar lesions
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have been induced in animals using sorbitol enemas
without Kayexelate.

MECHANICAL DISORDERS

Diverticulitis

Colonic ulceration may occur uncommonly in the
setting of acute diverticulitis when the in¯ammation
involves the mucosal surface. However, in some
cases, an unusual form of chronic colitis, `̀ diverti-
cular disease associated colitis,'' may develop in patients
with diverticulosis. This disease shows segmental mu-
cosal erythema, friability, and ulceration, which is more
pronounced at the ori®ces of the diverticula but involves
the interdiverticular mucosa as well. The pathologic
features include mucosal ulcerations, increased mono-
nuclear cell in¯ammation of the lamina propria and
deeper layers of the bowel wall, transmural lymphoid
aggregates, and crypt architectural changes, such as
crypt atrophy and/or branching. Treatment includes
medical treatment of the diverticulitis as well as immu-
nosuppressive therapy. Surgical intervention may be
necessary in some cases that are refractory to medical
management.

Trauma

Traumatic causes of colonic ulceration are un-
common and are generally limited to the distal rectum.
Most cases result from foreign bodies, which may pro-
duce mucosal ulceration or pressure-induced ischemic
injury. The changes may vary from mild to severe

proctitis. Chronic injury may result in the development
of in¯ammatory polyps and lumenal stenosis.

Obstruction and Pseudo-obstruction

Mechanical obstruction and pseudo-obstruction
may produce colonic ulceration as a result of stasis of
fecal contents (`̀ obstructive colitis''). Initially, mucosal
changes such as patchy erythema and ulceration may be
identi®ed. However, as the condition persists, histologic
evidence of ischemic colitis may develop.

Solitary Rectal Ulcer Syndrome
(Mucosal Prolapse)

Solitary rectal ulcer syndrome is an in¯ammatory
disorder of the distal colon; it results from ischemia,
torsion, and twisting of the mucosa due to chronic con-
stipation and straining on defecation. It is associated
with a primary malfunction of the internal anal sphinc-
ter and/or rectal musculature, and is more commonly
encountered in older females. Affected patients may
present with a variety of clinical manifestations, includ-
ing rectal bleeding, pain on defecation, and incomplete
rectal emptying. Some cases are entirely asymptomatic
and are discovered only incidentally on routine exam-
ination.

The endoscopic features of solitary rectal ulcer
syndrome are variable because they are temporally re-
lated to the stage of disease. Features include ulceration,
erythema, and in¯ammatory polyps. Most lesions occur
on the anterior wall of the distal two-thirds of the rec-
tum. However, other areas of the rectum and sigmoid
colon may be affected as well. At the time of endoscopic
evaluation, mucosal prolapse may be demonstrated if
the patient is asked to `̀ bear down'' during the proce-
dure.

Histologically, the disease is characterized by the
presence of ulceration, hemorrhage in the lamina
propria, increased active in¯ammation, and regenera-
tion and hyperplasia of the crypts. In¯ammatory polyps
typically have a smooth surface, but may be irregularly
shaped and/or ulcerated. The polyps may contain re-
generative crypts that are cystically dilated, resulting in
a localized form of colitis cystica profunda. The mucosa
of both ulcerating lesions and in¯ammatory polyps
demonstrates ®bromuscular hyperplasia of the lamina
propria, which represents a proliferation of smooth
muscle ®bers arising from the muscularis mucosae. Fi-
bromuscularization of the lamina propria results from
chronic prolapse of the mucosa into the lumen, where
the increased pressure and trauma induce a localized
form of ischemic injury (Fig. 9).

FIGURE 8 Kayexelate-induced colonic injury. Kayexelate

preparations that contain a sorbitol carrier may induce ulceration.

Kayexelate crystals may be identi®ed in the mucosa or in ulcer

debris and appear as rhomboid-shaped structures.
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Because solitary rectal ulcer syndrome/mucosal pro-
lapse results from a mechanical disorder of sphincter
and pelvic ¯oor function, the treatment of these patients
depends on dietary modi®cation, stool softeners, and
behavior modi®cation, as well as medical management
of symptoms. Although the polypoid lesions of solitary
rectal ulcer syndrome may be resected or biopsied en-
doscopically, these lesions are generally not responsive
to surgical management.

Stercoral Ulcers

Stercoral ulcers are de®ned as lesions that occur due
to fecal impaction; they are therefore more commonly
encountered in the distal colon. Ulcers typically develop
following periods of severe constipation. Patients com-
plain of severe constipation, abdominal pain, rectal
pain, pain on defecation, and bleeding. The endoscopic
appearance of stercoral ulcers is characteristic. Most
lesions are small, range in size from a few millimeters

to a few centimeters in diameter, are normally well de-
marcated, and are super®cial in nature. The adjacent
mucosa is frequently edematous and congested. Within
the ulcerated area, there is tissue necrosis with loss of
the epithelium and ®brin deposition in the lamina
propria. Hemorrhage and entrapped fecal material
may be present as well. With time, granulomatous in-
¯ammation and foreign-body-type giant cells develop in
areas of entrapped fecal material.

The treatment of stercoral ulcers is mainly support-
ive. This includes the use of stool softeners and dietary
modi®cation. Most cases heal without sequelae. How-
ever, rare cases may be associated with colonic perfo-
ration, strictures, and obstruction.

IDIOPATHIC INFLAMMATORY
BOWEL DISEASE

Crohn's Disease

Colonic involvement in Crohn's disease is common.
It occurs in approximately 50% of patients with Crohn's
disease, affecting other sites in the gastrointestinal tract,
and the colon is the only site of disease in approximately
30% of patients. Affected patients complain of lower
abdominal pain that may be crampy in nature, abdom-
inal bloating, and bloody diarrhea. Many patients are
anemic at the time of presentation and may also have a
history of weight loss, particularly if they suffer from
small intestinal disease as well.

The endoscopic manifestations of the disease in-
clude several different patterns of injury. Generally,
colonic involvement in Crohn's disease is segmental
in distribution. However, diffuse colonic involvement
may occur as well. In milder cases, the affected mucosa
is erythematous and edematous, with multiple punctate
or aphthous ulcers. However, deep ®ssuring ulcers ar-
ranged in a longitudinal fashion are often present in
patients with more severe disease. Luminal stenosis
as a result of transmural injury and scarring may
occur in chronic disease as well.

Microscopically, Crohn's disease is characterized
by acute and chronic changes. Nonnecrotic granulo-
mas are present in approximately 30% of cases. How-
ever, their presence is merely a marker of the disease
and does not necessarily imply the presence of disease
activity. Acute changes include segmental in¯amma-
tion of the colonic mucosa with crypt abscesses and
associated ulcers. The ulcers that occur in the setting
of Crohn's disease are morphologically variable and
include aphthous, ¯ask-shaped, linear, and ®ssuring-
type lesions. Most commonly encountered are
aphthous ulcers, which are shallow, well-delineated

FIGURE 9 Solitary rectal ulcer syndrome (mucosal prolapse

syndrome) may produce localized ischemic changes and ulcera-

tion in the mucosa. This polypoid lesion contains numerous cys-

tically dilated hyperplastic colonic crypts. Acute and chronic

in¯ammation and ®bromuscular hyperplasia are present in the

lamina propria.
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lesions that are con®ned to mucosa or super®cial sub-
mucosa and tend to occur over lymphoid aggregates.
Deeper ulcers may be ¯ask shaped with a broad base
centered in the submucosa, or ®ssuring, knifelike
cracks lined by granulation tissue extending into
the submucosa or muscularis propria (Fig. 10). Linear
ulcers that course through the submucosa parallel to
the mucosal surface are also a common feature and are
typically lined by granulation tissue and marked acute
and chronic in¯ammation. Chronic changes that de-
velop in Crohn's disease include mucosal abnormali-
ties, such as crypt architectural changes, Paneth cell
metaplasia, increased mononuclear cell in¯ammation,
and basal plasmacytosis. Crohn's disease may also
cause chronic changes in the colonic wall, including
transmural lymphoid aggregates, hypertrophy of
nerves in the muscularis propria and submucosa,
mural ®brosis, strictures, and ®stulous tracts.

Immunosuppression of disease activity is the
mainstay of therapy for Crohn's disease. Unfortunately,
patients with Crohn's disease frequently develop

complications of the disease, such as ®stulas, sinus
tracts, ®ssures, and luminal obstruction due to stric-
tures. These complications usually require surgical
intervention. Additionally, patients with colonic
Crohn's disease should undergo regular surveillance
for the possibility of epithelial dysplasia and
carcinoma.

Ulcerative Colitis

Ulcerative colitis is a chronic ulcerating disease of
the colon that demonstrates a bimodal age distribution,
with most cases occurring in young adults and a second
peak in late adulthood. Although the mechanisms un-
derlying its development are not entirely clear, it ap-
pears to be a multifactorial immune-mediated process
that results from the complex interplay of a variety of
genetic and environmental factors.

Patients typically present with crampy abdominal
pain, bloody diarrhea, mucus discharge, and fever. Ex-
traintestinal manifestations of the disease are not un-
common and include large-joint arthritis, primary
sclerosing cholangitis, skin manifestations (erythema
nodosum and pyoderma gangrenosum), sacroileitis,
and ocular disease. Endoscopically, the mucosa is fria-
ble, erythematous, and frequently eroded or frankly
ulcerated. Although ulcerative colitis classically in-
volves the colonic mucosa in a contiguous retrograde
fashion, this is not always the case. The distribution of
disease may be discontinuous, involving the left side of
the colon, sparing the middle and ascending colon, and
involving the cecum and appendix. Such a pattern of
disease has been termed a `̀ cecal patch'' of ulcerative
colitis and does not imply the presence of Crohn's dis-
ease. Additionally, endoscopically and pathologically
evident `̀ skip areas'' may be present early in the course
of the disease. However, the process usually becomes
con¯uent over time. Finally, skip areas of unin¯amed
colonic mucosa are frequently encountered in patients
who have received oral or topical therapy for ulcerative
colitis.

The pathologic features of ulcerative colitis in-
clude the presence of active in¯ammation on a back-
ground of chronic colitis. Depending on the severity
of the disease, there may be a variable amount of
cryptitis, crypt abscesses, or mucosal ulceration asso-
ciated with an acute and chronic in¯ammatory exu-
date. Chronic changes include the presence of a
lymphoplasmacytic in¯ammatory cell in®ltrate,
crypt architectural distortion, crypt atrophy, Paneth
cell metaplasia, and basal plasmacytosis (Fig. 11). As
the disease progresses, the ulcers become con¯uent,
resulting in the formation of mucosal pseudopolyps

FIGURE 10 Crohn's disease. Sharply delineated ®ssuring

ulcer lined by granulation tissue may involve all layers of the

bowel wall.
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that represent islands of residual intact mucosa sur-
rounded by ulcerated tissue.

Most cases of ulcerative colitis are managed with
medical immunosuppression. Surgical intervention
may be required in cases refractory to medical therapy
or in the setting of toxic megacolon. Patients with ul-
cerative colitis are at risk for the development toxic
megacolon and colonic perforation in the acute setting,
as well as several complications of long-standing dis-
ease. Chronic immunosuppression predisposes patients
to colonic superinfection with cytomegalovirus and
other opportunistic organisms. Chronic complications
of ulcerative colitis also include glandular dysplasia and
the development of carcinoma.

OTHER COLITIDIES

Allergic Colitis

Allergic colitis may result in colonic ulceration as a
result of hypersensitivity to foodstuffs. This disease
most commonly affects infants and demonstrates a pre-
dilection for males. Patients generally present with
bloody diarrhea that promptly resolves on withdrawal
of the offending agent, which, in most cases, is cow's
milk or soy protein. Rarely, breast milk may be the
inciting agent. Peripheral eosinophilia may also be pres-
ent, but this abnormality is not necessary in order to
establish a diagnosis. Endoscopically, areas of mucosal
erythema, occasionally associated with small ulcera-
tions, may be observed.

The histologic changes of allergic colitis consist of
an increase in eosinophils in the lamina propria and
epithelium associated with eosinophilic cryptitis and
rarely, mucosal erosions or ulceration. Mild lesions
demonstrate focal in®ltration of the crypts, and multiple
sections may be necessary to demonstrate the lesions.
More severe disease results in necrosis and ulceration of
the surface epithelium. Treatment of the disorder re-
quires discontinuation of the offending agent. In most
instances, the mucosal injury heals completely and,
thus, the disease is not associated with any signi®cant
sequelae.

Endometriosis

Colonic endometriosis typically results in mural
®brosis, in¯ammation, and stricture formation. How-
ever, it rarely involves the colonic mucosa, but, in
these cases, may induce ulceration and lower gastro-
intestinal bleeding. The endoscopic appearance varies
from mucosal erythema and ulceration to the pres-
ence of polypoid luminal masses (in¯ammatory
polyps) or even ulcerative lesions that may resemble
malignancy.

The pathologic features of endometriosis are char-
acteristic. Aggregates of endometrial glands enmeshed
in a myxoid or cellular stroma are typically present in
the wall of the colon. Frequently, these aggregates are
associated with marked hypertrophy of the muscularis
propria as well as increased ®brosis of the muscularis
propria and submucosa. Endometriosis involving the
colonic mucosa may induce changes reminiscent of ac-
tive colitis with cryptitis, increased neutrophilic in¯am-
mation of the lamina propria, and ulceration. However,
endometrioid glands composed of mucin-depleted cells,
some of which are ciliated, as well as endometrioid
stroma, are features distinct from those of the native
lamina propria.

The management of colonic endometriosis is vari-
able and dependent on the colonic manifestations of the
disease. Endometriosis associated with mucosal ulcer-
ation and colitis may be medically managed with hor-
monal therapy, whereas mass lesions may necessitate
surgical resection due to luminal obstruction.

Idiopathic Ulcers and Isolated Cecal Ulcers

In some instances, the etiologic agent responsible for
colonic ulceration may not be readily identi®able. These
`̀ idiopathic ulcers'' demonstrate a predilection for the
antimesenteric border of the cecum and proximal as-
cending colon and, less commonly, the sigmoid colon.
As a result, they have occasionally been termed `̀ isolated
cecal ulcers.'' The anatomic distribution of disease

FIGURE 11 Ulcerative colitis. Active changes include the pre-

sence of crypt abscesses and super®cial mucosal ulcerations.

Chronic changes, including crypt atrophy and architectural dis-

tortion, increased mononuclear cell in¯ammation of the lamina

propria, and basal plasmacytosis, are also present.
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suggests that these lesions may occur as a result of a
preexisting lesion, such as congenital diverticula or
angiodysplasias in older individuals. However, many
are due to an unidenti®ed toxic metabolic agent or
drug, such as NSAIDs.

Idiopathic or isolated cecal ulcers may occur in all
age and gender groups. Right-sided lesions often present
with occult blood loss, frank bleeding, or bloody diar-
rhea, whereas left-sided ulcers usually present with
hematochezia, colonic obstruction, tenesmus, rectal
pain, or pain on defecation.

The endoscopic appearance of these lesions is non-
speci®c. In many cases, they are solitary and range from
one to several centimeters in greatest diameter. In most
cases, they are super®cial. However, they may penetrate
deep into the colonic wall. The pathologic features of
ulcers are also entirely nonspeci®c. Increased acute and
chronic in¯ammation, hemorrhage, granulation tissue,
and ®brosis are seen in the base of the ulcer. The adja-
cent, unaffected mucosa may be normal or may dem-
onstrate mild changes with increased mixed cellular
in¯ammation, edema, and hemorrhage.

The treatment of these lesions is variable and is de-
termined by the severity and extent of the ulcers. Small,
super®cial ulcers may be managed expectantly. Large or
deep ulcers may require surgical resection. Complica-
tions of these lesions include massive lower gastrointes-
tinal bleeding and colonic perforation.

TUMORS

A variety of malignant tumors of the colon may present
as endoscopically apparent ulcerated masses. Most com-
monly, these lesions are conventional adenocarcino-
mas. However, other lesions, such as lymphomas,
gastrointestinal stromal tumors, unusual sarcomas,
and metastases to the colon, may also in®ltrate the
colonic mucosa, resulting in mucosal ulceration.
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Colonoscopy

TROY D. SCHMIDT

Duke University Medical Center

argon plasma photocoagulation Use of ionized argon gas to

produce a high-frequency current for the purpose of

thermally coagulating tissues.

conscious sedation Level of sedation in which the patient is

relaxed, comfortable, and perhaps in a state of light

sleep. The patient is easily arousable and able to protect

his or her airway.

digital rectal examination Use of the ®nger to manually

inspect the anus, anal canal, and lower rectum for

palpable or visual lesions.

heparin window Use of intravenous or subcutaneous heparin

in between the time a patient, requiring anticoagulation,

stops taking a long-acting oral anticoagulant (e.g.,

warfarin) and the time the procedure is performed. This

practice is aimed to reduce thromboembolic risk while

off warfarin for an invasive procedure such as

colonoscopy.

informed consent Agreement and acknowledgment of

understanding by the patient for a procedure or

intervention following an explanation of the risks,

bene®ts, and alternatives.

insuf¯ation Installation of air into the colon for the purpose

of distending the walls for examination.

looping A suboptimal curvature of the colonoscope

within the colon, making it dif®cult to advance the

colonoscope.

pneumatosis Gas within the submucosa or subserosa of the

bowel wall, indicative of a loss of mucosal integrity. This

may represent partial or impending perforation.

The ®rst report of a completed colonoscopy was in 1969.

Since that time, colonoscopes have evolved and

colonoscopy has proven to be a very important tool for

gastroenterologists. Colonoscopy allows for a variety of

diagnostic and therapeutic options. For example, physi-

cians use colonoscopy to diagnose or exclude in¯amma-

tory bowel disease and other forms of colitis. Physicians

can diagnose and treat bleeding sources such as ulcers,

angioectasiae, and polypectomy sites. Furthermore, the

procedure allows for other therapeutic options such as

stricture dilation/stenting, foreign body removal, and

colon decompression. Because it gives such detailed

views of the colonic mucosa, colonoscopy is the most

sensitive examination for diagnosing colon polyps and

cancer. As a result, it is now a commonly used screening

tool for colorectal cancer. This article reviews the

colonoscopy procedure, proper indications, complica-

tions, and patient preparation.

COLONOSCOPES

The modern colonoscope (Fig. 1) is a ¯exible instru-
ment with a light and lens at its tip for visualization. It
has four-way tip de¯ection and is typically 160ÿ170 cm
long. Control cables run the length of the shaft and are
manipulated using two dials at the head of the instru-
ment (Fig. 2). The light seen at the tip of the shaft is
connected to the head with ®ber-optic cables and these
cables are further connected to an imaging console
through what is frequently called `̀ the umbilical
cord.'' Fiber-optic connections allow the display of im-
ages onto a color monitor and this monitor is placed in
front of the endoscopist for visualization. Having images
displayed in such a manner allows both the endoscopist
and the assistant to see lesions and coordinate the use of
therapeutic instruments. It also allows for teaching dur-
ing the examination because multiple people can watch
the procedure in real time.

Colonoscopes have two buttons near the control
dials (Fig. 2). When depressed, one button results in
suction of colonic contents through the colonoscope
and into a waste canister. The endoscopist insuf¯ates

FIGURE 1 The modern colonoscope.
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the colon by covering a small hole in the center of the
second button. When fully depressed, this button cleans
the lens with a spray of water.

Colonoscopes have either one or two channels lo-
cated just below the instrument head (Fig. 2). These are
often referred to as either suction or instrument chan-
nels because they are used for both. The channels allow
endoscopists to ¯ush the colon with water and then
suction out residual stool or blood. The endoscopists
can also suction out air or small, resected polyps. Polyps
are collected in a trapping device before being suctioned
into the main waste canister. All available therapeutic
instruments are passed through the same channels.

Finally, some manufacturers have recently pro-
duced colonoscopes with adjustable stiffness capa-
bilities. This allows the endoscopist to make the
colonoscope more rigid as it is passed through the
colon. Some studies have reported faster cecal intuba-
tion rates and improved patient satisfaction with these
newer colonoscopes. An example of this type of
colonoscope is found in Fig. 2.

THE PROCEDURE

Colonoscopy requires informed consent from the pa-
tient. The physician discusses the reasons for the exam-
ination, explains the procedure, and then lists the
options, potential bene®ts, and potential risks. After
the patient and physician sign the appropriate

documentation, the patient typically receives conscious
sedation while having careful cardiopulmonary moni-
toring. Although sedation is not medically required,
most patients in the United States are sedated for
colonoscopy. Surveys have indicated that patients prefer
sedation.

Prior to colonoscopy, the physician performs a dig-
ital rectal examination to exclude obvious lesions at the
anus and lower rectum. Thereafter, the shaft of the
colonoscope is lubricated with surgical jelly and in-
serted into the rectum. The operator carefully maneu-
vers the instrument to the cecum and/or terminal ileum.
This is accomplished by using the control dials and
torque to manipulate the shaft. The cecum is readily
identi®ed by the presence of the appendiceal ori®ce
and the ileocecal valve. In certain cases, it may be nec-
essary to examine the ileum before withdrawing the
colonoscope (e.g., to assess in¯ammation as with in-
¯ammatory bowel disease).

Once the cecum and (or) terminal ileum have been
properly examined, the colonoscope is withdrawn
slowly. The mucosa is surveyed in a circumferential
manner. During polyp screening or surveillance,
small polyps (55 mm) are removed with forceps (Fig.
3). Larger polyps are removed with a snare or with a
combination of snare and forceps. Polyps too large to be
removed endoscopically are biopsied and then tattooed
with India ink for surgical removal.

If the procedure is performed for bleeding treatment
and a source is discovered, several options exist. Bleed-
ing angioectasiae may be treated with an electrocautery
probe or with argon plasma coagulation. Bleeding ves-
sels, ulcers, diverticula, or polypectomy sites can be
treated with injection of epinephrine (1 : 10,000 dilu-
tion) and/or electrocautery. Appropriate therapy is

FIGURE 2 The instrument head: (A) control dials; (B) suction

button; (C) air/water button; (D) instrument/suction channel;

(E) colonoscope stiffening control knob.

FIGURE 3 Biopsy forceps moving toward a polyp.
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based on the nature of the lesion and the skill of the
endoscopist. Other therapeutic issues are discussed
below.

After the colon has been fully examined and appro-
priate therapies have been performed, the colonoscope
is removed from the patient. The patient is then taken to
a recovery area where vital signs are monitored until the
patient awakens.

INDICATIONS

Common indications for diagnostic colonoscopy are
summarized in Table I. These indications correspond
to recommendations of the American Society for Gas-
trointestinal Endoscopy (ASGE) with the addition of
screening colonoscopy for persons over the age of 50.
Screening colonoscopy for the detection of colon cancer
is rapidly becoming more widely accepted in the med-
ical community. It is likely that medical societies and
insurance carriers will endorse screening examinations
for persons within that age group. The effectiveness
of ¯exible sigmoidoscopy for screening purposes is
limited because it does not involve examination of
the entire colon.

Common indications for therapeutic colonoscopy
are listed in Table II. As noted previously, a variety of
instruments are available for therapeutic purposes.
In addition to polypectomy and bleeding techniques,
endoscopists are able to remove foreign bodies
with snares, baskets, or forceps. Mesh stents are avail-
able for palliative placement in patients who have

obstructing colon lesions and are not surgical candi-
dates. Balloon dilation can be performed to open ste-
notic surgical anastamoses. Colonic decompression can
be performed with placement of a decompression tube
when the use of neostigmine is contraindicated or inef-
fective. Sigmoid volvulus can also be reduced when ra-
diologic decompression with gastrograf®n enema fails.
It is likely that therapeutic capabilities will continue to
expand as technology improves and as needs arise.

CONTRAINDICATIONS

There are times when colonoscopy is contraindicated
(Table III). It is unwise to perform colonoscopy in sit-
uations of suspected perforation, toxic megacolon,
severe diverticulitis, and fulminant colitis because
there is considerable risk for perforation during insuf-
¯ation. Perforation can be the result of direct distension
of mucosa already weakened by underlying disease or it
can result from ensuing ischemia that occurs as the
colonic wall becomes more distended.

LOW-YIELD EXAMINATIONS

Just as there are indications and contraindications for
colonoscopy, there are certain situations in which
colonoscopy has a low diagnostic yield or is not indi-
cated. An example of this is when colonoscopy is con-
sidered to exclude colon malignancy as the source for
metastatic adenocarcinoma of unknown primary type.
Previous studies demonstrate that colonoscopy is not

TABLE I Routine Indications for Diagnostic Colonoscopy

1. Abnormal adequate barium enema (e.g., ®lling defect)

2. Exclusion of right-sided colon polyps when polyps are found during ¯exible sigmoidoscopy

3. Hematochezia not thought to originate from the rectum or perineum

4. Melena of unknown origin (negative upper gastrointestinal evaluation)

5. Positive fecal occult blood test

6. Unexplained iron de®ciency

7. Evaluation of the entire colon to exclude synchronous cancer or neoplastic polyps in a patient with a treatable colon cancer or

neoplastic polyp

8. Follow-up at 1 year and at 3- to 5-year intervals after colonic resection of cancer or neoplastic polyp

9. Surveillance exams every 3ÿ5 years for persons with established adenomatous polyps

10. Screening every 2 years beginning at age 25, or 5 years younger than earliest age of a relative with colorectal cancer, in patients at

risk for hereditary nonpolyposis colorectal cancer; yearly colonoscopy at age 40

11. Screening every 5 years, beginning 10 years earlier than the age of an affected relative when that relative developed colorectal cancer

before age 60; surveillance every 3 years if adenomas found

12. Screening for colon polyps in average-risk patients over age 50

13. Exclusion of cancer or dysplasia at 1- to 2-year intervals in patients with chronic ulcerative colitis if they have pancolitis for greater

than 7 years or left-sided colitis for greater than 15 years

14. Chronic in¯ammatory disease of the colon when precise diagnosis will in¯uence immediate management

15. Chronic in¯ammatory disease of the colon when determination of disease activity will in¯uence immediate management

16. Clinically signi®cant diarrhea of unexplained etiology

17. Intraoperative identi®cation of the site of a lesion that cannot be found by gross inspection or palpation
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cost-effective or of high utility in such cases, particularly
when patients do not have lower intestinal symptoms.
Other examples are included in Table IV.

BOWEL PREPARATION

General Instructions

When preparing for colonoscopy, the patient should
take only clear liquids by mouth beginning the day be-
fore elective examination and should have nothing but
medications and/or preparation solution on the day of
the exam. Physicians should instruct patients to avoid
red food coloring or red liquids so as not to mistake
passage of these for blood. Further instructions include
discontinuation of iron supplements 1 week before ex-
amination to reduce surface epithelial discoloration.

Polyethylene GlycolÿElectrolyte Solutions

A variety of bowel preparations have been used over
the years to cleanse the colon for examination. Many of
these have proved less than ideal. Currently, the two
most widely accepted and useful preparations include
electrolyte solutions of polyethylene glycol (PEGÿELS)
or oral sodium phosphate (Table V). The available
PEGÿELS agents are iso-osmotic electrolyte (mainly
sodium) solutions, which are not readily absorbed by
the intestinal mucosa. Assuming that the patient does
not take dietary sugar with the preparation (which
facilitates the absorption of sodium), all electrolytes
and water remain within the bowel lumen. When

taken over 2ÿ3 h, there is rapid washout of the entire
bowel. The volume required for adequate preparation
ranges from 2 to 4 liters or more. Typically, the bowel
preparation begins early in the afternoon on the day
before elective colonoscopy. This schedule minimizes
patient bowel movements late into the night.

Oral Phosphasoda Solutions

Recently, oral sodium phosphate solutions have
been used for colon preparation. Results from compar-
ative studies demonstrate that they are as effective as the
PEGÿELS solutions. Phosphasoda solutions are highly
osmotic and require much less volume than PEGÿELS
solutions. The patient takes 1.5 oz (45 ml) with approx-
imately 32 oz of water on the afternoon before
colonoscopy. The same preparation is repeated the
next morning. Although complications of preparations
are discussed below, it is worth noting that this prepa-
ration can cause mild mucosal in¯ammatory reactions
and may not be the best preparation for patients who are
having examinations to exclude in¯ammatory bowel
disease or other forms of colitis.

SEDATION

Just as bowel preparation regimens have changed
through the years, so have sedation techniques.
Whereas meperidine was widely used for many years,
it was recently discontinued in many units because of its
duration of action and the potential for seizures related
to drug metabolites. Fentanyl has replaced meperidine
for both its shorter half-life and reduced side effect pro-
®le. Patients tend to recover from colonoscopy more
quickly after fentanyl sedation.

Another change has been the increased use of
midazolam rather than diazepam. As with fentanyl,
midazolam has the bene®t of a shorter duration of ac-
tion. The combination of fentanyl and midazolam has
become a useful combination for adequate conscious

TABLE III Contraindications for Colonoscopy

1. Established or suspected perforated viscus

2. Toxic megacolon (e.g., C. dif®cile colitis)

3. Severe acute diverticulitis

4. Fulminant colitis

TABLE IV Situations in which Colonoscopy Is Not

Indicated or Has a Low Diagnostic Yield

1. Chronic, stable irritable bowel syndrome or abdominal pain

2. Acute, self-limited diarrhea

3. Metastatic adenocarcinoma of unknown primary when the

patient has no lower intestinal symptoms and when

diagnosis will not alter management

4. Routine follow-up of in¯ammatory bowel disease

5. Preoperative assessment for patients undergoing elective

abdominal surgery for noncolonic disease

6. Melena or other gastrointestinal bleeding when an upper

source is identi®ed

TABLE II Routine Indications for

Therapeutic Colonoscopy

1. Active lower intestinal bleeding secondary to lesions such as

ulcers, polypectomy sites, vascular malformations, and

diverticula

2. Foreign body removal

3. Decompression of acute nontoxic megacolon or sigmoid

volvulus

4. Palliative stent placement across a stenosing neoplasm

5. India-ink tattooing a cancer or neoplastic polyp for surgical

resection

6. Dilation of stenotic lesions such as anastamotic strictures

7. Snare polypectomy of polyps too large for safe resection

during ¯exible sigmoidoscopy
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sedation during most colonoscopies. Most patients
report good outcomes with this regimen.

When fentanyl and midazolam do not provide ade-
quate sedation, it may be necessary to pursue other
options. One option is propofol, which has a very
short half-life. Sedation lasts only as long as the drug
is being administered. Patients are generally well se-
dated for the examination and tolerate the procedure
without dif®culty. However, there are issues regarding
propofol that make it less than ideal for routine
colonoscopy. First, it often provides a level of sedation
beyond that of conscious sedation. In many units, an
anesthesiologist and/or respiratory therapist must be
available during administration should the patient be-
come oversedated and require intubation. Second, the
medication is more expensive than fentanyl and
midazolam, making the approach less cost effective.

In the very rare case that conscious sedation or
propofol is inadequate, the endoscopist can consider
general anesthesia. This requires coordination with
an anesthesiologist and is typically scheduled in ad-
vance. Patients often go for a preprocedure anesthesi-
ology clinic evaluation. This form of sedation adds
considerable cost to the procedure but should be
used when necessary.

RISKS AND POTENTIAL
COMPLICATIONS

Bleeding

The potential complications of colonoscopy are
listed in Table VI. One of the more common complica-
tions is bleeding. Although the risk of bleeding from
a diagnostic exam is only 0.02ÿ0.03%, the rate can
be as high as 1.6ÿ5.4% among patients who have
undergone polypectomy. Higher rates are re¯ected by
resection of lesions greater than 2 cm. Postpolypectomy
bleeding is most common within the ®rst 12 days of
the exam, but there have been reports of bleeding as

late as 29 days. Management of a postpolypectomy bleed
involves hemodynamic stabilization, transfusion as
required, and reversal of anticoagulation in certain
cases. If bleeding does not stop spontaneously, then
repeat examination may be indicated. Bleeding poly-
pectomy sites can often be treated with injection of
epinephrine (1 : 10,000 dilution) and/or electrocautery,
depending on the nature of the lesion. Occasionally,
interventional radiologic or surgical intervention is
required when endoscopic therapies fail.

Perforation

Although perforation is likely the most feared
complication of colonoscopy, the rate of occurrence
secondary to a diagnostic exam is approximately
0.045%. The risk can be higher following polypectomy,
with some older studies reporting an incidence as high

TABLE V PEGÿELS and Oral Phosphasoda Bowel Preparation Solutions

PEGÿELS Oral phosphasoda solution

2ÿ4 liters over a 2 to 3 h period the day before colonoscopy;

repeat preparation if not clear; may be delivered via

nasogastric tube for emergent, rapid preparation

1.5 oz of solution in 8 oz of water, followed by another

32 oz of water; taken the afternoon before the exam and

on the morning of examination

May be given to most any patient Avoid in patients with congestive heart failure, cirrhosis,

or creatinine 41.5

Not known to cause mucosal in¯ammation May cause mild in¯ammatory mucosal reactions that

endoscopically resemble forms of colitis

TABLE VI Potential Complications of Colonoscopy

and Bowel Preparations

1. Bleeding

Diagnostic exam 0.02ÿ0.03%

Therapeutic exam 1.6ÿ5.4%

2. Perforation

Diagnostic exam 0.045%

Therapeutic exam 51%

3. Infection 51%

4. Pain

5. Allergic reaction to sedatives

6. Hypotension or hypoxemia secondary to oversedation

7. Thrombophlebitis at intravenous entry site

8. Cardiac ischemia or arrhythmia

9. Postpolypectomy distension syndrome

10. Postpolypectomy coagulation syndrome

11. Hyperphosphatemia and/or hypocalcemia secondary to

phosphasoda bowel preparations

12. Volume overload secondary to phosphasoda bowel

preparations

13. Intravascular volume depletion secondary to phosphasoda

bowel preparations
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as 1%. Perforation can result from mechanical force,
colonic distension, and effects of polypectomy. A looped
colonoscope may create excessive mechanical stress
and perforation as the colon wall is stretched outward.
The bowel can also rupture if the colonoscope is pushed
blindly through a lumenal segment or if an instrument
tip (e.g., biopsy forceps) pierces the wall. Pneumatic
dilation causes perforation when the lumen is over-
distended during insuf¯ation. Finally, polypectomy
may cause perforation because of full-thickness cuts
or burns and there may be delayed rupture of necrotic
tissue in some instances.

Factors that increase the risk of perforation include
poor visualization secondary to inadequate bowel prep-
aration, acute bleeding, and an uncooperative patient.
There is also considerable perforation risk in cases of
fulminant colitis, severe diverticulitis, toxic megacolon,
or in cases where pneumatosis has been visualized on
diagnostic imaging. Care should be taken to recognize
and/or reduce perforation risks before a colonoscopy
is begun.

Perforation can manifest in several ways. Direct
visualization of the peritoneum is the most obvious
sign. However, perforation may not be immediately
apparent during colonoscopy. Patients may not develop
abdominal pain (beyond that expected for gaseous dis-
tension), rebound tenderness, hypotension, fever, or
tachycardia until after transfer to the recovery area.
Others may not have symptoms for several days after
the procedure.

Diagnosis of suspected perforation requires careful
physical examination followed by radiographic imag-
ing. An abdominal X ray will show pneumoperitoneum
when a considerable amount of air has escaped the
bowel lumen. In some cases, diagnosis requires an
enema with water-soluble contrast (gastrograf®n).
Leakage of contrast is diagnostic of perforation.

Whenever there is pneumoperitoneum or contrast
extravasation on imaging, surgical intervention is im-
mediately required. When there is no obvious evidence
for gross perforation, treatment might involve intrave-
nous antibiotics and supportive care. In either case, a
surgical consultation should be made as soon as the
problem is recognized or suspected.

Infection

Systemic Infection

The risk of developing systemic infection from
colonoscopy is very low. In several studies looking at
bacteremia following colonoscopy, the combined inci-
dence was 0.01%. In these studies, blood cultures were
drawn within 5 min of colonoscopy completion and

none of the study patients developed an acute illness
afterward. Follow-up cultures were persistently nega-
tive in these cases.

Endocarditis

Although endocarditis can be a concern for patients
with increased generalized risk, there are no well-doc-
umented reports of endocarditis following colonoscopy.
Still, some authors have implicated colonoscopy as the
cause in a few cases. Antibiotic prophylaxis to prevent
endocarditis is not recommended for most patients and
will be discussed below.

Arrhythmia and Cardiac Ischemia

Generally, it is recommended that patients have
continuous cardiac monitoring during colonoscopy be-
cause a number of studies have demonstrated transient
and variable electrocardiogram abnormalities during
colonoscopy. Although rare, there have been reports
of myocardial infarction occurring during colonoscopy.
Care should be taken to reduce cardiac ischemic risk in
patients undergoing colonoscopy whenever possible.

Postpolypectomy Distension Syndrome

Postpolypectomy distension syndrome (PDS) refers
to pain caused by excessive insuf¯ation of the colon. The
pain of this syndrome can be quite impressive. In fact, it
can be dif®cult to distinguish from perforation in some
cases. The key differentiating factors are that patients
with PDS do not develop peritoneal signs, fever,
tachycardia, hypotension, or other common signs of
perforation. The treatment for this problem is to turn
the patient onto his or her right side so that air moves
up to the splenic ¯exure and then through the left
colon for release. It is expected that this problem will
resolve spontaneously with patient movement and
expulsion of gas.

Postpolypectomy Coagulation Syndrome

Polypectomy coagulation syndrome (PCS) results
from deep tissue injury caused by electrical currents
in a polypectomy snare, `̀ hot'' biopsy forceps, or cautery
probe. Whereas the operator intends to apply thermal
energy only to a polyp or other lesion at the mucosa or
submucosa, PCS results when tissue damage extends
into the muscularis propria and/or serosa. PCS is
most often caused by prolonged application of electrical
current. Although the colon is not perforated, there can
be transmural necrosis, which sometimes leads to
perforation.
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Clinical evidence of PCS typically manifests within
hours to 5 days after colonoscopy and symptoms can
mimic perforation. Patients may present with peritoneal
signs, fever, leukocytosis, tachycardia, or hypotension.
Abdominal imaging should be used to exclude perfora-
tion in such cases. Thereafter, treatment consists of
bowel rest, intravenous ¯uid hydration, antibiotics,
and supportive care. If the patient's condition worsens,
repeated radiography should be used to exclude new
perforation.

Complications of Bowel Preparations

As previously discussed, the most common solu-
tions used for bowel preparation are PEGÿELS and
oral sodium phosphate. The advantage of PEGÿELS
solutions is that they have no real toxicity. Volume
overload is avoided because sodium and ¯uids are
not readily absorbed during preparation. This is espe-
cially important for patients with renal disease, conges-
tive heart failure, or cirrhosis. The disadvantages of
PEGÿELS preparations are that patients are required
to drink large volumes (4 liters or more) and the
taste is often poorly tolerated. Because of the large
ingested volumes, patients may experience abdominal
distension, nausea, vomiting, and even aspiration. This
can lead to poor compliance with the preparation, a
poorly cleansed colon, or more serious health problems.

Oral sodium phosphate solutions have become pop-
ular because of their smaller preparation volumes, im-
proved taste, and lower cost. However, these solutions
can cause signi®cant electrolyte and ¯uid shift abnor-
malitiesasphosphateandsaltsmove inandoutof thevas-
cular space. One risk is hyperphosphatemia. Although
most documented cases have been asymptomatic, there
have been several deaths related to phosphate overload.
There can be also arrhythmic complications resulting
from hypocalcemia and hypokalemia. Furthermore,
there is a risk for transient volume overload related to
phosphate absorption and ¯uid shifts into the intra-
vascular space. These factors have led to the recommen-
dation that phosphasoda preparations be avoided in
patients with renal insuf®ciency (creatinine >1.5),
congestive heart failure, and cirrhosis.

Although there can be transient volume overload
with oral phosphasoda preparations, there is also the
risk of volume depletion. This occurs secondary to ¯uid
and electrolyte losses in the stool. These preparations
should be prescribed only for the appropriate patient
and the patient should be counseled to drink large
volumes of water after the preparative solution has
been consumed.

Combustion of Colonic Gases

A good bowel preparation is important for reducing
the chance of a colonic explosion. Colonic bacteria re-
lease hydrogen and methane gas during normal metab-
olism. If bacteria and stool are not adequately removed,
there is a chance of explosion when using electro-
cautery. This is more than a theoretical risk as there
have been published reports of explosions occurring
in poorly prepared colons.

ANTIBIOTIC PROPHYLAXIS

Infectious complications from colonoscopy are un-
common. Although there is a risk of transient bacter-
emia during colonoscopy, only a few published reports
have directly attributed infective endocarditis to
colonoscopy. Furthermore, there are no prospective,
controlled trials proving that antibiotic prophylaxis pre-
vents the development of endocarditis in this setting.
Because of these facts, and because bacteremia rates are
very low during colonoscopy, the ASGE has not made
formal recommendations for antibiotic prophylaxis
in any individual undergoing colonoscopy. The ASGE
has left it to the practitioner's discretion whether to
administer prophylactic antibiotics to patients consid-
ered `̀ high risk'' for the development of infective endo-
carditis. These patients include those with a history of
endocarditis and those with prosthetic heart valves or
surgically constructed systemicÿpulmonary shunts
or conduits. There are insuf®cient data to recommend
antibiotic prophylaxis for all other patients, including
those with cirrhosis, prosthetic joints, or synthetic
vascular grafts and other immunocompromised
patients. As with the high-risk patients described
above, the decision of whether to give prophylaxis to
a patient with a synthetic graft less than 1 year old is
left up to the practitioner.

When antibiotic prophylaxis is administered, cur-
rent recommendations are for the use of preprocedure
intravenous ampicillin and gentamicin. Thirty minutes
before colonoscopy, the patient is given 2 g of ampicillin
and 1.5 mg/kg (up to 80 mg) of gentamicin. Six hours
after the colonoscopy, the patient is given a 1.5 g oral
dose of ampicillin. In the case of penicillin allergy, 1 g of
vancomycin is given in place of the ampicillin.

ANTICOAGULATION ISSUES

Many patients take anticoagulants for reasons such as
mechanical heart valves, previous stroke, myocardial
infarction, and deep venous thrombosis. When making
decisions about withholding anticoagulants for

COLONOSCOPY 455



colonoscopy, physicians must weigh procedural bleed-
ing risks against the thromboembolic risks of stopping
anticoagulation. It is useful to divide bleeding and
thromboembolic risks into low- and high-risk
categories when making these decisions. For example,
diagnostic colonoscopy (with or without biopsy) is of
low risk for causing bleeding (51%). However,
colonoscopy with snare polypectomy, coagulation ther-
apy, or pneumatic dilation carries a much higher risk
(1ÿ5%). Likewise, persons with a low risk for throm-
boembolic complications are those with previous deep
venous thrombosis, chronic/paroxysmal atrial ®brilla-
tion (without valvular disease), bioprosthetic heart
valves, and mechanical aortic valves. High-risk patients
include those who have mechanical mitral valves, atrial
®brillation plus valvular heart disease or mechanical
valves, and mechanical valves in the setting of prior
thromboembolic disease. ASGE recommendations for
anticoagulant management are found in Table VII.

With regard to aspirin and other nonsteroidal anti-
in¯ammatory agents, the ASGE has recommended con-

tinued usage through most endoscopic procedures.
However, many physicians will ask patients to discon-
tinue aspirin for therapeutic colonoscopy because of the
inherent bleeding risks. Although there have been in-
suf®cient data for formal recommendations regarding
use of dipyridimol and ticlodipine, many physicians
follow the same recommendations as for aspirin.
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TABLE VII ASGE Recommendations for Anticoagula-

tion Management among Patients Undergoing

Colonoscopy, Based on Their Thromboembolic Risk

when Off Medication

Procedure risk�
thromboembolic risk Recommendation

Low�Low Do not change anticoagulation;

delay elective procedures if

INR supratherapeutic

Low�High Do not change anticoagulation;

delay elective procedures if

INR supratherapeutic

High�Low Discontinue warfarin 3ÿ5 days

prior to the procedure and

restart after the procedure

High�High Discontinue warfarin 3ÿ5 days

prior to the procedure and

consider using a `̀ heparin

window''
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aberrant crypt foci Clusters of colonic crypts that typically

appear larger and thicker than normal; lumenal shape

may also be altered; thought to represent an early

precursor of adenocarcinoma, especially when dysplasia

is present.

adenocarcinoma A malignant neoplasm derived from gland-

ular epithelium.

adenomatous polyp (or adenoma) A premalignant neoplasm

arising from glandular epithelium.

case-control study An epidemiological study design wherein

exposures are compared between a group of individuals

with the disease of interest (cases) and a group of

individuals without the disease of interest (controls);

also called a retrospective study, since the exposure

information is collected after a diagnosis has been

established.

chemoprevention The use of chemical compounds to

prevent, inhibit, or reverse carcinogenesis before dys-

plastic epithelial cells invade across the basement

membrane; may refer to either nutritional or pharma-

ceutical agents.

cohort study An epidemiological study design wherein a

group of exposed individuals and a group of non-

exposed individuals are followed forward in time to

compare incidence rates for the disease of interest;

also called a prospective study, since the exposure

information is collected before a diagnosis has been

established.

distal colon Anatomic subsite of the colorectum that

includes the descending colon, sigmoid colon, and

rectosigmoid colon; may sometimes include the rectum

as well.

meta-analysis The analysis of combined data from multiple

epidemiological studies, for the purpose of integrating

the ®ndings; often used to increase statistical power

and/or provide a broader perspective when individual

study results are inconsistent.

metachronous neoplasia Tumors (adenomas, adenocarcino-

mas, or a combination of both) that are diagnosed at

different points in time; in clinical practice, metachro-

nous neoplasms may refer to newly formed and newly

discovered tumors.

proximal colon Anatomic subsite of the colorectum that

includes the cecum, ascending colon, and transverse

colon.

Surveillance, Epidemiology, and End Results (SEER)

program An authoritative source of information on

cancer incidence and survival in the United States;

coordinated by the National Cancer Institute; currently

collects and publishes cancer incidence and survival data

from 11 population-based cancer registries and 3

supplemental registries, which cover approximately

14% of the U. S. population in total.

synchronous neoplasia Tumors (adenomas, adenocarcino-

mas, or a combination of both) that are diagnosed at the

same point in time.

TNM staging system A universal cancer classi®cation system

that is based on tumor extent (T), lymph node status (N),

and the presence or absence of distant metastases (M);

provides a standardized measure for planning treatment

and predicting prognosis.

Among all cancers, colorectal cancer (CRC) has the third

highest incidence rate in the world, trailing only lung and

breast cancers. According to recent estimates, 944,700

new CRC cases are diagnosed annually and 492,400

deaths are attributed to this disease each year. In the

United States, approximately 1 in every 18 persons will

be af¯icted with CRC over the course of a lifetime. Despite

these sobering statistics, emerging data suggest that the

large majority of CRC cases may be prevented through the

design of (and compliance with) effective early detection

programs. Advances in CRC treatment and control strat-

egies should further reduce the societal burden imposed

by this relatively common disease.

CLINICAL ASPECTS

Ninety-eight percent of all malignancies that develop
within the large intestine arise from glandular
mucosa and are thus classi®ed as adenocarcinomas by
histology. Less frequently encountered histologic sub-
types include lymphomas, carcinoid tumors, and
leiomyosarcomas. Metastatic lesions rarely present
within the colorectum, but can include adenocarcino-
mas arising from the breast, ovary, prostate, lung, or
stomach. Malignant melanomas may occasionally
spread to the colorectum as well. Because nearly all
lower gastrointestinal tract neoplasms are primary ad-
enocarcinomas, the term colorectal cancer (CRC) gen-
erally refers to this tumor subtype. This convention is
used throughout the remainder of the text.
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Carcinogenic Process

Colorectal carcinogenesis is a multistep process that
begins with the clonal expansion of genetically altered
epithelial cells (Fig. 1). Clustering of these abnormal
cells results in the formation of aberrant crypt foci. Ab-
errant crypt foci (ACF) represent the earliest stage of
dysplasia that can be recognized using current technol-
ogy. In response to poorly understood molecular sig-
nals, a subset of ACF advance to become adenomatous
polyps, which are often referred to simply as adenomas.
Adenomas can further progress in terms of size (dimin-
utive to small to large), glandular distortion (tubular to
tubulovillous to villous), and/or dysplasia grade (low to
high). When dysplastic cells invade across the basement
membrane, the requisite criterion for transformation
from a benign adenoma to a malignant adenocarcinoma
is achieved. This process is thought to occur in a small
fraction (8ÿ12%) of all adenomas.

Although less fully characterized, a minority of
CRCs are thought to arise de novo or from `̀ ¯at'' colo-
rectal adenomas. These lesions tend to be found in the
proximal colon and likely progress through an alternate
pathway of carcinogenesis. Data regarding the preva-
lence and natural history of less-understood precursor
lesions are currently being gathered. Ongoing research
in this area may reveal new insights regarding the clin-
ical characteristics of nonpolypoid CRCs during the
next several years.

Presentation and Staging

The clinical manifestations of CRC relate in part
to tumor location. Typical signs and symptoms of prox-
imal (cecum, ascending, transverse) colon malignancies

include ill-de®ned abdominal pain, weight loss, and
occult bleeding. Distal (descending, sigmoid) colon
and rectal cancers commonly present with altered
bowel habits, decreased stool caliber, and hemato-
chezia. Regardless of anatomic subsite, CRCs often
remain asymptomatic until relatively late in the disease
course. Accordingly, patients who delay seeking med-
ical attention until after symptoms develop are more
likely to be diagnosed with advanced-stage disease.

Colonoscopy is the test of choice for establishing
the diagnosis of CRC. Once cancer has been histolog-
ically con®rmed, a staging work-up is performed among
potential surgical candidates. Computerized tomogra-
phy (CT) of the abdomen and pelvis is used as the pri-
mary tool for detecting both regional and distant
metastases. In the setting of a lumenally obstructing
CRC, CT colonography can be used to rule out
synchronous neoplasia in the proximal colon, while
simultaneously providing an abdominopelvic survey.
For rectal cancers, endoscopic ultrasound helps to de-
termine the locoregional extent of disease, which might
in¯uence the timing of adjuvant chemotherapy and/or
radiation therapy. Positron emission tomography
(PET) affords a whole body screen for malignant dis-
ease. However, because of its high cost and limited
accessibility, PET scanning is often not included in
the initial CRC staging evaluation.

The most de®nitive assessment of CRC stage is made
from surgical pathology specimens. Tumor size, depth
of invasion, lymph node involvement, and distant me-
tastases represent core elements of the TNM staging
system (Table I). TNM stages IÿIV have been shown
to correlate with 5-year survival rates. In general, stage I
disease is associated with a very favorable prognosis,
whereas stage IV disease portends a rapidly fatal out-
come. Within TNM stages, 5-year survival rates are
lower for rectal cancers than for colon cancers. This
observation may be related, at least in part, to
differences in anatomic structure (i.e., lack of a serosal
lining in the rectum) and physiologic function between
these organ subsites.

HOST FACTORS

Similar to many other malignancies, CRC risk increases
with advancing age. Based on data from the
Surveillance, Epidemiology, and End Results (SEER)
program, CRC incidence rates begin to rise rapidly
after the age of 50 years and increase steadily until
the age of approximately 80 years. Fewer than 5% of
all CRC cases occur among persons younger than 45
years of age. With respect to premalignant colorectal
neoplasia, adenoma prevalence rates also increase

A B C D

FIGURE 1 The process of colorectal carcinogenesis, as repre-

sented by schematic and endoscopic images. (A) Normal colorec-

tal mucosa. (B) Aberrant crypt foci. (C) Adenomatous polyp. (D)

Adenocarcinoma.

458 COLORECTAL ADENOCARCINOMA

�����	��� 6��� ���
���	�
�



with age, with estimates of 30% at 50 years, 40ÿ50% at
60 years, and 50ÿ65% at 70 years of age. Gender is not
strongly associated with overall CRC risk, but CRC dis-
tributions by anatomic subsite are different between
men and women. Most notably, the rate ratio of prox-
imal : distal CRCs is much higher among women (1.23)
than among men (0.86) after the age of 65 years.

For reasons that remain incompletely de®ned, racial
and ethnic subgroups of the U. S. population experience
fairly striking dissimilarities in CRC incidence, mortal-
ity, and 5-year survival rates. For example, among the
six race/ethnicity subgroups recognized by the SEER
program, African Americans have the highest CRC in-
cidence rate, highest CRC mortality rate, and the second
lowest 5-year survival rate. Further exploration of CRC
risk associations within and across racial, ethnic, and
culturally diverse subject groups is needed to determine
the predominant mechanisms of, and appropriate inter-
ventions to disrupt, carcinogenesis in these population
subsets.

In addition to age, gender, and race/ethnicity, sev-
eral host and environmental factors have been convinc-
ingly associated with CRC risk. Key points regarding
these risk associations are highlighted below.

Personal History of Colorectal Neoplasia

Patients with a history of colorectal adenomas are
three to six times more likely to develop metachronous
neoplasms (adenomas or CRC diagnosed at a later point
in time) than are persons of the same age, gender, and
race/ethnicity in the general population. Adenomas that
are large in diameter (�1 cm), multiple in number (�3
total), or `̀ aggressive'' by histology (villous glandular
formation or high-grade dysplasia) portend the highest
risks. In a retrospective study of patients with adenomas
�1 cm in diameter that were managed by observation
only (prior to the widespread availability of
colonoscopy), CRC risks were found to increase pro-
gressively over time. After 5, 10, and 20 years of follow-

TABLE I Colorectal Cancer Survival by TNM Stage

TNM Stage Description Approximate 5-year survival rate (%)

0 Con®ned to the epithelium or invading into the lamina propria (Tis); 100

no lymph node involvement (N0);

no distant metastases (M0)

I Invasion of the submucosa (T1); 95

no lymph node involvement (N0);

no distant metastases (M0)

Invasion of the muscularis propria (T2) 90

no lymph node involvement (N0);

no distant metastases (M0)

II Invasion through the muscularis propria into the subserosa or

nonperitonealized pericolic/perirectal tissues (T3);

80

no lymph node involvement (N0);

no distant metastases (M0)

Perforation of visceral peritoneum or direct invasion into

adjacent organs or tissues (T4);

75

no lymph node involvement (N0);

no distant metastases (M0)

III Any depth of invasion (TisÿT4); 72

metastases in 1ÿ3 pericolic or perirectal lymph nodes (N1);

no distant metastases (M0)

Any depth of invasion (TisÿT4); 60

metastases in 4 or more pericolic or perirectal lymph nodes (N2);

no distant metastases (M0)

Any depth of invasion (TisÿT4); 40

metastases in lymph nodes along a named vascular trunk or

tumor invasion of adjacent organs (N3);

no distant metastases (M0)

IV Any depth of invasion (TisÿT4); 5

any nodal status (N0ÿN3);

distant metastases present (M1)
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up, 2.5, 8, and 24% of these patients developed CRC.
Data from the National Polyp Study additionally showed
that recurrent adenomas were signi®cantly more com-
mon at the ®rst surveillance exam among patients with
large adenomas (51 cm in diameter; odds ratio 1.6; 95%
con®dence interval 1.1ÿ2.5) or multiple adenomas (�3
total; odds ratio 2.4; 95% con®dence interval 1.7ÿ3.5)
at baseline, compared to patients with smaller and fewer
adenomas, respectively. Importantly, neither diminu-
tive hyperplastic polyps nor diminutive or small tubular
adenomas �2 in total number appear to be associated
with increased CRC risk.

Patients with a history of CRC are prone to devel-
oping recurrent primary cancers, second primary can-
cers, and metachronous adenomas. The majority of
recurrent CRCs are diagnosed within 3 years (85%)
of the initial operation. Median time to detection of
metachronous adenomas ranges from 19 to 32 months
in this patient group.

Family History of Colorectal Neoplasia

Familial clustering can be observed in up to 20% of
all CRC cases. Large epidemiologic studies have shown
that CRC risk is increased by 1.5- to 2-fold among ®rst-
degree relatives of patients with colorectal neoplasia.
Although less thoroughly investigated, having second-
or third-degree relatives with CRC also appears to
confer a modestly increased risk. In a minority of
families, multiple individuals are found to have docu-
mented histories of CRC or other cancers. Heritable
cancer syndromes should be strongly considered in
this context, particularly when a kindred includes
one or more family members diagnosed with malignant
disease at an early age (see Heritable Syndromes).

In¯ammatory Bowel Disease

Idiopathic in¯ammatory bowel disease (IBD) is an
established risk factor for CRC. Among patients with
ulcerative colitis, cumulative CRC incidence rates range
from 1.8% after 20 years to 43% after 35 years of disease.
The extent of colonic in¯ammation is also thought to
modify CRC risk (i.e., CRC risk is higher among pa-
tients with pancolitis than among patients with distal
colitis or proctitis). In contrast, colitis severity and co-
litis activity appear to have little in¯uence on CRC risk.
Relatively few studies have speci®cally addressed an
association between CRC and Crohn's disease. How-
ever, existing data suggest that CRC risks are similarly
elevated among patients with either Crohn's disease or
ulcerative colitis after adjusting for the duration of IBD.
Other chronic in¯ammatory conditions such as micro-

scopic colitis and lymphocytic colitis have not been
convincingly associated with CRC risk.

Other Medical Conditions

Type II diabetes mellitus (DM) has been positively
associated with CRC risk in some, but not all, epidemi-
ologic investigations. In the largest prospective study
reported to date, men with DM were 30% more likely to
die from CRC than men without DM. CRC mortality
rates were also higher among diabetic women, but this
risk estimate was slightly lower (16%) and was not sta-
tistically signi®cant. Acromegalics may be metabolically
and/or anatomically predisposed to higher CRC risks.
However, due to the relative rarity of this condition,
most observational studies have lacked adequate statis-
tical power to con®rm or exclude a true risk association.
Cholecystectomy results in altered fecal bile acid com-
position. Two recent meta-analyses found that CRC risk
was increased by up to 34% after gallbladder removal.
Yet, because of limitations in the design of some previ-
ous studies, this association remains controversial.

ENVIRONMENTAL FACTORS

Diet and Nutrition

An estimated 30% of all cancers may be avoid-
able through dietary modi®cation. Unfortunately,
identifying the food components that are most impor-
tant to colorectal carcinogenesis remains an ongoing
challenge. Select macro- and micronutrients with a pu-
tative in¯uence on CRC risk are discussed below.

Macronutrients

Dietary fats induce the excretion of primary bile
acids, which can then be converted into pro-
carcinogenic secondary bile acids by the colonic bacte-
ria. Although ecological studies have repeatedly shown
a strong association between per capita fat consumption
and CRC incidence rates (with correlation coef®cients
ranging from 0.8 to 0.9), data from case-control and
cohort studies have been less consistent. In a compre-
hensive report published jointly by the World Cancer
Research Fund and the American Institute for Cancer
Research in 1997, total fat intake and saturated fat intake
were both concluded to be possible, but not de®nite,
CRC risk factors. Further exploration of hypothesized
positive and negative associations with speci®c fatty
acid subtypes (such as o-6 and o-3 polyunsaturated
fatty acids, respectively) is needed to clarify the poten-
tial role of dietary fats in CRC risk modulation.
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Fiber enhances stool bulk, stimulates intestinal
transit, decreases secondary bile acid concentrations
(possibly pro-carcinogenic), and increases short-chain
fatty acid concentrations (possibly anti-carcinogenic).
Numerous epidemiological studies have observed
inverse associations between high ®ber intake and
CRC risk. However, several large clinical trials using
various ®ber-based interventions have been completed
with little, if any, bene®cial effects observed against the
surrogate end-point of adenoma recurrence.

Micronutrients

Calcium binds to intralumenal toxins and may also
decrease cellular proliferation within the colorectum. In
one recent clinical trial, calcium supplementation was
associated with a statistically signi®cant 19% reduction
in the adenoma recurrence rate among postpolypect-
omy patients after 4 years. Antioxidants (including ret-
inoids, carotenoids, ascorbic acid, a-tocopherol, and
selenium) neutralize free radical compounds, which
might stimulate tumorigenesis within the colorectum.
Observational data referent to antioxidant intake and
CRC risk have been generally unimpressive. Similarly,
mixed results have been obtained from ®ve clinical tri-
als, with the largest and most rigorously designed study
®nding no statistically signi®cant bene®ts from either a
combination of vitamin C and vitamin E or a com-
bination of vitamin C and b-carotene. Methyl donors,
including folate and methionine, are critical for
maintaining normal cellular functions such as
nucleotide synthesis and gene regulation. Data from
most prospective observational studies support an
inverse association and several folate intervention trials
are under way.

Lifestyle Factors

Alcohol induces cellular proliferation, blocks
methyl group donation, and inhibits DNA repair. In a
meta-analysis of 27 case-control and cohort studies,
consumption of two alcoholic beverages per day was
associated with a modest, but statistically signi®cant,
10% elevation in CRC risk. Cigarette smoking appears
to increase CRC risk after a prolonged latency period of
perhaps 3ÿ4 decades. CRC incidence rates among to-
bacco users who began smoking in the distant past have
usually been two to three times higher than those ob-
served among never smokers. Physical activity appears
to have a protective in¯uence on CRC risk, which may
be related to lower serum insulin concentrations among
nonsedentary individuals. Overall, regular physical ac-
tivity seems to reduce CRC risk by approximately
40ÿ50%.

HERITABLE SYNDROMES

Although familial adenomatous polyposis (FAP) and
hereditary nonpolyposis colorectal cancer (HNPCC)
contribute to only 5ÿ10% of all CRC cases, these
syndromes are of substantial clinical and research im-
portance. The germ-line mutations responsible for FAP
(APC gene) and HNPCC (MLH1, MSH2, MSH6, PMS1,
and PMS2, and perhaps other as yet unrecognized
genes) are inherited in an autosomal dominant fashion,
have a high degree of penetrance, and lead to malignant
disease at a relatively early age. The major features of
these syndromes are discussed below. Further details
regarding FAP, HNPCC, and other heritable cancer
syndromes are available in the American Gastroenter-
ological Association's technical review on hereditary
CRC and genetic testing.

Familial Adenomatous Polyposis

Germ-line mutations in the APC gene occur in
approximately 1 in 5000 persons in the United States.
Up to 20% of FAP probands represent new onset
APC mutations with an unremarkable family history.
The hallmark lesion of FAP is diffuse colorectal poly-
posis, with hundreds to thousands of adenomas typically
developing at puberty or during adolescence.
Extracolonic manifestations of FAP include the follow-
ing: duodenal adenomas, gastric fundic gland hyperpla-
sia, mandibular osteomas, supernumerary teeth,
congenital hypertrophy of the retinal pigmented
epithelium, desmoid tumors, epidermoid cysts, ®bro-
mas, lipomas, and thyroid, adrenal, or hepatobiliary
cancers. Rarely, patients with germ-line APC mutations
also develop medulloblastomas. Without pro-
phylactic colectomy, FAP patients are almost univer-
sally diagnosed with CRC at a relatively young age
(mean� 45 years). A subset of patients with attenuated
FAP have relatively fewer adenomas (5100) and de-
velop CRC at a slightly older age (mean� 56 years).
Interestingly, colonic neoplasms are frequently found
in the proximal colon in patients with attenuated FAP,
for reasons that remain unclear.

Hereditary Nonpolyposis Colorectal Cancer

HNPCC is characterized by early onset CRC
(mean� 44 years), which tends to occur in the proximal
colon and exhibits the microsatellite instability pheno-
type. Up to 25% of HNPCC patients are found to have
more than one CRC at the time of their initial diagnosis.
Endometrial, ovarian, gastric, small bowel, hepato-
biliary, and genitourinary cancer risks are also increased
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within HNPCC kindreds. Clinical data can be used to
identify families with HNPCC. According to the revised
Amsterdam Criteria II, at least three relatives must have
an HNPCC-associated cancer and (1) one person is a
®rst-degree relative of the other two; (2) two or more
successive generations are affected; and (3) one or more
cancers were diagnosed before the patient was 50 years
of age. Muir-Torre syndrome represents a subset of
HNPCC patients with sebaceous neoplasms in addition
to the above-mentioned clinical manifestations (ratio of
men : women� 2 : 1).

EARLY DETECTION

The several-year dwell time of benign and presympto-
matic malignant colorectal neoplasms seemingly offers
an ample window of opportunity for effective early
detection. To succeed, CRC screening and surveillance
interventions must be accurate, ef®cient, safe, and
affordable when periodically applied to appropriate
at-risk populations. A general early detection
algorithm for colorectal neoplasia is provided in
Fig. 2. Salient features of the current screening and
surveillance guidelines are presented below, followed
by discussions of the available tools and emerging
technologies.

Current Screening and Surveillance Guidelines

Average-Risk Screening and Surveillance

Screening should begin at age 50 years for asymp-
tomatic adults who have no identi®able CRC risk fac-
tors. The American Cancer Society and other
organizations endorse several options and testing inter-
vals including the following: (1) fecal occult blood test
every year; (2) ¯exible sigmoidoscopy every 5 years; (3)
fecal occult blood test every year and ¯exible sigmoid-
oscopy every 5 years; (4) barium enema every 5 years;
and (5) colonoscopy every 10 years. Selection of a par-
ticular option is ideally based on an informed discussion

with patients that considers estimated effectiveness,
risks, and costs of each approach.

After a complete clearing colonoscopy has been per-
formed, surveillance colonoscopy is indicated at 3 years
for patients with advanced or multiple adenomas at
baseline or with a family history of CRC. Surveillance
procedures can be delayed for 5 years among low-risk
patients (i.e., those with only one or two diminutive or
small adenomas and no family history of CRC). Once a
negative surveillance colonoscopy has been docu-
mented, subsequent surveillance examinations may
be deferred for 5 years. Patients with previously resected
sessile adenomas 42 cm in diameter should be re-
endoscoped in 3ÿ6 months. If residual adenomatous
tissue is still present after two or three attempts at ther-
apeutic colonoscopy, surgical consultation should be
considered.

High-Risk Screening and Surveillance

For high-risk patients, the following early detection
recommendations have been adopted:

� FAP-¯exible sigmoidoscopy every year, beginning at
puberty;

� HNPCC-colonoscopy every other year, beginning at
age 20 and increasing to every year after age 40;

� Family history of colorectal neoplasia (not FAP) or
HNPCC-colonoscopy every 5 years, beginning at age
40 or 5 years, before the youngest case diagnosis,
whichever is earlier;

� In¯ammatory bowel disease-colonoscopy every year
after 8 years of pancolitis or after 15 years of distal
colitis only.

Malignant Polyps and Post-CRC Resection

Malignant polyps are de®ned as neoplasms with dys-
plastic cells invading through the muscularis mucosae
and can be treated endoscopically in some cases. The fol-
lowing criteria have been proposed as determinants of
acceptable risk for endoscopic management: (1) the le-
sion has been completely excised and submitted to the
pathologist in its entirety; (2) the depth of invasion,
grade of differentiation, and completeness of excision
can be accurately determined from the endoscopic resec-
tion specimen; (3) no signs of poor differentiation, vas-
cular invasion, or lymphatic involvement are identi®ed;
and (4) the margin of excision is free of cancer cells.

For patients with a history of curatively resected
CRC, clearing colonoscopy should be performed within
1 year of the initial operation. The ®rst surveillance
colonoscopy should be performed at 3 years and if

FIGURE 2 Basic algorithm for the early detection of colorectal

neoplasia.
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this examination is negative, the second surveillance
examination can be delayed for 5 years.

Fecal Occult Blood Tests

Fecal occult blood testing has been widely practiced
for more than 3 decades as an approach to colorectal
cancer screening. Though a variety of fecal occult blood
tests (FOBTs) are available, the guaiac-impregnated
Hemoccult card has been most commonly used.
Three large controlled trials have demonstrated that
Hemoccult screening over more than 10 years signi®-
cantly reduces colorectal cancer mortality, although re-
ductions were modest at 15ÿ33%. Furthermore, the
impact of FOBT screening on colorectal cancer inci-
dence was either negligible or slight. Such outcomes
are consistent with a tool that misses most premalignant
lesions and many early stage cancers. Indeed, direct
comparisons of Hemoccult testing against colonoscopy
in a screening population have revealed Hemoccult
point sensitivities for cancer of 11ÿ50% and for ad-
vanced adenomas of 5ÿ25% with Hemoccult speci®city
ranging from 88 to 98%. The likelihood of ®nding a
colorectal cancer or advanced adenoma with a positive
Hemoccult test result (positive predictive value) has
ranged from 8 to 20% depending on the test technique
and population studied. Immunochemical FOBTs may
offer some advantages in speci®city, as they do not react
with dietary or other fecal constituents that confound
guaiac testing.

FOBT screening is noninvasive, relatively inexpen-
sive, requires no cathartic preparation, and can be
performed without a formal healthcare visit. These
advantages must be balanced against its low sensitivity,
relatively modest impact on colorectal incidence and
mortality, and high false-positive rate.

Flexible Sigmoidoscopy

Case control studies have estimated that sigmoidos-
copy screening reduces both incidence and mortality
rates from colorectal cancer and that the bene®t is pre-
served with screening frequencies as low as every 10
years. However, failure to inspect the proximal colon
is an inherent shortcoming of sigmoidoscopy and case
control studies suggest that sigmoidoscopy has no effect
on mortality from proximal colon cancer. Although no
rigorous sensitivity studies have been carried out, cur-
rent length ¯exible sigmoidoscopes may detect only
30ÿ50% of colorectal cancers due to incomplete inser-
tion and other technical limitations in common prac-
tice. Moreover, the incidence trend toward more
proximal cancers will continue to compromise sigmoid-
oscopic detection rates over time. Most practitioners

advocate that the proximal colon should be evaluated
if polyps are found on sigmoidoscopy and this approach
has the potential to increase overall cancer detection
rates slightly.

The advantages of sigmoidoscopy include its general
availability, lack of sedation requirement, and lower cost
compared to colonoscopy. Disadvantages include its in-
complete inspectionof thecolon,modesteffectiveness in
overall cancer mortality reduction, and associated dis-
comfort. Some surveys have indicated that fewer than
half of those patients undergoing sigmoidoscopy are wil-
ling to return for repeat screening by this modality.

Barium Enema

Few data are available on the effectiveness of colo-
rectal screening by barium enema radiography. The
sensitivity of colon X rays for colorectal neoplasms
>1 cm may be only approximately 50%, based on com-
parisons against colonoscopy in asymptomatic screen-
ing populations. Although barium X rays image the
entire colorectum, viewing is limited to a two-dimen-
sional plane with confounding due to superimposed
radiodensities and other technical factors. Speci®city
may be no higher than 80ÿ85%, meaning that
15ÿ20% of normal patients will have false-positive
test results.

Theadvantagesofbariumenemaradiographyinclude
avoidance of sedation and imaging of the full length of
the colorectum. This approach may have special attrac-
tiveness in individuals who are on anticoagulants or
who have structural impediments to safe colonoscopy
(e.g., ®xed and narrowed sigmoid colons due to dense
diverticulosis). Offsetting disadvantages include the un-
certain bene®t of this approach, the requirement for full
cathartic preparation (and repreparation if a lesion is
found), and a high false-positive rate.

Colonoscopy

Most clinicians consider colonoscopy to be the di-
agnostic gold standard for colorectal evaluation. How-
ever, owing to its expense, invasiveness, and small risk
of fatal complications, colonoscopy had not been con-
sidered for average-risk screening until recently. Lack-
ing controlled trials on the effectiveness of colonoscopy,
various models suggest that colonoscopy is the most
effective tool available to reduce colorectal cancer inci-
dence and mortality. At a frequency of every 10 years
beginning at age 50, screening colonoscopy is estimated
to reduce colorectal cancer by 75ÿ90%. Medicare now
covers colonoscopy for average-risk screening.

The advantages of screening colonoscopy are its
unparalleled point sensitivity and speci®city, high
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level of effectiveness in reducing colorectal cancer risk,
and capacity to remove premalignant lesions without
additional procedures. Disadvantages include the in-
convenient and unpleasant bowel preparation, time
away from daily activities, sedation, limited or delayed
access in many areas, and small risk of serious compli-
cations. Furthermore, at a frequency of every 10 years,
the most aggressive neoplasms (i.e., those with the
shortest premalignant dwell time) may be missed.

Emerging Technologies

New approaches to colorectal cancer screening may
offer patient-friendly improvements and encompass
more accurate stool tests, especially those that target
DNA markers, and minimally invasive structural eval-
uation by CT colonography (virtual colonoscopy).

DNA-Based Stool Testing

DNA-based stool testing represents a novel early
detection method with considerable promise. Because
DNA is released into the fecal stream continuously via
exfoliation, rather than intermittently via bleeding, tar-
geting this class of markers should lead to enhanced
sensitivity over fecal occult blood testing. Moreover,
since DNA originates directly from the neoplasm, rather
than from the circulation, a higher level of speci®city
is possible. Known genetic alterations associated with
colorectal carcinogenesis can be targeted as markers.
Sensitive laboratory techniques allow for the detection
of minute amounts of fecal DNA and these analytes also
appear to be stable during transit and storage. Finally,
dietary constituents and pharmaceutical agents are
unlikely to interfere with fecal DNA testing.

Early investigations assessing single DNA markers
(usually K-ras) demonstrated that the mutations pres-
ent in tumor tissue can be detected in stool obtained
from the same patient. However, because colorectal
neoplasms are known to be genetically heterogeneous,
no single universally expressed mutation has yet been
identi®ed. For example, mutant K-ras appears to be
present in fewer than half of all large bowel tumors,
which would restrict its maximum sensitivity for
CRC detection to less than 50% if used as the sole analyte
in a stool screening assay.

Early data suggest that the diagnostic yield is in-
creased using multitarget stool assays directed at a spec-
trum of DNA alterations associated with CRC. Findings
to date further suggest that fecal DNA screening may
also detect supracolonic aerodigestive cancers at sensi-
tivities comparable to those observed with colorectal
neoplasia. As such, stool screening with DNA markers
could have cancer control bene®ts beyond just the

colorectum alone. However, it will be important to eval-
uate the implications of these preliminary results on
other relevant program parameters, such as screening
cost-effectiveness, and corroborate performance char-
acteristics in large representative populations.

Computed Tomography Colonography

CT colonography represents a new minimally inva-
sive alternative to conventional colorectal imaging that
incorporates virtual reality technology and rapid CT
scanners to yield detailed two and three-dimensional
views of the entire colorectal surface. After a CT scan
in the supine and prone positions, each obtained with
a single breath-hold, diagnostic interrogation is per-
formed on the virtual image rather than on the patient.
Early studies by some indicate that cathartic bowel
cleansing may be obviated, as stool can be subtracted
digitally from the image, and such virtual preparation
may represent an important incentive for compliance.
CT colonographyappears todetect colorectalneoplasms
>1 cm at sensitivity rates of 70ÿ95% with speci®cities
of 85ÿ95%, based on early observations in selected pa-
tient populations. Performance characteristics in large
screening populations have not yet been determined.

Based on modeling using performance assump-
tions to date, CT colonography may not be cost-effective
relative to screening colonoscopy unless it is
substantially less expensive than colonoscopy and
compliance is much higher. Technical re®nements
with CT colonography will certainly continue.

CHEMOPREVENTION

Chemoprevention can be de®ned as the use of chemical
compounds to prevent, inhibit, or reverse carcinogen-
esis prior to the point when dysplastic epithelial cells
invade across the basement membrane. In its broadest
sense, chemoprevention includes the use of either nu-
tritional or pharmaceutical agents. A variety of nutri-
tional interventions have been described above (see
Environmental Factors). The following section high-
lights three pharmaceutical agents with potential appli-
cation to CRC chemoprevention.

Nonsteroidal Anti-In¯ammatory Drugs

Extensive epidemiologic data suggest that regular
use of nonsteroidal anti-in¯ammatory drugs (NSAIDs)
may reduce CRC risk by approximately 40ÿ60%. The
chemopreventive effects of NSAIDs are thought to result
from cyclooxygenase-2 (COX-2) inhibition. Recently,
agents that selectively block the COX-2 enzyme isoform
(for example, celecoxib and rofecoxib) have been devel-
oped. These drugs are being actively investigated among
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high-risk CRC patients to determine whether they
afford an improved risk : bene®t pro®le.

Exogenous Estrogens

Estrogen compounds decrease hepatic bile acid syn-
thesis, with a consequent lowering of secondary bile
acid concentrations within the colorectal lumen. The
estrogen receptor also appears to be functionally impor-
tant in growth regulation in the large bowel mucosa,
although the speci®c cellular pathways involved have
yet to be de®ned. Based on a recent meta-analysis of 28
observational studies, ever use of estrogen compounds
appears to decrease CRC risk by approximately 20%.

Ursodeoxycholic Acid

Ursodeoxycholic acid (UDCA) is a hydrophilic
epimer of chenodeoxycholate. This compound is non-
cytotoxic, stimulates the expression of major histo-
compatibility complex antigens, and may serve to
bene®cially modulate cellular growth and differentia-
tion through a protein kinase C-mediated pathway.
When used to treat patients with liver disease, UDCA
has been found to have an excellent safety pro®le. Im-
pressive chemopreventive potential has been demon-
strated in animal models of CRC. Two randomized,
clinical trials among patients with a history of colorectal
adenomas are currently under way. These data should
provide strong evidence regarding the chemopreventive
ef®cacy of UDCA.

TREATMENT

Surgery

Surgical excision is the mainstay of CRC treatment,
especially when a curative outcome may be potentially
achievable. The type of operation and extent of resection
are dependent on multiple factors, including tumor lo-
cation, size, and preoperative stage. In general, right
hemicolectomy is performed for CRCs arising from
the cecum, ascending colon, or hepatic ¯exure. The
transverse colon and both ¯exures are typically re-
moved when cancers originate from anywhere between
the ascending colon and the descending colon. For dis-
tal colon cancers, left hemicolectomy is usually the pro-
cedure of choice. For any cancers above the rectum, at
least a 5 cm margin of grossly uninvolved tissue should
be obtained and regional lymph nodes should be aggres-
sively sampled. Most colonic lesions can be resected
with a primary anastomosis. Adenocarcinomas in the
middle and upper rectum are usually removed by ante-
rior resection. Cancers in the lower rectum (0ÿ5 cm
above the anal verge) may require preoperative chemo-

radiation therapy and/or abdominoperineal resection
with a permanent colostomy.

Adjuvant Therapy

Although speci®c dosages and delivery methods
may differ slightly across institutions, adjuvant chemo-
therapy is usually given to stage III colon cancer patients
and typically includes 5-¯uorouracil (5-FU) and
leucovorin. A subset of stage II colon cancer patients
may bene®t from this regimen as well. Chemotherapy is
often begun 3ÿ5 weeks after surgery and is adminis-
tered for a duration of 6 months. Common toxicities
include stomatitis, diarrhea, and neutropenia. For rectal
cancer patients, adjuvant therapy may be recommended
for stage II or stage III disease. A combination of 5-FU
and radiation therapy (preoperatively, postoperatively,
or both) is used at most centers in the United States.
Investigational agents such as irinotecan (CPT-11) and
oxaliplatin have shown considerable promise in early
clinical trials and may become part of standard chemo-
therapy regimens in the near future.
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colorectal adenocarcinoma Malignant neoplasm of the colon

or rectum (colorectal cancer).

colorectal adenoma Benign neoplasm of the colon or rectum

with malignant potential.

colorectal polyp Growth protruding from the mucosal

surface into the bowel lumen.

ureterosigmoidostomy Surgical implantation of the ureters

into the sigmoid colon.

Colorectal cancer is the second most common cause of

cancer-related death in males and females in the United

States. In 2003, it is estimated there will be 147,500

new cases of colorectal cancer and 57,100 deaths from

the disease. Almost all colorectal cancers arise from

adenomas, which are benign neoplasms. Adenomas

that are removed cannot progress to become cancers.

Screening for adenomas and their removal are, there-

fore, now a major part of colorectal cancer screening

programs.

INTRODUCTION

Colorectal polyps are raised growths that protrude
into the bowel lumen. They are described by
their shape (sessile or pedunculated), size, and his-
tological type. The common histological types are
in¯ammatory, hyperplastic, hamartomatous, and ad-
enomatous polyps. It is only adenomatous polyps

(adenomas) that are neoplastic and therefore have
malignant potential. Colorectal adenomas are classi-
®ed histologically as tubular, tubulovillous, or villous.
The epithelium of all adenomas is dysplastic, which
is categorized as low or high grade. Advanced
adenomas have the greatest potential for malignant
transformation and are de®ned as adenomas of di-
ameter � 1 cm, or those of any size with villous
histology or high-grade dysplasia. Advanced colorec-
tal neoplasms are composed of colorectal adenocar-
cinomas and advanced adenomas. Adenomas are
readily detected endoscopically using a sigmoidos-
cope or colonoscope and most can also be com-
pletely removed during the same examination by
the procedure of polypectomy.

EPIDEMIOLOGY

Prevalence

Adenomas are uncommon before the age of 50 years
in individuals at average risk for colorectal cancer. Prev-
alence rates from autopsy studies are higher than those
in comparable groups determined colonoscopically.
Adenoma prevalence is over 40% in subjects undergoing
®rst colonoscopy in the seventh decade and approaches
60% in autopsy studies of subjects over the age of 65.
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Distribution

Approximately 50% of adenomas diagnosed at
colonoscopy are located distal to the splenic ¯exure
(distal adenomas). The proportion of adenomas on
the right side of the colon (proximal adenomas) in-
creases with age and the proportion of all adenomas
located on the right side of the colon has increased in
recent decades. Individuals with a distal adenoma are
more likely than those without a distal adenoma to have
proximal adenomas, but approximately 50% of patients
with advanced proximal adenomas do not have distal
adenomas.

Conditions Associated with Adenomas

There are three conditions typically associated with
adenomas:

1. Ureterosigmoidostomy. Up to 29% of patients with a
ureterosigmoidostomy develop adenomas or even
CRC at the ureterosigmoidostomy site. The latency
period is long, with an average of 20 years, but
shorter periods have been reported. Nitrosamines
generated from the diverted urine are thought to
be important etiologic factors.

2. Acromegaly. The risk for developing colorectal ad-
enomas and CRC is sixfold higher in acromegalics
than in control subjects. A family history of CRC
further compounds this excess risk.

3. Streptococcus infection. Streptococcus bovis bacter-
emia and endocarditis have been associated with
simple adenomas, adenomatous polyposis coli,
and colon cancer. Colonoscopy has therefore been
recommended for such patients. A similar associa-
tion has also been reported with Streptococcus
agalactiae infection.

ETIOLOGY

Hereditary

Individuals with the autosomally dominant heredi-
tary conditions of familial adenomatosis polyposis
(FAP) or hereditary nonpolyposis colorectal carcinoma
(HNPCC) are at greatly increased risk for CRC. How-
ever, a large majority of colorectal neoplasms, termed
sporadic, arise outside the context of FAP or HNPCC.
Individuals with ®rst-degree relatives (parent, sibling,
or child) who have had colorectal adenomas or CRC are
at increased risk for colorectal adenomas and CRC. The
risk for individuals in this category is greatest for those
with a ®rst-degree relative diagnosed with CRC or ad-
enomas at age 560 years. Individuals with no ®rst-de-

gree relatives diagnosed with colorectal neoplasms are
deemed at `̀ average risk'' for colorectal adenomas and
cancer.

Diet

Dietary factors are considered the most important
determinants of risk for developing colorectal adeno-
mas in average-risk individuals. Wide geographic var-
iations in the prevalence of colorectal adenomas and
cancer are attributed to differences in diet. Although
the `̀ Western'' diet that is high in animal fat and low
in fruit, vegetables, and ®ber has been widely incrimi-
nated for the high prevalence of colorectal neoplasms in
developed countries, de®nitive proof for a causal asso-
ciation between a Western diet and adenoma or CRC
development is largely lacking. Recent randomized pro-
spective clinical trials in individuals who had recently
undergone colonoscopic polypectomy (removal of
adenomas) failed to show any reduction of adenoma
recurrence rates following consumption of diets low
in animal fat or high in fruit and vegetable servings
and ®ber. There is reliable evidence that high levels of
folate consumption and calcium supplements can re-
duce the risk for developing colorectal neoplasms.

Other Factors

Aspirin is a nonsteroidal antiin¯ammatory drug
(NSAID) that acts by inhibiting the cyclooxygenase
(COX) enzymes, COX-1 and -2. Daily aspirin ingestion
over a period of years can reduce mortality from CRC by
up to 50% and aspirin has recently been shown to reduce
the rate of adenoma recurrence following polypectomy.
The antineoplastic actions of aspirin are attributed to
inhibition of COX-2 rather than COX-1, and COX-2
levels are increased in colorectal neoplasms. The serious
and potentially life-threatening complications of aspirin
are due largely to inhibition of COX-1. Selective NSAIDs
that inhibit only COX-2 are now available. A number
of large trials are currently in progress to determine
whether the colorectal antineoplastic actions of the
selective COX-2 inhibitor NSAIDs are equivalent to
those of aspirin.

THE ADENOMAÿCARCINOMA
SEQUENCE

Abundant evidence indicates that almost all CRCs
develop from benign adenomas. The neoplastic changes
in adenomas constitute histological dysplasia and are
con®ned to the epithelial cell layer. An adenoma
progresses to become a CRC when dysplastic cells

COLORECTAL ADENOMAS 467



transgress the muscularis mucosae to invade the bowel
wall. Several lines of evidence support the concept of a
colorectal adenomaÿcarcinoma sequence.

Epidemiology

The prevalence of both adenomas and CRC
increases with age, but the prevalence of adenomas
peaks 5 to 10 years earlier than the peak prevalence
for CRC. This applies to sporadic adenomas and the
adenomas of subjects with FAP.

Clinical

Subsequent incidence of CRC is profoundly reduced
in subjects who have undergone adenoma polypectomy.

Morphologic

Large adenomas sometimes harbor adenocar-
cinomatous foci and adenomatous remnants are some-
times seen immediately adjacent to invasive cancer,
implying a histological continuum from benign to
malignant colorectal neoplasms. However, small foci
of adenocarcinoma surrounded by normal mucosa are
encountered very rarely.

Genetic

The progression from formation of the earliest
adenoma to advanced adenoma and invasive cancer is
driven by accumulation of genetic mutations in the neo-
plastic tissue (these are somatic mutations as opposed to
the germ-line mutations of FAP and HNPCC). In the
commonest mutational pathway, formation of the initial
adenoma is heralded by mutations of both copies of the
adenomatous polyposis coli (APC) gene in the colorec-
tal epithelial cells that form the adenoma. In those
adenomas that grow and have an aggressive phenotype,
transition from a benign adenoma to an invasive cancer
is marked by sequential mutations to both copies of the
p53 gene. Mutations or silencing of a number of other
genes are required for the adenomaÿcarcinoma
sequence to be completed. The accumulated molecular
genetic events that are the hallmark of colorectal car-
cinogenesis provide strong direct evidence linking
benign and malignant colorectal neoplasms through
the adenomaÿcarcinoma sequence.

NATURAL HISTORY OF
COLORECTAL ADENOMAS

With adenoma prevalence rates as high as 50% or more
in older populations, it is clear that only a small minority
of adenomas progress to CRC. The most common ad-

enoma is a diminutive (diameter �5 mm) tubular ade-
noma with low-grade dysplasia. Fewer than 10% of
adenomas progress to become advanced adenomas
and CRC. Advanced adenomas are those most likely
to progress. When it occurs, progression from adenoma,
most of which are of diameter 510 mm, to CRC is es-
timated to take at least 10 years on average. However,
there have been very few studies in which adenomas
have been identi®ed and observed over a period of
years rather than being removed when ®rst diagnosed.
In one radiological study using barium enema exami-
nations, the time period for adenomas >10 mm in
diameter to progress to become CRCs was from 2 to
5 years.

CLINICAL MANIFESTATIONS

A majority of adenomas are asymptomatic. A minority of
large polyps may bleed suf®ciently for an occult blood
test to be positive without frank blood being visible in
the stool. Frank bleeding from even large polyps is rare.
Altered bowel habit and pain from colorectal neoplasia
almost always signify CRC rather than an adenoma.

DIAGNOSIS

Because most adenomas are asymptomatic, they are
usually detected by screening tests or as incidental
®ndings in the course of investigations for unrelated
symptoms. Screening of all subjects for colorectal
neoplasms is now recommended, starting from the
age of 50. Several modalities are available.

Fecal Occult Blood Testing

The surface epithelium of adenomas is intact so that
bleeding is infrequent and intermittent. Therefore, the
sensitivity of fecal occult blood testing (FOBT) for de-
tection of adenomas is extremely poor and a majority
remain undiagnosed if FOBT is the only screening tool.
To improve sensitivity, it is recommended that ¯exible
sigmoidoscopy be combined with FOBT.

Flexible Sigmoidoscopy

The 60-cm ¯exible sigmoidoscope has replaced
the 25-cm rigid sigmoidoscope. Among asymptomatic
individuals undergoing screening ¯exible sigmoido-
scopy, 10ÿ15% are found to have adenomas. The
major limitation of ¯exible sigmoidoscopy as a screen-
ing tool is the inaccessibility of proximal colonic
lesions to the ¯exible sigmoidoscope. The prevalence
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of distal colorectal adenomas is higher in subjects
who have a proximal advanced neoplasm than in
those who do not. Nonetheless, approximately one-
half of subjects with an asymptomatic proximal ad-
vanced neoplasm will have a negative ¯exible sigmoid-
oscopy. The proximal advanced neoplasms will,
therefore, go undiagnosed if FOBT and ¯exible sigmoid-
oscopy are negative.

Double-Contrast Barium Enema

The sensitivity of double-contrast barium enema
(DCBE) for detecting adenomas �6 mm in diameter
is approximately 50%. It is an unreliable modality for
detecting smaller adenomas. Flexible sigmoidoscopy
should always be combined with DCBE because
lesions in the distal rectum are often not visualized
by DCBE.

Colonoscopy

Colonoscopy is indicated for all subjects with a pos-
itive FOBT or adenoma(s) diagnosed by ¯exible sig-
moidoscopy. It is also increasingly being advocated as
the primary screening tool for colorectal neoplasms.
The sensitivity of colonoscopy for detection of advanced
adenomas is 490% and somewhat lower for small
adenomas. Colonoscopy, however, has several draw-
backs as the primary screening tool for colorectal
neoplasms in average-risk subjects. Colonic perfora-
tions of 1 per 1000 to 2000 have been reported, although
recent studies suggest this may overestimate their
frequency. The costs of colonoscopy are considerable.
It is highly doubtful whether suf®cient skilled
colonoscopists could be trained in the foreseeable
future to be able to provide screening colonoscopy
for the entire United States population aged 50 years
and older. Nonetheless, colonoscopy is regarded as the
`̀ gold standard'' screening technique for colorectal
adenomas and CRC.

Other Techniques

Virtual colonoscopy is another diagnostic tool,
although the diagnostic accuracy of this procedure
is not well established. After a short bowel prepara-
tion, patients undergo computed tomography with
colonic insuf¯ation. Mucosal images are reconstructed
to identify adenomas and other mass lesions. Colono-
scopy is indicated for all subjects with a mass lesion
on virtual colonoscopy. Virtual colonoscopy has not
yet been adequately tested outside the research setting

and should not, therefore, be used for routine screen-
ing purposes.

In another procedure, fecal DNA from exfoliated
cells can be extracted from stool and ampli®ed by poly-
merase chain reaction. In this way, it is possible to detect
somatic mutations and other abnormalities in DNA
deriving from the exfoliated cells of asymptomatic
colorectal neoplasms. Studies are in progress to deter-
mine the sensitivity and speci®city of this approach to
screening.

TREATMENT

Colonoscopy

All patients with a positive FOBT, ¯exible sigmoido-
scopy, or DCBE should undergo a colonoscopy. Because
most colon cancers arise from adenomas and visual
examination of a polyp does not reliably differentiate
adenomatous from nonadenomatous polyps, all polyps
should be removed or at least biopsied and submitted for
histological examination. The histological type deter-
mines subsequent management. Small adenomas are
removed using cold or hot biopsies whereas larger
polyps are removed using a snare with or without cau-
tery. Very large or broad-based sessile polyps are
removed piecemeal and any remnant polyp tissue can
be ablated by a variety of thermal devices.

Endoscopic polypectomy is safe and carries a less
than 1% risk of perforation or bleeding. This risk is
increased when removing multiple polyps, very large
polyps, and lesions in the cecum or ascending colon,
which have a thinner wall.

Surgery

Surgical resection is needed for lesions that cannot
be adequately removed endoscopically. Polyps found to
harbor foci of carcinoma warrant special consideration.
If the cancer cells are intramucosal and do not traverse
the muscularis mucosae, they are considered to be non-
invasive malignant polyps and polypectomy alone is
curative. When the cancer cells have invaded beyond
the muscularis mucosa, the polyp is considered to be a
malignant polyp. Polypectomy alone of a malignant
polyp carries a 10% risk of having cancer cells remaining
in the bowel wall or surrounding lymph nodes. Several
unfavorable factors have been identi®ed, the presence of
which increase the risk for an adverse outcome. These
include poorly differentiated carcinomas, evidence of
vascular or lymphatic invasion, involvement of resec-
tion margins, and involvement of the submucosa of the
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bowel wall, which is likely in sessile malignant polyps.
Surgical resection is indicated if any one of these un-
favorable features is present.

Postpolypectomy Followup

Up to 50% of patients will develop recurrent adeno-
mas following initial polypectomy. The annual rate of
adenoma recurrence following polypectomy is from 10
to 15%. The likelihood of recurrence is greatest with
multiple adenomas, large polyps, villous histology, and
severe dysplasia. The optimal time period between
examinations depends on the initial ®ndings. Following
an adequate examination and complete resection of all
adenomas, surveillance colonoscopy should be per-
formed in 3 to 5 years, depending on characteristics
of the initial adenoma(s). If recurrent adenoma(s) are
found at the ®rst surveillance exam, colonoscopy should
be repeated in 3 years. In the absence of recurrent
adenomas, the surveillance interval can be extended
to 5 years.
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the cells are clearly derived from glandular epithelium.
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familial adenomatous polyposis Autosomal dominant dis-

ease characterized by the development of hundreds to

thousands of adenomas in the colon.
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dominant condition in which there is an increased risk

of developing colorectal cancer, as well as ovarian, renal,

pancreatic, and endometrial cancers.

Colorectal cancer is the third leading cause of

cancer deaths in the United States. Approximately

130,000 new cases of colorectal cancer are diagnosed

every year. It is found in all ethnic groups, with the

highest prevalence occurring in African Americans. Indi-

viduals at the greatest risk for the development of colo-

rectal cancer include those with a history of adenomatous

polyps, previous colorectal cancer, in¯ammatory bowel

disease, or an inherited syndrome that predisposes to

colorectal cancer development. A family history of ade-

nomatous polyps or colorectal cancer can also increase

the risk for the development of colorectal cancer. In
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bowel wall, which is likely in sessile malignant polyps.
Surgical resection is indicated if any one of these un-
favorable features is present.

Postpolypectomy Followup

Up to 50% of patients will develop recurrent adeno-
mas following initial polypectomy. The annual rate of
adenoma recurrence following polypectomy is from 10
to 15%. The likelihood of recurrence is greatest with
multiple adenomas, large polyps, villous histology, and
severe dysplasia. The optimal time period between
examinations depends on the initial ®ndings. Following
an adequate examination and complete resection of all
adenomas, surveillance colonoscopy should be per-
formed in 3 to 5 years, depending on characteristics
of the initial adenoma(s). If recurrent adenoma(s) are
found at the ®rst surveillance exam, colonoscopy should
be repeated in 3 years. In the absence of recurrent
adenomas, the surveillance interval can be extended
to 5 years.
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addition, risk factors that have been noted to be associated

with colorectal cancer development include obesity, phys-

ical inactivity, excess caloric intake, and centrally depos-

ited adipose tissue.

INTRODUCTION

The stage at which colorectal cancer is diagnosed relates
to patient survival. Screening for the malignancy has
the potential to detect premalignant lesions and early
cancers such that curative intervention can be initiated.

RISK STRATIFICATION

The initial step in colorectal cancer screening is the
determination of an individual's risk status. Risk strat-
i®cation determines when screening should be initiated
and what tests should be performed. Guidelines by the
United States Multisociety Task Force on Colorectal
Cancer note that risk strati®cation can be accomplished
by inquiring about several issues. It should be deter-
mined if the patient has had colorectal cancer or ade-
nomatous polyps, if the patient has an illness that
predisposes to colorectal cancer, or if the patient has
a family member who has had an adenomatous polyp or
colorectal cancer. The relationship of the affected family
member to the individual and the age at which polyps or
colorectal cancer developed in the relative should be
determined.

If a person is asymptomatic and without a personal
or family history that predisposes to colorectal cancer,
the individual is considered to be of average risk and
should begin colorectal cancer screening at 50 years of
age. If a person has a ®rst-degree relative or two or more
second-degree relatives who have had adenomatous
polyps or colorectal cancer at � 60 years of age, they
should be considered to be at average risk, but can begin
screening at 40 years of age. If a person has a ®rst-degree
relative with colorectal cancer or adenomatous polyps at
560 years of age or two or more second-degree relatives
with colorectal cancer at any age, they are considered to
be at increased risk for colorectal cancer and screening
should begin at age 40 years, or 10 years younger than
the age at which the earliest diagnosis was made. If a
person has a family history of familial adenomatous
polyposis or hereditary nonpolyposis colorectal cancer,
the patient is considered to be at increased risk and
screening is initiated based on the particular condition.

RECOMMENDATIONS FOR
AVERAGE-RISK INDIVIDUALS

Guidelines for colorectal cancer screening include
fecal occult blood testing and endoscopic (¯exible

sigmoidoscopy or colonoscopy) or radiologic evalua-
tion of the colon.

Fecal Occult Blood Testing

Fecal occult blood testing (FOBT), using a guaiac-
based test, should be started at age 50 years and should
be performed annually. FOBT is performed on three
consecutive stools without hydration. There have
been three randomized controlled studies that reported
that FOBT reduces the risk of death from colorectal
cancer. Screening is most effective when performed an-
nually, as opposed to every 2 years. Dietary and med-
ication restrictions are commonly recommended to
reduce the false positive rate for the sensitive guaiac-
based tests. It is recommended that individuals avoid
red meat for 3 days, as well as avoiding radishes, broc-
coli, turnips, nonsteroidal antiin¯ammatory drugs, and
vitamin C for 2 days prior to performing the test. It is
recommended not to rehydrate the samples prior to
FOBT despite the increased sensitivity, because it de-
creases the speci®city of the testing.

Flexible Sigmoidoscopy

A ¯exible sigmoidoscopy allows for visualization of
the distal portion of the colon. The current recommen-
dation is that ¯exible sigmoidoscopy should be offered
every 5 years. The performance of a ¯exible sigmoidos-
copy can reduce colorectal cancer mortality by up to
two-thirds for lesions that are within the view of the
instrument. Additionally, a case-control study has dem-
onstrated that the use of a rigid sigmoidoscopy for
screening reduces mortality from distal colorectal can-
cer by 59%. If a polyp detected by sigmoidoscopy is
�1 cm in size, it should be assumed to be adenomatous.
A polyp 51 cm in size should be evaluated to determine
if it is hyperplastic or adenomatous. Sigmoidoscopies
detecting adenomatous polyps, when followed by a
colonoscopy with removal of all polyps, have been
associated with an 80% reduction in the incidence of
colorectal cancer.

Barium Enema

A barium enema, performed every 5 years, is an
alternative to the use of endoscopic examinations for
colorectal cancer screening. This radiologic examina-
tion results in the visualization of the entire colon and
can detect the presence of most large polyps. However,
there have been no randomized controlled studies that
demonstrate a reduction of mortality from colorectal
cancer in individuals at average risk for the disease.
Additionally, the barium enema does not allow for
biopsies of suspicious lesions or removal of polyps.
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This procedure is an option for those individuals who
have a contraindication to or are unable to undergo
endoscopic evaluation.

Colonoscopy

The colonoscopy is the most effective tool for the
early detection of precancerous and cancerous lesions
and can be performed every 10 years for colorectal can-
cer screening. The colonoscopy allows for the visuali-
zation of the entire colon and the biopsy or removal of
colonic lesions. Two cohort studies have demonstrated
that the colonoscopy can reduce the incidence of colo-
rectal cancer in individuals with adenomatous polyps.
Disadvantages for the colonoscopy include the in-
creased cost, risk of perforation, and greater degree
of invasiveness. The recommended 10-year interval
between screenings is based on the rate at which
adenomatous polyps can convert to cancer. It has been
estimated that it may take>10 years for an adenomatous
polyp to develop and convert to cancer. In a study of
asymptomatic average-risk individuals with negative
screening colonoscopies, a second colonoscopy 5 years
later had a 51% incidence of advanced neoplasm.

RECOMMENDATIONS FOR
HIGH-RISK PATIENTS

Family History of Adenomatous Polyp
or Cancer

Any person with a ®rst-degree relative with adeno-
matous polyps or colon cancer diagnosed at age 560
years or two ®rst-degree relatives with colorectal cancer
should have a colonoscopy at age 40 years, or 10 years
before the earliest diagnosis in their family. The
colonoscopy should be repeated every 5 years. In an
individual who has a ®rst-degree relative with colon
cancer or adenomatous polyps at age �60 years or
two second-degree relatives with colorectal cancer,
screening should begin at age 40 years and should
occur at intervals similar to those for individuals at av-
erage risk for cancer. Individuals with one second-de-
gree or third-degree relative with colorectal cancer
should be screened as an average-risk individual.

Family History of Familial
Adenomatous Polyposis

Individuals with familial adenomatous polyposis
(FAP) or those who are at risk for having FAP should
have an annual endoscopic screening starting at age
10ÿ12 years. FAP is an autosomal dominant disorder
with adenomas appearing at an average age of 16 years.

The cause of FAP is a mutation in the adenomatous
polyposis coli gene (APC). The current recommenda-
tions suggest that in addition to endoscopic screening,
genetic testing should be considered in individuals with
FAP and relatives who are at risk for the disorder.

Hereditary Nonpolyposis Colorectal Cancer

Individuals with hereditary nonpolyposis colorectal
cancer (HNPCC) or those at increased risk for HNPCC
should have a colonoscopy every 1ÿ2 years beginning at
the age of 20ÿ25 years, or 10 years earlier than the
earliest cancer diagnosis in the family. The genetic test-
ing for HNPCC should be offered to ®rst-degree rela-
tives of those patients with a known mismatch repair
gene mutation. If the individual meets clinical criteria
for HNPCC, genetic testing should also be performed.

In¯ammatory Bowel Disease

It has been suggested that individuals with in¯am-
matory bowel disease for >10 years are at increased
risk for colon cancer development and should have
a colonoscopy with surveillance biopsies every 1ÿ2
years.

Personal History of a Polyp or Colon Cancer

Patients who have had a malignant adenoma, mul-
tiple adenomas, or a large sessile adenoma should have a
followup colonoscopy within a short period of time. The
interval of time for repeat screening is typically 1 year,
but is based upon the physician's clinical judgment. If an
individual has had less than three adenomas, the repeat
colonoscopy can be performed in 3 years. If the indi-
viduals has one to two small adenomas, the followup
colonoscopy can be done in 5 years. An individual's
speci®c followup regimen is based on the number of
polyps and the pathology of the polyps.
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ostomate Individual undergoing an ostomy, usually an

ileostomy or colostomy.

ostomy Operation to create an arti®cial opening through

which body wastes may exit.

A colostomy is a surgically created passage between the

colon and the skin of the abdominal wall, culminating in

an opening, or stoma. The purpose of a colostomy is to

divert the fecal stream from the colon distal to the site of

the colostomy or to prevent or avoid use of the rectum for

fecal elimination. An individual with a colostomy wears a

bag or appliance that collects the fecal material expelled

from the stoma. A person with a colostomy is referred to

as an ostomate, and it is estimated that approximately

1 million individuals in the United States have undergone

ostomies. To help patients deal with dif®culties, ostomy

organizations share information and collectively purchase

supplies in bulk. Highly trained nurses in this ®eld of

gastroenterology teach patients about dealing with their

colostomies and aid in the care of the stoma. Patients with

colostomies are active, productive individuals and are

generally unaffected by the colostomy, but may have

life changes because of the disease that prompted this

operation.

INDICATIONS

There are numerous indications for a colostomy. Diver-
sion of the fecal stream may be necessary because of a
distal bowel resection that has resulted in an anastomo-
sis. A proximal colostomy to divert feces from the op-
erative site may be required if a surgeon feel that a suture
line in the colon is too fragile to receive intestinal con-
tents. Often, colon obstruction and distension with ¯uid
and gas is resolved by a colostomy proximal to the ob-
struction so that all the contents can be expelled, which
allows the colon to decompress. At a later time, the
patient undergoes an operation to allow more de®nitive
repair of the obstructing site. A proximal colostomy is
often formed when the colon perforates, either from
diverticulitis, in¯ammatory bowel disease, cancer, or
secondary to pelvic or abdominal trauma, to allow
in¯ammation to subside; ®nal resection and repair
can be performed under more ideal operative
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conditions. Finally, when a patient has complete resec-
tion of the rectum, or on some occasions the most distal
colon, a colostomy is performed because the sphincter
mechanisms of the rectum have been removed and
controlled evacuation through this distal portal is not
possible. This situation usually occurs because the
patient has cancer in the distal bowel and the entire
area is resected.

TYPES OF COLOSTOMIES

There are three general types of colostomies: temporary,
permanent, and reservoir. Temporary colostomies are
the most common and are usually performed because of
an acute need, such as colonic obstruction, perforation,
and /or abdominal sepsis. This type of colostomy is cre-
ated by making a small puncture incision in the abdom-
inal wall and pulling a loop of bowel through the
incision. The bowel is not transected or opened at
this time. A plastic rod is passed through the mesentery
and under the loop to keep the colon above the skin
surface and the bowel is covered with a nonadhesive
dressing. Over the next several days this loop of bowel
undergoes an in¯ammatory reaction and becomes ad-
herent to the abdominal wall. When this seal is formed,
the colon is opened and the gas and ¯uid contents are
evacuated. In several days, a colostomy bag is placed
over the stoma, and with time the bowel contracts and
resides just above the surface of the abdominal skin.
This series of events may be quite frightening to the
patient, who has just undergone a major emergency
operation. However, the one positive point is that the
ostomy is only temporary, and in 3ÿ6 months, depend-
ing on the patient's condition, the colostomy will be
closed and the patient will be able to evacuate in a nor-
mal manner.

The second type of colostomy is permanent. It is
formed in patients with cancer of the most distal
bowel or with a rectum that has been resected. Because
the sphincter muscles have been removed, fecal coun-
tenance is not possible, requiring a colostomy. In this
type of colostomy (an end colostomy), the end of the
bowel is pulled through a small incision in the abdom-
inal wall, the lumen is opened, and the outer and inner
lining of the colon is everted and sewn to the skin. The
bowel is also attached to the inner layers of the abdom-
inal wall. When this procedure is ®nished, the colos-
tomy looks much like a rosebud, with the luminal
mucosa visible, and is generally at the level or only
slightly above the level of the abdominal skin. Patients
frequently leave the operating room with a bag placed
over this colostomy. Alternatively, the colostomy may
have a temporary clamp placed transversely across the

distal colon and in several days the bowel seals with the
abdominal wall. The clamp is then removed, the bowel
is opened, and a bag is applied.

The third type of colostomy is rarely utilized, and
was conceived by surgeons who wanted to create a
sphincterlike mechanism for the distal colon. A
pouch, or reservoir, is created with two loops of
bowel and a nipple valve is fashioned in the distal
colon, just at the level of the abdominal wall. The patient
can then insert a tube through the valve and evacuate the
contents of the reservoir. This bypasses the need to wear
a bag. Although the initial concept was appropriate,
the reservoir colostomy valves rarely worked correctly
and many of the pouches had to be revised and the more
standard type of colostomy formed. Few if any surgeons
perform the procedure at this time.

COLOSTOMY FUNCTION

One of the main functions of the colon is to dehydrate
the fecal contents by absorbing water and sodium. This
occurs gradually along the length of the colon, so that
stool in the right (proximal) side of the colon is more
liquid than that in the left (distal) side of the colon. This
is important, because colostomies may be created in the
transverse (middle) colon or in the descending (left)
colon. Stool from the midcolon may be more liquid
than that produced from a more distal site, such as
the left lower colon.

A colostomy does not have a sphincter mechanism,
and hence peristaltic movements of the bowel, which
are not under voluntary control, cause stool evacuation.
Thus, a patient with a colostomy must wear a bag at all
times to collect the extruded feces. Two schools of
thought exist in terms of regulating a colostomy. One
group of physicians, primarily found in Europe, believes
that the colon should function on its own, and hence a
small amount of stool is evacuated from the stoma three
to seven times a day. The patient empties the colostomy
bag when convenient or when indicated. In the United
States, patients are usually instructed to irrigate their
colostomy once a day. This is a process similar to having
an enema; ¯uid is instilled via a tube inserted into the
colostomy and this stimulates peristalsis, which results
in evacuation. Following this procedure, there is usually
no additional evacuation from the stoma for the next
24 hours.

Patients with colostomies wear a bag, and the proper
attachment of the bag to the abdominal skin is a process
usually learned from an ostomy (stoma) nurse. The
more chronic attachment devices use a soft rubber
doughnut-shaped disk or wafer that ®ts closely around
the stoma and is ®xed to the skin. A ¯ange is attached to

474 COLOSTOMY



the disk or wafer and the ¯ange accepts a plastic ring that
is part of a specially constructed ostomy bag. This gen-
erally provides a watertight seal. The bag can thus be
removed without disturbing the apparatus attachment
to the skin. Only occasionally is the disk changed, which
protects the skin surrounding the stoma.

A temporary approach uses a light plastic bag that
has adhesive ®xed to a portion of the outer surface
around an appropriately sized hole.. This allows direct
application of the bag to the skin around the stoma. The
attached bag must be removed from the underlying skin
each time the bag is changed, which causes undesirable
irritation to the skin. Hence, this approach is only a
temporary short-term solution to ostomy collection.

The ostomate should generally be able to live a near-
normal life. Bathing and showering will not harm the
stoma. Physical activity should not be limited and diet
should be tailored to food preferences. Sexual activity is
not prohibited. Most health insurance policies, includ-
ing Medicare and Medicaid, cover the cost of equipment
and supplies.

COMPLICATIONS

Early complications include wound infections, intesti-
nal obstruction, prolapse of the bowel through the in-
cision in the abdominal wall or through the stoma,
bleeding from the exposed bowel, and excoriation of
the skin around the stoma.

Long-term complications are similar to those that
occur in the short term but, most often relate to bag
attachment problems. Bag leakage and spillage result in
soilage of clothing, creating social embarrassments. If
the disk around the ostomy is not well ®tted, skin ex-
coriation can occur, and this is an annoying and painful
problem. Ostomy nurses are specialists in dealing with
these problems and have a variety of solutions for these
mechanical complications. The colon ferments ®ber and
produces gas, which is often entrapped in the bag and on
occasion causes odors. Dietary modi®cation and some

pharmacological approaches are often useful to solve
these problems. Adequate hydration is necessary to en-
sure that a semisoft stool is present and can be evacuated
without dif®culty. Injury to the exposed mucosa occa-
sionally occurs, resulting in bleeding. This is usually
minor and self-limiting but may necessitate surgical
care if the bleeding is prolonged. Stenosis and hernia-
tion of the colostomy are additional complications that
require consultation with a physician.

COLOSTOMY CLOSURE

Individuals with temporary colostomies will be admit-
ted to the hospital 3ÿ6 months later for colostomy clo-
sure. Although this may seem like a minor procedure
when compared to the colon resection, this operation
involves opening the abdomen, resecting a small por-
tion of bowel, and connecting the portions of colon
distal and proximal to the colostomy. Some time in
the hospital may be required and complications may
occur. Wound infections are frequent, and ileus and
poor food tolerance are initially the most common com-
plications observed. Rehabilitation associated with nor-
mal bowel action usually progresses without incident.

See Also the Following Articles

Colitis, Ulcerative � Colorectal Adenocarcinoma � Crohn's

Disease � Diverticulosis
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Complementary and Alternative Medicine

JUDITH K. SHABERT

Harvard Medical School

holistic Describes therapies based on information about the

`̀ whole person,'' including spiritual, physical, mental,

emotional, environmental, and social health.

placebo An inactive substance given to a participant in a

research study as part of a test of the effects of another

substance or treatment.

Over the past decade, there has been a growing interest in

complementary and alternative medicine (CAM), a ®eld

that encompasses a wide variety of approaches ranging

from herbal medicines to massage and from macrobiotics

to magnet therapy. The therapies that are proven safe and

effective gradually become incorporated into mainstream

practices and thus the list of practices is continually

changing. The National Center for Complementary and

Alternative Medicine, a component of the National Insti-

tutes of Health, de®nes CAM as `̀ those healthcare and

medical practices that are not currently an integral part

of conventional medicine.'' Using these criteria, CAM

practices can be grouped in ®ve major domains: alterna-

tive medical systems; mindÿbody interventions; biolog-

ically based treatments; manipulative and body-based

methods; and energy therapies. Common to most of

these practices is the concept of vitalism or the transfer

of energy to the individual to support the healing process.

This point will be emphasized in the following descrip-

tions of this wide range of practices.

MAJOR DOMAINS OF CAM

Alternative Medical Systems

Alternative medical systems involve complete
systems of theory and practice that have evolved inde-
pendent of and often prior to the conventional biomed-
ical approaches. These systems include shamanism and
traditional healing in cultures throughout the world.
Some systems originated 5000ÿ6000 years ago inclu-
dingAyurveda from India and traditional Oriental
medicine originating in China and practiced through-
out Asia.

Traditional Chinese Medicine

In Asia, the full complement of traditional
Chinese medicine (TCM) treatment incorporates diet,

acupuncture, and Chinese herbal preparations for
each individual patient for optimal results. In Western
cultures, acupuncture is often given in isolation from
diet and herbal preparations.

Acupuncture is based on the concept of vital energy
channels or qi (pronounced chee), which ¯ows through
the body and is essential for health. Vital energy chan-
nels are known as meridians; disruption or imbalance of
qi results in illness. Two other concepts are central to
TCM: YinÿYang describes the polarity of nature, and
the concept of Five Elements (earth, water, air, ®re, and
metal) describes the interrelatedness of the body's
organs and energy ¯ow.

There are 12 meridians in the body that ¯ow close to
the skin's surface with more than 450 acupuncture sites.
Acupuncture sites are stimulated, depending on the
speci®c ailment, by needles that penetrate the skin.
The duration and frequency of the treatments are de-
termined by the practitioner and by the response of the
patient to treatment. Recommended conditions appro-
priate for acupuncture are found in Table I.

Ayurveda

Ayurveda is a 6000-year-old system that utilizes en-
ergetic forces (doshas) to guide healing and maintain
health. This system believes in a strong connection be-
tween the mind and the body and utilizes the Laws of
Nature to create health and maintain balance of the
body, senses, mind, and soul. Ayurveda, like TCM,
views a person as being composed of ®ve primary ele-
ments including air, ®re, water, and earth. Ether is the
®fth element in Ayurveda versus metal in TCM.

The Ayurveda medical system incorporates three
energetic forces or Tridoshas. Vata dosha is the most
important of the three doshas and drives the other two
doshas, Pitta dosha and Kapha dosha. Vata dosha con-
trols body movement (mental and physical), eliminates
waste, transmits sensory input to the brain, and assists in
aspects of metabolism. When Vata dosha is the domi-
nant dosha, its imbalance is powerful enough to upset
the Pitta and Kapha doshas.

Pitta dosha represents ®re or heat and is located
at sites of transformation such as digestion and
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metabolism, appetite, vision, regulation of body temper-
ature, skin, comprehension, and bravery. Kappa dosha
is the heaviest of the doshas and it provides structure
and lubrication to the body. It is associated with bodily
strength, fertility, and stability of mind and body.

An Ayurvedic practitioner assesses a person's body
type and determines their dosha by feeling the pulse.
When it is determined that one of the doshas is under-
active or, more signi®cantly, overactive, a diet that is
speci®c to one of the doshas is prescribed to rebalance
the doshas and remedy the disease. Herbs and aroma-
therapy are also utilized.

Homeopathy

Homeopathy is a medical system based on the con-
cept of `̀ Laws of Similars'' and it incorporates tinctures
produced from natural sources such as plants, animals,
and minerals. Dr. Samuel Hahnemann developed home-
opathy in the early 1800s.

Dr. Hahnemann discovered that when the bark of
the cinchona tree, which was used to treat swamp fever
(malaria), was given to healthy individuals, symptoms
of swamp fever were elicited. This experiment led
Hahnemann to test thousands of substances on healthy
individuals. When a speci®c symptom occurred in a
healthy person given a certain substance, this substance
was then used to treat people who had this speci®c
symptom.

The process of preparing homeopathic remedies in-
corporates potentization and succussion. The substance
being prepared as a remedy is successively diluted with
water (potentization) and shaken (succussion). When
the ®nal product is produced, it is unlikely that even one
molecule of the original substance remains and that is
the goal of homeopathic preparations. This phenome-
non is called the Principle of In®nitesimal Dose.

Drops of a preparation are usually given every 3ÿ4 h
for each symptom of an illness. For example, if a person
has insomnia due to fright, one type of preparation is
given. If insomnia is due to exhaustion, another prep-
aration is suggested.

Naturopathic Medicine

Naturopathic medicine is a system of medical care
based on a number of different modalities. A basic tenet
of naturopathy is the belief that the body has an innate
ability to heal itself utilizing treatments that include
clinical nutrition, homeopathy, herbal medicine, light
therapy, therapeutic counseling, TCM, mechanical
manipulation, and hydrotherapy. The interdependent
parts of an individual including mind, body, spirit, and
emotion are considered in formulating a treatment plan
and in providing care to an individual.

Naturopathic medicine is not considered a solitary
system of care and naturopaths work with other prac-
titioners, including allopathic caregivers, to provide op-
timal care for the patient. Although naturopaths do treat
patients, their emphasis is on patient education and
preventive care.

MindÿBody Interventions

Herbert Benson, a cardiologist at Harvard Medical
School, and John Kabat-Zinn, from the University of
Massachusetts, were the ®rst to research and prove
the bene®t of mindÿbody medicine. Relaxation exer-
cises, visual imaging, and particularly biofeedback are
the basis of this approach that is used for the treatment
of many chronic health conditions. Most mindÿbody
interventions developed or proven effective by Benson
and Kabat-Zinn are now an integral part of mainstream
medicine. Other forms of mindÿbody interventions

TABLE I Conditions Appropriate for Acupuncture Therapy

Digestive Emotional EyeÿEarÿNoseÿThroat Gynecological

Abdominal panic Anxiety Cataracts Infertility

Constipation Depression Gingivitis Menopausal symptoms

Diarrhea Insomnia Poor vision Premenstrual syndrome

Hyperacidity Nervousness Tinnitis

Indigestion Neurosis Toothache

Miscellaneous Musculoskeletal Neurological Respiratory

Addiction control Arthritis Headaches Asthma

Athletic performance Back pain Migraines Bronchitis

Blood pressure regulation Muscle cramping Neurogenic bladder dysfunction Common cold

Chronic fatigue Muscle pain/weakness Parkinson's disease Sinusitis

Immune system toni®cation Neck pain Postoperative pain Smoking cessation

Stress reduction Sciatica Stroke Tonsillitis

Source: World Health Organization (1979). `̀ Viewpoint on Acupuncture.'' World Health Organization, Geneva, Switzerland.
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include art, dance, and music therapy, intuitive healing,
prayer, and meditation.

Biofeedback

Biofeedback is a technique that trains the individual
to alter brain activity and therefore modify blood
pressure, muscle tension, heart rate, and other bodily
functions that are ordinarily under autonomic (nonvol-
untary) control. The training initially utilizes a device
that triggers a ¯ashing light or activates a beeper when
an appropriate response is elicited. Thus, one can think
about increasing blood ¯ow to the hands, and a small
temperature probe attached to a ®nger will indicate
when this is accomplished. Such signals `̀ teach'' people
to improve their health and performance by controlling
bodily functions. Other signal systems respond to
changes in blood pressure, heart rate, muscle tension,
sweat activity, and activity of the brain waves.

Some of the conditions that are treated by this tech-
nique include migraine headaches, chronic pain, high
blood pressure, cardiac arrhythmias, Raynaud's phe-
nomena, and some seizure disorders.

Transcendental Meditation

Many forms of meditation are used to promote heal-
ing. In North America, the most institutionalized form
is transcendental meditation (TM), brought to the
Western world by Maharishi Mahesh Yogi. Followers
of TM meditate twice a day on a mantra provided to
them by a TM instructor following two weekends of
instruction on its techniques.

Art, Dance, and Sound Therapy

All of these therapies have a psychological directive
and art and dance therapies are also useful for individ-
uals with physical disabilities. It is believed that the
expression of self though body movement, the creation
of art work, and listening to sound and music are ther-
apeutic for improving self-esteem, recovery from abuse
and trauma, and enhancement of social integration, to
name a few bene®ts.

Biological-Based Therapies

This grouping of CAM practices is based on inter-
ventions using natural or biological substances. Exam-
ples include the practice of orthomolecular medicine,
the provision of nutritional supplements (vitamins,
minerals, herbs, hormones, and other products), special
diets (macrobiotic, Atkins, The Zone), and chelation
therapy.

Orthomolecular Medicine

Linus Pauling ®rst used the term `̀ orthomolecular''
in an article in Science in the 1960s. The term describes
the practice of preventing and treating disease by pro-
viding natural nutrients to the body in optimal amounts
speci®c for each person. It is based on the concept of
genetic individuality. Just as each person has a different
skin color that determines tolerance to the sun, each
person has unique biochemical needs based upon their
genetic make-up that determines nutrient require-
ments. Orthomolecular medicine supports the use of
megadose vitamins for physical and mental conditions
(for example, the use of large doses of vitamin C to treat
the common cold).

Herbal Medicine

Herbs are the oldest form of medical therapy and
they are used throughout the world to treat a variety
of conditions. In Europe, herbs are prescribed by
allopathic physicians as frequently as are pharmaceuti-
cal drugs. Herbs can be provided as teas, tinctures, and
capsules both internally and externally. Extensive re-
search is being conducted on the effectiveness of herbs
to treat a variety of conditions. A list of commonly used
herbs is presented in Table II.

Macrobiotics

The use of the macrobiotic diet and the philosophy
surrounding it were developed and promoted by Michio
Kushi.

The macrobiotic diet is based loosely on the tradi-
tional Japanese diet and it also supports a healthy life-
style. Brown rice, vegetable soup, vegetables, beans, and
sea vegetables are the staples of the diet. Occasionally,
fruit, nuts, and seeds are allowed. The diet eliminates
most animal products but ®sh is occasionally permitted.
The most restrictive form of the diet can result in vita-
min B12 de®ciency.

Chelation Therapy

The intravenous infusion of a chelation substance
was initiated in the 1940s to treat individuals with heavy
metal exposure by chelating the metal and facilitating
its elimination from the body.

Today ethylenediaminetetraacetic acid (EDTA)
chelation therapy is being utilized by some CAM
physicians to treat patients with atherosclerotic and
peripheral vascular disease.

Proponents believe that chelation therapy binds
toxic metals such as lead, mercury, cadmium, copper,
calcium, iron, arsenic, nickel, and aluminum. By
chelating calcium from cholesterol-laden plaques in
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vessels throughout the body, atherosclerotic tissue dam-
age is resolved and vessel integrity is improved. Usually
a patient is treated one to three times per week over
several months. The intravenous solution containing
EDTA is also supplemented with vitamins and minerals
that replace nutrients eliminated through the urine dur-
ing therapy and megadoses of antioxidant nutrients are
also provided.

The Food and Drug Administration and numerous
medical groups such as the American Medical Associ-
ation are opposed to this therapy as a means of treating
atherosclerosis because the double-blind studies testing
chelation therapy have not shown bene®t.

Light Therapy

Some individuals experience depression only in the
winter months when the hours of sunlight are reduced.
This is referred to as seasonal affective disorder. Light
therapy utilizes lamps with the full spectrum of ultra-
violet light. Exposure to these lamps for 1ÿ2 h/day
is effective is resolving depression is some of these
individuals.

Hydrotherapy

Hydrotherapy is a general term that refers to treat-
ments that use water for the relief of symptoms arising
from various diseases or injuries. The therapy may vary
by the temperature of the water (hot versus cold) or it
may use water under pressure in the form of jets, whirl-
pools, or aerated bubbles. This form of therapy is often

used for complaints related to the musculoskeletal
system or the joints.

Internal hydrotherapy includes colonic irrigations
and enemas to eliminate toxins and steam baths or steam
inhalation to relieve respiratory congestion.

Environmental Medicine

Practitioners of environmental medicine support a
holistic approach to the patient and believe that the
thousands of arti®cial chemicals in the environment
are related to ill health and allergies. Chronic exposure
to environmental toxics leads to chronic health condi-
tions that affect not only physical health but mental and
emotional health as well. Treatment approaches in en-
vironmental medicine focus on decreasing exposure to
environmental toxins and allergies and detoxi®cation
programs that may include chelation therapy and mega-
vitamin therapy.

Manipulative and Body-Based Methods

All forms of massage and body manipulation
performed by chiropractors and osteopaths are included
in this grouping.

Massage Therapy

Massage therapy has been practiced for at least
4000 years. The goal of massage is to manipulate the
soft tissues of the body to normalize those tissues. It is
estimated that 7% of the population has at least one
massage annually. Massage is being used to provide

TABLE II Commonly Used Herbs

Name Use Pharmacologal Effects Potential side effects

Echinacea, purple

cone ¯ower root

Treatment of infectious diseases,

particularly those of the

respiratory tract

Immunostimulation,

immunosuppression

Allergic reactions,

immunosuppression with

long-term use

Ephedra, ma huang Promote weight loss, increase

energy, treat asthma

Contains alkaloids including

ephedrine; increases heart rate

and blood pressure

Myocardial infarction, stroke,

interaction with monoamine,

oxidase inhibitors

Garlic, ajo Decrease risk of atherosclerosis,

decrease serum lipids

Inhibit platelet aggregation Potential risk of bleeding

Ginkgo, duck foot tree Use for cognitive disorders and

peripheral vascular disease

Inhibits platelet-activating factor Potential risk of bleeding

Ginseng Protects body against stress Lowers blood glucose, inhibits

platelet aggregation

Hypoglycemia, increased risk

of bleeding, interaction with

wara®n

Kava, awa Reduces anxiety; used as a sedative Sedation Potential to increase sedative

effects of other drugs

St. John's wort, amber,

goat weed

Treatment of mild to moderate

depression

Inhibit neurotransmitter reuptake Affects a variety of drugs

by altering liver metabolism

Valerian, all-heal Treatment of insomnia Sedation Increases potency of other

sedative drugs
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relief from injury, stress, pain, and other acute and
chronic conditions. The types of massage therapy are
too numerous to list but include Swedish, deep tissue,
hot stone, neonatal, and sports massage.

Oriental massage techniques such as Shiatsu,
Amma, acupressure, and Tibetan point holding are
based on the concept of qi and focus on the 12 meridians
of the body.

Osteopathic Medicine

Osteopathic medicine is a system of health care
based on the premise that disease is the result of struc-
tural and anatomical abnormalities. Treatment aims to
rebalance the interrelationship of structure and func-
tion. Osteopaths undergo an educational program sim-
ilar to that for medical doctors including residency
training in all of the major medical specialties including
surgery.

Osteopathic physicians differ from conventionally
trained physicians because, in addition to the use of
all allopathic practices, they use manipulative tech-
niques to diagnose and treat illness. An extensive
body of work supports the use of osteopathic techniques
for musculoskeletal and nonmusculoskeletal problems.

Chiropractic

Chiropractic care is based on spinal manipulation
and includes adjustment and manipulation of the artic-
ulations and adjacent tissues of the body. The practice
is drug- and surgery-free. There are more than 50,000
chiropractic practitioners in the United States. In addi-
tion to spinal manipulation, many practitioners provide
advice on and dispense herbs, books and videos, health-
care products, and nutritional supplements.

The National Guideline Clearinghouse provides in-
formation on chiropractic quality assurance and prac-
tice parameters.

Energy Therapies

Energy therapies are concerned with energy origi-
nating from within the body or energy applied to the
body from outside sources such as magnet therapy.
Many practices and systems of health care discussed
previously incorporate the concept of energy therapy,
such as acupuncture, Ayurveda, Shiatsu, and qi gong.

Therapeutic Touch

This method claims to assist the natural healing
process by redirecting and rebalancing the energy ®elds
of the body. The practitioner places his or her hands on
or over certain parts of the body to redistribute the

patient's energy or transfer his or her own energy to
the patient.

This therapy is said to reduce pain and anxiety,
promote relaxation, and stimulate the body's natural
healing process.

VALIDATING THE
EFFECTIVENESS OF CAM

Much of both allopathic and alternative medicine is
based on anecdotal evidence or experiences; that is, a
particular approach appeared to work for one patient so
the practitioner institutes the same or a similar therapy
on the next patient. Providers and payers are now asking
for the `̀ evidence'' that therapies are effective, not only
for allopathic treatments but also for CAM approaches.
Within the past 15 years, the ®eld of `̀ evidence-based''
medicine has grown starting with a group of investiga-
tors at Oxford University. Levels of evidence are used to
evaluate information concerning various therapies. In
the opinion of the Oxford group, the strongest evidence
for a particular therapy is based on prospective, ran-
domized, blinded, clinical trials and the weakest recom-
mendations are based on case series or expert opinion
without explicit clinical appraisal.

Some CAM treatments, particularly herbal therapies
and nutritional supplements, can be evaluated by using
conventional clinical trial techniques like those that are
used to test new drugs. Dif®culty arises in designing an
appropriate study when a speci®c procedure involves
physical manipulation such as with acupuncture, ther-
apeutic touch, and chiropractic adjustments.

Another approach to evaluating the effectiveness of
CAM is to gather a group of experts and review the
evidence published on a speci®c topic. The experts then
offer a ®nal opinion or consensus on a topic and this
information is made available in periodicals or on the
Internet. An individual seeking allopathic or CAM treat-
ment should be made aware of the available evidence
concerning a particular therapy before embarking on a
course of treatment.

Other research on CAM treatments is being
supported by the National Institutes of Health
and/or other funding sources such as industry.

RISKS ASSOCIATED WITH CAM

In addition to understanding the bene®ts of a particular
therapy, an individual should appreciate the risks in-
volved. This is particularly true of side effects associated
with the ingestion of herbs or supplements (Table III).
Because patients rarely inform their allopathic providers
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of their use of CAM therapiesÐor alternatively
allopathic providers rarely ask a patient or are knowl-
edgeable about such therapiesÐthere is concern that
deleterious herbÿsupplementÿdrug interactions may
occur. This concern has prompted anesthesiologists
to advise patients to discontinue all herbal medicines
for 1ÿ7 days before an operation in order to prevent
relevant side effects from interactions of herbal products
and anesthetic agents.

There is also concern that a patient with a speci®c
disease will avoid a conventional therapy that could
potentially cure the disease and choose a CAM treat-
ment that may have variable or negligible effects on the
disease. High-risk patients, such as those with cancer or
autoimmune de®ciency syndrome, may be more likely
to pursue such a course. A variety of information data-
bases are available to help individuals in this decision-
making process.

TRENDS IN THE USE OF CAM

Over the past decade, the use of CAM has grown rapidly
in the United States, Japan, Australia, and Europe. In
1990, approximately 33% of Americans used an alter-
native therapy and that percentage increased to approx-
imately 42% by 1997. Individuals spent more than
$27 billion on these therapies and such expenditures
were in the most part not covered by insurance and were
paid for out-of-pocket.

Allopathic physicians are increasingly participating
in CAM therapies, although the inclusion of CAM in-
struction as required curriculum in medical schools is
quite variable. One survey reported that 60% of physi-
cians from a wide range of specialties recommended
alternative therapy to their patients at least once and
almost one-half of the physicians surveyed had used
alternative therapies themselves.

A variety of reasons are offered for the recent success
of CAM. Some suggest that the popularity re¯ects a
failing in our present medical system and relates to
problems in care delivery (the growth of health main-
tenance organizations and the 10-min patient visit).
Others suggest that this trend re¯ects an issue related
to patient control and choice, which usually are not
associated with present methods of allopathic care. Fi-
nally, most of the CAM approaches are holistic and are
seen by the patient as being more `̀ natural'' than
allopathic treatments. Whatever the reasons, it is
quite clear that CAM will play a greater role in medical
care in the future.

See Also the Following Article

Functional (Non-Ulcer) Dyspepsia
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TABLE III Some of the CAM Substances Associated with Speci®c Side Effects

Product Common name Toxin(s) Side effects

Aconite Monkshood, wolfbane Aconite, hypaconitine Nausea, vomiting, neuromuscular weakness,

seizures, coma, cardiac effects

(bradycardia, arrhythmia, and hypotension)

Chaparral tea Liver failure

Chomper May be contaminated with digitalis

Comfrey Bruisewort, knitbone Pyrrolizidine Veno-occlusive disease, vomiting, hepatomegaly,

hepatic necrosis

Jin bu huan Sedative, hepatitis, bradycardia

Lobella Vomiting, coma, tachycardia, respiratory distress

Ma huang Ephedra Ephedrine,

pseudoephedrine

Hypertension, heart attack stroke,

arrhythmias, headaches, seizures, tremors,

anxiety, hallucinations

Pennyroyal Pulegone Liver and renal failure, nausea, vomiting,

abdominal pain, shock, alterations in mental

status (delirium, confusion, agitation, seizures)

Plantain leaf May be contaminated with digitalis

Yohimbe Seizures, renal failure

Adapted from Cassileth, B. R. (1998). `̀ The Alternative Medicine Handbook: The Complete Reference Guide to Alternative and Complementary

Therapies.'' W. W. Norton & Co., New York, and Mack, R. B. (1998). `̀ Something wicked this way comes''ÐHerbs even witches should avoid.

Contemp. Pediatr. 15(6), 49ÿ64, with permission.
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computed tomography (CT)-colonography Multidetector

CT acquires a volume data set of the abdomen. With

computer software, a virtual, volume-rendered display of

the colon is created, permitting detection of polyps and

cancer.

contrast-enhanced computed tomography images obtained

with intravascular and intralumenal contrast material.

This is the preferred scanning protocol for most intra-

abdominal pathology.

helical computed tomography (CT) CT technology that

acquires a volume of data rather than acquiring data slice

by slice as in older technology.

intralumenal contrast A dilute solution (2%) of barium or

gatrogra®n is ingested to distend and opacify the hollow

abdominal viscera. This is helpful in differentiating the

gut from masses, lymph nodes, and abscesses.

intravascular contrast Iodinated contrast material is injected

into an antecubital fossa vein to assess bowel wall

enhancement, to identify and characterize focal lesions

in the liver, spleen, pancreas, adrenal glands, kidneys,

and bladder, and to perform computed tomographyÿ
angiography. Usually, 150 cc of contrast is injected at a

rate of 2ÿ5 cc/s.

multidetector computed tomography (CT) An advancement

in helical CT in which multiple detectors, rather than a

single detector, are employed to acquire the data. This

technology allows for extremely rapid scans, optimizing

intravenous contrast levels.

mural strati®cation Computed tomography visualization of

all three layers of the gut: mucosa, submucosa, and

muscularis propria. Most benign causes of gastrointest-

inal pathology result in mural thickening of the gut with

preservation of mural strati®cation. Malignant disorders

generally cause wall thickening with loss of mural

strati®cation.

noncontrast computed tomography (CT) scans Images

obtained on CT without intravascular or intralumenal

contrast material. It is a good technique for evaluating

kidney and ureter stones but limits the sensitivity in

detecting gastrointestinal pathology.
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computed tomography (CT)-colonography Multidetector

CT acquires a volume data set of the abdomen. With

computer software, a virtual, volume-rendered display of

the colon is created, permitting detection of polyps and

cancer.

contrast-enhanced computed tomography images obtained

with intravascular and intralumenal contrast material.

This is the preferred scanning protocol for most intra-

abdominal pathology.

helical computed tomography (CT) CT technology that

acquires a volume of data rather than acquiring data slice

by slice as in older technology.

intralumenal contrast A dilute solution (2%) of barium or

gatrogra®n is ingested to distend and opacify the hollow

abdominal viscera. This is helpful in differentiating the

gut from masses, lymph nodes, and abscesses.

intravascular contrast Iodinated contrast material is injected

into an antecubital fossa vein to assess bowel wall

enhancement, to identify and characterize focal lesions

in the liver, spleen, pancreas, adrenal glands, kidneys,

and bladder, and to perform computed tomographyÿ
angiography. Usually, 150 cc of contrast is injected at a

rate of 2ÿ5 cc/s.

multidetector computed tomography (CT) An advancement

in helical CT in which multiple detectors, rather than a

single detector, are employed to acquire the data. This

technology allows for extremely rapid scans, optimizing

intravenous contrast levels.

mural strati®cation Computed tomography visualization of

all three layers of the gut: mucosa, submucosa, and

muscularis propria. Most benign causes of gastrointest-

inal pathology result in mural thickening of the gut with

preservation of mural strati®cation. Malignant disorders

generally cause wall thickening with loss of mural

strati®cation.

noncontrast computed tomography (CT) scans Images

obtained on CT without intravascular or intralumenal

contrast material. It is a good technique for evaluating

kidney and ureter stones but limits the sensitivity in

detecting gastrointestinal pathology.
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The noninvasive evaluation of gastrointestinal disorders

has been revolutionized over the past 20 years by tech-

nical advances in cross-sectional imaging techniques:

ultrasound, computed tomography (CT), and magnetic

resonance imaging. CT has evolved as the premier imag-

ing examination in most clinical situations. It has earned

this role by virtue of its ability to provide a global per-

spective of the gut, solid abdominal and pelvic organs,

mesenteries, omenta, peritoneum, retroperitoneum, ex-

traperitoneum, and subperitoneum, uninhibited by the

presence of bowel gas, fat, or surgical wounds. The advent

of multidetector CT has further advanced the clinical util-

ity of CT by permitting thinner contiguous images to be

obtained without respiratory misregistration and allow-

ing multiple data acquisitions to be made during different

phases of a single intravenous contrast bolus injection.

This advance has also shortened examination times and

the acquired data set can be displayed as angiographic

renderings, multiplanar reformatted images, and surface-

or volume-rendered images of the abdominal viscera or

lumen without exposing the patient to additional radia-

tion. In this article, the CT features of the most common

gastrointestinal disorders are discussed and the utility of

CT is placed in a clinical perspective.

THE SOLID ABDOMINAL ORGANS

Liver

Diffuse Disease

Cirrhosis The computed tomography (CT) ®nd-
ings in cirrhosis are varied and depend on the cause and
duration of the hepatic injury. Typically, the liver has an
irregular nodular appearance with inhomogenous con-
trast enhancement. There is widening of the ®ssures and
gallbladder fossa, a notch in the posterior aspect of the
right hepatic lobe, atrophy of the right lobe with hyper-
trophy of the caudate lobe (Fig. 1) and lateral segment of
the left lobe. In the later stages of cirrhosis, the overall
liver volume is diminished. Whereas all patients path-
ologically demonstrate regenerating nodules, these are
infrequently demonstrated on CT. Siderotic nodules
have higher attenuation than liver and other soft tissue
organs and are readily apparent on unenhanced CT.
Because of the insensitivity of CT to depicting regener-
ating nodules, it cannot reliably identify the transfor-
mation process of regenerative nodules to dysplastic
nodules.

The gallbladder, hepatic ¯exure of the colon, and
greater omentum often become more super®cial in
location due to atrophy of the right hepatic lobe and
thus are at risk for injury during liver biopsy. Patients
with immune-mediated liver disease, such as chronic
active hepatitis and sclerosing cholangitis, often have

enlarged lymph nodes in the porta hepatis. CT is also
helpful in showing signs of portal hypertension: varices,
ascites, splenomegaly, and increased density of mesen-
teric and omental fat.

Steatosis There is an excellent correlation be-
tween hepatic parenchymal CT attenuation and the
amount of hepatic triglycerides found on liver biopsy
specimens. Intracellular fat lowers the CT attenuation of
the liver, so that the liver is less dense than the spleen
(Fig. 2). Normally the CT density of the liver is equal to
or greater than that of the spleen.

FIGURE 1 Cirrhosis of the liver with a hypovascular hepatoma

(straight arrow). The liver has a nodular contour with enlarge-

ment of the caudate lobe (cl) and there is cavernous transfor-

mation of the main portal vein (curved arrow). Note the

splenomegaly (s).

FIGURE 2 Diffuse hepatic steatosis in a patient with alcoholic

gastritis. The density of the liver is diffuse low, contrasting with

the hepatic vessels. The thickened rugal folds of the stomach

(arrows) attest to the gastritis.
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When fat deposition is focal, it can be confused with
a hepatic mass. Focal fat, however, does not displace
adjacent blood vessels or cause focal contour abnormal-
ities and may change its appearance rapidly. In ques-
tionable cases, the diagnosis of focal fat can be
con®rmed by magnetic resonance imaging (MRI).

Iron overload Hemosiderosis and hemochroma-
tosis increase the density of the liver on CT. Indeed,
there is a linear relationship between CT attenuation
values and hepatic iron content. CT can therefore estab-
lish the diagnosis, quantitate the amount of iron in the
liver, and follow the ef®cacy of phlebotomy therapy.
High hepatic parenchymal attenuation can also be
seen in patients receiving amiodarone or gold therapy,
glycogen storage disease, calci®cation from shock liver,
and previous exposure to thorotrast.

Hepatitis The primary role of CT in patients with
hepatitis is to exclude focal masses or a hepatocellular
carcinoma. CT ®ndings in hepatitis are usually nonspe-
ci®c. Hepatomegaly, gallbladder wall thickening, and
hepatic periportal lucency are the major CT ®ndings
in patients with acute viral hepatitis. This lucency is
due to ¯uid and lymphedema surrounding the portal
veins and has also been reported in patients with ac-
quired immunode®ciency syndrome (AIDS), trauma,
neoplasm, liver transplants, liver transplant rejection,
and congestive heart failure. Early in the disease, mul-
tiple regenerating nodules may be seen in an atrophied
liver. CT has shown that hepatic necrosis is repaired by
hypertrophy of regenerating nodules rather than by an
increase in the number of nodules. These nodules give
rise to the macronodular pattern of postnecrotic cirrho-
sis. Rarely, the nodules may be hypodense and simulate
metastases on CT.

In patients with chronic active hepatitis, lymphade-
nopathy can be found in the porta hepatis, gastrohepatic
ligament, and retroperitoneum in 65% of cases and may
be the only CT abnormality in a patient with severe
hepatic dysfunction. CT can also follow the course of
immunosuppression by observing the reduction of
lymph node size with therapy.

Focal Hepatic Lesions

Malignant neoplasms
Metastases Liver metastases are the most common

malignant tumor of the liver and CT is preferred over
MRI as the initial screening test because of its shorter
examination time, greater ability to detect extrahepatic
disease, lower cost, and greater availability. On non-
contrast scans, metastases most commonly appear
hypodense relative to normal liver. Metastases can
occasionally appear hyperdense due to hemorrhage,
calci®cation, or fatty in®ltration of the liver.

The appearance of metastatic lesions following the
intravenous administration of contrast is dependent on
the intrinsic vascularity of the lesion (hypovascular ver-
sus hypervascular) and the timing of scanning following
contrast administration. During the hepatic arterial
phase of contrast enhancement, hypervascular metasta-
ses either appear uniformly hyperdense or contain a
hyperdense ring relative to the surrounding liver. Hypo-
vascular lesions appear hypodense when compared to
adjacent hepatic parenchyma during the arterial phase.
During the portal venous phase of contrast enhance-
ment, most metastatic lesions will appear hypodense
compared to normal hepatic parenchyma (Fig. 3). Hy-
pervascular metastases include renal cell carcinoma,
islet cell tumors, leiomyosarcoma, and thyroid carci-
noma. Metastases may also show a complete peripheral
ring of contrast enhancement. The CT ®ndings of me-
tastases are not pathognomonic and can be simulated
by hepatomas, abscesses, hematomas, and complicated
cysts.

Hepatocellular carcinoma Hepatocellular carci-
noma (HCC) is the most common primary liver malig-
nancy and the most common type of cancer worldwide.
Since nearly 90% of these tumors occur in patients with
cirrhosis or chronic viral infection, detection can be
obscured by the hepatic morphologic changes that at-
tend these disorders. On noncontrast scans, HCC pres-
ents as a single hypodense or isodense hepatic mass or as
multiple masses. In patients with fatty in®ltration, how-
ever, the lesions can appear hyperdense. Calci®cations
are present in nearly 7% of lesions. HCC is most
commonly hyperdense (Fig. 4) during arterial-phase
imaging and becomes hypodense during the portal

FIGURE 3 Liver metastases from colon cancer. Multiple low-

attenuation masses are identi®ed, showing a thin peripheral rim of

enhancement (thin small arrows).
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venous phase. On CT, HCC can appear as a focal, sol-
itary mass, as a multifocal process, or as a diffuse, in-
®ltrating process. Encapsulated HCC will demonstrate a
hypodense rim on contrast-enhanced CT and demon-
strate delayed contrast ®ll-in.

Cholangiocarcinoma Cholangiocarcinoma is the
second most common primary malignant liver tumor.
On noncontrast CT scans, cholangiocarcinomas appear
as an irregular round or oval hypodense mass. Initial
contrast enhancement is limited and may be peripheral
or septated. The majority of these lesions demonstrate
homogenous delayed contrast enhancement on
scans performed 6 to 30 min following contrast
administration.

Benign neoplasms

Hemangiomas Hemangiomas are the most com-
mon benign liver tumors and are usually less than
5 cm in size. Helical CT can de®nitively establish the
diagnosis in more than 90% of cases by using the fol-
lowing criteria: peripheral globular or nodular enhance-
ment, a lack of continuity of enhancing tissue, isodense
or hyperdense enhancement relative to the aorta
(Fig. 5), and centripetal `̀ ®ll-in'' of the lesion. When
globular enhancement is demonstrated in CT, no fur-
ther work-up is needed.

Focal nodular hyperplasia Focal nodular hyperpla-
sia (FNH) is the second most common benign hepatic
neoplasm. This lesion contains a central scar and is
characteristically subcapsular in location. On noncon-
trast CT scans, FNH is typically a well-de®ned lesion
that is isodense or hypodense compared to normal

hepatic parenchyma. After contrast administration,
FNH characteristically shows robust enhancement
that washes out quickly. The central stellate scar is ini-
tially hypodense, but will accrete the contrast material
on delayed images.

Adenomas Adenomas typically occur in young
women taking oral contraceptives, athletes abusing
anabolic steroids, and patients with glycogen storage
disease. Adenomas have a propensity to bleed, which
signi®cantly affects their imaging appearance. These
lesions may appear hypodense or hyperdense on non-
contrast CT scans depending on the presence (see Fig. 5)
or absence of hemorrhage. These lesions enhance rap-
idly on CT due to the predominantly hepatic arterial
supply of the tumor. Hepatic adenomas tend to appear
well de®ned due to the presence of a tumor capsule.

Vascular Disorders

Passive hepatic congestion Passive hepatic con-
gestion is caused by stasis of blood within the liver pa-
renchyma due to compromise of hepatic venous
drainage. It is a common complication of congestive
heart failure and constrictive pericarditis, wherein ele-
vated central venous pressure is directly transmitted
from the right atrium to the hepatic veins because of
their close anatomic relationship. The liver becomes
tensely swollen as the hepatic sinusoids engorge and
dilate with blood. The CT ®ndings of passive hepatic
congestion include dilation of the inferior vena cava
and the hepatic veins. The elevated central venous
pressure permits retrograde opaci®cation and enhance-
ment of the inferior vena cava and hepatic veins
following contrast injection (Fig. 6). Contrast-
enhanced CT scans may show an inhomogenous,

FIGURE 4 Hepatocellular carcinoma. There is a large periph-

erally hypervascular mass in the lateral segment of the left lobe of

the liver (H). Necrosis is present centrally.

FIGURE 5 Hepatic adenoma and hemangioma. Globular pe-

ripheral enhancement, isodense with the aorta, is diagnostic of

hepatic hemangioma (H). The adenoma (A) shows central hem-

orrhage (curved arrows) and inhomogenous enhancement.
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mottled, reticulated-mosaic pattern of parenchymal
contrast enhancement. Ancillary ®ndings include
cardiomegaly, hepatomegaly, intrahepatic periportal
lucency due to perivascular lymphedema, pleural effu-
sions, ascites, and pericardial effusions.

BuddÿChiari syndrome BuddÿChiari syn-
drome comprises a diverse group of conditions associ-
ated with hepatic venous out¯ow obstruction, at the
level of either the large hepatic veins or the suprahepatic
segment of the inferior vena cava. Diagnosis of this
disorder is frequently dif®cult because of its protean
causes and clinical manifestations. On noncontrast
CT scans, diffuse hepatic hypodensity is associated
with global liver enlargement and ascites. Hyperdense
thrombus may be seen in the inferior vena cava and
hepatic veins. Rarely, a calci®ed caval membrane is
identi®ed. After the injection of contrast material, the
liver typically shows patchy enhancement. This is due to
the hepatic congestion, which causes portal and sinu-
soidal stasis. In most patients, however, the central re-
gions of the liver, including the caudate and part of the
left lobe, may enhance normally and appear hyperdense
compared with the more peripheral parts of the liver,
which show decreased enhancement (Fig. 7). Later, a
classic `̀ ¯ip-¯op'' pattern may develop, in which the
contrast material from the normally enhanced central
liver washes out so that this region becomes relatively
hypodense compared with the peripheral zones, which
are slowly accreting contrast material. The subcapsular
portions of the liver may enhance normally, as they
have independent venous drainage through systemic
subcapsular veins. Intravascular thrombus is best
seen in the acute phase of the Budd-Chiari syndrome,

as a low-density mass in the lumen of the hepatic veins
and inferior vena cava. Portal vein thrombus may be
seen in up to 20% of cases. Compression of the inferior
vena cava is also demonstrated.

Portal vein thrombosis Portal vein thrombosis is
the leading cause of presinusoidal hypertension in the
United States. Portal vein thrombosis appears as a low-
density central zone surrounded by an intensely en-
hanced periphery on contrast-enhanced scans (Fig. 8).
There is also transient inhomogenous enhancement of
the periportal hepatic parenchyma. Enlargement of the
occluded vein increases the likelihood of the presence of
tumor thrombus. Streaky enhancement of the clot can
be seen in tumor thrombus. On precontrast scans, the
portal vein contents may be hyperdense due to the high
protein content of concentrated red blood cells.

Biliary Tract

In¯ammatory Diseases

The CT ®ndings of sclerosing cholangitis (Fig. 9)
include the following: intrahepatic duct stenoses, di-
lated peripheral ducts with no apparent connection to
the central ducts, irregular intrahepatic duct dilation
with a beaded appearance, and mural thickening,
irregularity, and abnormal enhancement of the common
bile duct.

Acute cholangitis is usually seen in the clinical set-
ting of biliary obstruction and CT shows dilation of the
intrahepatic bile ducts, high-attenuation debris in the
duct lumen, and thickening and abnormal enhancement
of the bile duct wall. Frank liver abscesses that manifest

FIGURE 6 Passive hepatic congestion. The heart (H), aorta

(A), and inferior vena cava (C) should not enhance to this degree

so early after contrast administration, indicating re¯ux of contrast

through the failing right heart. Note ascites (F).

FIGURE 7 Budd-Chiari syndrome. Note the enlarged, enhanc-

ing caudate lobe (CL) and hypodense hepatic periphery with

mottled enhancement.
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as low-attenuation areas in contiguity with the biliary
tract may result from acute suppurative cholangitis.

Cholangiocarcinoma

Cholangiocarcinoma of the extrahepatic bile ducts is
usually in®ltrating, causing stenosis of the duct, but may
appear exophytic or intralumenal. Characteristically,
the tumor is hypodense early after contrast administra-
tion and later shows retention of contrast on delayed
images.

Gallbladder

Gallstones

CT is less sensitive in the detection of gallstones than
ultrasound: 75% compared to 98%. The CT appearance

of gallstones is variable, depending on their composi-
tion, pattern of calci®cation, and the presence of lam-
ination, ®ssuring, or gas. Stones with a high cholesterol
content are dif®cult to see because they are isodense
with the surrounding bile. Well-calci®ed stones are eas-
ily detected on CT. Stones that are denser than bile may
be seen due to a rim or nidus of calci®cation. The CT
attenuation of gallstones correlates more closely with
the cholesterol content of the stones than with the cal-
cium content. On CT, gallstones can be simulated by the
enhancing mucosa of a contracted gallbladder wall or
neck, which often fold upon themselves.

Acute Cholecystitis

Although ultrasound is the preferred method for
diagnosing acute cholecystitis, CT is frequently the ini-
tial examination ordered because the diagnosis is un-
clear. Mural thickening greater than 3 mm in the setting
of a distended gallbladder and enhancement of the in-
¯amed wall are the most sensitive helical CT ®ndings of
acute cholecystitis (Fig. 10). Transient focal increased
attenuation of the liver may develop adjacent to the
in¯amed gallbladder as a result of hepatic arterial hy-
peremia and early venous drainage. Less speci®c signs
include pericholecystic ¯uid, haziness of the perichole-
cystic fat, and increased attenuation of the gallbladder
bile. Helical CT can also depict the complications of
acute cholecystitis, such as perforation and gangrene.
Intramural or intralumenal gas is present in emphyse-
matous cholecystitis.

Choledocholithiasis

Patients with choledocholithiasis typically present
with acute right upper quadrant pain, fever, jaundice,
and pancreatitis. Thin collimation (3 mm) scans are

FIGURE 8 Portal vein thrombosis. Low-density tumor throm-

bus (arrow) is present within the left portal vein in this patient

with hepatoma.

FIGURE 9 Sclerosing cholangitis. Multiple areas of heading of

focally ectatic intrahepatic (arrow) are evident.

FIGURE 10 Acute cholecystitis. The gallbladder wall is thick-

ened and shows mural edema. Multiple stones are also evident.
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needed to optimize the detection of stones on CT. A
high-density nidus may be visualized within the duct
or alternating low- and high-density rings of mixed
cholesterolÿcalcium stones may be seen (Fig. 11). Bil-
iary dilation may be evident proximally. Helical CT has
a sensitivity of 88%, a speci®city of 97%, and an accuracy
of 94% in the detection of choledocholithiasis. Positive
intralumenal and intravascular contrast material can
obscure the detection of peripherally calci®ed stone,
however.

Neoplasms

Carcinoma of the gallbladder is the ®fth most com-
mon malignancy of the gastrointestinal tract, responsi-
ble for nearly 7000 deaths annually in the United States.
This neoplasm has three major patterns of presentation

pathologically and on CT: (1) focal or diffuse mural
thickening; (2) an intralumenal polypoid mass
(Fig. 12), usually larger than 2 cm, originating in the
gallbladder wall; and (3) most commonly (45ÿ65%), a
subhepatic mass replacing or obscuring the gallbladder,
often invading adjacent liver.

Pancreas

Neoplasms

Adenocarcinoma On CT, most adenocarcinomas
present as a focal hypodense (Fig. 13) mass on contrast-
enhanced scans. Atrophy of the pancreas and dilation
of the pancreatic duct are often seen upstream of the
neoplasm. Helical CT is also quite useful in assessing
resectability of the tumor. Liver metastases, vascular
encasement, and involvement of adjacent lymph
nodes suggest unresectability.

Islet cell tumors Most islet cell tumors are
strikingly hypervascular lesions and consequently en-
hance robustly following contrast administration. Most
are less than 2 cm in size.

Cystic pancreatic neoplasm Serous, microcystic
cystadenomas have small (�1 cm), often innumerable
cysts interspersed within a dense ®brous
honeycomb. Central calci®cations occur in 30% of
these usually benign tumors. Mucinous cystadenomas
and cystadenocarcinomas present as macrocystic
(�2 cm) unilocular cysts or as intraductal neoplasms.
Calci®cation is rare and mural nodules may be present.
On the basis of CT ®ndings, it is dif®cult to differentiate
benign from malignant mucinous tumors.

Pancreatitis

Acute pancreatitis Helical CT plays a vital role
in the clinical management and staging of patients with
acute pancreatitis. CT can establish the presence of
hemorrhage or necrosis within the gland itself and iden-
tify the extension of the in¯ammatory process into ad-
jacent organs. The CT ®ndings of acute pancreatitis
re¯ect edema of the gland and surrounding fat and
may be normal in up to 28% of mild cases. The entire
gland may become diffusely enlarged with an irregular
contour. In mild cases, the peripancreatic fat contains
wisps of high attenuation, the vascular margins are
cuffed, and the fascial planes are thickened. Mild peri-
pancreatic in¯ammation may be present around an oth-
erwise normal appearing gland. Segmental pancreatitis
occurs in 10ÿ18% of patients and is usually associated
with stone disease. Typically, the gland shows uniform
enhancement.

In more advanced cases, intraglandular intra-
vasation of pancreatic ¯uid leads to the formation
of multiple, small, intrapancreatic ¯uid collections. In

FIGURE 11 Choledocholithiasis. A high-density stone is pres-

ent within the lumen of a dilated common bile duct (arrow).

FIGURE 12 Gallbladder carcinoma. This neoplasm manifests

as an enhancing mass (arrow) in the gallbladder lumen.
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necrotizing pancreatitis, the gland becomes enlarged
and is often enveloped by high-attenuation exudates.
Necrotic parenchyma shows decreased or no enhance-
ment that is sharply demarcated from normally enhanc-
ing viable tissue (Fig. 14). The body and tail are usually
involved; the head is spared because of its rich collateral
vascular network. Enhancing islands of viable tissue
may be scattered throughout the gland. The poorly

de®ned peripancreatic exudates obliterate the
peripancreatic fat, dissect fascial planes, and penetrate
through fascial and peritoneal boundaries and liga-
ments. These collections typically accumulate in the
lesser sac, anterior pararenal space, and anterior
interfascial space. Helical CT is also useful in demon-
strating vascular complications, such as pseudo-
aneurysms and splenic and portal vein thrombosis.
Delineation of necrosis by helical CT can help predict
patient outcome.

Chronic pancreatitis The CT features of chronic
pancreatitis include the following: dilation of the main
pancreatic duct, parenchymal atrophy, pancreatic cal-
ci®cations, intra- and peripancreatic ¯uid collections,
focal pancreatic enlargement, and biliary tract dilation.
It is often dif®cult to differentiate focal mass-like
chronic pancreatitis from adenocarcinoma on the
basis of CT features alone.

HOLLOW ABDOMINAL VISCERA

Esophagus

Neoplasms

On CT, esophageal carcinoma produces either con-
centric mural thickening or a focal, asymmetric soft
tissue mass arising from the wall. CT is useful for
tumor staging, assessing response to therapy, and diag-
nosing complications of surgery. Tumor invasion of the
aorta is unlikely if the tumor involves the aortic circum-
ference by �45�; contact �90� is highly suggestive of
invasion and contact in the range of 45� to 90� is inde-
terminate. Aortic invasion is also predicted when the
small triangular deposit of fat between the esophagus,
aorta, and spine is obliterated. The preoperative iden-
ti®cation of tracheobronchial invasion is important
because it may make tumor resection, particularly by
the transhiatal route, more dif®cult or even impossible.
The demonstration of a tracheobronchial ®stula or ex-
tension of the tumor into the airway lumen is a speci®c
sign of invasion. Tracheobronchial invasion should be
suspected if an esophageal tumor either causes inward
bowing of the posterior tracheal or bronchial wall or
displaces the trachea and/or bronchi away from the
spine.

Varices

The complete extent of esophageal and abdominal
varices is well depicted on CT. Varices produce thick-
ening of the esophageal wall, a scalloped contour, and
enhancing intralumenal protrusions following intrave-
nous contrast injection.

FIGURE 14 Necrotizing pancreatitis. There is poor enhance-

ment of the pancreatic tail (open arrow), suggesting necrosis. Note

the large ¯uid collections in the lesser sac (S) and the anterior

interfascial plane (curved arrow).

FIGURE 13 Pancreatic adenocarcinoma. CT shows a hypo-

dense mass that encases the splenic artery (open arrow). Note

the upstream dilation of the pancreatic duct and parenchymal

atrophy (curved arrow).
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Stomach

Neoplasms

Malignant tumors
Adenocarcinoma Gastric carcinomas on CT ap-

pear as a region of focal, inhomogenous mural thicken-
ing (Fig. 15). Scirrhous and polypoid forms, with or
without ulceration, are typically seen. Gastric carci-
noma typically spreads to the liver, lymph nodes, pan-
creas, duodenum, transverse mesocolon, and peritoneal
cavity. Direct extension of proximal tumors can occur
via the gastrohepatic ligament to the porta hepatis and
left lobe of the liver. The transverse colon may be in-
volved by tumor spread through the gastrocolic liga-
ment and splenic involvement may be seen from
gastrosplenic ligament invasion. Direct extension may
be seen into the pancreas and duodenum. The use of
helical CT techniques that optimize intravenous con-
trast levels and minimize respiratory misregistration
helps to identify lymph node involvement and vascular
encasement. Carcinomatosis with diffuse peritoneal
seeding, malignant ascites, and adnexal and pelvic me-
tastases are well depicted by CT.

Lymphoma On CT, gastric lymphomas tend to pro-
duce signi®cantly greater wall thickening than adeno-
carcinoma. Lymphomas also tend to be more
homogenous and more diffusely involve the stomach
than adenocarcinomas.

Leiomyosarcomas On CT, these lesions tend to be
large and inhomogenous, to ulcerate, and to have a
greater degree of extragastric growth than leiomyomas.

Benign tumors
Leiomyomas These lesions tend to be less than

4 cm in size, are homogenous, and show endolumenal
growth as on CT (Fig. 16). Differentiation from
leiomyosarcomas may be impossible.

Lipomas These well-circumscribed lesions have fat
(low) attenuation on CT.

Gastritis

On CT, gastritis manifests as mural thickening, often
with submucosal edema. CT has no role in the primary
evaluation of gastritis but can be useful in showing com-
plications of peptic ulcer disease, e.g., perforation
(Fig. 17) or ®stula.

Small Bowel

Crohn's Disease

Crohn's disease is manifested on CT by bowel wall
thickening ranging between 1 and 2 cm. During the
acute, noncicatrizing phase of Crohn's disease, the
small bowel and colon maintain mural strati®cation
and often have a target or double-halo appearance.
There is a soft-tissue-density ring (corresponding to
mucosa), which is surrounded by a low-density ring
with an attenuation near water or fat (corresponding
to submucosal edema or fat in®ltration, respectively),
which in turn is surrounded by a higher-density ring
(muscularis propria). In¯amed mucosa and serosa may
show signi®cant contrast enhancement following bolus
intravenous contrast administration and the intensity
of enhancement correlates with the clinical activity of
disease (Fig. 18).

The CT demonstration of mural strati®cation, i.e.,
the ability to visualize distinct mucosal, submucosal,

FIGURE 15 Gastric cancer. There is mural thickening with

polypoid folds of the proximal gastric body (black arrows). There

is tumor spread into the gastrohepatic ligament (open arrow) and

gastrosplenic ligament (curved arrow).

FIGURE 16 Gastric leiomyoma. A large, ulcerating (arrow),

endophytic mass is present near the cardia of the stomach.
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and muscularis propria layers, indicates that transmural
®brosis has not occurred and that medical therapy may
be successful in ameliorating lumen compromise. The
edema and in¯ammation of the bowel wall that cause
mural thickening and lumen obstruction are reversible
to some extent. A modest decrease in wall thickness
often produces a dramatic increase in lumen cross-sec-
tional area and resolution of the patient's obstructive
symptoms.

In patients with long-standing Crohn's disease and
transmural ®brosis, mural strati®cation is lost so that the
affected bowel wall typically has homogenous attenua-
tion on CT. Homogenous attenuation of the thickened
bowel wall in the presence of good intravascular con-
trast-medium levels and thin-section scanning suggests
irreversible ®brosis so that anti-in¯ammatory agents
may not provide a signi®cant reduction in bowel wall
thickness. If these segments become suf®ciently narrow,
surgery or stricturoplasty may be necessary to relieve
the patient's obstruction.

CT can readily differentiate the extralumenal man-
ifestations of Crohn's disease. Fibrofatty proliferation,
also known as `̀ creeping fat'' of the mesentery, is the
most common cause of separation of bowel loops
seen on small bowel series in patients with Crohn's
disease. On CT, the sharp interface between bowel
and mesentery is lost and the attenuation value of the
fat is elevated by 20 to 60 house®eld units (HU) due to
the in¯ux of in¯ammatory cells and ¯uid. Mesenteric
adenopathy with lymph nodes ranging in size between 3
and 8 mm may also be present. Contrast-enhanced CT

scans often show hypervascularity of the involved mes-
entery manifesting as vascular dilation, tortuousity,
prominence, and wide spacing of the vasa recta.
These distinctive vascular changes have been called
`̀ vascular jejunization of the ileum'' or the `̀ comb
sign.'' Identi®cation of this hypervascularity should sug-
gest active disease and may be useful in differentiating
Crohn's disease from lymphoma or metastases, which
tend to be hypovascular lesions. On CT, a phlegmon
produces loss of de®nition of the surrounding organs
and a `̀ smudgy'' or `̀ streaky'' appearance of the adjacent
mesenteric or omental fat. Initially, abscesses appear as
a mass of soft tissue attenuation due to the in¯ux
of in¯ammatory cells. With maturation, the abscess
undergoes liquefactive necrosis centrally and highly
vascularized connective tissue develops peripherally.
As a result, this lesion has a low-attenuation center
with an enhancing rim (Fig. 19).

FIGURE 17 Penetrating benign gastric ulcer. A large benign

gastric ulcer (white arrow) is seen penetrating into the

gastrohepatic ligament. The thick gastric folds (black arrows)

attest to the gastritis.

A

B

FIGURE 18 Crohn's disease. (A) There is marked mural thick-

ening and abnormal enhancement of the distal ileum. Note the

in¯ammation of the adjacent mesentery (arrows). (B) Note the

dramatic mural and mesenteric improvement following medical

therapy.
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Bowel Obstruction

Small and large bowel obstruction accounts for ap-
proximately 20% of acute abdominal surgical condi-
tions. Helical CT has replaced conventional contrast
studies in these patients because it can more reliably
answer the following questions:

1. Is an obstruction present?
2. What is the level of obstruction?
3. What is the cause of the obstruction?
4. What is the severity of the obstruction?
5. Is the obstruction simple or is it a closed loop?
6. Is strangulation or ischemia present?

It is important to differentiate between simple versus
closed-loop obstruction since the former can be man-
aged conservatively, whereas the latter requires prompt
surgical intervention. Scans in these patients are best
obtained without oral contrast material because
intralumenal ¯uid and gas serve as a natural contrast
agent. Intravenous contrast is important in assessing
intestinal perfusion and ischemia as well as delineating
the size, con®guration, and patency of the mesenteric
vessels.

Demonstration of a transition zone between dilated
and decompressed bowel is the CT hallmark of bowel
obstruction. Careful inspection of the transition zone
and lumenal contents will often demonstrate the underl-
ying etiology of the obstruction. CT is most helpful in
patients with internal and external hernias, neoplasms,
gallstone ileus, various forms of enteroenteric intussus-
ception and afferent loop obstruction following a
Billroth II gastrectomy. If no mass, hernia, intussuscep-
tion, stone (Fig. 20), abscess, or in¯ammatory thicken-
ings are present, then adhesion is the most likely

diagnosis. The typical adhesion has a beak-like narrow-
ing and the affected gut may be dif®cult to appreciate
depending on the orientation of the loop relative to the
axial plane.

An incarcerated or closed-loop obstruction mani-
fests as a loop-shaped, ¯uid-®lled structure, causing
the proximal segments to dilate with gas and ¯uid.
The mesenteric vessels have a radial distribution as
they become stretched and converge toward the U- or
C-shaped loop. There are typically two adjacent col-
lapsed round/oval/triangular segments that represent
the afferent and efferent entry points or the torsion
site. The mesenteric vasculature may have an unusual
course. When ischemia develops, the bowel wall may be
thickened and have a target appearance due to submu-
cosal edema. Additionally, there may be poor or
delayed enhancement of the involved bowel wall.
Fluid and hemorrhage may collect in the mesentery,
bowel wall, and/or lumen of the involved segment.
The mesentery becomes hazy in appearance and ascites
may develop.

In patients with high-grade small bowel obstruction,
CT has a reported sensitivity of 90ÿ96%, a speci®city of
91ÿ96%, and an accuracy of 90ÿ95%. CT is less accu-
rate in patients with low-grade obstruction.

Neoplasms

Small bowel lymphoma may demonstrate a large
homogenous mass or a large ulcerating mass, often
with associated enlargement of mesenteric and retro-
peritoneal lymph nodes (Fig. 21). Carcinoid tumors
classically manifest as a variably calci®ed mass with
radially oriented linear densities in the perienteric fat.
Resulting desmoplasia causes bowel loops to be drawn
in toward the mass.

FIGURE 19 Crohn's disease with mesenteric abscess. There is

mural thickening of the distal ileum (black arrows), which has an

adjacent mesentery that contains engorged vasa recta. Note the

gas-containing abscess (A) that has a thick, enhancing wall.

FIGURE 20 Gallstone ileus. A calci®ed gallstone (arrow) is

causing small bowel obstruction
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Colon

Ulcerative Colitis

In acute, fulminant ulcerative colitis (Fig. 22), deep
ulcerations may be identi®ed associated with increased
intralumenal ¯uid. Mural thickening and lumen
narrowing are common CT features of subacute and
chronic ulcerative colitis. The mucosa becomes thick-
ened due to hypertrophy of the muscularis mucosae in

chronic ulcerative colitis. Additionally, the lamina
propria is thickened due to round cell in®ltration in
both acute and chronic ulcerative colitis. The submu-
cosa becomes thickened due to the deposition of
fat (Fig. 23) or, in acute and subacute cases, edema.
Submucosal thickening further contributes to lumenal
narrowing.

On CT, these mural changes produce a target or halo
appearance when axially imaged: the lumen is sur-
rounded by a ring of soft tissue density (mucosa, lamina
propria, hypertrophied muscularis mucosae), which is
surrounded by a low-density ring (edema or fatty in®l-
tration of the submucosa), which in turn is surrounded
by a ring of soft tissue density (muscularis propria). This
mural strati®cation is not speci®c and can also be seen
in Crohn's disease, infectious enterocolitis, pseudo-
membranous colitis, ischemic and radiation enteroco-
litis, mesenteric venous thrombosis, bowel edema, and
graft-versus-host disease.

Diverticulitis

Diverticulitis occurs in 10ÿ25% of patients with
known diverticulosis. Clinical misdiagnosis rates rang-
ing from 34 to 67% have been reported. The role of CT in
these patients is to con®rm the diagnosis, establish the
presence of complications (e.g., abscess), provide a road
map for percutaneous or surgical therapy, and suggest
alternative diagnoses in patients in whom diverticulitis
has been excluded.

In¯ammatory change in the pericolic fat is the CT
hallmark of diverticulitis (Fig. 24), seen in 98% of
patients. In mild cases, there is only minimal haziness
of the adjacent fat. Small ¯uid collections, ®ne linear
strands, and extralumenal gas bubbles may be visual-
ized. In more severe cases, phlegmon or frank abscess
formation can occur. Diverticula are evident in 480%
of cases and symmetric mural thickening in excess of
4 mm is seen in approximately 70% of patients. In some
cases, contrast material collects in an arrowhead shape
adjacent to the in¯amed colonic diverticulumÐthe
arrowhead sign. The offending in¯amed diverticulum
may appear as a rounded, paracolic out-pouching cen-
tered within the paracolic in¯ammation with soft tissue,
calcium, barium, or air attenuation.

Appendicitis

Acute appendicitis is the most common abdominal
surgical emergency, affecting approximately 250,000
people annually in the United States. Although the cor-
rect diagnosis can be made in most patients on the basis
of history, physical examination, and laboratory tests,
diagnosis is uncertain in the 20ÿ33% of patients who
present with atypical features. The diagnosis is most

FIGURE 21 Small bowel lymphoma. There is a large cavitating

mass (M) in the ileum.

FIGURE 22 Acute ulcerative colitis. Large areas of ulceration

leave in¯ammatory pseudopolyps (arrows) in their wake. The

increased lumenal ¯uid (F) attests to the copious diarrhea.

Note the ascites (A).
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dif®cult to establish in infants and young children, the
elderly, and women of reproductive age. In the past, an
average negative laparotomy rate of 20% was acceptable.
The widespread use of helical CT in patients with
suspected appendicitis has been shown to positively
affect patient outcome and increase the number of pos-
itive laparotomies. Studies evaluating the ef®cacy of
helical CT show sensitivities of 90ÿ100%, speci®cities
of 83ÿ97%, and accuracies of 93ÿ98% for the diagnosis
of acute appendicitis.

The CT ®ndings in acute appendicitis re¯ect the
extent and severity of in¯ammation. In mild disease,
the appendix appears as a distended (6ÿ15 mm diam-
eter) ¯uid-®lled structure that shows circumferential,
symmetric mural thickening (Fig. 25). Homogenous

dense contrast enhancement of the wall is typical but
a target sign may be seen when the appendix is axially
viewed. Periappendiceal in¯ammation manifests as
slight haziness of the fat of the mesoappendix. A calci-
®ed appendicolith is more reliably demonstrated on CT
than on plain ®lms.

With disease progression and perforation, the ap-
pendix becomes fragmented, destroyed, and replaced by
a phlegmon or abscess. There may be associated mural
thickening of the adjacent distal ileum and cecum. In
these cases, the speci®c diagnosis of appendicitis can be
made if an appendicolith is seen within the abscess or
phlegmon.

Epiploic Appendagitis

This unusual condition occurs when an epiploic
appendage of the colon develops in¯ammation, torsion,
or ischemia. Epiploic appendagitis can simulate appen-
dicitis and right- and left-sided diverticulitis both clin-
ically and on CT scans. The in¯amed appendage
presents as a small fat attenuation mass with a
hyperattenuating rim that abuts the serosal surface of
the colon (Fig. 26). At the center of the lesion, a small
round or linear hyperdense focus may be seen and is
thought to represent vascular thrombosis. Epiploic
appendagitis also produces mass effect and focal thick-
ening of the adjacent bowel, in®ltration of the mesen-
teric fat, and focal thickening of the surrounding
peritoneum.

Other Colitides
Infectious enterocolitides Gastroenteritis and

the infectious enterocolitides are responsible for nearly
70% of emergency room visits prompted by abdominal
pain. Most cases are self-limited and do not require
imaging. In atypical cases, colicky abdominal pain
rather than diarrhea may be the predominant symptom.
The CT scan may be normal or show nonspeci®c mural
thickening in more severe cases of Shigella, invasive
Escherichia coli, Salmonella, Yersinia, and Entamoeba.

In pseudomembranous colitis, potent antibiotics
disrupt the normal bacterial ¯ora of the colon, leading
to overgrowth of Clostridium dif®cile. The release of its
enterotoxins causes mucosal in¯ammation and the de-
velopment of pseudomembranes consisting of mucous
and in¯ammatory debris. On CT, there is mural thick-
ening averaging 15ÿ20 mm, with a target or halo pat-
tern due to submucosal edema (Fig. 27). Contrast
material caught between thick haustra may simulate
deep ulcerations and produce an accordion-like appear-
ance. The lumen may be completely effaced as well.
Ascites and pericolic in¯ammatory changes accompany
these features.

FIGURE 23 Chronic ulcerative colitis. CT scan of the rectum

shows mural thickening and submucosal fat deposition (arrow).

FIGURE 24 Diverticulitis. There is mural thickening of

the sigmoid colon associated with in¯ammatory change and gas

bubbles (arrow) in the sigmoid mesocolon.
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Helical CT is most useful in differentiating the
panoply of in¯ammatory, infectious, and neoplastic
disorders that can cause the acute abdomen in AIDS
patients. Infections such as cryptosporidiosis (Fig. 28)
and cytomegalovirus produce thickening of the gut
wall with edema of the submucosa and increased
enhancement of the mucosa.

Typhlitis Neutropenic colitis is an acute in¯am-
matory and necrotizing process that affects the cecum of
immunocompromised patients with profound neutro-
penia. In this disorder, there is ulceration of the mucosa
followed by bacterial and fungal invasion. The CT fea-
tures are nonspeci®c and include segmental mural
thickening of the cecum (Fig. 29), intramural regions
of edema or necrosis, pericolic ¯uid, and perienteric

stranding. In advanced cases, pneumatosis intestinalis
and frank perforation may develop.

Neoplasms

Colorectal cancer (CRC) is usually diagnosed
by barium studies, colonoscopy, or sigmoidoscopy. Al-
though these techniques provide superb visualization of
the mucosa, they cannot determine the depth of mural
invasion by the tumor or the extent of metastatic in-
volvement. Preoperative staging aims to accurately as-
sess tumor extent in order to individualize patient
therapy, facilitate evaluation of treatment results, assess
risk of disease recurrence, and determine prognosis. By
virtue of their cross-sectional imaging format and ability
to demonstrate the extent of wall invasion, extralumenal
tumor spread, and lymph node and distant metastases,
CT has become the primary means for radiologic staging
of CRC (Fig. 30).

The preoperative accuracy of CT in staging CRC is
limited, with reported sensitivity rates of only 48ÿ77%.
This is due to the inability of CT to accurately assess the
degree of mural invasion and the dif®culty in differen-
tiating reactive from malignant lymph nodes. Despite
these limitations, preoperative CT is commonly used to
provide a baseline exam for comparison with postoper-
ative imaging studies and to help detect metastatic
lesions prior to surgery. Additional indications for pre-
operative CT include suspected contiguous organ inva-
sion by tumor and unusual tumor histology, such as
lymphoma.

FIGURE 25 Appendicitis. There is dilation of the appendix

with increased mural enhancement (open arrow). There is reac-

tive thickening of the adjacent cecum (black arrow).

FIGURE 26 Epiploic appendagitis. The fat-density epiploic

appendage is surrounded by high-density in¯ammatory changes

(curved arrow).

FIGURE 27 Pseudomembranous colitis. There is a procto-

sigmoiditis associated with diffuse mural thickening (arrows)

and submucosa edema. A, ascites.
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The sensitivity of conventional CT approaches 75%
in the detection of the initial colorectal tumor. Lesions
less than 3 to 5 mm are usually not detectable. This is
probably not clinically signi®cant in most cases, since
the risk of malignancy in a polyp less than 1 cm in di-
ameter is less than 1%. Most often, the inability to detect
small lesions of the colon and rectum on CT is due
to incomplete bowel distension and dif®culty in the

differentiation of adherent fecal material from true
colonic polyps.

Detection of colonic tumors on CT can be optimized
by using a scanning protocol that acquires thin-section
images (3ÿ5 mm) obtained during peak enhancement
of a rapidly delivered contrast bolus (�3 ml/s). Some
authors advocate scanning from the symphysis pubis
cephalad to the iliac crests to maximize visualization
of mural enhancement. Certain centers also perform
pelvic CT in both supine and prone positions to min-
imize adherent fecal material. Other techniques used to
maximize tumor detection include instilling air into the
rectum with a Foley catheter to increase distension of
the colon and rectum. Helical CT scanning with breath-
holding should be used if possible to minimize respira-
tory motion artifacts and spatial misregistration. Images
should be displayed in soft tissue, liver, and bone
windows to maximize lesion conspicuity.

CRC on CT most commonly manifests as a soft tissue
mass that narrows the colonic lumen. The mass, if large
enough, may undergo central necrosis, causing low
attenuation. Mucinous primary adenocarcinomas may
rarely contain calcium, although this more commonly
occurs with hepatic metastasis than in the primary
tumor. Occasionally, necrotic tumor masses may con-
tain gas and perforate into adjacent structures. In such
cases, differentiation from an abscess may be dif®cult.
Another relatively common appearance of primary
tumors of the colon is focal wall thickening. The normal,
distended colonic wall should not measure more
than 3 mm in thickness on CT. Wall thickness between
3 and 6 mm is considered indeterminate but concerning
for neoplasia and measurements greater than 6 mm
are abnormal. Malignant wall thickening most often
has a nodular appearance and is associated with
lumenal narrowing. However, the thickening can occa-
sionally appear symmetric and involve the entire cir-
cumference of the bowel wall. In such cases, malignancy
can be dif®cult to differentiate from benign causes of
wall thickening including in¯ammation and mural
edema.

The pericolonic and perirectal fat should appear
uniformly low in density without soft tissue stranding
on CT. Invasion beyond the bowel wall should be
suspected if a focal mass deforms the contour of the
outer colonic wall, with or without soft tissue stranding
into the adjacent fat. Extramural invasion may be pres-
ent when there is loss of fat planes between the colon and
adjacent muscles such as the levator ani, piriform, ob-
turator, and gluteal muscles. Unfortunately, the loss of
fat planes is a nonspeci®c sign in cross-sectional imaging
and can also be seen with cachexia and lymphatic
or vascular obstruction. Therefore, the diagnosis of

FIGURE 28 Cryptosporidial colitis. There is marked submu-

cosal edema (arrow) evident in the region of the distal transverse

and proximal descending colon in this AIDS patient with a CD4

lymphocyte count 550. Note the enhancing mucosal and

muscularis propria layers.

FIGURE 29 Typhlitis. There is focal mural thickening of

the cecum (arrow) in this patient with leukemia and profound

neutropenia.
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extramural tumor extension should be made with cau-
tion. Additionally, patients with microinvasion through
the bowel often demonstrate normal-appearing perico-
lonic and perirectal fat on CT, leading to understaging of
the tumor.

CT detection of malignant lymphadenopathy has
traditionally been based on size criteria. Lymph nodes
greater than 1 cm in size are considered abnormal,
except in the perirectal fat, where any lymphadenopathy
is considered pathologic. Unfortunately, size criteria are
based only on statistical probability. In reality, many
nodes smaller than 1 cm are malignant and nodes larger
than 1 cm are caused by reaction to a number of benign
in¯ammatory conditions. As a result, true differentia-
tion of benign from malignant lymphadenopathy can
be achieved only with biopsy.

Gross tumor invasion into the adjacent pelvic
musculature is manifested by muscle enlargement
and occasionally an enhancing intramuscular mass.
Bladder invasion with rectovesical ®stula should be
considered in patients with gas in the bladder and no
history of Foley catheterization.

CT virtual colonography (Fig. 31) takes the
detection of CRC and polyps one step further. In this
technique, CT data are displayed with a two- and three-
dimensional format. Viewing these images at a rate of
15ÿ30 per second creates the illusion of viewing the
colon endolumenally. The bowel preparation for cross-
sectional colonography is similar to that for colono-
scopy and barium enema. Colonic distension prior to
virtual colonography is accomplished with CO2 or
room air. To minimize motion artifacts, data are obtained

during a single helical CT acquisition. The sensitivity for
detection of polyps greater than 1 cm in size has been
reported to be as high as 75% with a speci®city greater
than 90%. Virtual colonography also offers the advantage
of allowing visualization of the colon proximal to a distal
obstructing tumor, an area that is inaccessible endoscop-
ically. This is particularly valuable, because the rate of a
second synchronous CRC is between 1.5 and 9.0% and
the rate of multiple coexistent adenomatous polyps is
between 27 and 55%. This advantage suggests that virtual
colonography will likely play a larger role in the radio-
graphic staging of colon carcinoma.

FIGURE 30 Annular constricting rectal cancer (arrow) caus-

ing large and small bowel obstruction. SB, dilated ¯uid-®lled small

bowel; S, dilated sigmoid colon; A, ascites.

A

B

L

FIGURE 31 Flat distal sigmoid cancer. (A) Tumor (arrows)

visualized on conventional axial image. (B) Lumen (L) narrowing

as depicted on 3D virtual colonographic view.
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Hepatic metastases from CRC on CT most com-
monly appear as low-attenuation lesions on noncontrast
images. Surgical resection of hepatic metastasis is at-
tempted if only one lobe of the liver is involved with
less than four lesions, the remaining hepatic lobe has a
normal appearance and function, and no focal
adenopathy or distant spread of tumor is present. Pa-
tients undergoing hepatic lobectomy for metastatic dis-
ease should also have intraoperative ultrasound, as this
is the most sensitive imaging technique for detection of
hepatic metastases.

Peritoneal carcinomatosis, caused by spread of
tumor over peritoneal surfaces, is usually well demon-
strated by CT and appears as linear or nodular perito-
neal thickening that enhances with contrast. Adrenal
metastases on CT appear as low-density masses in the
adrenal gland and osseous metastases on CT are most
commonly lytic and associated with cortical disruption.

Overall sensitivity rates in the detection of recurrent
colon cancer are similar with CT and MRI. For detecting
the recurrence of rectal tumors, TRUS and MRI appear
to have better detection rates. Despite this, however, the
radiographic evaluation for recurrent tumor is most
commonly performed with CT. With easy access to
CT scanners, overall sensitivity rates of 69ÿ95%, and
relative speed in completing the procedure, CT will
likely remain the imaging modality of choice for
detecting tumor recurrence in the near future. Limita-
tions of CT for detection of postoperative recurrence are
similar to those of preoperative studies and primarily

consist of dif®culty in distinguishing malignant
adenopathy and microinvasive spread of tumor into
pericolonic and perirectal fat. Detection of tumor recur-
rence is further complicated by several benign entities
that can simulate recurrence on cross-sectional imaging
studies. The most important of these are postradiation
changes, including radiation colitis and radiation ®bro-
sis. Additionally, patients receiving chemotherapy are
often more susceptible to in¯ammatory conditions,
which can mimic tumor recurrence as well.

See Also the Following Articles

Barium Radiography � Magnetic Resonance Imaging (MRI)

� Picture Archiving and Communication Systems (PACS)

� Radiology, Interventional � Ultrasonography � Virtual

Colonoscopy
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Constipation
ARNOLD WALD

University of Pittsburgh Medical Center

colonic transit Measurement of the time it takes for inert

markers to pass through the colon and anorectum,

traditionally measured while the subject consumes a

high-®ber diet and uses no laxatives.

dietary ®ber That portion of plant food that escapes

digestion and which is composed of either insoluble or

soluble components. Insoluble ®ber retains water within

the cellular structures whereas soluble ®ber stimulates

growth of colonic bacteria; both actions increase fecal

mass.

laxative Substance that acts to promote the passage of stools

modestly and without violent action.

pelvic ¯oor dyssynergia Condition in which normal defeca-

tion is impeded by the unconscious contraction of the

puborectalis and external anal sphincter muscles.

In the United States, there are at least 2.5 million visits to

medical facilities per year for constipation, mostly to phy-

sicians in general and family practice. Eighty-®ve percent

of patients receive at least one prescription, with laxatives

being the most frequently prescribed. For both sexes,

visits increase with increasing age but there is a higher

frequency of visits for women. Over $800 million was

spent in the United States for laxatives in 1994. Addi-

tional costs for diagnostic testing and surgical procedures

for constipation are unknown. For a small but clinically

important subset of individuals, constipation appears to

be refractory to conventional treatment.

INTRODUCTION

The de®nition of constipation has often been based on a
stool frequency of less than three per week. Yet only 6%
of individuals who self-report constipation have infre-
quent bowel movements. Constipated individuals more
frequently complain of defecatory straining or a sense of
incomplete defecation. An international working com-
mittee has recommended that the de®nition of consti-
pation should include either two or more of the
following complaints that are present for at least 3
months (not necessarily consecutive), in the previous
12 months:

1. Straining with at least 25% of bowel movements.
2. Sensation of incomplete evacuation after at least 25%

of bowel movements.

3. Hard or lumpy stools with at least 25% of bowel
movements following laxatives.

4. Stools less frequent than three per week.
5. Sensation of anorectal obstruction on at least 25%

of defecations.
6. Manual maneuvers to facilitate defecation on at least

25% of attempts.

There are two important implications of this de®ni-
tion: infrequent defecation alone is insuf®cient for the
diagnosis of chronic constipation and defecatory dif®-
culty in the absence of infrequent defecation is suf®cient
for and comprises the majority of patients who complain
of chronic constipation.

CAUSES

Constipation is a heterogeneous disorder that often is
hypothesized to be associated with disordered move-
ment through the large intestine, the anorectum, or
both. Constipation has been associated with a large
number of diseases or as a side effect of many drugs
(Tables I and II). Diseases may produce constipation
by having a direct effect on gastrointestinal function
or may result in physical or mental impairments that
produce or exacerbate constipation. An example of the
latter is physical immobility, which can lead to fecal
retention. The most devastating disorders are neuro-
logic diseases, which may have direct effects on the
large intestine, produce generalized weakness or volun-
tary muscle dysfunction, and lead to inanition or phys-
ical and emotional impairments.

TABLE I Some Diseases Associated with

Chronic Constipation

Neurogenic disorders Nonneurogenic disorders

Autonomic neuropathy Hypothyroidism

Diabetes mellitus Hypercalcemia

Hirschsprung's disease Systemic sclerosis

Intestinal pseudo-obstruction

Multiple sclerosis

Parkinson's disease

Spinal cord injury
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PATHOPHYSIOLOGY

Most constipated patients have no obvious cause to ex-
plain their symptoms. Contrary to a commonly held
belief, there is no established relationship to decreased
dietary ®ber or ¯uid intake, although ®ber supplements
are often effective when treating some individuals with
constipation. Several studies do suggest that colonic
transit is affected by decreased calorie intake.

One approach to assessing idiopathic constipation
is to classify patients according to patterns of colonic
transit.

1. Normal colonic transit: Patients with infrequent
defecation and normal transit constipation may mis-
perceive bowel frequency and often exhibit increased
psychosocial distress. Alternatively, they complain
about dif®cult or unsatisfactory defecation, which is
not identi®ed using colonic transit assessment tech-
niques. The patients experiencing dif®cult or unsatis-
factory defecation may have disorders of anorectal
function or outlet dysfunction, but identi®cation of
such abnormalities is not universal in these patients.

2. Slow colonic transit: Slow colonic transit can re-
sult from decreased propulsion (hypomotility) or may
be associated with increased distal motility (hypermo-
tility) and retropulsion of markers. The term `̀ colonic
inertia'' should be reserved for cases in which transit in
the proximal colon is delayed without evidence of outlet
delay.

In most patients with colonic inertia, there is little
or no increase of colonic motor activity after meals
or following administration of bisacodyl and cholinergic
agents. Such ®ndings suggest abnormalities of the
enteric nerve plexus; this is supported by the recent
demonstration of decreased interstitial cells of Cajal,
which serve as intestinal pacemakers in the colon of
patients with colonic inertia. Other studies have
shown decreased numbers of serotonin-containing
cells. In some patients, colonic slowing may be

secondary to anorectal dysfunction, and colonic
motor activity is normal.

Another form of slow colonic transit is thought to
occur in some patients with irritable bowel syndrome, in
which nonpropulsive segmenting contractions are more
pronounced and result in retarded movement of colon
contents though the left colon.

Outlet Dysfunction

Several anorectal disorders may contribute to disor-
dered defecation. These include megarectum, failure of
internal anal sphincter relaxation associated with con-
genital aganglionosis (Hirschsprung's disease), some
large rectoceles in which there is misdirection of
stool into a pouch (associated with weakness of the
rectovaginal septum), and pelvic ¯oor dyssynergia, in
which ineffective defecation is associated with failure to
relax, or inappropriate contraction of, the puborectalis
and external anal sphincter muscles.

A diagnosis of outlet dysfunction should be consid-
ered when there is impaired expulsion of a water-®lled
balloon from the rectum (patients are asked to attempt
this in privacy). The diagnosis may then be con®rmed by
at least two of the following studies: anorectal manom-
etry, anal sphincter electromyelogram (EMG), and
defecography. If studies are not diagnostic, other causes
for ineffective expulsion should be considered.

TREATMENT OF
UNCOMPLICATED CONSTIPATION

The initial management of functional chronic
constipation includes patient education, behavior
modi®cation, dietary changes, and laxatives or enemas.
Patient education should include reassurance and an
explanation as to normal bowel habits. Efforts are
made to reduce excessive use of laxatives and cathartics,
increase ¯uid and ®ber intake, and utilize postprandial
increases in colonic motility by instructing patients to
attempt to defecate after certain meals. Dietary ®ber
and bulk laxatives such as psyllium or methylcellulose
are the most physiologic approaches. Cereal ®ber
cell walls generally resist digestion and retain water
within their cellular structures, whereas citrus fruit
and legume ®bers stimulate the growth of colonic
¯ora, which increases fecal mass. Wheat bran is one
of the most effective ®ber laxatives, and there is a
clear dose response to ®ber with respect to fecal output.
Particle size appears to be crucially important and the
large particle size of cereal products appears to enhance
fecal bulking effects.

TABLE II Some Drugs Associated with Constipation

Anticholinergics Diuretics

Anticonvulsants 5-HT3 antagonists

Antihypertensives Granisetron

Anti-Parkinson drugs Ondansetron

Calcium channel blockers Opiates

Cation-containing agents Tricyclic antidepressants

Aluminum (antacids, sucralfate)

Bismuth

Iron supplements
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Those patients who respond poorly or who do not
tolerate ®ber may require other laxatives. In general,
bulk agents, nonabsorbed substances, and mineral oil
are used daily in varying doses, whereas saline laxatives,
diphenylmethanes, and anthraquinones are used no
more than two to three times weekly (Table III).

OTHER TREATMENTS
OF CONSTIPATION

Behavioral Approaches

Habit training has been successfully employed in
children with severe constipation. A modi®ed program
may also be effective in many adults with neurogenic
constipation, dementia, or physical impairment. Ini-
tially, patients should be disimpacted if necessary and
the colon evacuated. This can be accomplished with
enemas followed by drinking a solution containing
polyethylene glycol until cleansing is complete. After
bowel cleansing, osmotic laxatives are given to produce
one stool at least every other day. The patient is in-
structed to use the bathroom after eating breakfast to
take advantage of meal-stimulated increases in colonic
motility. An enema or bisacodyl suppository is admin-
istered if there is no defecation after 2 days to prevent
recurrence of fecal impaction.

A modi®ed program may be used in demented or
bedridden patients with fecal impactions. After dis-
impaction and bowel cleansing with enemas or polyeth-
ylene glycol-containing solutions, a ®ber-restricted diet
together with cleansing enemas once or twice per week
will assist nursing management by decreasing buildup
of stool and recurrence of fecal impaction.

Another behavioral approach is biofeedback. This is
used to correct inappropriate contraction of the pelvic

¯oor muscles and the external anal sphincter during
defecation in patients with pelvic ¯oor dyssynergia.

Pharmacologic Approaches

Misoprostol, a prostaglandin analogue, has been
used with some success in patients with severe consti-
pation but is not a good choice in young women because
of its abortifacient properties. Oral colchicine has been
reported to be effective in several small studies. Pro-
kinetics such as metoclopramide and erythromycin
have little effect on colonic motility. There is enthusi-
asm for serotonin (or 5-hydroxytryptamine) receptor
agonists, and these are being tested.

5-Hydroxytryptamine (5-HT) is found throughout
the body, but a majority of the receptors are located
along the gastrointestinal tract. The 5-HT subtype 4
(5-HT4) agonists selectively stimulate colonic propul-
sive activity and increase stool frequency. A selective
5-HT4 agonist is currently being tested after having been
shown to accelerate large bowel transit and improve
symptoms associated with constipation-predominant
irritable bowel syndrome (IBS).

Surgical Approaches

Surgery to treat constipation remains controversial.
Subtotal colectomy with ileorectal anastomosis can
dramatically ameliorate incapacitating constipation in
carefully selected patients. If surgery is undertaken, at
least three criteria should be met: (1) the patient has
chronic, severe, and disabling symptoms from consti-
pation that are unresponsive to medical therapy; (2) the
patient has slow colonic transit of the inertia pattern;
and (3) the patient does not have intestinal or anorectal
dysmotility, as demonstrated by radiologic or manomet-
ric studies. Many studies have documented that greater
than 90% of carefully studied patients have satisfactory
long-term results. However, this operation is associated
with signi®cant morbidity and some mortality. A com-
mon cause of morbidity is small bowel obstruction, and
many patients require laparotomy at some stage. Some
patients appear to develop intestinal pseudo-obstruc-
tion despite normal preoperative studies. Finally, ab-
dominal pain and bloating are a problem in many
patients who have been followed for long periods of
time. The selection of that subset of constipated patients
who bene®t greatly from this surgery remains a key
issue. The presence of abdominal pain that is not re-
lieved with bowel cleansing should lead to extreme cau-
tion in operating on such patients.

See Also the Following Articles

Colonic Motility � Defecation � Dietary Fiber � Laxatives

TABLE III Types of Laxatives and Their Effects

Softening of formed stools

(1ÿ3 days)

Softÿsemi¯uid

stools (6ÿ12 hours)

Bulk agent Saline laxatives (low dose)

Dietary ®ber Milk of magnesia

Psyllium Magnesium sulfate

Methylcellulose

Calcium polycarbophil

Nonabsorbed substances

Diphenylmethanes

Polyethylene glycola

Bisacodyl (oral)

Lactulosea

Sorbitola

Anthraquinones

Senna (oral)

Cascara sagrada

Aloe

a Available by prescription only.
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constipation In infants and children, constipation can be

de®ned by a stool frequency of less than 3 per week, but

the passage of painful, hard or lumpy stools and stool

retention are symptoms of constipation even when the

defecation frequency is 3 or more per week.

encopresis The voluntary or involuntary passage of a normal

bowel movement in the underwear (or other unorthodox

locations), after the age of 4 years, occurring on a regular

basis without any organic cause.

soiling The involuntary seepage of feces that is frequently

associated with fecal impaction and which re¯ects

staining of the underwear.

Many caretakers regard constipation and encopresis as

trivial symptoms, which will eventually disappear. How-

ever, constipation in childhood is not always simple to

treat and often requires prolonged follow-up after a com-

prehensive explanation and demysti®cation of its patho-

physiology and appropriate medical treatment. Long-term

follow-up studies show that more than 40% of the children

have persistent complaints even after 5 years of intensive

medical and behavioral treatment. Moreover, in approx-

imately 30% of the patients, childhood constipation pro-

ceeds into adulthood constipation. Importantly, apart

from shame and fear of discovery, it often leads to social

withdrawal, low self-esteem, and depression. The etiology

of chronic constipation remains poorly understood

although our understanding has increased in all areas

relevant to this condition such as epidemiology, clinical

classi®cation, psychological disturbance, changes in mo-

tility, and abnormalities in enteric neurochemistry.

DEFINITION

One of the problems in correctly de®ning constipation is
that constipation is a symptom rather than a disease.
Furthermore, constipation is often differently inter-
preted by patients and their caretakers and physicians.
Physicians often de®ne constipation on the basis of def-
ecation frequency, whereas healthy subjects and pa-
tients de®ne constipation in terms of function
(straining) and consistency (hard stools). Recently, a
group of experts in the ®eld of pediatric gastroenterol-
ogy categorized defecation disorders using symptom-
based diagnostic criteria. These criteria have provided
clinicians with a method for standardizing their manner
of de®ning clinical disorders and have allowed research-
ers from various ®elds to study the physiology and treat-
ment of the same disorders. Disorders of defecation in
children include infant dyschezia, functional constipa-
tion, and functional retention (Table I).
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associated with fecal impaction and which re¯ects

staining of the underwear.
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trivial symptoms, which will eventually disappear. How-
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DEFINITION

One of the problems in correctly de®ning constipation is
that constipation is a symptom rather than a disease.
Furthermore, constipation is often differently inter-
preted by patients and their caretakers and physicians.
Physicians often de®ne constipation on the basis of def-
ecation frequency, whereas healthy subjects and pa-
tients de®ne constipation in terms of function
(straining) and consistency (hard stools). Recently, a
group of experts in the ®eld of pediatric gastroenterol-
ogy categorized defecation disorders using symptom-
based diagnostic criteria. These criteria have provided
clinicians with a method for standardizing their manner
of de®ning clinical disorders and have allowed research-
ers from various ®elds to study the physiology and treat-
ment of the same disorders. Disorders of defecation in
children include infant dyschezia, functional constipa-
tion, and functional retention (Table I).
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EPIDEMIOLOGY

Constipation represents the chief complaint in 3% of
pediatric outpatient visits and 10 to 25% of pediatric
gastroenterology visits in the United States. Constipa-
tion is reported in 26 to 74% of children with cerebral
palsy. In the Netherlands, 1% of children ages 0ÿ
4 years, but hardly any in the range 4ÿ15 years, visit
the general practitioner for complaints of constipation.
American and British parents reported constipation in
16 and 34% of toddlers, respectively. In contrast to
constipation in adults, constipation in childhood
seems to be more common in boys than in girls (2 : 1),
although a 1 : 1 ratio is also described.

PHYSIOLOGY

Defecation is elicited by the presence of fecal material in
the rectum due to peristaltic propagation of colonic
motility. Consequently, sensory stimuli in the anal
canal provoke a sudden drop in the tone of the internal
anal sphincter. By voluntary control, defecation starts
with relaxation of the puborectalis and the levator. The
distension of the rectum evokes a wave of contractions
of the rectum and defecation can be completed by a
voluntary increase in intra-abdominal pressure. The
act of defecation depends on maturational control, a
process that can be trained when the child slowly dis-
covers the ability to control the pelvic muscles. First, the
child feels the satisfaction and gains approval from par-
ents by using the potty chair. Later, toileting changes to
something that is done for self-approval and comfort.
Before the age of 4 years, most children acquire auton-
omy, and defecation becomes a private, hardly thought
about activity.

Normally, a decline in stool frequency from more
than four stools per day during the ®rst week of life to
one to two per day at 4 years of age is observed, with a

corresponding increase in stool size. Approximately
97% of 1- to 4-year-old children pass stool three
times daily to once every other day.

CLINICAL PRESENTATION

The most important complaint of constipated children
is a combination of a low defecation frequency and the
involuntary loss of feces (Table II). Soiling often hap-
pens several times a day, and in the case of severe con-
stipation and fecal retention, it occurs even at night.
Often, once a week to once a month, a very large amount
of stool is produced, which may clog the toilet. Preced-
ing this often painful and dif®cult evacuation of feces,
soiling frequency increases and the children complain of

TABLE I Childhood Functional Defecation Disorders: ROME IIÐCriteria

Diagnostic criteria

Infant dyschezia At least 10 min of straining and crying before successful passage of soft stools in an otherwise healthy

child

Functional constipation In infants and preschool children at least 2 weeks of:

1. Scybalous, pebble-like, hard stools for a majority of stools; or

2. Firm stools �2 times/week; and

3. No evidence of structural, endocrine, or metabolic disease

Functional fecal retention From infancy to 16 years old, a history of at least 12 weeks of:

1. Passage of large-diameter stools at intervals 52 times/week

2. Retentive poisturing, avoiding defecation by contracting pelvic ¯oor and gluteal muscles

Adapted from Rasquin-Weber, et al. (1999).

TABLE II Common Clinical Presentation

of Constipation

Feature Percentage (%)

Soiling/encopresis 75ÿ90

Defecation frequency 53/week 75

Large stools 75

Straining during defecation 35

Pain during defecation 50ÿ80

Retentive posturing 35ÿ45

Abdominal pain 10ÿ70

Abdominal distension 20ÿ40

Anorexia 10ÿ25

Vomiting 10

Poor appetite 25

Enuresis/urinary tract infection 30

`̀ Psychological problems'' 20

Physical examination

Abdominal mass 30ÿ50

Anal prolapse 3

Fissures/hemorrhoids 5ÿ25

Fecal impaction 40ÿ100
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abdominal pain and poor appetite. These symptoms
disappear immediately after the production of this
large amount of stool. In approximately 30% of consti-
pated children, there are complaints of urinary tract
infections and enuresis. Most constipated children
do have abdominal and/or rectal fecal impaction
upon physical examination.

PATHOPHYSIOLOGY

In 90 to 95% of constipated children, no obvious cause
can be identi®ed. In some babies, an acute episode of
constipation may occur associated with a change in diet
(i.e., changing from human milk to cow's milk). This
results in the passage of dry hard stools, sometimes with
traces of fresh blood, often the consequence of anal
®ssures. The pain caused by the anal ®ssures leads to
understandable motivation of the child to avoid defeca-
tion and induces the persistence of this cycle of prob-
lems. In `̀ infant dyschezia,'' it is speculated that neonates
fail to coordinate increased intra-abdominal pressure
with relaxation of the pelvic ¯oor. Parents need to be
reassured that this condition is part of the child's learn-
ing process for which no intervention is indicated.

`̀ Retentive posturing'' is a hallmark of the develop-
ment and/or persistence of constipation in children.
When the child experiences an urge to defecate, he or
she assumes an erect posture and holds the legs stif¯y
together to forcefully contract the pelvic and gluteal
muscles. Consequently, the rectum accommodates to
its content and the urge to defecate disappears. The
retained stools become progressively more dif®cult to
evacuate, leading to a vicious cycle in which the rectum
is increasingly distended by abnormally ®rm and large
fecal contents. Finally, chronic rectal distention may
cause over¯ow soiling, loss of rectal sensitivity, and
eventually loss of the urge to defecate. This aberrant
behavior might lead to the unconscious contraction
of the external sphincter during defecation, better
known as anal sphincter dyssynergy. More than 50%
of children with fecal retention show this abnormal
defecation pattern. For a long time, this paradoxical
contraction of the anal sphincter complex was thought
to be the major pathophysiological mechanism in
childhood constipation. However, normalization of
this pattern with biofeedback training did not correlate
with successful treatment.

In a minority of patients, a de®ciency in dietary
®ber and/or insuf®cient ¯uid intake may also cause
constipation.

There are rare organic causes of constipation such as
anatomical, neurological, endocrine, and metabolic dis-
orders (Table III). Hirschsprung's disease is character-

ized by the absence of ganglion cells from the distal
rectum to a variable length up to the duodenum and
must be considered in any child of any age with severe
constipation.

DIAGNOSTIC TOOLS

A careful medical history together with a thorough
physical examination is the cornerstone of the diagnos-
tic work-up of children with constipation. Adjunctive
procedures are available, such as an abdominal X ray,
barium enema, anorectal and colonic manometry, rectal
biopsies, and magnetic resonance imaging of the spine.
However, the value of these tests is limited and often not
necessary to make a correct diagnosis. They should be
reserved for appropriate clinical indications.

The medical history of children with constipation
should include questions about the age of onset of bowel
problems, stool frequency, consistency and size of
stools, painful defecation, and retentive posturing. Fur-
thermore, information about the encopresis frequency,
the amount of feces lost in the underwear, the time of
occurrence (day and/or night), and the situation in
which encopresis occurs (while sitting at the computer,
during play outside) is of major importance. Other ques-
tions should focus on abdominal pain, loss of appetite,
urinary tract problems, neuromuscular development,
and psychological or behavioral problems. Finally,
medical treatment and previous treatment strategies
in relationship to the defecation problems should be
discussed. In addition, it is essential to ask for possible
contributing events, such as a death in the family, the
birth of a sibling, school problems, and sexual abuse.

After the history is obtained, a complete physical
(and neurological) examination should be performed.
Abdominal examination gives information concerning
the accumulation of gas or feces. Perianal inspection
provides information about the position of the anus,
perianal feces, erythema, ®ssures, hemorrhoids, and
scars (sexual abuse). Anorectal digital examination is
essential to de®ne sphincter pressure, the amount and
consistency of stool in the rectum, and the voluntary
contraction and relaxation of the anal sphincter. Neu-
rological exam may suggest problems that were
previously unappreciated (such as tethered cord).

TREATMENT

Despite the high prevalence of childhood constipation,
large randomized controlled therapeutic trials are lack-
ing. The treatment of constipation is therefore mainly
based on experience and a small number of clinical
trials. The treatment of constipation in childhood is
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based on four important phases: (1) education, (2) dis-
impaction, (3) prevention of reaccummulation of feces,
and (4) follow-up.

It is important to treat constipation early in child-
hood. Large studies in the United States and Great
Britain showed that constipated children 52 years of
age responded better to treatment than children 42
years of age. Early treatment is important to prevent
development of severe constipation, fecal soiling,
or both.

The ®rst essential in treatment is to gain the family's
con®dence and explain the mechanism of the
symptoms. It is crucial for both the child and the parent
that the physician alleviate guilt, make the child and
parents comfortable talking about the loss of feces, ex-
plain that soiling is a consequence of the full rectum, and
decrease feelings of shame. A positive nonaccusatory
approach is almost invariably accepted with relief by
the child and parents. Furthermore, it should be ex-
plained that the treatment is often of long duration
and marked by periods of improvement alternating
with periods of deterioration.

Treatment of severe fecal impaction in the rectum
should begin by administering enemas for 3 consecutive
days. Once disimpaction has been achieved, it is essen-
tial to begin an oral daily laxative immediately and con-
tinue this treatment for months, or longer if necessary,
to prevent reaccumulation of retained stools and over-
come stool withholding if present. The correct dose is
that which produces daily soft stool without side effects.
In the United States, milk of magnesia is often used as

oral laxative, whereas in Europe, the most common
laxative drug prescribed is lactulose. Recently, good
results using polyethylene glycol have been obtained
in children with constipation. However, the success
of this compound in these children was 50 to 60%,
which was not signi®cantly better than that obtained
with older laxatives.

A combination of oral laxatives and regular toilet
training (sitting on the toilet for 5 to 10 min within
30 min after each meal) combined with parental praise
and reward is more successful than oral laxatives alone.
Moreover, long-term success is higher in children who
are able to maintain regular toileting.

The role of biofeedback training in constipated
children with paradoxical sphincter contraction
and/or diminished rectal sensation is limited. Two
large randomized trials in such children showed that
biofeedback training could change the abnormal
sphincter pattern but was not more effective than
laxative treatment.

Psychological referral is indicated in children who
fail intensive medical treatment and in those with severe
emotional problems or serious family problems. In these
patients, a combination of psychiatric and pediatric
treatment strategies is preferred.

Frequent follow-up in these patients is of major
importance since relapse of symptoms occurs in 50%
of the children. After 3 months, the use of laxatives can
be reduced, provided that a normal bowel habit is
maintained. Approximately 50% of children with
chronic constipation require treatment and close fol-
low-up for at least 6 to 12 months.
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TABLE III Conditions Associated with

Childhood Constipation

Anal stenosis

Anorectal malformation (imperforate anus, anteriorly located

anus)

Aganglionosis and/or abnormal myenteric plexus

1. Hirschsprung's disease

2. Acquired Chagas' disease

3. Chronic intestinal pseudo-obstruction

Spina bi®da

Meningomyelocele

Spinal cord tumor

Hypothyroidism

Hypercalcemia

Diabetes mellitus? diabetes insipidus

Infantile renal acidosis

Anesthetics

Antidepressant agents

Hemantinics (iron)

Opiates

Vincristine
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Cow Milk Protein Allergy
GLENN T. FURUTA

Children's Hospital Boston and Harvard Medical University

Cow milk, egg, peanut, soy, wheat, and ®sh antigens

account for 90% of food allergic reactions. This article

will focus on clinical syndromes associated with allergic

reactions to cow milk proteins. Cow milk is not only a very

common food product but also a potent allergen that has

the capacity to induce a wide variety of different clinical

reactions that affect both children and adults. In addition,

the severity of the reactions ranges from systemic anaphy-

laxis to benign milk protein allergy of infancy; this diverse

spectrum of clinical syndromes suggests different patho-

genetic pathways for a common antigen.

INTRODUCTION

A wide spectrum of immunoglobulin E (IgE)-mediated
and non-IgE-mediated food responses exist. For in-
stance, the classical food allergic reaction to pea-
nuts offers the best example of an IgE-mediated
hypersensitivity reaction. Upon ingestion of or contact
with peanuts, patients can develop the rapid onset
of anaphylactic symptoms. Further evaluation shows
elevated radioimmunosorbent test (RAST) for peanut
IgE and abnormal skin prick testing. In contrast,
many patients with food allergic responses, charac-
terized by delayed reactions and intestinal mucosal
pathology, often do not have abnormal RAST or posi-
tive skin testing for speci®c antigens. For instance,
patients with cow milk protein colitis of infancy develop

rectal bleeding and often no elevation of RAST for
milk; further evaluation reveals eosinophilia of the
rectosigmoid mucosa. A new era is dawning in the
®eld of food allergic reactions as clinicians and scientists
begin to de®ne the clinical and pathophysiological fea-
tures of the ever-broadening spectrum of food allergic
reactions.

DEFINITIONS

Food Intolerance and Food Allergic/
Hypersensitivity Responses

Adverse food reactions refer to undesirable physical
responses to an ingested food product. These reactions
can be divided into two subcategories, food intolerances
and food hypersensitivity/allergic reactions. Food intol-
erances are re¯ective of digestive de®ciencies (i.e., lac-
tose intolerance), toxins (i.e., bacterial toxins derived
from infected foods such as from Shigella or Campylo-
bacter), or biochemical properties of the food (i.e.,
monosodium glutamate, caffeine). Three features char-
acterize food allergic/hypersensitivity reactions. First,
they are reproducible reactions to a speci®c food prod-
uct. Second, and often the more dif®cult part of the
immunological response should be characterized
in the diagnosis, clinic setting or with laboratory
analysis. For instance, currently the availability of
accurate tests is limited to RAST, skin prick testing,
and double-blind placebo control food challenge. In
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from infected foods such as from Shigella or Campylo-
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they are reproducible reactions to a speci®c food prod-
uct. Second, and often the more dif®cult part of the
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and double-blind placebo control food challenge. In
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certain circumstances, intestinal endoscopy may offer
clues to the presence of an allergic reaction but offer no
bene®t in identifying the etiology. Last, symptoms and
intestinal pathology normalize with removal of the food
antigen.

SYNDROMES ASSOCIATED WITH COW
MILK PROTEINS

Esophagitis

A variety of upper intestinal symptoms, including
vomiting, dysphagia, food impaction, heartburn, chest
pain, irritability, and failure to thrive, can be seen in
milk protein allergic responses. Two different allergic
diseases leading to esophagitis have been recently de-
®ned. First, eosinophilic esophagitis (EE) is charac-
terized by upper gastrointestinal symptoms (as noted
above) that do not respond to acid-blocking medica-
tions, speci®c histological features with large numbers
of eosinophils in the squamous epithelium, and nor-
mal pH probe monitoring of the distal esophagus. EE
occurs in children over 1 year of age and throughout
adulthood. Studies to date indicate that as many as
three-quarters of patients have a personal or family
history of allergic diseases. Physical examination usu-
ally reveals evidence of atopic diseases, including
eczema, asthma, or allergic rhinitis/conjunctivitis. As
many as 60% of reported patients with EE have ab-
normal RAST or skin prick testing for cow milk or soy
proteins, suggesting evidence of an IgE-mediated re-
action, but removal of these proteins does not always
bring about remission. Diagnostic endoscopy reveals
esophageal eosinophilic in¯ammation affecting both
the proximal and distal esophagus, but not the stom-
ach or duodenum. Some studies have demonstrated
therapeutic success with the elimination of cow milk
protein from the diet. Others have induced remission
with an elemental formula or systemic or topical cor-
ticosteroids. The pathogenesis for this EE is not cer-
tain but murine studies demonstrate the importance of
interleukin-5 (IL-5), an eosinotropic cytokine. The
incidence of long-term complications from EE is un-
known but esophageal strictures have been identi®ed
in both adults and children.

Another group of patients with upper gastrointes-
tinal symptoms related to allergies are infants who
have gastroesophageal re¯ux disease and cow milk
protein allergy. These babies present with symptoms
of vomiting and irritability. Mucosal biopsy of the
esophagus demonstrates mild eosinophilic in¯amma-
tion of the esophagus and gastric or duodenal abnor-
malities. pH probe monitoring of the distal esophagus

is often abnormal. RAST and skin testing demonstrate
sensitization to cow milk protein. Removal of the pro-
tein from the diet leads to clinical improvement. Chil-
dren outgrow this condition and do not have further
complications.

Allergic Gastritis

Milk proteins can induce symptoms associated with
gastritis including abdominal pain, vomiting, nausea,
early satiety, failure to thrive, gastrointestinal bleeding,
and obstruction. Patients with milk protein allergy-
induced gastritis can present at any age from the neo-
natal period to adolescence. As many as half of patients
who develop the physical reactions to milk proteins
demonstrate normal RAST and lack peripheral eosino-
philia. When endoscopy is performed, mucosal biopsies
show dense eosinophilic in®ltration primarily affecting
the gastric antrum. Removal of cow milk will relieve
symptoms within a few days to weeks. It has been a
longstanding belief that the majority of infants affected
with cow milk protein are also affected with soy protein
allergy. This ®nding has led to the practice of switching
to a protein hydrolysate-based formula as the initial
treatment. In fact, recent evidence suggests that less
than 15% of infants develop soy allergy and therefore
soy formulas are a reasonable, less costly initial thera-
peutic alternative.

Allergic Eosinophilic Gastroenteritis

Eosinophilic in®ltration of the mucosa, muscular, or
serosal layer of the stomach, small intestine or colon
characterizes this disease. This anatomic classi®cation
system assists in explaining the wide variety of upper
and lower intestinal symptoms occurring in this condi-
tion. For instance, mucosal disease can present with
diarrhea, failure to thrive, bleeding and abdominal
pain; muscular disease can present with symptoms of
obstruction and serosal disease can manifest with eo-
sinophilic ascites. While this classi®cation system offers
a convenient way to identify patients, clinical overlap
certainly exists. Laboratory analysis often reveals ane-
mia, peripheral eosinophilia, hypoalbuminemia, and, in
a minority of patients, increased IgE antibodies to spe-
ci®c foods including milk proteins. Treatment with a
diet restricted in the identi®ed food allergen can lead to
remission in 50% of patients. In those not responding,
the use of protein hydrolysate formulas, elemental
formulas, or systemic corticosteroids is indicated.
Typically, patients have a prolonged course with inter-
mittent exacerbations and remissions.
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Food Protein-Induced Enterocolitis Syndrome

Food allergic responses sometimes involve the small
and large intestine, leading to symptoms including se-
vere abdominal pain, vomiting, diarrhea with bleeding,
and hypotension. This constellation of symptoms pres-
ents in the ®rst year of life and is associated with a non-
IgE-mediated reaction to cow milk or soy proteins. At
challenge, children develop vomiting and diarrhea
within several hours. Villous atrophy and colonic
in¯ammation characterize the histological features.
Over 80% of patients respond quickly to a protein
hydrolysate formula and the remainder require amino
acid-based preparations. In rare circumstances, intrave-
nous nutrition is required. The majority of patients out-
grow this illness by 3 years of age; if the allergen is
soy protein, a longer course can be expected.

Allergic Proctitis

The best characterized clinical syndrome associated
with the ingestion of cow milk proteins is allergic
proctitis of infancy. Well-appearing, thriving infants
develop loose, mucousy, bloody stools upon the inges-
tion of cow milk or breast milk of mothers consuming
milk and milk products. Interestingly, over half of af-
fected infants are reported to be allergic to breast milk.
Bloody stools begin within the ®rst 3 months of life but
can occur as early as the ®rst week. Stool cultures are
negative for pathogens and stool analysis may reveal
eosinophils or evidence of degranulation with Charcot
Leyden crystal proteins. Flexible sigmoidoscopic exam-
ination shows focal eosinophilic colitis and affected in-
fants respond to a formula free of the offending protein.
If the mother desires to continue breast-feeding, cow
milk and milk products should be eliminated from her
diet. The pathogenesis of allergic colitis is unknown.
Recent evidence has identi®ed increased numbers of
T lymphocytes within the affected mucosa, increased
production of IL-5, and decreased production of inter-
feron-g, a cytokine associated with the development of
oral tolerance. Long-term prognosis is good and most
infants outgrow the allergy by 1 year of age.

Constipation Associated with
Cow Milk Allergy

In contrast to the bloody diarrhea associated with-
allergic proctitis of infancy or food protein-induced

enterocolitis syndrome, several studies suggest that
cow milk protein allergy may be associated with con-
stipation through an immunologically mediated re-
sponse. Children typically present during the ®rst few
years of life with symptoms of constipation or partial
obstruction soon after beginning cow milk. In the initial
report of this condition, over three-quarters of the sub-
jects showed evidence of IgE sensitization to cow milk.
Endoscopic evaluation of the distal rectal mucosa re-
vealed mild eosinophilic in¯ammation without crypt
invasion. Removal of cow milk increased the number
of stools and reintroduction led to a decline in the num-
ber of stools per day.

See Also the Following Articles

Carbohydrate and Lactose Malabsorption � Constipation �
Eosinophilic Gastroenteritis � Food Allergy � Food

Intolerance � Gastritis � Proctitis and Proctopathy
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Crohn's Disease
WILLIAM S. MOW AND MARIA T. ABREU

University of California, Los Angeles and Cedars-Sinai Medical Center

anti-Saccharomyces cerevesiae An antibody that recognizes

Saccharomyces cerevesiae (baker's yeast). It is thought

that this antibody represents an altered immune

response to bacteria that share cross-reacting epitopes

with oligomannosidic cell wall epitopes on baker's yeast.

This antibody is seen in 60% of CD patients.

azathioprine (AZA) Pro-drug of 6-mercaptopurine (6-MP).

AZA is metabolized to make 6-MP. AZA is commonly

used in the treatment of Crohn's disease and works by

interfering with DNA replication and cell proliferation.

Crohn's disease A disorder of chronic intestinal in¯amma-

tion of unclear etiology and no known cure.

cyclosporin A calcineurin inhibitor that suppresses T helper

cell responses to interleukin-1 (IL-1), thus blocking the

immune response via its effect on calcineurin-mediated

IL-2 mRNA transcription and production.

extraintestinal manifestations Areas with disease involve-

ment outside of the intestinal tract in patients with

Crohn's disease. They can affect any organ, mucosal, or

epithelial surface.

®ssure A tear in the anal canal associated with Crohn's

disease.

®stula A connection between the gastrointestinal tract and

other organs resulting from ongoing in¯ammation or

obstructive stricturing. Fistulas can be entero-entero,

entero-vesicular, entero-renal, entero-cutaneous, recto-

vaginal, peri-anal, etc.

granulomas An uncommon ®nding in Crohn's disease (CD),

but when found they are highly speci®c for this

diagnosis. The granulomas seen in CD are of the

noncaseating epitheliod form.

IBD1 The ®rst gene locus identi®ed in in¯ammatory bowel

disease. It is located in the peri-centromeric region of

chromosome 16 and contains the NOD2 gene.

in¯iximab A humanized monoclonal antibody directed

toward tumor necrosis factor a that has shown great

ef®cacy in the therapy of Crohn's disease.

6-mercaptopurine Anti-metabolic drug used commonly in

treatment of Crohn's disease; it works by interfering with

in DNA replication and cell proliferation.

methotrexate (MTX) A dihydrofolate reductase inhibitor.

MTX and its metabolites inhibit the enzymes responsible

for folate metabolism that result in anti-proliferative and

cytotoxic effects on hematopoietic cells. This drug has

been used with some ef®cacy in Crohn's disease.

NOD2 A gene within the IBD1 locus that has been associated

with Crohn's disease. It codes for a protein involved in

the innate immune response to bacteria products.

perinuclear anti-neutrophil cytoplasmic antibody A distinct

form of anti-neutrophil cytoplasmic antibody seen in

in¯ammatory bowel disease. It is characterized by a

perinuclear staining pattern and is seen in up to 65% of

ulcerative colitis patients.

probiotics Therapies involving ingestion of bacteria that are

thought to have anti-in¯ammatory properties.

stricture or stenosis A narrowed area of the gut lumen

commonly seen in Crohn's disease, usually secondary to

scarring or in¯ammation.

tacrolimus A potent drug that works similarly to cyclosporin

by blocking T-cell reactivity to interleukin-1 (IL-1) and

therefore T-cell production of IL-2.

tumor necrosis factor a A cytokine that is important in the

in¯ammation seen in Crohn's disease and rheumatoid

arthritis secondary to its effect on T helper 1 immune

responses.

Crohn's disease (CD) is a chronic disorder characterized

bypatchytransmuralin¯ammationthatmayaffectanypor-

tion of the gastrointestinal tract, but most commonly in-

volves the ileum and colon. In addition to transmural

in¯ammation, 10ÿ28% of biopsy specimens demonstrate

noncaseating epitheliod granulomas that are pathogno-

monic of this disorder. Patients with this disease suffer

from chronic abdominal pain, malnutrition, and diarrhea.

Therefore, CD may result in great morbidity and increased

health care costs. Although the exact etiology is still under

investigation, the current paradigm is that genetically sus-

ceptible individuals develop aberrant T-cell-mediated

in¯ammation in response to lumenal bacteria. The inci-

dence of CD appears to be on the rise in Westernized

countries, with an incidence of between 3.1 and 14.6

per 100,000 personÿyears and an overall prevalence of

between 0.1 and 0.5%. Because CD is a chronic disorder,

it must be assessed and treated appropriately to minimize

morbidity and health care costs in these patients. New and

established therapies for CD have resulted in dramatic

improvements in the quality of life for patients with CD.

PATHOGENESIS

There is strong evidence that Crohn's disease (CD) is
a genetically based disorder in which individuals with
a predisposition for this disease develop an abnormal
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mucosal immune response to environmental triggers
(Figs. 1 and 2). Although there is a strong genetic
role in this disease, environmental factors also play a
role in the pathogenesis of CD.

Environmental Triggers

Environmental triggers in CD may consist of bacte-
ria, viruses, or food antigens. In humans, the exact re-
lationship between CD and bacteria is less clear than in
animal models. There are over 1010 bacteria per milli-
liter of stool residing in the human colon. Although this
disease can affect any part of the gastrointestinal tract, a
majority of patients have disease in the areas of the
bowel with the highest bacterial load, the ileum,
cecum, and colon. Studies have shown that diversion
of the fecal stream can ameliorate disease. Additionally,
there is literature supporting the use of therapies that can
alter the bacterial ¯ora, such as probiotics or antibiotics,
for treatment of this disease. Animal models of in¯am-
matory bowel disease (IBD) have provided much insight

into the pathogenesis of CD in humans. These models
have supported the knowledge that numerous genes
can create the same clinical disease, that bacterial
¯ora are key for the expression of the disease, that dis-
ease-speci®c effector lymphocytes can transfer disease
to immune-de®cient mice, that T helper 1 (TH1) cyto-
kines such as tumor necrosis factor-a (TNF-a), inter-
leukin-12 (IL-12), and interferon-g (IFN-g) mediate
disease, and that regulation of mucosal in¯ammation
is controlled by T cells.

Many papers that both support and refute the role of
a speci®c microbial pathogen as the etiologic cause of
CD have been published. Most of this research has been
directed toward Mycobacterium paratuberculosis and the
measles virus but has been inconclusive. Evidence in
animal models of IBD supports the concept that lumenal
bacteria play a key role in the initiation of in¯ammation
in the mucosa. More recently, a unique bacterial DNA
sequence has been identi®ed within lamina propria
mononuclear cells in CD patients. This DNA sequence
is present in the affected colonic mucosa, but not in
uninvolved CD mucosa, in ulcerative colitis (UC) pa-
tients, or in normal controls. This DNA codes for a
peptide termed I2. This peptide can function as a T-
cell superantigen, a protein that can induce a T-cell
response in a non-major histocompatibility complex
(MHC)-restricted fashion. This strong immunologic re-
sponse is credited to speci®c, direct reactivity of I2 and
the MHC class II protein. Further research has identi®ed
the organism expressing the I2-containing gene as
Pseudomonas ¯uorescens. P. ¯uorescens is part of the
normal human intestinal ¯ora and is usually found
within the terminal ileum and colon. It is possible
that this organism may play a role in initiating mucosal
in¯ammation in some CD patients or may colonize the
intestine of CD patients as a result of treatment.

Although the exact role of bacteria in the pathogen-
esis of Crohn's disease is unclear, considerable research
exists to support the role of microorganisms in IBD.
Much of this research has been performed on animal
models of CD in which researchers can control the bac-
teria in the environment, creating the ability to associate
speci®c bacteria with the onset and progression of dis-
ease. Current evidence supports the concept that bac-
teria are important for the development of the mucosal
immune system and colonization with bacteria is im-
portant to the development of disease in many animal
models. For example, two mouse models, the IL-10ÿ/ÿ

and the Gai2ÿ/ÿmice, have several similarities to human
CD, such as a predominant TH1 response of CD4�T cells
and transmural in¯ammation. In these models, disease
does not develop if the mice are raised in germ-free or
speci®c microorganism-free environments, supporting

FIGURE 1 Steps in the development of Crohn's disease.

FIGURE 2 In¯uence of genes and bacteria in the clinical man-

ifestations of Crohn's disease.
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the role of bacteria in these animal models. In the C3H/
HeJBir murine colitis model, animals develop a sponta-
neous colitis characterized by CD4� T cells that have
speci®c reactivity to bacterial antigens. In addition,
these bacteria-reactive CD4�T cells can transfer disease
to recipient mice with severe combined immunode®-
ciency. These studies demonstrate that genetically sus-
ceptible hosts require intestinal ¯ora and the
subsequent development of bacterial-reactive T cells
for intestinal in¯ammation.

An increasing incidence of CD in Westernized na-
tions has led to theories that environmental changes that
occur with industrialization may contain the environ-
mental triggers for CD. A delicate balance between the
gut micro¯ora and the mucosal immune response may
be disrupted with alteration in the bacterial ¯ora sec-
ondary to refrigeration and improved sanitation. Liter-
ature supports the role of helminthic parasites in the
suppression of CD. A decline in the incidence of hel-
minthic infections is seen in industrialized societies.
Helminth infections are associated with a T helper
2-type response that may counteract a robust T helper
1-type response that is associated with CD.

Genetics

CD is most prevalent in people of Northern Euro-
pean and Jewish descent. Genetic disorders such as
Turner's syndrome and Hermansky-Pudlak syndrome
are associated with CD. Those suffering from other dis-
orders, e.g., glycogen storage disease type 1b patients,
have a predisposition to `̀ CD-like'' disease characterized
by chronic colonic in¯ammation, which at times can
involve circumferential ulcerations. First-degree rela-
tives of patients with CD have 15 times the normal
risk of developing IBD. Approximately 44% of mono-
zygotic twins share the diagnosis of CD, compared with
only 3.8% of dizygotic twins, indicating that genetics
plays an important role in this disease. Heredity, how-
ever, is not the only factor that dictates whether or not a
genetically predisposed person develops disease.

It is likely that many genes are involved in the de-
velopment of Crohn's disease. Extensive research on
families with IBD has identi®ed linkage regions on
®ve chromosomes for these disorders. The identi®ed
regions are IBD1 on chromosome 16 (NOD2 region),
IBD2 on chromosome 12, IBD3 on chromosome 6 (the
human leukocyte antigen region), IBD4, which is an-
other linkage area at chromosome 14q11ÿq12, and
IBD5 at chromosome 5q31, which is a dense area of
cytokine genes. In the pericentromeric region of IBD1,
a gene called NOD2, which confers susceptibility to
development of Crohn's disease, was recently described.

This NOD2 gene is speci®c for CD and is not associated
with UC (Fig. 3). Its protein product is expressed by
monocytes and activates nuclear factor kB (NF-kB), an
important factor that is involved in the mucosal immune
response to bacterial products such as lipopolysaccha-
rides. The exact mechanism by which mutations in
NOD2 confer susceptibility to CD is not yet understood.
The mutations that occur in NOD2 result in diminished
activation of NF-kB in response to bacterial products.
CD patients with NOD2 mutations are characterized by
having a ®brostenosing disease phenotype predomi-
nantly of the small bowel.

Mucosal Immunology

The mucosal immune system of the gut must achieve
a delicate balance between tolerance to the lumenal ¯ora
and defense against pathogenic bacteria that may gain
access through the oral route. Below the epithelial layer,
naive, undifferentiated T cells await stimulation from
antigen-presenting cells to activate them and provide
guidance with respect to which type of T cell they
will become. Interaction between co-stimulatory molec-
ules on the surface of T cells, e.g., CD40 ligand (CD40L
or CD154), and their cognate receptors on antigen-
presenting cells, e.g. CD40, is required for full
T-cell activation. Because T cells are the principal
directors of the immune response, the characterization
of the immune response is based on the pattern of
cytokines or the surface markers expressed by mature
T cells, e.g., TH1, TH2, TH3, or T regulatory 1(Tr1). TH1
and TH2 cytokines are effector cytokines that may
have important roles in determining the clinical mani-
festations associated with CD or ulcerative colitis.
Antigen-presenting cells, such as dendritic cells and
macrophages, also play a critical role in shaping the
immune response through secretion of cytokines that

FIGURE 3 Allelic variants of NOD2 are associated with

Crohn's disease. Data from Hugot, J. P. et al. (2001). Nature

411, 599; Ogura, Y., et al. (2001). Nature 411, 603; Hampe, J.,

et al. (2001). Lancet 357, 1925; Lesage, S. et al. (2002). Am. J. Hum.

Genet. 70, 845; Cuthbert, A. P., et al. (2002). Gastroenterology 122,

867; Ahmad, T., et al. (2002). Gastroenterology 122, 854.
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guide the differentiation of T cells. IL-12, a macrophage-
derived cytokine, and IL-18, a macrophage- and epithe-
lium-derived cytokine, shift the immune response
toward a TH1-type response and are elevated in the
mucosa of patients with CD (Fig. 4). As a result, TH1
cytokines such as IFN-g, IL-2, and TNF-a are frequently
elevated in the mucosa of CD patients. In animal mod-
els, mice lacking the IL-10 gene (IL-10 knockout mice)
develop a Crohn's disease-like in¯ammatory bowel dis-
ease. In these mice, IFN-g and IL-12 levels peak coin-
cident with the onset of the in¯ammation at week 10.

Transforming growth factor-b (TGF-b) and IL-10
are secreted by Th3 and Tr1 cells, respectively. In sev-
eral animal models, delivery of TGF-b or IL-10 can
ameliorate colitis. Because these cytokines appear to
have bene®cial effects, attempts have been made to har-
ness the power of Tr1 and Th3 cells. Studies have been
hampered by an inability to isolate these cell popula-
tions. In addition, TGF-b is associated with increased
®brosis and is unlikely to be tolerated systemically.
Likewise, studies using recombinant human IL-10 to
treat CD have been associated with ¯u-like symptoms
and little clinical bene®t. In contrast, the TNF-a antag-
onist in¯iximab has been dramatically effective in the
treatment of CD. Studies have demonstrated that
in¯iximab results in apoptosis of TNF-a-expressing
T cells in the mucosa. However, in clinical practice,
cytokine measurements are not currently used to
make decisions about patient care as they are cumber-
some and are not suf®ciently speci®c because of the
broad range of normal and abnormal cytokine levels.

DIAGNOSIS

The diagnosis of CD is based on a combination of clin-
ical, endoscopic, and radiologic ®ndings. Serologic and

pathologic ®ndings and genetic testing are available and
may be used as adjuncts to diagnosis and management.
Most patients will present with abdominal pain, weight
loss, fever, diarrhea, bloody stools, and poor growth (in
pediatric patients). The differential diagnosis includes
infectious diarrhea (viral, bacterial, mycobacterial, or
parasitic), ulcerative colitis, collagenous or microscopic
colitis, colorectal carcinoma, polyposis, nonsteroidal
anti-in¯ammatory drug- or medication-related gastro-
intestinal in¯ammation, diverticulitis, human immuno-
de®ciency virus, immunode®ciency, and celiac disease.

The work-up for a patient suspected to have CD
includes basic laboratory tests including electrolytes,
liver function tests (including albumin), complete
blood count with differential and platelet count, C-
reactive protein, and erythrocyte sedimentation rate.
These tests point to problems associated with CD,
such as anemia, malnutrition, and active in¯ammatory
disease. An upper gastrointestinal series with small
bowel follow-through (UGI-SBFT) should be per-
formed to assess for areas of disease involvement.
Small-bowel enteroclysis provides similar information
and in general is not thought to be more sensitive
than UGI-SBFT. In select cases, however, CD may be
missed with UGI-SBFT and seen with enteroclysis and
vice versa.

Colonoscopy with ileal intubation and biopsies is
generally necessary to con®rm the diagnosis of CD.
Endoscopic lesions seen in CD include linear ulcers,
stellate ulcers, aphthous ulcers, in¯ammation, polyps,
erosions, strictures, ®stulae, and bleeding/friability. In
contrast to UC, the in¯ammation may be both micro-
scopically and macroscopically patchy. It is important
that the endoscopist de®ne areas of disease involvement
during the colonoscopy. Ideally, endoscopy should in-
clude intubation of the ileum for evaluation and biop-
sies, as this area is frequently affected in CD. Video
capsule enteroscopy is a new method of assessing the
small bowel of patients with CD and offers the ability to
visually assess the small bowel in its entirety. At present,
capsule studies are contraindicated in patients with
CD-related strictures or stenosis.

Since CD can affect any part of the gastrointestinal
tract, the disease has diverse manifestations. The most
common area of disease is the ileum and ileocecal area.
Up to 40% of CD patients have involvement of this area
and present with abdominal pain and diarrhea, but they
may also have fever, abdominal mass, and weight loss
(Fig. 5). Some patients presenting with right lower
quadrant pain are diagnosed with appendicitis and
the diagnosis of CD is made at the time of surgery.
Approximately 30% of CD patients have disease limited
to the small bowel. These patients also present withFIGURE 4 TH1 development in Crohn's disease.
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diarrhea, abdominal pain, fever, and abdominal mass,
but they may have more severe problems with malab-
sorption, steatorrhea, weight loss, and malnutrition, de-
pending on the extent of small-bowel involvement. In
25ÿ30% of CD patients, in¯ammation is limited to
the colon. These patients can be dif®cult to distinguish
from UC because of similarity of symptoms, including
bloody diarrhea, weight loss, abdominal pain, urgency,
and tenesmus. Endoscopic features, such as skip lesions,
rectal sparing, and right-sided colonic disease, are sup-
portive of the diagnosis of CD colitis.

Approximately 18% of patients will have perianal
disease at the time of presentation. The spectrum of
perianal disease ranges from hemorrhoids and skin
tags to perianal ®stula and abscesses. In addition, CD
patients may have extraintestinal symptoms including,
but not limited to, arthralgias, episcleritis, nodular
scleritis, eythema nodosum, pyoderma gangrenosum,
and psoriasis.

SEROLOGIC TESTS

In recent years, serologic tests have been used with in-
creased frequency to help diagnose and de®ne disease.
These blood tests are moderately speci®c and sensitive
for detecting IBD, but are generally insuf®cient as the
sole diagnostic or screening tool. If there is a high level
of suspicion for CD, diagnosis should be made by en-
doscopy with biopsies of the diseased areas. The main
antibody tests used in IBD are anti-neutrophil cyto-
plasmic antibody (ANCA) and anti-Saccharomyces
cerevisiae antibody (ASCA). These antibodies are
directed toward self-antigens and microbial antigens,
supporting the hypothesis that these disorders represent
a loss of tolerance to self or to commensal organisms.

Distinct from ANCA in Wegener's granulomatosis,
ANCA in IBD is characterized by a perinuclear staining
pattern, hence the term pANCA. Of the serologic mark-
ers, pANCA is most prevalent in IBD. pANCA is positive
in 15% of CD patients, 65% of UC patients, and less than
5% of non-IBD controls. This autoantibody is strongly

associated with UC. In CD, patients expressing pANCA
have `̀ UC-like'' features, such as left-sided colitis and
pan-colitis. CD patients expressing pANCA tend to
have isolated colonic disease and it has been shown
that these patients have a blunted clinical response to
therapy with anti-tumor necrosis factor therapies, such
as in¯iximab.

ASCA is an antibody that recognizes S. cerevesiae
(baker's yeast). It is thought that this antibody repre-
sents an altered immune response to bacteria that share
cross-reacting epitopes with oligomannosidic cell wall
epitopes on baker's yeast. This antibody is seen in 60% of
CD patients, 5% of UC patients, and less than 5% of non-
IBD patients. High levels of ASCA expression have been
associated with younger age of onset, ®brostenosis, in-
ternal-penetrating phenotype, and an increased risk for
multiple surgeries.

In addition to pANCA and ASCA, antibodies to I2
and Escherichia coli outer membrane porin C (OmpC)
are also used to assist in diagnosis. Serum reactivity to I2
is seen in up to 54% of CD patients. The exact role of
antibodies to OmpC has not been de®ned, but serum
reactivity to this bacterial antigen is seen in up to 55% of
CD patients. Further research on serologic responses to
ANCA, ASCA, I2, and OmpC has indicated that CD
patients can be grouped into four categories based on
these serologic responses. ASCA and pANCA have been
shown to play a role in the work-up of chronic abdom-
inal pain in pediatric patients when used as a tool to
determine whether invasive tests are necessary. Pancre-
atic autoantibodies have also been found in up to 27% of
CD patients, but they are absent in healthy controls and
ulcerative colitis patients. In addition to these sero-
logies, there are many other tests being developed
that show promise in helping to diagnose IBD and pre-
dict disease prognosis and course in attempts to better
direct therapy and minimize morbidity.

PATHOLOGY

CD is characterized by acute and chronic transmural
in¯ammation of any part of the gastrointestinal tract.
Thetypicalpathologicfeaturesincludeacuteandchronic
in¯ammation (esophagitis, ileitis, colitis), ulcerations,
and crypt abscesses. Noncaseating granulomas are typ-
ical of CD, but can also be seen in gastrointestinal in-
fections such as Yersinia enterorolitica, Chlamydia
trachomatis, and fungal infections. The presence of
caseating granulomas should always raise suspicion
for tuberculosis. When present, noncaseating granulo-
mas are useful in helping to diagnose CD. However, they
are rarely seen on biopsy specimens and the absence of
granulomas does not rule out the diagnosis of CD. The

Inflammation Obstruction Fistulization

• Pain 
• Tenderness 
• Diarrhea

• Cramps 
• Distension 
• Vomiting

• Enteroenteric 
• Enterovesical 
• Retroperitoneal 
• Enterocutaneous

FIGURE 5 Clinical presentations of Crohn's disease.
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location from which biopsy specimens are taken is es-
sential to help differentiate CD from UC. Many colonic
biopsy specimens from UC and CD patients are indis-
tinguishable unless there are granulomas present and
thus the endoscopic description of disease extent is es-
sential for the diagnosis. Patchy microscopic in¯amma-
tion is suspicious for CD.

TREATMENT

Treatments for CD can be broadly de®ned as those
directed toward protection of the epithelium, those
directed at the mucosal immune response, and
those directed at modifying the lumenal contents.
These therapies are generally delivered in a tiered
approach depending on symptoms and the phase of
disease (Fig. 6).

Epithelial Protection

Numerous studies on aminosalicylate-containing
products, including sulfasalazine and mesalamine (5-
ASA) products, have been performed. These drugs are
known to inhibit cyclooxygenase and 5-lipoxygenase
pathways and may have other functions that help in
the treatment of IBD including suppression of antibody
secretion and action as oxygen radical scavengers.
Recent studies have found that mesalamine inhibits
activation of NF-kB and thus may exert its anti-in¯am-
matory effect through this mechanism. Sulfasalazine at a
dose of 4ÿ6 g/day has been evaluated in four double-
blind studies, of which three studies demonstrated the
drug to be better than placebo in achieving remission.
This drug seems to have its best effect in mild to mod-
erately active colonic CD and not in small-bowel CD.
This drug has not been demonstrated to maintain
remission; however, these studies were not performed
using high doses and it is likely that patients who

achieve remission on sulfasalazine can be maintained
in remission on this drug as well.

Non-sulfa-containing 5-aminosalicylate formula-
tions are widely used for treatment of UC and CD.
Many studies have been performed to evaluate the abil-
ity of these drugs to achieve remission in CD patients.
The largest of these studies examined a dose range of
ethyl-cellulose-coated granules of mesalamine (1, 2, and
4 g/day) and found that only the high-dose treatment
group had a statistically signi®cant reduction in Crohn's
disease activity index (CDAI). The conclusions that can
be made from studies on mesalamine are that it is ef-
fective in mildly to moderately active CD at doses
greater than 3.2 g/day. Studies to evaluate maintenance
of remission suggest a role for higher doses (43 g/day).
However, meta-analysis of these studies failed to show
signi®cant ef®cacy in the prevention of recurrence fol-
lowing medical remission. Studies on postoperative pro-
phylaxis for CD are more promising than those on
treatment of active disease. High-dose mesalamine dem-
onstrated a trend toward reduction of recurrence at ileo-
colic anastomoses. It is likely there are subgroups of CD
patients who are responsive to 5-ASA products, but it is
not yet possible to identify these patients.

IL-11, a cytokine produced by mesenchymal cells,
has a strong effect on thrombopoiesis and also acts to
enhance the intestinal mucosal barrier. Recombinant
human IL-11 has been evaluated in trials of CD patients.
Phase IIa doseÿresponse studies were performed but
showed no overall bene®t. However, there was a
trend toward improvement in the 16 mg/kg per dose
group. In phase IIb/III trials, 148 patients with active
CD were enrolled and received subcutaneous doses of
15 mg/kg weekly or 7.5 mg/kg twice weekly. The rate of
remission in the 15 mg/kg weekly group at 6 weeks of
therapy was signi®cantly higher than that observed in
the placebo group, but was not very high (40% versus
16%). Patients in this trial also had dose-related
increases in platelet counts. Although no thrombotic
events occurred in this trial, it is possible that with
continued therapy patients may experience these
complications.

Growth hormone (GH) has been investigated for use
in CD with the rationale that GH may reverse the cat-
abolic effects of chronic intestinal in¯ammation. A ran-
domized, placebo-controlled trial using human
recombinant growth hormone in 37 CD patients with
active disease was conducted. GH-treated patients had a
statistically signi®cant decrease in their CDAI compared
with placebo-treated patients. However, this study did
not report remission rates and therefore additional
studies are needed before recommendations on GH
use can be made. The dose of GH used in this studyFIGURE 6 Therapeutic pyramid for Crohn's disease.
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was very high [5 mg administered subcutaneously (sc)
the ®rst day followed by 1.5 mg sc daily] and in the range
used for catabolism cited with acquired immune de®-
ciency syndrome. There were two patients who were
found to have a tumor during the study. The long-
term risks may therefore be unacceptable.

Immunomodulators

Inhibition of Traf®cking as a Strategy to
Treat CD

Glucocorticoids have multiple effects on in¯amma-
tion including diminished production of cytokines,
apoptosis of lymphocytes, and reduced expression of
adhesion molecules that regulate leukocyte traf®cking
to sites of in¯ammation. Glucocorticoids have a de®nite
role in inducing remission in CD patients with moderate
to severe symptoms. Prednisone and prednisolone have
been studied extensively, but the use of these drugs is
complicated by side effects, such as adrenal suppres-
sion, Cushingoid features, hypertension, diabetes, and
infection. Although these drugs have potent effects on
moderate to severe CD, they have little long-term ef®-
cacy. Two large trials, the National Cooperative Crohn's
Disease Study in 1979 and the European Cooperative
Crohn's Disease Study in 1984, demonstrated that pred-
nisone at doses greater than 40 mg was better than pla-
cebo in achieving remission in acute disease. Greater
than 80% of CD patients apparently respond to gluco-
corticoids and patients with high disease activity as
measured by CDAI, previous surgeries, and perianal
disease were less likely to respond. Another corticoste-
roid, budesonide CIR (controlled ileal release), is for-
mulated to allow for delivery to the ileal and cecal areas
because it is coated with a methacylic acid copolymer
(Eudragit), which dissolves at a pH of 5.5 or higher. It is
a more potent steroid than prednisone and has fewer
systemic side effects secondary to a high ®rst-pass me-
tabolism in the liver. Placebo-controlled trials have
supported the role of this drug in mild to moderate
ilealÿcolonic CD. In one of the ®rst studies, a dose of
9 mg daily for 8 weeks was superior to other doses and to
placebo in achieving remission. In other studies,
budesonide at 9 mg once daily has been compared to
40 mg of prednisone daily. After 8 weeks of treatment,
remission rates for daily budesonide and prednisone
were similar, 53ÿ66%. In addition to providing good
results in induction of remission in mild to moderate
CD, budesonide has been effective in maintaining re-
mission. In a placebo-controlled 1-year study, it was
demonstrated that time to relapse in the group given
6 mg daily of budesonide was longer (4250 days) than
in the placebo group (5100 days). The prolonged use of

these medications has indicated that their ef®cacy may
wane after a year of continuous treatment. Long-
term follow-up studies on CD patients treated with
budesonide, prednisone, and non-steroid-based thera-
pies for over 2 years indicated that budesonide does not
spare patients the osteoporotic effects of other systemic
glucocorticoids. In fact, budesonide-treated patients in
some trials had a greater decrease in bone mineral den-
sity than patients treated with prednisone. Results of a
prospective study comparing budesonide to prednisone
for active CD demonstrate, however, that budesonide is
not as harmful to bone as prednisone.

A new therapy, natalizumab, currently in phase III
trials, is a humanized monoclonal antibody to a4
integrin. It inhibits lymphocyte binding to the mucosal
addressin cell adhesion molecule expressed on high
endothelial venules in the intestine by blocking the
a4 receptor on lymphocytes. Studies on humans and
animals indicate that these a4 integrins play a key
role in the migration of lymphocytes to the gut. a4
integrin blockade for the therapy of IBD was ®rst
used on cotton-topped tamarinds with spontaneous co-
litis. These animals had complete resolution of their
symptoms with treatment. In a human trial of
natalizumab, patients with mildly to moderately active
CD had a statistically signi®cant decrease in CDAI and
many achieved remission by week 2. Further studies are
being performed using higher doses of natalizumab and
examining rates of response and remission. Studies on
this drug show that it holds promise in the treatment of
CD, but it has not yet been approved by the Food and
Drug Administration and more studies are needed.

Antimetabolites

Since the initial trials of 6-mercaptopurine (6-MP)
and azathioprine (AZA), these drugs have become the
mainstays of maintenance therapy for CD. Studies have
been both supportive and contradictory, but 6-MP and
AZA remain the primary medications used for mainte-
nance of remission. The benchmark study on this drug
was a double-blind placebo-controlled crossover study,
which showed that 6-MP at a dose of up to 1.5 mg/kg/
day was effective in producing a clinical response in
active CD in up to 72% of patients compared to 14%
for placebo. In addition, 75% of the 6-MP-treated pa-
tients were able to wean or discontinue steroids com-
pared to 540% of placebo-treated patients. Fistulas
closed in 36% of 6-MP-treated patients compared to
6% of placebo-treated patients. Finally, it was observed
that the mean time to clinical response was approxi-
mately 3 months. In many cases, however, 3 months
was the earliest time point at which patients were
seen. This study solidi®ed the role of 6-MP in treatment
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of active CD with the goals of minimizing steroids, in-
ducing remission, and treating active ®stulas.

AZA has been also evaluated for maintenance of
remission. Meta-analysis of numerous controlled
studies evaluating the role of AZA in maintenance of
remission supports its use. Overall, 67% of patients had
continued clinical response compared with an odds
ratio of 3.09 (95% con®dence interval CI, 2.45 to
3.91), favoring response in patients treated with
6-MP/AZA. Although this study did not reach statistical
signi®cance, there is a wealth of long-term clinical ex-
perience supporting the use of AZA. However, studies
have failed to establish the length of time required to
achieve and to maintain remission. Studies have
addressed whether AZA withdrawal after several years
is safe in CD patients in long-term remission. Although
initial studies suggested that 44 years of AZA use
was associated with maintenance of remission
before drug withdrawal, more recent studies have
found that AZA withdrawal is associated with a greater
number of relapses than continued use of the drug.
Studies have failed to conclusively determine the
duration of therapy that is adequate for permanent re-
mission of disease. Most studies seem to indicate that
those patients that are taken off of 6-MP or AZA tend to
relapse, whereas those that are maintained on one of
these medicines continue to do well. In addition, the
long-term use of these drugs has been associated with
an increased risk of malignancy. Treatment of
®stulas has also been evaluated in controlled trials
and has been summarized in a meta-analysis that
showed that approximately half of patients with ®stulas
had a favorable response to 6-MP/AZA, whereas only
approximately 20% of controls showed improvement.
Finally, its role in postoperative prophylaxis has also
been evaluated and results from a few studies are very
promising.

More recently, research has focused on the metab-
olism of 6-MP by an enzyme called thiopurine
methyltransferase (TPMT) (Fig. 7). It appears that
this enzyme is responsible for methylation of the
drug and production of 6-methylmercaptopurine (6-
MMP), the blood level of which appears to correlate
with the hepatotoxic effects of the drug. There has
also been much research directed at 6-thioguanine
(6-TG), which has been correlated with clinical re-
sponse to 6-MP/AZA (Fig. 8). Methods for measurement
of TPMT activity and determination of genotype are
now commercially available and may help to minimize
toxicity. Less than 1% of patients have an absence of
TPMT activity, 10% of patients have intermediate activ-
ity, and the remainder have normal activity. Many pa-
tients with normal TPMT activity will have preferential

metabolism of 6-MP toward 6-methylmercaptopurine,
which has a stronger association with hepatotoxicity
than 6-TG.

Methotrexate (MTX) is a dihydrofolate reductase
inhibitor. MTX and its metabolites inhibit the enzymes
responsible for folate metabolism that result in anti-
proliferative and cytotoxic effects on hematopoietic
cells. This drug has been studied in CD patients with
chronic active disease and steroid dependence for over 3
months. Patients were randomized to receive 25 mg in-
tramuscularly of methotrexate weekly or placebo injec-
tions. After 16 weeks of therapy, more patients treated
with methotrexate were in remission and off steroids
than those given the placebo. Although this drug is ef-
fective for maintenance of remission, it does carry sig-
ni®cant risks for hepatotoxicity, teratogenicity, bone
marrow toxicity, and other side effects.

FIGURE 8 6-TG level correlates with clinical response.

Reprinted from Dubinsky, M. C., et al. (2002). Gastroenterology

118, 705ÿ713, with permission from Elsevier.

FIGURE 7 6-MP/AZA mechanism of action. From Lowry

et al. (2001). Gut, with permission.
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Calcineurin Inhibitors

Cyclosporine (CSA) is potent drug that has revo-
lutionized organ transplantation. It is a cyclic protein
derived from the fungus Tolypocladium in¯atum. Cyclo-
sporine is a calcineurin inhibitor that suppresses
T helper cell responses to IL-1, thus blocking the
immune response via its effect on calcineurin-mediated
IL-2 mRNA transcription and production. There have
been several trials on the use of cyclosporine in Crohn's
disease. Many of these reports have yielded promising
results, with the main risks being the side effects of the
drug. The ®rst demonstration of ef®cacy of oral CSA
(5ÿ7 mg/kg/day) was in active steroid-refractory CD,
where it was superior to placebo. Several uncontrolled
series have suggested that CSA can be used in active CD
as a bridge to anti-metabolite therapy. One of the major
advantages of this medication is its prompt onset
of action. Response rates to cyclosporine are high
(460%) and the bene®ts of cyclosporine are generally
noticeable within 2 weeks of starting therapy. However,
few patients who achieve a response to this medication
maintain the bene®t for prolonged periods of time.
Thus, although a high proportion of in¯ammatory
and ®stulizing CD patients remained in remission
while on oral cyclosporine, almost all of the patients
relapsed when cyclosporine was discontinued. More-
over, this medication has several side effects and toxic-
ities that make continuous intravenous infusion risky if
done incorrectly. Signi®cant side effects include neuro-
toxicity and renal toxicity; thus, patients taking this
medication should be followed closely with laboratory
tests and cyclosporine levels should be monitored care-
fully. The standard oral dose of cyclosporine is
5ÿ10 mg/kg/day divided twice daily. All patients on
cyclosporine have an increased risk of opportunistic
infections and should receive antibiotic prophylaxis
for Pneumocystis carinii pneumonia and prompt evalu-
ation for infection-related symptoms.

Tacrolimus is a newer agent with actions similar to
those of cyclosporine, but with improved oral absorp-
tion compared to its older relative. There have been a
handful of reports on the use of this drug in active in-
¯ammatory and ®stulizing CD. A high percentage of
pediatric patients (460%) with steroid-refractory UC
or CD colitis responded to therapy and were discharged.
The drug was discontinued, however, after 2ÿ3 months
and a majority of patients underwent colectomy within
1 year of receiving tacrolimus. This drug has also been
used for short-term treatment of CD patients as well as
CD patients with ®stulizing disease with some bene®cial
effects. Despite these promising reports, there remains a
need for a good prospective study to evaluate the use of

this drug in CD. Moreover, tacrolimus-treated patients
reportedly have a high frequency of side effects, such as
paresthesias, insomnia, tremor, and headache. As with
cyclosporine, patients treated with tacrolimus are at risk
for opportunistic infections and similar side effects,
such as renal, neurologic, and bone marrow toxicity,
can occur. It is essential to monitor drug levels and
follow patients with laboratory tests.

T-Cell Regulation

Tumor Necrosis Factor-a-Modulating Drugs

T-cell activation is a central event in the pathogen-
esis of Crohn's disease. Because T-cell activation results
in cytokine secretion and because certain cytokines may
be detrimental when overexpressed, biologists and cli-
nicians have examined the effect of cytokine blockade in
patients with CD.

TNF-a is a potent pro-in¯ammatory cytokine that
plays an important role in the mucosal in¯ammation
seen in CD. There are many different drugs aimed at
blocking the function of this pro-in¯ammatory protein
(Fig. 9). In¯iximab is a chimeric monoclonal antibody
with human constant regions and murine variable re-
gions. It is approximately 25% murine-derived protein.
CDP 571 is a humanized version of a murine antibody
toward TNF-a. This drug has human IgG4 constant
regions and k light chains in which speci®c murine
protein residues were inserted to confer reactivity to
TNF-a. This drug is reported to be 90% less immuno-
genic than murine antibodies. Finally, etanercept is a
soluble TNF-a receptor fusion protein that has been
used extensively for rheumatoid arthritis.

FIGURE 9 Comparison of anti-TNF-a strategies for Crohn's

disease.
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The initial trials on in¯iximab showed that it had
great ef®cacy in patients with severe refractory CD.
More than 70% of patients will respond within 2
weeks of the ®rst infusion of this drug at a dose of
5 mg/kg given intravenously. Further studies have con-
®rmed that in¯iximab has a role in the maintenance of
remission in CD that is refractory to traditional thera-
pies. A recent study demonstrated that CD patients can
achieve long-term remission with repeated dosing. In
addition, in¯iximab has shown ef®cacy in perianal
®stulas, with ®stula closures in greater than 50%
of patients.

The genetically engineered human monoclonal an-
tibody to TNF-a, CDP571, has also been studied. For
reasons that have yet to be determined, clinical response
to this medication is less than that for in¯iximab. Infu-
sion reactions and other side effects that were associated
with in¯iximab were also seen with CDP571. This drug
may have a role in the therapy of CD, but it must be
compared with the superior ef®cacy of in¯iximab.
Differences may be accounted for by the fact that
in¯iximab induces apoptosis of activated lymphocytes
and binds more avidly to TNF-a. Etanercept has also
been studied in a double-blinded placebo-controlled
trial at a dose similar to that used for rheumatoid
arthritis. Rates of remission for etanercept and placebo
were similar. Thus, this drug seems to have the least
anti-TNF-a activity of the medications discussed
thus far.

Therapy with murine-derived anti-TNF-a agents
is not without risks. Patients may develop acute IgE-
mediated reactions to infusions of these agents as a
result of the immunogenic murine portions of these
drugs. Acute hypersensitivity reactions are character-
ized by symptoms of anaphylaxis, hypotension,
urticaria, angioedema, and respiratory dif®culty. Other
patients may have a T-cell-mediated delayed-type
hypersensitivity reaction characterized by gradual
onset of arthralgias, myalgias, fever, and acute respira-
tory distress. Because TNF-a is required to contain
infections by intracellular pathogens, therapy with
anti-TNF-a agents has also resulted in opportunistic
infections such as tuberculosis, histoplasmosis, asper-
gillosis, coccidiomycosis, and listeriosis. Due to
increased infections by tuberculosis, all patients must
receive a puri®ed protein derivative skin test prior to
their ®rst infusion. Physicians treating patients with
anti-TNF-a medications should have a low threshold
to thoroughly evaluate symptoms of fever, night sweats,
productive cough, etc. Other side effects include exac-
erbation of multiple sclerosis symptoms, lupus-like
reactions, and autoimmune antibody formation. The
effects of these drugs on a patient's risk for malignancy

are not known. Regardless of the risks, in¯iximab
has changed the face of treatment of CD and is the
®rst effective biological therapy for this chronic
disorder.

Thalidomide is another agent used in the therapy of
CD. Thalidomide reduces TNF-a mRNA stability and
has been found to reduce TNF-a and IL-12 levels in CD
patients. Two open-label trials have addressed the use of
this medication in CD. A high rate of response, compa-
rable to that obtained with in¯iximab, was observed.
Patients who completed this trial were able to reduce
their steroid dosage by at least 50%. In these open-label
studies, thalidomide also seems to provide therapeutic
bene®t for perianal ®stulas. Since this medication has
effects on TNF-a production, it has also been studied in
patients who have achieved remission following infu-
sions of in¯iximab. In this study, over 80% of patients
were able to maintain remission for almost a year. De-
spite the promising effects of thalidomide in these trials,
the teratogenic effects of this drug continue to haunt
users and prescribing doctors. It is recommended that
all patients (both male and female) receiving this med-
ication be made aware of its teratogenic effects and use
effective contraception. In addition, this medication has
frequent side effects such as drowsiness, peripheral neu-
ropathy, edema, and dermatitis. Because of the ef®cacy
of thalidomide, newer agents called selective cytokine
inhibitory drugs are being developed with the hopes of
harnessing the TNF-a suppressive effects while reduc-
ing the side effects and teratogenicity. CC-1088 is the
®rst of these drugs and is currently in clinical trials
for use in CD.

SURGERY AND POSTOPERATIVE
RECURRENCES

Despite advances in knowledge about the pathogenesis
of CD and the development of new potent biologic ther-
apies for this disorder, many CD patients will fail the
above outlined medical therapies or have advanced dis-
ease at the time of presentation. In these cases, it is
important for these patients to be evaluated by an ex-
perienced surgeon with expertise in IBD. Many of these
patients have had surgeries previously and are at risk for
intra- and postoperative complications. Surgery is not
curative in CD (unlike ulcerative colitis) and therefore it
is usually considered predominantly in patients with
complications such as abscesses, perforation, obstruc-
tion, hemorrhage, medically refractory disease, cancer,
fulminant colitis, toxic megacolon, sepsis, and certain
®stulas. It is estimated that up to 80% of CD patients
with ileal disease will need surgical intervention for
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their disease at some time in their life. The overall goal of
surgery for CD is to relieve the symptoms while sparing
the bowel. Twenty-two percent of operations on pa-
tients with CD are secondary to obstruction. Obstruc-
tion in CD is secondary to strictures of the small
intestines necessitating either small-bowel resection
or stricturoplasties in cases in which bowel length
must be preserved.

Because surgery is not curative, select patients
should be placed on therapy to prevent a postoperative
recurrence. As many as 50% of CD patients will have
recurrence following surgical resection and need further
surgical intervention (Fig. 10). There have been limited
studies on 6-MP/AZA and mesalamine examining post-
operative prophylaxis. It is generally believed that pa-
tients with severe recurrent surgical disease should be
placed on stronger postoperative medications such as 6-
MP/AZA, whereas those patients with their ®rst surgery
may be placed on mesalamine products alone. Postop-
erative recurrence rates in patients who were placed on
mesalamine were somewhat lower than those for pa-
tients placed on placebo. Similar results have been
found with the anaerobic antibiotic metronidazole.

EXTRAINTESTINAL MANIFESTATIONS

It is not uncommon for patients with Crohn's disease to
have manifestations of this disorder in organs distant to
the intestinal tract. These manifestations are not always
associated with clinical disease activity, but often the
aim of therapy revolves around increased medical ther-
apy for the underlying chronic in¯ammatory bowel
disease. These manifestations are thought to be a

consequence of ongoing in¯ammation in the intestines
and can affect any organ, mucosal, or serosal surface.
Some of the more common extraintestinal manifesta-
tions include pyoderma gangrenosum, erythema
nodosum, arthritis, primary sclerosing cholangitis,
uveitis, episcleritis, anklylosing spondylitis, thrombo-
sis, pancreatitis, thrombosis, autoimmune hepatitis, di-
abetes, and osteoporosis.

SUMMARY

The exact etiopathogenesis of CD is unknown but
knowledge of the genes and immune effectors playing
a role in this disease has dramatically increased. The
next few years will witness the identi®cation of more
disease susceptibility genes and bacterial factors result-
ing in CD. This should permit improved treatment
for CD that targets speci®c steps in the in¯ammatory
cascade.
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Crohn's Disease, Pediatric
JOHANNA ESCHER AND ATHOS BOUSVAROS
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Crohn's disease In¯ammatory disease of the intestine; may

affect any portion of the intestinal tract from the mouth

to the anus.

in¯ammatory bowel disease Refers to the two chronic

in¯ammatory disorders of the gastrointestinal tract,

ulcerative colitis and Crohn's disease.

ulcerative colitis In¯ammatory disease of the colon and

rectum.

Crohn's disease is an immune-mediated in¯ammatory

disease of the intestine that may affect any portion of

the intestinal tract from the mouth to the anus. The hall-

marks of Crohn's disease that distinguish it from ulcera-

tive colitis are transmural intestinal in¯ammation,

®stulizing disease, and noncaseating granulomas in the

bowel. The disease is usually localized and focal, most

commonly affecting the ileum alone, the ileum and the

cecum, or the ileum and the entire colon. Gastritis and

upper intestinal tract in¯ammation are present in 30% of

cases. Although 20% of Crohn's disease cases are diag-

nosed in patients under age 18 years, the disease is rare in

children under age 5 years. Diagnosis is established by

barium radiography, colonoscopy, and upper endoscopy

with multiple biopsies. Treatment of the child and ado-

lescent with the disease involves a combination of medical

therapy, nutritional supplementation, properly timed

surgery, and psychological support.

PATHOPHYSIOLOGY AND
EPIDEMIOLOGY

Although the exact pathophysiology of Crohn's disease
(CD, regional enteritis) has not been fully de®ned, there
is both a genetic and an environmental component.
Evidence supporting a genetic component includes
the increased risk of developing CD among ®rst-degree
relatives of an index case (approximately 5ÿ10%) and
the high concordance for CD among monozygotic twins
(approximately 50%). Mutations in the human macro-
phage NOD2 gene, which regulates the immune
response to bacterial lipopolysaccharide, are present
in 25% of patients with CD. An individual inheriting
one mutant NOD2 allele has a 2.6-fold increase in risk of
developing CD, and an individual inheriting two
mutant NOD2 alleles has a 40-fold increase in risk.
Mutations in the NOD2 gene are most commonly
identi®ed in patients who develop ileal disease and

Encyclopedia of Gastroenterology Copyright 2004, Elsevier (USA). All rights reserved.
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Mutations in the NOD2 gene are most commonly
identi®ed in patients who develop ileal disease and
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®brostenosing disease. Genetic linkage studies have
identi®ed several other candidate genes, including a
locus on chromosome 5 (5q31ÿq33) associated with
early-onset CD. Otherwise, genotypeÿphenotype cor-
relations have not yet been demonstrated in the other
candidate loci.

Although genetic loci transmit risk for the disease,
environmental factors appear to in¯uence the develop-
ment of disease. Environmental triggers in¯uencing the
onset of disease include dietary factors, exogenous mi-
crobial pathogens such as atypical mycobacteria, the
host's endogenous bacterial ¯ora, medications (nonste-
roidal antiin¯ammatory drugs and oral contraceptives),
and other environmental toxins (tobacco smoke).
Studies have failed to identify any consistent environ-
mental triggers that promote the onset of CD, although
use of nonsteroidal antiin¯ammatory drugs may be a
risk factor for relapse.

Interaction of the predisposed individual with the
environment leads to an activated mucosal immune
system characterized by a predominance of CD4� T
helper (Th) cells of the Th1 phenotype, and by activated
macrophages. Proin¯ammatory cytokines such as
tumor necrosis factor a, interleukin-1, interleukin-6,
and interleukin-12 are present in the intestinal mucosa.
The activated immune cells then recruit additional leu-
kocytes, with the end result being the production of a
wide variety of in¯ammatory mediators of granuloma-
tous in¯ammation and tissue ulceration.

The incidence of Crohn's disease is approximately
5ÿ10 new cases/100,000 individuals per year, and
is similar in children and adults. Epidemiologic
studies from Sweden suggest a doubling of disease
incidence in the past decade. The disease incidence is
higher in northern latitudes (e.g., North America and
Scandinavia), and in individuals of Jewish descent. Ge-
netic syndromes associated with CD in children include
HermanskyÿPudlak syndrome, glycogen storage dis-
ease type 1b, and Turner's syndrome. It is unclear
whether the diseases seen in these syndromes are genet-
ically similar to idiopathic CD.

DIAGNOSIS AND EVALUATION

The child or adolescent with Crohn's disease will typ-
ically present in one of two ways. Occasionally, children
present acutely with bloody diarrhea or severe abdom-
inal pain from severe ileitis, intestinal stricture, or ab-
dominal abscess. Given that the most common area of
abdominal tenderness in patients with CD is the right
lower quadrant, patients with CD presenting in emer-
gency room settings are often thought to have acute
appendicitis. More commonly, children present with

a chronic history of low-grade abdominal pain, fever,
weight loss, recurrent perianal infections, or growth
failure. Up to 50% of children with Crohn's disease
will have a decrease in rate of growth (height) prior
to the onset of any intestinal symptoms. The general
physical examination may reveal an underweight
child with poorly localized abdominal tenderness. Peri-
anal skin tags, ®ssures, or ®stulae will be identi®ed in
30% of patients. Other physical ®ndings identi®ed may
include eye in¯ammation, mouth ulcers, erythema
nodosum, digital clubbing, and arthritis, but these are
seen in fewer than 10% of patients at presentation. Lab-
oratory studies of children with CD will commonly
demonstrate a microcytic anemia, hypoalbuminemia,
or an elevated erythrocyte sedimentation rate or C-re-
active protein. Antibodies to neutrophilic and microbial
antigens, including perinuclear antineutrophil cyto-
plasmic antibodies (pANCAs) and anti-Saccharomyces
cerevisiae antibodies (ASCAs) can be utilized as a sero-
logic `̀ screen'' for in¯ammatory bowel disease (IBD) in
children, but use of these tests is limited by their 10%
false positive rate. Although a positive result for anti-
body to S. cerevisiae is found in only 40ÿ50% of children
with Crohn's disease, this antibody is highly speci®c
(95ÿ98%) for CD.

When CD is suspected, other conditions causing
similar symptoms should be ruled out. In some children,
it may be dif®cult to distinguish CD from ulcerative
colitis (UC), and these children are given the diagnosis
of indeterminate colitis. Other illnesses that may present
with rectal bleeding can be excluded by obtaining stool
cultures for enteric pathogens and Clostridium dif-
®cile, and by considering other diagnoses, such as
HenochÿSchonlein purpura, Behcet's disease, or vascu-
litis. Localized right lower quadrant or ileal disease can
be caused by Yersinia infection, intestinal tuberculosis,
appendicitis, or lymphoma. The differential diagnosis of
an abdominal abscess includes a perforated appendix,
vasculitic perforation, malignant typhilitis, or trauma.
In adolescent females, gynecologic disease must be con-
sidered.

The de®nitive diagnosis of Crohn's disease and the
localization of the disease are established with radiog-
raphy and endoscopy. A barium upper gastrointestinal
(GI) exam with small bowel follow through may iden-
tify mucosal nodularity, ileal and cecal narrowing,
enteric ®stula, or obstruction. In children, it is recom-
mended that both colonoscopy and upper endoscopy
with multiple biopsies be performed under general an-
esthesia as part of the initial evaluation. Crohn's disease
in the colon is characterized by discontinuous colitis
with normal intervening areas (skip areas), as well as
super®cial and deep ulcers. Endoscopy of the terminal
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ileum may identify linear ulcerations with nodularity
(cobblestoning) or ileal stenosis (Fig. 1). In patients
with CD of the upper GI tract, esophagogastro-
duodenoscopy will identify duodenal erosions
(`̀ moth-eaten'' folds) in children with duodenitis, or
gastric erythema, nodularity, and aphthous lesions in
those with gastritis. Histology of biopsy specimens can
show nonspeci®c in¯ammation (neutrophilic colitis
and gastritis), but will identify noncaseating granulo-
mas in 25% of patients. The most reliable ®ndings that
differentiate CD from UC are the presence of small
bowel involvement, perianal ®stulizing disease, or
granulomas on endoscopic biopsy. In 10% of cases,
the patient may be given a diagnosis of `̀ indeterminate
colitis'' if the clinician cannot differentiate CD from UC
after complete evaluation.

Once diagnosis and disease location have been es-
tablished, the child should be evaluated for other con-
ditions associated with Crohn's disease. These may
include dermatologic conditions (erythema nodosum
and pyoderma gangrenosum), ocular involvement
(uveitis and episcleritis), osteoporosis, and arthritis.
Arthritis in CD is typically nonerosive, asymmetric,
and affects large joints, including the hips, knees, and
wrists. Abnormal liver function tests are most
often caused by medications used to treat CD (e.g.,
6-mercaptopurine) or hepatic steatosis. However, pri-
mary sclerosing cholangitis, an immune-mediated dis-
ease causing scarring and stenosis of the biliary tree, is
present in 1ÿ2% of patients with CD.

TREATMENT

Therapy for in¯ammatory bowel disease (ulcerative
colitis and Crohn's disease) is indicated for induc-
tion of remission of disease activity, maintenance of
remission, and prevention of relapse. In children
and adolescents with IBD, the aim of therapy should
include the eradication of abdominal symptoms,
normalization of laboratory parameters such as hemat-
ocrit and sedimentation rate, and establishment of
normal growth and pubertal development. Because
the disease has a potential for long-term impact on
physical growth and psychosocial development, psy-
chosocial support is a necessary component of the treat-
ment program. The unique therapeutic features of
pediatric-onset in¯ammatory bowel disease are listed
in Table I.

The three primary treatment modalities for pediatric
Crohn's disease are medication, enteral nutrition, and
surgery. In general, initial treatment consists of medi-
cation combined with nutritional treatment or supple-
mentation. Nutritional therapy may be used as the
primary initial treatment in active Crohn's disease in
children or as an adjunct to medical therapy in the
management of weight loss or growth failure. If the
disease is medically refractory, surgery of a limited seg-
ment of bowel may eradicate all symptoms and facilitate
catch-up growth during puberty.

Medication

Few clinical trials have focused on children with CD,
and medical practice is mostly based on evidence from
studies of adult CD patients. Dosages are extrapolated
from adult dosages and adjusted according to body
weight or body surface area. In addition, the duration
of treatment is largely determined by empiric assess-
ment of response and from adult studies.

There are ®ve categories of current drug treatment
options: aminosalicylates, corticosteroids, antibiotics,
immunomodulators (azathioprine/6-mercaptopurine),
and monoclonal antibodies (in¯iximab). The choice
of treatment depends on the disease activity and behav-
ior, and whether induction or maintenance of remission
is the goal. Typically, induction of remission involves
medications with greater ef®cacy and a more rapid onset
of action, but a less favorable side-effect pro®le. In con-
trast, maintenance therapy involves long-term treat-
ment with medications that have a slower onset, but
fewer side effects. Table I lists indications, dosing infor-
mation and ef®cacy rates for the medications that are
commonly used.

FIGURE 1 Severe ileitis with linear ulcerations and nodularity

in a child with newly diagnosed Crohn's disease.
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Induction of Remission

In moderate to severely active disease and in hospi-
talized patients, medium-dose systemic corticosteroids
will rapidly reduce pain and diarrhea and bring about
weight gain. Prednisone or prednisolone treatment can
generally be given orally, but in ill patients requiring
hospitalization, methylprednisolone is preferred.
Approximately 70ÿ80% of patients will experience
improvement of symptoms on prednisone therapy, usu-
ally within 2ÿ4 weeks after therapy is started. However,
corticosteroid side effects, including hypertension,
hyperglycemia, infection, moon face, mood changes,
osteopenia, and growth arrest, limit the duration of
prednisone usage. In addition, many patients will
experience a recurrence of symptoms once prednisone
administration is stopped. For these reasons, cortico-
steroid use should ideally be limited to short-term in-
duction of remission, and a medication useful for
maintenance of remission should be started simulta-
neously. Budesonide is a locally acting corticosteroid
that has minimal systemic bioavailability. Budesonide
induces a remission in approximately 60% of children
with mild to moderate Crohn's disease located in the
ileum, cecum, and/or ascending colon, with fewer side

effects than conventional corticosteroids. As with pred-
nisone, maintenance budesonide treatment is not indi-
cated because of the potential for impairment of linear
growth and osteopenia.

Aminosalicylates and Antibiotics

Because these agents have a favorable safety pro®le
with few side effects, physicians have utilized them for
both induction and maintenance therapy. Aminosalicyl-
ates utilized in the treatment of ulcerative colitis include
mesalamine, sulfasalazine, and balsalazide. Although all
of these have been studied and have received United
States Food and Drug Administration (FDA) approval
for ulcerative colitis, they may also be effective in the
treatment of Crohn's colitis. In addition, two formula-
tions of mesalamine (Pentasa and Asacol) release drug
into the distal small bowel and have been studied as
induction therapies in Crohn's disease. In mild disease,
the aminosalicylates may induce remission, but the re-
sults of meta-analyses in adults indicate that this occurs
at a rate only slightly greater than that of placebo. Side
effects of aminosalicylates, although rare, include pro-
teinuria, skin rashes, headaches, and pancreatitis. Sim-
ilarly, although open-label series and a few randomized

TABLE I Medication Used in Pediatric Crohn's Disease

Treatment Dose Clinical response

Induction of remission

Salicylates Mesalazine, oral and/or rectal, 50ÿ75 mg/kg/day

in two to four divided doses, maximum 6 g/day

40ÿ60% remission

Sulfasalazine, oral and/or rectal, 50ÿ100 mg/kg/day

in three to four divided doses, maximum 4ÿ6 g/day

40ÿ60% remission

Steroids Predniso(lo)ne, intravenously if needed, then oral,

1ÿ2 mg/kg/day in one to two divided doses,

maximum 40ÿ60 mg/day, 2ÿ4 weeks, then

taper to zero slowly using oral agents

60ÿ80% remission

Budesonide, oral, 9 mg/day in one dose, 8 weeks,

then taper to zero

50% remission

Antibiotics Metronidazole, oral, 15ÿ30 mg/kg/day in three to

four divided doses, maximum 1500 mg/day

Not well studied

Cipro¯oxacin, oral, 20 mg/kg/day in two divided doses Not well studied

Immunomodulator In¯iximab (anti-TNF), infusion, 5 mg/kg

(speci®c protocol must be followed)

60ÿ80% remission

Maintenance of remission

Immunomodulator Azathioprine, oral 1.5ÿ2.5 mg/kg/day 60ÿ80% maintenance of remission

without steroids

6-Mercaptopurine, oral, 1ÿ2 mg/kg/day 60ÿ80% maintenance of remission

without steroids

Methotrexate, subcutaneously, 10ÿ15 mg/m2/week,

increase if necessary, maximum 25 mg/week

40% maintenance of remission

without steroids

In¯iximab (anti-TNF), infusion, 5 mg/kg, every 8 weeks

or on individual basis; ®stulae, repeat weeks 2 and 6

(speci®c protocol must be followed)

Not well studied
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trials suggest a role for cipro¯oxacin or metronidazole
in treatment of small bowel or colonic Crohn's disease,
the ef®cacy of antibiotic treatment is limited. One im-
portant role for antibiotic treatment is in the therapy of
acute abdominal infections or chronic perianal ®stulae.
The principal side effects of metronidazole therapy in-
clude nausea, vomiting, a disul®ram-like reaction if the
drug is taken with alcohol, and peripheral neuropathy
with long-term use.

Enteral Nutrition

Enteral nutrition (as a 6-week course of exclusive
elemental or polymeric formula, ingested orally or by
nasogastric tube) can induce remission in 60ÿ80% of
children with CD. With enteral feeding, the patient
gains weight, micronutrient de®ciencies are corrected,
and growth and pubertal development are promoted,
while avoiding the systemic toxicity of corticosteroid
therapy. Disadvantages with use of enteral feeds as pri-
mary induction therapy include the relapse of disease
once patients start eating again, the poor palatability of
these formulas (making oral ingestion dif®cult), and the
discomfort and social stigma associated with nasogastric
tube feeding. Elemental diet administration via nasogas-
tric tube is commonly utilized as induction therapy for
children with Crohn's disease in Europe; in contrast,
corticosteroids are more commonly used as primary
induction therapy in the United States.

In¯iximab

In¯iximab, a chimeric antibody to tumor necrosis
factor, is very effective in inducing clinical remission
within 1ÿ2 weeks. Treatment is given in the hospital by
intravenous infusion. This biologic agent has now been
evaluated in several open-label noncontrolled studies of
children and adolescents with severe, treatment-
resistant Crohn's disease. Ef®cacy seems to be similar
in children and adults, with remission rates of approx-
imately 65ÿ80% after a single infusion. In patients who
respond, remission can be maintained by administra-
tion of repeat infusions, and a commonly utilized treat-
ment protocol involves the administration of three
initial infusions at 0, 2, and 6 weeks, followed by infu-
sions every 2 months. In children with perianal ®stulae
refractory to antibiotics and 6-mercaptopurine,
in¯iximab therapy may result in cessation of ®stulous
drainage with closure of the tract. Adverse effects in-
clude severe infusion reactions (e.g., chest pain, rashes,
or anaphylaxis) and increased risk of infections (herpes
zoster or tuberculosis). At the present time, in¯iximab
treatment is primarily reserved for cases of refractory
disease in patients who have persistently active disease

despite therapy with aminosalicylates, corticosteroids,
azathioprine, or 6-mercaptopurine.

MAINTENANCE OF REMISSION

The majority of patients with Crohn's disease located in
the terminal ileum or colon, aminosalicylates may be
effective in inducing and subsequently maintaining re-
mission. Meta-analysis of a large series of controlled
randomized trials suggests a slight superiority over
placebo. High doses of aminosalicylates (up to 80 mg/
kg/day) may be required to see this effect.

In patients who continue to have active disease or
growth failure, early introduction of azathioprine (AZA)
or its metabolite 6-mercaptopurine (6-MP) is advocated
as maintenance treatment. These medications inhibit
lymphocyte proliferation, may induce antiin¯ammatory
cytokine production, and promote mucosal healing.
Studies suggest that 6-MP and AZA are effective steroid
sparing agents in approximately 65ÿ75% of adults and
children with steroid-refractory or steroid-dependent
disease. In addition, a randomized placebo-controlled
trial of 6-MP in children with newly diagnosed Crohn's
disease demonstrated clear ef®cacy in relapse preven-
tion and reduction of cumulative corticosteroid dose.
However, the ef®cacy of AZA or 6-MP may not be seen
until 3ÿ6 months after the institution of therapy. For
this reason, these drugs are not effective induction ther-
apies, and must be combined with some other treatment
in the acutely ill patient. Measurement of erythrocyte
6-thioguanine (6-TG) levels may help optimize treat-
ment. In addition, a priori determination of thiopurine
methyltransferase (the principal enzyme metabolizing
6-MP) activity prior to the institution of therapy
may help guide dosing and minimize the risk of
myelosuppression.

Adverse effects of 6-MP/AZA, although infrequent,
are potentially serious. Mild gastrointestinal side effects
may occur in 20ÿ30% of pediatric patients, and hyper-
sensitivity reactions (pancreatitis, high fevers, rash, and
arthralgia) may develop in 5ÿ10% in the ®rst weeks of
therapy. Aminotransferase elevation (more than twice
normal) can be found in almost 15% of patients and is
associated with high levels of 6-methylmercaptopurine,
the principal inactive metabolite of 6-MP. Bone marrow
suppression and hepatotoxicity are reversible with dose
reduction, but require frequent blood monitoring, es-
pecially during the early phases of treatment. Opportu-
nistic infections such as varicella or herpes zoster may
occur. In adults, continuation of maintenance treatment
has been shown to be useful even after 4 years. Whether
AZA and 6-MP will be associated with an increase
in malignancy in pediatric patients who undergo
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long-term therapy is unknown, but most adult studies
suggest little if any increase in risk.

If azathioprine/6-MP treatment fails, in case of ste-
roid dependency or toxicity, repeat in¯iximab infusions
are indicated. AZA or 6-MP treatment is generally con-
tinued as maintenance treatment. In children with
refractory Crohn's disease of short (less than 2 years)
duration, the clinical response to one infusion of
in¯iximab (5 mg/kg) lasts longer than it does in patients
with `̀ late'' Crohn's disease. An alternative to repeated
in¯iximab infusions for refractory patients is conversion
to therapy with methotrexate.

OTHER MEDICATIONS FOR
REFRACTORY DISEASE

In Crohn's disease, methotrexate (MTX) may serve as an
alternative to azathioprine and 6-MP, if these drugs are
not tolerated or are ineffective. Experience and litera-
ture are limited for application to Crohn's disease in
children, but controlled trials with adults demonstrate
superiority of MTX over placebo both in induction and
maintenance of remission. Parenteral administration is
preferred, because gastrointestinal absorption is vari-
able in IBD patients. MTX is a folate antagonist, thus
concomitant administration of folic acid is advised. Side
effects include oral ulcers, myelosuppression, and in-
creased risk of infection. Two potential concerns related
to chronic methotrexate use are pulmonary ®brosis and
hepatoxicity with ®brosis (or even cirrhosis). However,
experience with long-term MTX therapy for rheumatoid
arthritis patients indicates that severe hepatotoxicity
is rare.

Thalidomide is an inhibitor of tumor necrosis factor
a (TNFa) production and of angiogenesis. Small open-
label trials suggest ef®cacy in adults and children with
steroid-dependent Crohn's disease, including children
with refractory oral aphthous ulcers. Side effects include
drowsiness, leukopenia, and peripheral neuropathy.
Use of this drug is restricted because of the enormous
risk of birth defects if the drug is ingested by pregnant
women.

Cyclosporine may serve as a rescue treatment in
children with treatment-resistant colitis, with rapid
onset of action within 1ÿ2 weeks during high-dose in-
travenous administration. A placebo-controlled trial has
demonstrated ef®cacy of high-dose cyclosporine as an
induction agent, but subsequent controlled trials dem-
onstrated that low-dose cyclosporine does not maintain
remission. Tacrolimus (FK-506), a drug with a mecha-
nism of action similar to that of cyclosporine, is well
absorbed after oral dosing. Topical tacrolimus has been

utilized in the treatment of perianal disease, and oral
tacrolimus has been utilized in the treatment of severe
colitis and ®stulizing perianal Crohn's disease. The use
of cyclosporine or tacrolimus is limited by their side-
effect pro®le, which includes nephrotoxicity, myalgia,
headache, hyperglycemia, and risk of infection.

NUTRITIONAL MANAGEMENT
AND SUPPORT

Growth failure represents a common, serious compli-
cation unique to the pediatric age group of IBD patients.
Nutritional de®ciencies, caused by inadequate dietary
intake in relation to overall nutrient requirements, ap-
pear to be a major factor related to growth failure in
children and adolescents with Crohn's disease. In addi-
tion to its positive effect on growth, nutritional therapy
has been advocated as primary therapy for disease ac-
tivity in these children. Continuation of enteral
nutrition in a nocturnal regimen may promote mainte-
nance of remission. There is no consensus on whether
elemental or polymeric liquid formulas are preferred in
induction of remission. Although the exact mechanism
of the bene®cial effect of nutrition on CD is unknown,
proposed actions include restoration of anabolism, de-
creased gut motility, reduction of antigenic load, and
changes in bowel ¯ora. In addition, the liquid nature of
the diet (and its ease of transport through the diseased
and/or narrowed small bowel) may be responsible for
the effect. In severely painful perianal disease, elemental
feeding can minimize fecal output while maintaining
good nutritional status.

When used as primary treatment of active disease,
the elemental or polymeric formula is administered
either orally or by nasogastric tube for 6 weeks. Calorie
and protein intake should equal 150% or more of the
required daily intake. If this is not tolerated, a
semielemental (oligomeric) formula may provide relief.
Except for clear liquids, no other food or drink is al-
lowed. The child can receive nutritional treatment at
home and is able to attend school. After 6 weeks, a
normal diet is reintroduced while nocturnal formula
administration is continued; the recommended regimen
is 5 nights per week, because this may prolong the du-
ration of remission.

NUTRITIONAL THERAPY OF
NONMALNOURISHED OUTPATIENTS

Many adults and children with CD feel well on medical
therapy, do not require nasogastric tube feeding, and are
either normal weight or slightly underweight. Although
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clinically asymptomatic, they remain at risk for nutri-
tional complications of IBD and bene®t from dietary
counseling. There is no speci®c diet universally recom-
mended for patients with CD and UC. Low-residue, low-
®ber diets may be palliative for patients with narrowed
regions of bowel (i.e., CD patients with in¯ammatory or
®brotic strictures). Fish oil capsules may have some
ef®cacy in the prevention of relapse, because they
may inhibit release of leukotrienes in the bowel. Patients
should take a multivitamin because of reports of vitamin
A, D, and E de®ciencies. Patients on maintenance
sulfasalazine should receive at least 1 mg of folic acid
per day, because sulfasalazine interferes with luminal
folate absorption. Adolescents should ingest
1200ÿ1500 mg of total daily calcium, either through
their diet or as supplements.

SURGERY

Surgery is primarily reserved for Crohn's disease pa-
tients who do not respond to medications or who de-
velop complications (abscess, ®stula, or stricture) that
can only be treated surgically. In one study of 204 chil-
dren with Crohn's disease from 1968 to 1994, 46% of
patients with CD required surgery for complications
within 3 years after diagnosis. The primary indications
for surgery were medically refractory disease, intestinal
abscess, or stricture. Surgery is most effective in patients
with a limited region of disease (e.g., terminal ileal or
ileocecal Crohn's disease) and usually involves resec-
tion of a diseased bowel segment and anastomosis. In
some patients with multiple small bowel strictures,
strictureplasty (widening of the strictured area) may
eliminate the need for bowel resection. In patients
with extensive Crohn's colitis, full colonic resection
and permanent end-ileostomy may be necessary. After
a bowel resection and anastomosis, Crohn's disease
recurs in approximately 50% of patients within 5
years, with the most common site of disease resection
being at the anastomosis. Postoperative prophylactic
therapy, especially with 6-mercaptopurine, may delay
the onset of disease recurrence; mesalamine and
metronidazole may have some short-term ef®ciency
as well.

PSYCHOSOCIAL SUPPORT

The chronic relapsing nature of CD and its profound
effects on body appearance and image may lead to anx-
iety, depression, and psychosocial dysfunction in a sub-
set of patients. Children with CD may be shorter than
their classmates in high school because of growth failure
and pubertal delay. The presence of surgical scars,

nasogastric tubes, or ostomies may also lead to estrange-
ment from their peers. Many children and teenagers
develop `̀ medication fatigue'' from taking over 10 pills
a day for several years. Family con¯icts may arise over a
child's poor appetite, especially if parents do not recog-
nize that the disease is causing a child's anorexia. Al-
though psychological counseling is often bene®cial,
many teenagers are either `̀ too busy'' or are reluctant
to undergo counseling. Thus, the pediatrician and pe-
diatric gastroenterologist need to address the above is-
sues openly during outpatient visits. Discussion groups
and summer camp programs provided by organizations
such as the Crohn's and Colitis Foundation of America
(www.ccfa.org) may help restore a child's self-esteem
and provide support from adults and peers with the
disease.

CANCER RISK

Patients with ulcerative and Crohn's colitis are at in-
creased risk for the development of colon cancer. In
general, the risk is minimal in patients who have had
their disease for less than 10 years. However, rare cases
of colon cancer have been reported in adolescents with
in¯ammatory bowel disease. Therefore, children with
Crohn's colitis involving the majority of the colon
should probably be enrolled in colon cancer surveil-
lance programs no later than 10 years after the onset
of disease.
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anthroponosis A cycle of infection characterized by trans-

mission between humans.

monoxenous Requires only one host to complete the entire

life cycle.

zoonosis A cycle of infection characterized by transmission

between animals and humans.

Cryptosporidiosis is a diarrheal disease caused by the

protozoan Cryptosporidium. The most common manifes-

tation of infection is transient diarrhea in immunocom-

petent infants and adults. However, infection in

immunosuppressed persons can cause persistent and

life-threatening disease.

ETIOLOGY AND EPIDEMIOLOGY

Cryptosporidium parvum is the most common etiology of
mammalian cryptosporidiosis. An anthroponotic geno-
type is responsible for most human cases (Fig. 1). How-
ever, zoonotic genotypes also cause disease in humans
and various other species, particularly cattle. The Cry-
ptosporidium life cycle is similar to that of other
monoxenous coccidia, with the added features of recy-
cling and ampli®cation of asexual stages, production of
autoinfective thin-walled oocysts, and the lack of a re-
quirement for sporulation of oocysts in the environment
(Fig. 1). Therefore, small numbers of oocysts (as few as
10ÿ100) can induce severe infection and shedding of
large numbers of oocysts. Sporadic disease occurs by
contact with infected persons or animals, such as in

daycare centers or animal facilities. Disease outbreaks
are most often associated with drinking contaminated
water. The incidence of infection in the general popu-
lation is approximately 1ÿ2%, with a seroprevalence
rate of 25ÿ35%. Approximately 3ÿ5% of immunosup-
pressed populations, particularly persons with acquired
immunode®ciency syndrome (AIDS), are infected.
Cryptosporidiosis occurs with greatest prevalence in
less developed countries. Incidence rates of 8ÿ9% in
infants and up to 50% in AIDS patients are common in
these countries.

CLINICAL FEATURES

First described in 1976, human cryptosporidiosis is now
recognized worldwide as an important cause of diar-
rhea. Infection is most common in 1- to 5-year-old in-
fants, but can occur in persons of any age. Following an
approximately 5- to 7-day incubation, there is watery
diarrhea, often accompanied by fever, nausea, vomiting,
abdominal cramps, weight loss, and anorexia. Sym-
ptoms subside spontaneously after 1ÿ2 weeks; how-
ever, asymptomatic shedding of oocyts can continue
for several more weeks.

In AIDS patients and other immunosuppressed in-
dividuals, diarrhea can be intractable and contribute to
fatality due to dehydration and cachexia. The stool may
contain over 1010 oocysts and ¯uid loss often exceeds 10
liters daily. Spontaneous remission in immunosup-
pressed persons is rare.
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cling and ampli®cation of asexual stages, production of
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(Fig. 1). Therefore, small numbers of oocysts (as few as
10ÿ100) can induce severe infection and shedding of
large numbers of oocysts. Sporadic disease occurs by
contact with infected persons or animals, such as in

daycare centers or animal facilities. Disease outbreaks
are most often associated with drinking contaminated
water. The incidence of infection in the general popu-
lation is approximately 1ÿ2%, with a seroprevalence
rate of 25ÿ35%. Approximately 3ÿ5% of immunosup-
pressed populations, particularly persons with acquired
immunode®ciency syndrome (AIDS), are infected.
Cryptosporidiosis occurs with greatest prevalence in
less developed countries. Incidence rates of 8ÿ9% in
infants and up to 50% in AIDS patients are common in
these countries.

CLINICAL FEATURES

First described in 1976, human cryptosporidiosis is now
recognized worldwide as an important cause of diar-
rhea. Infection is most common in 1- to 5-year-old in-
fants, but can occur in persons of any age. Following an
approximately 5- to 7-day incubation, there is watery
diarrhea, often accompanied by fever, nausea, vomiting,
abdominal cramps, weight loss, and anorexia. Sym-
ptoms subside spontaneously after 1ÿ2 weeks; how-
ever, asymptomatic shedding of oocyts can continue
for several more weeks.

In AIDS patients and other immunosuppressed in-
dividuals, diarrhea can be intractable and contribute to
fatality due to dehydration and cachexia. The stool may
contain over 1010 oocysts and ¯uid loss often exceeds 10
liters daily. Spontaneous remission in immunosup-
pressed persons is rare.
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PATHOGENESIS AND IMMUNITY

Cryptosporidium are intracellular, extracytoplasmic epi-
thelial cell parasites. Enteric infection causes villous
atrophy with minimal in¯ammation in the lower jeju-
num and ileum. Diarrhea results from the decreased
absorptive area and prostaglandin-induced inhibition
of NaCl absorption in the villi accompanied by in-
creased Clÿ secretion in the crypts. Gastrointestinal
infection in immunosuppressed persons can affect the
entire tract from the esophagus to the colon, including
the biliary and pancreatic duct systems.

Cell-mediated responses are critical for preventing
or resolving Cryptosporidium infection. Th-1 type CD4�

T cells activate macrophages and cytotoxic CD8�T cells
that help mediate protection. CD4� T cells may also
interact with infected enterocytes to induce apoptosis
and nitric oxide production. Interferon-g prevents epi-
thelial invasion and may inhibit intracellular develop-
ment of Cryptosporidium stages. It also up-regulates the
expression of various epithelial receptors that can in-
teract with cytotoxic effector cells.

Humoral immune responses are less important, but
neutralizing antibodies may inhibit autoinfection by

intralumenal stages of the organism. Variable resistance
to initial infection can be provided by preexisting ma-
ternal antibodies or from antibodies induced by prior
exposure.

SIGNIFICANCE

Over 100 different therapeutic agents for cryptospo-
ridiosis have been investigated in vivo, yet there is no
consistently effective and safe, or approved, treatment.
Oocysts are frequently present in lakes, rivers, and other
surface waters due to contamination by human, domes-
tic animal, or wildlife waste. Treated water supplies are
also often contaminated. Organisms are notably resis-
tant to many disinfectants, including chlorine, and its
size (4ÿ6 m) allows it to pass through many ®ltration
systems. The relative resistance of oocysts allows them
to remain infectious in water or the environment for
months. Therefore, waterborne infection is a consider-
able public health concern due to the potentially fatal
consequences in immunosuppressed persons and the
possibility of high morbidity in the general population.
In less developed countries with inadequate sanitation

FIGURE 1 Sources of infection (left) and the life cycle of Cryptosporidium within an infected host (right). Important

features of the life cycle include the ampli®cation of infection by recycling of type I merozoites to produce additional type I

meronts and the production of an autoinfective thin-walled oocyst in addition to the excreted thick-walled oocyst.
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systems, this concern is even greater due to higher rates
of exposure and the contributing effects of malnutrition
and concurrent disease.
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cirrhosis Chronic disease of the liver marked by progressive

destruction and regeneration of liver cells, leading to

diffuse ®brosis and nodules of liver cells.

exocrine pancreas Portion of the pancreas that synthesizes

and secretes the components of pancreatic juice. The

juice contains digestive enzymes, water, and bicarbonate.

The pancreatic acinar and ductal cells comprise the

cellular components of the exocrine pancreas.

ileus Failure of downward progress of the intestinal contents

because of disordered propulsive motility of the bowel.

meconium Contents of the fetal intestine that are normally

expelled after birth.

pancreatic insuf®ciency Decreased secretion of digestive

enzymes or insulin to the extent that malabsorption or

diabetes mellitus appears. Malabsorption typically man-

ifests with steatorrhea, the presence of more than 7% of

dietary fat in the stool.

Cystic ®brosis is the most common lethal genetic defect in

the Caucasian population. This autosomal recessive

disorder affects between 1 in 200 and 1 in 4500 newborns

in different ethnic groups. A defect in the CF transmem-

brane conductance regulator causes the disease. The con-

ductance regulator localizes to the apical membrane of

epithelial cells in a variety of organs, including pancreas,

lung, liver, and intestine, where it regulates chloride con-

ductance and water ¯ow and may function in the transport

of other ions.

INTRODUCTION

Cystic ®brosis (CF) can be caused by over 900 different
mutations in the cystic ®brosis transmembrane conduc-
tance regulator (CFTR). The most common mutation,
DF508, which is a 3-base-pair deletion, affects about
70% of CF genes. Approximately 50% of patients
with CF are homozygous for this mutation and have
classical CF with pulmonary and pancreatic dysfunc-
tion. CFTR mutations fall into ®ve major classes. Mu-
tations designated as classes I, II, and III result in
complete loss of CFTR function because of defective
protein production, abnormal protein processing, and
abnormal regulation of chloride conductance, respec-
tively. In general, these mutations cause more severe
disease manifestations. Mutations designated as classes
IV and V produce milder symptoms and produce mutant
CFTRs with decreased conductance properties or cause
decreased synthesis of normally active CFTRs. Individ-
uals with CF may be homozygous for one genetic mu-
tation or heterozygous for two different mutations.

The degree of organ dysfunction caused by a CFTR
mutation depends on the properties of the CFTR and on
the physiology of the involved organ. More severe mu-
tations of the CFTR (classes I, II, and III) produce
greater organ dysfunction and damage than do milder
mutations (classes IV and V). Damage is generally
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systems, this concern is even greater due to higher rates
of exposure and the contributing effects of malnutrition
and concurrent disease.
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Cystic Fibrosis
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cirrhosis Chronic disease of the liver marked by progressive

destruction and regeneration of liver cells, leading to

diffuse ®brosis and nodules of liver cells.

exocrine pancreas Portion of the pancreas that synthesizes

and secretes the components of pancreatic juice. The

juice contains digestive enzymes, water, and bicarbonate.

The pancreatic acinar and ductal cells comprise the

cellular components of the exocrine pancreas.

ileus Failure of downward progress of the intestinal contents

because of disordered propulsive motility of the bowel.

meconium Contents of the fetal intestine that are normally

expelled after birth.

pancreatic insuf®ciency Decreased secretion of digestive

enzymes or insulin to the extent that malabsorption or

diabetes mellitus appears. Malabsorption typically man-

ifests with steatorrhea, the presence of more than 7% of

dietary fat in the stool.

Cystic ®brosis is the most common lethal genetic defect in

the Caucasian population. This autosomal recessive

disorder affects between 1 in 200 and 1 in 4500 newborns

in different ethnic groups. A defect in the CF transmem-

brane conductance regulator causes the disease. The con-

ductance regulator localizes to the apical membrane of

epithelial cells in a variety of organs, including pancreas,

lung, liver, and intestine, where it regulates chloride con-

ductance and water ¯ow and may function in the transport

of other ions.

INTRODUCTION

Cystic ®brosis (CF) can be caused by over 900 different
mutations in the cystic ®brosis transmembrane conduc-
tance regulator (CFTR). The most common mutation,
DF508, which is a 3-base-pair deletion, affects about
70% of CF genes. Approximately 50% of patients
with CF are homozygous for this mutation and have
classical CF with pulmonary and pancreatic dysfunc-
tion. CFTR mutations fall into ®ve major classes. Mu-
tations designated as classes I, II, and III result in
complete loss of CFTR function because of defective
protein production, abnormal protein processing, and
abnormal regulation of chloride conductance, respec-
tively. In general, these mutations cause more severe
disease manifestations. Mutations designated as classes
IV and V produce milder symptoms and produce mutant
CFTRs with decreased conductance properties or cause
decreased synthesis of normally active CFTRs. Individ-
uals with CF may be homozygous for one genetic mu-
tation or heterozygous for two different mutations.

The degree of organ dysfunction caused by a CFTR
mutation depends on the properties of the CFTR and on
the physiology of the involved organ. More severe mu-
tations of the CFTR (classes I, II, and III) produce
greater organ dysfunction and damage than do milder
mutations (classes IV and V). Damage is generally
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more extensive in organs with a high level of CFTR
expression or in organs in which the CFTR regulates
other ion channels or operates in parallel with other
anion exchangers. In organs with ion transporters
that have overlapping functions with the CFTR, damage
may depend on the ability of these transporters to com-
pensate for the lack of functioning CFTRs.

Decreased or absent CFTR function results in
diminished secretion of electrolytes and water by the
ductular epithelium. Consequently, the concentration
of macromolecules in the lumen of the affected
duct increases signi®cantly, causing proteins to precip-
itate and form plugs that further slow duct ¯ow
and produce duct obstruction. Thus, organs that have
levels of secretions with high protein concentration and
slow ¯ow through ducts are most susceptible to damage
from mutant CFTRs. The epididymis and vas deferens,
the pancreas, and, to a lesser extent, the bile ducts rep-
resent vulnerable organs. In the lung, macromolecules
move through narrow passages at an airÿ¯uid interface
and any decrease in water content of pulmonary secre-
tions, such as occurs with a defective CFTR, causes
precipitation of macromolecules in small airways.
The increased tenacity of pulmonary secretions and
small airway plugging inhibit clearance of pathogens
from the airways. Recurrent or chronic infection then
contributes to the pulmonary damage. In contrast, the
sweat gland has abnormal electrolyte and ¯uid ¯ux, but
does not sustain any histological damage. Presumably,
the low protein concentration and high ¯ow rates of
their secretions protect sweat glands from damaging
precipitates.

CLINICAL PICTURE

Because many cell types express mutant CFTRs and
these cells have variable degrees of dysfunction, the
clinical manifestations of CF are myriad (Table I).
Most patients with CF are diagnosed within the ®rst
months of life and 80% are diagnosed before age 6
years (Fig. 1). Infants typically have protracted
cough, wheezing, and tachypnea. Toddlers and
school-aged children exhibit refractory wheezing or re-
current pneumonia and may have milder respiratory
problems such as recurrent sinusitis or nasal polyps.

Most CF patients have exocrine pancreatic insuf®-
ciency, resulting in maldigestion and malabsorption.
Stool complaints are common, ranging from bulky
and frequent stools to diarrhea. At times, oil may
separate from the stools. In infancy, weight gain is
often poor or absent because of altered digestion and
absorption. The severity and progression of CF vary

considerably. Some patients deteriorate rapidly and
die within the ®rst year. Most patients have milder
courses and with appropriate therapy can reach adult-
hood (Fig. 2). A few have mild disease or monosymp-
tomatic disease and do well over a long period of time.
Progressive pulmonary disease often dominates the

TABLE I Clinical Manifestations of Cystic Fibrosis

Respiratory Hepatobiliary

Sinusitis Gallstones

Nasal polyps Focal biliary cirrhosis

Atelectasis Neonatal cholestasis

Emphysema Cirrhosis

Bronchiectasis Portal hypertension

Recurrent Infections Reproductive System

Gastrointestinal Females

Meconium ileus Decreased fertility

Jejunoileal atresia Males

Meconium peritonitis Sterility

Distal intestinal

obstruction syndrome

Rectal prolapse

Absent vas deferens,

epididymis, and seminal

vesicles

Pancreas Eye

Pancreatic insuf®ciency Venous engorgement

Malnutrition Retinal hemorrhage

Vitamin de®ciencies Other
Steatorrhea Salt depletion

Diabetes Heat stroke
Acute pancreatitis Hypertrophy of the

apocrine glands

Skeletal

Delayed bone age

Osteopenia

Hypertrophic pulmonary

osteoarthopathy

Age at Diagnosis (years)

FIGURE 1 Age at diagnosis of cystic ®brosis. Data are from the

National Cystic Fibrosis Registry.
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clinical course, although a variety of gastrointestinal
manifestations may predate pulmonary symptoms and
may even be more problematic than the pulmonary dis-
ease. The only clinical manifestation that correlates with
genotype is pancreatic function. Patients with pancre-
atic insuf®ciency generally carry two class I, II, or III
mutations. In contrast, patients with pancreatic suf®-
ciency generally carry at least one class IV or V mutation.

DIAGNOSIS

The diagnosis of CF depends primarily on measuring
the concentration of electrolytes in sweat stimulated by
pilocarpine iontophoresis. Patients with CF have abnor-
mal sweat tests from birth. The sodium and chloride
concentrations are elevated above 60 mEq/liter in at
least 98% of patients with CF. Levels below 40 mEq/
liter are normal. Levels between 40 and 60 mEq/liter
are indeterminate and not diagnostic. Generally, the
sweat chloride concentration exceeds the sodium
concentration, particularly in infants. Several situations
can produce misleading sweat test results. False nega-
tive sweat tests can occur in malnourished or edematous
infants with CF. Other disorders besides CF can cause
elevated sweat electrolyte concentrations (Table II). Ste-
roids, diuretics, and the amount of sodium in the diet
can affect the results. Accurate sweat collection and
analysis require experience and expertise, and either
negative or positive results can stem from improperly
performed sweat tests. To avoid these pitfalls, an initial
positive sweat test should be con®rmed by testing at a
CF center.

Genetic testing for CFTR mutations can aid in diag-
nosis, but current methods may not be adequate in many
populations. The large number of disease-causing
mutations in the CFTR gene and the marked variation
in the distribution and frequency of mutations within
geographic regions and ethnic groups make clinical test-
ing for mutated alleles particularly dif®cult. In a handful
of populations, 98ÿ100% of the mutated alleles have
been identi®ed, and suspected patients can be screened
for these mutations. Such certainty is impossible in the
genetically heterogeneous populations residing in many
geographic regions, and testing in these populations
relies on commercially available panels that screen
for the 70 most common mutations. Less common or
unique mutant alleles will not be identi®ed unless
broader screening procedures become available. New
techniques, such as denaturing ion-pair reverse-phase
high-performance liquid chromatography, show
promise for rapidly analyzing the complete coding se-
quence of the CFTR gene. In the near future, rapid and
complete screening of the CFTR gene for mutations will
be possible.

These new genetic tools create the potential for pre-
natal diagnosis and genetic counseling. In 1997, a con-
sensus panel convened by the National Institutes of
Health offered recommendations for genetic testing in
families at risk for CF and for the general population.
The panel concluded that genetic testing for CF should
be offered to adults with a positive family history of CF,
to partners of people with CF, to couples currently plan-
ning a pregnancy, and to couples seeking prenatal care,
provided that adequate education and appropriate ge-
netic testing and counseling services are available to all
persons being tested. Effective counseling depends on
extensive and thorough review of the implications, po-
tential results, and possible outcomes of mutated alleles.
For some CFTR mutations, a thorough discussion may
not be possible because the effect of the mutation on
CFTR function is unknown.

FIGURE 2 The percentage of cystic ®brosis patients older than

18 years, from 1965 to 2000. Data are from the National Cystic

Fibrosis Registry.

TABLE II Conditions Associated with Elevated Sweat

Electrolytes

Cystic ®brosis

Glycogen storage disease, type I

Ectodermal dysplasia

Adrenal insuf®ciency

Fucosidosis

Mucopolysaccharidosis

Familial hypothyroidism

Mauriac's syndrome

Environmental deprivation syndrome
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PANCREATIC DYSFUNCTION

From 85 to 90% of CF patients have exocrine pancreatic
insuf®ciency with malabsorption of fat and protein and
decreased bicarbonate and ¯uid production. Pancreatic
function is often de®cient at or shortly after birth. In
some individuals with CF, pancreatic function deterio-
rates over years before exocrine pancreatic insuf®ciency
develops. A minority of patients who remain pancreatic
suf®cient still secrete lower than normal amounts of
digestive enzymes, ¯uid, and bicarbonate.

Pathology of the Pancreas

Like the clinical course, the histopathology of the
pancreas in CF varies considerably (Fig. 3). Patients
with mild disease can have a normal pancreas. Severely
affected patients have a shrunken, cystic, and ®brotic
pancreas with fatty changes. In these patients, the gland

may be dif®cult to identify at postmortem. Pancreatic
damage results from obstruction of small ducts by
precipitated proteins and cellular debris. Involvement
of large ducts, usually stenosis, is much less common.
Cystic spaces ®lled with eosinophilic, calcium-contain-
ing concretions develop secondary to duct blockage
and acinar cell damage. Mild in¯ammatory changes
and ®brosis develop around damaged acini. Even as
®brosis progresses, the islets of Langerhans are spared
until later in life.

Radiographic imaging studies are usually not helpful
in diagnosing or in predicting the degree of pancreatic
insuf®ciency. Computer tomography (CT) and mag-
netic resonance imaging provide the most information
about the extent of pancreatic damage. CT delineates
fatty replacement and small pancreatic volume (Fig. 4).
Magnetic resonance imaging reveals fat deposition as
increased signal on T1-weighted images and identi®es

FIGURE 3 The histology of the pancreas in CF. (A) A section of pancreas with two preserved islets

(black arrows) also includes a cystic region containing inspissated material. The cyst is surrounded by

®brous tissue. Fatty change is apparent on the left side of the section. (B) A lower power view of the

same pancreas section illustrates the marked cystic changes typical of the CF pancreas. No normal

acinar tissue is apparent.

FIGURE 4 Computer tomography scan of the abdomen of a patient with CF. (A) The pancreas is

replaced with fat. The arrows delineate the region of the pancreas. (B) The arrows identify an

atrophic, fatty pancreas.
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pancreatic ®brosis as low-signal intensity on both T1-
and T2-weighted images, and may show cystic changes.
Occasionally, both modalities reveal abnormalities of
the main pancreatic duct.

Exocrine Dysfunction

When the secretion of lipase and trypsin falls
below 2% of normal, pancreatic insuf®ciency results.
At this level, 60% or more of ingested fat and
around 50% of ingested protein are not digested or ab-
sorbed. A nonpancreatic lipase, gastric lipase, probably
accounts for the residual lipolysis, and a compensatory
increase in gastric lipase activity may occur.
An estimated 85ÿ90% of CF patients have pancreatic
insuf®ciency.

Infants are most severely affected by the malabsorp-
tion that results from exocrine pancreatic insuf®ciency.
Infants from 2 to 4 months old may present with
hypoalbuminemia, edema, and severe normochromic,
normocytic anemia. Fat-soluble vitamin de®ciencies are
most common in infancy prior to diagnosis. Vitamin A
de®ciency may produce pseudotumor cerebri with sixth
nerve palsy and poor feeding, or xerophthalmia.
Coagulopathy from vitamin K de®ciency is common.
Biochemical de®ciencies of vitamin E and vitamin D
can be detected, but clinical symptoms from either
are infrequent.

Tests of Pancreatic Function

The direct measurement of enzyme activities in
pancreatic juice collected from the duodenum after
stimulation with cholecystokinin and secretin repre-
sents the standard for establishing pancreatic insuf®-
ciency. This testing provides quantitative results
and can reliably detect patients with decreased pancre-
atic function who do not yet have pancreatic insuf®-
ciency. Because this test is invasive and is not widely
available, other tests of pancreatic function have been
proposed. Usually, protein absorption is measured by
indirect tests such as the bentiromide test. In this test,
N-benzoyl-L-tyrosyl-p-aminobenzoic acid, a chymo-
trypsin substrate, is given orally and the liberated
p-aminobenzoic acid is measured in the urine. A mod-
i®cation of this test using a radiolabeled substrate is not
suitable for children. The pancreolauryl test is based on
another oral substrate, ¯uorescein dilaurate, which is
cleaved by esterases to release ¯uorescein. The ¯uores-
cein is then measured in the urine. Both methods have
been tested in CF patients and have good sensitivity
and speci®city in patients with advanced pancreatic
failure. Most other tests are measures of fat malabsorp-
tion. Qualitative Sudan stain on stools can be helpful in

identifying patients with severe steatorrhea, but it per-
forms poorly in identifying patients with moderate fat
loss. The [14C]triolein breath test has been advocated
as a method for identifying fat malabsorption, but is not
universally available. Even when available, interpreta-
tion of the results can be dif®cult because many factors
affect the data. Altered metabolism of triolein, slow
intestinal transit, and impaired secretion of CO2

(which occurs in chronic lung disease) all affect the
results. Many centers use the 72-hour fecal fat collec-
tion to determine fat malabsorption. Like all of the tests
for pancreatic function, fecal fat collection has draw-
backs. The fecal collection is cumbersome and is often
distasteful for the families to perform. The results are
affected by the level of dietary fat intake and by the
kind of fat ingested, making an accurate dietary history
mandatory to determine the percentage of fat absorbed
accurately. Mineral oils and dietary medium-chain tri-
glycerides may cause errors in fat measurement. Fi-
nally, fecal fat collections do not distinguish between
pancreatic and nonpancreatic causes of fat malabsorp-
tion. Most often, infants and others who consume an ad
libitum diet and are undernourished, and who also have
a diagnostic sweat test result or mutant CFTR alleles by
genetic testing, are presumed to have pancreatic insuf-
®ciency.

Treatment of Pancreatic Insuf®ciency

Standard treatment for pancreatic insuf®ciency be-
gins with pancreatic enzyme replacement with extracts
from porcine pancreas. Over the years, these prepara-
tions have evolved from powders to enteric-coated, en-
capsulated beads that dissolve at pH 5 to 6, allowing the
release of the supplemental enzymes in the proximal
small bowel where they are most effective. Importantly,
the introduction of enteric-coated capsules has
decreased the number of capsules taken per meal,
improved the stool pattern, and decreased the abdom-
inal complaints. Still, some treated patients continue to
have steatorrhea and azotorrhea even with the enteric-
coated preparations.

Several hypotheses attempt to explain the decreased
effectiveness of enzyme replacement in some patients.
Common to multiple theories is the effect of pH. An
acidic pH dramatically slows the release of enzymes
from the enteric-coated beads. Even the small difference
between pH 5.5 and 5.2 can delay enzyme release up to
threefold. A pH below 6.0 may decrease the activity of
pancreatic lipase, the predominant lipase in pancreatic
extracts, and a pH below 5.0 will irreversibly inactivate
pancreatic lipase. Low pH will cause many bile salts to
precipitate. The decreased bile acid concentration limits
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the formation of mixed micelles of bile acids and fatty
acids. Because mixed micelles are required for ef®cient
absorption of fatty acids, steatorrhea results. Several
studies document lower than normal pH in the duode-
num of CF patients, presumably due to decreased
secretion of pancreatic bicarbonate to neutralize gastric
acid. Based on this information, agents that sup-
press gastric acid production, such as omeprazole or
lansoprazole, are often prescribed in conjunction
with pancreatic enzymes. Although there are no studies
of the long-term effectiveness of this approach to in-
crease duodenal pH, some patients bene®t from acid
suppression over the short term.

CF patients should consume age-appropriate diets.
Dietary fat should not be restricted. To prevent de®cien-
cies, all patients should receive multivitamins in addi-
tion to daily oral fat-soluble vitamin supplementation.
Increased doses of multivitamins may provide adequate
amounts of vitamins A and D, but vitamins E and K may
require individual supplementation. The ef®cacy of
treatment is judged by the presence of normal growth,
by the absence of abdominal complaints, and by bio-
chemical measurements of fat-soluble vitamins in
serum. If the patient has slow weight gain or growth,
the intake of energy-producing foods and protein
should be determined because inadequate nutrient in-
take is the main cause of poor growth even in patients
with undertreated steatorrhea. Low levels of food intake
can result from complications of the disease, such as
vomiting, anorexia, abdominal pain, and psychosomatic
problems such as depression, fatigue, and altered body
image.

Nutritional therapy should ®rst aim to increase vol-
untary oral intake and to maximize fat absorption. The
patient should be advised to eat meals and snacks with
high caloric content. Some patients may accept forti®ed
milkshakes or powders. Fat absorption may be im-
proved by changing to a different enzyme preparation,
by altering the timing of enzyme intake in relation to the
meal, or by starting a histamine-2 (H2) receptor antag-
onist or a proton pump inhibitor. In patients who do still
not grow appropriately, nocturnal nasogastric tube or
gastrostomy feedings of a de®ned formula may improve
growth. A minority of patients will require parenteral
nutrition for acute support until adequate enteral
nutrition can be tolerated.

Endocrine Dysfunction

As CF individuals survive into adulthood, prog-
ressive damage to the islets of Langerhans reduces in-
sulin secretion, producing glucose intolerance and
diabetes mellitus. Although diabetes can develop in

young children, the mean age of onset is around age
20. The prevalence of diabetes mellitus increases at a
rate of about 5% per year, and by 30 years of age 50% of
patients are diabetic. The reasons that some patients
develop diabetes are not fully understood. Generally,
diabetes develops in patients with class I, II, or III mu-
tations. These patients have impaired insulin secretion
and increased insulin clearance rates, leading to insu-
linopenia. Because the development of diabetes in CF
patients is often insidious, the diagnosis should be
considered whenever there is a change in growth or
pulmonary function, particularly in older patients.
Adequate therapy can improve both growth and pulmo-
nary function. Renal, ophthalmologic, and autonomic
complications of diabetes can arise in CF patients.

Acute Pancreatitis

Approximately 1% of CF patients suffer recurrent
episodes of acute pancreatitis and pancreatitis may be
the presenting manifestation of CF. Acute pancreatitis
occurs in patients who have pancreatic suf®ciency. In
such patients, the diagnosis of CF may be delayed be-
cause the patients lack other symptoms of CF. CF pan-
creatitis presents with typical symptoms of abdominal
pain and vomiting. Elevations of serum lipase and am-
ylase are present. In one series, patients averaged 3.5
attacks, with a range of one to seven. As with other types
of acute pancreatitis, treatment is supportive. The usual
course of the acute illness is 3 to 5 days. Complications
occur infrequently.

HEPATOBILIARY DISEASE

Damage to the liver and biliary tree in patients with CF
was originally described in 1938. Since then, various
reports have identi®ed an association of CF with biliary
cirrhosis, portal hypertension, cholelithiasis, and bile
duct abnormalities. Because the more severe ®brotic
hepatic disorders develop insidiously over more than
a decade, the impact of CF-related liver disease has
become apparent only as the life expectancy of CF pa-
tients has improved, and the symptoms and complica-
tions of chronic liver disease now affect more CF
patients. No marker reliably identi®es patients with
early liver disease and no speci®c therapy ameliorates
the progression to severe disease.

Pathogenesis of Hepatobiliary Disease

In the human liver, the CFTR localizes to the apical
domain of the epithelial cells of the intrahepatic and
extrahepatic bile ducts and the gallbladder. Hepatocytes
and other liver cells do not express detectable levels of
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CFTRs. Presumably, the abnormal biliary secretions
present in patients with CF result from the ability of
CFTRs to secrete chloride through a low-conductance
channel. Most likely, this chloride conductance creates
a negative potential and osmotic gradient in the duct
lumen. Together, these forces drive sodium and water
into the duct lumen. Additionally, CFTRs may regulate
anion exchanger activity in cholangiocytes and affect
HCO3

ÿ ¯ux across the cell and increase the secretion
of chondroitin sulfate in CF biliary epithelium, which
would further increase the viscosity of bile.

In this model, defective CFTR function alters the
composition, viscosity, ¯ow, and alkalinity of bile.
The increased viscosity, decreased ¯ow, and increased
concentrations of macromolecules encourage precipita-
tion of biliary components. The resultant obstruction of
small biliary ductules and the accumulation of poten-
tially cytotoxic bile acids damage hepatocytes and bile
duct epithelial cells, causing the release of pro-
in¯ammatory cytokines, growth factors, or free radicals.
These factors activate hepatic stellate cells to synthesize
and secrete collagen and attract neutrophils, macro-
phages, and lymphocytes to the damaged regions. Fur-
ther cytokine release from the in¯ammatory cells
recruits additional stellate cells into the developing
lesion, and they add to the developing ®brosis. Over
years to decades, the focal damage and ®brosis prog-
ress to bridging ®brosis and to multilobular, macro-
nodular cirrhosis and portal hypertension.

Although decreased or absent CFTR function
must contribute to the liver disease in CF, signi-
®cant liver disease does not develop in most patients.
Autopsy series show that the majority of older
patients have focal biliary cirrhosis. Yet, few CF indi-
viduals manifest clinical liver disease. Other modi-
fying factors, such as genetic predisposition or
environmental agents, must in¯uence the onset and se-
verity of liver disease. Potentially, speci®c CFTR muta-
tions could affect the progression to liver disease, but no
obvious correlation exists between the CFTR genotype
and the development of liver disease. Other possible
explanations include differences in how the epithelial
cells degrade mutant CFTRs, differences in how
well other chloride conductance pathways compensate
for the secretory defect, and differences in the immune
response. A recent study did ®nd a correlation between
liver disease and the human leukocyte antigen
(HLA) haplotype B7-DR15-DQ6 in male CF patients,
suggesting that the immune response may indeed pre-
dispose to liver disease in some CF individuals. An ad-
ditional study identi®ed mutations in the glutathione
transferase gene as a predisposing factor in CF-related
liver disease.

Other types of liver disease, speci®cally neonatal
cholestasis and hepatic steatosis, can affect CF patients.
The abnormal biliary secretions and ¯ow probably con-
tribute to the pathophysiology of neonatal cholestasis
because inspissated, eosinophilic secretions in bile can-
naliculi and intrahepatic bile ducts represent the pre-
dominant pathological changes in the liver. Factors
apart from abnormal biliary secretions and ¯ow prob-
ably underlie the pathogenesis of hepatic steatosis.
Protein calorie malnutrition strongly associates with
hepatic steatosis, and nutritional de®ciencies such as
essential fatty acid de®ciency may produce fatty change
in the liver of many CF patients. Additional mecha-
nisms, such as increased levels of cytokines and ethanol
ingestion, have been proposed as the basis for steatosis
in well-nourished patients. It is unclear if steatosis is a
precursor for permanent liver damage in CF patients.

Prevalence of Hepatobiliary Disease

The lack of diagnostic markers for CF liver disease
makes the identi®cation of all CF patients with liver
disease virtually impossible, a problem that complicates
any determination of prevalence and incidence of he-
patobiliary disease in CF patients. Consequently, all
studies probably underestimate the true risk for CF
liver disease. An evaluation of voluntary reporting
from CF centers in the United States to the CF Foun-
dation National Cystic Fibrosis Registry indicated a
prevalence rate of only 1% for hepatic cirrhosis, but
found that liver disease accounted for 2.3% of deaths.
Several large studies evaluated liver disease prospec-
tively with biochemical markers and imaging criteria
and found evidence for liver disease in 18ÿ37% of
CF patients.

Clinical Features of Liver Disease in CF

Neonatal Cholestasis

Fewer than 2% of infants with CF develop cholesta-
sis. Half of those infants have meconium ileus compared
to 15% of the total CF population. Biochemical studies,
clinical ®ndings, and liver histology are not speci®c and
may suggest other disorders. Total and direct bilirubin
levels are elevated and hepatomegaly is sometimes pres-
ent. Acholic stools and a liver biopsy showing bile duct
proliferation can occur and suggest biliary atresia. Giant
cell transformation and intrahepatic paucity of bile
ducts are also described. Most infants with neonatal
liver disease do well. The cholestasis can continue for
up to 8 months, but usually clears sooner. Hepatic
®brosis may develop and persist, but progression
to chronic liver disease is unlikely.
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Hepatic Steatosis

Diffuse hepatic steatosis occurs in up to 60% of CF
patients. Most patients are identi®ed by the detection of
hepatomegaly on physical exam. Splenomegaly and
other symptoms of liver disease are absent. Frequently,
such patients are malnourished. Serum transaminases
may be modestly elevated, but biochemical indicators of
liver function are normal. The presence of steatosis does
not correlate with the development of chronic liver dis-
ease or with worsening of pulmonary function.

Elevation of Serum Transaminases or of
Alkaline Phosphatase

Asymptomatic elevations of serum transaminases or
alkaline phosphatase are commonly found in CF pa-
tients. The frequency of elevated transaminases varies
with age. Over 50% of patients below 1 year of age have
elevated transaminases. By 2 years of age, the percentage
drops to around 40% and continues to drop until it
reaches about 10% by age 8 years. Similarly, 30ÿ40%
of patients less than 1 year of age have elevated serum
alkaline phosphatase. The percentage decreases to ap-
proximately 5% by 8 years of age. Most patients have
elevations of serum enzymes less than 1.5 times the
upper limit of normal. Elevated serum transaminases
or alkaline phosphatase or both are more common in
patients with the DF508 mutation (class I). Of 267 pa-
tients who were homozygous for the DF508 mutation,
45% had enzyme elevations compared to only 20% in 25
pancreatic suf®cient patients with class IV or V muta-
tions. The prevalence rates for other genotypes ranged
from 34 to 60%. The magnitude of the enzyme elevation
does not predict the development of chronic liver
disease.

Cirrhosis

Autopsy series estimate the prevalence of focal bil-
iary cirrhosis at 10% in infants with CF within 3 months
of birth, at 25% in children 1 year of age, and at 70% in
adults. The available data are old and life expectancies
have increased signi®cantly since the publication of the
last study in 1979. Consequently, the prevalence rate
may be considerably different in CF patients at this time.
Most patients with focal biliary cirrhosis do not progress
to multilobular cirrhosis, which has a prevalence be-
tween 5 and 15%.

Because multilobular cirrhosis and portal hyperten-
sion develop insidiously, chronic liver disease is fre-
quently ®rst suspected on palpation of a hard-edged
irregular liver and an enlarged spleen at a scheduled
of®ce visit. Other physical signs of chronic liver disease,
such as dilated and prominent super®cial abdominal

veins or spider hemangiomas, may be present. Digital
clubbing and oxygen desaturation can occur with cir-
rhosis even in patients without signi®cant pulmonary
disease. Impaired bile ¯ow can decrease fat absorption,
resulting in steatorrhea, weight loss, and clinical signs of
fat-soluble vitamin de®ciency. Serum transaminases
and alkaline phosphatase are mildly elevated or normal.
Initially, liver synthetic function is preserved and, al-
though synthetic function can deteriorate, the compli-
cations of portal hypertension, variceal bleeding, and
intractable ascites most often threaten the health of the
CF patient. Recurrent hemorrhage from varices, intrac-
table ascites, and hepatic synthetic failure most com-
monly provide the impetus for liver transplantation
(Fig. 5).

Diagnostic Evaluation of Liver Disease

Even though a large proportion of CF patients have
hepatomegaly or elevated serum transaminases, only a
small fraction will develop hepatobiliary disease to an
extent that alters their clinical course. To identify these
individuals, there should be regular patient history re-
views for bruising or bleeding, abdominal swelling,
change in stool pattern, weight loss, and fatigue. Careful
palpation and percussion of the liver and spleen and
examination for cutaneous manifestations of chronic

FIGURE 5 A venogram after a splenic injection shows varices

(arrows) in a patient with both CF and cirrhosis.
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liver disease and of nutritional de®ciencies are required.
Laboratory studies should include serum trans-
aminase levels, total and direct bilirubin, alkaline phos-
phatase, g-glutamyl transferase (GGT), total protein,
serum albumin, prothrombin time, and a complete
blood count. If signi®cant liver involvement is
suspected, then other potential causes of liver
disease should be evaluated by speci®c testing. Multiple
reports have documented the coexistence of CF-related
liver disease with other causes of liver disease.
a1-antitrypsin de®ciency, chronic viral hepatitis,
Wilson's disease, autoimmune hepatitis, hemochroma-
tosis, sclerosing cholangitis, and drug-induced liver in-
jury have all been reported in CF patients with liver
disease.

Imaging studies and endoscopy have variable utility
in CF-related liver disease. Ultrasonography of the liver,
biliary tree, and hepatic vasculature can provide critical
information in evaluating patients with newly suspected
liver disease. Ultrasound coupled with Doppler ultra-
sound can assess the patient for gallstones, ascites, bile
duct dilatation, and abnormal ¯ow in the hepatic ves-
sels. Computer tomography can exclude mass lesions or
suggest steatosis. Magnetic resonance imaging is quite
sensitive for fatty changes. Upper endoscopy is the most
sensitive method for detecting esophageal or gastric
varices and should always be employed in CF patients
with upper gastrointestinal bleeding. Early detection of
esophageal varices in patients with evidence of portal
hypertension may allow prophylactic use of beta-
blocker therapy to prevent variceal bleeding. This ap-
proach must be weighed against the potential effects of
beta-blockers on airway function.

Liver biopsies are done infrequently in CF patients
for several reasons. The heterogeneous nature of the
hepatic lesion increases sampling error. Histology
does not predict the likely clinical course nor does
the type of lesion dictate therapy. Liver biopsy can
differentiate between steatosis and focal biliary
cirrhosis and may detect diffuse ®brosis or cirrhosis
(Fig. 6). At times, this information may in¯uence clin-
ical decisions. If a liver biopsy is required, a prebiopsy
ultrasound can direct the biopsy away from dilated he-
patic veins and the often hyperexpanded right lower
lobe of the lung.

Medical Therapy of CF-Related Liver Disease

The treatment of hepatic steatosis centers on im-
proving the patient's nutritional status. The goal is to
maximize the intake of energy-producing foods,
protein, and fat-soluble vitamins. A thorough evaluation
by a nutritionist can suggest ways to improve nutrition.

Fat malabsorption can be quantitated and pancreatic
enzyme supplements can be adjusted to optimize fat
absorption. De®ciencies of fat-soluble vitamins and es-
sential fatty acids can be determined by biochemical
measurements and corrected as indicated. Older pa-
tients and well-nourished patients should be questioned
about alcohol ingestion and drug use. New-onset dia-
betes mellitus should be considered.

The treatment of patients with disease characterized
by ®brosis or cirrhosis centers on preventing and treat-
ing the complications of portal hypertension and cir-
rhosis. No therapy alters the progression to cirrhosis.
Improvements in the biochemical indices of liver injury,
in the symptom of pruritus, and in essential fatty acid
status have been reported in uncontrolled trials of
urosodeoxycholic acid (UDCA) therapy in CF patients
with liver disease. UDCA is a potent choleretic and may

FIGURE 6 Histology of multilobular cirrhosis. (A) Fibrosis

and fatty change are present. The arrows mark inspissated mate-

rial in sinusoids. (B) Marked ®brosis and nodular regeneration are

present.
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protect hepatocytes from injury by displacing toxic
bile acids in the enterohepatic circulation and by in-
creasing bile ¯ow as determined by hepatobiliary scin-
tigraphy. No study has shown that UDCA changes the
course or outcome in CF-related liver disease or that
UDCA prevents the development of liver disease in
patients with little or no evidence of liver abnormalities.
Despite this lack of evidence, many researchers still
recommend UDCA treatment of all patients with
®brosis or cirrhosis.

For patients with life-threatening complications of
portal hypertension, with severe synthetic dysfunction,
or with growth failure on a background of severe liver
disease, liver transplantation offers the only therapeutic
option. Because wait times for a donor liver can be long,
patients should be referred for transplant evaluation
before they are desperately ill. The 1-year survival is
about 80% and many patients show improvement in
lung function. The outcome is much poorer in patients
who require combined organ transplants.

Prevalence and Clinical Features of
Biliary Disease in CF

Microgallbladder

Asymptomatic microgallbladder is the most com-
mon biliary tract abnormality in CF patients. It is
found in about 30% of patients. The contents of the
gallbladder are thick and colorless and the submucosa
contains mucus-®lled cysts. The cystic duct may be
undersized or obstructed. Associated abnormalities in
the hepatic or common bile ducts have not been
described.

Cholelithiasis and Cholecystitis

The prevalence of gallstones and cholecystitis is
1ÿ10% in patients with CF. The frequency may increase
with age, but this correlation requires additional con-
®rmation. Although the gallstones are radiolucent, they
do not contain cholesterol. Instead, the stones in CF
patients are composed of calcium bilirubinate and pro-
tein. Comparison of the biliary lipid concentrations be-
tween bile from CF patients with and without gallstones
shows no differences that might explain why only some
CF patients develop stones. When symptomatic, pa-
tients have right upper quadrant abdominal pain that
may radiate to the right shoulder. Sometimes vague or
diffuse abdominal pain is the only complaint in CF pa-
tients. Jaundice, nausea and vomiting, and pruritus are
less commonly present. Laboratory studies may
be normal or show elevated alkaline phosphatase or
bilirubin.

Bile Duct Disorders

Abnormalities of the extrahepatic or intrahepatic
bile ducts occur in less than 2% of patients. Structural
changes in the larger intrahepatic bile ducts similar to
the strictures and beading typical of sclerosing
cholangitis can be present, particularly in adult patients.
The interpretation of these duct abnormalities is com-
plicated in CF patients because of the high probability
that these patients have biliary cirrhosis and inspissated
thickened biliary secretions. Still, these patients may
have the same clinical manifestations found in scleros-
ing cholangitis, including hepatomegaly and pruritus
associated with elevated alkaline phosphatase and
GGT. Another abnormality, stenosis of the intra-
pancreatic common bile duct by compression from
pancreatic ®brosis, has also been reported in a few
CF patients.

Diagnosis of Biliary Disease

Various imaging studies aid in the identi®cation of
biliary disease. Ultrasonography and computer tomog-
raphy reveal gallstones and duct dilatation. Endoscopic
retrograde cholangiopancreatography (ERCP) discloses
anatomic abnormalities of bile ducts and identi®es gall-
stones. Because it is an invasive procedure, ERCP should
be reserved for diagnosis in selected patients. Magnetic
resonance cholangiopancreatography has revealed cho-
lelithiasis and strictures and dilatation of the extrahe-
patic and intrahepatic bile ducts in a series of CF
patients and may provide a noninvasive alternative to
ERCP.

Treatment of Biliary Disease

ERCP provides a therapeutic option to laparotomy
for treating biliary disease. Impacted gallstones can be
removed, strictures can be dilated, and biliary stents can
be placed through the endoscope. Because UDCA does
not dissolve the gallstones in CF patients, patients with
symptomatic gallbladder disease require laparoscopic
or surgical cholecystectomy for treatment.

INTESTINAL DISORDERS IN
CYSTIC FIBROSIS

The expression of mRNA encoding CFTRs occurs at
high levels in the duodenal mucosa and decreases
steadily throughout the length of the small intestine.
A decreasing gradient of expression also occurs along
the axis from the crypt to villus tip in both the small
intestine and the colon. Other high-expressing cells re-
side in the Brunner's glands of the duodenum and are
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scattered sparingly throughout the duodenum and je-
junum. The consequence of abnormal CFTRs in the
intestine is decreased chloride, sodium, and water se-
cretion into the intestinal lumen by the crypt cells. The
decreased water content results in thickened intestinal
secretions that have abnormal mucus composition
and concentrations. The CF intestine contains more
mucus than normal intestine and the secreted CF mucus
has abnormal biochemical properties with increased
fucosylation and sulfation and decreased sialylation.
Together, the decreased water content and abnormal
mucus account for the increased viscosity of intestinal
secretions in CF patients and predispose CF patients to
intestinal obstruction.

Viscous secretions generate many of the histological
and radiological ®ndings in the intestine of CF patients.
Variable quantities of inspissated secretions reside
within the lumen of the mucosal glands of the small
intestine. Brunner's glands are often dilated and have
¯attening of the epithelial cells lining the lumen. Thick-
ened small bowel folds, nodular ®lling defects, and var-
iable dilatation of small bowel loops are radiographic
®ndings in upper gastrointestinal barium studies in CF
patients. In the colon, collections of mucus frequently
dilate the colonic crypts. Proximal colonic wall thick-
ening without stricture, pericolonic fat proliferation, or
mesenteric in®ltration can be seen by computer tomog-
raphy of the abdomen in many CF patients. The appen-
dix also shows changes that suggest the diagnosis of CF.
In the appendix, mucus-®lled goblet cells line dilated
crypts and eosinophilic casts of the crypts appear in the
lumen of the appendix.

Meconium Ileus

About 10ÿ15% of newborns with CF present with
neonatal meconium ileus or its complications. In these
infants, the meconium contains greatly decreased water
and high calcium content. Other salts and minerals,
such as sodium, potassium, copper, and zinc, are de-
creased. The development of meconium ileus does not
correlate with the presence or absence of pancreatic
insuf®ciency or with any genotype.

Pathology of Meconium Ileus

Viscous inspissated meconium produces distal small
bowel obstruction. Typically, the distal ileum is narrow
and the colon beyond the obstruction is small (a micro-
colon). Small bowel ischemia and perforation can occur
antenatally. Leakage of meconium into the peritoneum
causes an intense in¯ammatory reaction and can
produce meconium cysts, meconium ascites, adhesions,
or intraabdominal calci®cations. In some infants, the

intrauterine perforation seals spontaneously and re-
stores intestinal continuity. Volvulus can occur in the
fetus or in the newborn. Fetal volvulus can cause intes-
tinal atresia.

Clinical Features of Meconium Ileus

Most infants with uncomplicated meconium ileus
present with signs of intestinal obstruction, abdominal
distension, and bilious vomiting within 48 hours of
birth. These infants generally appear well at birth. In
contrast, infants with complicated meconium ileus pres-
ent earlier and often appear ill at birth or shortly after
birth. Dilated, ®rm loops of bowel may be visible or
palpable, frequently in the right lower quadrant.

Plain X-ray ®lms of the abdomen characteristically
show distended loops of bowel with few or no airÿ¯uid
levels. Gas trapped in the thick meconium may be found
throughout the ileum. Calci®cations indicate meco-
nium peritonitis, and mass effect from a meconium
pseudocyst may be appreciated. A contrast enema is
diagnostic and often therapeutic (Fig. 7). During the
enema, contrast ®lls the microcolon, re¯uxes into
the small bowel, and outlines ®lling defects caused
by the inspissated meconium, establishing the diag-
nosis. The hypertonicity and mild mucosal irrita-
tion of the contrast media may draw ¯uid into the

FIGURE 7 Barium enema in a patient with CF and meconium

ileus. The white arrow identi®es the microcolon. The black arrow

shows ®lling defects in the distal small bowel. The gray arrows

mark a dilated loop of more proximal small bowel.
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meconium and, along with the mechanical action of the
enema, mobilize the obstruction in 50ÿ75% of affected
infants.

Additional treatmentoptions includeother irrigating
solutions and surgery. N-Acetylcysteine (Mucomyst)
cleaves disul®de bonds in the mucoproteins and reduces
the viscosity of the meconium. Surgery is required
in infants who fail to respond to irrigation or who
have complicated meconium ileus. In these cases,
bowel resection with primary anastomosis or stoma
formation is generally performed. Improvements in
treatment have increased survival of infants with
meconium ileus to over 95%.

All infants with meconium ileus, meconium perito-
nitis, jejunoileal atresia, or volvulus should have a sweat
test done; 80% or more of infants with meconium ileus
will have CF, as will 30ÿ50% of infants with meconium
peritonitis. The presence of jejunoileal atresia increases
the risk that the patient has CF 210-fold. Another
meconium obstruction syndrome, meconium plug
syndrome, carries a much lower risk for CF. Meconium
plug syndrome presents with signs and symptoms of
bowel obstruction like meconium ileus, but the contrast
enema reveals a normal caliber colon and obstruction of
the colon with mucus plugs. As in meconium ileus, the
enema frequently relieves the obstruction.

Distal Intestinal Obstruction Syndrome

Small bowel obstruction also presents problems in
15% of older CF patients. In the late 1960s, a published
report described patients with distal small bowel ob-
struction secondary to inspissated intestinal contents
in the terminal ileum. Originally named `̀ meconium
ileus equivalent,'' the term `̀ distal intestinal obstruction
syndrome'' (DIOS) is preferred today.

Pathogenesis of DIOS

Multiple mechanisms probably contribute to DIOS.
The presence of steatorrhea, either from noncompliance
with enzyme therapy or ineffective enzyme therapy, is
associated with DIOS. Slowing of intestinal motility,
perhaps by the release of neurotensin or by narcotic
pain relievers, may allow the accumulation of partially
digested food residues in the ileum. Other potential
factors include bowel dilatation, previous laparotomy,
or inherent dysmotility. Occasionally, the syndrome
appears in patients who have no obvious inciting
factors.

Clinical Features of DIOS

DIOS presents with acute or chronic symptoms of
partial or complete bowel obstruction. Rarely does the

FIGURE 8 Radiography of distal intestinal obstruction syndrome. (A) An older patient with

markedly dilated bowel loops. (B) A water-soluble contrast study identi®es an obstruction (white

arrow).
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syndrome occur in patients younger than 5 years and
most cases occur in patients older than 15 years. The
cardinal features include crampy abdominal pain in the
right lower quadrant or lower abdomen, a palpable ab-
dominal mass, and decreased frequency of defecation.
In about 10% of patients, abdominal distension and
bilious vomiting predominate. Pain is the most common
complaint in the chronic form of DIOS. Often, meals
trigger the pain and anorexia develops as the patients try
to avoid pain episodes. The pain may remit for weeks or
months only to return at a later time. In both forms of
DIOS, abdominal plain ®lms identify bubbly fecal ma-
terial in the right lower quadrant with or without bowel
dilatation (Fig. 8). Other causes of partial or complete
small bowel obstruction, such as intussusception,
appendicitis, postoperative adhesions, Crohn's disease,
or ®brosing colonopathy, may exist in patients who lack
the typical history, physical ®ndings, and radiological
®ndings of DIOS.

The treatment of DIOS focuses on nonoperative
relief of the distal small bowel obstruction. A hyper-
tonic, water-soluble contrast enema con®rms the diag-
nosis and may dislodge the impaction from the distal
ileum. Patient distress may limit the ability to re¯ux
contrast into the proximal small bowel and thus may
thwart therapeutic efforts. In that case, patients without
complete bowel obstruction can be treated by intestinal
lavage with a balanced electrolyte solution such as
Golytely. The lavage should be given orally or by
nasogastric tube until the rectal ef¯uent is almost
clear. Lavage can also treat chronic DIOS. Some patients
will have recurrent episodes of DIOS and may bene®t
from intermittent oral intake of intestinal lavage
solution in addition to regular oral doses of pancreatic
enzymes.

Rectal Prolapse

Rectal prolapse was seen in about 20% of patients
with CF in early studies. More recent data from the
Cystic Fibrosis Registry estimate that this complication
now happens in fewer than 2% of CF individuals. Still,
CF patients account for about 10% of all patients pre-
senting with rectal prolapse, most presenting in the ®rst
year of life and experiencing recurrent episodes.
Adequate pancreatic enzyme supplementation almost
always stops the prolapse. A few patients require
surgery.

Fibrosing Colonopathy

Fibrosing colonopathy, ®rst reported in 1994, is a
disorder associated with the administration of high
doses of pancreatic enzymes. The colon characteristi-
cally has dense submucosal ®brosis and may be fore-
shortened or strictured. Histologically, eosinophilia,
mild cryptitis, regenerative epithelium, and disruption
of the muscularis mucosa are seen. Most commonly,
patients present with a distended abdomen and abdom-
inal pain. In addition to high-dose administration of
pancreatic enzymes, predisposing factors may include
young age, prior intestinal surgery, and DIOS. The with-
drawal of all high-dose formulations of pancreatic en-
zymes from the market has been associated with a
decreased prevalence of this complication.
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Cytochrome P450
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oxidative metabolizing enzymes Render drugs and other

xenobiotics both less biologically active and more water

soluble for renal or biliary excretion. The principal

enzymes involved in this process are the microsomal

mixed-function oxidases of the cytochrome P450 system,

so named because of their absorbance maximum at 450

nm under laboratory conditions.

P450 induction Increased synthesis of P450 enzymes

following extended exposure to certain drugs or

substances, resulting in accelerated metabolism of other

drugs.

P450 inhibition Speci®c inhibition of cytochrome P450

enzymes by certain drugs or foods; delays the metabo-

lism and augments the pharmacologic effects of other

drugs that are substrates of the same enzyme.

The cytochrome P450 enzymes are pivotally important in

the biotransformation of drugs and are the most impor-

tant mediators of drugÿdrug interactions. The clinical

relevance of pharmacokinetic P450 drug interactions

may not always be apparent, but the adverse effects

may occasionally be severe. Inhibitory P450 interactions

can in some situations be purposely used for pharmaco-

logic bene®t.

ENZYMATIC BIOTRANSFORMATION
OF DRUGS

More than 30 distinguishable cytochrome P450 en-
zymes have been described. They are found in highest
concentration in the liver and, in the case of certain
subfamilies, in the small intestinal mucosal enterocytes
and other organs. Many P450 enzymes have versatile
substrate speci®cities and can metabolize drugs, toxins,
and carcinogens as well as normal endogenous com-
pounds. Cytochrome P450 enzymes are assigned a dis-
tinctive nomenclature and are grouped into families,
with subgrouping (e.g., CYP 1A2, CYP 3A4) accord-
ing to biochemical relatedness. The human P450
enzymes that are most important in drug metabolism
are CYP 1A2, the CYP 2C family, CYP 2D6, and
CYP 3A4. These isoenzymes differ in their pharmaco-
genetics, substrate speci®cities, inducibility, and
susceptibility to inhibition by competing substrate

drugs. In the intestine and liver, CYP 3A4 shares with
the P-glycoprotein ef¯ux transporter an important role
in the presystemic metabolism and elimination of many
commonly used drugs.

CYTOCHROME P450 AND
DRUG INTERACTIONS

Exposure to certain drugs and other substances can
induce the synthesis of some P450 enzymes, which ac-
celerates the metabolism of other drugs that are sub-
strates of these enzymes. The most important inducers
of P450 enzymes are anticonvulsants, the antimicrobial
drug rifampin, chronic alcohol consumption, and
cigarette smoking. Following P450 induction, the
enhanced metabolism of other drugs will diminish
their pharmacologic activity. These effects may persist
for weeks following cessation of the inducing drug.

Certain drugs can inhibit speci®c P450 isoenzyme-
mediated metabolism of other (object) drugs in a dose-
dependent fashion. This inhibition may result in an
immediate decrease in the metabolism of the object
drugs, resulting in their accumulation and possible tox-
icity. Because a range of variation in different P450 ac-
tivities exists among individuals in a population, the
clinical signi®cance of this inhibition may be dif®cult
to predict in a particular person. Commonly used drugs
that, by inhibiting speci®c P450 enzymes, may cause
clinically signi®cant drug interactions include cimeti-
dine, amiodarone, selective serotonin reuptake inhibi-
tors (SSRIs), and a variety of antimicrobials (e.g.,
macrolides, sulfonamides, azole antifungals, and the
HIV-1 protease inhibitors, especially ritonavir). The po-
tent P450 inhibition by ritonavir is intentionally
used to advantage in combination drug regimens for
the treatment of HIV-1 infection.

Object drugs for which clinically important toxicity
has resulted from these inhibitory cytochrome P450-
mediated drug interactions include theophylline,
warfarin, carbamazepine, phenytoin, benzodiazepines,
psychotropic drugs, cyclosporine, tacrolimus, terfena-
dine, cisapride, hydroxymethylglutaryl coenzyme A
(HMG-CoA) reductase inhibitors, calcium channel
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blockers, and ergotamine. Furanocoumarins in
grapefruit juice irreversibly inhibit CYP 3A4 in the
intestinal mucosa, which may markedly enhance the
bioavailability and pharmacologic effects of
coadministered drugs that are substrates of this partic-
ular enzyme.
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allogeneic Refers to intraspecies subjects with different

genetic constitution.

highly active antiretroviral therapy Combination of three or

more anti-human immunode®ciency virus agents, usual-

ly including a protease inhibitor.

in¯ammatory bowel disease Idiopathic in¯ammatory con-

dition of the bowel.

Human cytomegalovirus is a b herpesvirus that pro-

duces a characteristic cytopathology on biopsy. Approx-

imately 50% of individuals in the developed world are

seropositive for cytomegalovirus antibodies by adult-

hood. Primary infection is often mild or asymptomatic

but may be responsible for an infectious mononucleosis

syndrome. In immunocompromised individuals,

primary infection or reactivation of latent cytomegalo-

virus infection may cause a range of severe clinical

manifestations throughout the body, including the

gastrointestinal tract, eye, respiratory tract, and central

nervous system. Groups at risk include individuals with

primary or secondary immunode®ciencies, particularly

patients with human immunode®ciency virus, patients

undergoing transplant with immunosuppression, oncol-

ogy patients receiving chemotherapy, and congenitally

infected neonates.

GASTROINTESTINAL INFECTION IN
THE IMMUNOCOMPROMISED

Cytomegalovirus (CMV) gastrointestinal tract infec-
tions in patients with human immunode®ciency
virus (HIV) were common in the era preceding use
of highly active antiretroviral therapy (HAART); af-
fected patients usually had CD4 cell counts below
100 cells/ml. CMV infection in allogeneic transplant
patients has also been well described. In this group of
patients, interstitial pneumonitis is the predominant
problem, but gastrointestinal (GI) disease is well rec-
ognized and anti-CMV prophylaxis for patients with
CMV viremia substantially reduces end organ disease.

Clinical Features

Gastrointestinal infection of the esophagus, stom-
ach, small bowel, and colon occurs in 5ÿ15% of patients
during the course of HIV infection. Although CMV may
infect any part of the GI tract, the most common site of
infection is the colon. There is a wide spectrum of
symptoms associated with CMV colitis. Chronic or
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blockers, and ergotamine. Furanocoumarins in
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intermittent diarrhea in association with abdominal
pain is the most common manifestation of colonic
infection. Colonic infection may present with mild or
severe rectal bleeding, or abdominal pain without
diarrhea and fever. Pain may precede the development
of toxic megacolon and intestinal perforation, which is
a rare but life-threatening occurrence. CMV infection
of the colon may occur in association with infec-
tion elsewhere in the GI tract. Such sites include
the esophagus, usually resulting in dysphagia and
odynophagia, and the pancreatico-biliary tree, mani-
festing as pain in the upper abdomen that results
from acquired immunode®ciency syndrome (AIDS)-
related pancreatico-cholangiopathy or pancreatitis.
Importantly, GI infection may also herald CMV retinitis,
and careful retinal assessment is therefore essential in
this group of patients.

Diagnosis

De®nitive diagnosis of CMV enterocolitis requires
intestinal biopsy. A spectrum of both upper and lower
GI manifestations of CMV infection has been described.
In a prospective study of HIV patients with CMV colitis,
chronic diarrhea and abdominal pain occurred in 80 and
50% of patients, respectively; 9% presented with lower
GI bleeding with a previous history of diarrhea. Endo-
scopic appearances were heterogeneous. Three main
categories were identi®ed: colitis associated with ulcer-
ation (40%), ulceration alone (40%), or colitis alone
(20%). Subepithelial hemorrhage was a common man-
ifestation in all groups; 9% of patients had disease prox-
imal to the splenic ¯exure without distal involvement.

The histological diagnosis of CMV enterocolitis is
largely dependent on identifying characteristic cyto-
megalovirus inclusion bodies, and these are best seen
in biopsies obtained from the base of CMV ulcers. In
addition, speci®c immunoperoxidase staining for CMV
is also useful in identifying GI disease. Positive staining
is more likely at the edge of ulcers and some clinicians
claim greater sensitivity using immunostaining com-
pared to conventional histology. The value of viral cul-
ture and the polymerase chain reaction in evaluating
intestinal biopsies is limited because of the lack of spec-
i®city. Monitoring CMV antigenemia or CMV DNA
levels during treatment indicates that levels broadly
correspond to the clinical response.

Treatment

Treatment of CMV enterocolitis requires parenteral
therapy with either ganciclovir (5 mg/kg, twice daily) or

foscarnet (90 mg/kg, twice daily), both of which may be
associated with severe side effects. Ganciclovir may
cause severe bone marrow depression with resultant
anemia and neutropenia. Foscarnet may cause severe
renal impairment, although a concomitant normal sa-
line infusion largely seems to diminish the risk of renal
damage. In an open-label randomized study comparing
a 2-week course of ganciclovir with foscarnet, at doses of
5 and 90 mg/kg, twice daily, respectively, no signi®cant
difference in response of GI CMV disease was found
between the two therapies. Around 75% of patients
had good clinical and endoscopic responses, with dis-
appearance of inclusion bodies. Relapse occurs in at
least 50% of patients within around 10 weeks, and sur-
vival without HAART in HIV-infected patients is around
20 weeks. Encouragingly, the advent of HAART has led
to a marked reduction in mortality and morbidity asso-
ciated with opportunistic infection among HIV patients,
including CMV. HAART results in a reconstitution of
anti-CMV immunity, with a resultant signi®cant and
progressive decline in CMV viremia in the absence of
speci®c anti-CMV treatment.

GASTROINTESTINAL INFECTION IN
THE IMMUNOCOMPETENT

CMV colitis may rarely occur in the immunocompetent
individual and has been associated with signi®cant mor-
bidity (hemorrhage and perforation) and occasionally
mortality. Patients with in¯ammatory bowel disease
treated with immunomodulatory drugs such as azathi-
oprine or cyclosporine are at increased risk of CMV
colitis, which may contribute to the course of seemingly
refractory severe colitis in these patients.
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Defecation
ARNOLD WALD

University of Pittsburgh Medical Center

biofeedback A training technique by which an individual is

taught to gain control over an important body function

using information received from an instrument to guide

their response.

enteric nervous system The nerve cell bodies and their

processes that are found in the wall of the gastrointest-

inal tract and that act to in¯uence motor activity and

other important gut functions.

outlet dysfunction A constellation of disorders in which

normal defecation is disturbed by organic or functional

abnormalities of the anorectum.

pelvic ¯oor dyssynergia A condition in which normal

defecation is impeded by the unconscious contraction

of the puborectalis and external anal sphincter muscles.

In humans, the colon and rectum function to store fecal

material and to expel it when appropriate. As fecal mate-

rial passes through the colon, water is removed from it so

that a semisolid to solid stool is formed by the time it

reaches the distal colon. The critical mechanisms that

control defecation are examined in this article.

INTRODUCTION

The main functions of the colon and rectum in humans
are to store fecal material and to expel it when socially
appropriate. During the passage of fecal material
through the colon, dehydration occurs so that stool is
semisolid to solid and formed by the time it arrives at the
distal colon. In addition to the volume, consistency, and
speed with which stool arrives at the distal colon and
rectum, the critical mechanisms that control continence
and defecation include the reservoir function of the
rectum, the anorectal angle created by the puborectalis
sling muscle, and the internal and external anal sphinc-
ters, which help to regulate the passage of fecal wastes
through the anal canal (Fig. 1).

The stimulus to initiate defecation appears to be
distension of the rectum, which normally occurs
when colonic peristaltic contractions propel stool
into the rectum. Whether defecation occurs is the result
of a variety of factors. The nature of rectal contents can
generally be distinguished by epithelial nerve endings in

the rectum and anal canal. Rectal distension is perceived
via sensory afferents in the perirectal spaces and perhaps
in the rectal wall itself. In most cases, defecation may be
suppressed or allowed through complex cortical in¯u-
ences on anorectal components.

NORMAL DEFECATION

Normally, rectal distension induces relaxation of the
internal anal sphincter. This is associated with transient
contraction of the external anal sphincter to maintain
continence and allow sampling of rectal contents by anal
sensory nerves to distinguish gas, liquids, and solids. If
the decision to defecate is made, the subjects assume
the squatting position, which helps to straighten the

RectumCoccyx

IAS

EAS

Symphysis
Pubis

PRN

FIGURE 1 Sagittal view of the anorectum at rest. PRM,

puborectalis muscle; IAS, internal anal sphincter; EAS, external

anal sphincter. The anorectal angle is formed by the tone of the

puborectalis muscle. Anal canal pressure is the sum of the IAS

and EAS.

D
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alignment between the rectum and anal canal. Rectal
contraction increases intralumenal pressures and
contraction of the rectus abdominus muscles and dia-
phragm during the performance of the Valsalva maneu-
ver increases intra-abdominal pressures to provide a
propulsive force. The pelvic ¯oor descends and relax-
ation of the puborectalis muscle and external anal
sphincter decreases resistance to the passage of the
fecal mass through the anal canal (Fig. 2). After defe-
cation, there is rebound contraction of the puborectalis
and external anal sphincter (EAS) and the anal canal is
closed (Fig. 1). In most healthy subjects, there is sub-
stantial emptying of the left colon as well as the rectum.

In contrast to defecation, expulsion of ¯atus is not
associated with straightening of the anorectal angle. In
this circumstance, propulsive forces move intralumenal
gas past the anorectal angle and through the anal canal.

ABNORMAL DEFECATION
(OUTLET DYSFUNCTION)

In certain individuals, behavioral or physiologic factors
may produce defecatory dysfunction with resultant con-
stipation. This constellation of disorders is known as
outlet dysfunction, which may be divided into various
subtypes.

Neurologic Disorders

Neurologic disorders that affect the anorectum may
impair the act of defecation in a variety of ways. Defe-
cation is triggered by an urge to defecate, a sensory
signal that activates the sequence of voluntary and in-
voluntary movements in the anorectum and pelvic ¯oor.
The sensory stimulus may be lacking when sensory ®-
bers from the pelvic ¯oor and anorectum are discon-
nected from the higher cortical centers; these diseases
may occur anywhere from the peripheral nerves to the
cerebral cortex.

The voluntary and coordinated activation of the tho-
racoabdominal muscles, the levator/puborectalis mus-
cles, and the EAS may be impaired or absent in the
presence of spinal cord lesions or bilateral cortical dam-
age. Lesions above T10 invariably affect all three muscle
groups but in lesions below T10, thoracic and abdom-
inal muscle activity is preserved, thus allowing defeca-
tion to occur, although perhaps with some delay.

Normally, the resting activity of the puborectalis
muscle and EAS is maintained by spinal sacral re¯exes
that are inhibited during the act of defecation. In neu-
rologic diseases that affect the suprasacral spinal cord
but with intact spinal sacral re¯exes, the descending
inhibition of these muscles is lost or impaired, which
in turn may interfere with defecation.

Enteric Nervous System Disorders

The prime example in this group is Hirschsprung's
disease, which is characterized by the congenital ab-
sence of ganglion cells in the submucosal and myenteric
plexus, beginning at the internal anal sphincter and
extending proximally for varying distances. At least
seven different genes are associated with this disorder,
but with variable penetrance, which in¯uences the ex-
pression of the disorder.

The loss of intrinsic innervation in the distal colon
results in loss of the inhibiting neurotransmitter nitric
oxide and overexpression of extrinsic parasympathetic
nerves. This results in unopposed contraction of the
aganglionic segment. As a result of this functional ob-
struction, the normal innervated bowel proximally be-
comes dilated.

Pelvic Floor Dyssynergia

Normal defecation involves the coordinated relax-
ation of the puborectalis and external anal sphincter
muscles together with increased intra-abdominal
pressure and inhibition of colonic segmenting activity.
In patients with pelvic ¯oor dyssynergia, ineffective
defecation is associated with failure to relax, or

FIGURE 2 During normal defecation, the puborectalis muscle

is relaxed to widen the anorectal angle while relaxation of the EAS

reduces resistance pressures in the anal canal (arrows).
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inappropriate contraction of the puborectalis and exter-
nal anal sphincter muscles. This narrows the anorectal
angle and increases pressure of the anal canal so that
evacuation is less effective (Fig. 3). Because relaxation of
these muscles involves cortical inhibition of the spinal
re¯ex during defecation, this pattern may represent a
conscious or unconscious act.

The diagnosis of pelvic ¯oor dyssynergia is generally
established by diagnostic testing in a laboratory facility
using techniques that attempt to duplicate normal def-
ecation. There is recent evidence that pelvic ¯oor dys-
synergia is often an artifact of laboratory testing and may
be overdiagnosed. In one study, 80% of patients who
exhibited dyssynergia in the laboratory showed appro-
priate sphincter relaxation when tested at home. Others
have demonstrated dyssynergia in approximately 25%
of controls and a similar percentage of patients with
fecal incontinence. Thus, more rigorous criteria for
the diagnosis are required in clinical practice and for
clinical trials.

A diagnosis of pelvic ¯oor dyssynergia should be
suspected only when there is impaired expulsion of a
water-®lled balloon or arti®cial stool from the rectum
when attempted in privacy. It should then be con®rmed
by at least two of the following studies: anorectal

manometry, anal sphincter electromyography (EMG),
and defecography.

Weak Expulsion Forces

In this condition, expulsion forces are inadequate to
expel stool from the rectum. This occurs in several sce-
narios such as neuromuscular disorders, painful condi-
tions that inhibit the Valsalva maneuver, lax rectus
abdominus muscles, and megarectum, which disperses
expulsion forces into a capacious rectum rather than
toward the anal canal.

Misdirection of Expulsion Forces

Rarely, a large rectocele (anterior in women, poste-
rior in men) will cause misdirection of expulsion forces
as stool is directed toward areas of less resistance rather
than through the anal canal. However, the large majority
of rectoceles are of no physiologic signi®cance and con-
stipation may be caused by other mechanisms such as
dyssynergia.

Unexplained Rectal Dysfunction

Unexplained rectal dysfunction is characterized by
dif®culty expelling rectal contents in the absence of a
demonstrable mechanism. This diagnosis should be
made only if there is considerable delay or inability to
expel an arti®cial stool in the absence of demonstrable
organic or functional abnormalities. It should be em-
phasized that the expulsion of arti®cial stool does not
mimic exactly normal defecation as the latter is associ-
ated with propulsive contractions of the distal colon.

TREATMENT OF
ABNORMAL DEFECATION

Ideally, treatment for patients with outlet dysfunction
should be based on presumed pathophysiologic mech-
anisms. Broadly speaking, treatments include stimulant
and osmotic laxatives and enemas, behavioral ap-
proaches such as biofeedback, and surgery in highly
selected patients.

Behavioral Approaches

One behavioral approach is the use of biofeedback
training to modify striated muscle activity during sim-
ulated defecation, in the laboratory or at home. A second
approach is practicing simulated defecation of a water-
®lled or air-®lled balloon or other substances that are
used as arti®cial stool. The last has been combined with
diaphragmatic muscle training by some investigators.

FIGURE 3 In pelvic ¯oor dyssynergia, there is unconscious

contraction of the PRM and EAS during attempted defecation.

This narrows the anorectal angle and increases anal canal

pressures (arrows) to impede defecation.
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Biofeedback is performed with an EMG sensor or
manometry catheter, which is placed into the
anorectum. The patient watches a visual display of pres-
sure traces or EMG activity. The patient is instructed to
squeeze to produce an increase in pressure or EMG
activity and then is asked to strain as if to expel the
catheter from the rectum. The patient is shown what
a normal response is and then is asked to normalize his
(her) recording using trial and error efforts. Biofeedback
sessions continue until normal defecation efforts are
consistently made. The patient is instructed to use
these techniques when attempting to defecate at
home and may be given a home trainer to practice.
Therapeutic endpoints are subjective and objective (fre-
quency, straining, sense of complete evacuation, etc.).
The ideal target population is made up of adult patients
with pelvic ¯oor dyssynergia.

A modi®cation of the biofeedback technique is sim-
ulated defecation in which a balloon attached to a cath-
eter is inserted into the rectum and in¯ated with 20 cc of
air or water. The patient is asked to push the balloon out
slowly without straining. Relaxation of the external anal
sphincter is necessary to do this easily. The process is
repeated with the patient straining; the ease with which
this is done is the feedback for the patient, as squeezing
the EAS will make it more dif®cult. Phases 2 and 3 are
identical to the biofeedback program above.

Surgical Approaches

In Hirschsprung's disease, surgical resection of the
aganglionic bowel with anastomosis of the normal colon
to the anal canal is the optimal approach. In patients
with short segment disease, internal sphincterotomy
with extension to the normal rectum may be effective.

Rectocele repairs should be restricted to those oc-
casions when a rectocele is believed to be of physiologic
importance. Surgery should be preceded by behavioral
correction of functional abnormalities of defecation, if
present.

Pharmacologic Approaches

Botulinum toxin is a potent neurotoxin that binds to
presynaptic cholinergic nerve terminals to inhibit the

release of acetylcholine at the neuromuscular junction.
When injected into muscle, paralysis occurs for several
months until there is axonal regeneration and formation
of new nerve terminals. Some studies suggest that bot-
ulinum toxin injected into the puborectalis muscle may
be helpful in patients with pelvic ¯oor dyssynergia who
fail to respond to behavioral treatments.
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Development, Overview
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endoderm One of the three germ layers formed by the

process of gastrulation. Gives rise to the epithelial lining

of the gastrointestinal tract and its derivatives.

epithelial/mesenchymal interaction Fundamental process in

development. Interaction may occur via soluble factors,

produced by either cell type, binding to receptors on the

surface of the other, via direct cellÿcell contact, or via

the basal lamina produced between the cell layers, to

which the epithelial cells are attached.

forkhead-related proteins Family of transcription factors

structurally similar to the product of the Drosophila

forkhead gene. Also known as `̀ winged helix'' factors

because of their three-dimensional structure. In mice

and humans, the family has multiple members. It is now

systematically known as the Fox family.

GATA factors Family of transcription factors that bind to

DNA on the nucleic acid sequence -G-A-T-A-.

mesoderm One of the three germ layers formed by the process

of gastrulation. Mesodermal cells give rise to mesenchymal

tissue and the muscle layers of the gastrointestinal tract.

sonic hedgehog One member of a family of signaling

proteins originally described in Drosophila. Sonic and

Indian hedgehog proteins are key regulators of gastro-

intestinal morphogenesis.

Gastrulation, during which the axes of the embryo are

determined and formation of the gastrointestinal tract

is initiated, is an essential early step in development of

all multicellular organisms. The endoderm layer gener-

ated during gastrulation gives rise to the epithelial lining

of the gastrointestinal tract. Initially, the endoderm forms

a simple tube surrounded by mesoderm. Regionalization

and development of specialized organs along the tube

appear early in evolution, suggesting that the mechanisms

regulating gut tube formation are likely to be very early

evolutionary developments and are similar in most organ-

isms. Current research suggests that the mechanisms gov-

erning these processes are indeed highly conserved

throughout evolution. Therefore, data from model organ-

isms are directly relevant to human development.

INTRODUCTION

There are three major developmental milestones in for-
mation of the gastrointestinal tract. First is the initial
speci®cation of the endoderm. Second is formation and

patterning of the gut tube, which establishes the ante-
riorÿposterior axis and the boundaries between differ-
ent organs. Third is the initiation of formation of organs
that are outgrowths of the gut tube, such as liver and
pancreas. Experiments in model organisms have iden-
ti®ed families of genes involved in endoderm speci®ca-
tion that are highly conserved in evolution, whereas
other genes appear to be speci®c to vertebrate gut dev-
elopment. Conservation of form and function is
supported by experiments in which mouse genes sub-
stitute for the homologous genes in frogs and fruit ¯ies.
Morphogenesis and functional development have been
well described in other texts and reviews. The focus here
is on current understanding of the molecular basis of the
major milestones in gastrointestinal development and
the roles of the best understood genes.

SPECIFICATION OF THE ENDODERM

Speci®cation of the endoderm can be traced to the ear-
liest stages of embryo formation. Classical experiments
demonstrated that explants of chick embryos prior to
gastrulation were capable of gastrointestinal develop-
ment, indicating that their fate had already been
speci®ed. Evidence is accumulating in support of the
hypothesis that the original patterning of the endoderm
is cell autonomous, but that full development of the
organs requires a reciprocal interaction between the
endoderm and mesoderm. Six gene families that act
to specify endoderm have now been identi®ed in a num-
ber of model organisms. One class of genes encodes
transcription factors that directly activate target
genes. A second class encodes signaling molecules
that mediate cellular interactions. At least some of the
transcription factors involved in speci®cation of the en-
doderm continue to be expressed in the gastrointestinal
(GI) tract throughout development, such as the fork-
head-related factors. Signaling pathways, such as
hedgehog/bone morphogenetic protein (BMP), act at
different times and in different locations to regulate
GI development.

From its earliest stages, the endoderm is in close
apposition to mesoderm throughout the GI tract. Tissue
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recombination experiments have shown that patterning
of the endoderm and its differentiation into separate
organs result from signaling between the mesoderm
and the endoderm. The earliest identi®ed step in ante-
rior/posterior patterning in mouse endoderm requires
signaling from mesoderm to endoderm by ®broblast
growth factor-4 (FGF-4). Other members of the FGF
family and their receptors are critical in liver develop-
ment. Three other important gene families mediating
mesoderm/endoderm signaling are sonic hedgehog, the
BMPs, and the hox genes.

It remains unclear if a single `̀ master gene'' initiates
the formation of the endoderm, setting in motion the
process of gastrointestinal development. In some of the
model systems, genes have been identi®ed that appear to
be both necessary and suf®cient to specify endoderm. In
others, genes have been identi®ed that are necessary, but
may not be suf®cient.

Two GATA transcription factor genes are essential
in speci®cation of the cells that give rise to the intestinal
epithelium of Caenorhabditis elegans, and a Drosophila
GATA factor is encoded by the gene serpent, previously
demonstrated to be required for differentiation of gut
endoderm. Three members of the GATA family, initially
discovered as key regulators of erythroid differentiation,
are expressed in vertebrate intestine. Distinct functions
for GATA-4, -5, and -6 in intestinal epithelial cell pro-
liferation and differentiation have been suggested, but
their role in early development remains unclear. In
addition to the GATA factors, members of the fork-
head-related (Fox) family and members of the wnt/
Tcf signaling pathway are regulators of endoderm for-
mation. In addition to these factors, members of the
transforming growth factor-b (TGF-b) superfamily crit-
ical in the initiation of endoderm formation have been
identi®ed in vertebrates. One of the effector molecules
in this pathway, Smad2, has also been shown to be
critical for endoderm formation. The evidence indicates
that elimination of the genes for these factors blocks
endoderm formation, whereas ectopic expression in-
duces formation of endoderm from cells that would
not normally do so.

Many transcription factors initially identi®ed as liver
speci®c have key roles in the intestine. When analyzed
in model systems, several of these transcription factors
have been found to be expressed in patterns suggesting
that they may also regulate intestinal development. For
example, hepatic nuclear factor 3b (HNF3b; now desi-
gnated FoxA2) has been shown to be critical for the
earliest differentiation of the gastrointestinal tract. Fur-
thermore, it continues to be expressed in the adult prog-
eny of the endoderm. Homozygous null mutants of
HNF3b do not form a normal primitive streak, which

gives rise to the gut tube and other structures. HNF3b is
critical to formation of the foregut and midgut, but not
the hindgut. Multiple members of this family have been
identi®ed, some of which display intestine-enriched or
intestine-speci®c expression. One of the family mem-
bers, normally expressed in the intestinal mesoderm, is a
critical mediator of epithelial/mesenchymal inter-
actions. Its elimination leads to abnormal epithelial
cell proliferation and aberrant intestinal development.
Thus, it appears likely that during intestinal develop-
ment, multiple members of the HNF3b/forkhead family
interact in a complex mechanism that remains to be
elucidated.

Several mouse homeobox genes related to Drosoph-
ila caudal are expressed speci®cally in the intestine.
One, Cdx-1, is restricted to the adult intestine but is
expressed widely in the developing embryo. Another
caudal-related gene, Cdx-2, is expressed in visceral en-
doderm of the early embryo but is restricted to the in-
testine at later stages. Forced expression of Cdx-2 will
induce differentiation in an intestinal cell line that does
not normally differentiate. Cdx-2 is clearly a critical
intestine-speci®c differentiation factor, but its role in
early development of the intestine remains unclear.

FORMATION OF THE GUT TUBE

Formation of the gut tube follows speci®cation of the
endoderm. In frogs, completion of gastrulation pro-
duces the primitive gut tube. In birds and mammals,
the gut tube is formed from a layer of endoderm by a
process of folding that begins at the anterior and pos-
terior ends of the embryo. Reciprocal signaling between
endoderm and mesoderm continue to be critical to the
developmental process.

A key mechanism that has emerged as a mediator of
endoderm/mesoderm interactions in the organization of
the gastrointestinal tract involves the sonic hedgehog
(Shh) and Indian hedgehog (Ihh) signaling proteins.
Both Shh and Ihh play critical roles in anterior/posterior
patterning and concentric patterning of the developing
GI tract, at least in part through their role in develop-
ment of muscle from the mesoderm. One target of this
signaling pathway is a second family of signaling mol-
ecules, the bone morphogenetic proteins, members of
the TGF-b superfamily.

Shh is ®rst detectable in the primitive endoderm of
the embryo, later in the endoderm of the anterior and
posterior intestinal portals, and subsequently through-
out the gut endoderm and in the adult crypt region.
BMP-4 is expressed in the mesoderm adjacent to the
intestinal portals and can be induced ectopically in
the visceral mesoderm by Shh protein. The endoderm
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of the intestinal portals is the source of Shh; the portal
regions can act as polarizing centers if transplanted. Shh
also induces the expression of hox genes. Knockout of a
forkhead family member producing abnormal epithelial
cell proliferation later in development likely has its
effect through reduced expression of BMP-2 and
BMP-4. Null mice display foregut anomalies such as
esophageal atresia and tracheoesophageal ®stula and
hindgut anomalies such as persistent cloaca, indicating
that Shh is a critical regulator of both foregut and
hindgut development.

ORGAN DEVELOPMENT

Patterning

In Drosophila, the large family of homeotic genes is
expressed in the body in a precise anterior to posterior
order. The homeotic genes encode transcription factors,
incorporating a conserved homeobox sequence, that
regulate segmentation and pattern formation. Verte-
brates have homologous hox genes that play important
roles in the formation of distinctly delineated regions of
the brain and skeleton. The four copies of the set of
vertebrate genes, hoxa, hoxb, hoxc, and hoxd, form
groups of paralogues, e.g., hoxa-1, hoxb-1, and hoxd-1.
Within each group, the genes are expressed in the em-
bryo in an anterior to posterior sequence of regions with
overlapping boundaries, e.g., hoxa-1 in the occipital
vertebrae to hoxa-11 in the caudal vertebrae.

A detailed study of the developing chick hindgut has
demonstrated a correlation between the boundaries of
expression of hoxa-9, hoxa-10, hoxa-11, and hoxa-13 in
the mesoderm and the location of morphologic bound-
aries. Regional differences in expression of homeobox
genes in the developing mouse intestine have also been
demonstrated. Interference with the expression of spe-
ci®c hox genes produces organ-speci®c gastrointestinal
defects. Disruption of hoxc-4 gives rise to esophageal
obstruction due to abnormal epithelial cell proliferation
and abnormal muscle development. Alteration of the
expression pattern of hox 3.1 (now hoxc-8) to a more
anterior location causes distorted development of the
gastric epithelium. Mice with disrupted hoxd-12 and
hoxd-13 genes display defects in formation of the anal
musculature. Expression of the human homologues of a
number of homeobox genes has also been shown to be
region speci®c. These data indicate that the hox genes
are critical early regulators of proximal-to-distal, organ-
speci®c patterning in gastrointestinal development. The
caudal genes are members of a divergent homeobox gene
family and regulate the anterior margins of hox gene
expression as well as having GI-speci®c roles.

Regional Speci®cation

Organs such as the stomach are ®rst identi®able by
thickening in the mesodermal layer. Early in the process
of patterning, BMP-4 is expressed throughout the me-
soderm. Sonic hedgehog is expressed in the endoderm
and is an upstream regulator of BMP-4. The patterning
of BMP-4 expression in the mesoderm regulates growth
of the stomach mesoderm and determines the sidedness
of the stomach. Location of the pyloric sphincter is de-
pendent on the interaction of BMP-4 expression and
inhibitors of that expression. Patterning of the concen-
tric muscle layer structure is dependent on Shh signal-
ing that induces formation of lamina propria and
submucosa, while inhibiting smooth muscle and enteric
neuron development near the endoderm.

Development of Organs from Outgrowths

Liver

The liver diverticulum emerges from the most cau-
dal portion of the foregut just distal to the stomach. It is
®rst detectable as a thickening in the endoderm of the
ventral duodenum. Hepatogenesis is initiated through
an instructive induction of ventral foregut endoderm by
cardiac mesoderm. A series of elegant experiments have
identi®ed a number of signaling pathways involved in
the complex process of development of the liver. The
immediate signal is provided by cardiac mesoderm ®-
broblast growth factors that bind to speci®c receptors in
the endoderm. The appearance of mRNA for the liver-
speci®c protein albumin in endodermal cells of the liver
diverticulum is one of the earliest indications of hepa-
tocyte induction. Endothelial precursor cells provide
another critical factor for hepatogenesis. After forma-
tion of the liver bud, hepatocyte growth factor (HGF) is
required for continued hepatocyte proliferation. The
hepatic diverticulum grows into the septum trans-
versum and gives rise to the liver cords, which become
the hepatocytes. During this process, a combination of
signals from the cells of the septum transversum, includ-
ing BMP, is necessary for liver development.

Pancreas

Development of the pancreas has provided one of
the classic examples of epithelialÿmesenchymal inter-
actions. Previous investigations have shown that growth
and differentiation of the pancreas requires the presence
of mesenchyme, although both endocrine and exocrine
cells develop from the foregut endoderm. Analysis of
the development of separated endoderm and mesen-
chyme under different conditions indicates that the
`̀ default pathway'' of pancreatic differentiation leads
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to endocrine cells, whereas combinations of extracellu-
lar matrix and mesenchymal factors are required for
complete organogenesis.

The dorsal pancreatic bud arises in an area where
Shh expression is repressed by factors from the noto-
chord. One of the earliest signs of pancreas development
is expression of the pdx-1 gene in cells of the pancreatic
bud. This gene is a homeobox gene, related to the
Drosophila gene antennapedia. The encoded protein
has been found to be expressed in the epithelium of
the duodenum immediately surrounding the pancreatic
buds, as well as in the epithelium of the buds. Exami-
nation of an initial pdx-1 knockout mouse indicates that,
although development of the rest of the gastrointestinal
tract and the rest of the animal is normal, the pancreas
does not develop. A second study by another group of
researchers, who independently made a pdx-1 null
mouse, found that the dorsal pancreas bud does form,
but its development is arrested. The defect due to the pdx
knockout is restricted to the epithelium, as indicated by
the maintenance of normal developmental potential by
the mesenchymal cells. In addition, the most proximal
part of the duodenum in the null mice is abnormal,
forming a vesicle-like structure lined with cuboidal ep-
ithelium, rather than villi lined by columnar cells, in-
dicating that pdx-1 in¯uences the differentiation of cells
in an area larger than that giving rise to the pancreas,
consistent with the earlier delineated domain of ex-
pression. A case of human congenital pancreatic agen-
esis has been demonstrated to result from a single
nucleotide deletion in the human pdx-1 gene.

CONCLUSION

Key regulators of gastrointestinal development have
been identi®ed. Some of the genes critical in epithel-
ial/mesenchymal interaction, long known to be a fun-
damental developmental process, are now known.
Analysis of the expression pattern of the hox genes sug-
gests that they act to pattern the gastrointestinal tract.
The hedgehog proteins mediate several aspects of early
development, but inhibition experiments suggest
that after organ formation, their role is largely complete.
Targeted disruption of several genes that regulate

intestinal growth indicate that bone morphogenetic pro-
tein secretion has a key developmental role in cell pro-
liferation and villus morphology. Most of the signaling
pathways identi®ed are short range. With the exception
of epidermal growth factor (EGF), there is little com-
pelling evidence for a role of any circulating or luminal
growth factor in the development of the intestine.

Microarray analysis of gene expression pro®les in-
dicates that the organs of the adult gastrointestinal tract
display distinct patterns. Furthermore, the analysis
identi®es common regulatory elements, including
those for HNF1 and GATA factors, in the 50 ¯anking
sequences of groups of genes expressed in speci®c re-
gions, suggesting organ-speci®c regulation. A combina-
tion of work on critical individual genes with
examination of cell-and organ-speci®c developmental
gene expression pro®les should provide a deeper
understanding of the regulation of gastrointestinal
development.
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Diabetes Mellitus
MANISHA CHANDALIA AND NICOLA ABATE

University of Texas Southwestern Medical Center, Dallas

diabetes ketoacidosis A syndrome consisting of hyperglyce-

mia, ketosis, and acidemia (an arterial pH 57.3, a

bicarbonate value 515 mEq/liter, and a blood glucose

level 4250 mg/dl with a variable degree of ketonemia

and ketonuria).

hyperglycemia The state of having a higher than normal

plasma glucose concentration. Normal values of plasma

glucose differ depending on the whether the subject is in

the fasting or fed state.

hypoglycemia The state in which plasma glucose concentra-

tion is decreased suf®ciently to produce symptoms, which

improve with restoration of normal plasma glucose.

insulin resistance Inability of insulin to lower plasma glucose

effectively, with resultant higher plasma insulin levels.

insulin secretagogues Drugs that improve insulin secretion:

sulfonylurea and metiglinides.

insulin sensitizers Drugs that improve insulin action:

biguanides (metformin) and thiazolidinediones (rosigli-

tazone and pioglitazone).

nonketotic hyperosmolar state A syndrome associated with

little or no ketoacid accumulation in blood, hyperglyce-

mia (plasma glucose often exceeding 1000 mg/dl),

increased plasma osmolality (as high as 400 mosm/kg),

and neurological abnormality.

Diabetes mellitus is a complex metabolic disorder char-

acterized by hyperglycemia and long-term complications

affecting the heart, kidney, eyes, and other organs includ-

ing the gastrointestinal tract. The main metabolic feature

of diabetes mellitus consists of a relative or absolute im-

pairment of insulin secretion, along with varying degrees

of peripheral resistance to the biological activity of insu-

lin. This is a pathophysiologically heterogeneous group

of disorders, with the common denominator being

hyperglycemia. The symptoms, manifestations, and man-

agement options vary depending on the underlying path-

ogenesis and type of disease.

CLASSIFICATION

The American Diabetes Association (ADA) revised its
classi®cation of diabetes mellitus in 1997 according to
etiologicdifferences and tomove away fromdescriptions
based upon age at onset or type of treatment (Table I).

In its classic form, two common types of diabetes are
recognized: type 1 (formerly called insulin-dependent
diabetes mellitus) and type 2 (formerly called non-
insulin-dependent diabetes mellitus). The majority of
patients with type 1 diabetes have autoimmune destruc-
tion of the pancreatic beta cells as the underlying cause,
have an absolute requirement for insulin therapy, and
will develop diabetic ketoacidosis if not given insulin.
Type 2 diabetes, on the other hand, is characterized by
association with obesity and absence of an absolute de-
pendence on insulin. In addition to these two primary
types of diabetes and gestational diabetes, a ®nal group
includes a large number of conditions with either sec-
ondary forms of diabetes or those associated with spe-
ci®c known gene mutations and is classi®ed as diabetes
of other types.

DIAGNOSIS

The diagnosis of diabetes mellitus is easy to establish
when a patient presents with classic symptoms of
hyperglycemia (polydipsia, polyuria, weight loss, visual
blurring) and has a fasting blood glucose concentration
of at least 126 mg/dl (7.0 mmol/liter) or a random value
of at least 200 mg/dl (11.1 mmol/liter), con®rmed on
another occasion. The American Diabetes Association
revised the criteria for diagnosis of diabetes in 1997
(Table II). The new diagnostic criteria strongly suggest
that the diagnosis of diabetes be made on the basis of
fasting blood glucose only. The blood glucose criteria
for the diagnosis of gestational diabetes are lower and
include values 1, 2, and 3 h after 100 g of oral glucose
(Table II). The use of glycosylated hemoglobin values
for screening and identi®cation of diabetes is also con-
sidered by many investigators. Though a sensitive
means of assessing glycemic control in patients with
diabetes, since the assays for glycosylated hemoglobin
are not yet standardized, the diagnosis of diabetes
mellitus should not be made on the basis of glycosylated
hemoglobin values alone. One other caution is that the
values mentioned in Table II are for venous plasma.
Capillary whole-blood values normally measured by
patients at home are lower in the basal state and are
considered abnormal if they exceed 120 mg/dl.
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PATHOGENESIS

Type 1 Diabetes

Type 1 diabetes mellitus results from autoimmune
destruction of the insulin-producing beta cells in the
islets of Langerhans in the pancreas. This process occurs
in genetically susceptible subjects, is triggered by one or
more environmental agents, and usually progresses over
many months or years. Genes in both the major histo-
compatibility complex and elsewhere in the genome
appear to be involved. The lifelong risk of type 1 dia-
betes is markedly increased in close relatives of patients
with type 1 diabetes, averaging approximately 6% in
offspring, 5% in siblings, and 30% in identical twins
(versus 0.4% in subjects with no family history). The
major susceptibility gene for type 1 diabetes is in the
human leukocyte antigen (HLA) region on chromosome
6p and appears to account for approximately 40% of
familial clustering of type 1 diabetes. In particular,
more than 90% of patients with type 1 diabetes carry
HLA-DR3,DQB1*0201 or -DR4,DQB1*0302 and ap-
proximately 30% carry both haplotypes, which confers
the greatest susceptibility. On the other hand, the HLA
allele DQB1*0602 confers protection against the devel-
opment of type 1 diabetes.

The lack of 100% concordance of type 1 diabetes in
monozygotic twins underscores the importance of en-
vironmental factors, such as viruses, as triggers in the
development of the disease. One such virus is congenital
rubella. Other viral infections (coxsackie virus, Epstein-
Barr virus, mumps, or cytomegalovirus) and other ex-
posures, such as to cow's milk protein and certain drugs,
have been suggested as triggers but no conclusive data
are available at this time.

Cytoplasmic islet cell antibodies are identi®ed by
immuno¯uorescence in 70 to 80% of patients with
newly diagnosed type 1 diabetes and in prediabetic sub-
jects. The presence of islet cell antibodies can precede
the development of overt diabetes by more than a decade
and can be used to identify persons at high risk. Several
autoantigens have been recognized within the pancre-
atic beta cells that may play important roles in the ini-
tiation or progression of autoimmune islet injury. One
of the ®rst and most important autoantigens against
which antibodies are detected is the enzyme glutamic
acid decarboxylase (GAD) and antibodies to GAD are
found in approximately 70% of patients with type 1
diabetes at the time of diagnosis.

Type 2 Diabetes

Type 2 diabetes is the most prevalent endocrine
disease. It is estimated to affect more than 15 million

TABLE I Classi®cation of Diabetes Mellitus

Type 1 diabetes

A. Immune-mediated

B. Idiopathic

Type 2 diabetes

Gestational diabetes mellitus

Other speci®c types

A. Genetic defects of beta-cell function

1. Chromosome 12, HNF-1-a (formerly MODY3)

2. Chromosome 7, glucokinase (formerly MODY2)

3. Chromosome 20, HNF-a (formerly MODY1)

4. Mitochondrial DNA

B. Genetic defects in insulin action

1. Type 1 insulin resistance

2. Leprechaunism

3. Lipoatrophic diabetes

C. Diseases of exocrine pancreas

1. Pancreatitis

2. Trauma/pancreatectomy

3. Neoplasia

4. Cystic ®brosis

5. Hemochromatosis

6. Fibrocalculous pancreatopathy

D. Endocrinopathies

1. Cushing's syndrome

2. Acromegaly

3. Pheochromocytoma

4. Glucagonoma

5. Hyperthyroidism

6. Primary hyperaldosteronism

7. Somatostatinoma

E. Drugs or chemicals

1. Glucocorticoids

2. Thiazide diuretics

3. Nicotinic acid

4. Pentamidine

5. Others

F. Infections

1. Congenital rubella

2. Cytomegalovirus

3. Others

G. Uncommon forms of immune-mediated diabetes

1. `̀ Stiff man'' syndrome

2. Anti-insulin receptor antibodies

H. Other genetic syndromes associated with diabetes

1. Diabetes insipidus, diabetes mellitus, optic atrophy

and deafness (DIDMOAD)

2. Down's syndrome

3. Klinefelter's syndrome

4. Others: Turner's syndrome, Freidrich's ataxia,

myotonic dystrophy

Note. Data are from the Expert Committee on the Diagnosis and

Classi®cation of Diabetes Mellitus (1997). Diabetes Care 20,

1183ÿ1197.
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people in the United States, one-third of whom are un-
diagnosed. Prevalence is higher among Hispanics, Na-
tive Americans, African Americans, and Asian Indians,
reaching as high as 50% among adult Pima Indians living
in the United States. Development of type 2 diabetes is
strongly in¯uenced by genetic factors and environmen-
tal factors including obesity and decreased physical ac-
tivity. Family history of diabetes increases the risk for
development of this disease.

Type 2 diabetes mellitus is characterized by
hyperglycemia, insulin resistance, and relative impair-
ment in insulin secretion. Type 2 diabetes is often
accompanied by other conditions, including hyperten-
sion, high serum triglyceride concentrations, and low
serum high-density lipoprotein (HDL) cholesterol
concentrations, that, like type 2 diabetes, can increase
cardiovascular risk. This constellation of clinical con-
ditions is referred to as `̀ metabolic syndrome'' and has
insulin resistance as the main common pathogenetic
factor. Although the mechanisms leading to insulin
resistance are still a matter of investigation, evidence
that this abnormality is the consequence of an inter-
action between genetic and environmental factors is
accumulating. Obesity, particularly truncal obesity,
and lack of physical activity have been shown to pro-
mote insulin resistance and, through this mechanism,
are probably the most powerful risk factors for type 2
diabetes. However, the degree of fat accumulation and
lack of physical activity necessary to induce insulin
resistance seem to be modulated by genetic factors.
This is evident from studies in families and in ethnic
groups, such as the Asian Indians, who develop severe

insulin resistance even with mild accumulation of
total body fat. Once insulin resistance develops, the
development of diabetes is determined by the degree
of beta-cell compensation for the defective biological
activity of insulin. If adequate hyperinsulinemia is
maintained, the insulin-resistant individual may not
develop hyperglycemia and the clinical picture of the
metabolic syndrome will manifest without diabetes. On
the other hand, the presence of a genetic predisposition
to beta-cell decompensation seems to play a role in
determining the onset of hyperglycemia and the com-
plete clinical onset of type 2 diabetes. Again, acquired
factors, i.e., obesity and insulin resistance, interact with
genetic predisposition to determine beta-cell decom-
pensation, a necessary step in the pathophysiology of
type 2 diabetes. Both insulin resistance and beta-cell
decompensation are needed for the development of
this disease. The relative contribution of these two
mechanisms to the pathogenesis of type 2 diabetes
may vary in different individuals. The results will
be increased hepatic glucose production and decreased
insulin-mediated glucose utilization in the skeletal
muscle. This leads to progressively worsening hyper-
glycemia. The constellation of metabolic abnormalities
that accompany hyperglycemia in type 2 diabetes, i.e.,
dyslipidemia, hypercoagulable state, and hypertension,
are mainly related to insulin resistance and precede the
onset of hyperglycemia. This explains the common
rapid progression of atherosclerotic disease in these pa-
tients. Microvascular complications, on the other hand,
are mainly determined by hyperglycemia with mecha-
nisms similar to those in type 1 diabetic patients.

MANAGEMENT OF DIABETES

Diabetes is a chronic disease and the principles of ther-
apy are twofold, maintaining euglycemia and prevent-
ing or delaying complications of diabetes. Diet, weight
reduction, and exercise can all be used to improve
glycemic control. Stress management training might
also be useful, although its effect is modest. In type 1
diabetes, insulin is the mainstay of therapy and is
essential for survival. However, in type 2 diabetes, var-
ious other modalities of treatment may be used as either
monotherapy or combination therapy.

Nonpharmacological Therapy

This involves diet, exercise, and weight reduction/
maintenance. Both type 1 and type 2 patients bene®t
from this and many patients with type 2 may be managed
with lifestyle changes alone. The diet for a diabetic
individual is to be planned depending on age, level of

TABLE II Diagnosis of Diabetes Mellitus

Criteria for diagnosis of diabetes mellitus

Classic symptoms of diabetes such as polyuria,

polydipsia, ketonuria, and rapid weight loss with

random plasma glucose > 200 mg/dl

or

Fasting plasma glucose concentration > 126 mg/dl on

more than one occasion

or

Glucose concentration at 2 h of > 200 mg/dl during

an oral glucose tolerance test

Criteria for diagnosis of gestational diabetes mellitus

Two or more of the following plasma glucose concentrations

after fasting and a 100 g oral glucose tolerance test:

Fasting serum glucose concentration > 95 mg/dl (5.3 mmol/liter)

1 h serum glucose concentration > 180 mg/dl (10 mmol/liter)

2 h serum glucose concentration > 155 mg/dl (8.6 mmol/liter)

3 h serum glucose concentration > 140 mg/dl (7.8 mmol/liter)
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physical activity, obesity, other complications such as
hyperlipidemia or hypertension, and cultural accept-
ability. The general principle of dietary therapy in
type 2 diabetic patients is a low-calorie, low-fat, and
complex carbohydrate diet. The controversy in the
®eld of diabetic diet is due to potential problems with
each of the dietary constituents: too much carbohydrate
might worsen hyperglycemia, too much fat might in-
crease the already high risk of atherosclerosis, and too
much protein might promote the development of dia-
betic nephropathy. The traditional recommendation is
that 55 to 60% of total calories should be derived from
carbohydrate and most of the dietary carbohydrate
should be in the form of unre®ned, high-®ber foods
(up to 40 g/day) with only modest amounts of sucrose
and other re®ned sugar. Insoluble ®ber, such as that
found in whole wheat bread and brown rice, has a major
impact on gastrointestinal transit time and fecal bulk.
There is, however, very little alteration in the rate of
blood glucose increase after a meal. In comparison, sol-
uble ®ber, such as that contained in vegetables, fruit,
and especially legumes, slows the postprandial rise in
blood glucose, often leading to a reduction in insulin
requirements. Twelve to 20% of total calories should be
derived from proteins (approximately 0.8 g/kg/day in
adults). Higher levels are required in growing children
and pregnant or lactating women and lower levels may
be bene®cial in patients with diabetic nephropathy. Less
than 30% of total calories should be derived from fat,
most of which should be mono- or polyunsaturated.
Saturated fats and cholesterol intake should be less
than 10% of total calories and less than 300 mg/day,
respectively. Some data have questioned these
standard dietary recommendations in patients with
type 2 diabetes. In particular, a diet slightly lower in
carbohydrate and higher in monounsaturated fat may
result in a better metabolic pro®le. Therefore, the ADA
has also recommended a diet high in monounsaturated
fat for type 2 diabetic patients as an alternative to a
high-complex-carbohydrate diet.

Some form of regular exercise is likely to be bene-
®cial in most patients with diabetes, even those with
advanced, long-standing disease. However, for those
over age 35 years who have had diabetes for more
than 10 years, a complete physical examination
and exercise stress test should be performed before
an exercise program is begun. The exercise should
be performed regularly (at least three times per week)
and preferably at the same time in relation to meals
and insulin injections in patients treated with insulin.
The duration and intensity of exercise should be
increased gradually as tolerated by the patient. The
type of exercise may have to be modi®ed depending

on preexisting complications, such as hypertension or
neuropathy.

Lifestyle modi®cations (diet and exercise) have re-
cently been shown to prevent the onset of type 2 diabetes
in subjects with impaired glucose tolerance. Lifestyle
modi®cation also has a signi®cant preventive effect
on cardiovascular mortality. Thus, a diet and exercise
program should be actively recommended and rein-
forced in all diabetic management plans.

Pharmacological Therapy

Various classes of oral agents are available for the
management of hyperglycemia in type 2 diabetic pa-
tients. These include sulfonylureas and meglitinides,
which are insulin secretagogues, biguanides and thia-
zolidinediones, which are insulin sensitizers, a-
glucosidase inhibitors, which act primarily in the gut,
and insulin therapy. Long-term studies on the natural
progression of type 2 diabetes show a gradual worsening
of beta-cell function, eventually requiring insulin ther-
apy in a majority of patients. However, depending on the
degree of insulin resistance, many patients with type 2
diabetes may not achieve glycemic control with insulin
alone. Thus, combination therapy either with insulin
secretagogues and insulin sensitizers or with insulin
and insulin sensitizers is recommended. One major
side effect with all pharmacological therapy, except
monotherapy with metformin, is hypoglycemia. The
incidence of hypoglycemia was higher in major clinical
trials with intensive therapy to achieve good glycemic
control. Another side effect with all agents except
metformin is weight gain, though it may be variable
with different agents (more with thiazolidinedione
than with other agents). Metformin is recommended
as monotherapy or as combination therapy with sulfo-
nylurea and thiazolidinedione as well as insulin. One
major side effect of metformin is diarrhea, which may be
severe enough to require discontinuation of therapy.
Another infrequent but serious side effect is lactic aci-
dosis. To avoid lactic acidosis, metformin is contrain-
dicated in patients with renal failure, liver failure, severe
congestive heart failure, and signi®cant lung disease.
Thiazolidinediones have liver abnormalities as one
major adverse effect. It can involve mild elevation of
transaminases to fulminant liver failure. Periodic rou-
tine monitoring is necessary when patients are ®rst
started on these agents and prompt discontinuation
of therapy if serum transaminases increase to more
than three times baseline is warranted to prevent severe
hepatotoxicity.

No pharmacological agent except insulin is recom-
mended in the treatment of type 1 diabetes. Usually a
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combination of short-acting and long-acting insulin is
given by multiple injections to mimic normal physio-
logic insulin secretion. The mode of delivery can be
either multiple subcutaneous injections or continuous
subcutaneous insulin infusion by a programmable
pump. Patients generally monitor their capillary
blood glucose and adjust the dose of insulin to achieve
optimal glycemic control. The choice of insulin and
mode of delivery depend on the degree of hyper-
glycemia, the patient's willingness to monitor blood
glucose closely, and the competency and trainability
of the patient.

COMPLICATIONS

Diabetes is a chronic disease with signi®cant late com-
plications of the kidneys, eyes, and heart developing
over many years or decades after onset of hypergly-
cemia. The rate of onset and development of these com-
plications is not only dependent upon glycemic control
but also on other genetic and environmental factors.
One important complication is diabetic nephropathy,
which can be recognized clinically as persistent protein-
uria, which subsequently progresses to end-stage
renal failure. Though evidence points to genetic sus-
ceptibility as a determinant, uncontrolled diabetes
(hyperglycemia) appears to be a necessary factor for
the development of nephropathy. Since genetic markers
to identify individuals at risk are not yet available, tight
glycemic control and early intervention with angioten-
sin-converting enzyme inhibitors or angiotensin recep-
tor blockers in all patients with diabetes are a useful
strategy in preventing and/or delaying the onset of
nephropathy. Another serious late complication is
retinopathy, a signi®cant cause of blindness. Both
type 1 and type 2 diabetes patients develop background
retinopathy within the ®rst 5 to 15 years of diabetes.
These patients are then susceptible to develop prolifer-
ative retinopathy with risk of vision loss. The actual
incidence of proliferative retinopathy is related to
glycemic control. A large clinical trial demonstrated a
substantial bene®t of tight glycemic control in the pri-
mary prevention of diabetic retinopathy: at 9 years, the
incidence of new retinopathy was 12% with intensive
therapy versus 54% with conventional therapy. Another
trial demonstrated a similar bene®t of tight glycemic
control in the prevention of retinopathy in type 2 dia-
betes. Furthermore, routine screening for retinopathy to
detect early changes to prevent vision loss is also a very
effective strategy. The bene®t of intensive therapy to
achieve tight glycemic control was also noted in diabetic
neuropathy patients.

The most notable complication and cause of
mortality in patients with type 2 diabetes is coronary
heart disease. There are con¯icting data on the impor-
tance of glycemic control on the development of
macrovascular disease in patients with type 2 diabetes.
In one large study on type 2 diabetes, it was noted
that cardiovascular disease was associated with tradi-
tional cardiovascular risk factors (including hyperten-
sion, smoking, age, and serum total/HDL cholesterol
ratio) and with the duration of diabetes and not
associated with the degree of glycemic control. How-
ever, a subanalysis suggested that reducing the HbA1c
value by 1% was associated with an 18% reduction in
myocardial infarction and a 15% reduction in stroke.
Therefore, vigorous cardiac risk reduction in pati-
ents with type 2 diabetes with optimal lipid and
blood pressure control, lifestyle modi®cation, cessation
of smoking, treatment with aspirin and angiotensin-
converting enzyme inhibitor or angiotensin receptor
blocker agent is essential for prevention of coronary
heart disease.

GASTROINTESTINAL
COMPLICATIONS OF DIABETES

Diabetes mellitus can affect many organs in the gastro-
intestinal tract. Dysphagia, nausea, vomiting, diarrhea,
constipation, and fecal incontinence are common com-
plaints among diabetic patients, although some of these
symptoms can be due to the side effects of pharmaco-
logical agents taken for treatment of diabetes. Differen-
tiating causes of these symptoms can be dif®cult and
should not be attributed to diabetes without proper
evaluation for other possible causes.

Although the pathogenetic mechanisms causing di-
abetic gastrointestinal symptoms remains poorly under-
stood, the most common explanation is that autonomic
visceral neuropathy causes most of the symptoms. Pa-
tients with gastrointestinal (GI) complications very
often have additional manifestations of autonomic neu-
ropathy such as orthostatic hypotension, urinary blad-
der dysfunction, and impotence. Other mechanisms,
such as hyperglycemia and electrolyte imbalance affect-
ing nerve function, altered production of various gut
hormones affecting motility, and diabetic microangio-
pathy, have also been suggested.

Esophagus

Esophageal motor dysfunction in diabetics has been
extensively studied by techniques such as barium study,
nuclear methods, and manometry. However, there is not
a close correlation between results of these studies and
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clinical symptoms. The most typical symptoms are
heartburn, dysphagia, and chest pain. Diabetics with
dysphagia should be completely evaluated to rule out
other conditions, such as gastroesophageal re¯ux dis-
ease, benign or malignant stricture, or esophagitis.
Patients with chest pain should be assessed for coronary
artery disease.

Stomach

The most common gastric disorder of diabetes is
gastroparesis, which is manifested by postprandial full-
ness, epigastric pain, nausea, vomiting, and anorexia. A
complete evaluation to exclude gastric outlet obstruc-
tion, peptic ulcer disease, and side effects of pharmaco-
logical agents must be performed in all diabetic patients
with complaints of gastroparesis. Barium studies in
patients with diabetic gastroparesis usually show an
elongated stomach with sluggish, ineffective, or absent
peristalsis. Because of impaired gastric emptying, these
patients are prone to the formation of bezoars. Due to
¯uctuation in absorption from the small intestine, glu-
cose control becomes erratic in patients with diabetic
gastroparesis and frequent small meals should be
recommended to improve glycemic control. Pharmaco-
logical prokinetic agents are used for treatment. If a
patient fails prokinetic therapy (e.g., with metoclo-
pramide) and anti-emetic therapy, other options are
percutaneous endoscopic gastrostomy and jejunostomy
that allows that allows gastric decompression and ade-
quate nutritional support. Gastric pacing is another
option that has been shown to improve gastric emptying
in some patients.

Small Intestine

The incidence of diarrhea in diabetic patients is
�20%. Usually the diarrhea is chronic and intermit-
tent, alternating with either normal bowel movement
or constipation. Despite chronicity of the symptoms,
weight loss is uncommon. Etiology of diarrhea is mul-
tifactorial, including autonomic neuropathy, bacterial
overgrowth, and pancreatic insuf®ciency. Evaluation
of the diabetic patient with diarrhea involves ruling
out other causes including celiac disease (see below)
and infection. Stool output should be quanti®ed and a
72 h fecal fat measurement should be performed to
assess for exocrine pancreatic insuf®ciency and
sprue. A large number of diabetic patients fall in
the category of idiopathic diarrhea and may bene®t
from a trial of conventional anti-diarrheal agents,
clonidine, or psyllium.

Celiac Disease

The incidence of celiac disease is reported to be
greater in diabetics than in the general population.
The histocompatible antigens HLA-DR3 and HLA-
DQB1*0201 have been linked to both celiac disease
and diabetes, suggesting a genetic predisposition to
both conditions. The clinical manifestation of celiac
disease is similar to idiopathic diabetic diarrhea; how-
ever, it may present before onset of diabetes and is
usually is accompanied by steatorrhea. A biopsy of the
small bowel showing ¯attened villi and increased cel-
lularity in the lamina propria establishes the diagnosis.
Serum immunoglobulin A (IgA) anti-endomysial and
IgA anti-gliadin antibodies have 80 to 100% sensitivity
and speci®city for celiac disease and can be used for
diagnosis. A gluten-free diet improves both the symp-
toms and histology. With successful therapy, titers
of these antibodies decrease or even disappear and
thus can be used for monitoring patients with celiac
disease.

Large Intestine

The most common GI complaint in diabetics is con-
stipation (20 to 60%). The pathogenesis of constipation
is poorly understood. Neurogenic dysfunction is con-
sidered to be an important factor in diabetic constipa-
tion. The evaluation of constipation should be based on
age, severity of symptoms, and family history, thus rul-
ing out other causes including colon cancer in high-risk
candidates. Dietary ®ber, stool softeners, and occasion-
ally laxatives are used for the treatment of constipation
in diabetics.

Fecal incontinence is another symptom that usually
is associated with diarrhea and autonomic neuropathy.
Therapy of fecal incontinent is dif®cult; however,
most patients show improvement with control of diar-
rhea. If it fails, biofeedback and sphincter control
improvement techniques can be used but usually are
not very successful.

Gallbladder Disease

Diabetic patients have twice the incidence of gall-
stones compared to the general population. However,
obesity and dyslipidemia are confounding factors and
when corrected for these factors, diabetics do not seem
to have a greater incidence of cholelithiasis than the
general population. Several older studies had reported
that when gallstones become symptomatic, morbidity
and mortality is higher in diabetic patients than in
the general population due to infectious complica-
tions. However, it is not clear whether diabetics with
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asymptomatic gallstones are at a greater risk of becom-
ing symptomatic than the general population. At pres-
ent, diabetic patients with cholecystitis or biliary colic
should be advised to undergo cholecystectomy as soon
as possible. Asymptomatic gallstones in diabetics
should be followed rather than treated by prophylactic
cholecystectomy.

Liver Disease

The incidence of liver dysfunction in diabetic pa-
tients is high. It may range from a mild elevation of
serum transaminases to (rarely) liver failure. Viral hep-
atitis is associated with diabetes, especially chronic hep-
atitis C. Oral hypoglycemic agents such as sulfonylurea
and thiazolidinediones may cause abnormality of liver
functions in diabetics. Thiazolidinediones may cause
liver failure. Routine monitoring of serum transaminase
levels is recommended for patients taking a thiazo-
lidinedione. Stopping the agent usually leads to clinical
and biological resolution.

One condition that is seen frequently in diabetic
patients is hepatic steatosis. Fat accumulation in the
liver occurs in up to 50% of patients with diabetes.
Obesity is associated with hepatic steatosis as well.
Intake of excessive dietary fat and carbohydrate
leads to high levels of fatty acids that are stored in
hepatocytes. Accumulation of fatty acids may provide
a source of oxidative stress and lead from steatosis to
steatohepatitis to cirrhosis. Only a small percentage of
patients progress from steatosis to steatohepatitis and
eventually to cirrhosis. This whole spectrum of condi-

tions is now referred to as nonalchoholic fatty liver
disease. Diagnosis of nonalchoholic fatty liver disease
requires exclusion of alcohol abuse, absence of other
causes such as viral infections, autoimmune diseases,
drugs, and toxins. Liver biopsy is the best test for
con®rming the diagnosis; however, it may not be
required in many straightforward cases. Management
of nonalcoholic fatty liver disease is gradual weight
loss and glycemic and lipid control. Patients should
be advised to keep away from hepatotoxic agents
such as alcohol.
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Diabetic Gastroparesis

LAWRENCE R. SCHILLER
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gastroparesis Chronic condition characterized by delayed

gastric emptying, resulting in gastric retention of

ingested material; may be idiopathic or due to drugs or

an underlying condition, such as diabetes mellitus.

prokinetic drug Agent that accelerates transit through one or

more segments of the gastrointestinal tract.

Diabetes mellitus is sometimes complicated by dysfunc-

tion of the stomach, characterized by slow gastric

emptying that produces gastric retention and chronic nau-

sea and vomiting. This condition was ®rst reported in

detail at the Mayo Clinic in 1945 by R. W. Rundles,

who attributed the condition to neuropathy. The term

`̀ gastroparesis diabeticorum'' was coined in 1958 by

P. Kassander and the condition has been called diabetic

gastroparesis since that time. Several hypotheses

to account for this problem have been elaborated

and therapies to manage the condition have been

developed.

CLINICAL PRESENTATION

The initial description of diabetic gastroparesis
emphasized the association of nausea and vomiting
with long-standing, poorly controlled diabetes compli-
cated by diabetic neuropathy, preponderantly in young
men. It is clear now that patients with diabetes may have
delayed gastric emptying and thus delayed glucose ab-
sorption without nausea or vomiting, and that a sub-
stantial number of women also are affected. Symptoms,
if present, are chronic and variable, with exacerbations
and remissions. Gastroparesis may be recognized unex-
pectedly during the investigation of dyspepsia by the
radiographic or endoscopic ®nding of gastric retention
of food.

PATHOPHYSIOLOGY

Little progress was made in understanding diabetic
gastroparesis until the 1970s, when physicians gained
a deeper appreciation of gastric physiology and accur-
ate radioisotope gastric emptying studies became avail-
able. The most marked abnormality in patients with

gastroparesis is impaired emptying of solids; liquid
emptying is relatively well preserved. There is evidence
of vagal dysfunction that may contribute to these ®nd-
ings in many patients with diabetic gastroparesis,
thus con®rming Rundles' original idea of the pathogen-
esis of gastroparesis. Loss of the vagally mediated
interdigestive migrating motor complex appears to be
critical. Recent studies have emphasized the key role
that hyperglycemia plays in triggering symptoms and
additional problems of gastric accommodation and py-
loric function in patients with diabetes.

DIAGNOSIS

Diagnosis is based on recognition of clinical symptoms,
including nausea and vomiting typically hours after
meals, dyspepsia, early satiety, bloating, or weight
loss in a diabetic patient with poor control of blood
sugar. Most patients have a long history of diabetes
(410 years), but this is not always the case. Findings
of diabetic peripheral and autonomic neuropathy, such
as numbness or pain in the feet, abnormal sweating,
MarcusÿGunn pupils, diarrhea or constipation, and
fecal incontinence, typically are present. An abnor-
mal radioisotope gastric emptying study showing
slow emptying of solids over 4 hours can con®rm the
diagnosis.

MANAGEMENT

Treatment consists of efforts to control hyperglycemia,
because maintenance of blood sugar levels 5200 mg%
is associated with reduced symptoms. `̀ Prokinetic''
drugs, such as metoclopramide, may reduce symptoms,
but do not always speed gastric emptying. Erythromycin
given intravenously before meals is the most effective
available agent for speeding gastric emptying in diabet-
ics with gastroparesis. This drug is a motilin-receptor
agonist and induces increased propulsive activity in the
stomach and upper intestine. Oral erythromycin has less
consistent ef®cacy. Nonantibiotic macrolide motilin-
receptor agonists are under development. Patients
who are not responsive to drugs can be out®tted with
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a gastrostomy tube for gastric drainage and a jejuno-
stomy tube for feeding. Innovative treatments for dia-
betic gastroparesis include injection of botulinum toxin
into the prepyloric antrum, gastric electrical stimula-
tion, and pancreatic or islet cell transplantation. Initial
reports suggest that botulinum toxin injection and gas-
tric electrical stimulation may reduce symptoms, but
gastric emptying may not be improved. Reversal of di-
abetes with successful pancreatic or islet cell transplant-
ation can cure this condition.
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Diabetic Neuropathies
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apoptosis A mechanism of cell death that is controlled by

speci®c metabolic cell death pathways and that results in

fragmentation and condensation of the cell nucleus,

without signi®cant in¯ammation in the surrounding

tissue.

autonomic Pertaining to the internal systems in the body

(cardiovascular, pulmonary, gastrointestinal) that re-

ceive innervation that is not under voluntary

control.

diabetic neuropathy Short-term and long-term nerve dys-

function in diabetes characterized by generalized slowing

of conduction and increased threshold for excitation in

peripheral and autonomic nerves.

gastrointestinal motility The process of contraction of the

gastrointestinal wall that results in movement of food

and secretions along the length of the gastrointestinal

tract.

gastroparesis Delayed emptying of the stomach following a

meal, sometimes associated with accumulation of non-

digestible ®bers and debris in the stomach.

neurodegenerative disease Slowly progressive disease in the

central or peripheral nervous system resulting from

neuronal damage and/or neuronal death.

Diabetic neuropathy encompasses a variety of nervous

system impairments that occur in the setting of diabetes.

Neuropathy can develop early in both human and animal

models of this disease. The sensory nervous system is

most often affected in both type I and type II diabetes

and much of the research into the mechanisms underlying

diabetic neuropathy has focused on sensory impairment.

There is evidence that similar physiologic problems may

underlie autonomic neuropathy. Several metabolic path-

ways have been implicated in the pathogenesis of diabetic

neuropathy, some of which likely interact via common

signal molecules. Hyperglycemia is a central and critical

component of the pathogenesis of sensory and autonomic

neuropathy. The intensity and extent of the functional and

anatomical abnormalities of diabetic neuropathy parallel

the degree and duration of hyperglycemia. Intensive treat-

ment with insulin in the Diabetes Control and Complica-

tions Trial decreased clinical neuropathy by 60%,

whereas trials of other agents, such as aldose reductase,

were far less effective.

INTRODUCTION

Insulin treatment has a bene®cial effect on both sensory
and autonomic neuropathy. The most common mani-
festations of autonomic neuropathy are hemodynamic
effects, such as impaired control of blood pressure and
heart rate, and gastrointestinal symptoms. Autonomic
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neuropathy is a signi®cant underlying cause of gastro-
paresis and colonic dysmotility in diabetic patients. Gas-
troparesis in diabetes has been demonstrated to be due
to a combination of reversible changes related to
hyperglycemia and metabolic products of glucose and
to irreversible neuronal damage and loss. Noninvasive
studies of gastric electromyographic function in normal
human subjects indicate that acute hyperglycemia can
precipitate signi®cant dysmotility in the stomach, ac-
companied by subjective feelings of nausea and disten-
sion. There is a synergy between hyperglycemia and
gastrointestinal function as gastroparesis can, in turn,
worsen glycemic control. This is particularly problem-
atic in insulin-dependent individuals, as the time course
of their insulin administration may be poorly correlated
with delivery of nutrients to the small intestine. For
these reasons, aggressive control of glucose is bene®cial
in treating diabetic gastroparesis. Colonic dysmotility is
also common in diabetes. Both constipation and diar-
rhea can occur and are often refractory to pro-kinetic
agents, due to the combination of neuronal loss and
myopathic changes in the gastrointestinal muscle. In
addition to glycemic control, a bowel regimen including
stimulant laxatives and enemas may be required for
refractory constipation. Diabetic diarrhea is often so-
cially debilitating, but can be controlled with the judi-
cious use of anti-diarrheal medications. Diabetes also
impairs pancreatic function. In addition to the primary
effects of diabetes on pancreatic beta-cell survival, pan-
creatic exocrine secretion appears to be diminished in
patients with documented autonomic neuropathy in-
volving the parasympathetic system.

DIABETIC NEUROPATHY IS A
NEURODEGENERATIVE PROCESS

Studies of neuron survival, function, and gene express-
ion suggest that diabetes more closely mirrors degener-
ative neuronal disease, rather than an acute injury
model, such as axotomy. Slow nerve conduction in sen-
sory and motor neurons is observed within 2ÿ4 months
following the onset of diabetes in the streptozotocin-
induced and BioBred/Wistar spontaneous rat models of
diabetes. At this early stage, sensory neurons do not
demonstrate detectable alterations in their size, num-
ber, or expression of mRNA for a variety of signal mol-
ecules involved in neuro-transmission and survival
[CGRP (a and b), substance P, vasoactive intestinal
peptide, galanin, somatostatin, heat shock protein 27,
c-jun, SNAP 25, p75, TrkA, TrkB, TrkC]. This obser-
vation is in sharp contrast to the rapid up-regulation of
similar signal pathways in sensory and motor neurons

subjected to axotomy or other injuries. One issue that
needs to be addressed in future studies is the effect of age
on the progression and severity of neuropathy. Most of
the data obtained from animal models of diabetes
(whether chemical or spontaneous) have utilized youth-
ful animals. Retrograde labeling of extrinsic and intrin-
sic innervation of the gastrointestinal tract in the Fisher
344 rat demonstrates signi®cant neuronal loss, which
increases in severity from proximal to distal gut and
progresses linearly with increasing age. There appears
to be a trophic effect of vagal afferent innervation, al-
though the mechanism by which this occurs remains to
be determined.

METABOLIC DERANGEMENTS

Signi®cant alterations in metabolic pathways occur in
both sensory and autonomic diabetic neuropathies. Ab-
normalities that occur early in the course of diabetes
include increased production of sorbital by aldose re-
ductase, increased formation of glycosylation end prod-
ucts, decreased production of myoinositol, and
impaired regulation of cellular calcium. Increased cal-
cium in¯ux through voltage-activated membrane
calcium channels in diabetic neurons results in exces-
sive cytosolic calcium responses to a variety of stimuli.
Diabetic neurons release more calcium from cytosolic
pools and demonstrate impaired ability to re-sequester
calcium, compared to nondiabetic controls. Similar ab-
normalities have been observed in neurons from normal
animals subjected to hyperglycemia, suggesting that im-
paired calcium regulation is an early and potentially
reversible metabolic derangement in diabetes. A modest
improvement in peripheral nerve conduction has been
demonstrated in human studies utilizing L-type calcium
channel antagonists; however, the effect is likely limited
by the fact that L-type currents account for only
20ÿ30% of the total calcium current in sensory neu-
rons. Blockade of the predominant N-type channel byo-
conotoxin is impractical, due to toxicity. Activation of
protein kinase C (PKC) isoforms, particularly PKC a
and PKC bII, has been implicated in the pathogenesis of
diabetic sensory and autonomic neuropathy and reti-
nopathy. Trials of PKC inhibitors, such as WAY151003
and cremophor EL, have demonstrated improved nerve
conduction velocity and endoneurial blood ¯ow in
animal models.

With increasing duration of diabetes, additional
structural and metabolic effects are observed in both
human and animal models of diabetic neuropathy.
Loss of speci®c neuronal populations does occur, al-
though the effect is relatively modest. As outlined ear-
lier, there may be a synergistic effect of aging on
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neuronal survival. Signi®cant anatomic changes in the
synaptic structures and distortion of the nodes of
Ranvier have been implicated in the progression of slow-
ing of nerve conduction observed in long-term diabetes.
Expression of a variety of neuropeptides and neuronal
growth factors is decreased. Exogenous delivery of
growth factors such as insulin-like growth factor I, neu-
rotrophin-3, and nerve growth factor (NGF) has been
shown to improve nerve conduction and neuronal sur-
vival in animal models. Despite the promise of these
studies, a recent randomized controlled trial of recom-
binant human NGF was not effective in restoring nerve
function in patients with diabetes. The lack of ef®cacy
may have been due to the mechanism of delivery of
NGF, changes in the formulation between trials, or
a requirement for additional factors. Cross-talk or
synergistic actions by multiple growth and survival fac-
tors have been observed in models of neuronal survival,
leading to the suggestion that simultaneous delivery of
several factors may be more effective. In addition to
improving nerve conduction by indirect actions on
cell swelling and calcium regulation, insulin may act
as a trophic factor in diabetes. Studies in which insulin
was injected unilaterally near an affected nerve resulted
in unilateral improvement in nerve conduction and
small ®ber sprouting.

NEURONAL DEATH

Many authors agree that some neuronal loss occurs dur-
ing a prolonged period of diabetes; however, the mech-
anism remains controversial. Apoptotic cell death has
been described in hyperglycemic in vitro culture mod-
els; however, this phenomenon may re¯ect effects of
extreme hyperglycemia. Apoptosis has also been de-
scribed in cultured neuronal cells exposed to diabetic
serum. Although the noxious factor or factors involved
in promoting cell death in this model have not been
de®nitely identi®ed, IgG class immunoglobulins have
been implicated based on the results of staining and
adsorption studies. In vivo apoptosis rates are consider-
ably lower than those observed in culture models; how-
ever, careful counting of a large number of sensory
neurons in several murine diabetic models indicates a
small (�1.5%) but signi®cant increase in apoptosis
rates, when compared to nondiabetic controls
(50.3%). The neuronal loss in diabetes appears to
occur slowly over a period of years. Thus, a small in-
crease in the number of apoptotic neurons present at any
one time could translate over time into a signi®cant
neuronal loss. These mechanisms have been demon-
strated to occur in models of autonomic neuropathy,

suggesting that neuronal loss may also contribute to
impaired gastric and colonic function in diabetes.

TREATMENT

In addition to the use of conventional analgesics, painful
sensory neuropathy is increasingly treated with tricyclic
anti-depressant drugs and topical capsaicin. In a com-
parison study, amitriptyline was more effective at re-
lieving pain than desipramine, but was also more likely
to cause signi®cant anti-cholinergic side effects. Topical
capsaicin causes a prolonged depletion of Substance P
from sensory nerves and is a useful adjunct to other
analgesics. Acupuncture and trans-cutaneous electrical
stimulation of cutaneous nerves have also been used
with some effect in mild to moderate neuropathy.
These interventions are useful in the treatment of sen-
sory neuropathy, but have been less helpful in modu-
lating the severity of autonomic neuropathy.

Increasing knowledge of the metabolic derange-
ments occurring in diabetic neuropathy has led to trials
of other agents. Control of hyperglycemia remains the
only intervention to date that retards clinical progres-
sion of both sensory and autonomic neuropathies in
human diabetes. Despite early promise in animal
studies, the use of aldose reductase inhibitors such as
sorbinil and tolrestat results in minimal improvement in
sensory and autonomic nerve conduction velocity and
symptoms. Pro-kinetic medications such as metoclo-
pramide, domperidone, and cisapride, which treat gas-
trointestinal dysmotility, have all been demonstrated to
improve diabetic gastroparesis, but have a minimal ef-
fect on colonic motility. The latter may re¯ect the path-
ophysiologic ®nding of more severe neuronal injury and
impairment in the distal gut. Unfortunately, the avail-
ability of these agents is limited. Domperidone is not
available in the United States and cisapride has been
withdrawn due to problems with cardiac arrhythmias.
Erythromycin acts on motilin receptors to initiate co-
ordinated motility in the stomach and upper small
bowel. Administered four times daily, it is an effective
and inexpensive treatment for gastroparesis. Because
they act on myenteric neurons, the utility of pro-kinetic
drugs is ultimately limited by the function of the resid-
ual innervation present in the gut. Finally, metabolic
derangements appear to precede structural changes in
diabetic neuropathy. Therefore, it is likely that future
trials designed to prevent or retard the progression of
diabetic neuropathy will be directed toward patients
presenting earlier in the course of the disease, in an
effort to intervene prior to the development of irrevers-
ible structural damage.
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Diaphragmatic Hernia
WILLIAM HARFORD

Veterans Affairs Medical Center and University of Texas Southwestern Medical Center, Dallas

Bochdalek hernia Diaphragmatic defect in the postero-lateral

chest at the lumbocostal junctions.

mixed diaphragmatic hernia Combination of sliding and

paraesophageal hernia.

Morgagni hernia Diaphragmatic defect in the anterior chest

at the sternocostal junctions.

paraesophageal hernia Defect in which part or all of the

stomach protrudes through the esophageal hiatus along-

side the esophagus.

posttraumatic diaphragmatic hernia Rent in the diaphragm

due to trauma.

sliding hiatal hernia Defect in which the gastroesophageal

junction and some portion of the stomach are displaced

above the diaphragm, but the axis of the stomach axis

remains unchanged.

A diaphragmatic hernia is an abnormal protrusion of an

organ or structure into an opening in the diaphragm. In

some cases, the protrusion can spontaneously resolve and

is termed reversible. In other cases, the protrusion cannot

spontaneously resolve and is termed incarcerated. The

organ in a diaphragmatic hernia is termed strangulated

when the vascular supply becomes compromised, causing

ischemia or necrosis.

PATHOGENESIS

The frequency of sliding hiatal hernias increases with
age and may be due to age-related deterioration of the
phrenoesophageal membrane, which anchors the gas-
troesophageal junction to the diaphragm. As the mem-
brane becomes lax, the normal positive intra-abdominal
pressure and normal upward traction of the esophagus
upon the stomach during swallowing may cause protru-
sion of the stomach above the diaphragm.

In addition to the stomach, the omentum, colon, or
spleen may also enter a paraesophageal hernia. The
stomach often twists on its axis, causing gastric
volvulus. The gastroesophageal junction remains in a
normal position at the level of the diaphragm. Para-
esophageal hernias may be due to a congenital defect
in the diaphragmatic hiatus anterior to the esophagus.

The diaphragm is derived from the septum transver-
sum (separating the peritoneal and pericardial spaces),
the mesentery of the esophagus, the pleuroperitoneal

membranes, and the muscle of the chest wall. Congen-
ital diaphragmatic hernias, such as Morgagni and
Bochdalek hernias, occur where fusion of these compo-
nents fails (see Fig. 1).

Posttraumatic diaphragmatic hernias are caused by
blunt trauma (such as motor vehicle collisions) in ap-
proximately 80% of cases and by penetrating trauma
(such as stab wounds or gunshots) in the remainder.
Blunt trauma may cause large rents, whereas penetrat-
ing injuries often cause only small lacerations. Hernia-
tion of abdominal contents into the chest is thus more
common after blunt trauma than after penetrating
trauma. Approximately 70% of diaphragmatic injuries
from blunt trauma occur on the left side. The right
hemidiaphragm is somewhat protected by the liver. A
small diaphragmatic defect may not lead to immediate
herniation, but with time, normal negative intrathoracic
pressure may cause gradual enlargement of the defect
and protrusion of abdominal contents. A variety of
viscera may be found in posttraumatic hernias, includ-
ing stomach, omentum, colon, small bowel, spleen, and
even kidney.

FIGURE 1 Congenital hernias of the diaphragm. Diagram of

the diaphragm viewed from below with areas of potential herni-

ation indicated. (1) Sternocostal foramina of Morgagni. (2) Esoph-

ageal hiatus. (3) Lumbocostal foramina of Bochdalek. Reprinted

from Harford and Jeyarajah (2002), with permission.
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INCIDENCE AND PREVALENCE

Hiatal hernias are common among adults undergoing
upper gastrointestinal barium X rays. Sliding hiatal her-
nias make up approximately 90 to 95% of diaphragmatic
hernias found by X ray, whereas almost all of the rest are
paraesophageal or mixed. Most sliding hiatal hernias
thus discovered are small and of no clinical signi®cance.
Patients with symptomatic paraesophageal or mixed
hernias are most often middle-aged to elderly.

Clinically signi®cant congenital hernias are rare,
occurring in approximately 0.1 to 0.5 per 1000 births.
Bochdalek hernias most often present in newborns.
Only a few ®rst present in adulthood. Approximately
80% of Bochdalek hernias occur on the left. Morgagni
hernias are thought to be congenital, but usually present
in adults. They make up approximately 2ÿ3% of sur-
gically treated diaphragmatic hernias. In contrast to
Bochdalek hernias, Morgagni hernias occur on the
right side in 80 to 90% of cases. Diaphragmatic injury
occurs in approximately 5% of patients who suffer
multiple traumatic injuries, but the exact incidence of
posttraumatic diaphragmatic hernia is unknown.

CLINICAL MANIFESTATIONS
AND DIAGNOSIS

Most patients with small sliding hiatal hernias have no
symptoms. However, sliding hiatal hernias, particularly
large hernias, contribute to the pathogenesis of gastro-
esophageal re¯ux. In addition to symptoms related to
gastroesophageal re¯ux, large sliding hiatal hernias may
cause dysphagia or discomfort in the chest or upper
abdomen. Cameron ulcers or erosions may develop in
sliding hiatal hernias. These mucosal lesions usually
occur on the lesser curve of the stomach at the level
of the diaphragm, suggesting that mechanical factors
may play a role in their pathogenesis, although ischemia
and peptic injury may also contribute. Up to 5% of
patients with large hernias undergoing endoscopy
may be found to have Cameron ulcers. Acute or chronic
upper gastrointestinal bleeding may occur with
Cameron ulcers.

Hiatal hernias may be seen as a soft-tissue density
posterior to the heart on chest X ray, but are usually
diagnosed on upper gastrointestinal barium X-ray
studies.

In contrast to patients with small sliding hiatal her-
nias, patients with paraesophageal and mixed hiatal
hernias are rarely completely asymptomatic. Approxi-
mately half of such patients have symptoms of
gastroesophageal re¯ux. Dysphagia, chest pain, vague
postprandial discomfort, shortness of breath, and

chronic gastrointestinal blood loss are also reported.
Paraesophageal hernias may be complicated by gastric
volvulus.

On chest X ray, paraesophageal or mixed hiatal her-
nias may be seen as an abnormal soft-tissue density
(often with a gas bubble) in the posterior chest. The
best diagnostic study is upper gastrointestinal barium
X ray. On upper endoscopy, paraesophageal hernias are
usually obvious, but the paraesophageal component of a
large mixed hernia may be missed, and the anatomy
may be confusing, particularly if the hernia is associated
with gastric volvulus.

Congenital diaphragmatic hernias are associated
with a wide variety of clinical presentations, from
death in the neonatal period to an asymptomatic inci-
dental ®nding in adults. Bochdalek hernia may cause a
syndrome of severe respiratory distress in newborns.
Pulmonary hypoplasia occurs on the side of the hernia,
but some degree of hypoplasia may also occur in the
contralateral lung. Pulmonary hypertension is common.
Serious chromosomal anomalies (most often trisomy
13, 18, and 21) are found in 30 to 40% of newborns
with Bochdalek hernias. Respiratory failure and other
congenital anomalies are the major causes of mortality
in such infants. In older children and adults, a
Bochdalek hernia may present with symptoms due to
herniation of the stomach, omentum, colon, or spleen.
Gastric volvulus may occur, and approximately half of
adult patients present with acute incarceration. Patients
may also be asymptomatic or have chronic nonspeci®c
intermittent symptoms, including chest discomfort,
shortness of breath, dysphagia, nausea, vomiting, or
constipation.

The differential diagnosis of Bochdalek hernia in-
cludes mediastinal or pulmonary cyst or tumor as well as
pleural effusion or empyema. Prenatal diagnosis may be
made at sonography by visualizing stomach or loops of
bowel in the chest. In older children and adults, the
diagnosis may be suspected when a soft tissue mass
in the posterior mediastinum is discovered on chest
X ray. The diagnosis is usually con®rmed by barium
upper gastrointestinal X ray or by computerized tomog-
raphy with oral contrast.

In contrast to Bochdalek hernias, Morgagni hernias
are most likely to present in adult life. They may contain
omentum, stomach, colon, or liver. As with Bochdalek
hernias, patients may also be asymptomatic or have
chronic nonspeci®c intermittent symptoms. They may
also present with acute gastric, omental, or intestinal
incarceration with obstruction and /or ischemia.

The differential diagnosis of Morgagni hernias is
similar to that of Bochdalek hernias and the diagnosis
of Morgagni hernias is often made in the same manner.
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In contrast to Bochdalek hernias, Morgagni hernias are
found in the anterior mediastinum, usually on the right.
It is important to con®rm the contents of the hernia with
barium X rays or computerized tomography with oral
contrast.

Rupture of the diaphragm is often masked by other
serious injuries after serious trauma. It may go unde-
tected even at exploratory laparotomy. Posttraumatic
diaphragmatic hernias usually cause respiratory and /
or abdominal symptoms. Such symptoms occurring sev-
eral days to weeks after injury should suggest the pos-
sibility of a posttraumatic hernia. Positive-pressure
ventilatory support after trauma may prevent herniation
through a diaphragmatic tear, but upon attempted ven-
tilator weaning, herniation may then occur. Symptoms
may also present long after injury, up to 10 years or more
later, obscuring the relationship between the acute ill-
ness and remote trauma.

Diaphragmatic injury should be considered in any
case of serious trauma involving the area between the
fourth intercostal space and the umbilicus. The chest
X ray aids the diagnosis in only half of the cases. Rapid
helical computerized tomography with sagittal recon-
struction is very useful in diagnosis.

TREATMENT

Small sliding hiatal hernias do not require treatment.
Surgery should be considered in cases of symptomatic
giant sliding hiatal hernias, paraesophageal hernias, and
mixed diaphragmatic hernias. Even among patients
with asymptomatic paraesophageal hernias, approxi-
mately 30% will develop acute complications if left un-
treated, so many surgeons recommend repair when such
hernias are discovered.

Treatment of all diaphragmatic hernias includes re-
pair of the diaphragmatic defect either by suture approx-
imation or by insertion of mesh. When the stomach has
herniated, it should be ®xed in the abdomen. Since there
is a high prevalence of gastroesophageal re¯ux and
esophageal motility disorders among patients with para-
esophageal hernia, a fundoplication is usually included
in the repair. Sliding hiatal or paraesophageal hernias
may be associated with a shortened esophagus, making
it dif®cult to ®x the gastroesophageal junction below the
diaphragm. In such cases an extra length of neo-esoph-
agus from the proximal stomach is created by the
surgeon (Colles-Nissen procedure). Both open and lap-
aroscopic techniques are used for diaphragmatic hernia
repair. Laparoscopic repair is associated with less blood
loss, fewer overall complications, and shorter hospital
stay than open repair. Return to normal activities

is faster. Potential surgical complications include
esophageal and gastric perforation, pneumothorax,
and liver laceration. Long-term results are probably
equal with either approach. Long-term complications
may include dysphagia or the gas-bloat syndrome. Gas-
troesophageal re¯ux may occur if the fundoplication
breaks down or migrates into the chest. Recurrence
rates are approximately 10%.

Cameron ulcers or erosions are usually treated with
anti-secretory medication, just as other gastric ulcers.
However, in approximately one-third of patients these
lesions may persist or recur despite medication, in
which cases surgical repair of the associated hernia
may be needed.

Infants with Bochdalek hernias usually require ven-
tilatory support, but barotrauma may occur with stan-
dard ventilators. The advent of new techniques for
ventilatory support such as high-frequency oscillation
and extracorporeal membrane oxygenation has im-
proved the prognosis of these infants, allowing
stabilization before diaphragmatic repair. Most infants
survive repair of the diaphragmatic hernia, but many
have long-term neurological and musculoskeletal prob-
lems. Up to 50% develop gastroesophageal re¯ux.

A variety of techniques have been used for repair of
congenital hernias, including open chest and /or
abdominal approaches, as well as thoracoscopic and /
or laparoscopic techniques. Acute diaphragmatic rup-
tures may be approached from the abdomen or through
the chest. Since chronic posttraumatic diaphragmatic
hernias may be associated with extensive adhesions
and lack of a peritoneal hernia sac, they are best repaired
through the chest or by a combined thoracoscopic/
abdominal approach.
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Diarrhea
MIHIR PATEL AND JOSEPH H. SELLIN

University of Texas Medical School, Houston

acute diarrhea Abnormal stool production that lasts for less

than a month.

chronic diarrhea Abnormal stool production that lasts for

more than a month.

in¯ammatory diarrhea Abnormal stool production asso-

ciated with the presence of white cells or blood.

osmotic diarrhea Abnormal stool production associated with

an osmotic gap of more than 100 mOsm/kg.

secretory diarrhea Abnormal stool production associated

with an osmotic gap of less than 50 mOsm/kg.

steatorrhea Presence of more than 7 g of fecal fat excretion

on a diet containing 100 g fat/day over a period of

48ÿ72 hours. Steatorrhea can be broadly divided into

three categories: intraluminal maldigestion, mucosal

malabsorption, and postmucosal malabsorption related

to obstruction of the lymphatics. Maldigestion is

defective hydrolysis of nutrients and malabsorption is

defective mucosal absorption.

stool osmotic gap The difference between luminal osmolality

(equal to body ¯uid osmolality, approximately

290mOsm/kg) and luminal content osmolality, calcu-

lated by electrolyte measurements.

Diarrhea, derived from the Greek ``to ¯ow through,'' is a

common health problem. More than 450,000 hospital

admissions each year in the United States (1% of adult

hospitalizations) are due to diarrheal illnesses. Based on a

commonly used de®nition of chronic diarrhea (liquid

stools for more than 1 month), a reasonable approxima-

tion is that chronic diarrhea affects approximately 5% of

the population throughout the world.

INTRODUCTION

Diarrhea is a symptom, not a disease. It represents the
end product of multiple gastrointestinal dysfunctions.
The de®nition of diarrhea has traditionally been based
on the volume, frequency, and/or consistency of stools.
Patients often consider increased ¯uidity of stool as di-
arrhea. However, because it is dif®cult to measure stool
consistency, most investigators have used stool fre-
quency or stool weight to better de®ne this condition.
In Western countries, three or more bowel movements
per day are considered to be abnormal. For the United
States population, fecal weight of more than 200 g/day is

also considered to be consistent with diarrhea. How-
ever, diarrhea should not be de®ned using only one
criterion. Some individuals may have increased fecal
weight but have normal stool consistency and no com-
plaint of diarrhea. For example, Asian individuals con-
suming a high-®ber diet may well have a stool weight
greater than 200 g and still be considered `̀ normal.''
Other individuals have normal fecal weight, yet com-
plain of diarrhea because their stools are loose and wa-
tery. Thus, a good working de®nition is three or more
loose or watery stools per day or a de®nite decrease in
consistency and increase in frequency of stools based on
an individual baseline.

CLASSIFICATIONS

A classi®cation scheme provides a framework for
understanding the pathophysiology and treatment of
diarrhea:

� Acute vs. chronic
� Large volume vs. small volume
� Motility vs. epithelial function
� Secretory vs. osmotic
� Watery vs. fatty vs. in¯ammatory

These classi®cations are not mutually exclusive. A di-
arrhea may be acute, in¯ammatory, and secretory in
nature, or alternatively, chronic, osmotic, and small
volume. Clinical context provides a focus for sifting
through multiple potential etiologies. By considering
these classi®cations simultaneously, the clinician can
narrow the range of diagnostic possibilities.

PATHOPHYSIOLOGY AND DIAGNOSIS

Diarrhea, a complex clinical scenario, frequently repre-
sents a protective response to a variety of intestinal in-
sults and assaults. It can also be a manifestation of an
underlying systemic disease process. Normally 8 to 10
liters of ¯uid per day enters the small intestine. Of this
load, approximately 2 liters is derived from the diet and
the remainder comes from the secretions of the salivary
glands, stomach, pancreas, liver, and the intestine. The
small intestine normally absorbs all but 1.5 liters of this
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¯uid, which eventually enters colon. The colon can ab-
sorb approximately 90ÿ95% of the remaining ¯uid,
leaving 100 to 150 ml/day in the stool. The small intes-
tinal ¯uid absorption is generally linked to nutrient
absorption, whereas the colon primarily transports elec-
trolytes to conserve water and regulate stool consist-
ency. Despite a reserve capacity for absorption, an
imbalance between secretion and absorption can readily
lead to diarrhea.

Acute vs. Chronic Diarrhea

Acute Diarrhea

Diarrheal illness lasting for less than 4 weeks can be
de®ned as an acute diarrhea. It represents the second
most common cause of death worldwide and is the lead-
ing cause of childhood death. Etiological factors can
vary. The most helpful clue is the clinical setting. Infec-
tious causes are more common in developing countries.
Contaminated water systems, extreme poverty, rapid
urbanization, crowded substandard housing with inad-
equate sewage disposal, and poor education are respon-
sible for the frequent occurrence of diarrhea in
developing countries. In the United States, most acute
diarrheas last only a few days and resolve without ob-
taining a speci®c diagnosis. They are usually labeled
`̀ viral gastroenteritis.'' Foreign travel was once thought
to be a prerequisite for `̀ exotic'' infectious diarrheal ill-
ness. However, amebiasis, giardiasis, and other infec-
tious agents may underlie diarrhea in individuals who
have never visited any foreign countries. Acute diarrhea
can also be seen in speci®c settings that lead to consid-
eration of discrete diagnoses. Acute diarrhea occurring
in hospitalized patients, for example, may be due to tube
feedings, medications, ischemia, or antibiotic treatment
(Clostridium dif®cile diarrhea).

Patients with acute onset of diarrhea should be
questioned for passage of blood or mucus in the
stool, duration and frequency of diarrhea, and
symptoms of dehydration. Diarrheal illness lasting for
more than 48 hours with fever and signs of dehydration
or peritonitis needs urgent medical attention. Older and
immunocompromised patients need close observation.

The diagnostic approach in acute diarrhea includes
fecal leukocytes, occult blood, and stool cultures. En-
doscopy is not commonly needed in the initial diagnosis
of acute diarrhea. It may, however, be helpful in distin-
guishing in¯ammatory bowel disease from infectious
diarrhea, in diagnosing C. dif®cile colitis, and in patients
in whom ischemic colitis is suspected.

Management of patients with acute diarrhea de-
pends on the causative agent. Signs and symptoms of
dehydration should be treated immediately. Most of the

cases of infectious diarrhea are self-limited. Empiric
antibiotic therapy has not been shown to alter the course
of illness. Patients should be carefully questioned about
risk factors for C. dif®cile, such as recent hospitalization
or antibiotic use. Antimotility agents should be used
cautiously in acute infectious diarrhea. Speci®c antimi-
crobial therapy is recommended if an organism is
isolated (see Fig. 1).

Chronic Diarrhea

Chronic diarrhea needs careful evaluation; it may
have a complex pathogenesis and can be a frustrating
problem, not only for patients but also for the physicians
treating them. Many patients cannot maintain a good
quality of life, and in some cases, chronic diarrhea jeop-
ardizes their livelihood. Patients may feel socially iso-
lated and view their lives as nothing more than being
tethered to the toilet.

Initial evaluation should be focused on separating
functional from organic causes. A detailed and thorough
medical history and clinical assessment is extremely
helpful. Careful questioning about prescription and
over-the-counter medications may give useful hints.
A patient's usual intake of fruits and of beverages con-
taining high concentrations of sugar or caffeine should
be estimated. Functional causes are more likely in the
absence of signi®cant weight loss (55 kg), longer du-
ration of symptoms (>1 year), and in the absence of
nocturnal diarrhea. Once a functional etiology is ruled
out, attempts should be made to determine speci®c
etiological factors. This is where the classi®cation
framework becomes paramount in steering through di-
agnostic and therapeutic options. This classi®cation al-
lows the physician to isolate key characteristics of the
patient's history. It is extremely important to recognize
fecal incontinence. Many patients do not report this
symptom voluntarily, but complain of diarrhea instead.
If incontinence is a frequent problem, then diagnostic
and therapeutic efforts should be directed toward in-
continence rather than diarrhea (see Fig. 2).

Large-Volume vs. Small-Volume Diarrhea

The rectosigmoid area acts a storage reservoir. Clin-
ically, intact `̀ reservoirs'' are critically important factors
in diarrhea. When that storage capacity is compromised
by in¯ammatory or motility disorders, frequent small-
volume bowel movements occur. Painful defecation as-
sociated with urgency and small volume is highly sug-
gestive of left colon or rectal involvement. Fewer and
larger bowel movements are usually associated with
right colon or small intestine disease processes.
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Motility vs. Epithelial Function

Most patients suffering from diarrhea, especially
those in the Western world, would assume their
symptoms are due to disordered motility, with luminal
contents moving too quickly through the length of the
gastrointestinal (GI) tract. However, slow transit, such
as seen in scleroderma, can also lead to the diarrheal
state, in part due to associated bacterial overgrowth
causing epithelial disruption and altered electrolyte

transport. Dysregulation of the enteric nervous system
(due to surgical vagotomy, sympathectomy, or neurop-
athy secondary to systemic diseases) and the effects of
certain mediators like vasoactive intestinal peptide
(VIP) and nitric oxide may affect smooth muscle func-
tion in the gut. Dysregulation may also alter the dynam-
ics of intestinal ¯uid absorption and epithelial functions.
Surprisingly, there is little basic research directed to
motility disorders in diarrhea. Instead, considerable
emphasis has been placed on how the epithelial cells
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FIGURE 1 Flowchart for the evaluation of patients with acute diarrhea. Reproduced from Sellin

(2002), with permission.
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lining the gut transport ions and nutrients and how they
may be disrupted during diarrheal states. This focus on
the epithelial functions has led to the differentiation of
osmotic vs. secretory diarrhea.

Secretory vs. Osmotic Diarrhea

Water movement in the gut generally follows pas-
sively the movement of electrolytes and nutrients. The
epithelial cells of the gastrointestinal tract have an elab-
orate system of pumps, carriers, and channels that pro-
vides orderly movement of ions and solutes through the
cell (transcellular) and around the cell (paracellular).
Sodium absorptive pathways provide the major driving
forces for ¯uid absorption, whereas chloride movement
into the gut drives secretion. In osmotic diarrhea, poorly
absorbed solutes remaining in the gut lumen pull ¯uid
from the submucosal space around the cells (paracellu-
lar). In secretory diarrhea, the transport machinery of

the epithelial cells is taken over and either absorption is
inhibited and/or secretion is stimulated.

Common examples of osmotic diarrhea are lactose
malabsorption or diarrhea due to ingestion of magn-
esium-containing laxatives or unabsorbable solutes
such as polyethylene glycol (PEG), used in colonic la-
vages and preparations for colonoscopies. Patients with
lactose intolerance are lactase de®cient. Lactose is usu-
ally metabolized to glucose and galactose, which are
absorbable. In the setting of lactose intolerance, the
unabsorbable lactose is not metabolized, leading to a
failure to reabsorb ¯uid. Similarly, with magnesium or
PEG, excess ¯uid entry into intestinal lumen leads to
osmotic diarrhea. Other examples of osmotic diarrhea
are mentioned in Table I.

The essential characteristic of osmotic diarrhea is
that it disappears or improves with withdrawal of of-
fending substances. Electrolyte absorption is unaffected
by osmotically active substances and stool water has

FIGURE 2 Flowchart for the initial evaluation of patients with chronic diarrhea. Reproduced from

Sellin (2002), with permission.
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relatively low concentration of sodium and potassium.
This is the basis for the calculation of the `̀ fecal osmotic
gap,'' which is the difference between luminal osmolality
(equal to body ¯uid osmolality, approximately
290 mOsm/kg) and the measured luminal content os-
molality:

Stool osmolality � 2 Na� K� �

Fecal osmotic gap � 290ÿ2 Na� K� �:

A large osmotic gap (450 mOsm/kg) is suggestive of
the presence of osmotic diarrhea. When the osmotic
gap is small, electrolytes account for most of the
luminal osmolality and a secretory diarrhea is said to
be present (see Fig. 3).

A number of conditions can lead to secretory diar-
rhea. These include many small intestine mucosal dis-
eases and infections. Diseases affecting the colon alone
(such as ulcerative colitis or microscopic colitis) may
also produce secretory diarrhea. Bacterial and viral in-
fections account for the vast majority of secretory diar-
rheas. Infections with microorganisms may produce
enterotoxins that interact with the receptors modulating
intestinal epithelial transport, leading to anion secretion
through chloride channels. Enterotoxins may also block
speci®c absorptive pathways, i.e., Na�/H� exchange,
thus inhibiting ¯uid absorption (see Fig. 4). Although
other secretory conditions such as endocrine tumors
and conditions such as congenital chloridorrhea and
congenital sodium diarrhea are often considered in
the listing of possible diagnoses, they are extremely
uncommon.

Watery vs. Fatty vs. In¯ammatory Diarrhea

Characteristics of the stool may help in differenti-
ating diarrheas resulting from variety of causes. Watery
diarrhea without blood, pus, or fat implies the presence
of an osmotically active substance or unabsorbed/se-
creted electrolytes causing retention of excess of water
in the lumen. Examples of watery diarrhea are bile acid
malabsorption, carbohydrate malabsorption, and func-
tional watery diarrhea due to irritable bowel syndrome.

Fatty diarrhea suggests the presence of conditions
reducing fat absorption or digestion in the small
intestine. Fatty diarrhea can be broadly divided into
three categories: intraluminal maldigestion, mucosal

TABLE I Major Causes of Diarrhea

Watery diarrhea

Secretory Osmotic Steatorrhea In¯ammatory diarrhea

Osmotic laxative abuse Nonosmotic laxative abuse Malabsorptionÿmucosal diseases In¯ammatory bowel disease

Congenital chloridorrhea Short bowel syndrome Infections

Magnesium-containing antacids Bile acid malabsorption Postresection diarrhea Ischemic colitis

Carbohydrate malabsorption In¯ammatory bowel disease Bacterial overgrowth Radiation colitis

Short bowel syndrome Collagenous colitis Mesenteric ischemia Neoplasia

Vasculitis Maldigestion Microscopic colitis

Postvagotomy diarrhea Pancreatic insuf®ciency Hypersensitivity

Diabetic diarrhea Emulsi®cation problems

Hyperthyroidism Problems with micelle formation

Addison's disease Pancreasÿcibal asynchrony

Bacterial toxins

Drugs

Neoplasia

Neuroendocrine tumors

Osmotic
diarrhea

Stool
analysis

Low pH
  Carbohydrate
     malabsorption

High Mg output
  Inadvertent ingestion
  Laxative abuse

Dietary review
Breath H2 test
  (lactose)
Lactase assay

FIGURE 3 Flowchart for the evaluation of chronic osmotic

diarrhea. Reproduced from Sellin (2002), with permission.
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malabsorption, and postmucosal malabsorption related
to obstruction of lymphatics. Malabsorption can be
global (carbohydrate, protein, and fat) or nutrient spe-
ci®c (vitamin B12, lactose, or trehalose). It is important
to identify differences between malabsorption and
maldigestion. Malabsorption refers to impaired absorp-
tion of nutrients. It can result from congenital or
acquired diseases affecting the intestinal epithelial sur-
face. Examples are celiac disease, Whipple disease,
abetalipoproteinemias, and lymphoma. Maldigestion
refers to impaired hydrolysis and digestion of nutrients
within the lumen. Examples of maldigestion include
pancreatic insuf®ciency, hepatobiliary diseases with de-
creased micelle formation, or postsurgical complica-
tions leading to decreased emulsi®cation and/or
pancreasÿcibal asynchrony (cibal, meaning `̀ food in-
take,'' from the Latin, cibus).

Patients with chronic diarrhea with the presence of
white cells or blood in the stool are classi®ed as having
in¯ammatory diarrhea. Basic pathologic characteristics
are mucosal disruption and in¯ammation. In¯amma-
tory bowel disease, radiation enteritis, enterocolitis, is-
chemia, and neoplasia are examples of in¯ammatory
diarrhea. Common causes of infections causing
in¯ammatory diarrhea are C. dif®cile, Shigella, cytomeg-
alovirus, amebiasis, and tuberculosis. In these condi-

tions, speci®c peptide mediators released by either
bacteria or immune cells can alter epithelial function.

Most clinically signi®cant diarrheas are complex
and have several underlying pathophysiologic mecha-
nisms rather than just one. An example of this complex-
ity is cholera. Cholera is often cited as the paradigm of a
secretory diarrhea. Cholera toxin, via the second mes-
senger cyclic AMP, activates target apical chloride chan-
nels in epithelial cells, causing secretion. However, this
same toxin also stimulates neural and endocrine cells
that reinforce direct secretion by enterocytes. Studies
have shown that cholera toxin also causes changes in
intestinal motility and affects tight junctions, altering
the permeability of intestinal mucosa. Thus, there may
be added complexity in even the most straightforward
example of secretory diarrhea. It is important to under-
stand the multiple mechanisms that mediate a diarrheal
illness. A single modulator may have multiple effects at
the cellular and paracellular pathways and also at the
muscular level. A full appreciation of the pathophysiol-
ogy of diarrhea requires consideration of paracrine, im-
mune, neural and endocrine modulators, a regulatory
system that can be abbreviated by the acronym `̀ PINES.''
Efforts to modulate this system with drugs may produce
new classes of antidiarrheal agents in the future (see
Fig. 5).

DIAGNOSTIC APPROACH
AND MANAGEMENT

The initial evaluation of patients with diarrhea should
include a detailed history and physical examination.
The presence and absence of systemic diseases and

FIGURE 4 Flowchart for the evaluation of chronic secretory

diarrhea. CT, Computed tomography; VIP, vasoactive intestinal

peptide; 5-HIAA, 5-hydroxyindole acetic acid; TSH, thyroid-

stimulating hormone; ACTH, adrenocorticotropic hormone. Re-

produced from Sellin (2002), with permission.

FIGURE 5 Paracrine/immune/neural/endocrine (PINES)

regulatory system in the gut. Reproduced from Sellin (2002),

with permission.
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nutritional status should be carefully studied. Diagnos-
tic evaluation of patients with chronic diarrhea should
be directed at the most likely possibilities (Table I).
Focused evaluation will help classifying diarrhea as
being watery (osmotic vs. secretory), fatty, or in¯amma-
tory. Initial stool evaluation for the presence of occult
blood (guaiac testing), white blood cells (Wright's stain
or fecal lactoferrin assay), and fat (Sudan stain) can be
helpful. Sudan staining of spot samples has a sensitivity
of 78% and a speci®city of 70% for detection of steat-
orrhea. Quantitative collection of stool over 48ÿ72
hours provides a better idea of stool output and fat
excretion but is not always essential. Fecal fat excretion
of less than 7g/day on a 100-g/day fat diet is usually
considered normal. Other than stool examination, rou-
tine laboratory tests (complete blood count and differ-
ential, liver function tests, prothrombin time,
electrolytes, and thyroid-stimulating hormone) and
sprue serology should be obtained.

As mentioned previously, analysis of stool electro-
lytes allows the physician to categorize diarrhea as os-
motic or secretory. Although diagnosing an osmotic
diarrhea produces a short list of suspects, ®nding a se-
cretory diarrhea leaves many possibilities. Measure-
ment of stool pH (less than 6) can be helpful in
diagnosing conditions such as carbohydrate malabsorp-
tion. In patients with suspected laxative abuse, stool can
be analyzed for laxatives by chemical or chromographic
methods.

Structural diseases of the small intestine can be
excluded by using noninvasive tests (small bowel radi-
ography, breath tests) or, if needed, invasive tests such
as small bowel biopsy. Some tests can be applied during
initial screening and some can later separate out speci®c
etiologies. One of the examples of a noninvasive test
is the D-xylose test, which can differentiate malabsorp-
tion due to small intestinal mucosal disease from
maldigestion due to pancreatic insuf®ciency by utilizing
its natural physical properties. D-Xylose is a pentose
monosaccharide that can be absorbed both by passive
paracellular and transcellular pathways, re¯ecting the
function of the proximal small intestine. Thus, this
test is a measure of the permeability of the proximal
small intestine. Absorption of D-xylose is normal in
pancreatic insuf®ciency because pancreatic enzymes
are not required for xylose absorption. Other noninva-
sive tests used for carbohydrate malabsorption rely
on the fermentation of undigested carbohydrates by
the intestinal bacteria, leading to increased hydrogen
production.

Although jejunal cultures from the small bowel
aspirate are considered a gold standard for diagnos-
ing bacterial overgrowth, noninvasive breath tests

(particularly the 14C-labeled D-xylose test) are still rec-
ommended. In this test, D-xylose is catabolized by in-
testinal micro¯ora. This action will lead to release of
radioactive 14CO2 that, after absorption, can be detected
in breath samples.

Several invasive and noninvasive tests are available
to evaluate pancreatic function and/or pancreatic struc-
ture as an indication of pancreatic insuf®ciency. Tests
used to measure pancreatic function can be divided into
two categories: direct and indirect. Direct tests are con-
sidered the gold standard. In the secretin stimulation
test, pancreatic secretions are collected after stimulation
by secretin, cholecystokinin, or the combination of
both. Indirect tests measure pancreatic secretion after
indirect stimulation, such as with a de®ned test meal.
Both direct and indirect tests require duodenal intuba-
tion to collect pancreatic secretion samples and can thus
be classi®ed as `̀ tube tests.'' Tubeless indirect tests in-
clude fecal fat assays, fecal chymotrypsin assays, fecal
elastase measurements, and the pancreolauryl test. The
choice of which pancreatic function test to use depends
on the clinical question and availability of the test. It is
important to understand that malabsorption does not
occur until functional capacity is reduced to 5ÿ10% of
the normal. Thus, most of the tests may not show ab-
normal results unless moderate to severe pancreatic
insuf®ciency is present.

Radiologic investigations such as computed tomog-
raphy or endoscopic retrograde pancreatography may
show changes in the duct and parenchyma at a later
stage. A newer modality is endoscopic ultrasound, the
role of which is still investigational but which has shown
promising results in evaluating structural changes re-
lated to chronic pancreatitis. Most disorders that pro-
duce chronic diarrhea and gross histological changes in
the colon can be diagnosed with sigmoidoscopic exam-
ination and biopsies, but some lesions exclusive to the
right colon (e.g., infections in AIDS) may be missed
without a complete colon examination. Testing for se-
cretogogue-induced diarrhea should be selective.
Rarely, measurement of plasma peptide concentration
is required, based on the degree of suspicion and ®nd-
ings of radiological tests.

Speci®c treatment can be considered when a diag-
nosis is strongly suspected in the presence of supporting
evidence. Examples include a patient with diarrhea due
to limited resection of terminal ileum (5100 cm) in
whom bile acid malabsorption is a likely cause and
thus a trial of a bile acid-binding agent may be helpful.
A patient with bacterial overgrowth may bene®t from
antibiotic therapy. A patient with suspected lactose
intolerance may improve with avoidance of lactose-
containing products.
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Nonspeci®c symptomatic treatment may be consid-
ered in a patient whose diagnostic workup is pending or
when the complexity of a problem is such that a de®n-
itive treatment is unavailable. A variety of medications
are available. Different antidiarrheal agents may have
different mechanisms of action but it is also important
to understand speci®c side effects while using them.
Loperamide oxide, bismuth subsalicylate, anticholiner-
gics, and bulk-forming agents are relatively safe. Opiates
have a potential for addiction. Bismuth subsalicylate in
large doses, particularly in the presence of renal dys-
function, may precipitate salicylate toxicity. It also pro-
duces black stool that can easily be confused with
melena. Anticholinergics should be used carefully in
pediatric and elderly populations. The most common
side effect of bulk-forming agents is bloating and
¯atulence.

Of all the therapeutic modalities available to treat
diarrheal disease, none has been more important than
the discovery and development of the oral rehydration
solution (ORS), one of the major advances in public
health in the twentieth century. ORS development is
a paradigm of translational research, in which basic
observations on the mechanisms of toxin-induced diar-
rhea were utilized to design an improved therapy. The
oral rehydration solutions take advantage of our under-
standing of the pathophysiology of secretory diarrheal
diseases such as cholera. In cholera, there is increased
chloride secretion and inhibition of some, but not
all, sodium absorptive pathways. While electroneutral
sodium absorption is blocked, absorption of Na coupled
with nutrients is unaffected. Therefore, supplying glu-
cose and other small nutrient molecules via an ORS into
the gut lumen can stimulate sodium absorption. The
initial goal of the ORS is to offset the high morbidity
and mortality associated with dehydration in geo-
graphic areas where intravenous ¯uids are unavailable
or too expensive. The main constituents of ORSs are
water, salt, and sugar. The ratio of the solutes was ini-
tially ®xed, but over the past decade many modi®cations
have been made. Currently, these modi®cations have
allowed ORS use as a maintenance therapy for chronic
diarrhea such as high output ostomy diarrhea and

diarrhea due to short bowel syndrome. In the United
States, ORS is underused. It is a misconception that
simply drinking fruit juices and isotonic ¯uids such
as Gatorade can prevent dehydration. A signi®cant
number of hospital admissions for dehydration might
be avoided by wider utilization of ORS, as is done in
developing countries.

The goal of the physician in evaluating patients with
diarrhea is to make a de®nitive diagnosis as quickly and
inexpensively as possible. The approach may be differ-
ent in adult patients and in children. The majority of
the patients can be diagnosed and treated with the help
of careful history and physical examination, coupled
with certain focused laboratory examinations. A better
understanding of the pathophysiology of diarrhea and
ongoing efforts to improve its diagnosis and manage-
ment will undoubtedly reduce the economic burden and
human cost throughout the world.
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Diarrhea, Infectious
SILVIA RESTA-LENERT
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food-borne infection Infection acquired via contaminated

food.

incidence Rate of occurrence of an event.

traveler's diarrhea Infectious diarrhea acquired while

traveling in endemic areas.

waterborne infection Infection acquired via contaminated

water.

`̀ Diarrhea'' derives from the Greek words dia rEo, mean-

ing `̀ ¯ow through.'' Diarrhea occurs when the volume of

the colonic ¯uid is greater than the absorptive capacity of

this segment, as a result of impaired absorption and/or

increased secretion. In infectious diarrheas, the abnormal

function is brought about by microorganisms that colo-

nize the intestinal mucosa and subvert normal gut phys-

iology either directly or via enterotoxins.

INTRODUCTION

Diarrheal diseases are a major cause of morbidity and
mortality around the world, especially in developing
countries where children suffer the greatest brunt of
infectious diarrhea, malnutrition, and death. Annually,
approximately 5 million children and infants die world-
wide due to diarrheal diseases. In North America, the
rate per year is still 0.9 diarrheal episodes per child, and
in special circumstances (daycare centers, institutions),
the incidence is as high as 5 episodes per year. Fourteen
hospital admissions per 1000 children younger than
12 months, per year, result from acute diarrhea. Among
the adult population, most patients developing acute
diarrhea are managed as outpatients or will not seek
medical attention. However, 0.5 million hospital admis-
sions per year, or 1.5% of all adult hospital admissions
annually, are due to diarrhea. In developing countries,
inadequate water supply, inef®cient or nonexistent sew-
age removal systems, chronic malnutrition, and lack of
access to oral rehydration are responsible for the high
incidence of infectious diarrheal diseases. In the indus-
trialized world, acute diarrhea is still one of the most
frequent diagnoses in general practice and children,
elderly, and immunocompromised patients are the
most vulnerable individuals and account for the
majority of these cases.

Regardless of the etiology, diarrhea is de®ned clini-
cally as the occurrence of three or more episodes of
loose stool or any loose stool with blood during a 24 h
time period. Symptoms lasting less than 14 days repre-
sent acute diarrhea, whereas persistent diarrhea lasts
more than 14 days but less than 4 weeks, and chronic
diarrhea is de®ned by a duration of symptoms greater
than 4 weeks.

Infectious diarrheas are miserable illnesses of over-
whelming impact on the general survival of entire pop-
ulations. Throughout history, thousands-strong armies
have been defeated by raging diarrheal diseases: from
the Greeks and Macedons under Alexander (Tucidides),
to the Romans in the campaigns against the Gauls
( Julius Caesar), to the Hundred Years War in 13th cen-
tury Europe, to Napoleon, the Civil War in America,
World War II, and the Vietnam War. Scores of
previously healthy men suffered and died from the
scourge of diarrhea and dysentery in all of these
con¯icts.

EPIDEMIOLOGY

Twenty years ago, 800 million to 1 billion episodes of
infectious diarrhea and nearly 5 million deaths occurred
per year worldwide, primarily in developing countries.
Ten years later, survival had improved, but the inci-
dence was virtually unchanged despite greater knowl-
edge of the pathophysiology of diarrhea and greater
intervention by the World Health Organization
(WHO). Approximately 100 million episodes of acute
diarrhea occur in the United States yearly, with an in-
cidence of 1.2 to 1.5 diarrheal episodes per person-year.
Medical costs/analyses show that 8.0 million Americans
sought physician care for diarrhea yearly and 250,000
required hospitalization. Hospitalization and medical
costs approached $560 million, whereas lost productiv-
ity totaled $200 million. Approximately another 8
million people sought physician care but were not hos-
pitalized. These patients incurred $690 million in med-
ical costs and $2 billion in loss of work hours. An
estimated 90 million cases occurred in people who
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did not seek physician care, costing nearly $20 billion in
lost productivity. Approximately 90% of all these cases
were presumably of infectious origin. Thus, the total
cost estimate for diarrheal diseases exceeds $23 billion
annually in the United States alone.

Although the elderly have an increased risk for death
from diarrhea, death from diarrhea is rare among young
children in industrialized countries. In fact, of all
pediatric admissions for diarrhea, 0.05% resulted in
death, compared with 3% in patients older than age
80. Increased age was the most important risk factor
for death with an odds ratio of 52.6 (95% con®dence
interval, 37.0 to 76.9) for age 70 or older versus children
>5 years. The national mortality ®gures for the 9-year
period 1979ÿ1988 in the United States show 51% of
diarrheal deaths occurring in individuals older than
age 74.

Acute infectious diarrhea is transmitted mostly
through the fecalÿoral route and by ingestion of con-
taminated water and food. Infection via the fecalÿoral
route occurs by direct contact with index cases, espe-
cially under conditions of crowding, such as daycare
centers or nursing homes. Waterborne and food-
borne outbreaks are another important source of disease
transmission and result from general and/or individual
failures in proper standards for the safe handling of
foods. In most developing nations, acute diarrhea is
endemic due to poor sanitation. Furthermore, epidem-
ics of signi®cant proportions often result from natural
disasters in areas where water and food supplies are
already chronically jeopardized. In some areas of the
world, such as Asia, Africa, and Latin America, certain
infectious diarrheas (e.g., cholera) have become ongo-
ing pandemics lasting several decades, notwithstanding
WHO efforts at eradication.

In most parts of the world, a de®nite seasonality is
recognized in the incidence of acute diarrhea. In indus-
trialized nations, the highest incidence of hospital ad-
missions for diarrhea occurs in August and September
and in the winter months. In developing nations with
warmer climates and endemic conditions, variations in
incidence occur from year to year in relation to precip-
itation indices and crop failures.

PATHOPHYSIOLOGY

Infectious diarrheas may be classi®ed according to var-
ious criteria: duration, underlying mechanism, clinical
presentation, etiology, and history. Table I summarizes
the various criteria for classifying diarrheas in general
and infectious diarrheas in particular.

In this section, infectious diarrheas are described
according to the duration of the main gastrointestinal
symptom.

Acute Infectious Diarrhea

Acute diarrheas last, by de®nition, less than 4 days
and the majority are due to infectious agents. Most of
these infections are self-limited and generally do not
require medical intervention, unless severe dehydration
and toxicity develop. However, immunocompromised
patients, the elderly, and the very young may develop
complications from enteric pathogens that warrant
prompt and decisive medical intervention. A list of the
major organisms involved in the etiology of acute infec-
tious diarrheas is presented in Table II.Not listed is a type
of acute enteritis, waterborne and of presumed infectious
origin, that has been responsible for several outbreaks
of traveler's diarrhea, known as Brainerd diarrhea. The
etiologic agent of this disease still escapes de®nition.

Many of the acute infectious diarrheas observed
worldwide are diagnosed in the course of local or epi-
demic outbreaks. Three major situations may be en-
countered: (1) waterborne infections; (2) Food-borne
diarrhea; and (3) traveler's diarrhea. Whereas food-
borne diarrhea is often associated with residual micro-
bial toxins, waterborne and traveler's diarrheas are more
often caused by active infection via the fecalÿoral route.
Table III summarizes the most common causes in these
epidemiological situations.

A successful enteric pathogen possesses well-devel-
oped abilities to colonize, grow, and compete for nutri-
ents in a crowded environment and to interact
effectively with the host's enterocytes, inducing changes
in the balance between absorption and secretion of
water and electrolytes. In most gut infections, a patho-
gen enters via the oral route and colonizes an area of the

TABLE I Classi®cation of Infectious Diarrheas According to Various Criteria

Duration Mechanism Clinical ®ndings Etiology Patient's History

Acute Secretory In¯ammatory Bacteria Age

Persistent Nonsecretory Nonin¯ammatory Viruses Travel

Chronic Unicellular parasites

Worms

Immunocompetence

Food-/waterborne

Postinfectious
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intestine. Exceptions to this paradigm are the ingestion
of preformed toxins. Pathogens produce diarrhea by
three basic mechanisms: (1) enterotoxins that induce
active intestinal secretion (Vibrio cholerae, Staphylo-
coccus aureus, Bacillus cereus, Clostridium botulinum,
rotavirus); (2) cytotoxic mediators (most bacteria, par-
asites); and (3) invasins promoting endocytosis, with
subsequent tissue invasion and mucosal injury
[Shigella, Salmonella, enteroinvasive Escherichia coli
(EIEC)]. In addition to direct effects by microorganisms
and their products, enteropathogens induce intestinal
damage indirectly via the mucosal in¯ammatory re-
sponse, which involves secretion of various powerful
mediators of secretion and apoptosis. A summary of

the current knowledge about the pathogenesis of the
most common acute infectious diarrheal syndromes is
shown in Fig. 1.

On the basis of these three mechanisms, acute in-
fections present as watery, nonin¯ammatory diarrheal
syndromes or in¯ammatory diarrheal syndromes. The
majority of watery, nonin¯ammatory diarrhea cases are
self-limited diseases characterized by low-grade fever,
nausea, vomiting, large-volume diarrhea, and the ab-
sence of blood and leukocytes in the stools. This pre-
sentation is typically reported in patients infected with
enterotoxigenic Escherichia coli, V. cholerae, clostridial
and staphylococcal food poisoning, rotavirus, Norwalk
virus agent, Giardia lamblia, and Cryptosporidium. On
the other hand, the in¯ammatory diarrheal syndrome is
characterized by frequent, small-volume stools that may
contain blood and leukocytes, tenesmus, fever, and se-
vere abdominal pain. The most common microorgan-
isms causing this syndrome include Salmonella,
Shigella, Campylobacter, enterohemorrhagic E. coli,
EIEC, Clostridium dif®cile, Entamoeba histolytica, and
Yersinia. Table IV describes the basic biologic, patho-
physiologic, and clinical characteristics pertinent to the
most common enteric pathogens.

Persistent Infectious Diarrhea

Persistent diarrhea is emerging as a major world
health problem. Children are more likely to develop
persistent diarrhea and suffer malnutrition, wasting,
and immunocompromise as a consequence. Persistent
diarrhea is de®ned by looseÿsoft stools occurring
at increased frequency and lasting for more than

TABLE II Common Causes of Acute Infectious Diarrhea

Bacteria Viruses Unicellular parasites Worms

Salmonella Rotavirus Giardia lamblia Strongyloides stercoralis

Shigella Norwalk virus Entamoeba histolytica Anchilostoma duodenalis

Escherichia colia Calicivirus Cryptosporidium parvum Necator americanus

Yersinia enterocolitica Adenovirus Cyclospora cayetanensis Hymenolepsis nana

Vibrio spp. Astrovirus Microsporidiab Heterophyes heterophyes

Campylobacter Coronavirus Isospora belli

Staphylococcus aureus Herpes simplex virus Blastocystis hominis

Bacillus cereus Cytomegalovirus Balantidium coli

Listeria monocytogenes Dientamoeba fragilis

Clostridium perfringens

Clostridium dif®cile

Aeromonas

Plesiomonas

a EIEC, enteroinvasive E. coli; ETEC, enterotoxigenic E. coli; EPEC, enteropathogenic E. coli; EAEC, enteroadhesive E. coli.
b The phylum includes Microsporidium, Encephalitozoon, Pleistophora, Trachipleistophora, Nosema, Vittaforma, Brachiola.

TABLE III Agents Associated with Outbreaks of Acute

Infectious Diarrheas

Waterborne Foodborne Traveler's

Vibrio cholera Campylobacter Escherichia coli

Campylobacter Salmonella Campylobacter

Salmonella E. coli Salmonella

Shigella Shigella Shigella

E. coli

Giardia

Staphylococcus

aureus

Aeromonas/

Plesiomonas

Entamoeba Clostridia Giardia

hystolytica

Cryptosporidium

Vibrio

parahaemolyticus

Cryptosporidium

Cyclospora

Cyclospora Caliciviruses Isospora

Microsporidia

Enteroviruses

Norwalk

virus

Rotavirus

Giardia

Cryptosporidia
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2 weeks after the end of an acute episode of gastroen-
teritis. Persistent infectious diarrhea may result from
multiple repeated infections, or persistent infection
by the original organism, or as the so-called postgastro-
enteritis syndrome. Overall, the incidence of persistent
infectious diarrhea is equally distributed in industrial-
ized countries, including the United States, and devel-
oping nations. Table V lists the most common infectious
agents associated with persistent diarrhea.

Postinfectious persistent diarrhea is a poorly de®ned
syndrome that occurs as a sequela of an acute epi-
sode with de®nite infectious etiology. Patients may de-
velop mild to severe degrees of malabsorption, from
lactose intolerance to inability to absorb proteins, fat,
and sugars, as well as permanent blunting of villi
as assessed by histopathology. The condition is charac-
terized by watery, malodorous stools and progressive
wasting.

Chronic Infectious Diarrhea

Chronic infectious diarrhea occurs mostly in immu-
nocompromised patients. After an acute infectious ep-
isode, patients sometimes develop chronic symptoms
that are independent of the etiologic agents of acute
diarrhea (irritable bowel syndrome with diarrhea, or,
occasionally, ulcerative colitis). Table VI lists the most
common agents isolated from cases of chronic infectious
diarrhea.

By de®nition, chronic diarrhea lasts more than
4 weeks and patients developing this syndrome quite
often are hospitalized and have undergone antibiotic
therapy for other reasons. Elderly, human immunode-
®ciency virus (HIV)/acquired immunode®ciency
syndrome (AIDS), transplant, and cancer patients are
easy targets for reinfections or reactivation of only par-
tially subdued infectious organisms. In addition to the
causes listed above, bacterial overgrowth can occur in
areas of bowel stasis or impaired bowel motility. Post-
surgery patients, diabetics, posttrauma patients, and in-
tensive care patients are more likely targets of chronic
infectious diarrheas from bacterial overgrowth.

SPECIAL HOSTS

The Elderly

Infectious diarrhea causes high morbidity and mor-
tality among the aging population worldwide. Multior-
gan complications from an acute episode of infectious
diarrhea are also more frequent among the elderly. Life
expectancy in the United States has risen from an aver-
age of 45 years in the 20th century to 75 years at present.
By the year 2025, 22% of the U.S. population will be
older than age 65. Gastrointestinal physiology and gut
colonization change constantly with aging and contrib-
ute in a signi®cant way to increasing the susceptibility of
elderly people to enteric infections. Furthermore, the
gastric acid barrier in the elderly is impaired. The most
frequently isolated organisms and most deadly in el-
derly patients with diarrhea are C. dif®cile, Salmonella,
and toxigenic E. coli. These three agents top the list of

FIGURE 1 Infectious diarrhea: mechanisms of action of major

enteric bacteria and viruses. Enteric pathogens can induce intes-

tinal injury with consequent diarrhea in three ways: (1) by pro-

ducing enterotoxins that interact with receptors located on the gut

epithelial cells and evoke anion secretion, such as V. cholera,

EPEC, EAEC, STEC, C. dif®cile, and S. aureus (A); (2) by invading

the gut epithelium and M cells, thus altering the cell cytoskeleton

and activating intracellular pathways through virulence factors.

Organisms that lead to diarrhea through these mechanisms in-

clude EIEC, Shigella, EPEC, Salmonella, and rotaviruses (B); (3)

by invading mucosal macrophages and inducing in¯ammatory

responses leading to intestinal epithelial damage and anion secre-

tion. Campylobacter and Yersinia use this mechanism (B).
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TABLE IV Acute Infectious Diarrhea: Biology, Pathophysiology, and Clinical Findings by Etiologic Agent

Organism Microbiology Pathophysiology Epidemiology Clinical ®ndings

Bacteria

Salmonella: S. enteritidis;

S. typhimurium; S. typhi

Invasive, gram-negative rod; 2000

serotypes

Nontoxigenic; ®mbriae, SPI-1

gene-encoded effectors

(inv, spa, sic, sip, TTSS, etc.),

plasmid-encoded effectors

(sop A-E2, hsp)

Salmonellosis in USA: 1.4 million

cases/year; >500 death/year;

Typhoid fever in USA:

400 cases/year; worldwide:

16 million cases with 600,000

death/year

Salmonellosis: fever, abdominal

cramps, diarrhea; typhoid

fever: fever, headache, malaise,

vomiting; uncommon diarrhea

Shigella Invasive, gram-negative rod;

4 species

Toxigenic; pili, ¯agella, TTSS,

Mxi-Spa, IpaA-C, IpgD

effectors

USA: 450,000 cases/year

(S. sonnei), worldwide:

S. ¯exneri and

S. dysenteriae; fatality

rate 5ÿ15%

Fever, abdominal pain, malaise,

watery or bloody diarrhea

Escherichia coli Gram-negative rod

EIEC Invasive Pili, TTSS, IpaC, Esps, adhesin
USA: unknown

Watery or bloody diarrhea

EPEC Noninvasive or limited invasion;

typical and atypical strains

TTSS, Bfp, intimin, EspF
Worldwide: unknown

Watery diarrhea, nausea,

vomiting

EAEC Adherent, limited invasion Fimbriae, TTSS, EAST, cytotoxin Watery diarrhea

ETEC Noninvasive, adherent TTSS, Cfs, LT, ST USA: 80,000 cases/year Watery diarrhea

EHEC Noninvasive, adherent Toxigenic; Intimin, Stx 1 and 2 USA: 70,000 cases/year; 61 deaths Bloody diarrhea

Yersinia enterocolitica Gram-negative rod TTSS, Ysc, Yop effectors USA: 1 case/100,000/year

(culture-con®rmed)

Fever, abdominal pain, bloody

diarrhea

Vibrio: Non invasive, gram-negative

sickle-shaped

V. cholera CtxA, ctxB, zot, ace, tcpA

effectors, toxR, tcpP

USA: 0ÿ5 cases/year; pandemic

in Asia, Africa, Latin America

Profuse watery diarrhea,

vomiting

V. parahaemolyticus/

V. vulni®cus

TxA/B USA: 3000/95 cases/year; 7/35

deaths/year

Watery diarrhea, abdominal

cramps

Campylobacter jejuni Invasive, gram-negative Type IV secretion USA: 2.4 million cases/year;

124 deaths/year

Fever, abdominal cramps,

diarrhea (often bloody)

Staphylococcus aureus Noninvasive, gram-positive cocci Staph enterotoxin USA: true incidence unknown Nausea, vomiting, watery

diarrhea

Bacillus cereus Rod-shaped, spore-forming Stable emetic toxin, heat- and

acid-labile enterotoxin

USA: 2% food-borne

outbreaks/year;

Emetic syndrome and

diarrheal syndrome

Listeria monocytogenes Invasive, gram-positive LLO, ActA USA: 2500 cases/year;

500 deaths/year

Fever, abdominal pain,

watery diarrhea

Clostridium perfringens Noninvasive, gram-positive,

spore-forming

CpA, cpE USA: 2% of all acute

infectious diarrheas

Nausea, vomiting, diarrhea

)



Clostridium dif®cile Noninvasive, gram-positive,

spore-forming

NeuroTx A, cytoTxB USA: 25% of all

antibiotic-associated diarrheas

Watery diarrhea, fever,

anorexia, abdominal pain

Aeromonas/Plesiomonas Gram-negative rod Cytotoxic enzymes USA: rare Watery or bloody diarrhea,

abdominal cramps

Viruses

Rotavirus Reoviridae, dsRNA NSP4 enterotoxin USA: 3 million cases/year;

worldwide: l million

deaths/year

Vomiting, watery diarrhea

Norwalk virus Caliciviridae, ssRNA Unknown 30% of all cases of diarrheas in

children 41 year

Nausea, vomiting, diarrhea

Calicivirus Caliciviridae, ssRNA Unknown 1.5% of all cases of viral

gastroenteritis

Nausea, diarrhea

Adenovirus Adenoviridae, dsDNA, type 40

and 41

Unknown 51% of all cases of viral

gastroenteritis

Fever, vomiting, diarrhea

Astrovirus Astroviridae, ssRNA Unknown 1.5% of all cases of viral

gastroenteritis

Watery diarrhea

Coronavirus Coronaviridae, ssRNA Unknown 51% of all cases of viral

gastroenteritis

Vomiting, diarrhea

Herpes simplex virus Alphaherpesvirinae, dsDNA Unknown Fever, tenesmus, watery or

bloody diarrhea

Cytomegalovirus Betaherpesvirinae, dsDNA Unknown Rare in immunocompetent;

16% in solid organ transplants;

5% in HIV/AIDS

Fever, malaise, abdominal

tenderness, diarrhea

Parasites, unicellular

Giardia lamblia Diplomonadida, cysts and

throphozoites, 5 chromosomes

(5K genes)

VSP (analogy with

sarafotoxins)

USA: 2.5 million cases/year;

endemic in developing

countries

Diarrhea, ¯atulence, abdominal

cramps, malabsorption

Entamoeba histolytica Entamoebidae, cysts and

throphozoites, 14

chromosomes

Cysteine proteinases USA: infrequent; worldwide:

400 million infections/year,

100,000 deaths/year

Asymptomatic, mild

gastroenteritis, or bloody

dysentery

Cryptosporidium

parvum

Alveolata, oocysts and

throphozoites, ongoing

genome sequencing

Peptidases USA: 2% of the general

population; worldwide:

unknown

Asymptomatic or watery

diarrhea

Cyclospora cayetanensis Alveolata, oocysts and

sporozoites, ongoing

genome sequencing

Unknown USA: unknown, outbreak related

to contaminated berries;

worldwide: unknown, endemic

in Guatemala and Peru

Fever, watery diarrhea, fatigue

Microsporidia Microsporidia, spores and

schizontes

Unknown Unknown Asymptomatic or watery diarrhea

Isospora belli Alveolata, oocysts and

throphozoites

Unknown Unknown Asymptomatic or watery diarrhea

Blastocystis hominis Stramenopiles Unknown Unknown Asymptomatic or watery diarrhea

Balantidium coli Alveolata, cysts and

throphozoites

Unknown USA: rare Asymptomatic to bloody diarrhea

continues



TABLE IV Acute Infectious Diarrhea: Biology, Pathophysiology, and Clinical Findings by Etiologic Agent (continued)

Organism Microbiology Pathophysiology Epidemiology Clinical ®ndings

Dientamoeba fragilis Parabasalidea, throphozoites,

no cysts

Peptidases USA: infrequent Nausea, malaise, mucous

diarrhea, abdominal pain

Worms

Strongyloides stercoralis Helminths, nematodes, ®lariform

larvae, can complete life

cycle in humans

Organism effectors and host

responses

USA: 4% prevalence in

Appalachian States; worldwide:

100 million cases/year,

60% prevalence in tropical

countries

Mild to severe diarrhea, malaise,

fatigue, malnutrition

Anchilostoma

duodenalis, Necator,

americanus

Helminths, nematodes, ®lariform

larvae and eggs

Organism effectors and

host responses

USA: uncommon; worldwide: in

tropical countries prevalence is

increasing due to climate

changes

Mild to severe diarrhea,

abdominal pain, weight loss

Hymenolepsis nana,

H. diminuta

Cestodes, cysticercoids and adult

worms in humans (¯eas and

beetles intermediate hosts)

Organism effectors and

host responses

USA: rare; worldwide: Latin

America

Abdominal cramps, mucous

diarrhea upon rupturing of

villus by cysticercoids

Heterophyes heterophyes Trematodes, metacercariae and

eggs (®sh and snails

intermediate hosts)

Organism effectors and

host responses

USA: rare; worldwide: endemic in

Egypt, Middle East, and

Far East

Asymptomatic to severe mucous

diarrhea, intestinal wall

granulomas

Note. SPI, Salmonella pathogenicity island; TTSS, type 3 secretory system; Tx, toxin; Cfs, cytotoxic factors; EAST, enteroaggregative heat-stable toxin; LT, heat-labile toxin; ST, heat-stable toxin.



outbreaks in long-term and short-term care facilities
and Salmonella by itself accounts for more than 50%
of cases and more than 80% of deaths in food-borne
outbreaks in nursing homes.

HIV/AIDS

More than 50% of HIV/AIDS patients in the United
States experience infectious diarrhea and this estimate
may approach 100% in developing countries where the
HIV epidemic is currently raging unchecked. These pa-
tients are more likely to develop persistent or chronic
diarrhea after an acute episode because of their impaired
immunity, with a signi®cant increase in morbidity and
mortality. Table VII lists the most common causes of
infectious diarrhea in AIDS patients.

The American Gastroenterological Association
(AGA) has published a set of general guidelines for
the management of chronic diarrhea in AIDS patients.
At least three sets of stool samples should be secured for
common enteric bacteria and parasites, including
microsporidia, cryptosporidia, and C. dif®cile. Febrile
patients with diarrhea should have blood cultures
for common enteric bacteria. Patients with CD4

lymphocyte counts of 5100 cells/mm are at high risk
for disseminated mycobacterial infection.

CLINICAL AND LABORATORY FINDINGS

The most important ®nding in patients presenting with
acute diarrhea is the degree of volume depletion, i.e.,
dehydration. Postural changes in blood pressure are a
reliable sign of dehydration. Fever, abdominal tender-
ness, increased bowel sounds, or blood on rectal exam-
ination should alert the physician to acute infectious
diarrhea.

Microscopic examination of a stool sample or rectal
swab is a traditional and helpful tool in the rapid, bed-
side investigation of diarrheal illness. The specimen is
placed on a glass slide and mixed thoroughly with two
drops of methylene blue. The presence of ova, cysts,
and/or leukocytes may point directly to a diagnosis.
The AGA guidelines on managing acute diarrhea indi-
cates empiric antimicrobial therapy in the case of pos-
itive fecal leukocytes in a febrile patients.

Endoscopy has limited utility in the investigation of
acute infectious diarrhea and is not cost-effective. It may
have a place, however, in cases of persistent or chronic
diarrhea.

PREVENTION

Preventative measures against infectious diarrhea must
include improvements in sanitation (water supply,
sewer systems, housing), education of the general pop-
ulation and, where applicable, vaccination campaigns.
Unfortunately, no effective vaccines are available for the
organisms that cause infectious diarrheas, with the ex-
ception of typhoid fever.

TREATMENT

Most acute diarrheal illnesses are self-limited and no
speci®c therapy is required. Water and electrolyte loss
can be prevented or treated with oral ¯uidÿelectrolyte
solutions. Intravenous salineÿglucose solutions are rec-
ommended in cases of moderate to severe dehydration.
Glucose in the intestinal lumen facilitates the absorp-
tion of sodium and the cotransport mechanism for these
solutes appears to be unhampered by infection with
microorganisms or by their toxins.

Antimotility therapy should be reserved for severe
cases and chronic diarrheas and avoided in infants
and children. Antibiotic or antiviral treatment should
be considered in moderate to severe cases in which
a microbiological diagnosis is obtained or strongly

TABLE V Agents Associated with Persistent

Infectious Diarrhea

Bacteria Parasites

Salmonella Cryptosporidium parvum

Shigella Cyclospora cayetanensis

Escherichia coli
a

Giardia lamblia

Yersinia Entamoeba hystolytica

Campylobacter Balantidium coli

Clostridium Dientamoeba fragilis

a EIEC, enteroinvasive E. coli; EAEC, enteroadherent E. coli; ETEC,

enterotoxigenic E. coli; EPEC, enteropathogenic E. coli.

TABLE VI Agents Associated with Chronic

Infectious Diarrhea

Bacteria Parasites

Campylobacter Amoeba

Mycobacterium tuberculosis Cryptosporidium

Aeromonas Giardia lamblia

Plesiomonas Isospora

Salmonella Cyclospora

Clostridium dif®cile Strongyloides

Trichuris

Schistosoma
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suspected. In immunocompromised patients with
febrile diarrheas, empirical antibiotics should be
promptly initiated after securing adequate culture spec-
imens to de®ne an etiology.
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TABLE VII Agents Associated with Diarrhea in

AIDS Patients

Bacteria

Shigella

Salmonella

Escherichia coli

Campylobacter

Yersinia enterocolitica

Clostridium dif®cile

Clostridium perfringens

Staphylococcus aureus

Aeromonas

Plesiomonas

Bacillus cereus

Vibrio parahemolyticus

Mycobacterium avium complex

Treponema

Viruses

Cytomegalovirus

Adenovirus

Herpes simplex virus

Fungi

Hispolasma capsulatum

Blastocystis hominis

Parasites

Giardia lamblia

Entamoeba histolytica

Cryptosporidium

Isospora

Cyclospora

Enterocytozoon bieneusi

Encephalitozoon intestinalis

Balantidium coli
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Diarrhea, Pediatric
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acute diarrhea A diarrheal illness of less than 14 days

duration. Acute diarrheal disease in children is most

often the result of self-limited viral infections. Manage-

ment includes prompt assessment and repletion of

hydration status. Evaluation for an etiologic process is

generally not warranted unless there is an associated

®nding such as blood in the stool or systemic symptoms.

chronic diarrhea A diarrheal illness of greater than 14 days

duration. Chronic diarrhea in children can be due to

either infectious or noninfectious processes. Evaluation

for a speci®c etiology is indicated. Management of

comorbid conditions such as poor growth or malnutri-

tion is essential.

colitis Any in¯ammatory process affecting the colon. Colitis

usually presents clinically as bloody diarrhea, abdominal

cramping, and tenesmus.

congenital diarrhea A group of diarrheal illnesses that

are present from birth. Congenital diarrhea can be

the result of either a speci®c genetic defect in a

secretory or absorptive pathway or abnormal intestinal

development.

gastroenteritis A diarrheal process that affects the upper

gastrointestinal tract and presents most typically as an

acute watery diarrhea. Gastroenteritis usually denotes an

acute diarrhea that is infectious and self-limiting.

hemolytic uremic syndrome A sequela of Escherichia coli

O157:H7 colitis. This toxin-mediated microangiopathy

results in a triad of hemolytic anemia, thrombocytope-

nia, and renal failure. The occurrence of the syndrome is

generally limited to children under 10 years of age.

in¯ammatory diarrhea A diarrheal illness in which the

predominant pathologic ®nding is an invasion of the

intestinal epithelium by immunocytes. This type of

diarrhea can be the result of either a normal immune

response to an abnormal environment, as in infection, or

an abnormal immune response to a normal environment,

as in in¯ammatory bowel disease.

IPEX syndrome (immunodysregulation, polyendocrinopa-

thy, and enteropathy: X-linked) An inherited X-linked

syndrome that results from a mutation in the FOXP3

gene in humans. It is characterized by autoimmune

enteropathy and multiple endocrinological abnormalities

including diabetes mellitus, hypothyroidism, and hemo-

lytic anemia.

osmotic diarrhea A diarrheal illness that is driven by osmotic

forces that promote a net ¯ux of water out of the

interstitium and into the intestinal lumen. A stool

sodium level of mEq/liter and an osmotic gap of greater

than 100 mosm/liter suggest an osmotic diarrhea.

secretory diarrhea A diarrheal illness that is driven by the

active secretion of salt and water by intestinal epithelial

cells. A stool sodium level of 470 mEq/liter, an osmotic

gap of less than 100 mosm/liter, and a failure of the

diarrhea to respond to a controlled fast suggest a

secretory diarrhea.

Diarrheal diseases continue to contribute signi®cant

morbidity and mortality to pediatric populations in de-

veloped and developing countries around the world. The

prevalence of diarrheal illness across cultures is in-

versely proportional to the availability of public sanita-

tion, clean water supply, and adequate medical care. As

such, it is not surprising that the incidence of diarrheal

disease is much higher in developing societies and can

approach 10 episodes per child per year in children

under 5 years of age. In these areas, aggregate mortality

can reach 3 to 5 million deaths per year. In the United

States and other developed nations, both the incidence

(1ÿ2 episodes per year) and mortality (approximately

400ÿ500 deaths annually) are considerably decreased.

Nonetheless, the burdens placed on Western health

care systems by pediatric diarrheal disease are con-

siderable and approximately 20% of all pediatric ambu-

latory visits and 10% of all inpatient hospital

admissions in children under 3 years of age are for

the evaluation and treatment of these disorders and

their complications.

The frequency and consistency of stool can vary con-
siderably from individual to individual, as well as in the
same individual over time. There has therefore re-
mained a lack of a consensus as to how diarrheal illness
should be de®ned. Investigators have employed a num-
ber of qualitative and quantitative dimensions of stool
output to address this issue in the past. For the most
part, children pass between one and three stools, or
approximately 5ÿ10 ml of stool per kilogram of body
weight, per day. As such, investigators have begun to
use these benchmarks as the upper limits of normal in
their identi®cation of subjects in studies addressing
acute or chronic diarrheal disease.
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REGULATION OF INTESTINAL FLUID
SECRETION AND ABSORPTION

The mucosa lining the gastrointestinal tract must rec-
oncile daily a seemingly contradictory array of physio-
logic tasks. These con¯icting responsibilities include
the maintenance of a tight barrier against potentially
virulent bacterial and viral pathogens in the intestinal
lumen, while at the same time presenting a selectively
permeable interface through which to carry out immune
surveillance and nutrient absorption. In this context,
intestinal ¯uid secretion can serve both defensive (¯ush-
ing away pathogens and toxins) and homeostatic (main-
tenance of mucosal hydration necessary to facilitate
enzymatic digestion) purposes.

Stool output in humans is a composite of ingested,
secreted, and absorbed ¯uid intermixed with residual
dietary matter and cellular debris. Adults typically ingest
approximately 2 liters of ¯uid per day and produce an
additional 9 liters in the form of salivary, gastric, small
intestinal, and pancreato-biliary secretions, to complete
the process of digestion. The small intestine and colon
have evolved highly ef®cient intercellular and trans-
cellular pathways for the reabsorption of the vast ma-
jority (approximately 99%) of this intestinal ¯uid, and
the average adult will pass only approximately 200 g of
stool per day. This balance between ¯uid secretion and
absorption is therefore quite tight. Any microbiologic,
dietary, pharmacologic, or hormonal input that affects
cell membrane transporters and/or the intercellular
tight junctions responsible for ¯uid absorption can
tip this net ¯uid balance in favor of secretion (or reduced
absorption) and thereby trigger the increased stool out-
put observed in patients with diarrheal illnesses.

The cellular basis for salt and water secretion in the
intestine, as well as inother hydrated mucosal surfaces in
the body, depends upon a vectorial transport of Clÿ ions
by specialized epithelial cells. Intestinal crypt epithelial
cells use basolateral membrane Na�/K�-ATPase pumps
as well as the Na�- and K�-coupled cotransporter
NKCC1 to accumulate Clÿ ions above their electro-
chemical gradient (Fig. 1). The subsequent opening of
Clÿ channels located in the apical membrane of entero-
cytes permits sequestered Clÿ ions to move down their
electrochemical gradient and into the intestinal lumen.
The parallel activation of plasma membrane K� chan-
nels conducts K� outside, thereby sustaining the inside-
negative cell membrane potential that is necessary to
initiate and maintain a Clÿ secretory response.

Fluid secretion in the intestine is tightly regulated
by endocrine as well as neuroenteric mechanisms that
utilize either cyclic nucleotides [30,50-monophosphate
(cAMP) or cyclic GMP (cGMP)] or Ca2� as second

messengers. Cyclic nucleotide-dependent agonists ini-
tiate Clÿ secretion through the parallel activation of the
apical membrane Clÿ channel CFTR (the cystic ®brosis
transmembrane receptor) as well as the basolateral
membrane K� channel KCNQ1/KCNE3. In contrast,
agonists utilizing Ca2� as a second messenger activate
the apical membrane Clÿ conductance CaCC in concert
with the basolateral membrane K� channel IK1
(KCNN4). The net movement of Clÿ ions into the in-
testinal lumen imparts a transiently negative charge to
this extracellular compartment and positively charged
Na� ions move via paracellular pathways in response.
The osmotic force generated by transported Clÿ and
Na� ions pulls water molecules along to effect net
¯uid secretion. The activity of CFTR is regulated pri-
marily by cAMP- and cGMP-dependent protein kinases.
In contrast, Ca2�-dependent Clÿ secretion in the intes-
tine conducted by CLCA appears to be limited by the
generation of the intracellular down-regulatory inter-
mediates inositol-3, 4,5,6-tetrakisphosphate, and phos-
phorylated extracellular signal-regulated kinase.

Whereas Clÿ secretion drives intestinal ¯uid secre-
tion, ¯uid absorption is mediated primarily by the
vectorial transport of Na� ions out of the intestinal
lumen and into the interstitium. Na� transport can be
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Cl– Cl–
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cAMP K+ 

(KCNQ1/
KCNE3)

K+ 
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3Na+
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FIGURE 1 Intestinal crypt epithelial cells use basolateral

membrane Na�/K�-ATPase pumps as well as the Na�- and K�-

coupled cotransporter NKCC1 to accumulate Clÿ ions above their

electrochemical gradient. The subsequent opening of Clÿ chan-

nels located in the apical membrane of enterocytes permits se-

questered Clÿ ions to move down their electrochemical gradient

and into the intestinal lumen. The parallel activation of plasma

membrane K� channels conduct K� outside, thereby sustaining

the inside-negative cell membrane potential that is necessary to

initiate and maintain a Clÿ secretory response.
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electrogenic (as in the case of apical Na� channels),
Na�-coupled, or electroneutral. The accumulation of
absorbed Na� ions in the tissue interstitium favors the
subsequent movement of Clÿ ions and water molecules
out of the intestinal lumen via transcellular and para-
cellular pathways, thereby effecting salt and water up-
take. Na� channels have been identi®ed in the apical
membrane of gut epithelium. By acting in a coupled
fashion with basolateral membrane Na�/K�-ATPase
pumps, these channels permit lumenal Na� ions to move
down their electrochemical gradient and into the cell.
The favorable Na� gradient established by Na�/K�

pumps has also been exploited by the small intestine
to promote nutrient absorption. SGLT1 is the Na�-cou-
pled glucose transporter expressed along the apical
membrane of enterocytes. Similarly, Na� uptake in
the small intestine is effected through Na�-coupled
amino acid transporters that are present along the en-
terocyte brush border. Finally, the Na�/H� exchanger
NHE-3, expressed in the apical membrane of entero-
cytes, appears to mediate electroneutral Na� transport
in the intestine.

The tasks of intestinal ¯uid secretion and absorption
are separated spatially along the length of the
cryptÿvillus axis through a segregation of relevant
plasma membrane channels and transporters. Cells
newly differentiated at the crypt base display a primarily
secretory phenotype and express high levels of CFTR. As
thesecellsmatureandmigrateuptheaxis to takeupmore
villous positions, they express increasing numbers of
absorptive proteins including NHE-3 and Na�-coupled
glucose and amino acid transporters. Stool output is
therefore the net product of intestinal ¯uid secretion
originating in crypt cells (which occupy approximately
one-third of the cryptÿvillus axis) and ¯uid absorption
fromvillus cells (which take uptheremaining two-thirds
of the cryptÿvillus axis). Any disorder damaging surface
villi, and thereby decreasing the villus/crypt ratio, will
selectively decrease mucosal absorptive potential and
cause increased stool output. This explains the increased
stool output observed in patients with celiac disease,
postviral syndromes, and giardiasis.

APPROACH TO THE CHILD
WITH DIARRHEA

Diarrhea can be classi®ed on the basis of several descrip-
tive factors (acute versus chronic, in¯ammatory versus
nonin¯ammatory, infectious versus noninfectious,
secretory versus osmotic) that aid in the diagnostic
approach. These include the duration of the illness,
the existence of a secretory or osmotically driven
mechanism, the presence or absence of a pathogen,

and the degree of mucosal in¯ammation. Although
the pathogenesis of diarrheal disease can be explained
by a discrete process in some patients, increased stool
output is more often the result of a combination of fac-
tors. As such, patients with in¯ammatory diarrhea can
present with a secretory component due to the local
release of endogenous secretagogues. Clinical diagnosis
rests on an understanding of the close interplay between
environmental and host factors in these patients.

Central to the diagnosis of a diarrheal illness is the
clinical context in which it presents. Characteristics of
the individual, such as age, are often the ®rst clue in
determining an etiology. This is most apparent in the
case of congenital diarrheas, which present exclusively
within the ®rst few days of life. Components of the
child's overall health, such as atopy or immunode®-
ciency, can also suggest a particular etiology. Environ-
mental factors, including diet, must also be taken into
consideration in the diagnostic approach to the pediat-
ric patient with diarrhea. In the setting of infectious
diarrhea, an exposure history such as an ill contact at
home or in daycare, a recent travel history, or contact
with a pet or animal, can sometimes provide useful ep-
idemiologic information when attempting to under-
stand how a pathogen may have been acquired.

The character of the stool itself is often helpful when
arriving at a speci®c diagnosis. Stool that is both watery
and voluminous in nature suggests an abnormality in
the absorptive or secretory function of the small intes-
tine. In contrast, crampy abdominal pain, tenesmus, and
the presence of frank blood in the stool suggest colitis or
large bowel disease.

Several aspects of diarrheal disease in children merit
special consideration. Children, and most especially in-
fants, are more susceptible to dehydration than their
adult counterparts. This is due both to their greater
overall body surface area relative to their weight and
to a dependence on caregivers, who may be less likely to
offer ¯uids to or feed a child who is vomiting or appears
ill. Poor growth and malnutrition can also become a
factor in children when diarrhea is chronic in nature.
During infancy and early childhood, a large proportion
of caloric intake is devoted to growth. Diarrheal disease,
resulting in inadequate intake or poor nutrient absorp-
tion during this critical developmental period, can alter
weight gain and, in severe cases, result in stunted linear
growth.

The scope of the remaining article will discuss the
causes, evaluation, and treatment of diarrheal disease in
infants and children. By convention, the discussion will
be segregated into infectious causes and noninfectious
causes with a special reference to age of onset where
appropriate.
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INFECTIOUS DIARRHEA IN CHILDREN

Infectious diarrhea is usually of acute onset in a
previously healthy child. Fortunately, most causes of
infectious diarrhea are self-limited and require only
symptomatic care. However, if left untreated, acute di-
arrheal illness can progress to chronic diarrhea in some
patients. Fever is a common associated symptom of in-
fectious diarrhea and vomiting is not unusual, especially
if the infection occurs in the upper gastrointestinal tract
(i.e., gastroenteritis). In general, infectious diarrheas are
secretory or mixed secretory/osmotic in character.
Toxin production, pathogen adherence, or frank tissue
invasion all can contribute to increased Clÿ secretion by
affected epithelial cells. When pathogenic invasion of
the epithelium occurs, there is usually an in¯ammatory
component to the diarrhea as well. Pathogens that cause
diarrhea can be viral, bacterial, or parasitic.

Viruses are the most common cause of acute infec-
tious gastroenteritis in children (Table I, part A). There

are several reasons for the preponderance of cases of
viral diarrheas. The naive immune system of an infant
has not been exposed to many of the viral pathogens
present in the environment. In addition, daycare pro-
vides group settings that facilitate the transmission of
enteric and respiratory viral diseases.

Rotavirus is the most common viral pathogen. All
children exposed to rotavirus, regardless of whether or
not they manifest symptomatic diarrhea, will develop
circulating antibodies to this pathogen. The decreasing
incidence of rotavirus in adults is thought to be due to
the protective effect of these antibodies. Rotaviruses are
small, wheel-shaped viruses approximately 70 nm in
diameter. Of the four major groups (A, B, C, and D),
type A viruses are the most important in children. The
virus invades the epithelium and promotes an in¯am-
matory response that ultimately contributes to the de-
struction of the villous surface. However, the frequency
and severity of stool output in these patients does not
correlate closely with the degree of intestinal damage
observed endoscopically or histologically. This has led
to the speculation that there are other pathogenic mech-
anisms that contribute to the malabsorption and net
¯uid losses observed in these patients. Although villous
destruction can be severe in rotaviral disease, recovery is
rapid in most patients and symptoms typically resolve in
2 to 7 days.

Caliciviruses, including the Norwalk and Norwalk-
type agents, are the second leading cause of pediatric
viral diarrheas. This group of viruses presents in a sim-
ilar fashion to rotavirus, with the exception that the
diarrhea is usually milder. Astroviruses are similar to
calciviruses and are a common cause of diarrheal illness.
Adenovirus (serotypes 40 and 41) is a well-established
cause of viral diarrhea and has a slightly longer incuba-
tion period and a longer course than rotaviral disease.
More recently, Torovirus has been implicated as a po-
tential cause of diarrhea in children. However, more
de®nitive epidemiologic data concerning this pathogen
are currently lacking.

TABLE I Etiology of Pediatric Diarrhea

Infectious diarrhea Noninfectious diarrhea

A. Viral pathogens D. In¯ammatory

Rotavirus In¯ammatory bowel disease

Adenovirus Celiac disease

Norwalk agent Allergic enteropathy

Calicivirus Autoimmune enteropathy

Astrovirus Graft-versus-host disease

Coronavirus E. Nonin¯ammatory

B. Bacterial pathogens Congenital diarrheas

Campylobacter spp. Congenital chloride

diarrheaSalmonella spp.

Congenital sodium

diarrhea

Shigella spp.

Microvillus inclusion

disease

Escherichia coli

Tufting enteropathy

Enterotoxigenic

Carbohydrate transporter

defects

Enteropathogenic

Dissacharidase de®ciency

Enterohemorrhagic

Amino acid transporter

defects

(shigatoxin producing)

Pancreatic insuf®ciency

Enteroadherent

Bile acid transport defects

Enteroinvasive

Abetalipoproteinemia

Yersinia spp.

Acquired diarrheas

Vibrio spp.

Toddler's diarrhea

Aeromonas spp.

Short bowel syndrome

Plesiomonas spp.

Small bowel overgrowth

Clostridium dif®cile

Antibiotic-associated

diarrhea

C. Parasitic pathogens

MuÈ nchausen's syndrome

Giardia lamblia

Secondary lactase

de®ciency

Cryptosporidia

Cyclosporidia

Entamoeba histolytica

Nematodes

Cestodes (tapeworms)

Trematodes
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Bacterial infections can also cause diarrheal disease
in infants and children (Table I, part B). As in the case
of viral diarrhea, the onset of bacterial illness is
usually acute and presents with fever and some-
times vomiting. Because the most common forms of
bacterial diarrhea are invasive, bloody diarrhea is
often reported in these patients. Speci®c types of bac-
terial illness have been reported to occur more
commonly in speci®c age groups. Campylobacter jejuni,
for instance, has a bimodal distribution of onset with the
®rst peak occurring in children from 1 to 5 years old and
a second peak in adolescents. Nontyphoid Salmonella
enteritidis can cause a bacteremia in infants and in



immunocompromised hosts. Shigella species can be
found in the toddler age group, but is not a commonly
isolated pathogen in the United States. Clostridium
dif®cile, an important cause of antibiotic-associated
diarrhea in adults, is not usually a pathogen in infants.
C. dif®cile toxin can be found in up to 10% of healthy
newborns and is even more prevalent in neonatal inten-
sive care units. The reason for the inability of this
organism to cause diarrhea in infants remains unclear.
Based on animal studies, it is thought that the receptor
for this toxin is developmentally regulated and absent in
early infancy. Vibrio cholerae causes a prototypical bac-
terial secretory diarrhea. It produces a toxin composed
of two subunits. The B, or binding, subunit displays a
pentameric form that binds selectively to the ganglio-
side GM1. The A, or active, subunit is internalized by
intestinal epithelia, alters signal transduction, and leads
to increased production of cAMP and Clÿ secretion.
Other forms of toxin-producing organisms include
enterotoxigenic Escherichia coli, the pathogen respon-
sible for traveler's diarrhea, and organisms responsible
for acute food poisoning such as Staphylococcus
aureus and Bacillus cereus. E. coli O157:H7 is an impor-
tant pathogen in children. This enteropathic E. coli
adheres to the intestinal lumen and produces a toxin
that is absorbed and causes the hemolyticÿuremic
syndrome.

Parasitic disease causing diarrhea is far less common
in industrialized countries (Table I, part C). One not-
able exception is Giardia lamblia, which is especially
prevalent in the daycare setting. Giardia can present
as an acute diarrheal illness or as a more chronic pro-
cess. The mechanism by which this organism causes
diarrhea is not fully understood. There is no gross
alteration in intestinal architecture or evidence of a sig-
ni®cant immunologic response. There are multiple
other parasites that can cause diarrheal disease in chil-
dren. However, these occur much less commonly and
will not be discussed further.

NONINFECTIOUS DIARRHEA
IN CHILDREN

Occasionally, a child will present with a diarrheal illness
that is not self-limiting. Fever may or may not be present
and other co-morbidities, such as growth failure and
malnutrition may be prominent. Stool cultures are neg-
ative. The etiology of diarrheal disease in these patients
can be broadly classi®ed as being in¯ammatory or non-
in¯ammatory in nature, based on clinical history, phys-
ical examination, and biochemical workup. Similar to
patients with infectious diarrhea, the increased stool

output observed in these patients is typically the result
of a combination of pathogenic mechanisms.

In¯ammatory Diarrhea

The intestine displays a tremendous capacity to
generate an immune response based on the presence
of numerous effector immunocytes that lie within the
intestinal mucosa and submucosa. More recent data
have demonstrated that intestinal epithelial cells them-
selves also possess the ability to process lumenal anti-
gens and present them to the underlying immune cells.
The intestinal epithelium is in constant contact with the
external environment. It is subsequently in a constant
state of low-grade in¯ammation (often referred to as
`̀ physiologic in¯ammation'') that is the result of the ep-
ithelium playing its role in the surveillance of and re-
sponse to the broad array of dietary, microbiologic, and
toxigenic stimuli present within the intestinal lumen.
When the degree of mucosal in¯ammation is severe
enough to affect the absorptive and secretory function
of the intestine, diarrhea ensues.

Anumber of immunedefects or imbalancescanaffect
the intestine (Table I, part D). In¯ammatory bowel dis-
ease is example of an in¯ammatory diarrhea that is likely
the result of a genetically driven dysregulated immune
response to the lumenal environment. It is also likely that
genetic predisposition may leave some individuals vul-
nerable to an exaggerated immune response to dietary
antigens that are usually not perceived to be a threat to
intestinal function. This may explain the incidence of
allergic enteropathies in some children. In patients with
celiac disease, or gluten-sensitive enteropathy, there is
an immune-mediated response to a protein present in
wheat and related grain products. Although these pa-
tients can show marked diarrhea, they more commonly
present with a failure to thrive precipitated by the intro-
duction of wheat-containing solid foods between 6 and 9
months of age.

Autoimmune disease can target the intestinal epi-
thelium itself and antibodies directed against entero-
cytes contribute to the severe in¯ammation and tissue
destruction observed histologically in these patients.
The IPEX syndrome is an X-linked autoimmune entero-
pathy that is associated with polyendocrinopathy and
results in high morbidity and mortality. The gene defect
is thought to lie within the FOXP3 gene and it has
been shown to encode the protein scur®n, a regulator
of T-cell function in mice. The important role played by
lymphocytes in maintaining intestinal barrier function
can be appreciated in the context of bone-marrow trans-
plant recipients. Diarrhea is a major feature of graft-
versus-host disease, a clinical condition in which
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donor lymphocytes recognize host intestinal epithelial
cells as being foreign. Activated immunocytes subse-
quently initiate a destructive process that is manifest
histologically as increased epithelial cell apoptosis
and clinically as a secretory or in¯ammatory diarrhea.

Nonin¯ammatory Diarrheas

Children can also suffer from diarrhea that is neither
infectious nor in¯ammatory in nature. These diarrheal
illnesses can be broadly categorized into congenital or
acquired forms (Table I, part E). Congenital diarrheas
are most often the result of abnormal gene expression,
resulting in a clinical presentation within the ®rst week
of life. Congenital chloride diarrhea is caused by a mu-
tation in the Down-Regulated in Adenoma (DRA) gene,
thought to be a colonic chloride transporter. This dis-
ease presents uniformly in utero with polyhydramnios.
Severe diarrhea and abdominal distension appear
shortly after birth and profound electrolyte disturbances
can occur in these patients if not resuscitated promptly.
In contrast, the cause of congenital sodium diarrhea is
not known but is thought to be due to a functional
uncoupling of sodium and hydrogen exchange in the
intestine. No mutations have been described in the
known Na�/H� exchangers in the intestine to date.
The clinical presentation of congenital sodium diarrhea
is similar to congenital chloride diarrhea with the ex-
ception that stool chloride levels in these patients are
typically lower and the stool pH tends to be more alka-
line. In addition to defects in ion transporters, there
have been a number of diseases that have been described
with altered transport of glucose, galactose, and amino
acids. Gastrointestinal symptoms vary from defect to
defect. Amino acid transport defects often have extrain-
testinal manifestations whose consequences far out-
weigh changes in bowel patterns.

Congenital diarrheas can also be caused by genetic
defects that result in the malabsorption of the products
of digestion such as carbohydrates and fat. Congenital
disaccharidase de®ciencies are rare and result in an os-
motically driven diarrhea. Much more common are the
transient and secondary de®ciencies in mucosal disac-
charidase levels that result from small intestinal injury
or in¯ammation. Fat malabsorption can also present
with diarrhea of variable severity. Congenital fat
malabsorption can be the result of pancreatic insuf®-
ciency, seen in patients with cystic ®brosis, or due to
speci®c genetic defects such as abetalipoproteinemia.
Fat malabsorption is characterized by varying degrees
of greasy and malodorous stools. Finally, congenital
disorders of the intestinal architecture can lead to diar-
rhea. Microvillus inclusion disease is a rare autosomal

recessive disease that is characterized by severe watery
diarrhea at birth. Diagnosis is based on a histologic
demonstration of marked or complete villous atrophy
and electron microscopic evidence of intracellular
microvillus inclusions and absent or rare microvilli.

There are multiple acquired forms of pediatric diar-
rhea thatcanbecharacterizedasbeingnoninfectious and
nonin¯ammatory in nature. Often, these diarrheas result
from a predisposing insult that diminishes the ability
of the intestinal mucosa to absorb nutrients, thereby
contributing to an osmotic diarrhea. The most
common example of this is toddler's diarrhea or chronic
nonspeci®c diarrhea of childhood. There is no underl-
ying in¯ammatory or biochemical abnormality that
drives the increased stool output seen in these young
children. In many cases, these patients will respond to
a reduced dietary intake of fruit juices. Because many of
these juices contain large amounts of sorbitol, an indi-
gestible carbohydrate, they can induce an osmotic diar-
rhea. As such, the diarrhea will resolve in most patients
within a few days after removal of the offending juice.
Other examples of acquired and primarily nonin¯am-
matory diarrheas that fall into this category include an-
tibiotic-associated diarrhea, short bowel syndrome, and
small bowel bacterial overgrowth. Additionally, MuÈ nch-
ausen's syndrome-by-proxy must always be considered
in children with diarrhea and no predisposing factors.

LABORATORY EVALUATION
OF DIARRHEA

Laboratory evaluation of the pediatric patient with di-
arrhea varies with the suspected cause and is dictated by
the clinical picture. Any suspicions about potential in-
¯ammation or bacterial infection should be addressed
immediately. Evaluation of acute diarrhea is usually
limited to cases in which a given patient is presenting
with systemic symptoms or co-morbidities. Chronic
diarrhea must always be evaluated, especially in the
context of poor growth or malnutrition. An evaluation
that proceeds in a logical and stepwise manner gener-
ally results in the most expedient and cost-effective
diagnosis.

The ®rst step in the evaluation process is to deter-
mine whether or not the presenting patient's symptoms
are most consistent with an in¯ammatory or nonin¯am-
matory process. This can be done by an examination of
the stool for gross or occult blood or the presence of fecal
leukocytes. Previous studies have also demonstrated the
sensitivity and speci®city of biochemical assays for
fecal lactoferrin, a constituent of neutrophil granules.
Patients with infectious or in¯ammatory diarrhea will
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typically present with rectal bleeding or overt (positive
fecal leukocyte smear) or biochemical evidence (lacto-
ferrin) of fecal white blood cells. In contrast, these
studies should be negative in patients with nonin¯am-
matory (viral, osmotic, or secretory) diarrheal disease.
Nonetheless, although these markers may increase the
yield of sending stool cultures, they do not exclude
intestinal in¯ammation and any ®nal decision about
pursuing an infectious workup must be made on clinical
grounds.

If there is clinical or biochemical evidence of an
in¯ammatory process, then routine stool cultures re-
main the gold standard in the search for a bacterial
cause of diarrhea. Most hospital-based laboratories
have a standard panel of cultures associated with com-
mon pathogens including Campylobacter, Shigella, Sal-
monella, and Yersinia enterocolitica. Many hospitals also
routinely screen for E. coli O157:H7. The identi®cation
of some pathogens relies on the detection of a particular
toxin that is produced by the bacteria and released into
the stool. C. dif®cile is perhaps the best recognized path-
ogen in this class.

The diagnosis of parasitic disease is most often made
by a close microscopic evaluation of the stool for ova and
parasites. The identi®cation of Giardia and Crypto-
sporidia has been further facilitated by the development
of enzyme-linked immunosorbent assay (ELISA)-based
stool tests. It is imperative to know a speci®c labora-
tory's capabilities and limitations prior to interpreting
the results of any stool, toxin, or parasitic studies.

Most `̀ nonin¯ammatory'' diarrheal disease is viral in
nature. However, routine evaluation of stool for viral
pathogens is not often useful because of the self-limiting
nature of the disease process in the vast majority of
patients, the specialized nature of obtaining viral cul-
tures, and the expense of detecting speci®c viral path-
ogens. One notable exception is the rotavirus stool
antigen test. This commercially available ELISA-based
test provides relatively rapid results that can assist both
in patient care and in making decisions about the need
for isolation of hospitalized patients. Other viral stool
tests include polymerase chain reaction-based screen-
ing for viral DNA in the case of adenovirus. However,
these more costly and specialized tests are typically re-
served for the evaluation of immunocompromised pa-
tients, in whom targeted supportive or antiviral
therapy is much more critical.

Characterization of the stool can be helpful for de-
termining the nature of nonin¯ammatory diarrheal ill-
ness. Stool evaluation for fat, pH, and reducing
substances is important in determining whether or
not there is an underlying malabsorptive process. The
presence of `̀ neutral'' fat in the stool suggests some

de®ciency in the production or delivery of pancreatic
(lipase) or hepatic (bile acid) secretions into the intes-
tinal lumen. An increase in `̀ split'' fat in the stool indi-
cates a primary inability of enterocytes to perform fat
absorption. Reducing substances are the result of undi-
gested carbohydrates making their way into the large
intestine. The presence of these fecal sugars can be read-
ily assessed with commercially available colorimetric
strips or test solutions. It must be remembered that
sucrose is a nonreducing sugar. As such, stool must
®rst be pretreated with an acid solution to make this
nonreducing sugar detectable. Undigested carbohy-
drates, as well as dietary ®ber, are consumed by bacteria
in the large bowel and generate short-chain fatty acids.
Carbohydrate malabsorption can therefore also be as-
sessed by a fall in stool pH.

Stool electrolytes can help to determine whether or
not a diarrheal process is secretory in nature. In general,
a stool Na� concentration of greater than 70 mEq/liter is
indicative of a secretory process. The stool osmotic gap,
calculated by

Na�� � � K�� �� � � 2ÿstool osmolarity

Na�� � � concentration of Na

K�� � � concentration of K

is useful in distinguishing between osmotic and secre-
tory diarrheal disease. An osmotic gap greater than
100 mosm/liter suggests an underlying osmotic process.
Similarly, whereas osmotic diarrhea will typically
respond to a dietary fast, secretory diarrheal diseases
are driven by processes that are independent of exoge-
nous (dietary or pharmaceutical) factors.

The ability to study the large and small intestine
of patients using videoscopic endoscopy has greatly ad-
vanced the ability to diagnose and treat diarrheal
disease in pediatric and adult patients. Clinicians are
now able to assess the gross appearance of the lining of
the small and large intestine, obtain biopsy samples for
histologic examination, measure directly mucosal di-
saccharidase levels, collect pancreatic and biliary secre-
tions, and sample ¯uid from the small intestine for
quantitative culture.

Blood tests can often prove to be useful adjuncts to
stool studies. Peripheral eosinophilia may point to an
underlying allergic disease. Decreased serum albumin
levels can suggest malnutrition or a protein-losing
enteropathy. Specialized serum tests such as the detec-
tion of antibodies directed against tissue trans-
glutaminase are highly predictive of celiac disease.
However, for most patients, blood work plays a
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supportive role in the workup of diarrheal disease. Re-
sults from serologic studies most often suggest an eti-
ology that will need to be con®rmed by more de®nite
stool or endoscopic studies.

TREATMENT OF DIARRHEAL DISEASE

The treatment of pediatric diarrheal disease can be di-
vided into symptomatic and curative therapies. First
and foremost in the treatment of any child with diarrhea
is a prompt assessment of hydration status. For most
cases of mild to moderate diarrhea, oral rehydration
solutions are the ®rst line of therapy. When oral intake
is limited secondary to an altered mental status or when
severe dehydration or shock is present, intravenous re-
placement of ¯uid and electrolytes can be lifesaving.
Once the patient is adequately hydrated, the diet may
be readily advanced. The provision of adequate calories
is critical to maintain an anabolic state that will provide
the metabolic fuel necessary to promote epithelial res-
titution. The advantages of enteral supplementation
should not be overlooked as lumenal contents have
been shown to be trophic to the intestinal epithelium.
A transient lactose intolerance may occur in either acute
or chronic diarrhea. This can be addressed using soy,
rice-based, or lactose-free milk products. High-fructose
and sorbitol-containing drinks are palatable, but should
be avoided due to the increased osmotic load they place
on an already compromised epithelial lining. Other sup-
portive measures that have been used include anti-
secretory agents, anti-motility agents, and resin binders.
These agents decrease overall stool output by slowing
intestinal transit. Although clinically bene®cial in most
cases, clinicians must be wary of the possibility that
these agents can contribute to third-spacing of body
¯uid in distended and pharmacologically atonic intes-
tinal loops.

Speci®c therapies that are designed to treat the un-
derlying cause of diarrhea can be employed. This in-
cludes antibiotic use in certain forms of infectious
diarrheas. In general, however, antibiotics should be
avoided in patients with diarrheal disease unless
there are systemic consequences of the diarrhea, such
as that observed with Salmonella infections in infants
and the elderly. Inappropriate antibiotic use can lead
to resistant organisms or prolong the carrier state.
Notable exceptions include infectious diarrheas that
may become chronic if left untreated, such as diarrhea
caused by C. dif®cile and G. lamblia.

Other speci®c therapies for diarrheal disease in
pediatric patients include the following: immunosup-
pression in the immunologically mediated diarrheas
such as in¯ammatory bowel disease or autoimmune

enteropathy; speci®c replacement of electrolytes in the
case of the congenital chloride and sodium diarrheas; or
enzyme replacement therapy in patients with pancreatic
insuf®ciency or lactose intolerance. Removal of an of-
fending agent, such as gluten-containing foods in celiac
disease, lactose in lactase de®ciency, or speci®c dietary
antigens in congenital or acquired protein intolerances,
can be critical in certain diarrheal illnesses.

SUMMARY

The intestine is a site of competing physiologic proces-
ses including salt and water secretion, nutrient absorp-
tion, and immune surveillance. Stool output is
subsequently the net product of opposing secretory
and absorptive capacities that are separated geograph-
ically along the length of the intestine as well as along
the length of the cryptÿvillus axis. Any disruption of
these tightly regulated homeostatic processes can lead
to altered stool formation and the development of path-
ologic diarrhea. In most cases, these illnesses are self-
limited in nature and respond favorably to supportive
measures. Nonetheless, pediatric diarrheal diseases re-
main a signi®cant cause of morbidity and mortality
worldwide.

The diagnostic approach to diarrheal disease in chil-
dren differs substantially from that pursued in other age
groups. Consideration must be given to congenital or
developmental etiologies not seen in adult populations.
Moreover, because children are still growing, the impact
of chronic diarrheal processes on linear growth and
physical development must also be addressed. Evalua-
tion of diarrheal disease in pediatric patients should
proceed in a stepwise fashion that begins with an in-
depth clinical history and includes a limited number of
microbiologic and biochemical tests. Physicians with a
®rm grasp of the epidemiology and pathogenesis of di-
arrheal illness in children will be better positioned to
pursue a rational approach to the diagnosis and man-
agement of their pediatric patients with these common
and potentially debilitating illnesses.
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Diet and Environment, Role in Colon Cancer

MARIÂA ELENA MARTIÂNEZ AND ELIZABETH T. JACOBS
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colorectal adenocarcinoma A malignant neoplasm of the

colon or rectum.

colorectal adenoma A benign neoplasm of the colon or

rectum with malignant potential.

colorectal polyp A growth protruding from the mucosal

surface into the bowel lumen.

dietary ®ber The components of plant material that

are resistant to digestive secretions produced by

humans.

Signi®cant progress has been made over the past decade

in identifying factors that modify the risk of colorectal

cancer. Large international variation in colorectal

cancer incidence and mortality rates, and the prominent

increases in the incidence of colorectal cancer in

groups that migrated from low to high incidence areas,

provided important evidence that lifestyle factors in¯u-

encethe development of this malignancy. These obser-

vations formed the basis for various hypotheses of

lifestyle factors in the etiology of colorectal neoplasia.

The focus of this article is on the role of diet in relation

to colorectal cancer.

FAT AND RED MEAT

Rates of colon cancer are strongly correlated with na-
tional per capita disappearance of animal fat and meat,
with correlation coef®cients ranging between 0.8 and
0.9. A sharp increase in colon cancer incidence rates in
Japan in the decades following World War II coincided
with a 2.5-fold increase in fat intake. Intake of animal
or saturated fat or red meat has been shown to be
associated with colon cancer risk; however, some
studies do not support these associations. Data from
earlier epidemiologic studies provided some evidence
for a positive association between dietary fat and
increased risk of several cancers, including the
colorectum. However, an overall review of studies

Encyclopedia of Gastroenterology Copyright 2004, Elsevier (USA). All rights reserved.

DIET AND ENVIRONMENT, ROLE IN COLON CANCER 593



Corrigan, J. J., and Boineau, F. G. (2001). Hemolyticÿuremic

syndrome. Pediatr. Rev. 22, 365ÿ369.

Fuller, C. M., Ji, H. L., Tousson, A., Elble, R. C., Pauli, B. U., and

Benos, D. J. (2001). Ca(2�)-activated Cl(ÿ) channels: A

newly emerging anion transport family. P¯ug. Arch. 443,

S107ÿS110.

Guandalini, S. (2000). Acute diarrhea. In `̀ Pediatric Gastro-

intestinal Disease'' (W. A. Walker, P. R. Drurie, J. R. Hamilton,

and J. B. Watkins, eds.), pp. 28ÿ38. B. C. Decker, Lewiston, NY.

Jensen, B. S., Strobaek, D., Olesen, S. P., and Christophersen, P.

(2001). The Ca2�-activated K� channel of intermediate

conductance: A molecular target for novel treatments? Curr.

Drug Targets 2, 401ÿ422.

Keely, S. J., and Barrett, K. E. (2000). Regulation of chloride

secretion: Novel pathways and messengers. Ann. N. Y. Acad. Sci.

915, 67ÿ76.

Ramaswamy, K., and Jacobson, K. (2001). Infectious diarrhea

in children. Gastroenterol. Clin. North Am. 30,

611ÿ624.

Rudolph, J. A., and Cohen, M. B. (1999). New causes and treatments

for infectious diarrhea in children. Curr. Gastroenterol. Rep. 1,

238ÿ244.

Sandhu, B. K. (2001). Practical guidelines for the management of

gastroenteritis in children. J. Pediatr. Gastroenterol. Nutr. 33,

S36ÿS39.

Schroeder, B. C., Waldegger, S., Fehr, S., Bleich, M., Warth, R.,

Greger, R., and Jentsch, T. J. (2000). A constitutively open

potassium channel formed by KCNQ1 and KCNE3. Nature 403,

196ÿ199.

Sellin, J. H. (1993). Intestinal electrolyte absorption and secretion.

In `̀ Gastrointestinal and Liver Disease'' (M. Feldman,

B. F. Sharshmidt, and M. H. Sleisenger, eds.), pp. 1451ÿ1471.

W. B. Saunders, Philadelphia, PA..

Sicherer, S. H. (2002). Food allergy. Lancet 360, 701ÿ710.

Vanderhoof, J. A. (1998). Chronic diarrhea Pediatr. Rev. 19,

418ÿ422.

VelaÂzquez, F. R., Matson, D. O., Guerrero, M. L., Shults, J., et al.

(2000). Serum antibody as a marker of protection against

natural rotavirus infection and disease. J. Infect. Dis. 182,

1602ÿ1609.

Wildin, R. S., Smyk-Pearson, S., and Filipovich, A. H. (2002).

Clinical and molecular features of the immunodysregulation,

polyendocrinopathy, enteropathy, X linked (IPEX) syndrome

J. Med. Genet. 39, 537ÿ545.

Diet and Environment, Role in Colon Cancer

MARIÂA ELENA MARTIÂNEZ AND ELIZABETH T. JACOBS

University of Arizona, Tucson

colorectal adenocarcinoma A malignant neoplasm of the

colon or rectum.

colorectal adenoma A benign neoplasm of the colon or

rectum with malignant potential.

colorectal polyp A growth protruding from the mucosal

surface into the bowel lumen.

dietary ®ber The components of plant material that

are resistant to digestive secretions produced by

humans.

Signi®cant progress has been made over the past decade

in identifying factors that modify the risk of colorectal

cancer. Large international variation in colorectal

cancer incidence and mortality rates, and the prominent

increases in the incidence of colorectal cancer in

groups that migrated from low to high incidence areas,

provided important evidence that lifestyle factors in¯u-

encethe development of this malignancy. These obser-

vations formed the basis for various hypotheses of

lifestyle factors in the etiology of colorectal neoplasia.

The focus of this article is on the role of diet in relation

to colorectal cancer.

FAT AND RED MEAT

Rates of colon cancer are strongly correlated with na-
tional per capita disappearance of animal fat and meat,
with correlation coef®cients ranging between 0.8 and
0.9. A sharp increase in colon cancer incidence rates in
Japan in the decades following World War II coincided
with a 2.5-fold increase in fat intake. Intake of animal
or saturated fat or red meat has been shown to be
associated with colon cancer risk; however, some
studies do not support these associations. Data from
earlier epidemiologic studies provided some evidence
for a positive association between dietary fat and
increased risk of several cancers, including the
colorectum. However, an overall review of studies
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recently published indicates that there is no strong
evidence for the association of colon cancer with high
fat consumption per se and that the association may
partly be explained by animal fat or red meat consump-
tion. In addition, whether this association is indepen-
dent of total energy intake is unclear. Results of
combined data from 13 case-control studies of colon
cancer showed a positive association between energy
intake and no association for various fat components
in the diet independent of energy intake.

Results of some prospective studies of colon cancer
have shown positive associations with fat or red meat
consumption but the data are less compelling for total
fat than for red meat. Other cohort studies have shown
statistically signi®cant or suggestive positive associa-
tions for intake of processed meats and risk of colon
cancer. Although published reports support a possible
or probable increased risk of colon cancer in relation to
red meat, an expert workshop convened in Australia did
not support this association.

FIBER, FRUIT, AND VEGETABLES

High consumption of fruit and vegetables has been
shown to be associated with a decreased risk of colo-
rectal neoplasia, particularly for vegetable consump-
tion. Foods high in ®ber have also been shown to be
inversely associated with colon cancer risk in most, but
not all studies. Conversely, results of large prospective
studies have shown weak or nonexistent inverse asso-
ciations for ®ber intake and risk of colon cancer. As with
case-control studies, when sources of ®ber were exam-
ined separately, a reduced risk appears to be stronger for
vegetable sources than for other ®ber components.
However, in a large prospective study examining the
role of ®ber on risk of colorectal neoplasia in female
nurses, no association was observed between colorectal
cancer and ®ber intake. Additionally, when data from
the Nurses' Health Study and the Health Professionals
Follow-up Study cohorts were combined for a follow-up
of over 1,700,000 person-years to yield 937 cases of
colon and 244 of rectal cancer, no protective effect
was observed for fruit and vegetable intake and colo-
rectal cancer.

Given the scienti®c and public health interest re-
lated to ®ber and fruit and vegetable consumption
and colorectal cancer risk, two separate, large U. S. trials
were conducted to test these associations. The interven-
tions included a diet high in ®ber, high in fruit and
vegetables, and low in fat versus a usual diet and
a high (13.5 g/day) versus low (2.0 g/day) wheat bran
®ber intervention. No statistically signi®cant difference

in adenoma recurrence rate was shown for either
intervention.

MICRONUTRIENTS

Calcium

The role of calcium in colorectal neoplasia has been
investigated in a variety of study settings including an-
imal studies, international correlational studies, case-
control and cohort studies, and intervention studies of
adenoma recurrence. It is hypothesized that calcium
might reduce colon cancer risk by binding secondary
bile acids and ionized fatty acids to form insoluble
soaps in the lumen of the colon; this in turn reduces
the proliferative stimulus of these compounds on colon
mucosa.

Results of analytic epidemiological studies that have
examined calcium as a risk factor for colorectal cancer
have been inconsistent. Data from large cohort studies
show weak, nonsigni®cant inverse associations with no
evidence of a doseÿresponse relationship. Results from
the Nurses' Health Study, in which data from three di-
etary questionnaires were collected prospectively over
6 years, did not support a major inverse association
between calcium intake and risk of colorectal cancer
over a 6-year period. The modest effect of calcium intake
on risk of colorectal neoplasia observed in epidemio-
logic studies is consistent with ®ndings from a recent
adenoma recurrence intervention trial. In this trial,
calcium supplementation (1200 mg of elemental cal-
cium versus placebo) among 913 participants who
underwent adenoma removal was associated with a sta-
tistically signi®cant reduction in the risk of adenoma
recurrence.

Folic Acid

In addition to animal data, an increasing epidemi-
ologic body of evidence shows a potential role for folate
in reducing the risk for colorectal cancer. An additional
study using plasma folate also supports this ®nding.
However, data from a large case-control study (1993
cases and 2410 controls) showed no important inverse
association between dietary folate and colon cancer risk.
Perhaps the strongest evidence is derived from the
Nurses' Health Study cohort, where increased consump-
tion of supplemental folic acid, after a period of 15
or more years, was associated with a 75% reduction
in risk of colon cancer. In addition, studies of colorectal
adenomas support a protective effect of folic acid in
colorectal neoplasia.
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Further evidence of a role for folate is that inherited
variation in the activity of methylenetetrahydrofolate
reductase (MTHFR), a critical enzyme in the production
of the form of folate that supplies the methyl group
for methionine synthesis, in¯uences the risk of colon
cancer. In this proposed pathway, key nutrient and non-
nutrient components are involved and different endog-
enous forms of folate, 5-methyltetrahydrofolate and
5,10-methylenetetrahydrofolate, are essential for DNA
methylation and DNA synthesis, respectively. DNA
hypomethylation is among the earliest events observed
in colon carcinogenesis; however, it is unclear whether
this process directly in¯uences the carcinogenic pro-
cess. Additional micronutrients involved in the DNA
methylation process include vitamins B6 and B12. Fur-
thermore, since alcohol is known to in¯uence folate
metabolism and methyl group availability, its inter-
action with the key micronutrients must be considered
in this process.

Other Micronutrients

Several additional micronutrients have been impli-
cated in relation to colorectal neoplasia; however, the
evidence for their speci®c role is unclear. Among the
proposed micronutrients, those with antioxidant poten-
tial are thought to be important in protection against
the development of colorectal cancer. These include
b-carotene, selenium, and vitamins C and E and have
been shown to be inversely associated with colon cancer
risk, perhaps through their effects on cell proliferation.
Among participants in the American Cancer Society's
Cancer Prevention Study II cohort, regular use of
vitamin C or E supplements was not associated with
colorectal cancer mortality.

Selenium, an essential trace mineral found in ce-
real grains and seafood, has been shown to be in-
versely related to colorectal cancer. Correlational
data show higher cancer mortality rates in low-sele-
nium areas compared to those of high-selenium re-
gions. Perhaps the most provocative ®nding to date
derives from secondary analyses of the Nutritional
Prevention of Skin Cancer study, where a greater
than 50% reduction in colorectal cancer incidence
was shown with a selenium intervention of 200 mg/
day compared with placebo. When these results
were updated to include an additional 3 years of
participant follow-up, a similar magnitude of reduc-
tion was observed, with a Hazard Ratio of 0.46 (95%
CI� 0.21ÿ1.02; P� 0.057). Since the results were
based on secondary end-point data among a popula-
tion in selenium-de®cient areas of the United States,
additional large trials will be needed.

To test the antioxidant hypothesis on colorectal
cancer etiology, a randomized controlled trial with
adenoma recurrence was conducted. Participants
were randomized to one of four arms: 25 mg of b-car-
otene; 1 g of vitamin C and 400 mg of vitamin E; 25 mg
of b-carotene, 1 g of vitamin C, and 400 mg vitamin E; or
placebo. Recurrence rates after 4 years of follow-up be-
tween the placebo group and the intervention groups
were similar, suggesting a lack of effect of chemo-
preventive properties by these antioxidant nutrients.
In addition, results of a secondary analysis of the
Alpha-Tocopherol, Beta-Carotene Prevention (ATBC)
Study showed no signi®cant protective effect of b-
carotene, a-tocopherol, or both nutrients combined,
on colorectal cancer.

PHYSICAL ACTIVITY

Although not a dietary factor per se, a sedentary lifestyle
is linked to obesity and overall caloric imbalance. Re-
sults of prospective and retrospective studies support an
inverse association between physical activity and risk of
colon cancer, but not rectal cancer. The results are con-
sistent across studies, in men and women, and whether
assessing occupational or leisure-time activity. In a
study that assessed the joint effect of physical activity
and body mass index (BMI), the highest risk of colon
cancer was shown among those both physically inactive
and with high BMI levels.

GENEÿNUTRIENT INTERACTIONS

Major advances in characterization of new genomes
have provided tremendous excitement in the scienti®c
community and the area of cancer prevention is no ex-
ception. Low-penetrance susceptibility genes occur
commonly and lead to sporadic disease; these suscep-
tibility genes aggregate with disease and may interact
with environmental factors or other genes to increase
the risk of cancer. Genetic polymorphisms, de®ned as
changes in the nucleotide sequence (mutations) that are
present in at least 1% of the population, have been ex-
plored in the recent literature in relation to cancer eti-
ology, including colorectal cancer. Examples from
recent reports include markers of folate status and mu-
tations in the MTHFR gene, well-cooked meat (a source
of heterocyclic amines), and polymorphisms in the cy-
tochrome P450 genes as well as the N-acetyltransferase
genes 1 and 2, and cruciferous vegetable consumption
(source of dietary isothiocyanates) and polymorphisms
in the glutathione-S-transferase family of genes. This
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complex area of research continues to evolve; however,
proposed complex interactions can be adequately
addressed only in the setting of large epidemiological
studies with suf®cient statistical power to generate
meaningful results.

DIETARY AND LIFESTYLE GUIDELINES

Dietary Guidelines from the American Cancer Society
are based on the mass of the published data (Table I). Of
these guidelines, the most consistent support for any
one variable from the scienti®c literature is found for
physical activity and lower risk of colon cancer. Al-
though these guidelines target cancer prevention, they
have a great deal in common with guidelines aimed at
the prevention of other chronic diseases. Recommenda-
tions from a large, international panel of experts were
similar to those of the American Cancer Society.

SUMMARY AND FUTURE CHALLENGES

The past decade has been ®lled with a plethora of lit-
erature related to the primary prevention of colorectal
cancer. Although the precise mechanisms have not been
clari®ed, several lifestyle factors are likely to have a
major impact on colorectal cancer development. Phys-
ical inactivity and, to a lesser extent, excess body weight
are consistent risk factors for colon cancer. Although
not addressed in this article, exposure to tobacco prod-
ucts early in life is associated with a higher risk of de-
veloping colorectal neoplasia. Diet and nutritional
factors are also clearly important. Excess alcohol con-
sumption, probably in combination with a diet low in
some micronutrients such as folate and methionine,
appears to increase risk. Diets high in red meat may

also increase risk. The role of ®ber, although recently
challenged, continues to be supported, given the overall
general ®ndings from numerous studies. Furthermore,
additional support on the role of folic acid awaits
the results of ongoing intervention trials of adenoma
recurrence.
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adenoma A benign epithelial tumor in which the cells form

recognizable glandular structures.

colorectal adenocarcinoma A malignant new growth con-

®ned to the colon or rectum, made up of epithelial cells

tending to in®ltrate the surrounding tissue and giving

rise to metastases.

constipation A bowel movement every 3 to 4 days or less

with the presence of straining, hard stools, feelings of

incomplete evacuation, or two or fewer bowel move-

ments per week.

dietary ®ber The components of plant material that are

resistant to digestive secretions produced by humans.

diverticulitis In¯ammation of a diverticulum that may

undergo perforation with abscess formation.

diverticulosis Gastrointestinal disease characterized by the

presence of diverticula (pouches or sacs created by the

herniation of the lining mucous membrane through a

defect in the muscular coat of a tubular organ).

in¯ammatory bowel disease Consists of ulcerative colitis

and Crohn's disease, both of which are chronic, relapsing

disorders of unknown etiology affecting primarily the

gastrointestinal tract.

irritable bowel syndrome A functional bowel disorder in

which abdominal pain is associated with defecation or a

change in bowel habit, with features of disordered

defecation and distension.

resistant starch That portion of ingested starch that escapes

digestion in the small intestine.

short-chain fatty acids Organic acids produced by anaerobic

fermentation of undigested carbohydrates within the

colonic lumen.

Dietary ®ber consists of the components of plant

material that are resistant to digestive secretions pro-

duced by humans. There is no internationally accepted

de®nition or method for determining the dietary ®ber

content of foods. The roles that dietary ®ber plays in a

number of gastrointestinal diseases are examined in

this article.

DIETARY FIBER

The U. S. Expert Panel on Dietary Fiber de®ned dietary
®ber as the endogenous components of plant materials
in the diet that are resistant to digestion by enzymes
produced by humans. The components consist of non-
starch polysaccharides and lignin as well as other as-
sociated substances (Table I). The polysaccharide
constituents of ®ber are composed of cellulose,
b-glucans, hemicelluloses, pectin, gums and mucilages,
and seaweed extract. These components themselves
are made up of primarily glucose, galactose, and
mannose chains as well as secondary xylose, fucose,
and galactiose chains. Depending on its solubility in
water and buffer solution, dietary ®ber can be further
analytically classi®ed as soluble (some hemicelluloses,
pectins, gums, and mucilages) or insoluble (most
hemicelluloses, celluloses, and lignins). When the ef-
fect of dietary ®ber on the colon is being considered,
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®ber as the endogenous components of plant materials
in the diet that are resistant to digestion by enzymes
produced by humans. The components consist of non-
starch polysaccharides and lignin as well as other as-
sociated substances (Table I). The polysaccharide
constituents of ®ber are composed of cellulose,
b-glucans, hemicelluloses, pectin, gums and mucilages,
and seaweed extract. These components themselves
are made up of primarily glucose, galactose, and
mannose chains as well as secondary xylose, fucose,
and galactiose chains. Depending on its solubility in
water and buffer solution, dietary ®ber can be further
analytically classi®ed as soluble (some hemicelluloses,
pectins, gums, and mucilages) or insoluble (most
hemicelluloses, celluloses, and lignins). When the ef-
fect of dietary ®ber on the colon is being considered,
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the classi®cation of ®ber as fermentable (i.e., metab-
olized by colonic bacteria) or nonfermentable is also
useful. Some starch escapes small bowel digestion and
reaches the colon; this starch is referred to as `̀ resistant
starch.'' There are three categories of resistant starch:
physically enclosed starch, ungelatinized crystallite
granules, and retrograded amylose. Resistant starch
escapes digestion in the small bowel, but enters the
colon, where it can be fermented by bacteria. As a
result, resistant starch is similar to dietary ®ber. Re-
sistant starch represents 2 to 5% of the average starch
ingested in the Western diet.

Analytical methods that estimate the dietary ®ber
content of foods exist. These assays likely underesti-
mate the actual dietary ®ber content in foods. The
methods are based on the assumption that all starch
is digested in the small bowel and that other complex
carbohydrates are completely undegraded; dietary
®ber is therefore considered to include all plant
polysaccharides except starch and nonpolysaccharides.
Currently available assays that account for resistant
starch estimate the amount of polysaccharides that
reach the colon to be in the range of 15 to 25 g/day.
Even with the inclusion of resistant starch in the as-
sessment of dietary ®ber intake, currently available
assays account for less than one-third of total dietary
®ber that reaches the colon. Therefore, the assays that
are currently available to estimate nonstarch polysac-
charides and resistant starch do not accurately mea-
sure dietary intake and underestimate the amount of
dietary ®ber that reaches the colon.

Dietary ®ber is found mainly in legumes, vegetables,
whole grain cereals, nuts, and fruits. In the Third
National Health and Nutrition Examination Survey
(NHANES III, 1988 to 1994), mean dietary ®ber
intake in the U. S. adult population (419 years old)
is 17 g/day for males and 13 g/day for females. The

median intakes of dietary ®ber for adults were
12ÿ14 g, indicating that a large portion of adults do
not meet the currently recommended amounts for
good health.

Short-chain fatty acids (SCFA) are organic acids
produced by anaerobic fermentation of undigested
carbohydrates within the colon. Acetate, propionate,
and butyrate account for 90ÿ95% of SCFA in the
colon, with isobutyrate, valerate, iosovalerate, and
caproate constituting the rest. Once inside the
colonocyte, SCFA are an important energy source for
the cell. Butyrate is the preferred SCFA to meet colonic
energy requirements. The SCFA could account for up to
80% of the energy requirements of the colon and for
5ÿ10% of total body energy requirements. Butyrate is
the preferred SCFA to meet colonic energy require-
ments and is the best energy source for the colon.

Different types of dietary ®ber exert their physi-
ological effects in various parts of the digestive tract.
The effect of dietary ®ber on the small intestine is to
slow transit and regulate digestion. Fiber also in¯u-
ences viscosity, water-binding capacity, and cation
exchange in the small intestine. Most of the action
of dietary ®ber takes place in the colon. Approxi-
mately 40ÿ95% of ®ber is fermented by intestinal
¯ora, mainly anaerobic bacteria. The fermentation
products have physiological effects. Fermentable
products provide substrates for bacterial growth,
which contributes to fecal bulk. Acids produced by
bacteria acidify the colon, modify lipid metabolism,
and affect mucosal growth. Large-®ber products pro-
vide a physical resistance against water absorption,
resulting in decreased fecal density, which prevents
impaction and constipation. The interest in dietary
®ber is due to its role in various diseases. In 1975,
Trowel and Burkitt proposed that a low-®ber diet was
associated with a number of diseases including colon
cancer, diabetes, gallstones, obesity, and diverticular
disease. Based on the evidence of the effect of ®ber on
health, it is recommended that the daily intake of
carbohydrate should consist of 55ÿ60% of the
daily energy intake from a variety of sources with
an increase in the form of complex carbohydrates.
Any change in dietary intake of ®ber should be
gradual.

COLORECTAL CANCER

Introduction

It is estimated that 1,284,900 new cancers will be
diagnosed in 2002 and that 550,000 Americans will
die of cancer this year. There were 148,300 estimated

TABLE I Classi®cation of Dietary Fiber

Classi®cation

Nonstarch polysaccharides

Celluloses

Noncelluloses: hemicelluloses, pectins, gums, mucilages

Nonpolysaccharides: lignins

Classi®cation based on solubility

Soluble: pectins, gums, mucilages, hemicelluloses

Insoluble: celluloses, lignins, hemicelluloses

Minor components

Phylates, cutins, saponins, lectins, protein, waxes, silicon

Related components

Resistant starch and protein

Lignans
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new cases of colorectal cancer (CRC) (72,600 male;
75,700 female) in 2002. It is estimated that 56,600
people will die from CRC in 2002. CRC is the third
most common cancer and the second most common
cause of cancer death after lung cancer in the United
States. CRC results from an interaction between
environmental and genetic factors. Dietary and lifestyle
factors are among the most important environmental
factors implicated. It has been estimated that 35% (10
to 70%) of all cancers are attributable to diet and that 50
to 75% of CRC in the United States may be preventable
through dietary modi®cations. Dietary factors impli-
cated in colorectal carcinogenesis include consumption
of red meat, animal and saturated fat, re®ned carbohy-
drates, and alcohol, as well as total caloric (energy)
intake. The intake of dietary ®ber, vegetables, fruits,
antioxidant vitamins, calcium, and folate is negatively
associated with the development of CRC. Epidemiolog-
ical studies suggest that the risk of developing CRC is
related to overall diet and lifestyle patterns. However,
because of inherent limitations associated with
study design, a cause-and-effect relationship between
dietary or other lifestyle factors and CRC is dif®cult
to establish. Epidemiological, animal, and interven-
tional studies examining this relationship often pro-
duced con¯icting results. Observations that suggest
that overall diet and lifestyle, rather than individual
factors, play the more important role underscore the
importance of as yet undetermined interactions
among dietary components and lifestyle factors in the
development of CRC.

Dietary ®ber is one of several factors whose role in
colorectal carcinogenesis has been extensively studied.
The relationship between ®ber intake and CRC risk,
however, has not been clearly established.

Evidence

The inverse relationship between dietary ®ber in-
take and the risk of CRC has been investigated by
four types of human epidemiological studies: correla-
tion (or ecological) studies, case-control studies, pro-
spective studies, and interventional trials.

Correlation Studies

Correlation studies examine the relationship be-
tween the per capita consumption of a dietary factor
and the prevalence, incidence, or mortality of CRC in
the population. Of 28 published international, within-
country correlation studies of CRC and ®ber, vegeta-
bles, grains, fruits, and cereals, 23 (82%) showed either
a strong or a moderate protective effect of dietary ®ber

on the development of CRC. Four studies found no
evidence for a protective effect of ®ber. One study
showed that a signi®cant excess risk of CRC was
associated with high intake of ®ber-rich foods. Limita-
tions exist when interpreting data generated from cor-
relation studies. Studies are based on intake of crude
®ber, which greatly underestimates total dietary ®ber
levels; correlation studies fail to correct for unmeasured
confounding factors that may be responsible for the
observed association and they do not control for
other dietary variables.

Case-Control Studies

Case-control studies compare prior consumption
of a dietary factor in subjects with CRC and matched
control subjects without CRC. Limitation in retro-
spective studies is the accuracy with which intake of
dietary factors or supplementation can be established:
individuals may misreport their habitual past diets. Fur-
thermore, control individuals often have another dis-
ease that may be related to diet. Another problem
associated with case-control studies is selection bias
because of the absence of patients who do not survive
long enough to be enrolled in the study. Three analyses
have critically evaluated the bulk of case-control studies
that address the role of dietary ®ber in CRC. In a meta-
analysis by Trock et al., 15 (65%) of 23 studies demon-
strated either a strong or moderate protective effect of
dietary ®ber and vegetables. Only 2 studies (9%) lacked
support for a protective effect of ®ber. With ®ber-rich
diets, a 43% reduction in CRC risk was observed [odds
ratio (OR), 0.57; 95% con®dence interval (CI),
0.50ÿ0.64] when the highest and lowest quartiles of
intake were compared. Howe et al. performed a com-
bined analysis of data from 13 case-control studies. The
individual data records for 5287 case subjects and
10,470 control subjects were pooled for a common anal-
ysis. The risk of CRC was shown to decrease incremen-
tally as dietary ®ber intake increased. Consumption of
more than 31 g of ®ber per day was associated with a
47% reduction in the risk of CRC compared with diets
incorporating less than 10 g of ®ber per day (95% CI,
0.47ÿ0.61). When all of the studies were combined and
adjusted for total energy intake, age, and sex, individ-
uals who consumed 27 g ®ber per day had a 50% reduc-
tion in the risk of developing CRC compared with those
who consumed less than 11 g ®ber per day [relative
risk (RR), 0.51; 95% CI, 0.44ÿ0.59]. Friedenreich
et al. examined the study design features and data co-
lection methods from the 13 case-control studies to
determine whether they in¯uenced the results obtained
from a pooled analysis. Their results show that subjects
consuming > 27 g ®ber per day had a 50% reduction
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in the risk of developing CRC compared with those
taking 511 g ®ber per day (OR, 0.49; 95% CI,
0.37ÿ0.65).

Several case-control studies have investigated the
relationship between dietary ®ber or ®ber-rich foods
and the risk of colonic adenomas, well-established
precursors of adenocarcinoma. Data suggest that
there exists an inverse relationship between ®ber intake
and the development of colonic adenomas. The magni-
tude of the reduction in the risk ranged from 10 to 60%.
Some studies show a dose-dependent inverse associa-
tion between colorectal adenoma risk and dietary intake
of ®ber but other studies suggest that the protective
effect associated with dietary ®ber is evident in
women or for large (41 cm) adenomas.

In summary, most of the published case-control
studies show either a strong or a moderate protective
effect of dietary ®ber, consistent with the ®ber hypoth-
esis. Studies conducted in meta-analysis format provide
strong support for the protective effect of dietary ®ber
on colorectal carcinogenesis. The strongest argument
for the ®ber hypothesis that can be made from case-
control studies is the protective effect of dietary ®ber
among studies conducted in populations with different
patterns of diet and CRC. The combined analysis and
meta-analyses of case-control studies suggest, on aver-
age, a 50% reduction in the risk of developing CRC in
individuals with the highest dietary ®ber intake
compared with those with the lowest ®ber intake.
Most case-control studies show a signi®cant inverse
dose-dependent relationship between dietary ®ber in-
take and the risk of CRC and colorectal adenomas. Sev-
eral shortcomings associated with case-control studies
limit the interpretation of the results. Limitations asso-
ciated with analytical methods of determining ®ber
content in diet, the effect of other potential anti-carcin-
ogens present in ®ber-rich foods, and questionnaires
that have not been validated are all factors affecting
study results.

Prospective Studies

Prospective studies assess the diets of a large group
of healthy individuals and include follow-up over time.
Prospective studies can control and correct confound-
ing factors more adequately than correlation and case-
control studies. They provide the opportunity to obtain
repeated assessments of diet at regular intervals. Earlier
prospective studies investigated the relationship be-
tween dietary ®ber intake and CRC mortality. One
study from Japan investigated the relationship between
diet and other lifestyle variables and major causes of
deaths in 265 subjects, ages � 40 years, followed up

for 13 years. This study observed that CRC mortality
rate decreased as rice and wheat consumption increased
with an RR of 0.6 in those with the highest intake
(4720 cm3 of rice and wheat per day) compared
with those with the lowest intake (5180 cm3/day). A
Dutch study with a follow-up of 13 years involving
871 middle-aged men showed a threefold reduction
in cancer mortality in men in the highest quintile of
dietary ®ber intake compared with men in the lowest
quintile. Another study involving 25,493 white Califor-
nia Seventh Day Adventists followed up for 21 years
showed no protective effect of cereal or green salad
intake on CRC mortality. Data from Cancer Prevention
Study II, an ongoing prospective mortality study, sup-
port the protective role of dietary ®ber in colorectal
carcinogenesis. Multivariate analyses showed that the
risk of fatal colon cancer decreased with more frequent
consumption of vegetables and high-®ber grains (P
trend� 0.031 in men and 0.0012 in women).

More recently, several well-designed prospective
studies have examined the relationship between dietary
®ber intake and the risk of CRC and adenomas; the
®ndings, however, are not consistent. In the Nurses'
Health Study, 121,700 female registered nurses between
34 and 59 years of age in the United States completed a
mailed questionnaire on known and suspected risk fac-
tors for cancer. Every 2 years thereafter, follow-up ques-
tionnaires were sent to identify new cases of cancer. A
subgroup of these women show that energy-adjusted
intakes of crude and total dietary ®ber were both in-
versely associated with the risk of colon cancer. These
results were not statistically signi®cant. Only ®ber from
fruit was associated with any appreciable reduction in
risk. This trial, extended for 16 years of follow-up, iden-
ti®ed 787 new cases of CRC among the 88,757 eligible
women. Total dietary ®ber intake was not signi®cantly
associated with the incidence of CRC. The relative
risk for the quintile group with the highest (median
24.9 g/day) compared with the lowest (median
9.8 g/day) total dietary ®ber intake was 0.95 (95% CI,
0.73 to 1.25) and no dose-dependent inverse association
was observed (P trend� 0.59).

The Health Professional Follow-up Study is a pro-
spective study of heart disease and cancer among 51,529
U. S. male health professionals between the ages of 40
and 75 years. Among 47,949 men who were free of
diagnosed cancer in 1986, 205 new cases of colon cancer
were diagnosed and con®rmed between 1986 and 1992.
Age, family history of CRC, obesity, physical activity,
cigarette use, alcohol consumption, and other con-
founding factors were adjusted for analysis. No clear
association between total dietary ®ber intake and risk
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of colon cancer was observed. In this study, however,
dietary ®ber was inversely associated with risk of ade-
noma (P trend 50.0001); RR for men in the highest
(428.3 g/day) vs the lowest (516.6 g/day) quintile
was 0.36 (95% CI, 0.22ÿ0.60).

The Iowa Women's Health Study included 98,030
postmenopausal women ages 55 to 69 years. A statisti-
cally nonsigni®cant inverse association was observed
between dietary ®ber intake and the risk of colon
cancer.

In summary, published large prospective studies
have produced equivocal ®ndings. Data from earlier
prospective studies examining the relationship between
dietary ®ber intake and CRC mortality proved to be
inconsistent. Recent large prospective studies show a
signi®cant inverse relationship with a 30% reduction
of CRC mortality in subjects consuming the highest
amount of dietary ®ber compared with those consuming
the lowest amount. Published prospective studies of the
relationship between dietary ®ber intake and the risk of
CRC or adenomas have demonstrated a protective effect
of dietary ®ber against distal colon and rectal adenomas
in men. The quality of recent studies is impressive. Re-
cent prospective studies involved a large number of
patients and controlled for confounding factors. Limi-
tations exist in that some studies failed to take into
account changing dietary ®ber patterns. In such
cases, it is impossible to delineate the period of exposure
to dietary ®ber and the risk of developing CRC. The
imprecise estimation of dietary ®ber limits study results.
Moreover, ®ber values assigned to individual foods have
errors. Finally, the applicability of the results from
highly selected subpopulations to the general popula-
tion is questionable.

Intervention Trials

Randomized intervention studies in humans
should provide de®nitive support for the purported
cause-and-effect relationship between a dietary factor
and CRC. Intervention studies are often dif®cult to carry
out because of the slowly progressive nature of neo-
plastic transformation and the large number of subjects
necessary to achieve an adequate statistical power. In
many studies, intermediate biomarkers of CRC rather
than occurrence or recurrence have been used as end-
points. Biomarkers include adenoma, proliferation
markers, mitotic index, DNA aneuploidy aberrant crypts,
mucins, and alterations of several molecular biological
markers. Intermediate biomarkers have limitations and
most have not been validated in clinical studies. Several
randomized or single-arm intervention studies using
a high-®ber diet as a component of chemopreventive

strategies against the development of CRC have been
conducted. Subjects with familial adenomatous poly-
posis who had undergone total colectomy and ileorectal
anastomosis at least 1 year before entry into the trial were
randomized to receive a low-®ber supplement (2.2 g/day)
plus placebo (control group), a low-®ber supplement
(2.2 g/day) plus ascorbic acid (4 g/day) and a-tocopherol
(400 mg/day), or a high-®ber supplement (22.5 g/day)
plus ascorbic acid (4 g/day) and a-tocopherol (400 mg/
day). Those who had consumed 11 g of supplemental
®ber in addition to their usual dietary ®ber intake had a
signi®cant reduction in polyp occurrence in the rectal
stump and polyp number decreased incrementally as
the amount of ingested, prescribed ®ber increased. One
study from the Arizona Cancer Center was a single-arm
study that investigated the effect of supplemental wheat
bran ®ber on a proliferation marker ([3H]thymidine label-
ing index) in patients who had undergone resection for
colon or rectal cancer. In this study, 13.5 g of supplemental
wheat bran per day signi®cantly reduced colorectal epi-
thelial proliferation. The same investigators completed a
double-blind, randomized study to determine the effects of
wheat bran (2.0 or 13.5 g /day) and calcium carbonate
(250 or 1500 mg/day) supplementation on [3H]thymidine
labeling index in rectal mucosal biopsies and fecal bile acid
concentrations at 3 and 9 months. The results of this study
showed that neither wheat bran ®ber nor calcium treat-
ment signi®cantly decreased the labeling index. In the
Australian Polyp Prevention Project, a diet high in ®ber
and low in fat was shown to prevent recurrence of large
adenomas (>10 mm). The Toronto Polyp Prevention
Study reported on 201 subjects with adenomatous colo-
rectal polyps. Patients were randomized after polypectomy
to receive counseling on a diet low in fat (550 g/day or 20%
of energy) and high in ®ber (50 g/day) or to follow a nor-
mal Western diet. After 2 years of follow-up with
colonoscopy, an intention to treat analysis showed no
signi®cant difference between groups with regard to the
recurrence of adenomatous polyps. It was, however,
shown that women who ate the low-fat, high-®ber diet
showed a nonsigni®cant 50% reduction in polyp recur-
rence (RR 0.5; 95% CI 0.2ÿ1.9) associated with a reduced
concentration of fecal bile acids.

Three recent intervention studies did not support
the use of dietary ®ber in reducing CRC risk. In the
Polyp Prevention Trial, 2079 subjects with resected
colonic adenomas were randomized to a diet low in
fat (20% fat calories), high in ®ber (18 g/1000 kcal
daily), and enriched with vegetable and fruits (5ÿ8
servings daily) or to a control group given a standard
brochure in healthy eating. The end-point was the
development of recurrent colorectal adenomas. The
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results show that a diet low in fat and high in ®ber, fruits,
and vegetables does not affect the rate of recurrence of
colorectal adenomas. In the Arizona Colon Cancer Pre-
vention Trial, Alberts et al. randomly assigned 1303
subjects to either a diet high in wheat bran ®ber
(13.5 g/day) or a diet low in ®ber (2 g/day); the primary
end-point was the presence or absence of new adenomas
at the time of follow-up colonoscopy. The relative risk
of recurrence of adenoma in the high-®ber group
compared with the low-®ber group was 0.99 (95% con-
®dence interval 0.71ÿ1.36; P� 0.93). The investigators
concluded that a dietary supplement of wheat bran ®ber
does not protect against recurrence of colorectal ade-
nomas. Bonithon-Kopp et al. for the European Cancer
Prevention Organization Intervention Study showed
that ®ber supplemented as ispaghula husk may have
adverse effects on colorectal adenoma recurrence espe-
cially in patients with high calcium intake. In their
study, 665 patients with a history of colorectal adeno-
mas were randomly assigned to one of three treatment
groups (calcium gluconolactate and carbonate, ®ber,
or placebo). The primary end-point was adenoma
recurrence.

In summary, nine intervention studies in humans
have been completed and published (Table II). One
study was uncontrolled and eight were randomized
and placebo controlled. Six studies used adenoma re-
currence or regression as the end-point of the trial and
the other three used less well-established intermediate
biomarkers of CRC. Four studies showed a moderate
protective effect of dietary ®ber supplements. The other
®ve studies showed no effect on labeling index or ade-
noma recurrence. Weaknesses of earlier studies are short
follow-up, small numbers of subjects, poor compliance
with dietary interventions, high drop-out rates, and
use of less well-established intermediate biomarkers.
Results of these intervention studies should therefore
be interpreted with caution. This is emphasized by
the recent results of three intervention studies detailed
earlier showing either a null effect or an increased risk
associated with ®ber intervention. Other limitations are
associated with intervention trials in humans. Blind or
double-blind trials are dif®cult to perform with foods or
dietary macronutrients that are recognizable. Often, in
nonblind studies of foods, subjects in the control group
may adopt the dietary behavior of the treatment group if
they think the treatment diet is bene®cial. Moreover, the
time between a change in the level of a dietary factor and
any expected change in the incidence of cancer is un-
certain. Finally, patients at higher risk for the develop-
ment of CRC tend to be underrepresented in trials as
studies often enroll motivated health-conscious people.
Studies in which intervention shows no effect do not

indicate that the agents are irrelevant or harmful in the
context of whole diets or among normal healthy popu-
lations. Conversely, trials in which intervention shows
bene®cial effects are good evidence that the agents used
are protective.

Biological Mechanisms

Burkitt's initial hypothesis was that dietary ®ber in-
creases stool bulk. This had the effect of diluting potential
carcinogens and decreasing transit time. As a result, there
would be less contact time between potential carcinogens
in the lumen and the gut mucosa (Table III).

Dietary ®ber can bind carcinogens as well as bile
acid. Fecal bile acids have been shown to be cytotoxic
to or act as mitogens on colonic epithelial cells in animal
and in vitro studies. The mechanism by which dietary
®ber may modulate carcinogenesis involves cytokine-
tics of the colonic mucosa. Conversion of primary to
secondary bile acids by bacterial enzymes may be pre-
vented if the dietary ®bers to which the bile acids or bile
salts are bound are undegraded in the colon. Bound bile
acids or bile salts pass out of the alimentary tract in
the feces.

Epidemiological studies have shown that human
populations with lower fecal pH have lower rates of
colon cancer. Direct experimental acidi®cation of the
colon contents in animal models has not always led to a
reduction in tumorigenesis. Dietary ®ber decreases fecal
pH, resulting in reduced solubility of free bile acids.
Furthermore, the activity of the colonic bacterial en-
zyme 7-dehydroxylase, which converts primary bile
acids to secondary bile acids, is inhibited at a pH of
56 to 6.5. Acidi®cation of colonic contents increases
the availability of calcium for binding to free bile and
fatty acids, thereby inhibiting their effects on the colonic
mucosa.

Another potential mechanism of dietary ®ber
relates to alterations in colonic micro¯ora. Dietary
®bers modulate colonic bacterial enzyme activity;
however, the relationship between colonic bacterial
enzyme activity and development of human CRC has
not been elucidated. Bacteria are the major water-hold-
ing component of feces. Dietary ®bers degraded in the
colon have been shown to increase fecal bulk by a stim-
ulation of bacterial growth. Increased fecal bulk and
reduced transit time resulting from increased bacterial
growth reduce interactions of carcinogens with the
colonic mucosa. Dietary ®ber decreases the numbers
of anaerobes, resulting in a decrease in secondary
bile acids.

McKeown-Eyssen and Giovannucci have put for-
ward a unifying hypothesis explaining how diet and
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TABLE II Summary of Intervention Studies Using High Fiber

Study

Location

(year) Case diagnosis

Sample

size

Type of

study Intervention Duration Primary end-point Outcome

De Cosse et al. USA

(1989)

FAP, total colectomy,

ileorectal

anastomosis

58 RCT Low-®ber supplement

(2.2 g/day)�Vitamin C

(4 g/day)�Vitamin E

(400 mg/day) vs High-®ber

supplement (22.5 g/day)�
Vitamin C (4 g/day)�Vitamin

E (400 mg/day) vs Placebo

4 years Adenoma regression

occurrence

High ®ber

protective only if

411 g/day

Vitamins C and E:

22% decrease

compared to baseline

trend toward

protection

Alberts et al. USA

(1990)

Previous CRC 17 Single-arm

uncontrolled

Fiber supplement (wheat bran,

13.5 g/day)

8 weeks Proliferation labeling

index [3H]thymidine

Alberts et al. USA

(1997)

Previous colorectal

adenomas

100 RCT 2� 2 Factorial Fiber

(wheat bran): high

(13.5 g/day), low (2.0 g/day);

Calcium: high (1500 mg/day),

low (250 mg/day)

9 months Proliferation labeling

index [3H]thymidineÐ

no effect; total fecal

bile acids 52% decrease

with high ®ber; fecal

deoxycholic bile acidsÐ

36% decrease with high

®ber

Proliferation labeling

index [3H]thymidineÐ

no effect; total fecal

bile acids 52% decrease

with high ®ber; fecal

deoxycholic bile

acidsÐ36% decrease

with high ®ber

Toronto Polyp

Prevention

Group

Canada

(1994)

Previous colorectal

adenoma

201 RCT Dietary counseling to achieve

20% fat calories and 50 g

®ber/day vs Placebo

2 years Adenoma recurrence No effect

Australian

Polyp

Prevention

Project

Australia

(1995)

Previous colorectal

adenomas

424 RCT 2� 2� 2 Factorial: 525% fat

calories; 25 g wheat bran/day;

b-Carotene (20 mg/day)

4 years Adenoma recurrence Low-fat, high-®ber

decreased

recurrence of

410 mm

adenomas

Arizona Cancer

Center Polyp

Prevention

Study

USA

(2001)

Previous colorectal

adenomas

1400 RCT High-®ber supplement (13.5 g

wheat bran/day)

3 years Adenoma recurrence No effect

Polyp

Prevention

Trial

USA

(2001)

Previous colorectal

adenomas

2079 RCT 20% fat calories/day; 18 g ®ber/

1000 kcal/day; 5ÿ9 servings of

vegetables and fruits/day vs

Typical North American diet

4 years Adenoma recurrence No effect

European

Cancer

Prevention

Organization

Study

Europe

(2001)

Previous colorectal

adenomas

656 RCT 3.8 g ispaghula husk/day vs

2 g/day calcium vs Placebo

3 years Adenoma recurrence Increased

incidence of

colonic

adenomas

Note. FAP, familial adenomatous polyposis; RCT, randomized controlled trial.



lifestyle factors modulate colorectal carcinogenesis.
Epidemiological studies have shown that insulin-like
growth factor-I (IGF-I) is positively associated with
the risk of CRC. Experimental studies have shown
that IGF-I has mitogenic and anti-apoptotic actions
on CRC cells. The hypothesis suggests that dietary
and lifestyle factors associated with CRC risk cause
insulin resistance and hyperinsulinemia. It is hyper-
insulinemia that may in turn stimulate the growth of
colorectal tumors. Insulin is an important growth factor
for colonic mucosal cells and colon cancer tissue has
both insulin and IGF-I receptors. Insulin receptors
can be bound by IGF-I and a binding protein from
IGF-I inhibits the growth of colon cancer cells in vitro.
IGF-I is regulated by six binding proteins (IGFBP-1 to
IGFBP-6). Insulin inhibits the production of IGFBP-1.
Chronically elevated fasting insulin levels may lead to a
decrease in circulating IGFBP-1 concentrations and an
increase in IGF-I bioavailability. This increase in bio-
availability over time may increase the risk of CRC. In-
terestingly, subjects with acromegaly, characterized by
chronic growth hormone and IGF-I hypersecretion, have
an increased risk of developing CRC. It has been postu-
lated that the stimulation of IGF-I receptors by IGF-I
or IGF-II in subjects with acromegaly promotes colorec-
tal carcinogenesis. Two recently published large prospec-
tive studies indicate a modest increase in CRC risk in
subjects with type 2 diabetes compared with nondiabetic
control subjects. As soluble ®ber affects glycemia and

insulinemia, the insulin hypothesis could be a mecha-
nism by which dietary ®ber can modulate colorectal
carcinogenesis.

Mechanisms relating to SCFA will be addressed in
the next section.

Short-Chain Fatty Acids/Resistant Starch

SCFA produced by fermentation of dietary ®ber and
resistant starch by colonic bacteria play a role in colo-
rectal carcinogenesis. Butyrate inhibits growth in
colonic tumor cell lines and induces differentiation
and apoptosis. Butyrate also has been shown to alter
the binding of regulatory transacting proteins to speci®c
DNA sequences that control the expression of the gene.
Butyrate has been shown to inhibit histone deacetylase,
resulting in hyperacetylation of histones and increased
accessibility of DNA to factors controlling gene express-
ion. Hyperacelylation of histones disrupts ionic inter-
actions with the adjacent DNA backbone, creating less
densely packed chromatin, allowing transcription fac-
tors to activate speci®c genes. It has been postulated that
the link between histone hyperacetylation-induced
transcriptional regulation and growth inhibition may
lie in the effects on speci®c cell cycle regulators. Buty-
rate increases apoptosis in various cell lines. Butyrate
induces apoptosis through a histone hyperacetylation-
mediated pathway that results in the conversion of
capase-3 from its proenzyme form to the catalytically
active protease. Another theory postulates that SCFA
signi®cantly inhibit colon cancer cell invasion by inhib-
iting urokinase plasminogen activator secretion and
stimulating tissue inhibitor matrix metalloproteinase,
which protects the basement membrane against
degradation.

A report by Vernia et al. indicated that fecal acetate
was lower in cancer patients than in those with polyps or
in controls. Weaver et al. showed that there were no
consistent differences in SCFA between patients with
various gastrointestinal diseases.

SCFA are an important energy source for the
colonocytes. Fermentation of dietary ®ber and resistant
starch by colonic bacteria generates SCFA. Butyrate and
other SCFA have been shown to have anti-carcinogenic
properties. Further studies are needed to delineate the
effects of SCFA on colorectal carcinogenesis.

Resistant starch, de®ned as that portion of inges-
ted starch that escapes digestion in the small intestine,
has been shown to increase stool bulk, decrease fecal
pH, alter the colonic micro¯ora, decrease secondary
bile acid concentrations and cytotoxicity of fecal
water, decrease colonic mucosal proliferation, increase

TABLE III Mechanisms of Action of Dietary Fiber

Increased stool bulk

Dilution of potential carcinogens

Decrease in transit time

Binding to potential carcinogens

Binding to bile acids

Decrease in fecal bile acid concentrations

Prevention of conversion of primary to secondary bile acids

Lower fecal pH

Reduced solubility of free bile acids

Inhibition of 7 a-dehydroxylase

Inhibition of bacterial degradation of normal fecal

constituents to potential carcinogens

Altered colonic micro¯ora

Changes in bacterial species

Stimulation of bacterial growth

Inhibition of microbial enzymes

Prevention of insulin resistance and hyperinsulinemia

Fermentation of fecal ¯ora to SCFA

Induction of apoptosis

Inhibition of proliferation

Modulation of gene expression
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colonic fermentation, and contribute to the synthesis
of SFCA, especially butyrate. Data from studies are
inconclusive. A published international correlation
study supports the protective role of resistant starch
in the development of CRC. In this study, there was
a strong inverse association between starch consump-
tion and CRC (correlation coef®cient, r� 0.70;
P5 0.001). In three different studies using chemical
rodent models of CRC, resistant starch was observed
to be protective, have no effect, or enhance tumorigen-
esis. Resistant starch was shown to signi®cantly increase
small bowel tumors in a study using a knockout murine
model of the adenomatous polyposis coli gene
(Apc1638N).

Fructooligosaccharides

Interest in fructooligosaccharides (FOS) as a health-
promoting agent is on the rise. FOS constitute a group of
linear fructose oligomers with a degree of polymeriza-
tion ranging from one to ®ve oligosaccharides. FOS
occur in a number of plants such as chicory, onions,
asparagus, and wheat. FOS escape digestion in the
human upper intestinal tract and reach the colon,
where they are completely fermented mostly to lactate,
short-chain fatty acids, and gas. As a consequence of
their fermentation, their caloric value is 2 kcal/g. Inter-
est regarding the health bene®ts of FOS has increased as
the role of prebiotics and probiotics on gut health con-
tinues to evolve. Prebiotics are nondigestible food in-
gredients that affect the host by selectively stimulating
the growth or activity, or both, of one or a limited num-
ber of bacteria in the colon. FOS are the only products
that meet all criteria allowing classi®cation as pre-
biotics. An important property of FOS is the stimulation
of bi®dobacterial growth coupled with the suppression
of the growth of potentially harmful pathogens. FOS are
associated with a decrease in fecal pH, an increase in
fecal organic acids, a decrease in the production of ni-
trogenous end products in urine and stool, and a de-
crease in fecal bacterial enzymatic activity. Several
studies to date have examined the role of FOS in health
and disease. Delzenne et al. in 1995 showed that FOS
enhanced the bioavailability of calcium, magnesium,
and iron in rats. Cherbut et al. conducted a study in-
vestigating the effect of FOS on colitis in rats. They
found that FOS reduced intestinal in¯ammatory activity
by decreasing lactic acid bacteria counts in the intes-
tine. These results have promoted investigations into
the effect of FOS on human diseases of chronic in¯am-
mation. Olesen et al. have recently demonstrated that in
patients with irritable bowel syndrome, long-term use of

FOS does not affect symptoms or disease outcome.
Studies examining the effects of FOS on colon cancer,
in¯ammatory bowel disease, and the absorption of spe-
ci®c nutrients are currently under way. The importance
of FOS on disease outcomes therefore remains to be
proven.

Summary

The strongest evidence that supports the ®ber
hypothesis is witnessed in the protective effect of die-
tary ®ber among correlation and case-control studies.
However, large prospective studies conducted in
speci®c populations in the United States do not sup-
port the protective effect of dietary ®ber on the devel-
opment of CRC. Moreover, human interventional
studies have failed to con®rm a positive role for ®ber
in the reduction of CRC. Currently available evidence
from epidemiological, animal, and intervention studies
does not unequivocally support the protective role of
®ber against the development of CRC. However, when
the whole body of evidence from these studies is ana-
lyzed critically, the overall conclusion supports an
inverse association between dietary ®ber intake and
CRC risk.

Whereas most studies have adjusted for potential
confounding factors, it is dif®cult to delineate the effect
associated with dietary ®ber from other potential anti-
carcinogens. It is possible that undetermined inter-
actions among anti-carcinogens present in ®ber-rich
foods and ®ber are responsible for the observed protec-
tive effect of dietary ®ber on the development of CRC.
Three combined analyses or meta-analyses of case-con-
trol studies suggest a 50% reduction in the risk of de-
veloping CRC in subjects with the highest dietary ®ber
intake compared with those with the lowest intake. Al-
though it is dif®cult to estimate accurately the magni-
tude of CRC risk reduction attributable solely to dietary
®ber or ®ber-rich foods, there appears to be a signi®cant
degree of reduction.

Animal studies suggest that insoluble and less fer-
mentable ®bers and wheat bran are the most effective
in reducing CRC rates. Recent analysis in human studies
suggests that only total dietary ®ber, fruit ®ber, and
soluble ®ber are signi®cantly associated with decreased
risk of colonic adenomas. Although the role of resis-
tant starch in colorectal carcinogenesis has recently
received much attention, convincing epidemiological
evidence is lacking except for one international
correlation study that showed a strong inverse associa-
tion between starch and resistant starch consumption
and CRC risk.
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CRC mortality rates may be reduced through die-
tary means by an estimated 50ÿ75%. CRC risk reduc-
tion associated speci®cally with dietary ®ber intake has
been estimated at 50% when subjects with the highest
dietary intake are compared to those with the lowest
dietary intake. The maximum daily dose of dietary
®ber associated with a signi®cant degree of CC risk
reduction has yet to be established. Two combined
studies of case control subjects suggest a 50% reduc-
tion in CRC risk in individuals consuming 27 g/day
compared with those consuming less than 11 g/day of
®ber. Prospective studies suggest that intakes between
28 and 33 g/day of dietary ®ber are necessary to show a
signi®cant reduction in CRC risk. Any ®ber interven-
tion with the goal of reducing mortality due to CRC
should be initiated at least 10ÿ20 years before the
peak age incidence of CRC. This is based on the prin-
ciple that dietary ®ber has its full impact on preventing
CRC decades after initiation of a modi®ed ®ber-rich
diet. Clearly, individuals at high risk for developing
CRC, such as those with familial adenomatous poly-
posis and hereditary nonpolyposis colorectal cancer,
will achieve the greatest bene®t from dietary ®ber.
However, extrapolating data from these patients sug-
gests that the general population will bene®t from di-
etary modi®cation.

It is dif®cult to advise patients regarding the role of
®ber and CRC. It is reasonable to recommend total ®ber
intake of at least 20 to 30 g/day. Dietary ®ber should be
from all sources, including ®ve to seven servings of
vegetables and fruits daily and generous portions of
whole grain cereals as recommended by the World
Health Organization and the National Cancer Institute.
The guidelines can be used in conjunction with the
dietary ®ber recommendations (Table IV).

DIVERTICULAR DISEASE

Introduction

Diverticular disease encompasses two disease enti-
ties: diverticulosis and diverticulitis. Disease incidence
increases from less than 5% at age 40, to 30% by age 60,
to 65% by age 85. Although a male preponderance was
noted in early series, more recent studies have suggested
either an equal distribution or a female preponderance.
Geographic variations exist in both the prevalence and
pattern of diverticulosis. In some Westernized nations,
prevalence rates of 5 to 45% exist with a tendency to-
ward left-sided disease. In Africa and Asia, where the
prevalence is less than 0.2%, diverticulosis is predom-
inantly right-sided. Diverticulosis or diverticular dis-
ease of the colon is due to outpouchings of colonic

mucosa through points of weakness in the colonic
wall where the blood vessels penetrate the muscularis
propria. Diverticulitis represents micro- or macroscopic
perforation of a diverticulum. These diverticula are
prone to infection or `̀ diverticulitis,'' presumably be-
cause they trap feces with bacteria. Among all patients
with diverticulosis, 70% remain asymptomatic, 15 to
25% develop diverticulitis, and 5 to 15% develop
some form of diverticular bleeding. Diverticula and vas-
cular ectasias cause the majority of lower gastrointesti-
nal bleeding. Severe hemorrhage occurs in 3ÿ5% of all
patients with diverticulosis. The bleeding is arterial and
caused by medial thinning of the vasa recta as it courses
over a diverticulum. Patients with acute diverticulitis
present with increasing left lower quadrant pain and
fever, often with constipation and lower abdominal ob-
structive symptoms such as bloating and distension. The
diagnosis of acute diverticulitis is made on the basis of
the history and the physical examination. Physical ex-
amination reveals localized tenderness in the left lower
quadrant and, with severe infection and an abscess,
there may be peritoneal signs in the left lower quadrant.
In some cases, a palpable mass can be identi®ed over the
sigmoid colon (the most common site of diverticulitis).
Computer tomographic (CT) scanning has become the
optimal method of investigation in patients suspected of
having acute diverticulitis. After resolution of an epi-
sode of acute diverticulitis, the colon requires full eval-
uation by colonoscopy, barium enema, or both, to
establish the extent of disease.

From a clinical perspective, the diagnosis of
diverticular disease is controversial. Confusion exists

TABLE IV Dietary Recommendations

Daily carbohydrate intake: 55ÿ60% of daily energy intake

Total ®ber intake: 20ÿ30 g/day

Eat each of the ®ve food groups daily (meat, dairy products,

grains, fruits, and vegetables)

Reduce total fat intake to less than 25 to 30% of total calories

and saturated fat to less than 10% of total calories

Eat 5 or more servings of fresh vegetables and fruits daily (raw

better than cooked; include deep yellow vegetables and dark

green cruciferous vegetables)

Eat red meat infrequently (substitute chicken or ®sh without

skin)

Eat more ®ber-rich foods such as whole-grain cereals, fruits, and

vegetables (daily total of 20 to 30 g ®ber)

Avoid obesity

Eat salt-cured, smoked, and nitrite-cure foods in moderation

Keep alcohol consumption moderate

Participate in daily physical activity

Do not smoke
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regarding the differences between diverticulitis and di-
verticulosis with irritable bowel disease. The distinction
between the two entities is important not only from a
clinical perspective but also from a research perspective.
Classi®cation of patients into the proper disease entity is
critical in achieving good research outcomes. The con-
fusion between diverticulitis and diverticulosis with ir-
ritable bowel syndrome (IBS) symptoms lies in the
clinical presentation of symptoms. The classic features
of diverticulitis include pain, fever, bowel obstruction,
absence of blood in stool, and bloating. These symptoms
clearly overlap with the symptoms of diverticulosis
overlapping those of IBS. The distinction between the
two entities therefore lies in clinical acumen as well as
investigations. Patients with diverticulitis can present
with an elevated white count, plain X rays suggestive of
an obstruction, or a CT scan showing a perforation or an
abscess. These ®ndings are typically absent in divertic-
ulosis with IBS. Future studies therefore need to include
both clinical and laboratory investigations when classi-
fying the various diverticular diseases.

Etiology

It has been proposed that low dietary ®ber predis-
poses to the development of diverticular disease. In one
study, Burkitt and Painter demonstrated that individu-
als in the United Kingdom eating a Western diet low in
®ber had colonic transit times of 80 h and a mean stool
weight of 110 g/day. In comparison, Ugandans eating
very-high-®ber diets had transit times of 34 h and
greater stool weights, 4450 g/day. Longer transit
times and smaller stool volumes were considered to
contribute to the development of diverticular disease
increases in intralumenal pressures. Such changes can
lead to diverticular herniation.

The ultimate etiology of diverticular disease is un-
known. Leading theories suggest that altered colonic
motility plays a major role in the development of diver-
ticulum. Higher resting, postprandial, and neostigmine-
stimulated pressures in diverticular patients suggest
that a delay in transport with augmentation of water
reabsorption could cause excessively high pressures,
forcing mucosa to herniate. Observations that diverti-
cular disease is less common in vegetarians than non-
vegetarians is compatible with a role for dietary ®ber,
since vegetables and fruits are important sources of
®ber. A recent report evaluating a cohort of over
47,000 men provided strong evidence for the role of
dietary ®ber. Total dietary ®ber intake was noted to
be inversely associated with the risk of symptomatic
diverticular disease after adjustment for age, energy-ad-
justed total fat intake, and physical activity. Results from

the Health Professionals Follow-up Study suggest an
etiologic role of ®ber in diverticular disease. The
study followed 51,529 male health professional over a
6-year period. A signi®cant inverse association was
found between insoluble dietary ®ber and the risk of
developing symptomatic diverticular disease. The
greatest bene®t was seen in those consuming an average
of 32 g/day of total ®ber.

Other dietary factors that might contribute to the
pathogenesis of diverticular disease have been exam-
ined. There is no substantially increased risk associ-
ated with smoking, caffeine, or alcohol. Other studies
suggest an association between obesity in men under
40 years of age and acute diverticulitis. This ®nding
is consistent with observations that the risk of
symptomatic diverticular disease is increased (relative
risk 2.35 to 3.32, 95% CI) by a diet characterized by a
high intake of total fat or red meat and a low intake of
dietary ®ber.

Treatment

The mainstay of treatment for preventing diver-
ticulosis is a diet high in fruit and vegetable ®ber.
This suggestion is based on observations that low-
®ber diets are associated with colonic diverticulosis.
Recommendations are also based on results from
the aforementioned Health Professionals Follow-up
Study.

The management of uncomplicated diverticulosis
involves a diet high in fruit and vegetable ®ber. The
majority of patients with diverticular disease will re-
main asymptomatic. There are no data to support any
therapeutic recommendations in this group of patients.
Multiple uncontrolled studies demonstrating the effect
of ®ber in patients with diverticulosis exist; however,
the lack of a placebo group complicates the results. The
®rst randomized controlled trial of a high-®ber diet in
patients with symptomatic diverticular disease was
conducted in 1977 by Brodribb. Results were reported
on 18 patients at 1 and 3 months, with results indicating
a statistically signi®cant decrease in bowel symptoms in
those in the treatment arm. Conversely, a study by
Ornstein et al. failed to show a difference in symptoms
between patients taking bran versus placebo after
4 months. Other well-conducted studies have reported
con¯icting results regarding the use of ®ber. Despite
con¯icting data, it appears safe to recommend a diet
high in ®ber for patients with uncomplicated diverti-
cular disease.

Complicated diverticulosis includes diverticulitis
and hemorrhage. Patients with mild diverticulitis are
often treated as outpatients with broad-spectrum
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oral antibiotics. Patients may expect symptoms of in-
creasing pain, fever, or inability to tolerate oral foods.
Such patients are treated with a clear liquid diet. Patients
with more severe diverticulitis admitted to hospital
should be placed on bowel rest with clear liquids or
nothing by mouth. Intravenous ¯uid therapy is re-
quired. Intravenous antibiotics should be initiated to
target colonic anaerobes and gram-negative rods. Im-
provement is expected within 2ÿ4 days, at which point
the diet can be advanced. Fifteen to 30% of patients
hospitalized with acute diverticulitis will require sur-
gery. The likelihood of recurrence and the role of elec-
tive surgical resection are important to prevent further
attacks as the risk of recurrence after an acute attack
ranges from 7 to 62%. Recurrent attacks are less likely to
respond to medical and diet therapy and often require
emergent surgery.

CROHN'S DISEASE

Introduction

In¯ammatory bowel disease refers to two disorders,
ulcerative colitis and Crohn's disease, both chronic, re-
lapsing disorders of unknown etiology.

Crohn's disease is a chronic in¯ammatory disorder
that occurs throughout the world, with a prevalence of
10 to 100 cases per 105 people. Although the disorder
can begin at any age, its onset most often occurs between
15 and 30 years of age. There appears to be a familial
aggregation of patients with Crohn's disease such that
20ÿ30% of patients with Crohn's disease have a family
history of in¯ammatory bowel disease. Epidemiological
studies suggests that the disorder occurs most fre-
quently among people of European origin. Crohn's dis-
ease is three to eight times more common among Jews
than among non-Jews and is more common among
whites than nonwhites.

The typical clinical manifestations for most patients
with Crohn's disease include diarrhea, abdominal pain,
weight loss, and fever (Table V). The transmural nature
of the in¯ammatory process leads to ®brotic strictures
that can lead to episodes of small bowel or colonic ob-
struction. Transmural in¯ammation is also associated
with the development of sinus tracts that can lead to
serosal penetration and bowel wall perforation. Pene-
tration of the bowel wall often presents not as an acute
abdomen but as an indolent process related to the pro-
duction of ®stulas. Weight loss and fever are the primary
systemic symptoms in Crohn's disease.

Patients with Crohn's disease can be divided into
those with small bowel disease alone (30%), those

with both small and large bowel involvement (50%),
and those with disease involving only the colon
(20%). The hallmark of Crohn's disease is in¯ammation,
which may or may not be accompanied by noncaseating
granulomas, extending through all layers of the gut wall.
Microscopic examination reveals (1) hyperplasia of
perilymphatic histiocytes, (2) diffuse granulomatous
in®ltration, (3) discrete noncaseating granulomas in
the submucosa and lamina propria, (4) edema and lym-
phatic dilation of all layers of the gut, and (5) monocytic
in®ltration within lymph nodules and Peyer's patches
on the serosal surface of the bowel.

The impact of dietary ®ber in Crohn's disease fo-
cuses on (1) the role of ®ber in the etiology of disease
and (2) the role of ®ber in the management of
disease. The role of management will be discussed in
the next section.

Several studies have investigated the role of dietary
®ber in Crohn's disease. One study in 1979 by Thornton
et al. interviewed 30 patients newly diagnosed with
Crohn's disease. Patients were asked about their habit-
ual pre-illness diet. When compared to healthy controls
matched for age, sex, social class, and marital status, it
was found that the Crohn's disease patients ate more
re®ned sugar and slightly less ®ber, raw fruit, and veg-
etables. It was postulated that a diet high in re®ned sugar
and low in raw fruit and vegetables may predispose to
Crohn's disease. In a review by Riemann et al. in 1984, it
was shown that patients with Crohn's disease have a
signi®cantly increased consumption of re®ned carbohy-
drates compared to controls. Persson et al. conducted a
population-based case control study of in¯ammatory
bowel disease and dietary habits in Stockholm, Sweden.
The relative risk for Crohn's disease was increased in

TABLE V Differences between Crohn's Disease and

Ulcerative Colitis

Crohn's disease Ulcerative colitis

Symptoms

Diarrhea � ��
Abdominal pain �� �
Weight loss �� ÿ
Fever � �
Fistula � ÿ
Stricture � ÿ
Bleeding � ��

Histology

Granulomas �� ÿ
Skip lesions �� ÿ
Transmural in¯ammation �� ÿ
Rectal sparing �� ÿ
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subjects who had a high intake of sucrose and decreased
for subjects who had a high intake of ®ber. The dif®culty
with the studies investigating the role of dietary ®ber's
causal effect in Crohn's disease is the retrospective na-
ture of the studies, the inability to control for confound-
ing factors, and the small sample sizes. Therefore, one
cannot draw a conclusion about any causative role for
®ber in Crohn's disease.

Treatment

In patients with narrowing of the lumen, the ratio-
nale for restricting dietary ®ber is apparent. Fiber intake
can be reduced by avoiding coarse whole grain breads
and cereals, nuts, and most fruits and vegetables. Fruit
and vegetables may not pass through strictures and may
cause a bolus obstruction behind a stricture. Patients
with symptoms suggestive of mild or partial bowel ob-
struction should avoid the intake of raw fruits and veg-
etables. Studies have investigated the role of dietary ®ber
in managing Crohn's disease. One study by Koga et al.
evaluated the effectiveness of a low-residue diet in
maintaining remission in people with Crohn's disease.
The results suggest that drinking a low-residue drink for
longer than 1 year following induction of remission was
useful for the maintenance of disease remission. Kasper
et al., in 1979, measured the mean daily intake of dietary
®ber, sugar, starch, fat, protein, and total energy in pa-
tients with Crohn's disease and controls matched for
age, sex, and socioeconomic background. In the patients
with Crohn's disease, the mean dietary ®ber intake
was greater than in controls. Crohn's disease patients
also exhibited greater sugar and starch consumption
with greater total energy intake. Heaton et al., in 1979,
treated 32 patients with Crohn's disease with a ®ber-
rich, unre®ned carbohydrate diet in addition to conven-
tional management. The results of the trial show fewer
hospital admissions in the diet-treated patients than in
those receiving only conventional management. In
1985, Jones et al. investigated 20 patients with Crohn's
disease in which remission was maintained by either an
unre®ned carbohydrate ®ber-rich diet or a strict exclu-
sion diet. Their results show greater remission rates in
patients on exclusion diets than in those on the carbo-
hydrate ®ber-rich diet. In a study by Levenstein et al. in
1985, there was no difference in hospitalization, need
for surgery, new complications, nutritional status, or
postoperative recurrence between patients on a low-
residue diet and those following a normal Italian diet.
In a recent study by Stange et al. in 1990, patients
with Crohn's disease received either an exclusion diet
or a diet low in re®ned carbohydrates and rich in ®ber.
A total of 26 patients were observed for 1 year. There was

no difference between diets with respect to Crohn's
disease activity index.

ULCERATIVE COLITIS

Introduction

Ulcerative colitis is an in¯ammatory disease of
unknown etiology affecting the colonic mucosa from
the rectum to the cecum. The diagnosis of ulcerative
colitis rests on discovery of a combination of clinical
and pathological criteria, investigation of the extent
and distribution of lesions, and exclusion of other
forms of in¯ammatory colitis caused by infectious
agents (Entamoeba histolytica, Clostridium dif®cile, Cam-
pylobacter jejuni, Escherichia coli, and Shigella dysenter-
iae). The in¯ammatory state in ulcerative colitis is
con®ned to the mucosa. Polymorphonuclear cells accu-
mulate in the crypt abscesses and frank necrosis of the
surrounding crypt epithelium occurs. Several crypt ab-
scesses may coalesce to produce ulceration visible on
the mucosal surface. Following mucosal destruction,
highly vascular granulation tissue develops in denuded
areas, resulting in friability and bleeding. Diarrhea and
rectal bleeding, two of the most prominent symptoms of
ulcerative colitis, are related both to the extensive mu-
cosal damage that renders the colon less capable of
absorbing electrolytes and water and to the highly fri-
able vascular granulation tissue.

Treatment

A low-residue diet is recommended during acute
phases of colitis because insoluble particles irritate
the bowel and make diarrhea worse. Recently, however,
the rarity of ulcerative colitis in developing countries
together with the ability of dietary ®ber to affect colonic
function and its bacterial content have suggested that a
low intake of ®ber might be a factor in causing ulcerative
colitis. A high-®ber diet can be prescribed for patients
during quiescent phases of the disease. In one open-
label, parallel group, multicenter randomized trial,
the effect of Plantago ovata seeds compared with
mesalamine in maintaining remission in ulcerative col-
itis was investigated. The primary end-point was main-
tenance of remission for 12 months. Results show that
treatment failure occurred in 40% of the P. ovata seed
group, 35% of the mesalamine group, and 30% of the
P. ovata plus mesalamine group. P. ovata seeds might
be as effective as mesalamine in maintaining remission
in ulcerative colitis. Hallert et al. investigated the ef®-
ciency of ispaghula husk in relieving gastrointes-
tinal symptoms in patients with ulcerative colitis in
remission compared with placebo. Results show that
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ispaghula can be helpful in the management of
symptoms secondary to ulcerative colitis. It has been
shown that germinated barley foodstuff results in
signi®cant clinical and endoscopic improvement in
patients with ulcerative colitis.

SCFA have been proposed as a topical treatment for
active distal ulcerative colitis. Colonic biopsy specimens
from patients with ulcerative colitis reveal impaired uti-
lization of butyrate as measured by carbon dioxide pro-
duction. The rationale behind using SCFA in ulcerative
colitis is that supraphysiologic lumenal SCFA concen-
trations may be able to overcome the partial metabolic
defect of the colonic mucosa to oxidize SCFA. More-
over, SCFA stimulate colonic cell proliferation, provide
a more effective barrier between mucosa and the
intralumenal contents, dilate the resistance arteries of
the colon, and increase blood ¯ow and mucosal oxygen
uptake. Four uncontrolled studies investigating the ef-
fect of SCFA on distal active ulcerative colitis have been
published. In all four trials, 50ÿ78% of the patients had
clinical improvement, some with complete remission,
during the study periods ranging from 4 to 6 weeks.
Disease activity indices and endoscopic appearance
all improved. The trials to date are limited by the
small number of subjects, varying combinations and
concentrations of SCFA, and differences in study design
and patient populations. In a study by Breuer et al. in
1997, 103 patients with distal ulcerative colitis were
entered into a 6-week, double-blind, placebo-controlled
trial of rectal SCFA twice daily. Of the 91 patients com-
pleting the trial, more patients in the SCFA-treated
group than in the placebo-treated group improved
(33% vs 20%, P� 0.14, NS). In summary, SCFA irriga-
tion can effectively treat refractory distal ulcerative co-
litis that has failed to respond to standard topical,
systemic, or combination therapies. As a ®rst-line treat-
ment of mild to moderate distal ulcerative colitis, SCFA
are associated with a modest clinical response rate.
SCFA are as effective as topical corticosteroid and
5-aminosalicylic acid in inducing clinical, endoscopic,
and histologic improvement in mild to moderate distal
ulcerative colitis. SCFA are free of signi®cant side effects
and are well tolerated. Unresolved issues regarding
SCFA include their role in maintaining remission of
distal ulcerative colitis once active disease is brought
under control.

DIVERSION COLITIS

Diversion colitis is an in¯ammatory process that occurs
in segments of the colon after surgical diversion of
the fecal stream. Several studies have documented
that endoscopic abnormalities and histologic changes

occur in the distal colonic segment of most patients after
intestinal diversion. Pathologic examination shows
lymphoglandular complexes expanding the submucosa
with increased lymphocytes and plasma cells. Cryptitis
with abscesses, patchy neutrophil in®ltration in the
lamina propria, and super®cial erosions overlying lym-
phoid follicles are common ®ndings. The disease is
characterized by bleeding from in¯amed colonic mu-
cosa, tenesmus, mucus discharge, and abdominal pain.
The majority of patients remain asymptomatic. Diver-
sion colitis is likely caused by a de®ciency of SCFA,
which serve as lumenal nutrients for colonocytes as
earlier studies showed bene®cial effects of SCFA on
diversion colitis. The de®nitive treatment of diversion
colitis is restoration of intestinal continuity. However,
randomized controlled studies did not con®rm a
bene®cial role of SCFA in the treatment of diversion
colitis. These studies were hampered by small sample
size and short duration of treatment. In those patients
with preexisting in¯ammatory bowel disease, SCFA
combined with anti-in¯ammatory drugs may be
effective.

IRRITABLE BOWEL SYNDROME

Introduction

IBS is de®ned as `̀ a functional bowel disorder in
which abdominal pain is associated with defecation
or a change in bowel habit, with features of disordered
defecation and distention.'' Criteria for IBS have been
formalized in the Rome and Manning Criteria (Table VI).
The incidence of IBS is 1% per year with a prevalence of
2.9ÿ20%. The prevalence of IBS is lower in the elderly
and higher in female patients. Patients are classi®ed
into subgroups based on predominant symptom. Sub-
groups include constipation-predominant IBS, diarrhea-
predominant IBS, and IBS with alternating bowel
movements.

IBS is considered a biopsychosocial disorder result-
ing from a combination of psychosocial factors, altered
motility and transit, and increased sensitivity of the in-
testine or colon. One hypothesis suggests that IBS re-
sults from altered peripheral functioning of visceral
afferents and the central processing of afferent informa-
tion that are important in the altered somatovisceral
sensation and motor dysfunction. As infectious diarrhea
precedes the onset of IBS symptoms in 7ÿ30% of pa-
tients, it has therefore been postulated that persistent
neuroimmune interactions after infectious gastroenter-
itis result in continuing sensorimotor dysfunction.
Food allergens may play a role in IBS as symptoms
often improve with dietary exclusion. Stress and
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emotions affect gastrointestinal function and cause
symptoms in patients with IBS.

Treatment

There are currently no evidence-based guidelines on
how patients with IBS should be treated. The dietary
treatment of patients with IBS has centered around bran
supplementation, manipulating the dietary ®ber con-
tent of the diet, and the identi®cation of food intoler-
ance. Dietary intervention needs to be individualized
with respect to the patient's symptoms. An in-depth
assessment of a patient's dietary intake is essential
prior to any therapeutic dietetic intervention. Of
eight studies evaluating the role of diet in IBS, ®ve iden-
ti®ed food intolerance as a major contributor to
symptoms. Unfortunately, because of impracticalities
in trial design, there are no randomized control trials.
In summary, seven studies mentioned dairy products,
six mentioned coffee, and ®ve mentioned wheat. Others
cite eggs, corn, potatoes, onions, fruits, and vegetables.
In the majority of the studies, the patients with diarrhea
responded favorably to an exclusion diet compared to
other subtypes of IBS. The recommendation that elim-
ination diets control the symptoms of IBS is based on
poorly designed and incomplete trials.

The mainstay of dietary therapy for IBS has centered
around the manipulation of dietary ®ber. Rees et al.
conducted a critical review of clinical trials examining
the effect of dietary ®ber on symptoms in patients with
IBS. It was shown that six of eight investigations
detected no signi®cant difference in most of the
symptoms of IBS when ®ber was compared to placebo.
In the eight trials, the amount of supplement varied, the
form in which the ®ber was administered differed, and
the type of ®ber supplement was different. The literature
does not support any bene®cial effects of increasing
insoluble nonstarch polysaccharides in IBS patients.
Bran is reported to be no better than placebo in relief
of overall IBS symptoms and may be worse than a

normal diet for symptoms of IBS caused by intralumenal
distension. However, subgroup analysis suggests that
increasing insoluble wheat products in the diet may
be of some bene®t in patients with predominantly
symptoms of constipation. There appears to be signif-
icant improvement in constipation if suf®cient
quantities of ®ber (20ÿ30 g/day) are consumed. It is
therefore common practice to start with a low dose,
increasing gradually and abandoning high levels of sup-
plementation (430 g/day) if patients experience wors-
ening of symptoms. It is therefore generally recognized
that ®ber may have a role in treating constipation
with a minimal role in the relief of abdominal pain
and diarrhea.

The use of dietary ®ber in patients with constipa-
tion-predominant IBS was prompted by the success of
®ber in controlling general symptoms of constipation.
Constipation is de®ned as a bowel movement every 3 to
4 days or less. An international panel of experts devel-
oped a consensus de®nition of constipation. Compo-
nents of the de®nition include the presence of
straining, hard stools, feelings of incomplete evacuat-
ion, or two or fewer bowel movements per week. The
prevalence of constipation has been estimated to be 2%
of the U.S. population.

An initial approach to the management of constipa-
tion consists of a gradual increase in ®ber intake. To
date, only one meta-analysis investigating therapeutic
trials has been conducted. Tramonte et al. evaluated
25 treatments in 36 randomized trials. Although
there was inadequate evidence to conclude that ®ber
was superior to laxatives, there was agreement that
both ®ber and laxatives improve bowel movement fre-
quency in adults with chronic constipation. It is well
known that there is a dose response between ®ber intake
and fecal output.

Studies have shown that patients with IBS develop
symptoms after being exposed to a sorbitol diet. Trials
cannot con®rm a true malabsorption of carbohydrates
in patients with IBS and therefore the role of

TABLE VI Criteria for the Diagnosis of Irritable Bowel Syndrome

Manning Criteria Rome II Criteria

Pain relieved by defecation

More frequent stools at the onset of

pain

Looser stools at the onset pain

At least 12 weeks or more, which need not be consecutive, in the previous 12 months of

abdominal pain or discomfort with 2 of 3 features: relief with defecation, onset

associated with a change in the frequency of stool, onset associated with a change in

(appearance of ) stool

Visible abdominal distension

Passage of mucus

Sensation of incomplete evacuation
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carbohydrate and sorbitol is not routinely considered in
the management of IBS. Although the number of
subjects reporting lactose intolerance is higher
(60% compared to 27%) than in the general population,
the actual percentage of lactose intolerance in patients
with IBS is the same as in healthy subjects. The incon-
clusive ®ndings and association of lactose intolerance
and IBS can be explained by poorly designed studies.
Moreover, lactose intolerance has been associated with
gastrointestinal symptoms; however, whether this is due
to lactase de®ciency or increased sensitivity is not
known.

In summary, the goal of dietary manipulation in
patients with IBS is to help patients control their
symptoms. Abnormal eating practices need to be
assessed in relation to the patient's symptoms. Exclu-
sion diets should be tried only when patients com-
plain of multiple food intolerance and single food
avoidance has not helped control symptoms. Patients
consuming large quantities of sorbitol should be dis-
couraged, especially if their symptoms are predomi-
nantly pain and diarrhea. In those patients in whom
dairy products are associated with symptoms, a trial
milk-free or lactose-free diet should attempted. If a
patient's predominant symptom is constipation, an as-
sessment of ¯uid intake should be undertaken. Regular
meal patterns should be encouraged. An assessment
of the type and quantity of nonstarch polysaccharides
consumed should be made. The addition of bran
and insoluble ®bers should be discouraged, with

more emphasis placed on increasing the proportion
of foods containing a higher concentration of soluble
nonstarch polysaccharides.
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Dietary Reference Intakes (DRIs):
Concepts and Implementation
JOHANNA DWYER

Tufts University and TuftsÿNew England Medical Center Hospital

adequate intake The nutrient intake amount that is set when

experts believe that the data on the requirement are still

preliminary.

estimated average requirement The amount of a nutrient

that meets the requirement for a speci®c criterion of

adequacy of half of the healthy individuals of a speci®c

age, sex, and life stage.

estimated energy requirement The requirement for energy

for individuals of normal weight with body mass indices

of between 18.5 and 25 for adults.

Recommended Dietary Allowance The average daily dietary

intake level that meets the nutrient requirements of

nearly all (97ÿ98%) healthy persons of a speci®c sex,

age, life stage, or physiological condition (such as

pregnancy or lactation).

tolerable upper intake level The highest level of chronic,

usual daily nutrient intake that is likely to pose no risk of

adverse health effects to almost everyone in the

population.

total energy expenditure A set of equations that estimate the

energy expenditure needed to maintain current body

weight and activity levels.

This article describes the dietary reference intakes, which

are reference standards for nutrient requirements that

were recently completed by Health Canada and by the

Food and Nutrition Board, Institute of Medicine, National

Academy of Sciences in the United States. The rationale

for developing a series of dietary reference intakes for

nutrients is that by the early 1990s, it had become appar-

ent that much new work on nutrient needs, the balance

and interactions between nutrients, and the relationship

of diet and development of chronic degenerative diseases

had become available and needed to be incorporated into

the thinking about dietary standards. New techniques for

evaluating the biological functions of nutrients were also

available and more precise estimates of energy output

were at hand. Also, there was a need to evaluate whether

requirements needed to be stated for many nonnutrients

in food with biological activities of health signi®cance.

The development of the dietary reference intakes permit-

ted expert groups of biomedical scientists to update data

on the validity and reliability of existing dietary stan-

dards, to present a new paradigm for assessing dietary

adequacy and excess using new statistical techniques, and

to plan adequate, balanced intakes that were moderate in

their dietary contributions. A new paradigm was needed

because the existing nutrient standards could not appro-

priately address the uses to which they were applied.

After over a decade of deliberations, by 2003 the new

dietary reference intakes were nearly completed for all

known nutrients and methods for applying them for as-

sessing and planning intakes of individuals and groups are

now available. This article focuses on their application

to individuals for clinical purposes in the United States

and Canada.

DIETARY REFERENCE
INTAKE VALUES

Dietary reference intakes (DRIs) are quantitative rec-
ommendations for nutrient intakes used as reference
values or standards for planning and evaluating the
diets of healthy people. The DRIs include the estimated
average requirement (EAR) for vitamins, minerals, and
macronutrients, including protein, essential fatty acids,
carbohydrate, and ®ber when possible, and three other
reference values, the Recommended Dietary Allowances
(RDAs), the adequate intake (AI), and the tolerable
upper intake level (UL). For energy, the total energy
expenditure (TEE) and estimated energy requirement
(EER) are presented. For energy-yielding nutrients, an
acceptable macronutrient distribution range (AMDR) is
also presented.

The process for establishing estimated average re-
quirements and other dietary reference intakes used in
the United States and Canada is described in detail in
monographs on groups of nutrients published by the
Standing Committee on the Scienti®c Evaluation of
Dietary Reference Intakes of the Food and Nutri-
tion Board, Institute of Medicine, National Academy
of Sciences. They replace both the 1989 Recommended
Dietary Allowances that had been used previously in
the United States and previous reference data used
in Canada.
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ESTIMATED AVERAGE REQUIREMENT

The EAR is the amount of a nutrient that meets the
requirement for a speci®c criterion of adequacy of
half of the healthy individuals of a speci®c age, sex,
and life stage. Table I presents the EAR for nutrients.
In setting the EAR, the evidence for each possible func-
tional criterion that might be chosen is considered and
the reason for selecting the criterion that is ®nally cho-
sen is justi®ed. The amount of the nutrient necessary to
meet the appropriate criterion of adequacy varies from
one individual to the next. Requirements are usually
distributed normally or can be transformed to achieve
a normal distribution. The EAR is not useful for esti-
mating nutrient adequacy in individuals because it is a
mean requirement for a group and since the variation
around the mean is considerable, the range of error is
considerable. For example, at the EAR, 50% of the in-
dividuals in a group are below their requirement and
50% are above it. Thus, a person whose usual intake is at
the EAR has a 50% risk of an inadequate intake during
the reporting period. An individual with an intake be-
tween the EAR and the RDA would have a risk of inad-
equacy between 50 and 2ÿ3%. An individual whose
usual intake is below the EAR would have a risk of
inadequacy between 50 and 100%. The precise amount
of a nutrient that will be adequate for any given indi-
vidual is therefore unknown. It can be stated only in
terms of probabilities and thus the EAR has little use in
clinical practice.

RECOMMENDED DIETARY
ALLOWANCES

The RDA is the average daily dietary intake level that
suf®ces to meet the nutrient requirements of nearly all
(97ÿ98%) healthy persons of a speci®c sex, age, life
stage, or physiological condition (such as pregnancy
or lactation). It is the nutrient intake goal for planning
the diets of individuals. Tables II and III present the RDA
for vitamins and minerals, respectively.

To ensure that the needs of any given individual are
met, a measure of variability around the EAR, usually
the standard deviation, is assumed. Then, the RDA, the
amount of the nutrient that covers virtually everyone in
the population [de®ned statistically as 2 standard devi-
ations (SD) above the EAR], is calculated assuming a
normal distribution of nutrient requirements. Thus,
the RDA is the EAR� 2 SD. If the SD is not available,
using a coef®cient of variation (CV) of 10%, the RDA is
set at 1.2 times the EAR. If the CV is assumed to be 15%,
then the RDA is set at 1.3 times the EAR.

As intakes fall further and further below the RDA,
the risk, but not the certainty, of inadequacy increases.
The RDA is a good target for individuals to aim for in
planning their diets. The RDA is not appropriate for
assessing the diets of individuals or for assessing or
planning the diets of groups. The RDA should not be
applied as a standard for the evaluation of group (pop-
ulation) nutrient intakes because it is overly generous;
by de®nition, the RDA exceeds actual requirements of
all but approximately 2ÿ3% of the population. Thus,
many individuals whose intakes are below the RDA may
still be getting enough of the nutrient in question to be
above their requirement levels.

ADEQUATE INTAKE

For some nutrients, it is not possible to calculate an EAR
and set a RDA because data on the nutrient requirement
(EAR) for the function of health signi®cance that has
been chosen is not available. However, there may be
enough information to make quantitative recommenda-
tions about healthful nutrient intake levels. An AI is set
when experts believe that data on the requirement using
the criterion that has been chosen to determine the re-
quirement are still preliminary. This signi®es that more
research is needed before an EAR and a RDA for that
particular criterion or function can be determined. The
AI is an appropriate goal or target for the nutrient intake
of individuals. The AI is not a requirement and it should
not be interpreted as such. Rather, it is an average or
median intake in a group of healthy people, all of whom
are assumed to be meeting their nutrient requirements.
Thus, falling below the AI does not necessarily signify
de®ciency. Tables II and III also contain the AI for nu-
trients that have them.

The AI is a value based on observed or experi-
mentally determined approximations of nutrient in-
takes by groups of healthy people that is used when
an EAR and a RDA cannot be determined. For infants,
the AI is always based on the mean intakes of groups of
healthy infants. For adults, in some instances the AI is
set as the mean of diets in some reference group. For
other nutrients, the criteria are less precisely deter-
mined, but they are always chosen to be generous
enough for good health.

TOLERABLE UPPER INTAKE
LEVELS OF NUTRIENTS

Requirements for nutrients consist not only of values
that ensure adequacy, but should also recognize that
avoiding intakes far in excess of the RDA is important
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TABLE I Dietary Reference Intakes (DRIs): Estimated Average Requirements for Groups

Life-stage

group

Protein

(g/day)

Vitamin A

(mg/day)a
Vitamin C

(mg/day)

Vitamin E

(mg/day)b
Thiamine

(mg/day)

Ribo¯avin

(mg/day)

Niacin

(mg/

day)c
Vitamin B6

(mg/day)

Folate

(mg/

day)d
Vitamin B12

(mg/day)

Copper

(mg/day)

Iodine

(mg/day)

Iron

(mg/day)

Magnesium

(mg/day)

Molybdenum

(mg/day)

Phosphorus

(mg/day)

Selenium

(mg/day)

Zinc

(mg/day)

Infants

7ÿ12 months 10 6.9 2.5

Children

1ÿ3 years 11 210 13 5 0.4 0.4 5 0.4 120 0.7 260 65 3.0 65 13 380 17 2.5

4ÿ8 years 15 275 22 6 0.5 0.5 6 0.5 160 1.0 340 65 4.1 110 17 405 23 4.0

Males

9ÿ13 years 27 445 39 9 0.7 0.8 9 0.8 250 1.5 540 73 5.9 200 26 1055 35 7.0

14ÿ18 years 44 630 63 12 1.0 1.1 12 1.1 330 2.0 685 95 7.7 340 33 1055 45 8.5

19ÿ30 years 46 625 75 12 1.0 1.1 12 1.1 320 2.0 700 95 6 330 34 580 45 9.4

31ÿ50 years 46 625 75 12 1.0 1.1 12 1.1 320 2.0 700 95 6 350 34 580 45 9.4

51ÿ70 years 46 625 75 12 1.0 1.1 12 1.4 320 2.0 700 95 6 350 34 580 45 9.4

470 years 46 625 75 12 1.0 1.1 12 1.4 320 2.0 700 95 6 350 34 580 45 9.4

Females

9ÿ13 years 28 420 39 9 0.7 0.8 9 0.8 250 1.5 540 73 5.7 200 26 1055 35 7.0

14ÿ18 years 38 485 56 12 0.9 0.9 11 1.0 330 2.0 685 95 7.9 300 33 1055 45 7.3

19ÿ30 years 38 500 60 12 0.9 0.9 11 1.1 320 2.0 700 95 8.1 255 34 580 45 6.8

31ÿ50 years 38 500 60 12 0.9 0.9 11 1.1 320 2.0 700 95 8.1 265 34 580 45 6.8

51ÿ70 years 38 500 60 12 0.9 0.9 11 1.3 320 2.0 700 95 5 265 34 580 45 6.8

470 years 38 500 60 12 0.9 0.9 11 1.3 320 2.0 700 95 5 265 34 580 45 6.8

Pregnancy

�18 years 50 530 66 12 1.2 1.2 14 1.6 520 2.2 785 160 23 335 40 1055 49 10.5

19ÿ30 years 50 550 70 12 1.2 1.2 14 1.6 520 2.2 800 160 22 290 40 580 49 9.5

31ÿ50 years 50 550 70 12 1.2 1.2 14 1.6 520 2.2 800 160 22 300 40 580 49 9.5

Lactation

�18 years 60 880 96 16 1.2 1.3 13 1.7 450 2.4 985 209 7 300 35 1055 59 10.9

19ÿ30 years 60 900 100 16 1.2 1.3 13 1.7 450 2.4 1000 209 6.5 255 36 580 59 10.4

31ÿ50 years 60 900 100 16 1.2 1.3 13 1.7 450 2.4 1000 209 6.5 265 36 580 59 10.4

Sources. Reprinted, with permission, from Panel on Micronutrients, Subcommittee on Upper Reference Levels of Nutrients and Interpretation and Uses of Dietary Reference Intakes, Standing Committee on the Scienti®c Evaluation of

Dietary Reference Intakes, Food and Nutrition Board, Institute of Medicine (2001). `̀ Dietary Reference Intakes for Vitamin A, Vitamin K, Arsenic, Boron, Chromium, Copper, Iodine, Iron, Manganese, Molybdenum, Nickel, Silicon,

Vanadium, and Zinc.'' National Academies Press, Washington, DC; Standing Committee on the Scienti®c Evaluation of Dietary Reference Intakes, Food and Nutrition Board, Institute of Medicine (2001). `̀ Dietary Reference Intakes for

Calcium, Phosphorus, Magnesium, Vitamin D, and Fluoride.'' National Academies Press, Washington, DC; Standing Committee on the Scienti®c Evaluation of Dietary Reference Intakes and Its Panel on Folate, Other B Vitamins, and Choline,

Food and Nutrition Board, Institute of Medicine (1998). `̀ Dietary Reference Intakes for Thiamin, Ribo¯avin, Niacin, Vitamin B6, Folate, Vitamin B12, Pantothenic Acid, Biotin, and Choline.'' National Academies Press, Washington, DC; Panel

on Dietary Antioxidants and Related Compounds, Subcommittees on Upper Reference Levels of Nutrients and Interpretation and Uses of Dietary Reference Intakes, and the Standing Committee on the Scienti®c Evaluation of Dietary

Reference Intakes, Food and Nutrition Board, Institute of Medicine (2000). `̀ Dietary Reference Intakes for Vitamin C, Vitamin E, Selenium and Carotenoids.'' National Academies Press, Washington, DC. (These reports are available at http://

www.nap.edu.) Copyright 2002 by the National Academy of Sciences. All rights reserved.

Note. This table presents estimated average requirements (EARs), which serve two purposes: to assess the adequacy of population intakes and to calculate Recommended Dietary Allowances for individuals for those nutrients. EARs have

not been established for vitamin D, vitamin K, pantothenic acid, biotin, choline, calcium, chromium, ¯uoride, manganese, or other nutrients not yet evaluated via the DRI process.
a

As retinol activity equivalents (RAEs). 1 RAE� 1 mg retinol, 12 mgb-carotene, 24 mga-carotene, or 24 mgb-cryptoxanthin. The RAE for dietary provitamin A carotenoids is twofold greater than retinol equivalents (RE), whereas the RAE

for preformed vitamin A is the same as RE.
b

As a-tocopherol. a-Tocopherol includes RRR-a-tocopherol, the only form of a-tocopherol that occurs naturally in foods, and the 2R-stereoisomeric forms of a-tocopherol (RRR-, RSR-, RRS-, and RSS-a-tocopherol) that occur in forti®ed

foods and supplements. It does not include the 2S-stereoisomeric forms of a-tocopherol (SRR-, SSR-, SRS-, and SSS-a-tocopherol), also found in forti®ed foods and supplements.
c

As niacin equivalents. 1 mg of niacin� 60 mg of tryptophan.
d

As dietary folate equivalents (DFE). 1 DFE� 1 mg food folate� 0.6 mg of folic acid from forti®ed food or as a supplement consumed with food� 0.5 mg of a supplement taken on an empty stomach.



TABLE II Dietary Reference Intakes: Recommended Intakes for Individuals, Vitamins

Life-stage

group

Vitamin A

(mg/day)a
Vitamin C

(mg/day)

Vitamin D

(mg/

day)b,c
Vitamin E

(mg/day)d
Vitamin K

(mg/day)

Thiamine

(mg/day)

Ribo¯avin

(mg/day)

Niacin

(mg/

day)e
Vitamin B6

(mg/day)

Folate

(mg/

day)f
Vitamin B12

(mg/day)

Pantothenic acid

(mg/day)

Biotin

(mg/day)

Choline

(mg/

day)g

Infants

0ÿ6 months 400 40 5 4 2.0 0.2 0.3 2 0.1 65 0.4 1.7 5 125

7ÿ12 months 500 50 5 5 2.5 0.3 0.4 4 0.3 80 0.5 1.8 6 150

Children

1ÿ3 years 300 15 5 6 30 0.5 0.5 6 0.5 150 0.9 2 8 200

4ÿ8 years 400 25 5 7 55 0.6 0.6 8 0.6 200 1.2 3 12 250

Males

9ÿ13 years 600 45 5 11 60 0.9 0.9 12 1.0 300 1.8 4 20 375

14ÿ18 years 900 75 5 15 75 1.2 1.3 16 1.3 400 2.4 5 25 550

19ÿ30 years 900 90 5 15 120 1.2 1.3 16 1.3 400 2.4 5 30 550

31ÿ50 years 900 90 5 15 120 1.2 1.3 16 1.3 400 2.4 5 30 550

51ÿ70 years 900 90 10 15 120 1.2 1.3 16 1.7 400 2.4h 5 30 550

470 years 900 90 15 15 120 1.2 1.3 16 1.7 400 2.4h 5 30 550

Females

9ÿ13 years 600 45 5 11 60 0.9 0.9 12 1.0 300 1.8 4 20 375

14ÿ18 years 700 65 5 15 75 1.0 1.0 14 1.2 400i 2.4 5 25 400

19ÿ30 years 700 75 5 15 90 1.1 1.1 14 1.3 400i 2.4 5 30 425

31ÿ50 years 700 75 5 15 90 1.1 1.1 14 1.3 400i 2.4 5 30 425

51ÿ70 years 700 75 10 15 90 1.1 1.1 14 1.5 400 2.4h 5 30 425

470 years 700 75 15 15 90 1.1 1.1 14 1.5 400 2.4h 5 30 425

Pregnancy

� 18 years 750 80 5 15 75 1.4 1.4 18 1.9 600 j 2.6 6 30 450

19ÿ30 years 770 85 5 15 90 1.4 1.4 18 1.9 600 j 2.6 6 30 450

31ÿ50 years 770 85 5 15 90 1.4 1.4 18 1.9 600 j 2.6 6 30 450



Lactation

� 18 years 1200 115 5 19 75 1.4 1.6 17 2.0 500 2.8 7 35 550

19ÿ30 years 1300 120 5 19 90 1.4 1.6 17 2.0 500 2.8 7 35 550

31ÿ50 years 1300 120 5 19 90 1.4 1.6 17 2.0 500 2.8 7 35 550

Sources. Reprinted, with permission, from Panel on Micronutrients, Subcommittee on Upper Reference Levels of Nutrients and Interpretation and Uses of Dietary Reference Intakes, Standing Committee on the Scienti®c

Evaluation of Dietary Reference Intakes, Food and Nutrition Board, Institute of Medicine (2001). `̀ Dietary Reference Intakes for Vitamin A, Vitamin K, Arsenic, Boron, Chromium, Copper, Iodine, Iron, Manganese,

Molybdenum, Nickel, Silicon, Vanadium, and Zinc.'' National Academies Press, Washington, DC; Standing Committee on the Scienti®c Evaluation of Dietary Reference Intakes, Food and Nutrition Board, Institute of Medicine

(2001). `̀ Dietary Reference Intakes for Calcium, Phosphorus, Magnesium, Vitamin D, and Fluoride.'' National Academies Press, Washington, DC; Standing Committee on the Scienti®c Evaluation of Dietary Reference Intakes

and Its Panel on Folate, Other B Vitamins, and Choline, Food and Nutrition Board, Institute of Medicine (1998). `̀ Dietary Reference Intakes for Thiamin, Ribo¯avin, Niacin, Vitamin B6, Folate, Vitamin B12, Pantothenic Acid,

Biotin, and Choline.'' National Academies Press, Washington, DC; Panel on Dietary Antioxidants and Related Compounds, Subcommittees on Upper Reference Levels of Nutrients and Interpretation and Uses of Dietary

Reference Intakes, and the Standing Committee on the Scienti®c Evaluation of Dietary Reference Intakes, Food and Nutrition Board, Institute of Medicine (2000). `̀ Dietary Reference Intakes for Vitamin C, Vitamin E, Selenium

and Carotenoids.'' National Academies Press, Washington, DC. (These reports are available at http://www.nap.edu.) Copyright 2001 by the National Academy of Sciences. All rights reserved.

Note. This table presents Recommended Dietary Allowances (RDAs) in boldface type and adequate intakes (AIs) in lightface type. Both RDAs and AIs may be used as goals for individual intake. RDAs are set to meet the

needs of almost all (97 to 98%) individuals in a group. For healthy breast-fed infants, the AI is the mean intake. The AI for other life-stage and gender groups is believed to cover needs of all individuals in the group, but due to

lack of data or uncertainty in the data the percentage of individuals covered by this intake cannot be speci®ed with con®dence.
a As retinol activity equivalents (RAEs). 1 RAE� 1 mg retinol, 12 mg b-carotene, 24 mg a-carotene, or 24 mg b-cryptoxanthin. To calculate RAEs from REs of provitamin A carotenoids in foods, divide the REs by 2. For

preformed vitamin A in foods or supplements and for provitamin A carotenoids in supplements, 1 RE� 1 RAE.
b calciferol. 1 mg calciferol� 40 international units of vitamin D.
c In the absence of adequate exposure to sunlight.
d As a-tocopherol. includes RRR-a-tocopherol, the only form of a-tocopherol that occurs naturally in foods, and the 2R-stereoisomeric forms of a-tocopherol (RRR-, RSR-, RRS-, and RSS-a-tocopherol) that occur in

forti®ed foods and supplements. It does not include the 2S-stereoisomeric forms of a-tocopherol (SRR-, SSR-, SRS-, and SSS-a-tocopherol), also found in forti®ed foods and supplements.
e As niacin equivalents (NE). 1 mg of niacin� 60 mg of tryptophan; for infants ages 0ÿ6 months, preformed niacin (not NE) is meant.
f As dietary folate equivalents (DFE). 1 DFE� 1 mg food folate� 0.6 mg of folic acid from forti®ed food or as a supplement consumed with food� 0.5 mg of a supplement taken on an empty stomach.
g Although AIs have been set for choline, there are few data to assess whether a dietary supply of choline is needed at all stages of the life cycle and it may be that the choline requirement can be met by endogenous synthesis

at some of these stages.
h Because 10 to 30% of older people may malabsorb food-bound B12, it is advisable for those older than 50 years to meet their RDA mainly by consuming foods forti®ed with B12 or a supplement containing B12.
i In view of evidence linking folate intake with neural tube defects in the fetus, it is recommended that all women capable of becoming pregnant consume 400 mg from supplements or forti®ed foods in addition to intake of

food folate from a varied diet.
j It is assumed that women will continue consuming 400 mg from supplements or forti®ed food until their pregnancy is con®rmed and they enter prenatal care, which ordinarily occurs after the end of the periconceptional

periodÐ the critical time for formation of the neural tube.



since such intakes can disturb body functions and cause
acute, progressive, or permanent disability. Therefore,
caution is warranted in consuming large amounts of
nutrients. Tables IV and V present the UL for vitamins
and minerals, respectively. The UL of a nutrient is the
highest level of chronic, usual daily nutrient intake that
is likely to pose no risk of adverse health effects to
almost everyone in the population. Below the UL, indi-
viduals should be able to biologically tolerate this
amount of the nutrient. The UL is set for the adverse
effect that is believed to be most likely to harm health
and for which suf®cient data are available. The UL is set

by determining the level at which no observed adverse
effects are noted or the lowest level of intake associated
with observed adverse effects. An uncertainty factor is
then applied to ensure that even very sensitive persons
would not experience adverse effects at the UL dose
chosen. For many nutrients, data on the adverse effects
of large amounts of nutrients are unavailable or they are
so limited that a UL cannot be determined. However, the
lack of a UL does not mean that the risk of adverse effects
is nonexistent from high intakes, but only that data are
not yet available and the verdict on risk is unknown. The
UL is not intended to be a recommended level of intake.

TABLE III Dietary Reference Intakes: Recommended Intakes for Individuals, Elements

Life-stage

group

Calcium

(mg/day)

Chromium

(mg/day)

Copper

(mg/day)

Fluoride

(mg/day)

Iodine

(mg/day)

Iron

(mg/day)

Magnesium

(mg/day)

Manganese

(mg/day)

Molybdenum

(mg/day)

Phosphorus

(mg/day)

Selenium

(mg/day)

Zinc

(mg/day)

Infants
0ÿ6 months 210 0.2 200 0.01 110 0.27 30 0.003 2 100 15 2

7ÿ12 months 270 5.5 220 0.5 130 11 75 0.6 3 275 20 3

Children
1ÿ3 years 500 11 340 0.7 90 7 80 1.2 17 460 20 3

4ÿ8 years 800 15 440 1 90 10 130 1.5 22 500 30 5

Males
9ÿ13 years 1300 25 700 2 120 8 240 1.9 34 1250 40 8

14ÿ18 years 1300 35 890 3 150 11 410 2.2 43 1250 55 11

19ÿ30 years 1000 35 900 4 150 8 400 2.3 45 700 55 11

31ÿ50 years 1000 35 900 4 150 8 420 2.3 45 700 55 11

51ÿ70 years 1200 30 900 4 150 8 420 2.3 45 700 55 11

470 years 1200 30 900 4 150 8 420 2.3 45 700 55 11

Females
9ÿ13 years 1300 21 700 2 120 8 240 1.6 34 1250 40 8

14ÿ18 years 1300 24 890 3 150 15 360 1.6 43 1250 55 9

19ÿ30 years 1000 25 900 3 150 18 310 1.8 45 700 55 8

31ÿ50 years 1000 25 900 3 150 18 320 1.8 45 700 55 8

51ÿ70 years 1200 20 900 3 150 8 320 1.8 45 700 55 8

470 years 1200 20 900 3 150 8 320 1.8 45 700 55 8

Pregnancy
� 18 years 1300 29 1000 3 220 27 400 2.0 50 1250 60 12

19ÿ30 years 1000 30 1000 3 220 27 350 2.0 50 700 60 11

31ÿ50 years 1000 30 1000 3 220 27 360 2.0 50 700 60 11

Lactation
� 18 years 1300 44 1300 3 290 10 360 2.6 50 1250 70 13

19ÿ30 years 1000 45 1300 3 290 9 310 2.6 50 700 70 12

31ÿ50 years 1000 45 1300 3 290 9 320 2.6 50 700 70 12

Sources. Reprinted, with permission, from Panel on Micronutrients, Subcommittee on Upper Reference Levels of Nutrients and Interpretation and Uses of Dietary

Reference Intakes, Standing Committee on the Scienti®c Evaluation of Dietary Reference Intakes, Food and Nutrition Board, Institute of Medicine (2001). `̀ Dietary

Reference Intakes for Vitamin A, Vitamin K, Arsenic, Boron, Chromium, Copper, Iodine, Iron, Manganese, Molybdenum, Nickel, Silicon, Vanadium, and Zinc.'' National

Academies Press, Washington, DC; Standing Committee on the Scienti®c Evaluation of Dietary Reference Intakes, Food and Nutrition Board, Institute of Medicine

(2001). `̀ Dietary Reference Intakes for Calcium, Phosphorus, Magnesium, Vitamin D, and Fluoride.'' National Academies Press, Washington, DC; Standing Committee on

the Scienti®c Evaluation of Dietary Reference Intakes and Its Panel on Folate, Other B Vitamins, and Choline, Food and Nutrition Board, Institute of Medicine (1998).

`̀ Dietary Reference Intakes for Thiamin, Ribo¯avin, Niacin, Vitamin B6, Folate, Vitamin B12, Pantothenic Acid, Biotin, and Choline.'' National Academies Press,

Washington, DC; Panel on Dietary Antioxidants and Related Compounds, Subcommittees on Upper Reference Levels of Nutrients and Interpretation and Uses of Dietary

Reference Intakes, and the Standing Committee on the Scienti®c Evaluation of Dietary Reference Intakes, Food and Nutrition Board, Institute of Medicine (2000).

`̀ Dietary Reference Intakes for Vitamin C, Vitamin E, Selenium and Carotenoids.'' National Academies Press, Washington, DC. (These reports are available at http://

www.nap.edu.) Copyright 2001 by the National Academy of Sciences. All rights reserved.
Note. This table presents Recommended Dietary Allowances (RDAs) in boldface type and adequate intakes (AIs) in lightface type. Both RDAs and AIs may be used as

goals for individual intake. RDAs are set to meet the needs of almost all (97 to 98%) individuals in a group. For healthy breast-fed infants, the AI is the mean intake. The AI

for other life-stage and gender groups is believed to cover needs of all individuals in the group, but due to lack of data or uncertainty in the data the percentage of

individuals covered by this intake cannot be speci®ed with con®dence.
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TABLE IV Dietary Reference Intakes: Tolerable Upper Intake Levels (ULs)a of Vitamins

Life-stage

group

Vitamin A

(mg/day)b
Vitamin C

(mg/day)

Vitamin D

(mg/day)

Vitamin E

(mg/day)c,d Vitamin K Thiamine Ribo¯avin

Niacin

(mg/

day)d
Vitamin B6

(mg/day)

Folate

(mg/

day)d
Vitamin

B12

Pantothenic

acid Biotin

Choline

(g/day)

Carote-

noidse

Infants
0ÿ6 months 600 NDf 25 ND ND ND ND ND ND ND ND ND ND ND ND

7ÿ12 months 600 ND 25 ND ND ND ND ND ND ND ND ND ND ND ND

Children
1ÿ3 years 600 400 50 200 ND ND ND 10 30 300 ND ND ND 1.0 ND

4ÿ8 years 900 650 50 300 ND ND ND 15 40 400 ND ND ND 1.0 ND

Males, Females
9ÿ13 years 1700 1200 50 600 ND ND ND 20 60 600 ND ND ND 2.0 ND

14ÿ18 years 2800 1800 50 800 ND ND ND 30 80 800 ND ND ND 3.0 ND

19ÿ70 years 3000 2000 50 1000 ND ND ND 35 100 1000 ND ND ND 3.5 ND

470 years 3000 2000 50 1000 ND ND ND 35 100 1000 ND ND ND 3.5 ND

Pregnancy
�18 years 2800 1800 50 800 ND ND ND 30 80 800 ND ND ND 3.0 ND

19ÿ50 years 3000 2000 50 1000 ND ND ND 35 100 1000 ND ND ND 3.5 ND

Lactation
�18 years 2800 1800 50 800 ND ND ND 30 80 800 ND ND ND 3.0 ND

19ÿ50 years 3000 2000 50 1000 ND ND ND 35 100 1000 ND ND ND 3.5 ND

Sources. Reprinted, with permission, from Panel on Micronutrients, Subcommittee on Upper Reference Levels of Nutrients and Interpretation and Uses of Dietary Reference Intakes, Standing Committee on the Scienti®c

Evaluation of Dietary Reference Intakes, Food and Nutrition Board, Institute of Medicine (2001). `̀ Dietary Reference Intakes for Vitamin A, Vitamin K, Arsenic, Boron, Chromium, Copper, Iodine, Iron, Manganese,

Molybdenum, Nickel, Silicon, Vanadium, and Zinc.'' National Academies Press, Washington, DC; Standing Committee on the Scienti®c Evaluation of Dietary Reference Intakes, Food and Nutrition Board, Institute of Medicine

(2001). `̀ Dietary Reference Intakes for Calcium, Phosphorus, Magnesium, Vitamin D, and Fluoride.'' National Academies Press, Washington, DC; Standing Committee on the Scienti®c Evaluation of Dietary Reference Intakes

and Its Panel on Folate, Other B Vitamins, and Choline, Food and Nutrition Board, Institute of Medicine (1998). `̀ Dietary Reference Intakes for Thiamin, Ribo¯avin, Niacin, Vitamin B6, Folate, Vitamin B12, Pantothenic Acid,

Biotin, and Choline.'' National Academies Press, Washington, DC; Panel on Dietary Antioxidants and Related Compounds, Subcommittees on Upper Reference Levels of Nutrients and Interpretation and Uses of Dietary

Reference Intakes, and the Standing Committee on the Scienti®c Evaluation of Dietary Reference Intakes, Food and Nutrition Board, Institute of Medicine (2000). `̀ Dietary Reference Intakes for Vitamin C, Vitamin E, Selenium

and Carotenoids.'' National Academies Press, Washington, DC. (These reports are available at http://www.nap.edu.) Copyright 2001 by the National Academy of Sciences. All rights reserved.
a UL indicates the maximum level of daily nutrient intake that is likely to pose no risk of adverse effects. Unless otherwise speci®ed, the UL represents total intake from food, water, and supplements. Due to lack of suitable

data, ULs could not be established for vitamin K, thiamine ribo¯avin, vitamin B12, pantothenic acid, biotin, or carotenoids. In the absence of ULs, extra caution may be warranted in consuming levels above recommended

intakes.
b As preformed vitamin A only.
c As a-tocopherol; applies to any form of supplemental a-tocopherol.
d The ULs for vitamin E, niacin, and folate apply to synthetic forms obtained from supplements, forti®ed foods, or a combination of the two.
e b-Carotene supplements are advised only to serve as a provitamin A source for individuals at risk of vitamin A de®ciency.
f ND, not determinable due to lack of data of adverse effects in this age group and concern with regard to lack of ability to handle excess amounts. Source of intake should be from food only to prevent high levels of intake.



TABLE V Dietary Reference Intakes: Tolerable Upper Intake Levels (ULs)a of Elements

Life-stage

group Arsenicb
Boron

(mg/day)

Calcium

(g/day) Chromium

Copper

(mg/day)

Fluoride

(mg/day)

Iodine

(mg/day)

Iron

(mg/day)

Magnesium

(mg/day)c
Manganese

(mg/day)

Molybdenum

(mg/day)

Nickel

(mg/day)

Phosphorus

(g/day)

Selenium

(mg/day) Silicond
Vanadium

(mg/day)e
Zinc

(mg/day)

Infants

0ÿ6 months ND f ND ND ND ND 0.7 ND 40 ND ND ND ND ND 45 ND ND 4

7ÿ12 months ND ND ND ND ND 0.9 ND 40 ND ND ND ND ND 60 ND ND 5

Children

1ÿ3 years ND 3 2.5 ND 1000 1.3 200 40 65 2 300 0.2 3 90 ND ND 7

4ÿ8 years ND 6 2.5 ND 3000 2.2 300 40 110 3 600 0.3 3 150 ND ND 12

Males, Females

9ÿ13 years ND 11 2.5 ND 5000 10 600 40 350 6 1100 0.6 4 280 ND ND 23

14ÿ18 years ND 17 2.5 ND 8000 10 900 45 350 9 1700 1.0 4 400 ND ND 34

19ÿ70 years ND 20 2.5 ND 10000 10 1100 45 350 11 2000 1.0 4 400 ND 1.8 40

470 years ND 20 2.5 ND 10000 10 1100 45 350 11 2000 1.0 3 400 ND 1.8 40

Pregnancy

�18 years ND 17 2.5 ND 8000 10 900 45 350 9 1700 1.0 3.5 400 ND ND 34

19ÿ50 years ND 20 2.5 ND 10000 10 1100 45 350 11 2000 1.0 3.5 400 ND ND 40

Lactation

�18 years ND 17 2.5 ND 8000 10 900 45 350 9 1700 1.0 4 400 ND ND 34

19ÿ50 years ND 20 2.5 ND 10000 10 1100 45 350 11 2000 1.0 4 400 ND ND 40

Sources. Reprinted, with permission, from Panel on Micronutrients, Subcommittee on Upper Reference Levels of Nutrients and Interpretation and Uses of Dietary Reference Intakes, Standing Committee on the Scienti®c

Evaluation of Dietary Reference Intakes, Food and Nutrition Board, Institute of Medicine (2001). `̀ Dietary Reference Intakes for Vitamin A, Vitamin K, Arsenic, Boron, Chromium, Copper, Iodine, Iron, Manganese, Molybdenum,

Nickel, Silicon, Vanadium, and Zinc.'' National Academies Press, Washington, DC; Standing Committee on the Scienti®c Evaluation of Dietary Reference Intakes, Food and Nutrition Board, Institute of Medicine (2001). `̀ Dietary

Reference Intakes for Calcium, Phosphorus, Magnesium, Vitamin D, and Fluoride.'' National Academies Press, Washington, DC; Standing Committee on the Scienti®c Evaluation of Dietary Reference Intakes and Its Panel on Folate,

Other B Vitamins, and Choline, Food and Nutrition Board, Institute of Medicine (1998). `̀ Dietary Reference Intakes for Thiamin, Ribo¯avin, Niacin, Vitamin B6, Folate, Vitamin B12, Pantothenic Acid, Biotin, and Choline.'' National

Academies Press, Washington, DC; Panel on Dietary Antioxidants and Related Compounds, Subcommittees on Upper Reference Levels of Nutrients and Interpretation and Uses of Dietary Reference Intakes, and the Standing

Committee on the Scienti®c Evaluation of Dietary Reference Intakes, Food and Nutrition Board, Institute of Medicine (2000). `̀ Dietary Reference Intakes for Vitamin C, Vitamin E, Selenium and Carotenoids.'' National Academies

Press, Washington, DC. (These reports are available at http://www.nap.edu). Copyright 2001 by the National Academy of Sciences. All rights reserved.
a UL indicates the maximum level of daily nutrient intake that is likely to pose no risk of adverse effects. Unless otherwise speci®ed, the UL represents total intake from food, water, and supplements. Due to lack of suitable data,

ULs could not be established for arsenic, chromium, and silicon. In the absence of ULs, extra caution may be warranted in consuming levels above recommended intakes.
b Although the UL for arsenic, was not determined, there is no justi®cation for adding arsenic to food or supplements.
c The ULs for magnesium represent intake from a pharmacological agent only and do not include intake from food and water.
d Although silicon has not been shown to cause adverse effects in humans, there is no justi®cation for adding silicon to supplements.
e Although vanadium in food has not been shown to cause adverse effects in humans, there is no justi®cation for adding vanadium to food and vanadium supplements should be used with caution. The UL is based on adverse

effects in laboratory animals and these data could be used to set a UL for adults but not children and adolescents.
f ND, not determinable due to lack of data of adverse effects in this age group and concern with regard to lack of ability to handle excess amounts. Source of intake should be from food only to prevent high levels of intake.



There is no established bene®t for healthy individuals in
consuming nutrient levels above the RDA or AI. The
amounts of individual foods that most people eat rarely
reach levels that are likely to exceed the UL. Nutrient
supplements that provide more concentrated amounts
of nutrients per dose have a somewhat greater potential
risk of excess.

TOTAL ENERGY EXPENDITURE AND
ESTIMATED ENERGY REQUIREMENT

There is no RDA or AI for energy because although there
are no adverse effects from consuming slightly more

minerals, protein, or energy than is necessary to meet
one's requirement, small amounts of energy excess
cause weight gain. That is, a RDA for energy that ex-
ceeded the energy requirements of 97 to 98% of all
individuals in the population would cause weight
gain. Therefore, energy needs are stated as minimal av-
erage requirements. The EER is the requirement for
energy for individuals of normal weight with a body
mass index of between 18.5 and 25 for adults. This
re¯ects the energy expenditure associated with an indi-
vidual's sex, age, height, weight, and physical activity
level. The TEE is a set of equations that estimate the
energy expenditure needed to maintain current body

TABLE VI Dietary Reference Intakes: Recommended Intakes for Individuals, Macronutrients

Life-stage group

Carbohydrate

(g/day)

Total ®ber

(g/day)

Fat

(g/day)

Linoleic acid

(g/day)

a-Linolenic acid

(g/day)

Proteina

(g/day)

Infants

0ÿ6 months 60 ND 31 4.4 0.5 9.1

7ÿ12 months 95 ND 30 4.6 0.5 13.5

Children

1ÿ3 years 130 19 ND 7 0.7 13

4ÿ8 years 130 25 ND 10 0.9 19

Males

9ÿ13 years 130 26 ND 12 1.2 34

14ÿ18 years 130 38 ND 16 1.6 52

19ÿ30 years 130 38 ND 17 1.6 56

31ÿ50 years 130 38 ND 17 1.6 56

51ÿ70 years 130 30 ND 14 1.6 56

470 years 130 30 ND 14 1.6 56

Females

9ÿ13 years 130 31 ND 10 1.0 34

14ÿ18 years 130 26 ND 11 1.1 46

19ÿ30 years 130 25 ND 12 1.1 46

31ÿ50 years 130 25 ND 12 1.1 46

51ÿ70 years 130 21 ND 11 1.1 46

470 years 130 21 ND 11 1.1 46

Pregnancy

14ÿ18 years 175 28 ND 13 1.4 71

19ÿ30 years 175 28 ND 13 1.4 71

31ÿ50 years 175 28 ND 13 1.4 71

Lactation

14ÿ18 years 210 29 ND 13 1.3 71

19ÿ30 years 210 29 ND 13 1.3 71

31ÿ50 years 210 29 ND 13 1.3 71

Source. Reprinted, with permission, from the Standing Committee on the Scienti®c Evaluation of Dietary Reference intakes, Food and Nutrition

Board, Institute of Medicine (2002). `̀ Dietary Reference Intakes for Energy, Carbohydrate, Fiber, Fat, Fatty Acids, Cholesterol, Protein, and Amino Acids.''

National Academies Press, Washington, DC. (The report is available at http://www.nap.edu.) Copyright 2002 by the National Academy of Sciences.

All rights reserved.
Note. This table presents Recommended Dietary Allowances (RDAs) in boldface type and adequate intakes (AIs) in lightface type. Both RDAs and

Als may be used as goals for individual intake. RDAs are set to meet the needs of almost all (97 to 98%) individuals in a group. For healthy breast-fed

infants, the AI is the mean intake. The AI for other life-stage and gender groups is believed to cover the needs of all individuals in the group, but due to

lack of data or uncertainty in the data the percentage of individuals covered by this intake cannot be speci®ed with con®dence.
a Based on 0.8 g protein/kg body weight for reference body weight.
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weight and activity levels. Those who are obese may
need to lose weight by taking in less energy and expend-
ing more energy than speci®ed by these values in order
to achieve optimal health.

ACCEPTABLE MACRONUTRIENT
DISTRIBUTION RANGE

The acceptable macronutrient distribution ranges for
individuals are presented for macronutrients as a pro-
portion of total energy intakes. These values are esti-
mated to minimize the potential for chronic disease over
the long term, to permit essential nutrients to be con-
sumed at adequate levels, and to be associated with
adequate energy intakes and physical activity to main-
tain energy balance.The AMDRs for adults are as fol-
lows: 20ÿ34% of calories should come from fat (of
which 5ÿ10% of calories should come from n-6 poly-
unsaturated fatty acids and 0.6 to 1.2% of calories
should come from nÿ3 polyunsaturated fatty acids),
45ÿ65% of calories should come from carbohydrates,
and 10ÿ35% of calories should come from protein. Al-
though AMDRs for protein and carbohydrate do not
vary with age, for children the AMDRs for total fat

are 30ÿ40% for ages 1ÿ3 years and 25ÿ35% for ages
4ÿ18 years. In order to know with con®dence that an
individual's intake falls within the AMDR, the proce-
dure is similar to that used to determine that usual in-
takes exceed the AI or remain below the UL. Necessary
data include the individual's average intake of the mac-
ronutrient of interest as a percentage of his energy intake
over a suf®cient number of days, the day-to-day stan-
dard deviation of percentage energy intake within per-
sons of that sex and life-stage group, and the range or
boundaries of the AMDR. To determine the degree of
con®dence that intake is above the lower end of the
AMDR, the equation for the AI is used. To determine
the degree of con®dence that intake is below the upper
end of the AMDR, the equation for the UL is used.
Table VI presents DRIs for macronutrients. Table VII
presents AMDRs for fat, carbohydrate, and protein and
Table VIII presents additional advice on intakes.

CONCLUSION

Each of the DRIs has speci®c uses in dietary assessment,
for making nutritional recommendations and for dietary
planning for individuals. The appropriate use of the

TABLE VII Acceptable Macronutrient Distribution Ranges

Range (as percentage of total energy)

Macronutrient Children, 1ÿ3 years Children, 4ÿ18 years Adults

Fat 30ÿ40% 25ÿ35% 20ÿ35%

nÿ6 Polyunsaturated fats (linoleic acid) 5ÿ10% 5ÿ10% 5ÿ10%

nÿ3 Polyunsaturated fatsa (a-linolenic acid) 0.6ÿ1.2% 0.6ÿ1.2% 0.6ÿ1.2%

Carbohydrate 45ÿ65% 45ÿ65% 45ÿ65%

Protein 5ÿ20% 10ÿ30% 10ÿ35%

Source. Reprinted, with permission, from the Standing Committee on the Scienti®c Evaluation of Dietary Reference Intakes, Food and Nutrition

Board, Institute of Medicine (2002). `̀ Dietary Reference Intakes for Energy, Carbohydrate, Fiber, Fat, Fatty Acids, Cholesterol, Protein, and Amino Acids''.

National Academies Press, Washington, DC. (The report is available at http://www.nap.edu.) Copyright 2002 by the National Academy of Sciences.

All rights reserved.
aApproximately 10% of the total can come from longer-chain n-3 fatty acids.

TABLE VIII Additional Macronutrient Recommendations

Dietary cholesterol As low as possible while consuming a nutritionally adequate diet

Trans-Fatty acids As low as possible while consuming a nutritionally adequate diet

Saturated fatty acids As low as possible while consuming a nutritionally adequate diet

Added sugars Limit to no more than 25% of total energy

Source. Reprinted, with permission, from the Standing Committee on the Scienti®c Evaluation of Dietary Reference Intakes, Food and Nutrition

Board, Institute of Medicine (2002). `̀ Dietary Reference Intakes for Energy, Carbohydrate, Fiber, Fat, Fatty Acids, Cholestrol, Protein, and Amino Acids.''

National Academies Press, Washington, DC. (The report is available at http://www.nap.edu.) Copyright 2002 by the National Academy of Sciences.

All rights reserved.
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reference values for dietary assessment and planning for
both individuals and groups is described in detail in the
various publications of the Food and Nutrition Board.

See Also the Following Articles
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Digestion, Overview
JAMES J. FARRELL

University of California, Los Angeles

digestion A process in which ingested nutrients are broken

down into smaller components to facilitate their absorp-

tion by the small intestine.

endopeptidase An enzyme that cleaves peptide bonds within

a dietary protein that are adjacent to certain speci®c

amino acids.

exopeptidase An enzyme that removes a single amino acid

from the carboxyl-terminal of a dietary peptide or

protein.

The different parts of the gastrointestinal tract act in an

integrated and coordinated manner under the control of

neural and humoral regulatory mechanisms to ensure that

nutrients are absorbed with remarkable ef®ciency: less

than 5% of ingested carbohydrate, fat, and protein is

excreted in the stool of adults following their normal

diet. Absorptive mechanisms adapt to the nature and

amount of various nutrients presented to the intestinal

tract. These changes occur during early development,

throughout life, and at times of speci®c need (e.g., during

pregnancy).

INTRODUCTION

The cerebral (or cephalic) phase of digestion, whether
triggered by the sight, smell, or thought of food, initiates
the digestive process with the salivary and gastric secre-
tory responses mediated via the autonomic nervous
system. Good mastication and mixing with saliva initi-
ate digestion of starch by salivary amylase and of fat by
gastric lipase in the stomach. Protein digestion begins in
the stomach with secretion of gastric pepsinogens and
their rapid conversion to pepsins by gastric acid. Gastric
emptying is carefully controlled so that food enters the
duodenum at a controlled rate, thus allowing ef®cient
mixing with pancreaticobiliary secretions. This ensures
that the nutrient is presented optimally to the pancreatic
enzymes, which function best at neutral pH. The major
digestive processes occur in the duodenum.

The gallbladder is stimulated to contract and the
pancreas to secrete simultaneously in response to the
presence of nutrients in the duodenal lumen. The simul-
taneous release of bile salts, pancreatic enzymes, and
bicarbonate provides optimal conditions for further

nutrient digestion. The activation of pancreatic proteo-
lytic enzymes by enteropeptidase released from the
duodenal mucosa encourages proteolysis within the
duodenal lumen rather than the pancreatic duct.

Once intestinal chyme leaves the ileum and enters
the colon, most nutrients have been digested and
absorbed and colonic function largely resolves itself
into dehydration of lumenal contents through the
absorption of salt and water. Dietary ®ber may be di-
gested by colonic bacteria, with release of short-chain
fatty acids, which do not usually have much nutritional
signi®cance.

DIGESTION AND ABSORPTION OF FAT

Approximately 40% of adult energy requirements are
supplied by lipids, of which triglycerides form the ma-
jority. The majority of fatty acids present in dietary
triglyceride are oleate and palmitate. In animal triglyc-
eride, most fatty acids are long-chain saturated fatty
acids. Polyunsaturated fatty acids, such as linoleic
and linolenic acid, are derived from phospholipid of
vegetable origin. Cholesterol and phospholipids consti-
tute the remaining types of lipid.

The problem of fat insolubility in water dominates
the mechanisms that have been developed to digest and
absorb lipid, which occurs mostly in the upper two-
thirds of the jejunum. Liberation of fatty acids from
the glycerol backbone of triglycerides (lipolysis) is
achieved by lipases. This process occurs initially in
the stomach and then in the small intestine. First, a
stable emulsion of fat droplets of such a size that they
present a large surface area to the digestive enzyme is
required. This stable emulsion is then presented to pan-
creatic lipase. The presence of co-lipase, secreted by the
pancreas with lipase (molar ratio 1 : 1), is critical in
approximating lipase to triglyceride. The products of
lipolysis are distributed between the aqueous, oil, and
intermediate phases in a number of forms prepared for
transfer across the lumen to the mucosal brush border
membrane. The shuttling of these products is depen-
dent, in part, on the formation of micelles with bile salts.
Although the uptake of lipid digestion products by
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enterocytes has been accepted as a passive process, it is
possible that some lipids may be taken up by enterocytes
via carrier-mediated processes that are energy depen-
dent. The brush border membraneÿfatty acid-binding
protein, which is likely to be concerned with the transfer
of fatty acids into the cell, could provide one explana-
tion for facilitated diffusion and the observed
saturability of fat absorption.

Once within the cell, fatty acids bind to speci®c fatty
acid-binding proteins, which are found predominantly
in the jejunum and more in villous cells than in crypt
cells. They may assist transfer across the cytoplasm to
the endoplasmic reticulum for triglyceride resynthesis.
In the endoplasmic reticulum, triglyceride is resynthe-
sized by two processes. In the ®rst process, monogly-
ceride is reesteri®ed with absorbed fatty acid after it has
been activated to form acyl coenzyme A (the monoglyc-
eride pathway). This route, involving monoglyceride
esteri®cation, accounts for the majority of the triglyc-
eride synthesized during the absorptive phase. During
fasting, triglyceride (and phospholipid) is synthesized
via the second route, which involves acylation of a-
glycerophosphate with the formation of phosphatidic
acid and, thence, triglyceride or phospholipid.

Once synthesized, triglyceride, cholesterol and its
esters, and phospholipids are packaged for export in the
form of chylomicrons and very-low-density lipopro-
teins (VLDLs). During fasting, VLDLs are the major
triglyceride-rich lipoproteins that emerge from the ep-
ithelium; after feeding, chylomicrons predominate.
Once the chylomicrons have formed in the smooth en-
doplasmic reticulum, they are transferred to the Golgi
apparatus. Golgi-derived chylomicron vesicles are then
incorporated into the basolateral membrane and se-
creted by exocytosis into the lymphatic circulation.
During absorption, lacteals distend, and endothelial
cells, which overlap one another in the fasting state,
move apart and open gaps through which chylomicrons
can readily pass.

DIGESTION AND ABSORPTION
OF CARBOHYDRATE

Carbohydrate provides 45% of total energy require-
ments. Approximately half of the digestible carbohy-
drate is starch derived from cereals and plants, in
which it is the major storage form. Starch (as either
amylose or amylopectin) is made up of long chains of
glucose molecules. Other major sources of dietary car-
bohydrate include sugar derived from milk (lactose),
sugars contained within the cells of fruit and vegetables
(fructose, glucose, sucrose), or sugar puri®ed from cane

or beet sources (sucrose). Processed foods form a major
source of dietary sugars, particularly fructose.`̀ Non-
starch polysaccharides'' form the majority of the`̀ una-
vailable'' carbohydrate. This includes cellulose and
hemicelluloses, both of which are resistant to digestion
in the small bowel because theirb-1-4 bond, unlike thea
bond in starch, is resistant to amylases. They are, how-
ever, broken down to some extent by colonic bacteria to
yield short-chain fatty acids, which are avidly absorbed
by colonic mucosa.

Salivary amylase depends for its effect on its prox-
imity to the ingested starches and the time spent within
the mouth. Pancreatic amylase is the major enzyme
of starch digestion and, as with salivary amylase, pro-
duces short oligosaccharides: maltotriose, maltose, and
a-limit dextrins; glucose monomer is not produced.
Most of this hydrolysis occurs within the lumen, but
because amylase also attaches itself to the brush border
membrane of enterocytes, some digestion may occur at
this site.

The terminal products of lumenal starch digestion
just mentioned, together with the major disaccharides
in the diet (sucrose and lactose), cannot be absorbed
intact and are hydrolyzed by speci®c brush border mem-
brane hydrolases that are maximally expressed in the
villi of duodenum and jejunum (Table I). Lactase hy-
drolyzes lactose to produce one molecule of glucose and
one of galactose. Sucraseÿisomaltase hydrolyzes su-
crose to yield one molecule of glucose and one of fruc-
tose. In addition, two other carbohydrases participate in
terminal hydrolysis of starch products. Maltase acts on
1-4-linked oligosaccharides containing as many as nine
glucose residues, liberating glucose monomers. a-Limit
dextrinase is responsible for rapid hydrolysis of penta-
and hexa-a-limit dextrins.

The three major diet-derived monosaccharides, glu-
cose, galactose, and fructose, are absorbed by saturable
carrier-mediated transport systems located in the

TABLE I Brush Border Membrane Carbohydrases

Enzyme Substrate Products

Lactase Lactose Glucose

Galactose

Maltase a-1-4 linked

oligosaccharides

up to 9 residues

Glucose

Sucraseÿisomaltase

(sucraseÿa-dextrinase)

Sucrase Sucrose Glucose

Fructose

Isomaltase a-limit dextrin Glucose

a 1-6 link
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brush border membrane of enterocytes. The active
transport of glucose and galactose is achieved by the
same transport protein that acts as a sodium cotrans-
porter. Sodium enters the cell across the apical
membrane moving down its concentration gradient,
bringing with it glucose or galactose in a one-to-one
molar ratio. Fructose absorption occurs by facilitated
diffusion; that is, transport occurs not against a concen-
tration gradient but with a carrier protein to achieve
transport rates greater than one would expect from sim-
ple diffusion.

Most hexoses are exported from the epithelial cell
by way of the basolateral membrane using a facilitated
diffusion (not requiring energy) via a speci®c carrier.
Two genes that are expressed in the small intestine,
GLUT2, the basolateral membrane-associated glucose
transporter, and GLUT5, an apical membrane fructose
transporter, encode these facilitative sugar transport
proteins. Once the hexoses have entered the interstitial
space, they pass onward by diffusion into the portal
circulation.

Not all potentially digestible carbohydrate is ab-
sorbed in the small intestine. As much as 20% of dietary
starch may escape into the colon, particularly that de-
rived from cereals and potatoes. Most of this is metab-
olized by colonic bacteria and the short-chain fatty acids
thus derived are readily absorbed. Hydrogen and meth-
ane are also generated and they contribute to ¯atus.

DIGESTION AND ABSORPTION
OF PROTEIN

Dietary proteins are the major source of amino acids
and provide approximately 10 to 15% of energy intake.
Digestion of proteins begins in the stomach with the
action of pepsins, which are released from their precur-
sor pepsinogens by autoactivation in an acid pH. Pepsins

remain active at the acid pH of gastric contents to
produce a mixture of peptides with a small portion of
amino acids.

Each of the pancreatic proteases is secreted as a
proenzyme and thus must be activated within the
lumen by enterokinase (enteropeptidase), which is lib-
erated from the brush border membrane (Table II). It
acts to convert trypsinogen to trypsin, which in turn
activates the other proteases and continues to split
more trypsin from trypsinogen. Trypsin, chymotryp-
sin, and elastase (endopeptidases) have speci®city for
peptide bonds adjacent to certain speci®c amino acids.
They split peptide bonds in the protein molecule,
whereas exopeptidases remove a single amino acid
from the carboxyl-terminal end of the peptide. The
®nal products of intralumenal digestion are thus pro-
duced by cooperative activity of endo- and exopepti-
dases and consist of a number of neutral and basic
amino acids together with peptides of two to six
amino acids in length.

In contrast to the absorption of carbohydrate, which
is largely restricted to uptake of hexose monomers
across the brush border membrane, amino acids can
be absorbed either as monomers or as di- or tripeptides.
However, the fact that the vast majority of the end prod-
ucts of protein digestion that reach the portal circulation
are amino acids speaks strongly in favor of the presence
of peptidases in the epithelium.

Evidence suggests that small peptides utilize a sep-
arate transporter system from those utilized by single
amino acids. Di- and tripeptides are taken up by a single
type of transporter and there is some stereospeci®city
because the length of the amino acid side chains on the
di- or tripeptides is important; the longer the side chain,
the more preferred the substrate for the absorption site.
The L-isomers of the amino acids in dipeptides are much
preferred to the D-isomers, whereas the presence of
acidic and basic amino acid residues in dipeptides

TABLE II Pancreatic Proteolytic Enzymes

Enzyme Action Products

Trypsin Endopeptidase; cleaves internal bonds at lysine or

arginine residues; cleaves other pancreatic proenzymes

Oligopeptides

Chymotrypsin Endopeptidase; cleaves bonds at aromatic or neutral

amino acid residues

Oligopeptides

Elastase Endopeptidase; cleaves bonds at aliphatic amino

acid residues

Oligopeptides

Carboxypeptidase A Exopeptidase; cleaves aromatic amino acids from

carboxy-terminal end of protein and peptides

Aromatic amino acids and peptides

Carboxypeptidase B Exopeptidase; cleaves arginine or lysine from

carboxy-terminal end of proteins and peptides

Arginine, lysine, and peptides
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reduces af®nity for the transport system, compared with
neutral amino acid residues. Af®nity is also greater for
dipeptides than for tripeptides, at least in the example of
peptides containing glycine. The transporter for pep-
tides is not dependent on sodium, but cotransport
with protons may occur instead.

Although there appears to be only one type of di-
peptide transporter in the brush border membrane for
the 400 different possible dipeptides, there is a multi-
plicity of transport mechanisms for the 20 amino acids.
These are sited on villous enterocytes and involve car-
rier-mediated active transport or facilitated diffusion
processes; a small proportion may be absorbed by sim-
ple diffusion. Separate sodium-dependent, active trans-
port processes for basic and acidic amino acids have also
been demonstrated and there is some evidence to sug-
gest that facilitated diffusion of these types of amino
acids also occurs, although this is likely to be a minor
pathway.

The intestinal basolateral membrane possesses a set
of amino acid transport systems that are different from
those in the brush border membrane. The amino acid
transport systems in the basolateral membrane function
to export amino acids from the enterocytes into the
portal circulation during feeding. They also participate
in the import of amino acids from the circulation into
the enterocyte for cellular metabolism when amino
acids are not available from the intestinal lumen,
such as between meals. The intestinal basolateral mem-
brane also possesses a peptide transporter system that is
probably identical to that in the brush border mem-
brane. This transport system facilitates the exit of
hydrolysis-resistant small peptides from the enterocyte
into the portal circulation.

VITAMINS

Water-Soluble Vitamins

With the loss of the capacity for hepatic synthesis, a
speci®c absorptive mechanism for vitamin C has devel-
oped in humans. Folic acid consists of the complex
pterin molecule conjugated to para-aminobenzoic
acid and glutamic acid. Although much dietary folate
is in the form of polyglutamates comprising at least
six glutamic acid residues, much is present as formyl-
and methylhydrofolate. Absorption of dietary poly-
glutamates depends on hydrolysis at the brush border
membrane followed by transport into the cytoplasm.
Uptake is achieved by a speci®c carrier-mediated,
sodium-dependent, pH-sensitive process that is active
at acid pH. Speci®c sodium-dependent active transport

processes have also been demonstrated for thiamine,
ribo¯avin, pantothenic acid, and biotin.

Vitamin B12 (cobalamin) exists largely as hydroxy-
cobalamin, methylcobalamin, and adenosylcobalamin
and these are found almost entirely in animal sources.
Three types of binding proteins are involved in the ab-
sorption of cobalamin: one in saliva, one in gastric juice,
and one in the circulation. The vitamin is released by
gastric acid and pepsin from the various dietary proteins
with which it is associated. The ®rst speci®c binding
protein secreted in saliva, the R protein, takes up the
free cobalamin and binds it with strong af®nity. In the
duodenum, where the R protein is hydrolyzed by pan-
creatic enzymes, that intrinsic factor is able to bind the
cobalamin that has been released. This complex resists
pancreatic proteolysis, passes down the intestine to the
terminal ileum, and there binds to speci®c receptors on
ileal enterocytes. After binding to the receptor, the in-
trinsic factorÿcobalamin complex probably enters the
cell intact by translocation. Free cobalamin leaves the
base of the cell, where it is immediately bound to an ileal
pool of transcobalamin II, which transports it into the
portal circulation.

Fat-Soluble Vitamins

Vitamin A (retinol) is absorbed in the small bowel.
Transport across the apical membrane appears to occur
by passive diffusion. Vitamin A leaves the mucosa
largely in chylomicrons as retinyl palmitate. Most of a
person's requirement for vitamin D is supplied by en-
dogenous synthesis in the skin during exposure to sun-
light and dietary intake becomes critical only when such
exposure is inadequate. Like vitamin A, vitamin D ab-
sorption occurs by simple passive diffusion in the small
intestine. Bile salts are unnecessary, but lumenal pH
in¯uences absorption. Absorption is reduced at neutral
pH and increased in acid. Most absorbed vitamin D
passes into the lymphatics unchanged. Vitamin E is
absorbed passively across the intestinal mucosa. The
ester form, in which many vitamin preparations are
presented, is hydrolyzed prior to absorption, but the
ester can be absorbed intact. Vitamin E is transported
into the lymphatics largely unchanged.

Vitamin K is found in two forms. K1, the major di-
etary form, is found in green vegetables, but beef liver is
another good source. K2 is produced by colonic bacteria,
and although some may be absorbed from the colon this
alone is an inadequate source if K1 absorption is im-
paired. Absorption of K1 from the small intestine is
dependent on lumenal bile salts and uptake is achieved
by a carrier-mediated process, whereas K2 absorption is
entirely passive.
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MINERALS AND TRACE ELEMENTS

Various divalent ions are essential nutrients; some are
absorbed in milligram amounts and are major constit-
uents of the body, whereas others are necessary only in
trace amounts. Iron, calcium, magnesium, phosphorus,
and sulfur are in the former category and specialized
absorptive mechanisms are involved in their assimila-
tion. Zinc, copper, iodine, and selenium are considered
trace elements and their absorption is not as well
understood.

Absorption of calcium across the intestinal mucosa
is achieved by two parallel processes: an active, trans-
cellular transport process and a passive, paracellular
diffusive process. Under normal dietary conditions,
the duodenum is the major site for active transport,
whereas passive, paracellular transfer occurs through-
out the small intestine. Despite this localization of the
active transport site, quantitatively more calcium may
be absorbed in the jejunum and ileum than in the du-
odenum because of the relative amounts of time the
lumenal contents spend in these regions of the intestine.
The human jejunum absorbs calcium faster than the
ileum and absorption rates in both are increased by
treatment with vitamin D. The rate-limiting step in
the absorption process is the intracellular calbindin
concentration, which is regulated by a metabolite of
vitamin D, 1,25-dihydroxyvitamin D3, produced in
the kidneys from 25-hydroxyvitamin D3 converted by
the liver from absorbed vitamin D.

In contrast to calcium, magnesium absorption in the
basal state is greater in the human ileum than in the
jejunum. Jejunal magnesium absorption is increased by
vitamin D, whereas ileal absorption is not. Ileal trans-
port involves both a paracellular, diffusive pathway and
a transcellular, carrier-mediated, saturable process.
There is some competition from calcium for the diffu-
sive pathway but not for the saturable, presumably
carrier-mediated process.

Most iron absorption occurs in the proximal small
intestine and the ferrous (Fe2�) form is absorbed better
than the ferric (Fe3�) form. The latter is insoluble at pH
values above 3 and gastric acid and some sugars and
amino acids render it more available for absorption. The
presence of some anions, such as oxalate, phosphate,
and phytate, precipitate iron out of solution and reduce
its absorption. The iron in hemoglobin and myoglobin is
well absorbed, and although these apparently compete
with inorganic iron for absorption, the organic mole-
cules are absorbed intact by a separate process. An iron
transport protein, called divalent metal ion transporter 1
(DMT-1, also called DCT-1 or Nramp2), that is respon-
sible for dietary iron absorption in the villus cells of the

small intestine has been identi®ed. The stimuli for in-
creased iron absorption include iron de®ciency, hyp-
oxia, increased erythropoiesis, and pregnancy, but the
circulating signal to the intestine is unknown.

ADAPTATION TO CHANGES
IN NEED OR LOAD

One of the most fascinating aspects of intestinal function
is the phenomenon of adaptation. Two speci®c forms of
intestinal adaptation have been identi®ed in the intes-
tine: (1) mucosal hypertrophy leading to a global in-
crease in absorption of all nutrients and (2) an increase
in speci®c transport mechanisms induced in response to
speci®c dietary needs or availability.

Resection of more than 50% of the human intestine
results in increased fecal nitrogen losses, which slowly
return toward normal, thus indicating that mucosal ad-
aptation has occurred. This is due largely to hypertro-
phy of intestinal mucosa, which is manifested in
increases in the number of villous enterocytes and in
villous height without an obvious increase in the ab-
sorption rate per individual cell. Absorption increases
for all nutrients and absorptive capacity may be en-
hanced up to ®vefold in response to intestinal resection.

The digestive capacity of pancreatic juice can be
altered by changes in nutritional intake. A high-protein
diet enhances proteolytic enzyme production, a high-
carbohydrate diet enhances amylase secretion, and a
high-fat diet stimulates lipase secretion. Furthermore,
adaptive responses to changes in dietary intake in¯u-
ence mucosal digestive and absorptive processes. Activ-
ity of the disaccharidase enzymes sucrase and maltase
increases in response to high carbohydrate intake over
several days but not to manipulation of protein intake.
Absorptive function also adapts to dietary manipula-
tion. Transport activity for carbohydrates, fats, and lip-
ids rises in response to increased dietary loads. In
another example, absorptive mechanisms for a number
of vitamins and trace elements are switched on by low
dietary loads and switched off by a large load. Here,
absorption is enhanced in nutrient de®ciency but inhib-
ited with nutrient excess, when potentially toxic effects
may result.
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Disinhibitory Motor Disorder
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achalasia Pathologic failure of relaxation of gastro-

intestinal sphincters and nonsphincteric smooth

muscles.

interstitial cells of Cajal Pacemaker cells that generate

electrical slow waves in the gastrointestinal tract.

megacolon Dilatation of the colon.

paraneoplastic syndrome Autoimmune pathology in tissues

of patients with certain forms of cancer.

pseudo-obstruction Failure of propulsive motility that

cannot be explained by mechanical blockage in the

gastrointestinal tract.

syncytium Group of cells that behave as a unit due to some

form of coupling between cells (electrical coupling in

smooth muscles).

Trypanosoma cruzi Blood-borne protozoan parasite respon-

sible for Chagas' disease.

Postnatal loss of, or congenital absence of, the enteric

nervous system has pathologic effects on intestinal

motility. In disinhibitory motor disorder, the pathophys-

iologic basis is loss or malfunction of enteric inhibitory

motor neurons, to the musculature causing the spasticity

and achalasia associated with a number of symptoms and

diseases.

INTRODUCTION

In the enteric nervous system, a subpopulation of the
motor neurons consists of inhibitory motor neurons to
the musculature. Neurotransmitters released from in-
hibitory motor neurons suppress contractile activity in
the musculature. Inhibitory motor neurons are among
the missing neurons when the enteric nervous system
is either destroyed by disease processes or fails to
develop in utero. The primary pathologic effect in
disinhibitory motor disorder is chronic intestinal
pseudo-obstruction that is associated with hyperactive
contractile activity of the circular coat of the intestinal
musculature.
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INTRODUCTION

In the enteric nervous system, a subpopulation of the
motor neurons consists of inhibitory motor neurons to
the musculature. Neurotransmitters released from in-
hibitory motor neurons suppress contractile activity in
the musculature. Inhibitory motor neurons are among
the missing neurons when the enteric nervous system
is either destroyed by disease processes or fails to
develop in utero. The primary pathologic effect in
disinhibitory motor disorder is chronic intestinal
pseudo-obstruction that is associated with hyperactive
contractile activity of the circular coat of the intestinal
musculature.
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ENTERIC INHIBITORY MOTOR NEURONS

The physiologic importance of enteric inhibitory motor
neurons emerges from requirements for compatibility
of neural control with the physiology of the digestive
musculature. The intestinal musculature behaves like a
self-excitable electrical syncytium. Action potentials
triggered anywhere in the muscle will spread from mus-
cle ®ber to muscle ®ber in three dimensions throughout
the syncytium, which could potentially be the entire
length of the small or large intestine. The action poten-
tials, as they spread, trigger contraction of the muscle. A
nonneural pacemaker system of electrical slow waves
(i.e., basic electrical rhythm) accounts for the self-
excitable characteristic of the electrical syncytium;
this is accomplished by specialized pacemaker cells,
the interstitial cells of Cajal. In the integrated system,
the electrical slow waves are an extrinsic factor to which
the intestinal circular muscle responds with action
potentials, which in turn trigger contractions.

The cellular neurophysiology of enteric inhibitory
motor neurons explains why the intestinal circular
muscle generally fails to respond with action potentials
and contractions during each and every slow-wave
cycle. Ongoing activity of the inhibitory motor neurons
also explains why action potentials and contractions
do not spread from muscle ®ber to muscle ®ber and
cause an entire length of intestine to contract after
they are initiated at any site in the syncytium. Inhib-
itory motor neurons to intestinal circular muscle dis-
charge continuously. Continuous discharge of action
potentials in subpopulations of intestinal inhibitory
motor neurons results in continuous inhibition of
the autogenous activity of the circular muscle. Studies
done in segments of intestine in vitro show that when
neuronal discharge of inhibitory motor neurons is
prevalent, muscle action potentials and associated
contractile activity are absent or occur only at reduced
levels with each electrical slow-wave cycle. When the
inhibitory neuronal discharge is blocked experimen-
tally, every cycle of the electrical slow wave triggers
intense discharge of action potentials and large-am-
plitude contractions. Vasoactive intestinal polypeptide
and nitric oxide are two of the inhibitory neurotrans-
mitters released at the neuromuscular junctions. Con-
tinuous release of these transmitters can be detected
experimentally in intestinal preparations.

PATHOPHYSIOLOGIC BASIS

The physiology of neuromuscular relations in the
intestine predicts that spasticity and achalasia will
accompany any condition wherein inhibitory motor

neurons are destroyed. Without inhibitory control, the
self-excitable syncytium of nonsphincteric regions will
contract continuously and behave as an obstruction.
This happens because the muscle is freed to respond
to the pacemaker with contractions that propagate with-
out any amplitude, distance, or directional control.
Contractions spreading in the uncontrolled syncytium
collide randomly, resulting in ®brillation-like behavior
in the affected intestinal segment.

Loss or malfunction of inhibitory motor neurons is
the pathophysiologic basis of disinhibitory motor dis-
ease. It underlies several forms of chronic intestinal
pseudo-obstruction and failure of relaxation of tension
in sphincters of the digestive tract. Enteric neurodegen-
eration in its earlier stages may be manifest as symptoms
that can be confused with the irritable bowel syndrome.

Neuropathic forms of intestinal pseudo-obstruction
arise from degenerative changes in the enteric nervous
system. Failure of propulsive motility in the affected
length of intestine re¯ects loss of the neural microcir-
cuits that program and control the repertoire of motility
patterns required for the necessary functions of that
region. Intestinal pseudo-obstruction occurs in part
because contractile behavior of the circular muscle is
hyperactive but disorganized in the denervated regions.
Hypercontractile activity is a diagnostic sign of the neu-
ropathic form of chronic intestinal pseudo-obstruction
in humans. The hyperactive and disorganized contract-
ile behavior re¯ects the absence of inhibitory nervous
control of the muscles that are self-excitable (autogenic)
when released from the braking action imposed by
inhibitory motor neurons.

Degenerative nonin¯ammatory and in¯ammatory
enteric neuropathies are two forms of disinhibitory
motor disease that culminate in pseudo-obstruction.
Nonin¯ammatory neuropathies can be either familial
or sporadic. The mode of inheritance may be autosomal
recessive or dominant.

Degenerative in¯ammatory enteric neuropathies
are characterized by a dense in¯ammatory in®ltrate
con®ned to enteric ganglia. Paraneoplastic syndrome,
Chagas' disease, and idiopathic degenerative disease are
recognizable forms of pseudo-obstruction related to in-
¯ammatory neuropathies. Paraneoplastic syndrome is a
form of pseudo-obstruction in which commonalty of
antigens between small-cell carcinoma of the lungs and
enteric neurons leads to immune attack, resulting in loss
of neurons. The majority of patients with symptoms of
pseudo-obstruction in combination with small-cell lung
carcinoma have immunoglobulin G autoantibodies that
react with enteric neurons. Immunostaining with sera
from paraneoplastic patients shows a characteristic pat-
tern of staining in enteric neurons. The detection of
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antienteric neuronal antibodies in the patient's serum is
a means to a speci®c diagnosis.

The association of enteric neuronal loss with
symptoms of pseudo-obstruction in Chagas' disease
also re¯ects autoimmune attack on the neurons, mimic-
king the situation in the paraneoplastic syndrome.
Trypanosoma cruzi, the blood-borne parasite that causes
Chagas' disease, has antigenic epitopes similar to anti-
gens expressed on the surfaces of enteric neurons. This
activates the immune system to assault the gut neurons
coincident with the attack on the parasite.

Idiopathic in¯ammatory degenerative neuropathy
occurs unrelated to neoplasms, infectious conditions,
or other known diseases. Small groups of patients have
been identi®ed with early complaints of symptoms sim-
ilar to the irritable bowel syndrome; in these patients,
the symptoms progressively worsened and were later
diagnosed as idiopathic degenerative in¯ammatory neu-
ropathy based on full-thickness biopsies taken during
exploratory laparotomy that revealed chronic intestinal
pseudo-obstruction. Each patient had in¯ammatory in-
®ltrates localized to the enteric nervous system. Analysis
of sera from these cases shows circulating antibodies
against enteric neurons.

Recognition of the complex functions of the enteric
nervous system leads to the conclusion that early neu-
ropathic changes are expected to be manifest as func-
tional symptoms that worsen with progressive neuronal
loss. In diagnostic motility studies (e.g., manometry),
degenerative loss of enteric neurons is re¯ected
by hypermotility and spasticity because inhibitory
motor neurons are included in the missing neuronal
population.
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Diverticulosis
BRUCE HENNESSY AND SHERYL PFEIL

Ohio State University

diverticula of the colon Herniations of the mucosa and

submucosa though or between ®bers of the major muscle

layer (muscularis propria) of the colon.

diverticulosis Presence of multiple diverticula of the

intestine, common in middle age; the lesions are

acquired pulsion diverticula.

diverticulum Pouch or sac opening from a tubular or

saccular organ, such as the gut or bladder.

Colonic diverticular disease is extremely common, par-

ticularly in the middle-aged and older populations. A

colonic diverticulum is a herniation through the

muscularis, generally at the site of a nutrient artery.

Colonic diverticuli are rarely found in patients under

the age of 30 years, and occur with increasing prevalence

as a population ages. More than two-thirds of the United

States population will have diverticulosis of varying de-

grees by age 80 years. There is no reported difference in

prevalence between men and women.

EPIDEMIOLOGY

The ethnic and geographic variation in colonic diver-
ticulosis is marked. Left-sided diverticulosis is classi-
cally associated with a Western diet, and to a lesser
degree European ancestry. Although left-sided diver-
ticulosis is still common in East Asians and Indians,
right-sided diverticulosis is far more common in these
patients than it is in the Western population. The
prevalence of diverticulosis has steadily increased
over the past 80 years. The Western diet, speci®cally
the lack of high intake of dietary ®ber, has been
blamed for this change. Another theory regarding
the modern increase in diverticulosis is the lower
physical activity level of people in industrialized coun-
tries. Higher levels of physical activity seem to reduce
the risk of diverticular disease.

PATHOPHYSIOLOGY

The formation of acquired colonic diverticulosis is
thought to be secondary to increased intraluminal
pressure. The lumen of the sigmoid colon narrows

when the circular muscle layer enlarges, causing
shortened taeniae. Pressure increases as luminal nar-
rowing occurs, according to the law of Laplace. The
luminal pressure is exaggerated by the chambering
effect of colonic motility, whereby chambers are cre-
ated by colonic segmentation. Diverticuli are most
likely to develop at weak places in the bowel wall.
The insertion of the vasa recta is thought to be such a
weak point.

UNCOMPLICATED DIVERTICULOSIS

Colonic diverticuli are often diagnosed incidentally.
They are often observed during screening ¯exible
sigmoidoscopy and colonoscopy. They also may be
apparent on plain abdominal ®lms, computed tomog-
raphy (CT) scans, or barium enemas. The importance
of diagnosing asymptomatic diverticulosis is question-
able. The mere presence of diverticulosis does not
require speci®c therapy other than recommending a
high-®ber diet. A high-®ber diet appears to be asso-
ciated with a lower risk for developing diverticulosis.
Treatment and prevention call for the same lifestyle
changes. Although there is no evidence that dietary
change will reverse diverticulosis, a high-®ber diet may
decrease the risk of developing diverticular complica-
tions. Other dietary changes are controversial. The
age-old advice to avoid nuts and seeds is based on
their theoretical risk of becoming lodged in a diver-
ticulum and inciting diverticulitis. This theory is un-
proved, and there is considerable debate with regard
to the necessity of these dietary recommendations.

DIVERTICULITIS

Diverticulitis and diverticular bleeding are the most
common complications of diverticulosis. Diverticulitis
occurs from the erosion of the diverticular wall by
focal necrosis and in¯ammation, resulting in perfora-
tion. Perforation occurs on two different levels, micro-
or macroperforation. A microperforation is walled off
by the adjacent mesentery and pericolic fat. The
microperforation may resolve or it may form a focal
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abscess, or lead to obstruction or ®stula formation to
an adjacent organ. Macroperforation causes free air
entry and peritonitis.

Diverticulitis typically presents with left lower
quadrant pain. The pain is often present for several
days prior to presentation. Diverticulitis is sometimes
accompanied by nausea and vomiting or constipation.
Less commonly, a patient may experience diarrhea or
narrow stools. Physical exam ®ndings provide a limited
but important cornerstone in the diagnosis of diverti-
culitis. The most common ®nding on examination is
left lower quadrant tenderness. An uncommon but
more impressive ®nding is that of a palpable left
lower quadrant mass. Physical examination ®ndings
of general tenderness and peritonitis may re¯ect
perforated diverticulitis. Exam ®ndings, although im-
portant, will rarely provide enough information to make
a diagnosis of diverticulitis.

Laboratory studies may be equally nonspeci®c. The
patient will generally have a leukocytosis, indicating an
infective or in¯ammatory process. Diverticulitis that
occurs in close proximity to the bladder or that develops
a colovesical ®stula may cause pyuria on urinalysis and
can be mistaken for a urinary tract infection. Other
laboratory tests, including liver enzymes, amylase,
and lipase, are generally normal. Chemistries are also
commonly normal unless the patient presents with
sepsis and acidosis.

The history and physical ®ndings may prompt fur-
ther evaluation with imaging studies. Generally, an
acute abdominal series is obtained ®rst. Plain abdominal
®lms are useful to exclude macroperforation with free
air perforation and colonic obstruction. Prior to giving
the patient oral contrast, both obstruction and free air
must be ruled out. Computed tomography is the gen-
erally accepted `̀ gold standard'' for diagnosing diverti-
culitis. Common CT ®ndings of diverticulitis include
bowel wall thickening, colonic diverticulosis, soft tissue
density within the pericolic fat, and an abscess or
phlegmon. Computed tomography has a very high sen-
sitivity and speci®city for detecting diverticulitis, which
makes CT imaging a powerful tool in the diagnosis of
diverticulitis. It may also provide additional informa-
tion to exclude other causes of abdominal in¯ammation.
Barium enema is generally not warranted in suspected
diverticulitis secondary to the potential for barium to
escape through a perforation into the peritoneal space. If
performed in the face of suspected diverticulitis, the
enema should consist of water-soluble contrast only.
There is also no role for colonoscopy in acute diverti-
culitis. Colonoscopy is contraindicated because of the
risk of perforation. Colonoscopy should be performed
following resolution of the acute episode. Colonoscopy

is performed after diverticulitis subsides to evaluate for
tumors, polyps, and strictures, and to evaluate the ex-
tent of diverticular disease.

Treatment of acute diverticulitis depends on the
severity of the process. A patient with mild to moderate
diverticulitis can be treated as an outpatient with oral
antibiotics and bowel rest. More severe disease requires
inpatient therapy. Antibiotic regimens for diverti-
culitis must cover gut ¯ora, including both gram-
negative and anaerobic organisms. Uncomplicated di-
verticulitis is treated with oral antibiotics such as
cipro¯oxacin and metronidazole for 7ÿ10 days.
Patients should also be placed on a clear liquid diet.
Patients with more complicated disease require intra-
venous antibiotics, bowel rest, and intravenous ¯uids.
Diverticulitis may be complicated by abscess formation,
obstruction, ®stula formation, or peritonitis. Percutane-
ous drainage of an abscess can be performed by inter-
ventional radiologic technique. Abscess drainage and
concurrent antibiotic treatment are suf®cient treatment
in a subgroup of patients, especially patients not
considered surgical candidates. Percutaneous drainage
may also allow time for bowel preparation and resolu-
tion of in¯ammation, thereby allowing resection and
primary anastomosis with a one-step surgical proce-
dure. Most patients with ®stulas and/or obstruction
do require surgery, but not emergently. Peritonitis is
a more severe complication that requires immediate
surgical intervention. Emergent surgery in this setting
often involves a two-step procedure consisting of a re-
section of the diseased colon and colostomy. This is
followed by colostomy takedown and reanastomosis
at a later date.

Patients suffering recurrent diverticulitis may also
be referred for elective surgery. Surgery involves remov-
ing the diseased portion of the colon as well as removing
the sigmoid colon. The sigmoid colon is removed to
eliminate the `̀ high-pressure'' area of the colon, in
order to prevent further diverticulum formation and
recurrent episodes of diverticulitis.

DIVERTICULAR BLEEDING

Diverticular bleeding is a signi®cant source for lower
gastrointestinal bleeding and an important cause of
morbidity and mortality in those patients over age
60 years of age. Less than one-®fth of patients with
diverticulosis will have at least one episode of hema-
tochezia. Of these patients, only a few will present
with massive hemorrhage and hypovolemia. Recurrent
inspissation of fecal matter within the diverticulum
causes a weakening of the arterial wall, following
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which rupture and bleeding may occur. Bleeding is often
painless and patients do not often have symptoms other
than bleeding. Diverticulitis does not typically present
with bleeding. Treatment consists of two important
steps, resuscitation/stabilization of the patient and lo-
calization of the bleeding. Colonoscopy is the test of
choice to diagnose, localize, and in some cases to
treat diverticular bleeding. Failure of colonoscopy to
provide a diagnosis or localization may prompt further
evaluation by radionuclide imaging or angiography.
Proper localization of the bleeding source provides cru-
cial information in the event that bleeding cannot be
controlled and surgical intervention is required. Fortu-
nately for patients, three-quarters of those with diver-
ticular bleeding will stop bleeding spontaneously and
require no further therapy.
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Dumping Syndrome
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University of Texas Southwestern Medical Center, Dallas

antrectomy Partial removal of the distal stomach encom-

passing the gastric antrum.

chyme Mass of partially digested food and digestive juices.

pyloroplasty Surgical division of the pyloric muscle,

destroying it as a sphincter, and reconstruction of the

pyloric channel to facilitate gastric emptying.

vagotomy Surgical transaction of the vagus nerve to reduce

gastric innervation.

Dumping syndrome is a spectrum of symptoms thought to

be a consequence of rapid gastric emptying following va-

gotomy and/or bypass or destruction of the pylorus. The

symptoms of dumping syndrome occur after the ingestion

of food and are absent in the fasting state. Dumping

syndrome typically includes both gastrointestinal and va-

somotor symptoms, and can be quite variable in presen-

tation. The incidence of dumping syndrome after gastric

surgery is variable, and depends to some degree on the

operation performed. However, about 10% of patients will

have signi®cant dumping symptoms after gastric surgery.

DIAGNOSIS

The diagnosis of dumping syndrome is made largely
on clinical grounds and hinges on the presence of
typical symptoms in a patient following gastric sur-
gery. Dumping occurs in the postprandial period and
is categorized into two forms, early and late. Early
dumping occurs within 30ÿ60 minutes of eating
and typically presents with both gastrointestinal and
vasomotor symptoms. Gastrointestinal symptoms in-
clude fullness, bloating, crampy abdominal pain, nau-
sea, vomiting, and explosive diarrhea. The vasomotor
symptoms include diaphoresis, weakness, dizziness,
¯ushing palpitations, and an intense urge to lie
down. Late dumping occurs 2ÿ3 hours after eating
and usually presents with only vasomotor symptoms.
In patients with severe dumping symptoms, weight
loss and food fear may also be present. Although
there are no commonly accepted tests for dumping
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which rupture and bleeding may occur. Bleeding is often
painless and patients do not often have symptoms other
than bleeding. Diverticulitis does not typically present
with bleeding. Treatment consists of two important
steps, resuscitation/stabilization of the patient and lo-
calization of the bleeding. Colonoscopy is the test of
choice to diagnose, localize, and in some cases to
treat diverticular bleeding. Failure of colonoscopy to
provide a diagnosis or localization may prompt further
evaluation by radionuclide imaging or angiography.
Proper localization of the bleeding source provides cru-
cial information in the event that bleeding cannot be
controlled and surgical intervention is required. Fortu-
nately for patients, three-quarters of those with diver-
ticular bleeding will stop bleeding spontaneously and
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DIAGNOSIS
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on clinical grounds and hinges on the presence of
typical symptoms in a patient following gastric sur-
gery. Dumping occurs in the postprandial period and
is categorized into two forms, early and late. Early
dumping occurs within 30ÿ60 minutes of eating
and typically presents with both gastrointestinal and
vasomotor symptoms. Gastrointestinal symptoms in-
clude fullness, bloating, crampy abdominal pain, nau-
sea, vomiting, and explosive diarrhea. The vasomotor
symptoms include diaphoresis, weakness, dizziness,
¯ushing palpitations, and an intense urge to lie
down. Late dumping occurs 2ÿ3 hours after eating
and usually presents with only vasomotor symptoms.
In patients with severe dumping symptoms, weight
loss and food fear may also be present. Although
there are no commonly accepted tests for dumping
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syndrome, radioisotope gastric emptying studies dem-
onstrating rapid gastric emptying are often used to
con®rm the clinical suspicion. Several clinical
scoring systems have also been used to support the
diagnosis of dumping. Recently, investigators have
suggested a simple provocative test to con®rm the
diagnosis of dumping. After ingestion of 50 g of oral
glucose, a heart rate rise of greater than 10 beats per
minute in the ®rst hour has been found to be a sen-
sitive predictor of early dumping. Late dumping is
con®rmed with this test by documenting typical
vasomotor symptoms in the postchallenge period.

PATHOPHYSIOLOGY

Early and late dumping differ in their pathophysiology.
In early dumping, the rapid delivery of hyperosmolar
chyme into the small intestine as a consequence of rapid
gastric emptying results in several maladap-
tive responses. The presence of hyperosmolar proxi-
mal small intestinal contents is thought to lead to
¯uid shifts into the intestinal lumen, which results in
intestinal distension and precipitates the gastrointesti-
nal symptoms of early dumping. In addition, an oral
glucose challenge leads to both peripheral and splanch-
nic vasodilatation, with both peripheral and splanchnic
blood pooling, which is thought to result in the vaso-
motor symptoms of early dumping. Release of a variety
of gastrointestinal hormones is enhanced in patients
with early dumping; these include enterglucogon, va-
soactive intestinal peptide (VIP), peptide YY, pancreatic
polypeptide, and neurotensin. In late dumping, the
rapid delivery of glucose to the small bowel followed
by rapid glucose absorption is thought to result in an
exaggerated insulin release. This exaggerated insulin
secretion combined with rapid gastric emptying results
in a excess insulin state 2ÿ3 hours after eating and
hypoglycemia with subsequent vasomotor symptoms.
The exact cause of the excess insulin is unclear, but
the enteric hormone glucagon-like peptide-1 (GLP-1)
may play an important role in late dumping.

TREATMENT

Most cases of dumping syndrome will improve with
time. The initial mainstay of therapy for dumping
syndrome is dietary modi®cation. For most patients,
instituting an `̀ antidumping'' diet will effectively control
dumping symptoms. An antidumping diet consists of
(1) frequent small meals, ideally six or more per day,
(2) low amounts of simple sugars, moderate amounts of
fat, and high amounts of complicated carbohydrates,

protein, and ®ber, and (3) dry meals, with mealtime
liquid intake delayed at least 30 minutes after solid
intake. For patients with pronounced vasomotor
symptoms, lying down for 30 minutes postprandially
may decrease the unpleasantness of the vasomotor
symptoms. Dietary ®ber supplementation has been
shown to help with reactive hypoglycemia. Acarbose,
a competitive inhibitor of carbohydrate absorption, has
also been shown to help with late dumping, although
with long-term use it can cause malabsorption. In
patients with severe dumping, or in those whose
symptoms fail to respond to dietary modi®cation, the
next step should be the use of octreotide, the long-acting
somatostatin analogue. Octreotide acts to delay intesti-
nal transit time, causes splanchnic vasoconstriction, and
suppresses the release of a wide variety of enteral hor-
mones, including insulin. In a systematic review of
seven randomized controlled trials, octreotide, when
administered prior to meals, has been shown to allev-
iate the gastrointestinal symptoms and vasomotor
symptoms of early dumping and to prevent reactive
hypoglycemia. An initial dose of 50 mg, administered
15ÿ60 minutes prior to meals, should alleviate
symptoms. The dose can be increased to 100 mg as
needed. Side effects of octreotide therapy include mal-
absorption and steatorrhea, but the steatorrhea can be
managed with pancreatic enzyme supplementation.
Although there is a relative paucity of published
long-term results of octreotide therapy, extrapolation
from intermediate results suggests it is safe and effective.

For patients with debilitating dumping symptoms
that are refractory to dietary modi®cation and
octreotide, remedial surgery should be considered. In
general, a cautious approach when considering surgical
therapy of dumping is appropriate, because most
cases of dumping will improve with time and because
no remedial operation has a 100% success rate. For
patients whose initial operation was a pyloroplasty,
surgical reconstruction of the pylorus is the preferred
approach. In patients with an antrectomy and Billroth II
reconstruction, conversion to either a Billroth I recon-
struction or a Roux-en-Y reconstruction is the preferred
approach. For patients with a Billroth I reconstruction
as their initial operation, conversion to a Roux-en-Y
reconstruction is the preferred approach. In patients
for whom the Roux conversion fails to resolve dump-
ing syndrome, the addition of a 10-cm antiperistaltic
segment of jejunum downstream from the gastric outlet
is a very effective antidumping procedure, but can result
in signi®cant incidence of gastric outlet obstruction. For
this reason, an antiperistaltic jejunal interposition
should probably not be used as a primary antidumping
operation.
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fed motor pattern The stereotypic contractile pattern that

initiates soon after a caloric meal and that is responsible

for mixing and propulsion of food residue for ef®cient

digestion and absorption.

gastric emptying The process by which ingested material is

passed in a controlled fashion into the duodenum, where

it undergoes further mixing and propulsion.

interstitial cells of Cajal Specialized cells that are located at

the interface of the longitudinal and circular muscle

layers and that generate rhythmic electrical depolariza-

tions (slow waves) that act as pacemakers for duodenal

contractions.

migrating motor complex The stereotypic contractile pattern

present during fasting that is responsible for the

clearance of undigested debris and sloughed enterocytes

during the interdigestive period.

myenteric plexus The nerve layer that resides between the

longitudinal and the circular muscle layers and that

regulates all local and programmed motor activities of

the duodenum.

peristaltic re¯ex The basic local motor re¯ex that is

responsible for caudal propulsion of intralumenal

contents.

The duodenum accepts lumenal contents delivered from

the stomach and processes them for absorption or distri-

bution to other intestinal regions. Many duodenal con-

tractile patterns are similar to those of the distal intestine,

whereas some complexes are unique to the region. Duo-

denal motility is controlled by myogenic characteristics,

extrinsic and intrinsic nerves, and circulating hormones.

External in¯uences from central nervous system activa-

tion or immune factors modulate duodenal contractile

function as do intralumenal stimuli.

ANATOMIC AND
PHYSIOLOGIC CONSIDERATIONS

The duodenum spans the region from the pylorus to
the ligament of Treitz. The duodenal wall has two re-
gions of muscle tissue, the muscularis externa and the
muscularis mucosa. The muscularis externa consists of
an outer longitudinal layer and an inner circular layer
and is the major effector of mixing and propulsion. The
role of the muscularis mucosa is poorly understood.
Duodenal smooth muscle cells are spindle-shaped
and uninucleate with no specialized regions for neuro-
nal interaction. They are electrically active with mem-
brane potentials of ÿ40 to ÿ80 mV. Duodenal smooth
muscle is supplied with a rich network of intrinsic
nerve tissue with modulatory in¯uences from extrinsic
innervation.

Duodenal myoelectrical activity exhibits ubiquitous
membrane potential ¯uctuations of 3ÿ15 mV oscillat-
ing at a frequency of 11ÿ12 cycles per minute (cpm).
This duodenal slow wave is electrically isolated from
that of the distal stomach by a thick ®brous septum at
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peristaltic re¯ex The basic local motor re¯ex that is

responsible for caudal propulsion of intralumenal

contents.

The duodenum accepts lumenal contents delivered from

the stomach and processes them for absorption or distri-

bution to other intestinal regions. Many duodenal con-

tractile patterns are similar to those of the distal intestine,

whereas some complexes are unique to the region. Duo-

denal motility is controlled by myogenic characteristics,

extrinsic and intrinsic nerves, and circulating hormones.

External in¯uences from central nervous system activa-

tion or immune factors modulate duodenal contractile

function as do intralumenal stimuli.

ANATOMIC AND
PHYSIOLOGIC CONSIDERATIONS

The duodenum spans the region from the pylorus to
the ligament of Treitz. The duodenal wall has two re-
gions of muscle tissue, the muscularis externa and the
muscularis mucosa. The muscularis externa consists of
an outer longitudinal layer and an inner circular layer
and is the major effector of mixing and propulsion. The
role of the muscularis mucosa is poorly understood.
Duodenal smooth muscle cells are spindle-shaped
and uninucleate with no specialized regions for neuro-
nal interaction. They are electrically active with mem-
brane potentials of ÿ40 to ÿ80 mV. Duodenal smooth
muscle is supplied with a rich network of intrinsic
nerve tissue with modulatory in¯uences from extrinsic
innervation.

Duodenal myoelectrical activity exhibits ubiquitous
membrane potential ¯uctuations of 3ÿ15 mV oscillat-
ing at a frequency of 11ÿ12 cycles per minute (cpm).
This duodenal slow wave is electrically isolated from
that of the distal stomach by a thick ®brous septum at

Encyclopedia of Gastroenterology Copyright 2004, Elsevier (USA). All rights reserved.
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the pylorus. Few gastric slow waves (3 cpm) propagate
into the duodenum because of this septum, but some
spike potentials cross the pyloric region in patches and
may form the basis for gastroduodenal coordination.
The duodenal slow wave controls the direction and
maximal frequency of phasic contractions, although
its amplitude usually is insuf®cient to elicit contraction
under basal conditions. Neurohumoral stimuli evoke
motor activity by inducing spike potentials of brief du-
ration (10ÿ100 ms) but high amplitude (50 mV) in
phase with the slow wave. The interstitial cells of
Cajal (ICC) at the interface of the circular and longitu-
dinal muscle layers are believed to be responsible for
slow-wave generation. In cat intestine, rhythmic oscil-
lations are generated only by tissue containing ICC. In
animals with a genetic absence of ICC, slow-wave ac-
tivity is undetectable. Cyclic ¯uctuations in intracellular
calcium underlie this electrical rhythmicity. In humans,
the dominant small intestinal slow-wave pacemaker is
in the duodenum. This site entrains adjacent regions;
however, some uncoupling occurs over the entire intes-
tine, resulting in decreases in slow-wave frequency in
the ileum (7ÿ8 cpm). These properties are advanta-
geous for the different roles of each region. Proximally,
nutrients are propelled over a large mucosal surface area
for rapid digestion and absorption while, distally,
retarded propulsion permits absorption of slowly di-
gested and absorbed substances such as fats and bile.

Duodenal smooth muscle is innervated by the vagus
and splanchnic nerves that relay information to and
from the extraintestinal ganglia, the spinal cord, and
the central nervous system. The myenteric plexus pro-
vides the major intrinsic innervation. The number of
intrinsic neurons greatly exceeds the number of extrin-
sic ®bers. Thus, most motor activities are directed by
intrinsic nerves, whereas extrinsic innervation provides
a modulatory function. Low-threshold preganglionic
vagal cholinergic neurons activate nicotinic receptors
within enteric ganglia and excite motor activity. High-
threshold preganglionic vagal neurons are inhibitory to
motor activity via release of vasoactive intestinal poly-
peptide (VIP) and nitric oxide (NO). Preganglionic cho-
linergic sphlanchnic neurons project from the spinal
cord to the prevertebral ganglia. Noradrenergic post-
ganglionic neurons then project to the enteric ganglia
and inhibit excitatory cholinergic transmission. Affer-
ent ®bers outnumber efferent ®bers by 10-fold in the
vagus and by 3-fold in the splanchnic nerves. The du-
odenum is richly supplied with sensory ®bers that may
respond to chemical, thermal, or mechanical stimula-
tion. Mechanoreceptors in the outer muscle layers or
myenteric plexus are activated by passive distension
or during active contractions. Mesenteric and serosal

receptors respond to tension or to forceful contraction
and may mediate visceral pain perception. The density
of myenteric neurons ranges from 3700 to 12,170 per
square centimeter in the cat small intestine, approxi-
mating that of the spinal cord. Motor neurons typically
project 1ÿ2 mm longitudinally although some ®bers
extend for 30 mm. Excitatory ®bers run cephalad and
inhibitory ®bers project caudally. Eighty to 90% of
myenteric neurons contain either tachykinins (40ÿ
45%) or VIP (40ÿ45%), with no overlap between the
two groups. Tachykinin neurons containing Substance
P, neurokinin A, and acetylcholine mediate most of the
excitatory functions of intestinal smooth muscle. The
inhibitory supply to the duodenum is provided by NO-
and VIP-containing myenteric neurons. A number of
other transmitters modulate the physiologic motor ac-
tivity of the small intestine.

ORGANIZED MOTOR PATTERNS OF
THE DUODENUM

The best characterized organized motor patterns in the
duodenum are the interdigestive migrating motor
complex and the fed motor pattern. Other contractile
complexes are observed infrequently at irregular inter-
vals, often during illness. In many instances, duodenal
motor patterns resemble those of the jejunum and
ileum; however, patterns speci®c to the duodenum
may be observed.

Migrating Motor Complex

The migrating motor complex (MMC) serves the
role of housekeeper of the small intestine by propelling
undigested food residue and sloughed enterocytes. The
MMC consists of four phases with a total duration of
84ÿ112 min. Phase I is a period of motor quiescence
lasting 40ÿ60% of the cycle. Phase II, occupying
20ÿ30% of the cycle, exhibits irregular phasic contrac-
tions. Phase III is a 5- to 10-min period of lumenally
occlusive, rhythmic contractions occurring at the slow-
wave frequency. Phase IV is a transitional period of
irregular contractions between phase III and phase I.
Seventy-one percent of phase III complexes originate in
the stomach, 28% begin in the duodenum, and 1% orig-
inate in the proximal jejunum. Most MMCs terminate in
the jejunum. MMC cycle duration is nearly twice as long
if the previous phase III complex originated in the stom-
ach versus the duodenum. Phase III contractions prop-
agate over longer distances than those in phase II. The
transit of inert substances is four times faster in phase III
than in phase I and 50% of total ¯ow occurs during
phase III. On cineradiography, transit during phase
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III is characterized by intermittent boluses of 4ÿ5 cm in
length separated by 1- to 2-cm ring contractions.

The MMC is in¯uenced by extrinsic and intrinsic
neural sources. Bilateral vagotomy, removal of the
superior and inferior mesenteric ganglia, total symp-
athectomy, and complete extrinsic denervation do not
prevent MMC cycling, although cycle duration and reg-
ularity may be altered. Isolated denervated intestinal
segments exhibit spontaneous phase III activity,
which propagates aborally, demonstrating that the com-
plex is programmed into enteric nerves. Cholinergic
and noncholinergic pathways participate in MMC con-
tractions. In dogs, atropine, the ganglionic blocker
hexamethonium, or the neural toxin tetrodotoxin
eliminates MMC cycling. Adrenoceptor antagonists
disrupt MMC cycling, whereas NO synthase inhibitors
evoke premature MMC activity. Ablation of myenteric
serotonergic neurons prolongs MMC periodicity
and decreases propagation velocities, whereas 5-HT3

antagonists inhibit phase III activity and prolong
cycle length.

The major humoral regulator of MMC activity is
motilin, which is released from specialized cells in
the duodenal mucosa. Antral phase III complexes cor-
relate temporally with plasma motilin elevations in
healthy humans and premature antral phase III activity
is inducible by motilin infusion. In dogs, gastroduode-
nal phase III is abolished for several hours after infusion
of motilin antisera and is replaced by irregular phasic
contractions. Resection of duodenal motilin-producing
tissue alters fasting antroduodenal motility in dogs.
Motilin stimulates antral phase III in part through cho-
linergic pathways, because atropine reduces its con-
tractile effects. However, duodenal phase III activity
is controlled by atropine-resistant noncholinergic
mechanisms. The stimulus for motilin cycling is not
known. Motilin ¯uctuations are blocked by atropine
and hexamethonium, suggesting regulation by cholin-
ergic pathways, and motilin release is evoked by vagal
stimulation, bile release, cholinergic agonists, opioid
agents, NO synthase inhibitors, and duodenal pH
changes, but the roles of these factors in regulating
motilin release are unclear. There are differences in
the motilin dependence of phase III complexes in the
duodenum compared to the distal intestine. Ectopic
complexes in the jejunum or ileum often are not asso-
ciated with motilin elevations. The effects of motilin
antisera on jejunal and ileal phase III complexes are
minimal and ectopic phase III complexes form in
these regions after duodenal resection. Thus, `̀ program-
ming'' of phase III in the distal intestine is a motilin-
independent phenomenon that is entrained by the
actions of motilin on the antrum and duodenum.

The duodenal MMC cycles in phase with biliary
motor activity and secretory functions. Gastric acid
and pepsin production and intestinal ¯uid secretion
increase prior to duodenal phase III as does the release
of bicarbonate, bile acids, bilirubin, pancreatic en-
zymes, and secretory immunoglobulin A. Duodenal
phase III has been proposed to contribute to gallbladder
re®lling during the interdigestive period. Chronic pan-
creatitis disrupts the synchrony of MMC activity and
pancreatic exocrine cycling, suggesting differential
regulation of the two phenomena.

Fed Motor Pattern

After a meal, the duodenal MMC is replaced by a fed
pattern of intermittent phasic contractions of varying
amplitude that serve to mix and propel intestinal con-
tents. Forty-four percent of fed contractions do not
propagate. Of the contractions that do, 90% migrate
530 cm and 66% migrate 59 cm. In some studies, a
transitional motor pattern is observed immediately after
meal ingestion characterized by highly propagative con-
tractile clusters that expose extended regions of mucosa
to nutrients. The duration of the fed motor pattern is
dependent on meal characteristics. In dogs, a mixed
450 kcal meal induces a fed pattern of43 h. In humans,
a 400 kcal meal with 9% fat disrupts MMC activity
for 294� 21 min, whereas a meal with 50% fat prolongs
the fed period to 410� 42 min.

Neural input is important for induction of the fed
pattern. In humans, sham-feeding disrupts duodenal
phase III, indicating a cephalic contribution. Bilateral
vagotomy, splanchnicectomy, mesenteric ganglio-
nectomy, and total extrinsic denervation do not prevent
induction of the fed state, but bilateral vagotomy
shortens its duration and increases the latency to the
onset of contractions. If nutrients are perfused into an
isolated, extrinsically innervated intestinal loop, the
MMC is disrupted in the unconnected main portion
of the intestine, demonstrating the importance of ex-
trinsic supply. Intestinal transection and reanastomosis
decreases the frequency and amplitude of fed contrac-
tions in dogs and decreases propagation, showing the
modulatory effects of intrinsic nerves. Atropine and
hexamethonium abolish fed motor activity and NO
synthase inhibitors shorten its duration. The hormonal
mediators of the fed motor pattern are less de®ned.
Investigation has focused on CCK as CCK levels in-
crease 5- to 10-fold after eating and CCK analogues
increase intestinal motility. However, motilin cycling
is suppressed by meals but is unaffected by CCK
infusion. In rats, CCK receptor blockade prevents
MMC disruption by eating. In dogs, CCK receptor an-
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tagonists reduce but do not prevent the fed response or
the interruption of MMC cycling after eating. Other
transmitters inhibit the MMC and induce complexes
similar to the fed pattern. Neurotensin has received
attention based on its ability to convert the fasting to
a fed pattern along the entire small intestine in rats and
humans.

The mechanism for reversion to MMC cycling after
completion of the fed pattern is uncertain. The ®rst
MMC after eating begins distal to the duodenum, indi-
cating that factors that initiate normal complexes are not
yet operational. The initial duodenal phase III occurs
soon after completion of gastric emptying. In dogs, con-
tinuous intraduodenal nutrient perfusion induces a fed
pattern for only a ®nite time, after which the fasting
pattern returns.

Other Stereotypic Contractile Complexes

The duodenum participates in other infrequent
contractile complexes that may serve distinct roles in
health and disease. Giant migrating complexes (GMCs)
are intense contractile waves that propagate aborally for
long distances in the intestine. Most GMCs begin in the
distal intestine rather than the duodenum and clear
debris from the ileum. GMCs are increased in several
diarrheal conditions. Discrete clustered contractions
(DCCs) consist of 3ÿ10 contractions preceded and
followed by 1 min of motor quiescence and are seen in
the proximal and distal intestine. A highly propagative
pattern in the duodenum and proximal jejunum, called
the rapidly migrating contraction, migrates for 200 cm at
430 cm/s. Retrograde peristaltic contractions (RPCs)
develop in the mid small intestine after emetic agents
are administered and migrate orally to the duodenum
before vomiting occurs. RPCs migrate rapidly (8ÿ
10 cm/s) over distances 4100 cm and serve to evacuate
intestinal contents into the stomach so that they may be
expelled during emesis.

Motor Patterns Speci®c for the Duodenum

In addition to participating in the organized motor
activity of the entire small intestine, the duodenum ex-
hibits motor patterns that are speci®c for the region. The
duodenal cross-sectional area increases during phase II
of the MMC to accommodate pancreaticobiliary secre-
tions, indicating region-speci®c tonic changes. Retro-
peristaltic contractions in the duodenum propel
lumenal contents orally. Retrograde duodenal motor
activity during late phase III directed against antral
phase III pressure waves may increase fasting duodenal
pH and nocturnal antral pH, serving to protect both
regions. Retroperistaltic activity is associated with

duodenogastric re¯ux of bicarbonate and immunoglob-
ulinA,whichmayreconstitute theantralmucosalbarrier
during fasting. Duodenogastric retropulsion of bile is
minimized by phase III-associated closure of the sphinc-
ter of Oddi. During the fed period, 40ÿ50% of pressure
waves in the proximal duodenum are retrograde in na-
ture, which may contribute to controlling gastric emp-
tying. Correlative ultrasonographic studies show bursts
of duodenogastric re¯ux prior to pyloric closure during
gastric emptying, suggesting the presence of duodenal
mixing and retropulsion. Other investigators have ques-
tioned the importance of retrograde duodenal activity.
Using impedancometry,onegroupreportedthatonly4%
of fasting and 8% of fed bolus ¯uid movements were
retrograde. Another study observed that only 2 of 180
phase III pressure wave sequences were purely retro-
grade. Similarly, during duodenal lipid perfusion,
mostpressurewavespropagateinanantegradedirection.
Some have observed bidirectional contractions in the
proximal duodenum during phase III, especially toward
the end of the complex.

EXTRINSIC AND INTRINSIC
MODULATION OF DUODENAL
MOTOR ACTIVIITY

Motor patterns in the duodenum are modi®ed by
external neural and immunologic stimulation. Duode-
nal motility also is subject to modulation by re¯ex ac-
tivations of other regions of the gastrointestinal tract.

Extrinsic Factors

Duodenal motility is in¯uenced by input from the
central nervous system. Sleep decreases MMC cycle
length, reduces propagation velocity, and increases con-
tractile amplitudes. Intestinal phase III is reduced by
depression and stress. Stress also prolongs the intestinal
fed motor pattern. Corticotropin-releasing factor (CRF)
may be a physiologic mediator of stress effects on the
gut. In mice, cold stress effects on intestinal transit are
mimicked by intracerebroventricular CRF. MMC inhi-
bition by CRF in dogs is associated with suppression of
motilin cycling. The effects of CRF and stress are re-
versed by CRF antagonists. Other transmitters acting
centrally also modify duodenal motility. Inhibition of
NO synthase in the brain suppresses duodenal phase III
in dogs via vagal pathways. Destruction of hypothalamic
and locus ceruleus adrenergic pathways lengthens
MMC periodicity. Central neural calcitonin, calcitonin
gene-related peptide, neurotensin, and opioids evoke
intestinal phase III activity, whereas neuropeptide Y
delays intestinal transit.
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Duodenal motor activity is modulated by immuno-
logic stimulation. In rats antigen-sensitized by
intraperitoneal egg albumin, subsequent oral albumin
evokes diarrhea that is associated with MMC disruption
and induction of high-amplitude clustered contrac-
tions. A role for mucosal mast cells is demonstrated
by the abilities of mast cell stabilizers and degranulation
inhibitors to blunt antigen-induced intestinal motor re-
sponses. Intestinal infections also disrupt gut motor
function. In rats, Yersinia enterocolitica and Escherichia
coli alter MMC cycling via free radical generation. Sim-
ilarly, fasting myoelectric activity increases and spike
potentials are generated with Hymenolepsis diminuta in-
fection. Much information on the impact of the immune
system on gut function has been provided by studies of
the nematode Trichinella spiralis. In rats, T. spiralis
disrupts intestinal motility and induces GMCs. Intes-
tinal muscle from T. spiralis-infected rats exhibits in-
creased smooth muscle responses to contractile agonists
and blunted neurally mediated contractions with asso-
ciated decreases in Substance P and VIP content. Both
T-lymphocyte-dependent and -independent pathways
are involved in these pathophysiologic responses.

Intrinsic Regulation

Duodenal motor activity is affected by stimuli within
the gut. The peristaltic re¯ex is the most basic re¯ex
response demonstrable in intestinal segments. Stimuli
that evoke the peristaltic re¯ex include mucosal pinch-
ing, hypertonic saline infusion, and radial stretch. The
peristaltic re¯ex consists of an excitatory response prox-
imal to stimulation (ascending contraction) and a distal
inhibition (descending relaxation). The ascending con-
tractionischaracterizedbysimultaneouscircularmuscle
shortening and longitudinal muscle relaxation and de-
scending relaxation involves simultaneous longitudinal
contraction and circular relaxation. Ascending contrac-
tions are partly inhibited by atropine at low levels of
stimulation, whereas tachykinin antagonists or antisera
block contractions induced by intense radial stretching,
indicating dual cholinergic and tachykinin mediation.
VIP and NO likely mediate the descending relaxation as
both are released during peristalsis. Serotonin is released
with distension and lowers the threshold for eliciting the
re¯ex. Mucosal stimulation initiates the re¯ex by acti-
vating 5-HT4/5-HT1P receptors on sensory neurons in
human intestine. Inmarmoset intestine,5-HT4 receptors
are activated by low serotonin concentrations and 5-HT3

receptors are activated by higher concentrations.
Nonmechanical stimuli have modulatory in¯uences

on duodenal function as well. Intraduodenal lipid or bile
perfusion decreases duodenal ¯ow in association with

increased lumenal diameter, isolated low-amplitude
pressure waves, and reduced propagation distances.
In contrast, hydrochloric acid and hyperosmolar
solutions retard duodenal propagation by inducing
tonic duodenal occlusions. Duodenal myotomy reduces
the evoked duodenal contractions with enhancement of
lumenal propulsion.

Stimulation of other gut segments also modulates
duodenal motility. The inhibitory intestino-intestinal
re¯ex is the inhibition of several hundred centimeters
of intestine by abrupt stretching or dilation of a localized
segment. In humans, the inhibitory effects of distension
are more pronounced in the duodenum than in the
ileum. Distension of the stomach abolishes fasting
duodenal motor activity and delays intestinal transit
via nonvagal NO-mediated neural pathways. In other
studies, gastric fundus distension produces irregular
phasic contractions mimicking the duodenal fed
pattern, some of which are propagated from the antrum.
Colonic nutrient perfusion inhibits duodenal fasting
activity, whereas colonic distension delays MMC
onset via nicotinic ganglionic receptors.

DUODENAL FEEDBACK REGULATION
OF GASTRIC EMPTYING

The duodenum plays a crucial role in regulating gastric
emptying. The absence of duodenal motor activity is
associated with accelerated emptying, whereas contin-
uous duodenal contractions delay liquid emptying. En-
hanced liquid emptying also is noted after duodenal
myotomy. Duodenal pH receptors mediate inhibition
of emptying by duodenal acidi®cation. Duodenal
amino acid perfusion slows both solid and liquid emp-
tying. Placement of a duodenal ®stula to divert nutrients
converts liquid emptying to rapid ®rst-order kinetics
instead of the normal curvilinear pro®le. Agents acting
on intestinal osmoreceptors increase duodenal out¯ow
resistance and delay emptying. Inhibition of gastric
emptying by lipids requires component fatty acids, be-
cause perfusion of nonhydrolyzable fats does not inhibit
gastric emptying. Osmoreceptors mediating hypertonic
saline-evoked inhibition of emptying are located only in
the duodenum, whereas acids and lipids have inhibitory
effects on longer segments.

The mediators that regulate duodenal inhibition
of gastric emptying are incompletely characterized.
Intestinal capsaicin reduces the inhibition of emptying
induced by hydrochloric acid, glucose, and lipid, indi-
cating the importance of afferent pathways. Duodenal
transection impairs the nutrient-evoked delay of
gastric emptying, showing the participation of intrinsic
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duodenal neurons. NO may facilitate gastric emptying
by inhibiting obstructing pyloroduodenal motor activ-
ity. Physiologic CCK infusions inhibit liquid emptying,
whereas CCK antagonists accelerate emptying of mixed
meals, glucose, lipids, and radiopaque markers in most
studies. The ability of the CCK antagonist devazepide to
blunt the retardation of emptying evoked by peptones
decreases as the caloric density increases, indicating
CCK-independent factors with greater nutrient loads.

The inhibitory effects of duodenal stimulation on
gastric emptying are mediated by speci®c enterogastric
re¯exes. Duodenal acid exposure induces gastric fundus
relaxation via secretin-dependent and -independent
pathways. Duodenal distension inhibits antral contrac-
tions, a re¯ex that is partly blocked by vagotomy or
splanchnicectomy and abolished by both. In contrast,
duodenal distension-evoked inhibition of antral activity
is unaffected by duodenal transection. Intraduodenal
lipids, proteins, or hydrochloric acid decreases sponta-
neous antral contractions, effects reduced but not abol-
ished by vagotomy. Vagal application of capsaicin partly
reverses the inhibitory effects of protein, glucose, and
trypsin inhibitor on antral motor activity, showing me-
diation by afferent neurons. Duodenal lipids, amino
acids, glucose, hypertonic saline, or hydrochloric acid
elicits pyloric closure and decreases transpyloric ¯ow.
Proximal duodenal distension produces greater pyloric
responses than more distal stimulation. Isolated pyloric
contractions evoked by duodenal hydrochloric acid are
antagonized by atropine and the ganglionic blocker
hexamethonium but are not blocked by vagotomy.
The ability of the topical anesthetic xylocaine to prevent
acid-induced pyloric contraction is evidence of a role of
mucosal receptors in this re¯ex. Intrinsic pathways are
involved in pyloric responses as duodenal transection
prevents induction of pyloric contractions by duodenal
distension. The 5-HT3 antagonist zacopride reduces py-
loric motor responses to intraduodenal hydrochloric
acid, indicating that serotonergic nerves play a role.
CCK may mediate the pyloric response to intraduodenal
lipids; however, other studies suggest that CCK plays a

limited role in enteropyloric re¯ex activity under phys-
iologic conditions. Mediation by opioid pathways is
suggested by the ability of naloxone to block pyloric
contractions induced by intraduodenal amino acids.

See Also the Following Articles
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Duodenal Obstruction
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annular pancreas Congenital condition in which the

pancreas does not rotate normally during embryogenesis,

resulting in an extrinsic compression of the second

portion of the duodenum.

duodenal atresia Congenital condition in which the

embryonic cells lining the duodenum fail to completely

resorb, resulting in a blockage in the duodenum

(stricture).

duodeno-jejunostomy A surgical procedure in which the

proximal duodenum is attached side-to-side to the

proximal jejunum in order to bypass an obstructing

lesion in the mid- to distal duodenum.

web A thin membrane of tissue attached to the wall of the

intestine and causing a variable degree of intestinal

blockage.

The duodenum is the most proximal portion of the small

bowel, extending from the pylorus to the ligament of

Treitz. Although a relatively uncommon site of intestinal

obstruction, speci®c issues in duodenal obstruction can

make these disorders dif®cult to manage. Obstruction of

the ®rst portion of the duodenum is usually due to peptic

ulcer disease and is best thought of as a gastric outlet

obstruction. This article focuses on duodenal obstruction

occurring beyond the ampulla of Vater in both neonates

and adults.

CLINICAL PRESENTATION

Duodenal obstruction presents in a similar fashion to a
proximal small bowel obstruction. Adult patients report
bloating, epigastric discomfort, and nausea with bilious
emesis. Patients report symptoms regardless of oral in-
take, but they are often worsened by oral intake. Despite
symptoms of proximal obstruction, the patients often
continue to have normal bowel movements and ¯atus
although they may report acholic stools. In neonates and
infants, the history usually reveals only reports of poor
feeding, fussiness, and bilious emesis. Many of the
causes of duodenal obstruction in infants are associated
with other congenital abnormalities. On examination,
the patients often have epigastric fullness and tender-
ness, but an otherwise nondistended abdomen. In some
cases, a mass may be palpable in the epigastrium.

Laboratory evaluation will be consistent with vomiting
and dehydration. Metabolic alkalosis is less consistent
than in gastric outlet obstruction because of the loss of
pancreatic bicarbonate with postampullary obstruction.
Plain abdominal radiographs will sometimes demon-
strate a double-bubble sign with an air-distended stom-
ach, a closed pylorus, and an air-distended duodenum.
A listing of the etiologies of duodenal obstruction bro-
ken down by patient age is presented in Table I.

TABLE I Etiologies of Duodenal Obstruction in

Neonates, Infants, and Adults

Neonates and infants Adults

Malrotation � midgut Malignancy

volvulus Periampullary cancera

Lymphoma

Renal malignancies

Ascending colon cancer

Metastatic cancer

Duodenal web In¯ammatory diseases

Chronic pancreatitis

Pancreatic pseudocyst

Acute pancreatitis

Crohn's disease

Retroperitoneal ®brosis

Duodenal atresia Vascular anomalies

Preduodenal portal vein

SMA or SMV syndrome

Abdominal aortic aneurysm

Annular pancreas Congenital malformations

Duodenal web

Annular pancreas

Malrotation

Proximal jejunal atresia Intramural or retroperitoneal

hematoma

Vascular anomalies Foreign body

Preduodenal

portal vein

Bouveret's syndrome (gallstone

obstruction of the duodenum)

Duodenal diverticulum

Note. SMA, superior mesenteric artery; SMV, superior mesen-

teric vein.
a Periampullary cancer includes cancer of the head of the pan-

creas, the distal bile duct (cholangiocarcinoma), the ampulla of Vater,

and the second portion of the duodenum close to the ampulla of Vater.
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DIAGNOSTIC EVALUATION

Neonates

Duodenal obstruction in neonates and infants
should be considered a surgical emergency until the
diagnosis of malrotation with potential midgut volvulus
can be ruled out. In a neonate with a presentation of
duodenal obstruction, an upper gastrointestinal (GI)
contrast study needs to be obtained urgently to establish
the presence of a GI rotational abnormality. If mal-
rotation cannot be ruled out by contrast study, these
neonates require surgery to rule out malrotation and
treat the obstruction. In neonates with normal gastro-
intestinal rotation and in adults, the evaluation and
management of duodenal obstruction can proceed at
a less urgent pace as the likelihood of bowel infarction
from a midgut volvulus is low. In a neonate, the initial
therapeutic effort is directed toward correcting volume
de®cits and any electrolyte abnormalities and toward
nasogastric decompression. At this time, identi®cation
and management of additional congenital anomalies
should also occur. In a neonate, no additional diagnostic
evaluation beyond an upper GI contrast study is of sig-
ni®cant preoperative value and after adequate preoper-
ative preparation the infant should undergo surgery for
correction of the source of duodenal obstruction.

Adults

In an adult patient, the initial management should
consist of nasogastric decompression and correction of
existing volume and electrolyte abnormalities. Because
the likelihood of malrotation and midgut volvulus is
low, debate exists about the next appropriate diagnostic
study beyond the initial plain abdominal radiographs.
Although upper GI contrast study will establish the
presence of duodenal obstruction and give information
as to the exact location of the obstruction, it cannot
provide much information about the etiology of the
obstruction. In contrast, abdominal computed tomog-
raphy (CT) scan with GI and intravenous contrast will
localize the obstruction and also can provide staging
information for malignancies, diagnose a variety of in-
¯ammatory processes, and provide information about
vascular etiologies of duodenal obstruction. For these
reasons, CT would seem to be the most appropriate
initial imaging modality in the evaluation of duodenal
obstruction. If water-soluble GI contrast agents are
used, CT does not interfere with the ability to perform
subsequent upper GI endoscopy. While a diagnostic
evaluation is ongoing, a careful assessment of the
patient's nutrition should be undertaken, as many pa-
tients with duodenal obstruction will have a prolonged

preoperative period of poor oral intake and subsequent
malnutrition.

MANAGEMENT

Neonates

The therapy for duodenal obstruction will depend
on the etiology of the obstruction. In neonates, essen-
tially all of the etiologies will require surgical interven-
tion. In the case of malrotation, an urgent laparotomy
with detorsion of the small bowel, lysis of the Ladd's
bands, and appendectomy is the surgical therapy of
choice. In the case of a duodenal web, duodenotomy
and web excision, duodeno-duodenostomy, and duo-
deno-jejunostomy have been used with good results. In
the case of duodenal atresia and annular pancreas,
bothduodeno-duodenostomyandduodeno-jejunostomy
have all been used, depending on the location of the
atresia and the mobility of the duodenum. Surgical ther-
apy of duodenal obstruction in neonates is in general
associated with excellent outcomes.

Adults

Medical Therapy

Treatment options for duodenal obstruction for
adults are somewhat wider than for neonates, in part
based on the broader differential diagnosis. Whereas
some causes of duodenal obstruction can be managed
with medical therapy, the majority will require surgical
intervention. In the case of patients with malignant
duodenal obstruction, a third option, intralumenal
stenting, should be considered.

In patients with in¯ammatory etiologies for duode-
nal obstruction such as Crohn's disease, pancreatitis,
and pancreatic pseudocysts, medical management of
the underlying disease will occasionally result in partial
or complete resolution of the obstruction. In Crohn's
disease and acute pancreatitis, a 1- to 2-week course of
conservative therapy is usually warranted prior to op-
eration, although there is a paucity of outcome data to
support this contention. An initial course of conserva-
tive management of duodenal obstruction secondary to
intramural or retroperitoneal hematoma is warranted as
several series have shown the majority to resolve over a
2-week period of observation. Duodenal obstruction
secondary to peripancreatic lymphoma will often re-
solve in patients with a good response to chemotherapy
and for this reason a conservative approach is warranted
in managing these duodenal obstructions.
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Surgery and Stenting

For the majority of causes of duodenal obstruction,
the primary therapy will be surgical. For benign proces-
ses of an in¯ammatory, vascular, or congenital nature,
or for foreign body obstruction, surgical extraction of
the foreign body or web or a bypass of the obstruction
will provide an effective and durable treatment of the
obstruction with low morbidity. Many patients with
duodenal obstruction will be malnourished at presen-
tation and a 1- to 2-week course of preoperative
nutrition support is often valuable for patients. The
preferred operation for most causes of benign duodenal
obstruction is a duodeno-jejunostomy, bypassing the
obstruction from a point on the duodenum proximal
to the obstruction to the proximal jejunum. In cases
where the obstruction is in close proximity to the am-
pulla of Vater, a gastrojejunostomy may be preferable to
a duodeno-jejunostomy in order to avoid inadvertent
injury to the ampulla and/or common bile duct. If a
gastrojeunostomy is performed for benign disease, con-
sideration must be given either to an acid-reducing pro-
cedure, such as a parietal cell vagotomy, or to lifetime
therapy with a proton pump inhibitor, as gastrojejuno-
stomies are known to predispose patients to marginal
ulcers.

In cases of malignant duodenal obstruction, surgical
therapy remains the mainstay of therapy, but in cases
where treatment of the obstruction is for palliation
rather than cure, endolumenal stenting is emerging as
an attractive alternative to surgery. The majority of ma-
lignant obstructions of the duodenum will be secondary
to periampullary malignancies, often pancreatic can-
cers. The ®rst goal in treating malignant duodenal ob-
struction is determining whether the patient is a
candidate for pancreaticoduodenectomy with curative
intent. In patients without evidence of metastatic dis-
ease or of locally advanced disease, the optimal surgical
approach to duodenal obstruction is an attempt at cu-
rative resection. In the majority of patients, however,
where resection for cure is not an option, a number of
options for palliation of duodenal obstruction exist.

The least invasive option is placement of an endo-
lumenal stent across the obstruction via either ¯exible
endoscopy or ¯uoroscopy. There is a growing experi-
ence in managing duodenal obstruction utilizing

self-expanding metallic stents placed across the obstruc-
tion. Primary success rates for symptomatic improve-
ment of 85ÿ90% have been reported in small case series.
Recurrent obstruction rates of 15ÿ20% prior to death
have been reported in stented patients, but in some of
these cases, repeat stent placement was possible. The
reported incidence of GI perforation secondary to stent
placement appears to be low.

In cases where stent placement is not possible or
fails, surgical bypass of the obstruction remains the
therapeutic gold standard. For malignant duodenal ob-
struction, a gastrojejunostomy is the procedure of
choice based on its technical ease and the fact that
few patients with malignant obstruction will survive
long enough to develop ulcer complications of this op-
eration. Most surgeons will also place a gastrostomy
tube at the time of a bypass to allow the 10ÿ20% of
patients with poor gastric emptying after the gastro-
jejunostomy to avoid a long-term nasogastric tube.
Gastrojejunostomy and gastrostomy tube placement
can be performed using either a laparoscopic or a con-
ventional open surgical approach with acceptable mor-
bidity and mortality rates.

See Also the Following Articles

Gastric Outlet Obstruction � Intestinal Atresia �Malrotation

�Marginal Ulcer �Neonatal Intestinal Obstruction �Webs �
Volvulus
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cyclooxygenase Enzyme that exists in two isoforms,

cyclooxygenase-1 and cyclooxygenase-2. Cyclooxygen-

ase-1 is constitutive and regulates normal function in

many organs. Cyclooxygenase-2 is inducible and is

expressed by in¯ammatory cells to mediate in¯ammatory

responses. A variant of cyclooxygenase-1 has been found

in the central nervous system.

erosion Histologically de®ned as a defect that does not

penetrate the muscularis mucosae; endoscopically, a

lesion with a diameter less than 3ÿ5 mm and with no

perceptible lesion depth.

gastric metaplasia Mucus-type gastric cell growth that

replaces the normal villous surface of the duodenal

mucosa.

Helicobacter pylori Spiral-shaped gram-negative bacilli that

inhabit the gastric mucous layer.

mucosal-associated lymphoid tissue lymphoma Low-grade

B cell lymphoma of the stomach, principally caused by

infection by Helicobacter pylori.

nonsteroidal antiin¯ammatory drugs Compounds that

nonselectively inhibit the cyclooxygenase enzyme and

are potent antiin¯ammatory and antipyretic agents.

non-ulcer dyspepsia Syndrome of recurrent chronic epigas-

tric pain with no ulceration found on gastroscopy.

trefoil factors Family of acid- and enzyme-resistant peptides

secreted by the mucin-secreting cells in the gastrointest-

inal tract; protect the gastrointestinal mucosa and assist

ulcer healing.

ulcer De®ned histologically as a defect that penetrates the

muscularis mucosa; the exact endoscopic de®nition

remains controversial, with disagreement on the lesion

size (usually 3ÿ5 mm), but most agree perception of

lesion depth is necessary.

urease Enzyme produced by Helicobacter pylori; converts

urea into ammonia and assists in survival of the bacteria

in the stomach. Utilized by various tests to detect the

presence of the H. pylori.

urease breath test Method to test for Helicobacter pylori. A

carbon isotope-labeled urea compound is swallowed; in

the presence of H. pylori urease, the compound is

metabolized into isotopic carbon dioxide (13C or 14C)

that is detected in exhaled breath.

A duodenal ulcer refers to a break in the duodenal mucosal

integrity. The histopathologic description encompasses

an epithelial defect that extends down through the

muscularis mucosae into the submucosa. The endoscopic

de®nition usually requires the surface breach to be at least

5 mm in diameter and with perceivable depth, character-

istics that distinguish ulcers from erosions. Because ero-

sions are super®cial, they heal without scarring and are

unlikely to be complicated apart from slow blood loss.

Duodenal ulcers are usually solitary, round, punched out

lesions that occur most often in the proximal 2 cm of the

duodenum on the anterior or posterior walls. This area

corresponds to the area of highest acidity and is also the

junction between the gastric antral and intestinal mucosa.

EPIDEMIOLOGY

The incidence of peptic ulceration has changed dramat-
ically over the past century. Prior to the nineteenth
century, duodenal ulceration was uncommon. Duode-
nal ulcer incidence then increased up until the late
1950s, after which time there was a progressive decline.
The peak in the incidence of duodenal ulcer and ulcer
mortality occurred 10 to 20 years after that of gastric
ulcer. Since the 1980s, although there has been an in-
crease in the use of aspirin and nonsteroidal antiin¯am-
matory drugs (NSAIDs) that relates to increased risk of
ulcers, there has been a plateau in the incidence of du-
odenal ulcer that correlates with the introduction of
histamine-2 (H2) receptor antagonists. Peptic ulcers
in the past two decades have been characterized by oc-
currence in an older population and incidence in a
higher proportion of females. The recurrence of ulcers
in the elderly in recent years may be the result of failure
to recognize Helicobacter pylori involvement in the treat-
ment of ulcers in the 1970s and 1980s.

The temporal trend of peptic ulcer incidence follows
a birth-cohort effect. The population born between the
1870s and 1900s had the highest risk of developing
peptic ulcers, and as that group died, the incidence of
peptic ulcers declined. This birth-cohort effect supports
an environmental etiology of ulcers as opposed to a
genetic cause; the environmental factor exerted its
effect at a young age, and this factor is now postulated
to be H. pylori. The widespread acquisition of H. pylori
occurred at the onset of the industrial revolution
of the nineteenth century, which was characterized

Encyclopedia of Gastroenterology 645 Copyright 2004, Elsevier (USA). All rights reserved.



by increases in urbanization, overcrowding, and
poor hygiene. Subsequently, in the second half of the
twentieth century, increasing sanitation standards
may have resulted in the decline in the transmission
rate of H. pylori and ultimately the declining incidence
of ulcer disease. However, the within-country incidence
of peptic ulcer varies despite the same rate of H. pylori
infection, suggesting that additional factors contribute
towards the pathogenesis of ulcers and the changing
temporal trends. Other factors postulated to be relevant
to the declining incidence of peptic ulcer include dietary
changes, reduced cigarette smoking, improved treat-
ment for peptic ulcers, and improved diagnosis that ex-
cludes cases of non-ulcer dyspepsia, which may have
been previously misdiagnosed as ulcers.

Duodenal ulceration is geographically heteroge-
neous. In Asia, the incidence of peptic ulcers continued
to climb in the latter half of the twentieth century, in
contrast to the trend in the West. In China, the preva-
lence of duodenal ulcers in the north in patients under-
going gastroscopy is 23% compared to 9.7% in the
south, and the prevalence of duodenal ulcer is twice
that of gastric ulcer. Asians, compared to Caucasians,
present with ulcers at a younger age and the male to
female ratio is higher.

Duodenal ulcer is now more common than gastric
ulcer in the West, and affects 6ÿ15% of the population.
Despite improved endoscopic and pharmacological
management of ulcer hemorrhage, the mortality rate
has remained at 7% because more elderly patients
with comorbidities now suffer from ulcer complica-
tions. Therefore, peptic ulcer disease imposes a signi®-
cant economic burden on the community and a
signi®cant risk of morbidity and mortality on the
individual.

ETIOLOGY

Factors implicated to be important for the cause of du-
odenal ulcers have ranged from personality type, emo-
tional stress, and genetic susceptibility. However, in
recent decades, two causes stand out as the principal
etiological factors of duodenal ulcersÐH. pylori and
NSAIDs.

Helicobacter pylori

Helicobacter pylori was ®rst isolated in 1982 at Royal
Perth Hospital by Robin Warren and Barry Marshall.
The serendipitous growth of the spiral organism on
culture plates that were left in the incubator is legendary
and marked the beginnings of a landmark medical dis-
covery. At the time, an infection as the cause of ulcer

disease was contrary to the dogma that bacteria could
not survive the acid milieu of the stomach. In the two
decades following its discovery, the role of H. pylori in
causing chronic gastritis was proved through Koch's
postulates, and eradication of the bacteria was found
to prevent ulcer recurrence. Helicobacter pylori has
now been shown to cause 80% of duodenal ulcers.

Helicobacter pylori, a ¯agellated and microaerophilic
gram-negative bacillus related to the genus Campylo-
bacter, is 3 mm long and has a characteristic spiral
shape. The bacteria inhabit the gastric antral mucus
layer, often overlying in¯amed gastric mucosa. Bio-
chemically, H. pylori produces the enzyme urease,
which allows it to survive in the hostile acidic environ-
ment of the stomach by converting urea into ammonia to
neutralize acid and maintain a periplasmic pH of 6.2.
This acid-neutralizing ability is limited, however, and
the organism survives poorly in the corpus of the stom-
ach due to the high concentration of acid-producing
parietal cells, and preferentially colonizes the less acidic
gastric antrum. Two complete genomes of H. pylori
have been published so far.

Helicobacter pylori is the most common infection
worldwide, affecting 80% of the population in devel-
oping countries, but only 20ÿ30% of Western nations.
The bacteria are transmitted from person to person and
are acquired in childhood through oralÿoral or
fecalÿoral transmission. The prevalence of infection
increases with age due to the cohort effect. Risk factors
for infection include domestic overcrowding, lower
socioeconomic status, poor hygiene, and exposure to
gastric contents of infected individuals.

Aspirin and NSAIDs

Aspirin, introduced in the early 1900s, proved to be
one of the major therapeutic advances in the treatment of
in¯ammatory conditions and in the prevention of
atherosclerotic vascular diseases. However, endo-
scopic studies as early as the 1930s demonstrated a pre-
disposition toward aspirin causing ulcerogenesis and
bleeding in the gastrointestinal tract, with a point prev-
alence for ulcer of 20%. This is believed to be related
to cyclooxygenase (COX), which exists in two main iso-
forms. COX-1 is the constitutive form that is found in
the gastrointestinal mucosa and platelets; it has a house-
keeping role in maintaining the supply of prostaglandin
necessary for gastrointestinal mucosal integrity. COX-2,
inducible in in¯ammatory states, is the form of the
enzyme produced by leukocytes. COX-3, a COX-1 var-
iant that is expressed in thebrain, maybe theenzyme that
becomes inhibited in the central analgesic and antipy-
retic effects of NSAIDs and acetaminophen.
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NSAIDs and Helicobacter pylori Interaction

The role of NSAIDs ingestion in patients who are
infected H. pylori is a controversial issue. There is now
good evidence from prospective randomized studies and
a meta-analysis to suggest that NSAIDs and H. pylori
have at least an independent additive effect on the
risk of ulceration.

Other Risk Factors

Smoking

Smoking increases acid production and inhibits du-
odenal and pancreatic bicarbonate secretion. Smoking
alone is often insuf®cient to induce duodenal ulceration
but may have an additive or synergistic effect in the
presence of other risk factors.

Personality

The role of stress in causing gastroduodenal ulcer-
ation is well demonstrated in animal models; ice water
immersion and restriction in movement cause ulcera-
tion in mice. Stressful occupation and the `̀ type A'' per-
sonality have been traditionally linked to the
development of ulcer possibly through hyperacidity
and local ischemia.

Hypercalcemia

Hypercalcemia increases acid secretion in healthy
volunteers. In addition, hypercalcemia increases gastrin
secretion in patients with gastrinoma.

Constitutional

People who have increased parietal cell mass, which
is probably genetically determined, are more prone to
developing duodenal ulceration because of acid hyper-
secretion. Monozygotic twins show a higher concor-
dance rate for peptic ulcers than do dizygotic twins.
Blood group O, Lewis phenotype Le (aÿbÿ), and the
ABH nonsecretor trait have also been implicated as ge-
netic risk factors.

ZollingerÿEllison Syndrome

ZollingerÿEllison syndrome (ZES) is a gastrin-se-
creting neuroendocrine tumor that can be solitary or
multifocal. Autonomous gastrin secretion increases the
basal acid output (BAO) of the parietal cells and leads to
peptic ulceration. There may be other concurrent en-
docrinopathies as part of a multiple endocrine neoplasia
(MEN) syndrome. Screening tests include serum cal-
cium, which can identify the hyperparathyroidism com-
ponent of the MEN syndromes, and fasting gastrin level
>1000 pg/ml. Gastrin elevation following injection with

secretin supports ZES. BAO is typically increased
(>15 mEq/hour). Radiology, scintigraphy, and selec-
tive venous sampling can localize these tumors.
Gastrinomas are potentially malignant and should be
treated by surgical resection.

Systemic Mastocytosis

In systemic mastocytosis, there is a proliferation of
functionally or cytologically abnormal mast cells that
may autonomously secrete histamine, among other me-
diators, resulting in hyperacidity. Patients may develop
abdominal pain and gastroduodenal ulceration.

Other Causes of Ulceration in the Duodenum

Infective Ulcers

Cytomegalovirus, herpes simplex, fungal, and tu-
berculous infections can cause ulceration, most com-
monly in immunosuppressed patients and in the elderly.

Crohn's Disease

Crohn's disease rarely affects the proximal duode-
num. Features suggestive of Crohn's disease include
atypical location of deep ulcers, nodularity, perforation,
stricturing, ®stulization, non-caseating granulomas,
and ulcers that are resistant to acid suppression and
responsive to treatment of Crohn's disease.

Stress Ulcers

Stress ulcers (Cushing's ulcers) and ulcers in burns
patients (Curling's ulcers) are acute, multifocal, super-
®cial (0.5ÿ2 cm) ulcers and erosions that show more
necrosis than in¯ammation on histology. They may be
caused by shock and local ischemia induced by cytokine
release.

Neoplasm

Malignancy of the small bowel is uncommon and
may present as primary neuroendocrine tumors, lym-
phomas, or metastasis from melanomas; hematological
cancers; or in®ltration by pancreas or gallbladder
cancers.

Idiopathic

Data from Western countries show that 20% of
patients have ulcers that are not associated with NSAIDs
or H. pylori. A proportion of these patients may have
taken aspirin-containing compounds or NSAIDs with-
out reporting their use, or there may have been a false
negative H. pylori test. However, there is a growing trend
for these `̀ non-NSAID, non-H. pylori ulcers'' to be found
worldwide. Most of these patients are elderly with
comorbidities and, in particular, chronic liver disease.
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PATHOGENESIS

Only 10ÿ15% of patients infected with H. pylori develop
duodenal ulcers. Ulcerogenesis requires a combination
of host and bacteria factors, as illustrated in Table I.

Antral-Predominant Gastritis

Duodenal ulceration almost never occurs concur-
rently with gastric cancer, despite both being related
to H. pylori. It appears that location and extent of the
H. pylori gastritis determine why different diseases de-
velop. The degree of luminal acidity is of prime impor-
tance in determining the site of gastritis. Patients with
high acidity tend to develop body-sparing nonatrophic
antral gastritis. People with this pattern of gastritis do
not develop hypochlorhydria and tend to have increased
acid secretion. This pattern is more likely if H. pylori
were acquired in later childhood. Often this pattern
occurs concurrently with duodenitis with gastric meta-
plasia due to the effect of the increased duodenal
acid load.

Gastric Secretion, Duodenitis, and
Duodenal Ulcer

Several factors have been found to be important in
the pathogenesis of duodenal ulcer.

Gastric Acid Hypersecretion

Patients with duodenal ulcers have on average a
higher acid output (both basal and maximal gastric
acid output) than do healthy individuals. Often their
parietal cell mass is higher and does not decrease fol-
lowing cure of H. pylori infection, suggesting an inher-
ent predisposing factor for the development of
ulceration independent of H. pylori infection.

Gastrin

Patients who are infected with H. pylori have an
exaggerated gastrin release in response to meals and
this phenomenon reverses following eradication of
the bacteria. Factors that ordinarily inhibit gastrin re-
lease, namely, antral acidi®cation, antral distension, and
duodenal fat administration, are impaired in the setting
of H. pylori infection. Reduction of somatostatin pro-
duction by the antral D cells due to antral gastritis con-
tributes to the loss of gastrin inhibition.

Gastric Metaplasia and Duodenal Acid Load

Gastric metaplasia, which develops in response to an
increased duodenal acid load, allows colonization of
H. pylori to occur in the duodenum. Colonization of
H. pylori in the metaplastic gastric tissue induces further
metaplasia because of bacteria-activated in¯ammation,
duodenitis, and ulceration. Increased duodenal acid
load, through precipitation of bile salts, neutralizes
the inhibitory effect of bile on the survival of H. pylori.
Helicobacter pylori also produces a nitric oxide synthase
inhibitor that impairs bicarbonate secretion in response
to acidi®cation of the duodenal bulb in duodenal ulcer
patients. This normalizes following the cure of H. pylori
infection.

Helicobacter pylori and Duodenitis

Infection of the duodenum results in chronic active
duodenitis, and the in¯amed mucosa renders the duo-
denum even more susceptible to damage by acid and
pepsin. Helicobacter pylori produces virulence factors
that induce an in¯ammatory response. Vacuolating
cytotoxin A (vacA), an extracellular toxin found fre-
quently in H. pylori strains from patients with duodenal
ulcers, increases polymorph recruitment and migration.
The cytotoxin-associated gene A (cagA) protein is pro-
duced by 60% of strains in the United States and by
almost 100% of strains in Asia. The cagA-positive strains
induce more cytokines, especially interleukin-8 (IL-8),
and are signi®cantly associated with increased chronic
in¯ammatory activity. IL-8 promotes neutrophil re-
cruitment and activation, leading to in¯ammatory in-
jury to the epithelium. The cagA protein, which is
injected into the host cell following attachment of the
organism to the epithelium, interacts with a tyrosine
phosphatase to mediate phosphorylation.

CLINICAL FEATURES

Symptoms and Signs

The textbook description of duodenal ulcer pain
states that it is intermittent and seasonal in spring

TABLE I Host and Bacterial Factors Important in

the Pathogenesis of Duodenal Ulcers

Host factors Bacterial factors

Gastric acid hypersecretion Virulence factors, cytotoxins

Increased parietal cell mass Mucolytic enzymes

Increased gastrin production Urease production

Increased gastrin sensitivity Cytokine induction

Reduced somatostatin

production by D cells

Reduced intraduodenal

neutralizing effect

Inhibition of duodenal

bicarbonate release

Loss of gastrin inhibition effect

Neutralization of bile acids

648 DUODENAL ULCER



and autumn. The pain typically is epigastric and burning
in quality, occurring in the evening and early morning,
waking the patient from sleep between midnight and
3 am, corresponding to times of high duodenal acid
load. Eating food and antacids relieves the pain. How-
ever, many patients with duodenal ulcers are asymp-
tomatic. Importantly, 10% of patients taking a NSAID
presenting with complicated ulcers do not have ante-
cedent abdominal pain, possibly due to the analgesic
effect from the drug. Conversely, many patients who
have ulcerlike pain turn out to have gastroduodenitis
or non-ulcer dyspepsia and not a duodenal ulcer. Thus,
the sensitivity and speci®city of typical dyspepsia for the
diagnosis of duodenal ulcer is low.

Vomiting is uncommon unless there is scarring and
deformity of the pylorus or duodenum. Patients may
present with complications such as peritonitis if the
ulcer perforates or with hematemesis or melena caused
by the ulcer eroding into a major blood vessel, usually a
branch of the gastroduodenal artery. Anemia may result
from chronic iron de®ciency from blood loss.Examina-
tion of a patient with duodenal ulcer is often unreward-
ing. There may be nonspeci®c tenderness at the
epigastrium. Peritonitis, especially with right-sided
tenderness, predominantly suggests perforation with
peritoneal contamination down the right paracolic gut-
ter. Right-sided abdominal tenderness and peritonitis
may be caused by a perforated peptic ulcer with peri-
toneal contamination along the right paracolic gutter.

Diagnosis

Endoscopy

Esophagogastroduodenoscopy (EGD) has revolu-
tionized the diagnosis of upper gastrointestinal
ulcers. EGD can diagnose ulcers as well as treat bleeding
ulcers, using various combinations of through-the-
scope therapeutic capabilities, such as injection,
clipping, and thermocoagulation. For these reasons,
EGD is considered to be the gold standard for the
diagnosis of peptic ulcers, but should be avoided in
perforated duodenal ulcers because gaseous distension
by the endoscope can aggravate peritonitis or result in
pneumoperitoneum.

Imaging

Plain erect chest X-ray helps to exclude perforated
peptic ulcers. Double-contrast barium meals can also
detect ulcers.

Tests for Helicobacter pylori

As one of the major causes of duodenal ulcers,
H. pylori is readily diagnosed by either invasive

means (with an endoscopy) or noninvasive means
(without an endoscopy), as shown in Table II. Non-
invasive tests are convenient, inexpensive, and suf®-
ciently accurate to diagnose H. pylori. Invasive tests
can be performed if an EGD is indicated for the
patient.

Biopsy urease test At least three commercially
available biopsy urease kits test for the presence of
the H. pylori enzyme urease collected during endoscopic
gastric biopsies. The presence of this enzyme changes
the color of a pH-sensitive indicator within 24 hours
(but often within 1 hour), providing an easy and fast way
of diagnosis at the time of endoscopy. Luminal blood
can produce a false negative urease test result and there-
fore histology is recommended for patients who present
with recent upper gastrointestinal bleeding. The sensi-
tivity of the biopsy urease test is 89ÿ95% with a spec-
i®city of close to 100%.

Histology and culture Histology of antral biopsies
is the gold standard for the diagnosis of H. pylori and
with proper staining technique has a sensitivity of
90ÿ100%. Culture of antral biopsies is usually reserved
for research purposes or to identify antibiotic suscepti-
bility after failed attempts at H. pylori eradication.

Urea breath test The urea breath test (UBT) de-
tects for the presence of gastric urease. Following
ingestion of carbon-labeled urea (13C or 14C),
H. pylori-produced urease in the stomach metabolizes
the urea into ammonia and carbon dioxide. The carbon
isotope is then exhaled as a labeled carbon dioxide and
can be directly measured. The sensitivity of the urea
breath test is reduced by recent use of antibiotics, bis-
muth, and acid suppressive drugs, which impair the
ability of H. pylori to metabolize urea. The sensitivity
and speci®city of UBT is approximately 90% and 96%
respectively.

Serology Whole blood, serum, and ®nger-prick
serology are inexpensive and convenient but do not
prove current H. pylori infection. Serum immunoglob-
ulin G (IgG) antibodies are almost universally present in
patients who have H. pylori infection and decline
slowly following eradication therapy. However, 15%
of patients continue to have a positive antibody result
6 months following a cure, therefore the test should

TABLE II Investigations for Helicobacter pylori

Invasive

(endoscopyÿbiospy based)

Noninvasive

(endoscopy not required)

Biopsy urease test

(e.g., CLO test)

Histology

Culture

Urea breath test

Serology

Urine antibody

Fecal antigen
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not be employed for con®rmation of eradication in the
short term.

Fecal antigen, urine and saliva antibody Urinary
and salivary excretion of H. pylori antibody can diagnose
exposure to H. pylori but may not differentiate between
past and current infection. Fecal antigen assays detect
antigen and therefore can be used to monitor for erad-
ication of the organism.

MANAGEMENT

The management of duodenal ulcers involves healing of
the ulcer, removal of the cause of the ulceration (such as
ceasing smoking and NSAID use), and eradication of
H. pylori. For high-risk patients who are on long-term
NSAIDs, maintenance acid suppressive therapy may be
indicated.

Acid Suppression

Proton Pump Inhibitors

Proton pump inhibitors (PPIs) directly inhibit the
H�,K�-ATPase pumps in the parietal cell and are more
potent acid inhibitors than are H2 receptor antagonists
(see Table III). Ulcer healing by PPIs occurs within 2
weeks in 70ÿ80% of patients compared to 50ÿ60% of
those taking H2 receptor antagonists. The profound
suppression of gastric acidity raises gastrin levels by
two- to fourfold, but neuroendocrine tumors have not
occurred in humans.

Histamine-2 Receptor Antagonists

H2 antagonists are particularly useful in the preven-
tion of nocturnal acid production; a single nightly

dose has been introduced for patients with nocturnal
gastroesophageal re¯ux disease (GERD) and peptic
ulcer healing.

Long-Term Maintenance Therapy

Long-term maintenance therapy is advisable for
high-risk patients and also for patients who have had
ulcer complications while on NSAIDs or aspirin and
who must remain on these medications (Table IV). Pa-
tients should be treated to eradicate H. pylori if it is
present. The choice of maintenance therapy includes
an H2 receptor antagonist, a PPI, or misoprostol (a
prostaglandin E1 analogue). A high-dose H2 receptor
antagonist such as famotidine (40 mg, twice daily) sig-
ni®cantly reduces duodenal ulceration associated with
NSAIDs. A PPI and misoprostol are also highly effective,
but diarrhea with misoprostol limits its use, and 30% of
patients cannot tolerate the drug at the required dose.

Eradication of Helicobacter pylori

Eradication of H. pylori substantially reduces the
risk of ulcer recurrence and, for most patients, avoids
the need for long-term maintenance therapy in prevent-
ing ulcer recurrence. The odds ratio of ulcer recurrence
following eradication is 0.20 (95% CI, 0.13ÿ0.31).
At 6 months, ulcer treatment is successful in 1 out of
2.8 patients. Table V shows the ulcer recurrence rates
according to successful or failed H. pylori eradication.
Because the reinfection rate is low (0.6ÿ2% per year),
eradication therapy is both an effective and cost-
effective means of treating ulcers.

Treatment

Eradication regimens (Table VI) that achieve a cure
of >90% on a `̀ per protocol'' basis and >80% on `̀ inten-
tion to treat'' are recommended. First-line therapy con-
sists of a PPI and two antibioticsÐamoxicillin and
clarithromycin or metronidazole given twice daily for
7 days. The original bismuth triple therapy, bismuth,
metronidazole, and tetracycline (BMT) for 2 weeks,
is less well tolerated and less convenient because it

TABLE III Acid Suppressive Therapy

Therapy Dose (mg)a

Histamine-2 receptor antagonist

Cimetidine 400

Ranitidine 150

Famotidine 20

Nizatidine 150

Proton pump inhibitor

Omeprazole 20

Lansoprazole 30

Pantoprazole 40

Rabeprazole 20

Esomeprazole 40

a For histamine-2 receptor antagonists, the dose is twice /day or,

alternatively, a double dose at night; for proton pump inhibitors, the

dose is once /day.

TABLE IV High-Risk Ulcer Patients for Ulcer

Recurrence and Ulcer Hemorrhage

Patient factors Medication factors

Previous peptic ulcer or

bleeding

Elderly age

Comorbidities (e.g., heart or

lung disease)

High-dose, multiple NSAIDs

Concomitant corticosteroid

usage

Concomitant anticoagulant

usage
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involves a four-times-daily regimen. The combination
of BMT with a PPI (so-called quadruple therapy) is an
important option for patients who have had failed ®rst-
line therapy.

Con®rmation of Eradication

No eradication regimen has a 100% cure rate. Patient
compliance may not be satisfactory and antibiotic resis-
tance is a growing concern. Therefore, con®rmation of
eradication is recommended for all patients who receive
treatment, but is mandatory for those who present with
ulcer complications. The urea breath test or stool anti-
gen test are the preferred means of posteradication test-
ing and should be preformed at least 4 weeks after
treatment. Antisecretory drugs should be ceased at
least 1 week prior to testing (Fig. 1).

Vaccination and Hygiene

Vaccination to control spread of H. pylori is under
research and likely to be available in the future. Trans-
mission of the organism because of poor hygiene and
overcrowding is also a problem that needs to be
addressed.

Treating Other Causes of Peptic Ulcers

Aspirin and NSAIDs

Drugs less ulcerogenic than aspirin and NSAIDs
should be used if patients develop duodenal ulcers
from taking these medications. Clopidogrel, an anti-
platelet agent that targets the adenosine diphosphate
receptor on platelets, can be substituted for aspirin.
This agent is safe, well tolerated, and clinically has a
superior ef®cacy in cardiovascular secondary prophy-
laxis compared to aspirin, and has lower gastrointestinal
toxicity. Higher cost, however, limits its widespread
use. A COX-2 inhibitor may be substituted for NSAIDs.
COX-2 inhibitors generally have a better gastroduode-
nal safety pro®le than non-selective NSAIDs, especially
in short-term treatment of less than 6 months. COX-2
inhibitors also do not have the antithromboxane effects
of NSAIDs, and do not protect against cardiovascular
diseases. The addition of aspirin to COX-2 inhibitors
negates the bene®cial effects of COX-2 inhibitors in the
upper gastrointestinal tract.

Smoking

Smoking increases the risk of peptic ulcers and
therefore patients should be advised to stop smoking.

Recurrent Duodenal Ulcers and
Idiopathic Ulcers

Despite the successful eradication of H. pylori, ul-
ceration may still recur in some people. The causes may
include unreported or inadvertent use of NSAIDs or
aspirin, failed H. pylori eradication, or a reinfection
with H. pylori. One report from Hong Kong shows
that 17% of endoscopically diagnosed duodenal ulcers
are not associated with H. pylori or NSAIDs, and 64% of
these patients have concomitant diseases. The patho-
genesis of these ulcers is unknown. Managing these
patients includes treating the underlying disease and
long-term administration of acid suppressants.

CONCLUSIONS

The incidence of duodenal ulcers is expected to decline
as the prevalence of H. pylori infection is reduced world-
wide and the use of the less toxic COX-2 inhibitors is
increased. The growing availability and use of acid sup-
pressant drugs and, in particular, proton pump inhib-
itors will also reduce the incidence ulcer disease.
However, with the aging population and the increasing
numbers of patients requiring aspirin for cardiovascular
prophylaxis, more elderly patients are at risk of
ulcer disease and complications. They may remain

TABLE V Meta-analyses on Duodenal Ulcer Relapse

Rates Depending on Helicobacter pylori Status after

Treatment

Pooled ulcer recurrence rate

Study

H. pylori

eradicated

H. pylori not

eradicated

Laine et al. (1998) 20 56

Hopkins et al. (1996) 6 67

Tytgat (1995) 3 58

Penston (1994) 7 67

TABLE VI Helicobacter pylori Eradication Regimena

Regimenb Days of

treatment

Eradication

success rate (%)

PBMT 7 85

PCM 7 84

PCA 7 82

PMA 7 76

BMT 14 80

PC 14 65

BMA 14 62

PA 14 58

a Meta-analysis of H. pylori eradication regimens (119 studies, 6416

patients). Modi®ed from Taylor et al. (1997).
b P, Proton pump inhibitor; B, bismuth; M, metronidazole;

T, tetracycline; C, clarithromycin; A, amoxicillin.
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asymptomatic until the development of an ulcer com-
plication. Due to their comorbidities, ulcer morbidity
and mortality may remain substantial. There is also a
worldwide trend of increasing incidence of non-H. py-
lori, non-NSAID ulcers, the pathogenic mechanism of
which remains poorly understood. These ulcers tend to
affect patients with concomitant diseases. Further study
into this phenomenon is required.
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First-line therapy

PPI b.i.d + clarithromycin 500 mg b.i.d + amoxicillin 1000 mg b.i.d or metronidazole
R 500 mg b.i.d for a minimum of 7 days

PPI b.i.d + bismuth subsalicylate/subcitrate 120 mg q.i.d + metronidazole 500 mg t.i.d
+ tetracycline 500 mg q.i.d for a minimum of 7 days

If bismuth is not available, PPI-based triple therapies should be used

Subsequent failures should be handled on a case-by-case basis. Patients failing second-line
therapy in primary care should be referred, and culture and sensitivities of H. pylori may help

select the proper regimen

In case of failure

Second-line therapy

FIGURE 1 Summary of the recommended treatment strategy for eradication of Helicobacter pylori.

In ®rst-line therapy, the proton pump inhibitor (PPI)/clarithromycin/amoxicillin combination is

preferred. Abbreviations: b.i.d., bis in die (twice daily); q.i.d, quater in die (four times daily);

t.i.d, ter in die (three times daily). Adapted from Malfertheiner et al. (2002).
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Duodenitis
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granuloma Focal nodular accumulation of histiocytes in

tissue.

H2 blocker Compound that inhibits gastric acid secretion;

also known as histamine-2 receptor antagonist.

Helicobacter pylori Bacterium that infects the stomach,

induces gastritis, and increases the risk for peptic ulcers

in the duodenum and stomach.

metaplasia Replacement of one type of epithelium with

another type normally not present.

proton pump inhibitor Group of compounds of the

substituted benzimidazole class; inhibit the H�,K�-

ATPase of the parietal cell (proton pump), thus

inhibiting gastric acid secretion.

Duodenitis is in¯ammation of the duodenal mucosa and

may be de®ned by either characteristic endoscopy appear-

ances (from erythema to erosions or ulceration) or by

histopathology (re¯ecting a de®nitive increase in chronic

in¯ammatory cells in the lamina propria with or without a

neutrophil in®ltrate).

PEPTIC DUODENITIS

Most gastroenterologists view duodenitis as part of the
peptic diathesis due to gastric Helicobacter pylori infec-
tion or, more rarely, nonsteroidal antiin¯ammatory
drugs (NSAIDs). Ischemia may be another etiologic fac-
tor. Idiopathic erosive duodenitis has been described. At
endoscopy, duodenitis may be manifest as an erythem-
atous or exudative, erosive, hemorrhagic, or nodular
appearance, as described in the endoscopic arm of
the Sydney classi®cation of gastritis. Other endoscopic
classi®cations include that of Joffe, in which the term
`̀ salami duodenum'' is embodied, meaning erosions as-
sociated with or without petechial hemorrhages. Nod-
ular duodenitis, characterized endoscopically by
multiple erythematous nodules in the proximal duode-
num, is a distinct entity. Although the association of
duodenitis with dyspepsia remains unclear, erosive
duodenitis probably causes symptoms. Erosive
duodenitis signi®es increased duodenal ulcer risk and
should be treated as such with con®rmation of H. pylori
status and exclusion of NSAID use. Nonerosive

duodenitis may also re¯ect ulcer risk but the link is
controversial. Duodenitis may also be due to infection,
particularly in immunosuppressed patients, as well as
associated with in¯ammatory bowel disease (e.g.,
Crohn's disease), and rarely may be seen in celiac
disease.

EPIDEMIOLOGY

In a large series of patients with dyspepsia at endoscopy,
9% had endoscopic duodenitis. By histology, duodenitis
has been described in 32% of an asymptomatic popula-
tion, but less than 10% of these patients had moderate
to severe duodenal in¯ammation.

PATHOLOGY AND BIOPSY OF
THE DUODENUM

The correlation between endoscopic duodenitis and his-
tology is relatively good. Mild duodenitis is de®ned
histologically by an increase in cellularity of the lamina
propria. This can be dif®cult to assess because the du-
odenal mucosa has normally many mononuclear cells
presentÐtherefore, a de®nite increase in lymphocytes
should be seen. The normal range of intraepithelial lym-
phocytes is 10ÿ30/100 epithelial cells. If erosion of the
surface epithelium is seen or neutrophils are present in
the lamina propria or epithelium, this is regarded as
active duodenitis. Gastric metaplasia (due to chronic
acid insult) is restricted to the surface epithelium and
should be con®rmed by a periodic acid Schiff (PAS)
stain to show the mucin pattern of the surface epithelial
cells. Brunner gland hyperplasia may cause a nodular
endoscopic appearance and is believed to be an adaptive
response to acid. Hyperplastic polyps occur occasion-
ally. Granulomas and excess macrophages may also
be seen. Pathogens such as Giardia lamblia should be
actively excluded, because these do not always
provoke in¯ammation.

The duodenum should be biopsied by site according
to clinical indication. The duodenum is divided into
four parts, but the fourth part is rarely reached with
the standard forward-viewing endoscope. Peptic
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duodenitis and gastric metaplasia occur in the ®rst and
second parts, partial villous atrophy occurs in the sec-
ond and third parts, and pathogens may infect any part.
Antral mucosa may protrude into the duodenum in
tongues, up to 10 mm distal to the pylorus. Duodenitis
and gastric metaplasia can be patchy and at least
two biopsies are recommended, one from the anterior
wall and one from the roof. Partial villous atrophy is
also patchy and it is preferable to take two biopsies
from each of the second and third parts. Culture of
biopsy or duodenal aspirates can aid identi®cation of
pathogens.

PATHOGENS

If there is immunosuppression, the common duodenal
pathogens are microsporidia, cryptosporidia, mycobac-
teria, and cytomegalovirus. In mycobacterial infection,
endoscopy may show a coarse granular mucosa or char-
acteristic ®ne white nodules, which are particularly
prominent in the duodenum. Infection with the proto-
zoan G. lamblia also shows nonspeci®c endoscopic
and pathological changes. Whipple's disease, due to
Tropheryma whippelii, is a rare multisystem bacterial
infection with characteristic duodenal pathology. Schis-
tosomiasis can cause duodenal ulceration.

INFLAMMATORY BOWEL DISEASE

Crohn's disease can be present throughout the duode-
num and has a high histological prevalence (up to 12%)
in patients with this disease. This condition is strongly
associated with active in¯ammation and, in the absence
of H. pylori infection, elsewhere this ®nding should
arouse suspicion of Crohn's disease. Ulcerative colitis
is only rarely associated with duodenitis, although

reports are increasing in frequency, particularly in
children.

TREATMENT

Treatment of duodenitis involves establishing the un-
derlying cause and instituting appropriate therapy. In
peptic duodenitis, this involves eradication of H. pylori
or cessation of NSAIDs. If NSAIDs are unavoidable,
appropriate antiulcer cotherapy with a proton pump
inhibitor (PPI) or H2-blocker (H2B) must be instituted.
Idiopathic erosive duodenitis associated with dyspepsia
usually responds to acid suppression with a PPI or
H2B. Pathogens, once identi®ed by biopsy or culture,
can be suitably treated.

See Also the Following Articles

Crohn's Disease � Duodenal Ulcer � H2-Receptor Antago-

nists �Helicobacter pylori �NSAID-Induced Injury � Proton

Pump Inhibitors

Further Reading

Caselli, M., Gaudio, M., Chiamenti, C. M., Trevisani, L., Sartori, S.,

Saragoni, L., Boldrini, P., Dentale, A., Ruina, M., and Alvisi, V.

(1998). Histologic ®ndings and Helicobacter pylori in duodenal

biopsies. J. Clin. Gastroenterol. 26, 74ÿ80.

Joffe, S. N., Lee, F. D., and Blumgart, L. H. (1978). Duodenitis. Clin.

Gastroenterol. 7, 635ÿ650.

Misiewicz, J. J., Price, A. B., and Tytgat, G. N. J. (1991). Working

party report to the World Congress of Gastroenterology. Sydney

1990. The Sydney system: A new classi®cation of gastritis.

J. Gastroenterol. Hepatol. 6, 207ÿ234.

Talley, N. J., and Phillips, S. F. (1988). Non-ulcer dyspepsia:

Potential causes and pathophysiology. Ann. Intern. Med. 108,

865ÿ879.

Walker, M. M., and Crabtree, J. E. (1998). Helicobacter pylori

infection and the pathogenesis of duodenal ulceration. N.Y.

Acad. Sci. 859, 96ÿ111.

654 DUODENITIS



Duodenum, Anatomy
ROBERT ANDERS

University of Chicago Hospitals

duodenum The ®rst 25 cm of the small intestine.

mucosa An epithelial-lined surface with supporting tissues

that forms the digestive and absorptive surface of the

small intestine.

The duodenum forms the ®rst part of the small intestine.

Medieval anatomists measured the duodenum at 12 ®nger

lengths and named it for the Latin word for twelve

(duodecim). Starting at the gastric outlet and ending at

the duodejejunal junction, the duodenum is C-shaped and

has been arbitrarily divided into the superior, descending,

horizontal, and ascending segments. The superior seg-

ment travels posteriorly at the level of the ®rst lumbar

vertebra. The remaining segments are located in the ret-

roperitoneal space. The descending segment contains the

ampulla of Vater, a sphincter-guarded ori®ce through

which the biliary and pancreatic ducts drain. An addi-

tional minor duodenal papilla allows for drainage of the

accessory pancreatic duct but is variably present. The

horizontal segment, at the level of the third lumbar ver-

tebra, crosses the body's midline. The duodenum ends as

it emerges from behind the peritoneum where a ®brous

band, the suspensory ligament of the duodenum (liga-

ment of Treitz), marks the beginning of the jejunum.

IMPORTANT GROSS
ANATOMY RELATIONS

The blood supply to the duodenum is from both the
celiac artery via the superior pancreaticoduodenal
branches of the common hepatic artery and the gastro-
duodenal artery and the superior mesenteric artery via
the inferior pancreaticoduodenal artery. The gastrodu-
odenal artery is closely applied to the posterior wall of
the duodenum and perforation from deep ulceration can
lead to life-threatening hemorrhage. The head of the
pancreas is tucked in the curve of the C-shaped duode-
num. Space-occupying lesions of the pancreas can
deform the duodenum or affect the function of the
major duodenal papilla. Since the duodenum is the
only small intestinal segment located in the retroperi-
toneum, the duodenum is ®rmly attached to the body
wall in the duodenal fossa. This feature allows for
identi®cation of the freely mobile jejunum during
endoscopic procedures.

MICROSCOPIC ANATOMY

The wall of the duodenum is composed of several dis-
tinct layers. The innermost three layers constitute the
mucosa. First, there is a layer of strati®ed ciliated co-
lumnar epithelial cells facing the lumen; second, there is
the lamina propria, which contains mucus-secreting
Brunner's glands, connective tissue, lymphoid tissue,
vascular tissue, and neural tissue; and third, there is a
layer of smooth muscle called the muscularis mucosa.
The submucosa is an interface between the mucosa and
the muscularis propria layers. The submucosa is of var-
iable thickness and forms a distribution network of vas-
cular and lymphatic channels as well as nerve ®bers and
ganglion cells forming the Meissner's plexus. The next
layer is the muscularis propria, which is composed of an
inner circular smooth muscle layer and an outer longi-
tudinal smooth muscle layer, separated by the neural
plexus of Auerbach. The outermost layer is the serosa,
which contains connective, adipose, and vascular tissue
with a single mesothelial covering.

IMPORTANT MICROSCOPIC
CONSIDERATIONS

The epithelial cell functions to control the digestion and
absorption of intestinal nutrients. The functional sur-
face area of the duodenum (and the rest of the small
intestine) is critical to intestinal function. The mucosal
surface area is increased by dense circumferential mu-
cosal folds referred to as plicae circularis. A further
expansion of the surface is seen in the formation of
villous projections and crypts or invaginations between
villi. The brush border is a special ciliated epithelial
interface with microvilli present at the apex of the
columnar epithelial cells that project into the gastro-
intestinal lumen. Goblet, endocrine, and paneth cells
are specialized neighboring epithelial cells that are also
found in the surface epithelium. Nonepithelial cells,
such as lymphocytes, eosinophils, mast cells, and
macrophages, are scattered throughout the lamina
propria and are also present in follicular aggregates.
These cells play a role in the immune-mediated defense
of the intestine.
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achalasia An esophageal motor disorder characterized by

failure of the lower esophageal sphincter to relax and

loss of esophageal peristalsis.

fundoplication Surgical procedure for the treatment of

gastroesophageal re¯ux disease that involves strengthen-

ing the lower esophageal sphincter by wrapping the

fundus around it.

Zenker 's diverticulum A pharyngeal out-pouching above the

upper esophageal sphincter as the result of weakness in

the posterior pharyngeal wall.

Dysphagia, from the Greek meaning `̀ dif®culty swallow-

ing,'' is a symptom describing the sensation of food being

held up from passage into the digestive tract after it is

swallowed. Although any number of abnormalities involv-

ing the swallowing mechanism can result in dysphagia, it

is most commonly associated with esophageal disorders.

An accurate incidence of dysphagia is dif®cult to deter-

mine; however, population-based estimates have sug-

gested a prevalence of 7% in the general population

and up to 50% of elderly institutionalized patients.

PATHOPHYSIOLOGY

Swallowing involves a complex network of coordinated
neuromuscular activities that serve to transport food
and ¯uid from the oral cavity to the stomach, while
at the same time protecting the airway. A defect in
any part of the swallowing mechanism can lead to

symptoms of dysphagia. A volitional component of
the deglutitive process transfers the bolus to the phar-
ynx and an automatic component transports this bolus
into the esophagus and stomach. The deglutitive pro-
cess has been broken down into various phases: the
preparatory oral phase, pharyngeal phase, and esopha-
geal phase. The oral phase involves the preparation of
the food into a bolus that can be transported into the
esophagus and involves the oral musculature as well as
the salivary glands for digestion and lubrication. Once
the bolus is ready, it is transferred by the tongue to the
posterior pharynx. A series of re¯exive responses then
occurs, resulting in a conformational change of the
pharynx from a respiratory to a digestive pathway.
The proximal esophagus transports the bolus down to
the stomach in an orderly fashion by peristalsis aided by
gravity. The duration of the oropharyngeal phase is usu-
ally a couple of seconds and the esophageal phase is less
than 10 s. Dysphagia results when there is a failure of the
oropharyngeal or esophageal neuromusculature to pro-
pel a food bolus into the stomach in a normal pattern or
when there is an obstruction to normal passage due to
narrowing of the esophagus.

CLASSIFICATION

Dysphagia has traditionally been categorized into two
groups on the basis of the location of the problem,
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held up from passage into the digestive tract after it is

swallowed. Although any number of abnormalities involv-

ing the swallowing mechanism can result in dysphagia, it

is most commonly associated with esophageal disorders.

An accurate incidence of dysphagia is dif®cult to deter-

mine; however, population-based estimates have sug-

gested a prevalence of 7% in the general population

and up to 50% of elderly institutionalized patients.

PATHOPHYSIOLOGY

Swallowing involves a complex network of coordinated
neuromuscular activities that serve to transport food
and ¯uid from the oral cavity to the stomach, while
at the same time protecting the airway. A defect in
any part of the swallowing mechanism can lead to

symptoms of dysphagia. A volitional component of
the deglutitive process transfers the bolus to the phar-
ynx and an automatic component transports this bolus
into the esophagus and stomach. The deglutitive pro-
cess has been broken down into various phases: the
preparatory oral phase, pharyngeal phase, and esopha-
geal phase. The oral phase involves the preparation of
the food into a bolus that can be transported into the
esophagus and involves the oral musculature as well as
the salivary glands for digestion and lubrication. Once
the bolus is ready, it is transferred by the tongue to the
posterior pharynx. A series of re¯exive responses then
occurs, resulting in a conformational change of the
pharynx from a respiratory to a digestive pathway.
The proximal esophagus transports the bolus down to
the stomach in an orderly fashion by peristalsis aided by
gravity. The duration of the oropharyngeal phase is usu-
ally a couple of seconds and the esophageal phase is less
than 10 s. Dysphagia results when there is a failure of the
oropharyngeal or esophageal neuromusculature to pro-
pel a food bolus into the stomach in a normal pattern or
when there is an obstruction to normal passage due to
narrowing of the esophagus.

CLASSIFICATION

Dysphagia has traditionally been categorized into two
groups on the basis of the location of the problem,
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either oropharyngeal or esophageal. Oropharyngeal
dysphagia, as the name suggests, results from disorders
of the oropharyngeal phase of swallowing and is com-
monly associated with neuromuscular disorders. A list
of the common causes of oropharyngeal dysphagia is
presented in Table I. Esophageal dysphagia is typically a
result of mechanical obstruction or motor dysfunction
of the esophagus, although both causes are not mutually
exclusive. The degree of esophageal narrowing required
before symptoms develop is variable but most patients
will not experience dysphagia at an esophageal diameter
above 20 mm. A list of the causes of esophageal dyspha-
gia is given in Table II. Globus sensation is a common
complaint, though not true dysphagia. Although the
patient describes a sensation of a lump in the throat

or neck, there is no clear structural or mechanical
etiology, and it is usually unrelated to swallowing. In
fact, globus is often most noticeable when the patient is
not eating and may in fact improve when they eat.

EVALUATION

History and Physical Examination

An accurate history is vital in the diagnosis of the
etiology of dysphagia and can facilitate further work-up.
Asking the patient to describe what happens when they
eat or asking them to describe a swallow can be very
helpful in distinguishing oropharyngeal from esopha-
geal dysphagia. Certain historical features that suggest
an oropharyngeal cause of dysphagia include poor bolus
transfer, cough during swallow, and nasal regurgitation.
On the other hand, patients with esophageal dysphagia
typically describe food `̀ sticking'' or getting `̀ hung up''
in the chest when they swallow. Unfortunately, the
patient's localization of where the food sticks does
not help differentiate between a proximal or a distal
esophageal problem, although if the patient describes
a more distal esophageal location, there is a greater
correlation. Clinical points to elucidate from the history
are whether the dysphagia is related to solids or liquids
or both. Dysphagia to solids occurs prior to liquids in
most causes of mechanical esophageal obstruction. On
the other hand, motor disorders typically affect both
liquids and solids. Progressive dysphagia is more sug-
gestive of a progressive narrowing of the esophagus,
often related to malignancy (rapid progression) or gas-
troesophageal re¯ux disease (slow progression),
whereas intermittent dysphagia is most often related
to esophageal rings. Odynophagia refers to pain with
swallowing, typically in the chest, and is most com-
monly associated with pill-induced esophagitis. In im-
munosuppressed patients, it is typically seen with
infectious esophagitis.

In addition to a description of the nature of the
dysphagia itself, a thorough history will assist in deter-
mining the etiology of the dysphagia. Gastroesophageal
re¯ux may lead to dysphagia by two mechanisms. First,
chronic re¯ux can lead to esophageal strictures that can
cause dysphagia. Second, peptic esophagitis can result
in esophageal dysmotility that may lead to dysphagia.
Conditions such as scleroderma are associated with
esophageal motor disorders that can cause dysphagia.

Physical examination in most patients with dys-
phagia is normal. Occasionally, watching the patient
swallow will demonstrate a neuromuscular abnor-
mality. Listening to the side of the neck during swallow
may reveal a `̀ sloshing,'' which is related to the presence

TABLE I Causes of Oropharyngeal Dysphagia

Neurological diseases

Cerebrovascular disease

Parkinson's disease

Amyotrophic lateral sclerosis

Multiple sclerosis

Huntington's disease

Dementia

Brainstem neoplasms

Muscular diseases

Myasthenia gravis

In¯ammatory and toxic myopathies (e.g., polymyositis,

thyrotoxicosis)

Muscular dystrophies

Structural

Cricopharyngeal bar/achalasia

Cervical osteophytes

Zenker's diverticulum

Oropharyngeal neoplasms

TABLE II Causes of Esophageal Dysphagia

Mechanical (narrowing of the esophageal lumen)

Intrinsic mucosal stricture

Peptic (gastroesophageal re¯ux-related)

Caustic injury

Pill injury

Esophageal ring

Esophageal web

Malignancy

Extrinsic compression

Mediastinal mass

Vascular compressionÐAortic arch or aberrant other

vascular structures such as right brachial cephalic

artery (dysphagia lusoria)

Motor (abnormality in esophageal smooth muscle function)

Achalasia

Esophageal spasm

Hypertensive LES

Scleroderma
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of food or ¯uid in a Zenker's diverticulum. A brief
neurologic examination may reveal an underlying
neurologic cause of dysphagia.

Laboratory and Radiologic Evaluation

Laboratory studies are normal in most patients with
dysphagia. Anemia may be seen from bleeding as a result
of a number of esophageal mucosal abnormalities. Iron
de®ciency anemia of any cause may result in dysphagia
as a result of a web in the proximal esophagus, a con-
dition referred to as Plummer-Vinson syndrome. Thy-
roid testing is routinely performed, since subtle
abnormalities in thyroid functions may result in mus-
cular weakness leading to dysphagia.

Barium ¯uoroscopic studies play an important
role in the evaluation of patients with dysphagia.
Symptoms suggestive of an oropharyngeal cause of
dysphagia are best evaluated by an oropharyngo-
esophagram. This test involves the administration of
oral contrast medium while cineradiography of the oro-
pharyngeal and esophageal portions of the swallow
mechanism is performed, often in conjunction with a
speech pathologist.

The barium esophagram has traditionally been per-
formed to evaluate any esophageal motor or mechanical
abnormality. If the patient complains of dysphagia to
solids, a challenge with a barium-coated solid, such as a
marshmallow, will help determine the site of obstruc-
tion if the patient's symptoms are reproduced. Gener-
ally, subtle mechanical obstruction and most motor
disorders are better detected with a barium esophagram
than endoscopy. Certain motor disorders, such as acha-
lasia and scleroderma, have classic radiographic pat-
terns that can be diagnostic.

Endoscopy and Esophageal Manometry

Endoscopy in patients with dysphagia is helpful in
two respects: it allows direct visualization of the esoph-
ageal mucosa and the opportunity to perform esopha-
geal dilation, with either balloons or bougies to help
relieve symptoms of dysphagia. In patients with
symptoms suggestive of a motor cause of their dyspha-
gia, esophageal manometry can help determine the na-
ture of the disorder. Manometry involves placement of a
®ne ¯exible tube through the nose into the esophagus to
measure contractile pressures of the esophageal body
and lower esophageal sphincter. Disorders such as acha-
lasia and esophageal spasm can be detected with this
technique. Manometry of the upper esophageal sphinc-
ter can also be performed; however, this is largely a
clinical research tool at this time.

MANAGEMENT

Although diagnosing the cause for dysphagia is not typ-
ically dif®cult, treating it can be challenging. Particu-
larly frustrating is oropharyngeal dysphagia, which can
be very debilitating with an increased risk for aspiration
and sometimes necessitating a feeding tube. Cere-
brovascular accidents are the most common cause of
oropharyngeal dysphagia and fortunately many patients
recover their swallowing function with time. Certain
oropharyngeal exercises can strengthen weak muscles
and improve symptoms of dysphagia.

Esophageal dysphagia treatment is tailored to its
cause. Gastroesophageal re¯ux-related dysphagia can
be treated with dilation followed by acid suppressive
medication or surgical fundoplication. Benign struc-
tural disorders, such as rings, webs, and strictures,
are typically treated with endoscopic dilation with bal-
loon or bougienage, although many patients require
repeated dilations over time. Occasionally, patients
are able to self-dilate their esophagus with bougies
that they pass themselves as needed. Medical therapy
for motor disorders is typically limited to smooth-mus-
cle-relaxing agents, such as nitrates and calcium chan-
nel blockers. Although they can be effective, the
durability of the effect is often short. A recent develop-
ment has been the use of botulinum toxin in patients
with achalasia. Injection of this agent at the time of
endoscopy is helpful in the treatment of this disorder;
however, the duration of bene®t is limited. Finally, sur-
gical resection of the esophagus is therapy for malig-
nancy, if cure is considered to be possible by performing
this procedure. Endoscopically placed esophageal
stents have been used for palliation of dysphagia sec-
ondary to malignancy; however, newer types of stents
are being developed for use in benign conditions.

SUMMARY

Dysphagia is a symptom associated with a myriad of
disorders involving the esophagus and oropharynx. A
detailed history can often determine the etiology of the
symptom, which can be further evaluated with barium
radiography and endoscopy. Although therapies for
oropharyngeal dysphagia are limited, esophageal dys-
phagia can be treated effectively, largely by endoscopic
means. In the future, newer methods of treatment
will help patients with this symptom resume as normal
deglutition as possible.

See Also the Following Articles

Achalasia � Esophageal Strictures � Swallowing � Zenker's

Diverticulum
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EhlersÿDanlos Syndrome
SALAHUDDIN KAZI

University of Texas Southwestern Medical Center, Dallas1

arthrochalasia Joint instability or tendency to dislocate.

collagen Strong, elastic, ®brous protein; the foundation of all

connective tissues in the body.

dermatosparaxis Skin fragility.

kyphoscoliosis Backward and lateral curvature of the spine.

EhlersÿDanlos syndrome refers to a heterogeneous group

of heritable collagen disorders characterized by joint hy-

permobility and increase in skin elasticity and tissue fra-

gility. Originally described in 1892, the disorder was

expanded to include 10 subtypes, but these groupings

were simpli®ed in 1997 to include six types. The most

current classi®cation scheme recognizes these six types.

ETIOLOGY AND PATHOGENESIS

A variety of mutations have been described in
EhlersÿDanlos syndrome (EDS) (see Table I), and
most involve defects in posttranslational modi®cation
of collagen. Mutations in the type V collagen genes ac-
count for up to 50% of cases of classic EDS. The most
well-characterized genetic defect is found in the vascu-
lar type of EDS, which results from mutations in the
gene for type III procollagen (COL3A1). The collagen
is thus structurally abnormal and affords diminished
support of cutaneous, skeletal, vascular, and other
structures.

CLINICAL FEATURES

Cutaneous

In EDS, there is an increase in skin laxity and fra-
gility. Traction on the ears or elbows will reveal this
increase in elasticity. The skin may have a velvety
feel. Bruising and varicose veins are common.

Musculoskeletal

Joint hypermobility with characteristic hyperexten-
sibilty of the joints is a classic ®nding in EDS. Joint
dislocation and kyphoscoliosis are particularly promi-
nent in some subtypes of EDS. Facial dysmorphism and

variations in stature are common in certain subtypes
of EDS.

Gastrointestinal

Breakdown of gums and loss of teeth is common in
EDS. Hiatal hernias are a common structural defect.
Complications of peptic ulcer disease are more frequent,
including perforation and bleeding. Erosion of duode-
nal ulcers posteriorly into the aorta can be catastrophic.
Perforation of the small and especially the large intestine
are among the most commonly reported gastrointestinal
complications of EDS, especially in patients with the
vascular type of EDS, because type III collagen is the
major supportive constituent of the bowel wall.

TABLE I Classi®cation Scheme for EhlersÿDanlos

Syndrome

Type Description

Classic (former EDS I

and II)

Autosomal dominant, accounts

for 80% of all cases and

characterized mainly by

skin and joint involvement

Hypermobile (former

EDS III)

Autosomal dominant, with

predominantly joint

involvement

Vascular (former EDS IV) Variable inheritance, with

common vascular and

bowel complications

Arthrochalasia and

dermatosparaxis

(former EDS VIIA, B,

and C)

Autosomal dominant

(arthrochalasia) and

autosomal recessive

(dermatosparaxis), with

short stature and

round faces

Kyphoscoliosis or

Ocular-Scoliotic

(former EDS VI)

Autosomal recessive with

kyphoscoliosis, marfanoid

habitus, and ocular

involvement

Other Poorly differentiated

EDS types; includes

X-linked EDS

E
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DIAGNOSIS

The diagnosis of EDS is based on clinical history, family
history, physical examination, and analysis of genetic
defects (when available).

THERAPY AND PROGNOSIS

Therapy is largely supportive and involves joint protec-
tion, avoidance of trauma, and care in treating wounds.
Pregnancy is contraindicated in the vascular type of EDS
because of the risk of uterine rupture.

See Also the Following Articles

Duodenal Ulcer � Hernias � Hiatal Hernia
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Electrogastrography
KENNETH L. KOCH

North Carolina Baptist Medical Center and Wake Forest University

bradygastria Abnormally slow gastric myoelectrical activity

(1.0ÿ2.5 cpm).

electrogastrogram The myoelectrical signal recorded with

electrogastrography methods.

electrogastrography Methods for recording and analyzing

gastric myoelectrical activity from electrodes positioned

on the abdomen.

eugastria Normal gastric myoelectrical activity

(2.5ÿ3.7 cpm).

gastric dysrhythmia Abnormal gastric myoelectrical rhythm

(e.g., tachygastria).

gastroparesis Delayed emptying of a test meal from the

stomach.

mixeddysrhythmias(nonspeci®c)Gastricdysrhythmiaschar-

acterized by intermittent bradygastria and tachygastria.

running spectral analysis Computerized analysis of the

frequencies in the electrogastrogram signal over a period

of time using Fourier transform.

tachygastria Abnormally rapid gastric myoelectrical activity

(3.7ÿ10.0 cpm).

Electrogastrography is the method for recording and

analyzing electrogastrograms. Electrogastrograms re¯ect

gastric myoelectrical activity, the electrical and muscular

activities of the stomach. The stomach is a complex neuro-

muscular organ that receives, mixes, and empties ingested

foodstuffs. The neuromuscular work of the stomach is co-

ordinated by gastric pacesetter potentials, the pacemaker

activity of the stomach that controls the frequency and

propagation of gastric peristaltic waves. Normal electro-

gastrogram patterns have been described in response to

provocative tests. Abnormal gastric electrical activity

(gastric dysrhythmia) is recorded using electrogastro-

graphy methods. Gastric dysrhythmias (tachygastrias,

bradygastrias, and mixed dysrhythmias) are associated

with upper gastrointestinal symptoms such as nausea.

Clinical and research uses for recording gastric myoelec-

trical activity with electrogastrography are described.

INTRODUCTION

Electrogastrography refers to the methods for record-
ing and analyzing gastric myoelectrical activity
from electrodes placed on the abdominal surface. The
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DIAGNOSIS

The diagnosis of EDS is based on clinical history, family
history, physical examination, and analysis of genetic
defects (when available).

THERAPY AND PROGNOSIS

Therapy is largely supportive and involves joint protec-
tion, avoidance of trauma, and care in treating wounds.
Pregnancy is contraindicated in the vascular type of EDS
because of the risk of uterine rupture.

See Also the Following Articles

Duodenal Ulcer � Hernias � Hiatal Hernia
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bradygastria Abnormally slow gastric myoelectrical activity

(1.0ÿ2.5 cpm).

electrogastrogram The myoelectrical signal recorded with

electrogastrography methods.

electrogastrography Methods for recording and analyzing

gastric myoelectrical activity from electrodes positioned

on the abdomen.

eugastria Normal gastric myoelectrical activity

(2.5ÿ3.7 cpm).

gastric dysrhythmia Abnormal gastric myoelectrical rhythm

(e.g., tachygastria).

gastroparesis Delayed emptying of a test meal from the

stomach.

mixeddysrhythmias(nonspeci®c)Gastricdysrhythmiaschar-

acterized by intermittent bradygastria and tachygastria.

running spectral analysis Computerized analysis of the

frequencies in the electrogastrogram signal over a period

of time using Fourier transform.

tachygastria Abnormally rapid gastric myoelectrical activity

(3.7ÿ10.0 cpm).

Electrogastrography is the method for recording and

analyzing electrogastrograms. Electrogastrograms re¯ect

gastric myoelectrical activity, the electrical and muscular

activities of the stomach. The stomach is a complex neuro-

muscular organ that receives, mixes, and empties ingested

foodstuffs. The neuromuscular work of the stomach is co-

ordinated by gastric pacesetter potentials, the pacemaker

activity of the stomach that controls the frequency and

propagation of gastric peristaltic waves. Normal electro-

gastrogram patterns have been described in response to

provocative tests. Abnormal gastric electrical activity

(gastric dysrhythmia) is recorded using electrogastro-

graphy methods. Gastric dysrhythmias (tachygastrias,

bradygastrias, and mixed dysrhythmias) are associated

with upper gastrointestinal symptoms such as nausea.

Clinical and research uses for recording gastric myoelec-

trical activity with electrogastrography are described.

INTRODUCTION

Electrogastrography refers to the methods for record-
ing and analyzing gastric myoelectrical activity
from electrodes placed on the abdominal surface. The
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noninvasive techniques of electrogastrography are
used to record electrogastrograms (EGGs). The fre-
quencies in the EGG signal re¯ect the pacesetter poten-
tial activity of the stomach, the electrical events that
control the frequency and propagation of gastric peri-
staltic contractions. The normal human gastric paceset-
ter potential activity and the normal EGG signal are
approximately 3 cycles per minute (cpm). Gastric dys-
rhythmias are abnormal gastric myoelectrical activities
termed tachygastria, bradygastria, and mixed dysrhyth-
mias. Gastric dysrhythmias are found in a variety of
conditions in which nausea and upper gastrointestinal
symptoms are prominent. Gastric dysrhythmias are
commonly present in patients with gastroparesis, a
severe neuromuscular abnormality of the stomach.
In patients with unexplained nausea and dyspepsia
symptoms, EGG tests diagnose eugastria or gastric dys-
rhythmias and appropriate treatment can be planned.
Electrogastrographic techniques are also used in clinical
research studies where the effects of various therapies
on symptoms and gastric electrical rhythms are
assessed.

MYOELECTRICAL ACTIVITY OF
THE STOMACH

Pacesetter Potentials

The stomach is a complex neuromuscular organ
(Fig. 1). Contractions and relaxations of the gastric fun-
dus, corpus, and antrum are neuromuscular events
under myoelectrical, neurological, and hormonal con-
trol. Gastric peristaltic contractions are controlled by
the pacesetter potential activity of the stomach. Gastric
pacesetter potentials are also termed gastric slow waves.
Gastric pacesetter potentials originate in a pacemaker
region on the greater curvature of the stomach, between
the fundus and the corpus (Fig. 1). These electrical
depolarization and repolarization waves travel circum-
ferentially and migrate distally at a rate of approximately
3 cpm in humans (Fig. 2). The gastric pacesetter poten-
tials control the frequency and propagation of velocity
of gastric peristaltic contractions. The fundus of the
stomach does not have intrinsic pacesetter potential
activity.

Rhythmicity of the gastric pacesetter potential activ-
ity originates in the interstitial cells of Cajal. These cells
form networks within and between the muscular layers
of the stomach wall. The interstitial cells of Cajal that lie
near the circular muscle layer of the stomach wall con-
trol the frequency of depolarization of the circular mus-
cle (Fig. 1). The interstitial cells of Cajal are also in close
proximity to the enteric neurons of the intrinsic nervous

system of the gut. Enteric nervous system and parasym-
pathetic nervous system inputs to the stomach are trans-
mitted to the pacemaker cells and thus to the circular
muscle cells through these relationships.

Action Potentials and Plateau Potentials

Circular muscle contractions of the stomach wall
occur during action potential or plateau potential activ-
ity. Action potential activity and plateau potential
activities are linked to the pacesetter potentials that
bring the circular smooth muscle membrane to the
threshold of depolarization and contraction. Thus, a
normal gastric peristaltic wave is composed of electrical
componentsÐthe pacesetter potential linked with the
action potential or plateau potential activity (Fig. 3).
Consequently, increased electrical activity occurs at
the pacesetter potential frequency of 3 cpm during re-
current peristaltic contractions.

These gastric neuromuscular events generate
changes in electrical activity that are recorded from

Circular m. la yer

FIGURE 1 Diagram of major anatomical regions of the stom-

ach (top), muscle layers of the gastric wall (middle circle), and

detail of the relationships among longitudinal muscle, circular

muscle, interstitial cells of Cajal, and myenteric neurons (bottom

circle). See text for details.
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electrocardiogram (EKG)-type electrodes placed on the
epigastrium. These signals are termed electrogastro-
grams. During the fasted state, the electrical activity
from the stomach re¯ects predominantly the gastric
pacesetter potential activity. The EGG activity during
fasting may be relatively unstable. In contrast, after a
homogenous meal, such as water, barium, or yogurt,
rhythmic gastric peristaltic contractions are evoked
and the accompanying gastric electrical and EGG activ-
ity has greater amplitude and regularity than in the
fasting condition.

RECORDING AND ANALYSIS OF
ELECTROGASTROGRAMS

Recording EGGs

Electrogastrograms are recorded by placing EKG-
type electrodes on the surface of the epigastrium as
shown in Fig. 4. The ®rst EGG was recorded in 1922
by Alvarez, who reported rhythmic 3 cpm electrical
activity in a thin woman. The amplitude of the EGG
signal ranges from 100 to 500 mV and the signal
must be properly ampli®ed and ®ltered. To reduce
baseline drift and to ®lter out cardiac and respiratory
signals, a 0.016 Hz high-pass ®lter and a 0.25 Hz low-
pass ®lter are used. These ®lters create a window from
approximately 1 to 15 cpm through which myoelectrical

signals pass during the EGG recording. The normal
EGG rhythm is approximately 3 cpm (2.5ÿ3.7 cpm),
whereas bradygastrias are signals from approximately
1.0 to 2.5 cpm and tachygastrias are from 3.7 to
10.0 cpm. The duodenal pacesetter potential frequency
is approximately 12ÿ14 cpm. Occasionally, the respi-
ration rate is less than 15 breaths per minute and
this respiratory frequency may be recorded in the
EGG signal.

The EGG signal is digitized for computer analysis by
using analog to digital technology. Digitization rates
range from 1 to 4.267 Hz. The digital ®les are subjected
to fast Fourier transform to extract the frequency infor-
mation present in the EGG signal. Displayed over time
the frequencies are often presented as running spectral
analysis. Computer analysis allows for quantitative ex-
pression of the EGG signal as described below.

To avoid movement artifact, EGGs must be recorded
in quiet rooms with the subject seated in a comfortable
chair. A baseline EGG is recorded and is followed by a
provocative test to assess the gastric myoelectrical ac-
tivity responses and sensations or symptoms. Provoca-
tive tests using water loading stimulate the relaxation
capacity (stretch) of the stomach, as well as the gastric
myoelectrical response, without the confounding effects
of a caloric meal. Caloric meals are also used to assess
the effect of speci®c foods on EGG activity. Respiration
rate must be recorded on a separate channel.

FIGURE 2 Gastric slow waves (pacesetter potentials) migrate circumferentially around the

stomach and distally toward the pylorus at a rate of 3 cpm as recorded by the serosal electrodes

(AÿD). The fundus is electrically silent. The 3 cpm EGG waves recorded from electrodes placed on

the surface of the epigastrium summate electrical events and yield a 3 cpm wave pattern.
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Analysis of the EGG Signal

Visual Analysis

Proper analysis of theEGG requiresvisual inspection
of the EGG signal. The EGG signal is reviewed for the
presenceofnormal3 cpmactivity,tachygastrias,orbrady-
gastrias (Fig. 5). It is extremely important to identify
artifactsintheEGGsignal,whichmaybecreatedbymove-
ment of the limbs, deep breathing, coughing, or talking.
An overall EGG diagnosis of normal versus abnormal
EGG is made on the basis of the EGG rhythm strip.

Computer Analysis

Frequencies in EGG signal Computer analysis of
the EGG signal emphasizes the frequency components.
The frequency component is the most reliable and stable
of the EGG parameters that can be quanti®ed. The
human gastric pacesetter potential activity is approxi-
mately 3 cpm and 2 standard deviations around the
mean is the normal EGG frequency range of
2.5ÿ3.7 cpm. Normative ranges for EGG activity have
been de®ned in response to the water load test or test
meals. The EGG response is reproducible in response to
the water load test.

Percentage distribution of EGG power A certain
percentage of the overall EGG activity occurs in four

relevant frequency ranges: the normal range and the
bradygastria, tachygastria, and duodenal frequency
ranges. Thus, a useful method of expressing the EGG
activity is to determine the percentage distribution of
the total EGG power in these ranges. Power is the log of
the microvolts squared (log mV2) of the frequencies
present in the EGG signal. Normal values in control
subjects and patients with upper gastrointestinal
symptoms have been reported.

Power ratio The postprandial to preprandial ratio
of 3 cpm EGG power is generally 41 and indicates a
normal increase in the 3 cpm activity after ingestion of a
test meal. This parameter is also used to assess normal
and abnormal neuromuscular activity of the stomach in
response to test meals.

NORMAL ELECTROGASTROGRAM
PATTERNS

Fasting

The neuromuscular activity of the stomach during
the fasting state is unstable compared with that in the
postprandial state. Contractile patterns in the stomach
during fasting range from quiescence (phase I) to inter-
mittent contractions (phase II) to sustained regular
antral contractions (phase III). Thus, the electrical

FIGURE 3 Gastric peristaltic waves during circular muscle contraction occur when plateau

potentials or spike potentials occur and are linked with the propagating slow waves. Generally,

there is an increased amplitude of the EGG wave during these electrical events associated with gastric

peristaltic contractions.
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activity during fasting is also unstable in that the 3 cpm
electrical activity is inconsistent. Phase III contractile
activity also is re¯ected in increased 3 cpm EGG activity
50% of the time.

Postprandial EGG Patterns

Barium Meals and Water Load Test

The fasting EGG pattern, which may be unstable,
is normally converted to regular 3 cpm activity when
the stomach is loaded with a variety of nutrient or
nonnutrient test meals. Figure 6 shows the effect
of a barium meal on EGG activity. The barium meal
stimulates regular 3 cpm EGG waves that correspond
to the peristaltic gastric waves. Loading the stomach
with water also stimulates regular 3 cpm waves after
an initial period of suppression of 3 cpm waves
(Fig. 7). This example also shows the EGG frequency
response as a running spectral plot. (See legend to Fig. 7
for details.)

Yogurt and Caloric Meals

A variety of test meals ranging from yogurt to soup to
milk to scrambled eggs also stimulate increased 3 cpm
EGG activity and an increased power ratio in the normal
frequency range. The exact pattern of onset of 3 cpm
activity and other frequencies depends upon the caloric
content of the meals and the proportions of fat and
carbohydrate.

ABNORMAL ELECTROGASTROGRAM
PATTERNS

Gastric Dysrhythmias

Tachygastrias

Tachygastrias are abnormally rapid gastric electrical
events from 3.7 to 10.0 cpm. High-amplitude tachy-
gastrias occur during the acute onset of motion sickness.
Tachygastrias are frequently low-amplitude EGG
signals recorded from patients with chronic nausea
conditions such as morning sickness, functional dys-
pepsia, unexplained nausea, or idiopathic gastroparesis.
The tachygastria frequency is often very unstable and
may range from 4 to 7 to 9 cpm within a 30 min record-
ing period. Other tachygastria patterns are ®xed at a
single frequency (e.g., 6 cpm) (Fig. 5). Tachygastrias
have been recorded from the antrum with serosal
electrodes. The presence of tachygastrias is associated
with decreased rates of gastric emptying. The cause of
tachygastrias is unknown but they have been induced by
vagotomy, epinephrine, glucagon, and hyperglycemia.

Bradygastrias

Bradygastrias are abnormally slow EGG frequen-
cies from approximately 1 to 2.5 cpm. Bradygastrias

FIGURE 4 Position of electrodes on the surface of the epigas-

trium for recording electrogastrograms.

FIGURE 5 Normal 3 cpm EGG recording showing 3 cpm

waves; bradygastria example shown as a 1 cpm EGG wave with

superimposed respiratory rhythm and tachygastria example

shown as 6 cpm regular, low-amplitude waves.
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are high-amplitude 1 to 2 cpm EGG waves or
low-amplitude waves (Fig. 5). The bradygastrias have
been recorded from the gastric corpus with several elec-
trodes. Bradygastrias are present in a variety of patients
with unexplained nausea, dyspepsia symptoms, and
gastroparesis.

Mixed Dysrhythmia

EGG recordings that do not clearly ®t into a
tachygastria or bradygastria pattern are termed mixed
(nonspeci®c) dysrhythmias. These patients have com-
binations of tachygastria and bradygastria, abnormal
patterns that are brought out by provocative testing
with the water load test or test meals.

Decreased Power Ratio

The power ratio is a calculation of the EGG power in
the postprandial period compared with the preprandial
EGG power. An abnormal power ratio is 1 or less and
indicates failure of the expected increase in 3 cpm elec-
trical activity after the provocative test. An abnormal

power ratio of the signal at 3 cpm is associated with
delayed gastric emptying.

GASTRIC DYSRHYTHMIAS AND
CLINICAL DISORDERS

The measurement of EGG patterns in response to pro-
vocative testing is a clinical test to evaluate gastric myo-
electrical activity in patients with suspected gastric
motility disorders. The EGG pattern complements the
solid-phase gastric emptying test, which tests the ef®-
ciency of the global muscular work of the stomach. The
EGG reveals the mechanisms that underlie gastropare-
sis. Thus, the combination of EGG and gastric emptying
studies reveals pathophysiological conditions of the
stomach that may cause the patient's symptoms. In
the sections below, the EGG patterns found in a variety
of clinical conditions are reviewed.

Nausea of Pregnancy

Gastric dysrhythmias ranging from tachygastria to
bradygastrias have been recorded in women with nausea

Duodenum

Antrum EGG electrode on abdomen

Minutes
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FIGURE 6 EGG waves (A and B) recorded during ¯uoroscopy of the barium-®lled stomach.

EGG wave A is numbered 1, 2, 3, and 4 to illustrate the relationship between this EGG wave and the

gastric peristaltic wave shown in radiographic panels 1, 2, 3, and 4. In the radiographic panels, the

arrow indicates a circular contraction that is migrating from the corpus (1) to the mid-antrum

(2, 3) and ®nally to the distal antrum (4). EGG wave B is numbered 5, 6, and 7 and is similarly

associated with the next gastric peristaltic wave shown in radiographic panels 5, 6, and 7.

Reprinted from Koch et al. (1987), Effect of barium meals on gastric electromechanical activity

in man. Digest. Dis. Sci. 32, 1217ÿ1222, with permission from Kluwer Academic.
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of pregnancy. Pregnant women with no nausea had nor-
mal 3 cpm EGG patterns. Thus, the presence or absence
of gastric dysrhythmias is associated with the presence
or absence of nausea. Administration of estrogen and
progesterone also produces gastric dysrhythmias.

Dysmotility-like Functional Dyspepsia

Gastric dysrhythmias have been recorded in approx-
imately 60% of patients with dysmotility-like functional
dyspepsia (unexplained nausea and vomiting, upper
abdominal discomfort, early satiety, bloating, and full-
ness). Endoscopic examinations in these patients re-
veals no mucosal abnormalities and ultrasound or
computerized tomography scans of the abdomen reveal
no structural abnormalities to account for symptoms.
Thus, gastric dysrhythmias are a pathophysiological
mechanism for these symptoms. Correction of gastric

dysrhythmias (which range from bradygastria to
tachygastria) is associated with improved upper gastro-
intestinal (GI) symptoms. A minority of patients with
gastric dysrhythmias have frank gastroparesis. These
patients have a severe electrical and contractile abnor-
mality of the stomach.

Gastroparesis

Gastroparesis indicates severely impaired emptying
of meals from the stomach. The gastric emptying test
does not reveal the cause of the gastroparesis. The EGG
test diagnoses the presence of gastric dysrhythmias or
normal myoelectrical signals in these patients.

Diabetic Gastroparesis

Patients with diabetic gastroparesis have a high
incidence of gastric dysrhythmias. Patients with

FIGURE 7 Running spectral analysis of the frequencies in the EGG signal recorded before and after a water load test in a

healthy subject. The insets show the EGG signal. At baseline (A), some 3 cpm rhythm is seen in the EGG. After the water load

was ingested, there is higher amplitude and more regular 3 cpm activity (B). The running spectral analysis is the frequency

analysis of the EGG. The X axis displays the frequencies in the EGG in cycles per minute. The Y axis indicates time, with each

line representing 4 min of EGG signal with 75% overlap. The Z axis represents the power (log of the mV2) of any frequencies

contained in the EGG signal from 0 to 15 cpm. The four relevant frequencies are indicated at the top of the graph. In this

healthy subject, there are several low-power peaks near 3 cpm at baseline. After ingestion of water, there is a frequency shift to

approximately 2 cpm after ingestion of 750 cc of water. Thereafter, there is a progressive increase in power in the peaks as they

enter the normal range of 2.5 to 3.7 cpm.
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predominantly bloating and distension symptoms in the
upper abdomen after eating may also have delayed emp-
tying, but normal 3 cpm electrical activity. Hyperglyce-
mia also induces tachygastrias and bradygastrias.

Ischemic Gastroparesis

Patients with gastroparesis and those with histories
of peripheral vascular disease, smoking, and weight loss
may have ischemic gastroparesis. Abdominal bruits are
present in approximately 50% of these patients. The
median accurate ligament may obstruct the celiac artery
and produce ischemic gastroparesis. Bypass of the ob-
structions in the mesenteric arteries results in resolution
of the gastric dysrhythmias, gastroparesis, and other
symptoms.

Obstructive Gastroparesis

Patients with gastric outlet obstruction due to pylo-
ric stenosis or postbulbar obstructions have high-am-
plitude, consistently normal 3 cpm EGG activity despite
the presence of gastroparesis. This discordance between
normal EGG rhythm and delayed emptying suggests
that mechanical or functional obstruction may account
for the gastroparesis.

Idiopathic Gastroparesis

In patients with idiopathic gastroparesis, gastric dys-
rhythmias are commonly present. The dysrhythmias
range from bradygastria to tachygastria. The origins
of idiopathic gastroparesis are unknown but range
from degenerative disorders of the enteric nervous
system, damage to the interstitial cells of Cajal, and
myopathies of various severity. Damage to the neuro-
muscular apparatus of the stomach may be a sequelae to
a previous viral infection.

Drug-Induced Gastric Dysrhythmias

Gastric dysrhythmias and nausea are induced by
hormones such as glucagon, epinephrine, estrogen,
and progesterone. The narcotic drug morphine induces
a variety of gastric dysrhythmias ranging from
bradygastrias to tachygastrias. Nicotine induces gastric
dysrhythmias and nausea.

Motion Sickness

Nausea is one of the most noxious symptoms of
motion sickness. Nausea reported during vection-
induced motion sickness is accompanied by tachy-
gastrias and increased plasma vasopressin and
epinephrine levels. Gastric dysrhythmias and motion
sickness symptoms are reduced by carbohydrate

meals, acustimulation, ginger, and a variety of other
treatments.

CLINICAL APPLICATIONS OF
ELECTROGASTROGRAPHY

EGG tests are obtained in patients who have persistent
upper GI symptoms despite normal upper GI barium
studies, endoscopy, and ultrasound examinations. In
these patients, the presence of a gastric dysrhythmia
provides a diagnosis of gastric neuromuscular dysfunc-
tion, whereas a normal EGG test is associated with nor-
mal gastric emptying and suggests the possibility of
other pathophysiological mechanisms causing the
symptoms.

The noninvasive diagnosis of gastric dysrhythmias
with the EGG test has analogies to the noninvasive
diagnosis of cardiac dysrhythmias with the EKG test.
The EGG test provides a diagnosis of gastric dysrhyth-
mia or eugastria in response to a provocative test and is
an objective ®nding of neuromuscular abnormality of
the stomach for patients with unexplained nausea and
functional dyspepsia symptoms. The gastric dysrhyth-
mias may re¯ect relatively mild gastric neuromuscular
disorders that underlie symptoms. On the other hand,
the gastric dysrhythmia may be associated with signif-
icant contractile abnormality of the stomach and frank
gastroparesis. A normal or eugastric EGG pattern sug-
gests that other pathophysiological mechanisms may
account for the upper GI symptoms (e.g., gallbladder
disease). Gastric visceral hypersensitivity, gastric
electro-contractile abnormalities, or obstruction must
also be considered.

RESEARCH APPLICATIONS OF
ELECTROGASTROGRAPHY

Electrogastrography methods are used to identify pa-
tient populations with upper GI symptoms, such as nau-
sea and gastric dysrhythmias (versus symptoms and
normal EGGs). A variety of drugs, such as domperidone,
metoclopramide, and cisapride, eradicate gastric dys-
rhythmias and the eradication of the dysrhythmia is
associated with improvement in upper GI symptoms.
Drug or nondrug therapies with potential anti-arrhyth-
mic or prokinetic effects may be studied at baseline and
with follow-up noninvasive EGG recordings. EGG test-
ing may be performed multiple times without discom-
fort or adverse effects for the subject.
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bloodÿbrain barrier Physiological and anatomical barriers

to the free diffusion of larger molecules from the vascular

system to the neural circuits of the brain.

circumventricular organs Group of brain areas lining the

cerebral ventricles; have no bloodÿbrain barrier and

may have chemosensory or secretory functions.

electrical control activity Ongoing spontaneous changes

in membrane potential of the gastrointestinal smooth

muscle that controls the timing of contractions.

electrical response activity Electrical activity of gastrointest-

inal smooth muscle associated with contractions.

enteric nervous system Set of integrative neural circuitry

of the digestive tract that includes the myenteric and

submucosal plexuses.

enterochromaf®n cells Subset of hormone- or paracrine-

secreting cells of the mucosa of the digestive tract that

contain serotonin.

prodromata Set of autonomic responses that accompany and

often precede emesis or nausea.

Emesis refers to the speci®c set of physiological responses

associated with retching and vomiting that culminate in

the expulsion of gastric contents. Emesis does not accu-

rately refer to the act of expulsion of substances from the

stomach, because this can occur during belching, regur-

gitation, rumination, coughing, and perhaps other situa-

tions. Nausea is a sensation that accompanies emesis or is

activated by emetic stimuli.

INTRODUCTION

Emesis acts to protect an organism from ingested nox-
ious substances. The protective function of emesis is
signaled by two sets of receptors located at different
levels of the absorptive pathway. A preabsorptive
set of receptors is located in the digestive tract and a
postabsorptive set is located within the vascular system.
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A number of motor and secretory events of the respira-
tory and digestive tracts occur before, during, and after
emesis. The brain contains the vascular chemoreceptive
area as well as the pattern generators for the motor and
secretory responses, and pharmacological agents may
block emesis at the sensory or integrative areas.

SENSORY MECHANISMS

Digestive Tract

Mechanoreceptors

Mechanical stimulation of the digestive tract from
the pharynx to the small intestine by stroking the
mucosa, distension, compression, or obstruction can
activate nausea and vomiting. Slowly or rapidly
adapting mechanoreceptors located in the mucosa,
muscularis, or serosa may be involved in mechanical
stimulation-induced emesis. Serosal slowly adapting
mechanoreceptors, in particular, may be responsible
for obstruction- or peritonitis-induced emesis.

Chemoreceptors

Noxious stimulation of the digestive tract using a
variety of chemical substances, including acidic or al-
kaline solutions, CuSO4, hypertonic saline, and hydro-
gen peroxide, can activate nausea and vomiting by
stimulation of mucosal chemoreceptors of the stomach
or duodenum.

Nonphysiological Stimulation of Receptors

Two clinically important treatments for cancer, cy-
totoxins and X-radiation, activate emesis probably by
damage to physiological receptors or their afferent path-
ways. These emetic stimuli may activate vagal afferents
directly or indirectly through the release of serotonin
from enterochromaf®n (EC) cells.

Chemoreceptor Trigger Zone

The chemoreceptor trigger zone (CTZ) is located in
the area postrema (AP), one of the circumventricular
organs of the brain. The CTZ is similar to other vascular
chemoreceptors except that it functions as a postabsorp-
tive receptor for the protection of the organism from
ingested noxious substances. The CTZ has no bloodÿ
brain barrier and responds to numerous chemicals and
hormones, including dopaminergic, a2-adrenergic, and
opioid agonists, and cardiac glycosides, cytotoxins,
and CuSO4.

MOTOR RESPONSES OF THE
DIGESTIVE TRACT

The digestive tract from pharynx to rectum is involved
in the responses associated with emesis. The increase in
salivation and swallowing prior to emesis probably
functions to assist in the buffering of gastric juice. Sal-
ivary secretions protect the esophagus against swallow-
ing-associated gastric re¯ux and probably do the same
for emesis-associated gastric re¯ux. The subsequent di-
gestive tract responses are organized into two sets of
responses that occur in a hierarchical fashion. The gas-
trointestinal responses occur ®rst and have a lower ini-
tiation threshold compared to the pharyngoesophageal
responses, such that the gastrointestinal responses may
occur without the pharyngoesophageal responses.

Gastrointestinal Responses

Motor Responses

The ®rst gastrointestinal responses are relaxation of
the gastric fundus and lower esophageal sphincter
(LES), and these responses last the duration of the vom-
iting episode (Fig. 1A). A retrograde giant contraction
(RGC) of the gastrointestinal tract (Fig. 1B) then emp-
ties the contents of the upper half of the small intestine
into the stomach, thereby removing the offending nox-
ious substance from the absorptive areas of the digestive
tract. This RGC, in its progression through the duode-
num, also empties the Brunner's glands and deposits its
secretions into the stomach. The Brunner's gland secre-
tions have signi®cant buffering capacity, therefore, like
salivary secretions, these Brunner's gland secretions
may assist in protecting the esophagus during vomiting.
Simultaneous with the RGC is the activation of a series
of contractions of the lower half of the small intestine
(Fig. 1B) that propagate distally. These contractions are
of similar amplitude and duration as the usual sponta-
neous contractions, but they propagate distally a longer
extent. These contractions act to milk the contents of the
lower part of the small intestine into the colon. Defe-
cation often follows emesis, therefore the contents of the
lower half of the small intestine are eliminated from the
organism just as vomitus expulsion eliminates noxious
substances from the stomach and small intestine.

Myoelctric Responses

The electrical control activity (ECA), also known as
electrical slow waves, of the entire gastrointestinal
tract is altered during this phase of emesis (Fig. 2B).
The ECA of the stomach becomes highly disorganized
or highly regular at elevated (tachygastria) or reduced
(bradygastria) frequencies before or during the

EMESIS 671



vomiting episode. Contractions are not associated with
tachygastria or bradygastria, and these electrical
changes may be associated with active inhibition of
the muscle. The RGC is associated with the highly ir-
regular pattern of electrical activity, and this change
may represent the electrical response activity (ERA)
of the stomach. The ECA of the upper small intestine
ceases (for up to 30 s) before and during the propagation
of the RGC. This cessation of ECA is necessary for prop-
agation of the RGC, because the ECA controls the nor-
mal orthograde propagation of contractions and this
must be eliminated before this retrograde contraction

can occur. The ECA of the lower small intestine slows
signi®cantly and becomes more entrained (time locked)
in a distal direction, and this change in ECA is respon-
sible for the increased propagation distance of the strip-
ping contractions of the distal small intestine.

Pharyngoesophageal Responses

After intestinal contents have been re¯uxed into the
stomach, the upper digestive tract responses begin. The
pharyngoesophageal responses are coordinated closely
with respiratory movements of retching and vomitus
expulsion. The ®rst response occurs just prior to

A

B

FIGURE 1 Gastrointestinal motor responses associated with

emesis. (A) Gastric responses; (B) intestinal responses. LES,

Lower esophageal sphincter; F, fundus; C, corpus; A, antrum;

P, pylorus; D, duodenum; S, small intestine; RGC, retrograde

giant contraction. The numbers next to abbreviated terms indi-

cate the distance in centimeters of recording site from P. Note

that LES and F relax before the occurrence of the RGC (A), the

RGC occurs in upper small intestine only (B), and after the RGC a

series of phasic contractions occur, especially in the distal small

intestine (B).

A

B

FIGURE 2 Gastrointestinal and esophagopharyngeal myo-

electrical responses associated with emesis. (A) Esophago-

pharyngeal responses; (B) gastrointestinal responses. GH,

Geniohyoideus; TH, thyrohyoideus; TP, thyropharyngeus; CP,

cricopharyngeus; E, esophagus; A, antrum; D, duodenum; S,

small intestine; ECA, electrical control activity; ERA, electrical

response activity. The numbers next to abbreviated terms indicate

the distance of recording site from CP (A) or A (B). Note that a

retrograde propagated electrical event of E occurs at the end of the

vomit (A), the retrograde myoelectric response of the gastroin-

testinal tract is associated with a loss of ECA (B), and the ECA

frequency decreases after the retrograde myoelectrical response,

especially in the distal small intestine (B).
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retching and consists of longitudinal contraction of the
striated muscle portion of the esophagus such that the
LES rises into the chest. The effect of this action in
conjunction with prior relaxation of the LES and fundus
is to eliminate the gastroesophageal angle that forms a
physical barrier between stomach and esophagus.
Retching then occurs about once per second as a series
of simultaneous contractions and relaxations of the di-
aphragm and abdominal muscles. The stomach rises and
falls during retching, which mixes gastric contents with
intestinal secretions, imparts a momentum to the gastric
bolus to assist expulsion, and may stimulate gastric re-
ceptors that signal vomiting. Some gastric contents may
be expelled during retching, but this is limited by con-
traction of the diaphragmatic hiatus that pinches off the
gastroesophageal junction. Vomitus expulsion occurs
when diaphragmatic dome and abdominal muscles con-
tract strongly and simultaneously with relaxation of the
diaphragmatic hiatus. These events always occur be-
tween retches when the stomach is rising and the gastric
contents are already moving orad. As the bolus is ex-
pelled to the esophagus, a retrograde contraction of the
striated muscle portion of the esophagus captures the
bolus, assisting its transport to the pharynx and prevent-
ing the bolus from returning to the stomach (Fig. 2A).
When the bolus reaches the upper esophageal sphincter
(UES), the UES is maximally pulled open by anterior
traction of the suprahyoid (Fig. 2A) and infrahyoid mus-
cles and by posterior traction of the suprapharyngeal
muscles.

NEURAL CONTROL

Afferent Pathways

The vagus nerves are the primary afferent nerves
mediating emesis due to stimulation of the digestive
tract. Splanchnic afferent nerves seem to serve little
or no role in emesis, although they may mediate
peritonitis-induced emesis and provide a signi®cant
afferent pathway for radiation-induced emesis.

Efferent Pathways

The gastrointestinal motor correlates of vomiting
are controlled by vagal efferent ®bers that are transmit-
ted to the jejunum and ileum through the celiac branch
of the vagus nerve and the mesenteric nerves. The in-
nervation of the duodenum and stomach are through
the duodenal and ventral branches of the vagus nerve,
respectively. The neural pathway controlling initiation
of the RGC descends about 20 cm within the intestinal
wall, probably through the enteric nervous system, be-
fore innervating the muscle. The retrograde propagation

of the RGC is controlled primarily by the central ner-
vous system, but is modulated by the enteric nervous
system. The upper digestive tract responses are con-
trolled by branches of the vagus nerves, including the
pharyngoesophageal, recurrent laryngeal, and superior
laryngeal nerves.

Central Control

The central emetic pattern generator (CEPG), i.e.,
the area of the brain controlling the motor and secretory
responses associated with emesis, may not be a single
nucleus but may comprise a distributed network of
brain nuclei. Some areas of the brain important for con-
trolling emesis include the nucleus tractus solitarius,
retrofacial nucleus, and dorsolateral reticular forma-
tion. However, the roles of speci®c areas of the brain
in mediating and controlling emesis and the associated
responses are unknown.

PHARMACOLOGY OF EMESIS

Emesis may be initiated from different sensory path-
ways, therefore speci®c types of emesis may be mediated
by different neurotransmitters and blocked by different
antagonists. Regardless of the emetic stimulus, all emesis
is mediated by the CEPG, therefore some antagonists
may block all forms of emesis.

Peripheral Control

Digestive tract-initiated emesis is mediated by mul-
tiple peripheral serotonergic (5-hydroxytryptamine) re-
ceptors. CuSO4-induced and perhaps noxious
chemical-induced emesis is mediated by 5-hydroxy-
tryptamine isotype 4 (5-HT4) receptors, probably on
chemosensory afferents, but radiation- or cytotoxin-
induced emesis is mediated by 5-HT3 receptors,
probably on vagal afferents supplying the EC cells.
Presynaptic 5-HT3 receptors on vagal afferents supply-
ing the AP may also mediate cytotoxin-induced emesis.

Chemoreceptor Trigger Zone

Numerous neurotransmitters activate emesis by
stimulation of the CTZ, but emesis caused by these ag-
onists is blocked only by the speci®c antagonists. There-
fore, these neurotransmitters probably act at the level of
the chemoreceptors rather than at the neurotransmitter
level. Cholinergic or histaminergic antagonists block
only motion sickness, therefore these agents may affect
only the motion-sensing neural circuitry.
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Central Pattern Generator

A few pharmacologic agents, because they block all
forms of emesis, appear to block emesis at the level of the
CEPG. The ability of agonists to block emesis suggests
that there may be an endogenous emetic inhibitory
mechanism. Perhaps the most powerful of the general
antiemetic pharmacological agonists is opioid agonists,
but cannabinoid and vanilloid receptor agonists may
also be antiemetic. Neurokinin-1 receptor antagonists
also block emesis due to a variety of emetic stimulants.

NAUSEA AND THE DIGESTIVE TRACT

Nausea is a sensation that is felt in the digestive tract,
therefore investigators have sought a digestive tract
source of this sensation for decades. Many digestive
tract responses have been implicated, but all have sub-
sequently been discarded. It has been recently suggested
that changes in the gastric ECA, i.e., tachygastria, cause
nausea. However, there is no one-to-one correspon-
dence between tachygastria and nausea, changes in
ECA occur at all levels of the gastrointestinal tract,
and changes in ECA are just one of the many prodromata
that accompany nausea. The prodromata do not cause
the feeling of nausea, rather they are the result of the
stimulus for nausea. It is probable that the unpleasant
feeling in the digestive tract during nausea is a referred
sensation similar to referred pain.

See Also the Following Articles

Enteric Nervous System � Hyperemesis Gravidarum �
Nausea � Rumination Syndrome
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Endocrine Pancreas
SUSAN BONNER-WEIR

Joslin Diabetes Center, Boston

alpha cells Pancreatic islet cells that produce glucagon.

beta cells Pancreatic islet cells that produce insulin.

glucagon Hormone produced by alpha cells in the islets of

Langerhans; acts to elevate blood glucose.

insulin Glucose-regulating hormone produced and secreted

by beta cells in the islets of Langerhans; has broad

anabolic effects on body metabolism.

islets of Langerhans Clusters of several hundred to several

thousand endocrine cells embedded in the pancreas.

pancreatic duodenal homeobox factor-1 Patterning tran-

scription factor; required for the differentiation of the

pancreas.

The endocrine pancreas consists of the islets of

Langerhans, which are scattered throughout the exocrine

pancreas in all vertebrates evolutionarily higher than the

bony ®sh (teleosts). Islets are complex structures of four

primary endocrine cell types that function both separately

as microorgans and in concert as the endocrine pancreas

to regulate physiologic glucose homeostasis. Although

the direct secretion of insulin and glucagon from islets

into the portal vein has obvious advantages with respect

to in¯uence on hepatic function, it is not clear why the

endocrine pancreas is dispersed throughout the exocrine

pancreas. The most appealing suggestion is that the local

insularÿacinar portal system helps regulate the exocrine

function of the pancreas.

INTRODUCTION

Four cell types of the endocrine pancreatic islets of
Langerhans are common to all species: beta, or insulin
producing; alpha, or glucagon producing; delta, or so-
matostatin producing; and pancreatic polypeptide (PP)
producing. Each islet is a highly vas cularized cluster of
these cells organized in a nonrandom manner, with the
delta, alpha, and PP (the non-beta) cells occurring as a
discontinuous mantle 1 to 3 cells thick around a central
core of beta cells (Fig. 1). Islets of humans and other
primates have a somewhat more complex arrangement.
Sections of human pancreas show many different islet
pro®les, including oval and cloverleaf patterns,
differences that have fueled controversy about whether
they actually have a mantleÿcore arrangement (Fig. 1, C

and D). Nonetheless, in three dimensions, human islets
can be considered as composites of several mantleÿcore
subunits or as lobulated with mantleÿcore lobules.

In the adult mammal, the islets make up 1ÿ2% of the
pancreatic mass. The relative volume of the islet cell
mass varies with age, being much greater in fetuses
and the young, presumably because the growth of the
islet and exocrine tissues is discordant. The pancreas of
an adult human has roughly 1 g of islet tissue,
500,000ÿ1,000,000 islets, and contains about 200
units, or 8 mg, of insulin; the adult rat pancreas contains
about 100 mg of insulin. The average rat islet is 150 mm
in diameter and contains about 45 ng of insulin. Islet
size can range from only a few cells and less than 40 mm
in diameter to about 10,000 cells and 400 mm in diam-
eter. Islets smaller than 160 mm in diameter represent
75% of the islets in number but only 15% of the islet

FIGURE 1 The islets of Langerhans of most species have a

mantle of non-beta cells (consisting of glucagon-, somatostatin-,

and pancreatic polypeptide-producing cells) and a core of

insulin-producing beta cells. (A) Mouse islet immunostained

for insulin, showing the extensive vasculature between the

cords of endocrine tissue. (B) Mouse islet immunostained for

glucagon, showing the incomplete mantle surrounding the

core of beta cells. (C and D) Human islets immunostained for

glucagon, showing a similar pattern of mantle/core but with

greater complexity, suggestive of subunits similar to those in

the rodent islet. Magni®cation bar� 50 mm.
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volume, whereas islets larger than 200 mm in diameter
represent only 15% of the islets in number but 60% of
the islet volume.

In adults, 70ÿ80% of the islet consists of insulin-
producing beta cells; 5% is somatostatin-producing
delta cells, and 15ÿ20% is either glucagon-producing
alpha cells or pancreatic polypeptide-producing cells.
However, at birth, the beta cells are usually only 50% of
the islet, but with postnatal replication of the beta cells
and an increase in cell volume, their proportion in-
creases. The beta cell population is dynamic, undergo-
ing compensatory changes in function and mass in order
to maintain euglycemia.

PANCREATIC DEVELOPMENT

The pancreas is derived from outpocketings of the prim-
itive gut. There are two or three pancreatic anlagen or
primordia: a dorsal outpocketing of the gut across from
the budding liver and, after a short temporal lag, one or
two ventral buds (which fuse very early) from the base of
the biliary ¯oor of the gut. The dorsal anlage that gives
rise to the splenic portion (tail and body) of the pancreas
fuses to various degrees with the ventral anlage that
gives rise to the head or duodenal portion of the
pancreas. Islet cells are seen ®rst as single cells along
the terminal pancreatic tubules and then as clusters of
cells within the epithelial basement membrane. These
clusters become separated from the ductal epithelium to
form islets.

The origin of the pancreas as separate primordia is
thought to be the basis of the regional distribution of
glucagon-producing and pancreatic polypeptide-
producing cells. The dorsal pancreas, supplied with
blood by the celiac trunk via the gastroduodenal and
splenic arteries and drained by one main pancreatic
duct, contains the glucagon-rich islets, with few pan-
creatic polypeptide-producing cells. The opposite dis-
tribution is found in the ventral pancreas, which is
supplied with blood from the superior mesenteric
artery via the inferior pancreaticoduodenal artery and
is drained by a separate duct. Here the islets contain
pancreatic polypeptide-producing cells and few, if any,
glucagon-producing cells. The degree of fusion of these
ducts differs among species.

The alpha cells appear before the others, followed by
the beta cells and ®nally by the delta cells (PP cells have
been reported several days before birth in rats). As they
form, endocrine cells may express more than one hor-
mone, with a progressive restriction to just one hor-
mone. The ®nding that ablation of a homeobox
transcription factor, pancreatic duodenal homeobox
factor-1(pdx-1) [also known as insulin promoter

factor-1 (IPF-1)], resulted in the failure to develop a
pancreas brought great energy into de®ning the cascade
of transcription factors involved in the differentiation of
pancreas from endoderm and subsequently to the varied
pancreatic cell types (exocrine and endocrine) (Fig. 2).
Recent studies have shown that p48 [also known as
pancreatic transcription factor-1 (PTF-1)], a transcrip-
tion factor previously thought only to be the determi-
nant for pancreatic acinar tissue, is also necessary for
pancreatic formation.

COMPONENTS OF THE ISLETS
OF LANGERHANS

Endocrine Cells

The four major endocrine cell types in mammalian
islets are distinguished by ultrastructural and immuno-
cytochemical techniques. The beta cells are polyhedral,
being truncated pyramids, and are usually well granu-
lated with secretory granules 250ÿ300 nm in diameter.
It has been estimated that each mouse beta cell is about
1000 mm3 and contains about 10,000 insulin granules.
Insulin granules can be found as mature granules
that have an electron-dense core and a loosely ®tting
granule-limiting membrane with the appearance of a
spacious halo, or as immature granules with little or
no halo with moderately electron-dense contents
(Fig. 3). Immature granules have been shown to be
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FIGURE 2 The cascade of transcription factors that are nec-

essary for formation of the endocrine pancreas. Both pdx-1 and

p48 are necessary for pancreas organogenesis, but each is limited

to expression in certain cells in the mature pancreas, with pdx-1

expressed in insulin-producing beta cells and p48 expressed in

acinar cells. Neurogenin 3 (ngn3) has been shown to be a marker

of the endocrine progenitor cells. PP, Pancreatic polypeptide-

producing cell. As indicated by the question mark, additional

transcription factors remain to be placed in this schema.
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the major, if not the only, site of conversion of pro-
insulin to insulin. In some species, the electron-dense
core of the mature granule is visibly crystalline. Insulin
is only one of at least 120 proteins in the granules.

The alpha cells are usually smaller and more colum-
nar than the beta cells and well granulated with granules
200ÿ250 nm in diameter. The granules are electron
dense with a narrow halo of less dense material and a
tightly ®tting granule-limiting membrane; there is little
species variation. The delta cells are usually smaller than
either alpha or beta cells, are well granulated, and are
often dendritic in shape. Within a delta cell, the electron
density of granules varies greatly. Each granule,
200ÿ250 nm in diameter, contains material of homo-
geneous moderate density that ®lls the granule-limiting
membrane.

The PP cells are the most variable among species. In
humans, the granules are elongated, very electron
dense, and 120ÿ160 nm in diameter, but in dogs and
cats the granules are spherical, variable in electron den-
sity, and about 300 nm in diameter.

Microvasculature

The islets of Langerhans have a glomerular-like
capillary network with a direct arteriolar blood supply.
One to three arterioles penetrate each islet through

discontinuities of the non-beta cell mantle and enter
directly into the beta cell core, where each branches
into a number of fenestrated capillaries. These capillar-
ies follow a tortuous path, passing ®rst through the beta
cell core and then through the non-beta cell mantle.
Often, a capillary will pass along the inside of the mantle
before penetrating it to leave the islet. The pattern of
microvasculature varies with islet size. In small islets
(5160 mm in diameter), the efferent capillaries pass
through exocrine tissue for 50 to 100 mm before coa-
lescing into collecting venules. Large islets (4200 mm in
diameter) are selectively located near the larger ducts
and blood vessels. Their efferent vessels coalesce within
the islet capsule, thus they probably have little effect on
surrounding exocrine tissue. However, the vascular pat-
tern of the small islets and their abundance would lead
to an effective insuloacinar portal system.

The blood ¯ow to the islets has been found to be
disproportionately large (10ÿ20% of the pancreatic
blood ¯ow) for the 1ÿ2% of pancreatic volume. High
concentrations of glucose have been shown to enhance
pancreatic blood ¯ow and to preferentially increase islet
blood ¯ow. Lymphatic vessels, although common in the
pancreas, are not found within the islets.

Capsule

The islet capsule is only a single layer of ®broblasts
and the collagen ®bers laid down by these ®broblasts.
Frequently, the capsule is discontinuous and is absent
between islet and exocrine cells, such that the only
separations between exocrine and islet cells are their
respective basement membranes The capsule overlies
the efferent blood vessels of the islet and thus de®nes
a subcapsular interstitial space. On collagenase diges-
tion for islet isolation, the capsule is disrupted and lost.

Nerves

The pancreas is innervated by sympathetic ®bers via
the celiac and superior mesenteric ganglia and by para-
sympathetic ®bers from the vagus nerve. These para-
sympathetic ®bers synapse in small ganglia dispersed in
the pancreas; in some species, these ganglia are close to,
or even within, the islets. They may act as pacemakers
for the oscillations in hormone secretion that occur
without extrinsic nervous connections, as in the isolated
perfused canine pancreas. Within the islets, the nerves
follow the blood vessels and terminate within the peri-
capillary space, within the capillary basement mem-
brane, or closely apposed to the endocrine cells.
Because no specialized synapses are found, it has
been suggested that neurotransmitters released into

FIGURE 3 Insulin-producing beta cells and glucagon-

producing alpha cells can be distinguished by secretory granule

morphology. In a human islet, mature insulin granules in a beta

cell have electron-dense crystalline cores and loosely ®tting, gran-

ule-limiting membranes with the appearance of a spacious halo;

immature granules have little or no halo and moderately electron-

dense contents. Beta cells also contain lipid inclusions (L) that

increase in numbers with cell age. In alpha cells, glucagon-con-

taining granules are electron dense and have a narrow halo of less

dense material and a tightly ®tting, granule-limiting membrane.
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the interstitial space may affect a number of neighboring
islet cells.

THE ISLET AS AN ORGAN

Functional Implications of Islet Organization

It is important to understand how the three-
dimensional organization of the islet may determine
islet function. Within the islet, endocrine cells are or-
ganized around the microvasculature. In the rat, 8 to 10
beta cells form a tube or rosette around a capillary, but
each beta cell abuts a second capillary. In experimen-
tally degranulated beta cells, the remaining granules
are polarized toward the central `̀ venous'' capillary,
suggesting an in situ polarity of the beta cells.

The interrelations of the islet cells and their relations
with the microvasculature have functional implications.
The microvascular pattern of the islet confers a direc-
tionality to the blood ¯owÐfrom the point of arteriolar
entry outward through the beta cell core to the periph-
eral non-beta cell mantle. Physiologic data from
anterograde and retrograde passive neutralization per-
fusions of dog, rat, monkey, and human pancreases
support a beta to alpha to delta (BÿAÿD) directional
pattern of blood ¯ow. This pattern of ¯ow would favor
insulin having an effect on the alpha and delta cells by its
being transported in high concentrations from the core
to the mantle. The reverse, that of the beta cells being
in¯uenced by local blood-borne somatostatin or gluca-
gon, is not supported by the vascular pattern.

However, some paracrine effects may occur by sim-
ple diffusion through the interstitium. The dynamics
and direction of ¯ow of the interstitial ¯uid are not
known, but we would expect it to be in the same direct-
ion as the blood ¯ow. One could speculate that diffusion
in the interstitial space allows somatostatin and gluca-
gon to in¯uence not only each other (adjacent cells) but
also those adjacent beta cells. In large islets, there would
be a central core of beta cells that would be isolated by
their distance from the non-beta cells and thus from all
but systemically circulating levels of the other islet hor-
mones. In small islets, essentially all beta cells might be
close enough to the non-beta cells to be in¯uenced by
their hormones diffusing into the interstitial ¯uid.

The intercellular contacts between the endocrine
cells may also in¯uence their function. Stimulated se-
cretion is enhanced when beta cells have contact with at
least one other beta cell. This enhancement is thought to
be due to electrical coupling through gap junctions but
may also involve cell adhesion molecules such as
integrins.

Heterogeneity of Islets

We now realize that the islets within one pancreas
are not all alike. Islets differ in cellular composition due
to the regional distribution of the glucagon-producing
alpha cell and the pancreatic polypeptide-producing
cells. Increasing evidence suggests even that not all
beta cells within an islet are identical. Studies on single
islet cells have shown that individual beta cells may have
different thresholds for glucose-induced insulin release;
thus, with increasing concentrations of glucose, more
beta cells are recruited in the response. This cellular
heterogeneity has been extended to include the redox
state and the threshold for glucose-induced biosynthesis
of proinsulin and glucose-induced cytoplasmic free cal-
cium concentration. It is unknown whether the hetero-
geneity is intrinsic and constant for a particular cell
through its lifetime, is related to the age of the cell,
or is imprinted by a factor from the environment. In
addition, recent studies have questioned if such
heterogeneity were artifactual.

InsularÿAcinar Portal System

It has been hypothesized that one reason the endo-
crine pancreas is dispersed as islets throughout the exo-
crine pancreas is that the islet hormones regulate
exocrine function and growth locally through an
insuloacinar portal system. Microvascular corrosion
casts show efferent vessels from islets passing through
the exocrine tissue before coalescing into venules; these
vessels comprise an insuloacinar portal system. Such
vessels are mostly from smaller islets (160 mm in diam-
eter and smaller) that are usually embedded in exocrine
tissue. The efferent vessels of the larger islets are post-
capillary and collecting venules that are considered
the `̀ leakiest'' or most permeable in other tissues, thus
allowing diffusion of the hormones into the surround-
ing acinar tissue. The presence of periinsular halos
of enlarged and highly granulated exocrine cells adja-
cent to islets has been cited as histological evidence
of tropic effects of islet hormones on the exocrine
pancreas.

LIFETIME CHANGES IN THE
ENDOCRINE PANCREAS

For many years, the accepted concept was that all the
pancreatic beta cells present throughout life were pres-
ent at birth. Many researchers thought that insulin re-
sistance would lead to diabetes without change in the
beta cells. However, evidence over the past decade has
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been compelling; in most cases, the beta cells can, and
do, compensate for added demand arising from preg-
nancy, obesity, or insulin resistance. It is important
to remember that only 15ÿ20% of obese or severely
insulin-resistant humans become diabetic; the others
maintain normoglycemia due to beta cell compensation.
The new concept is that the beta cell mass is dynamic,
with increases and decreases both in function and mass
maintaining the glycemic level within a very narrow
physiological range. The changes in mass can be both
in number (hyperplasia) and in individual volume of
beta cells (hypertrophy). When the mass cannot in-
crease adequately, diabetes ensues.

During embryonic development, multipotent
cells of the primary pancreatic buds differentiate
into speci®c pancreatic phenotypes of ductal, acinar,
and the four endocrine islet cells. Until late gestation,
most beta cells result from the differentiation of
ductal precursor cells to islet cells, a process called neo-
genesis. Shortly before birth, replication becomes
the major mechanism for adding new beta cells, but
both neogenesis (the differentiation process) and
replication continue throughout adult life. In rodents,
during the ®rst days after birth, many new islets are
formed, and a second wave of neogenesis occurs around
the time of weaning. Beta cell replication is signi®cantly
higher during late gestation and the neonatal period
compared to the period following weaning, with little
change in replication rates occurring beyond 30 to 40
days of age.

From birth to adulthood, the volume of islet tissue
with respect to that of the pancreas (relative volume)
decreases, but the actual volume of islet tissue increases;
the more slowly growing islet tissue is diluted by an
exuberant postnatal growth of the acinar tissue. The
beta cell mass has been shown to increase 12- to 15-
fold from birth to adulthood. In fact, beta cell mass is
linearly correlated with body weight in adult mice and
rats and with body mass index (BMI) in humans. A
longitudinal study shows that the addition of new
cells accounts for the increase in beta cell mass through-
out most of the life span of rats, but from 15 months
onward hypertrophy of the beta cell is the main mech-
anism of for the expansion of beta cell mass.

The beta cell mass is dynamic in nature and increases
ordecreases inorder tomaintaineuglycemia.Functional
compensation, or changes in the amount of insulin each
beta cell secretes, can be due to changes in the responsive
threshold for glucose-induced insulin secretion, possi-
bly caused by activation of glucokinase, or by recruit-
ment of cells with heterogeneous response thresholds.
The beta cell mass is the major factor in determining the
amount of insulin that can be secreted. The mechanisms

involved in this compensatory regulation are the
determinants of beta cell mass: rate of replication,
neogenesis and apoptosis, and cell size (hypertrophy
vs. atrophy).

DETERMINANTS OF BETA CELL MASS

Neogenesis

Neogenesis is clearly the main pathway of beta cell
increase during early to midgestation, but still occurs in
the normal postnatal animal. In adults, islet cells of all
types can be immunolocalized in the pancreatic ducts as
occasional single cells or small budding islets. This pro-
cess can be stimulated to form substantial numbers of
new islets under numerous in vivo experimental condi-
tions. Additionally, adult human ductal tissue can be
differentiated into islets in vitro. In some experimental
situations, such as the regeneration after partial pancre-
atectomy in the adult rodent, new lobes of pancreas
(exocrine and endocrine) are added. There is some sug-
gestion that new lobes of pancreas continue to form in
adults.

Replication

Beta cell replication is signi®cantly higher during
late gestation and the neonatal period compared to
the period following weaning, with little change in rep-
lication rates occurring beyond 30 to 40 days of age in
rodents. The cell cycle has been determined using iso-
lated rat islets synchronized in culture by exposure to
hydroxyurea. A calculated cell cycle of 14.9 hours has
been assumed to re¯ect that of the beta cell, the pre-
dominant cell of the islet. The length of the cell cycle
does not change with glucose stimulation or with the
age of the animals. Instead, the growth rate is regulated
by the number of beta cells that can enter the division
phase (G1) from the resting (G0) phase. Postnatal pro-
liferation rate of beta cells is low, but the proliferation of
differentiated beta cells must not be underestimated; it is
adequate to maintain a slowly increasing beta cell mass.
Replication can be further stimulated by prolactin,
growth hormone, glucose, and glucagon-like peptide-
1 (GLP-1). Replicating beta cells have been identi®ed by
bromodeoxyuridine and tritiated thymidine incorpora-
tion in cells immunolabeled for insulin, and numerous
electron micrographs of mitotic ®gures in cells with
insulin granules have been published. There may be
functional differences in beta cells that can replicate
and those that cannot, and as a cell enters the cell
cycle, it may transiently lose function.
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Hypertrophy

Hypertrophy, an increase in cell size without repli-
cation, can be an ef®cient and economical mechanism
for rapid and transient compensation and has been rec-
ognized in many models, including late pregnancy.

Apoptosis

Apoptosis is a normal determinant of beta cell mass.
The frequency of apoptotic beta cells in the adult rat has
been found to be about 0.5%; this frequency cannot be
equated with a rate because it is not known how long the
apoptotic process takes nor how long apoptotic bodies
are visible. The concept of beta cell turnover became evi-
dent with mathematical modeling of the beta cell mass.
With beta cell replication of 2ÿ3% / 24 hours, as found
in the adult rodent pancreas, the beta cell mass can
double in about 1 month. Between 1 and 2, 2 and 3
months of age, the rat beta cell mass does almost double,
but this monthly doubling does not continue, sugges-
ting a loss of cells. The life span of a rat beta cell has been
estimated as approximately 58 days. The slowly increas-
ing beta cell mass results from the balance between cell
formation and cell loss, such that the endocrine pan-
creas must be considered a slowly renewed tissue.

In the second week after birth, remodeling of the
endocrine pancreas occurs simultaneous with a high rate
of replication of beta cells and a high frequency of apop-
tosis. This remodeling coincides with marked changes
in the message RNA levels of both insulin-like growth
factor-1 and -2 (IGF-1 and IGF-2) as well as transient
appearances of IGF binding protein-1 and -2 (IGFBP-1
and IGFBP-2), leading to the suggestion that an inade-
quate availability of survival factors, such as the IGFs, is
the cause of the increased cell loss. This hypothesis is
supported by evidence of the suppression of normal
neonatal apoptosis by persistent IGF-2 in overexpres-
sing transgenic mice. This remodeling may have signi®-
cance in the priming of autoimmune diabetes, as seen
in non-obese, diabetic (NOD) mice, BioBreeding (BB)
rats, and humans, because apoptotic bodies are highly
immunogenic.

Sources of Cells for Renewal: Progenitor and
Stem Cells

With the acceptance of the concept of postnatal
growth of the beta cell mass, interest in the adult `̀ pan-
creatic stem cell'' has increased. The characterization of
such a stem/progenitor cell has been elusive. One likely
sourceofprogenitorcells is thepancreaticducts,because
adult duct epithelium retains the ability to give rise to all

the differentiated cell types of the pancreas. Current
research is focused on characterizing the cells capable
of generating new islet cells in the adult pancreas.

GLUCOSE EFFECTS ON BETA CELLS

The effects of elevated glucose levels can be both ben-
e®cial, as in stimulation of beta cell proliferation, and
detrimental, as in cell death; the term `̀ glucose toxicity''
has been used to describe the latter effect. There are a
number of secondary effects of a hyperglycemic envi-
ronment, including the loss of glucose-induced insulin
secretion and even loss of speci®c beta cell differentia-
tion. Additionally, beta cells in some strains or species
undergo apoptosis when exposed to hyperglycemia, but
in other strains, beta cells can have more adaptive re-
sponses and maintain a stable mass, even with chronic
hyperglycemia.
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Endomysial and Related Antibodies
KANTHI YALAMANCHILI AND KIMBERLY M.PERSLEY
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antibody A Y-shaped immunoglobulin protein on the surface

of B cells that is secreted into the blood or lymph in

response to an antigenic stimulus.

celiac sprue (gluten-sensitive enteropathy) A malabsorptive

disorder in which there is an atrophic and in¯amed

proximal small intestinal mucosa that usually improves

morphologically and clinically on treatment with a

gluten-free diet but relapses when gluten is reintroduced.

Antibodies to gliadin, reticulin, endomysium, and tissue

transglutaminase have been detected in patients with ce-

liac sprue. Studies have shown that endomysial anti-

bodies, tissue transglutaminase antibodies, and anti-

gliadin antibodies seem to be the most useful in screening

patients for celiac sprue.

ENDOMYSIAL ANTIBODIES

Endomysial antibody (EMA) is directed against endo-
mysium, a connective tissue protein found between
myo®brils in the smooth muscle cells of the gastrointes-
tinal tract of primates. Once EMAs were found to be
associated with gluten-sensitive enteropathy, further
tests were developed to detect them. An indirect immu-
no¯uorescence assay was implemented in which the
binding of the serum EMAs toa tissue substrate produces
a characteristic staining pattern. The initial tissue sub-
strate used for the indirect immuno¯uorescence assay,
primate esophagus, is limited in supply. However, now
with more readily available human umbilical cord as the
tissue substrate, wider application of serum EMA testing
has been possible. Most patients with celiac sprue have a
serum EMA of the immunoglobulin A (IgA) subtype.
However, EMA of the IgG1 subtype has also been em-
ployed for diagnosis (mostly in IgA-de®cient patients).
The sensitivity and speci®city of IgA EMAs are reported
to be 85ÿ98% and 97ÿ100%, respectively. Thus, serum
EMA testing has a high positive predictive value.

TISSUE TRANSGLUTAMINASE

The target autoantigen forEMAinceliacdiseasehasbeen
identi®ed as a tissue transglutaminase (tTG). Autoanti-
bodies (IgA and IgG) to tissue transglutaminase have
also been recently detected via more easy-to-perform

enzyme-linked immunosorbent assays (ELISAs).
Studies have shown that the sensitivity of IgA tissue
transglutaminase antibodies (TTAs) is 90ÿ98% and
the speci®city is 95ÿ97%. These high positive and neg-
ative predictive values of IgA TTA have led more inves-
tigators to recommend the IgA TTA as the initial
screening serologic test to diagnose celiac sprue, fol-
lowed by EMA testing if IgA TTA is borderline, followed
by a small intestinal biopsy if either EMA or TTA or both
are positive. However, it is not yet clear how extensively
TTA and EMA results overlap since both seem to bind to
the same substrate, namely, tissue transglutaminase.

ANTI-GLIADIN ANTIBODIES

Finally, anti-gliadin antibodies (AGAs) are antibodies to
wheat gliadin and have also been extensively studied in
celiac sprue. Two anti-gliadin antibody subtypes exist,
IgA and IgG. The sensitivity of IgG AGAs is 75ÿ85% and
the speci®city is 75ÿ90%. The sensitivity of IgA AGAs is
80ÿ90% and the speci®city is 85ÿ95%. Therefore,
IgA AGAs are more sensitive and speci®c than IgG
AGAs and a negative IgA AGA result has a high negative
predictive value. Interpretation of positive AGAs,
however, must be scrutinized carefully because other
conditions, such as cow's milk intolerance, IgA ne-
phropathy, Crohn's disease, eosinophilic enteritis,
and tropical sprue, may raise AGA levels.

In patients with celiac disease who are also IgA-de-
®cient, all IgA antibody-based tests are negative. In these
patients, elevated levels of IgG1 EMAs and IgG TTAs
support the diagnosis of celiac sprue.

The bene®t of screening for asymptomatic celiac
disease is debatable, but potential advantages include
reducing the risk of enteropathy-associated T-cell
lymphoma, reducing the risk of nutritional de®ciency
states, preventing mild intestinal symptoms, and im-
proving general well-being, assuming adoption of and
strict adherence to a gluten-free diet.

Although the IgA TTA assay has a high positive and
negative predictive value and is an easy-to-perform
ELISA-based test, it is relatively new. EMA testing has
been the primary screening tool through the years and
thus continues to be a comfortable initial assay with
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which to screen populations with a high pretest proba-
bility of celiac sprue. EMAs in combination with TTAs or
AGAs have positive and negative predictive values
approaching 100%. Therefore, if either test is positive,
the patient or the screened individual should be ref-
erred for diagnostic biopsy of the small intestine. If
both tests are negative, it is highly unlikely that the in-
dividual has celiac disease. These serologic markers are
useful not only in supporting the diagnosis but also in
following the response to a gluten-free diet because it
has been shown that these tests often but not always
revert to negative when patients with celiac sprue
comply with a gluten-free diet.
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Endoscopic Ultrasonography
KEVIN M. MCGRATH
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adjuvant Postoperative cancer treatment.

anechoic Without echoes (black); generally correlates with a

¯uid-®lled structure.

echo Re¯ected sound wave.

endoscopic ultrasonography Application of a high-fre-

quency ultrasound probe to the tip of an endoscope;

gastrointestinal tract pathology and lesions can be

evaluated immediately adjacent to probe tip.

frequency Periodicity of sound waves per unit of time.

hertz (Hz) Unit of ultrasound frequency equal to one cycle

per second.

high frequency More sound waves transmitted per

unit of time, greater image resolution, less tissue

penetration.

hyperechoic Brighter in appearance than the reference

tissue.

hypoechoic Darker in appearance than the reference

tissue.

linear array Ultrasound viewing ®eld is in a narrow plane

that is parallel to the shaft of the scope.

low frequency Less sound waves transmitted per unit of

time, greater tissue penetration, less image resolution.

megahertz (MHz) One million hertz.

neoadjuvant Preoperative cancer treatment.

posterior enhancement Bright (hyperechoic) area on the far

side of an anechoic (¯uid-®lled) structure; due to

increased sound wave transmission through a ¯uid

medium.

radial scanning Ultrasound ®eld (360o) is in a plane that is

perpendicular to the shaft of the scope.

Endoscopic ultrasound, a combination of both endoscopy

and ultrasonography, allows for high-resolution imaging

of lesions within and adjacent to the gastrointestinal tract.

This system has been accomplished by mounting a high-

frequency (5.0ÿ20.0 MHz) ultrasound transducer on the

tip of an endoscope. The endoscope can be introduced

into the upper or lower digestive tract, providing detailed

ultrasound imaging of the gastrointestinal wall or adja-

cent structures, such as the pancreas, bile duct, liver,

mediastinum, and major blood vessels. Endoscopic ultra-

sound therefore plays a major role in staging cancers

of the digestive system. With the advent of ®ne needle
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which to screen populations with a high pretest proba-
bility of celiac sprue. EMAs in combination with TTAs or
AGAs have positive and negative predictive values
approaching 100%. Therefore, if either test is positive,
the patient or the screened individual should be ref-
erred for diagnostic biopsy of the small intestine. If
both tests are negative, it is highly unlikely that the in-
dividual has celiac disease. These serologic markers are
useful not only in supporting the diagnosis but also in
following the response to a gluten-free diet because it
has been shown that these tests often but not always
revert to negative when patients with celiac sprue
comply with a gluten-free diet.
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perpendicular to the shaft of the scope.

Endoscopic ultrasound, a combination of both endoscopy

and ultrasonography, allows for high-resolution imaging

of lesions within and adjacent to the gastrointestinal tract.

This system has been accomplished by mounting a high-

frequency (5.0ÿ20.0 MHz) ultrasound transducer on the

tip of an endoscope. The endoscope can be introduced

into the upper or lower digestive tract, providing detailed

ultrasound imaging of the gastrointestinal wall or adja-

cent structures, such as the pancreas, bile duct, liver,

mediastinum, and major blood vessels. Endoscopic ultra-

sound therefore plays a major role in staging cancers

of the digestive system. With the advent of ®ne needle
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aspiration, endoscopic ultrasound can guide needle biop-

sies of tumors, lymph nodes, and other lesions that are in

close proximity to the gastrointestinal tract. This has

greatly expanded diagnostic capability, and new indica-

tions continue to evolve.

INTRODUCTION

Endoscopic ultrasound (EUS) was originally designed
in 1980 to better image the pancreas. Early echoendo-
scopes were big, bulky, and dif®cult to maneuver, and
image quality was poor. With technologic advances over
the past decade, these scopes are now smaller, more
¯exible, and provide high-quality endoscopic and ultra-
sound images.

Certain substances (¯uid, blood) transmit or con-
duct ultrasound, whereas others re¯ect the sound waves
(air, bone). Ultrasound images are created by sound
waves that are re¯ected back to the transducer by objects
or tissue components in the wave path. These re¯ected
sound waves are termed `̀ echoes.'' The detail of the
image (resolution) and the depth of ultrasound (US)
penetration into the tissue are a function of the ultra-
sound frequency. Low-frequency sound waves have an
increased tissue penetration capability, but image res-
olution is less de®ned. High-frequency sound waves
increase the image resolution, but the penetration
depth is much less. EUS employs frequencies between
5 and 20 MHz., with penetration depths ranging from
1 to 7 cm. In contrast, transabdominal ultrasound uti-
lizes lower frequency sound waves (2.5ÿ5.0 MHz) to
visualize more distant internal organs.

EQUIPMENT

EUS utilizes specialized endoscopes, called echoendo-
scopes, that incorporate ultrasound transducers on the
distal tip. There are two types of echoendoscopes, de-
®ned by the orientation of the ultrasound transmission
with respect to the shaft of the endoscope. The optical or
endoscopic image is generated from ®ber-optic or com-
puterized video technology.

Radial Scanning Echoendoscopes

The radial scanning echoendoscope uses a mechan-
ical rotating transducer that creates a 360o image in a
circular plane perpendicular to the shaft of the scope
(Fig. 1). A small balloon is placed over the transducer, so
that a water bath can be created to enhance US trans-
mission, or acoustic coupling. The viewing optics are
located just proximal to the transducer and are oriented
at a 60o oblique angle. Current radial echoendoscopes

(Fig. 2) have switchable ultrasound frequencies of 5,
7.5, 12 and 20 MHz. The 360o ultrasound image resem-
bles a computed tomography (CT) scan image.

A transverse array echoendoscope also exists; in this
system, an electronic transducer creates a 270o image in
a plane that is perpendicular to the shaft of the scope.
This instrument has forward-viewing optics and switch-
able frequencies (5, 7.5, and 10 MHz). Although current

FIGURE 1 Diagram of radial scanning echoendoscope show-

ing the US scanning plane perpendicular to the shaft of the scope.

Reproduced with permission from Rosch and Classen (1992).

FIGURE 2 The tip of the radial scanning echoendoscope.

Courtesy of Olympus America, Inc.
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experience with this instrument is limited, it appears to
be a promising addition to the EUS armamentarium.

Curved Linear Array Echoendoscopes

The curved linear array (linear) echoendoscope uses
an electronic transducer that scans sagitally in a narrow
viewing plane that is parallel to the shaft of the scope
(Fig. 3). The major advantage of the linear scanner is the
abilitytoperform®neneedleaspiration(FNA).Theneedle
exits the scope in the ultrasound plane, therefore it can
be sonographically visualized as it is advanced into a tar-
get lesion. Additionally, the linear scanner has Doppler
capability so that vascular structures can be identi®ed
and avoided during FNA. Two linear echoendoscope
models are available; one with switchable frequencies
between 5 and 7.5 MHz and a 120o scanning angle
(Fig. 4), and one with switchable frequencies between
5, 7.5, and 10 MHz and a 180o scanning angle (Fig. 5).

Miniprobes

Specialized high-frequency radial `̀ miniprobes'' are
available; these can be passed through the operating
channel of a standard endoscope to provide detailed
imaging of mucosal and other super®cial lesions. Avail-
able frequencies range from 12 to 30 MHz.

EUS PROCEDURE

In the vast majority of cases, EUS is performed as
an outpatient procedure using conscious sedation. If
a patient cannot be adequately sedated, then general
anesthesia is required to perform the exam. Depending
on the indication, the duration of the exam can range
from 10 to 90 minutes. The echoendoscope is intro-

duced through the mouth or anus and is maneuvered
to the area of interest. By positioning the ultrasound
transducer in certain locations within the digestive
tract, particular organs or structures may be viewed
in great detail. As sound waves are re¯ected by air, ex-
cess air within the gut lumen is continuously suctioned
through the scope. As previously mentioned, a small
balloon surrounds the transducer to allow for creation
of a water bath to enhance acoustic coupling. Addition-
ally, water can be instilled into the gut lumen to decrease
air artifact and enhance imaging.

EUS-GUIDED FINE
NEEDLE ASPIRATION

Utilizing linear array echoendoscopes, FNA can be per-
formed under real-time ultrasound guidance. Needle
devices (19, 22, or 25 gauge) can be passed down
the operating channel of the echoendoscope, and
when an abnormality has been targeted, the needle
can be advanced through the gut wall and into the lesion
under constant ultrasound guidance. Doppler analysis
is employed to ensure that the path of the needle is clear
of intervening blood vessels. Once the needle is in po-
sition, suction is applied and the needle is moved to and
fro within the lesion to obtain a cytologic sample. Slides
are prepared within the endoscopy room, and a cytol-
ogist provides immediate feedback on the sample. In
clinical practice, one to seven biopsies may be per-
formed to obtain the diagnosis. Both solid and cystic
lesions can be aspirated; cyst ¯uid is generally sent
for tumor marker analysis in addition to cytology.

FIGURE 3 Diagram of the linear array echoendoscope showing

the US scanning plane parallel to the shaft of the scope. Repro-

duced with permission from Rosch and Classen (1992).

FIGURE 4 Tip of a linear array echoendoscope with FNA

needle. Courtesy of Pentax Precision Instruments, Inc.
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The overall diagnostic yield for EUS-guided FNA is
77%. The complication rate (signi®cant bleeding) asso-
ciated with this technique is 1ÿ2%.

INDICATIONS FOR EUS

EUS is most commonly performed to diagnose and
stage malignancies of the gastrointestinal (GI) tract.
However, indications for this sophisticated procedure
continue to expand with improvement in technology.
Listed in Table I are the more common indications
for EUS.

Staging of Gastrointestinal Malignancies

The gastrointestinal wall is viewed in great detail as a
®ve- layer structure (Fig. 6), with the EUS layers cor-
responding to the histopathologic layers of the gut wall.
The ability to obtain such detailed wall layer imaging has
made EUS the most accurate staging modality for several

GI malignancies. Cancer survival correlates with the
stage of disease, and accurate staging directly guides
treatment, be it minimally invasive endoscopic therapy,
surgery with / without chemoradiation, or palliation
alone. The information obtained by EUS serves as a
cornerstone for this decision process.

The tumor/node/metastasis (TNM) staging system is
universally employed for cancer staging; tumor staging
(T stage) for luminal malignancies generally consists of
four different stages: T1, tumor extension limited to the
mucosa or submucosa; T2, tumor invades the muscula-
ris propria, but does not extend into the adventitia or
serosa; T3, tumor invades through the muscularis
propria into the adventitia or serosa; and T4, tumor
invades adjacent organs or major blood vessels.

Nodal (N) staging is represented by the presence
(N1) or absence (N0) of lymph node metastases. EUS
criteria have been developed to suggest malignant
lymphadenopathy: (1) size greater than 1 cm, (2)
round or oval shape, (3) hypoechoic echo pattern,
and (4) well-demarcated borders. If all four criteria
are met, accuracy rates for predicting lymph node me-
tastasis range from 70 to 80%. CT scanning is capable
only of evaluating lymph node size. EUS-guided FNA
of suspicious nodes further increases the accuracy to
approximately 90%.

Esophageal Cancer

EUS is the most accurate modality to determine the
locoregional stage of esophageal cancer. Because it is the
only modality that can actually delineate gut wall layers,
it can determine local tumor extension (T stage) with an
accuracy ranging from 76 to 89%. Node stage accuracy is
72ÿ80% for EUS using the established criteria. In com-
parison, the accuracy of computed tomography for
locoregional staging of esophageal cancer ranges from
50 to 60% (T stage) and 45 to 60% (N stage). Computed
tomography still remains invaluable as a staging modal-
ity, and should be the ®rst study performed after diag-
nosis to rule out distant metastases, the presence of
which signi®cantly changes management. Because
EUS has only limited depth penetration, it frequently
cannot determine the presence of distant metastases.
Many large centers are now using neoadjuvant chemo-
radiation for the treatment of locally advanced esoph-
ageal cancer. This decision is directly in¯uenced by EUS
evaluation.

Gastric Cancer

Surgical resection is the main treatment for gas-
tric cancer. Disease stage still re¯ects survival, and

TABLE I Indications for Endoscopic Ultrasounda

Staging of esophageal, gastric, and rectal cancer

Evaluation of abnormalities of the gastrointestinal wall or

adjacent structures (submucosal masses, extrinsic

compression)

Evaluation of thickened gastric folds

Diagnosis (FNA) and staging of pancreatic cancer

Evaluation of pancreatic abnormalities (suspected masses,

cystic lesions including pseudocysts, suspected chronic

pancreatitis)

Staging of ampullary neoplasms

Diagnosis and staging of cholangiocarcinoma

Evaluation of suspected choledocholithiasis

Celiac plexus neurolysis for chronic pain due to

intraabdominal malignancy or chronic pancreatitis

Staging of non-small-cell lung cancer (subcarinal and

posterior mediastinal lymph nodes)

Evaluation/diagnosis of posterior mediastinal masses

a Courtesy of the North Carolina Medical Journal.

FIGURE 5 Tip of a linear array echoendoscope with a stent

protruding from the operating channel. Courtesy of Olympus

America, Inc.
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historically, adjuvant chemotherapy has not improved
survival in gastric cancer. A new study has suggested a
modest survival bene®t using chemotherapy in a neo-
adjuvant fashion. EUS again remains a valuable tool in
guiding treatment decisions, speci®cally in the setting of
neoadjuvant protocols. Additionally, EUS can guide en-
doscopic mucosal resection (EMR) of super®cial can-
cers. The accuracy of EUS-determined T (92%) and N
(78%) stages is superior to that of CT scanning (42 and
48%, respectively).

Rectal Cancer

Patients with locally advanced rectal cancer (�T3,
or N1 disease) are best treated with neoadjuvant chemo-
radiation prior to surgical resection. Given the detailed
wall layer imaging achieved, EUS is well suited for
the staging of rectal cancer. The accuracy of T and
N staging is 84 and 84%, respectively. For super®cial
tumors (T1) without evidence of nodal disease, EUS can
direct transanal excision or endoscopic resection. EUS
does not play a role in colon cancer staging. There is
little impact on therapy, because treatment of colon
cancer is surgical resection with possible adjuvant che-
motherapy pending the pathologic stage.

Evaluation of the Pancreaticobiliary System

Originallydevelopedmore than20yearsagotobetter
image the pancreas, EUS has had a tremendous impact

on the diagnosis and evaluation of pancreatic pathology.
Given the anatomic relationships, placement of the
transducer within the duodenum and stomach allows
for detailed imaging of the pancreas and bile duct.

Pancreatic Cancer

EUS provides highly accurate staging information in
the evaluation of pancreatic cancer. In the absence of
distant metastases, EUS is used to assess resectability
based on local vascular invasion. EUS has an accuracy
rate on the order of 80ÿ95% and 65ÿ85% for T and N
staging of pancreatic cancer, respectively. New dual-
phase helical CT scanning is also quite accurate for
tumor and nodal staging (86 and 77%, respectively).
A major advantage of EUS is the ability to accurately
stage and diagnose via FNA a pancreatic mass in a single
procedure. Accuracy rates for EUS-guided FNA of pan-
creatic masses range between 85 and 95%. EUS is also
more sensitive in detecting small pancreatic tumors
52 cm in size, which can be missed by CT.

EUS-guided FNA offers several advantages over per-
cutaneous CT-guided biopsies. These include shorter
needle tracks (with less concern for peritoneal seeding),
smaller diameter needles, use of real-time color Doppler
analysis to avoid blood vessels, and better access to

FIGURE 7 Linear image of a small 2-cm hypoechoic tumor

(T) in the head of the pancreas. A biliary stent (white arrowheads)

is in the common bile duct, above a dilated pancreatic duct (PD).

Fine-needle aspiration reveals adenocarcinoma (white arrows, the

needle tip). Reprinted courtesy of the North Carolina Medical

Journal.

FIGURE 6 Radial image of the normal ®ve-layer structure of

the GI tract wall. Layer 1, super®cial mucosa (m); layer 2, deep

mucosa (m); layer 3, submucosa (sm); layer 4, muscularis propria

(mp); and layer 5, serosa/adventitia (s). Reprinted courtesy of the

North Carolina Medical Journal.
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smaller lesions (Fig 7). Additionally, small hepatic me-
tastases that may have been missed by CT can be
detected by EUS.

Neuroendocrine Tumors

Given its ability to detect small pancreatic lesions,
EUS is perhaps the most sensitive modality to localize
neuroendocrine tumors of the pancreas. Sensitivity for
detection of islet cell tumors ranges between 79 and
93%. Additionally, simultaneous FNA can be performed
for de®nitive diagnosis.

Cystic Lesions of the Pancreas

Pancreatic cysts are rare, but they are being discov-
ered more frequently due to increased utilization of CT.
On discovery, anxiety generally mounts due to the pos-
sibility of a premalignant cystic neoplasm. Previously,
the patient could be offered surgical resection or radio-
logic surveillance. Now, EUS is very helpful in charac-
terizing pancreatic cystic lesions, because morphologic
detail can be assessed and cyst ¯uid can be aspirated for
cytology and tumor markers. Cyst infection is a poten-
tial risk, and prophylactic antibiotics are warranted.

EUS evaluation of pancreatic pseudocysts is helpful
in guiding endoscopic drainage. The gastric wall can be
surveyed and marked for cyst gastrostomy. EUS guid-
ance can lower the risk of transgastric stent placement,
because blood vessels can be avoided.

Chronic Pancreatitis

The diagnosis of chronic pancreatitis is obvious in
the setting of parenchymal calci®cations or intraductal
stones as seen on abdominal radiograph, CT, or endo-
scopic retrograde cholangiopancreatography (ERCP).
These ®ndings are also easily seen on EUS. However,
there are patients with symptomatology suggestive of
chronic pancreatitis, yet imaging modalities are normal
or nondiagnostic. This cohort of patients may have early
or minimal-change chronic pancreatitis. EUS can accu-
rately assess for subtle parenchymal and ductal changes
in these patients. De®ned EUS criteria, which have been
correlated to excised pathologic specimens, exist for the
diagnosis of chronic pancreatitis. Histologic con®rma-
tion is the gold standard for the diagnosis of chronic
pancreatitis, and new needle systems are being devel-
oped that will allow for a core pancreatic biopsy via EUS
guidance.

Choledocholithiasis

EUS is an excellent modality to visualize the
biliary tract, given the proximity to the duodenal
bulb. EUS is superior in the detection of common
bile duct stones (choledocholithiasis) as compared to

CT and transabdominal US. This is particularly true in
patients with small stones and normal-caliber bile ducts.
The sensitivity for the detection of bile duct stones is
equivalent to that of endoscopic retrograde cholangio-
pancreatography (95%). Given the risk of pancreatitis
associated with ERCP, EUS can be helpful in evaluating
patients in whom there is a low suspicion for
choledocholithiasis. It is useful in evaluating pregnant
patients with suspected bile duct stones, because unnec-
essary fetal exposure to radiation can be avoided. EUS
cannot replace ERCP as the test of choice in patients
with a high suspicion of choledocholithiasis, because
ERCP can offer therapeutic removal of the stone.

Celiac Plexus Neurolysis

Celiac plexus neurolysis is a therapeutic application
of EUS. The celiac plexus cannot actually be visualized
by EUS, but its ganglia straddle the celiac trunk. Given
the ability to visualize the takeoff of the celiac trunk
from the aorta, anesthetic or neurolytic agents can be
injected with excellent localization and, therefore, min-
imal morbidity (Fig. 8). Injection of absolute alcohol has
proved effect in relieving the pain associated with pan-
creatic cancer. Temporary blocks using anesthetics and
steroids have been performed to decrease pain caused by
chronic pancreatitis. Results have been less promising,

FIGURE 8 Linear image representing celiac plexus neurolysis

in a patient with intractable pain from pancreatic cancer. The

needle tip (arrowhead) is seen at the takeoff of the celiac trunk

(CT) from the aorta (AO). Reprinted courtesy of the North

Carolina Medical Journal.
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but approximately 50% of patients do experience tran-
sient improvement in their pain.

Intramural Tumors and Extrinsic Compression

EUS can accurately distinguish between intra-
mural masses and extrinsic compression in the GI
tract. Intramural masses such as cysts, lipomas, and
stromal cell tumors have de®ning echo characteristics
and arise from characteristic gut wall layers. Foregut
duplication cysts appear as anechoic submucosal
cysts, whereas lipomas image as hyperechoic submuco-
sal masses. These are both benign entities. Gastrointes-
tinal stromal cell tumors (GISTs) are hypoechoic and
arise from the muscularis propria (Fig. 9). De®ned EUS
criteria that raise suspicion for malignancy can guide
recommendations for surgical resection. Extrinsic com-
pression of the GI lumen can result from normal organs
(liver, spleen), adjacent tumors, or cysts.

Lung Cancer Staging

The staging of non-small-cell lung cancer is an in-
dication for which EUS and FNA have proved very use-
ful. EUS is an excellent modality for imaging the
posterior mediastinum, therefore enlarged lymph
nodes can easily be sampled. The accuracy of diagnosing
malignant mediastinal lymph node involvement for CT-
and EUS-guided FNA ranges from 49 to 74% and 96 to

100%, respectively. EUS is able preferentially to access
the aortopulmonary (AP) window and subcarinal space
(American Thoracic Society stations 5 and 7). These are
the two most dif®cult stations to access with mediasti-
noscopy. EUS-guided FNA is most helpful in the
preoperative evaluation of patients with suspicious con-
tralateral mediastinal or bulky subcarinal lymph nodes,
because malignant involvement drastically alters man-
agement (Fig. 10). Some centers now consider EUS-
guided FNA as the technique of choice for sampling
the subcarinal space and AP window. Routinely, the
left adrenal gland is sought when staging lung cancer,
and adrenal metastases have been diagnosed via EUS-
guided FNA.

Evaluation of Mediastinal Masses

Mediastinal masses can be evaluated with EUS,
given the fact that the esophagus traverses the medias-
tinum. Posterior mediastinal masses are most easily
seen, because tracheal air artifact can obscure imaging
of superior and anterior mediastinal tumors. Posterior
mediastinal masses are amenable to EUS-guided FNA,
with an accuracy rate for a cytologic diagnosis of
83ÿ89%. As an outpatient procedure, this takes 20 to
30 minutes and requires conscious sedation only. It is
a cost-effective and minimally invasive alternative to
mediastinoscopy for posterior mediastinal mass
evaluation.

FIGURE 9 Radial image of a 15-� 14-mm round, well-demar-

cated hypoechoic mass arising from the muscularis propria (MP).

This ®nding is consistent with a gastrointestinal stromal tumor.

Reprinted courtesy of the North Carolina Medical Journal.

FIGURE 10 Radial image of two bulky subcarinal lymph

nodes (LN) in a patient with non-small-cell lung cancer (AO,

aorta). Reprinted courtesy of the North Carolina Medical Journal.
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LIMITATIONS OF EUS

Endoscopic ultrasound is not without its limitations.
Understaging of malignancies can occur due to micro-
scopic invasion that is not apparent on EUS examina-
tion. Perhaps the biggest drawback of EUS is the
inability, based on imaging alone, to distinguish be-
tween benign and malignant tissues, therefore oversta-
ging due to peritumor in¯ammation can occur.

EUS and EUS-guided FNA are technically challeng-
ing procedures that are operator dependent. Advanced
training in EUS is a requirement for pro®ciency in per-
forming this procedure. Additionally, the equipment is
quite costly, therefore, at this juncture, EUS tends to be
limited to academic medical centers.

SUMMARY

EUS has rapidly emerged as a valuable asset to the prac-
tice of gastroenterology. EUS accurately stages GI
malignancies, evaluates intramural tumors, and diag-
noses pancreatic cancer via FNA. Essentially, any
mass lesion in close proximity to the reach of the echo-
endoscope can be biopsied for diagnostic purposes. In-
terventional EUS currently incorporates celiac plexus
neurolysis and cyst gastrostomy, but this ®eld will likely
expand in the future to include EUS-guided radio-
frequency ablation and injection therapy (chemother-
apy, attenuated viruses) for the treatment of
gastrointestinal malignancies.
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Endoscopy, Complications of
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colonoscopy A ¯exible video (or ®ber-optic) endoscopy that

allows direct visualization of the lining of the rectum and

colon.

endoscopic retrograde cholangiopancreatography (ERCP)

An endoscopic procedure that permits detailed radi-

ological imaging of the pancreaticobiliary ductal system.

One can also perform interventional procedures during

ERCP such as removal of stones, placement of stents, and

tissue sampling.

endoscopic ultrasound An endoscopic technique that

utilizes an endoscope with an ultrasound probe at its

tip. This allows the physician to see beyond the

endoscopic image provided by standard endoscopes. It

is particularly useful for cancer staging.

esophagogastroduodenoscopy A ¯exible video (or ®ber-

optic) endoscopy that allows direct visualization of the

lining of the esophagus, stomach, and proximal

duodenum.

pancreatitis An in¯ammatory process in which pancreatic

enzymes autodigest the gland. It is a well-described

complication of endoscopic retrograde cholangiopan-

creatography.

percutaneous endoscopic gastrostomy (PEG) An endo-

scopic procedure during which a feeding tube is placed

between the stomach and the anterior abdominal wall to

allow for direct feeding into the stomach. The most

common indications for PEG tube placement are

neurologic conditions associated with impaired swallow-

ing and neoplasms of the oropharynx, larynx, and

esophagus.

polypectomy A procedure used to remove a polyp(s). If

polyps are detected during endoscopy, these will be

removed by passing a snare or biopsy forceps through

the endoscope and severing the attachment of the polyp

from the intestinal wall, sometimes with the use of

cautery.

There is a risk of complication with any endoscopic pro-

cedure, many of which are inherent to the techniques

used. It is critical that endoscopists be aware of the po-

tential complications with each endoscopic procedure

performed, that they know how to limit the chance of

such complications occurring, and that they recognize

and treat complications when they arise. In this article,

some general complications applicable to all gastrointes-

tinal endoscopy are described. This is followed by a more

detailed overview of the risks associated with diagnostic

and therapeutic upper gastrointestinal endoscopy,

colonoscopy, endoscopic retrograde cholangiopancrea-

tography, and endoscopic ultrasound.

GENERAL COMPLICATIONS

Complications of Conscious Sedation

Gastrointestinal (GI) endoscopy is performed under
conscious sedation in the United States and many parts
of Europe. The most common practice is to use intra-
venous doses of benzodiazepines, usually midazolam,
and opiates such as meperidine (demerol) or fentanyl.
However, morbidity rates of 1:200 to 1:2000, and occa-
sional mortality, usually due to cardiorespiratory com-
plications, have been reported using these agents. Thus,
the American Society of Anesthesiologists (ASA) and
the American Society of Gastrointestinal Endoscopy
(ASGE) devised more formal practice guidelines for
conscious sedation that included the use of supplemen-
tal oxygen and revised dosing guidelines recommending
titration of sedative medications rather than bolus doses.

Midazolam is a good agent to use for endoscopy as it
has both anxiolytic and amnestic effects, but its use also
results in residual sedative effects and anterograde am-
nesia. Propofol (2,6-diisopropyl phenol), an intrave-
nous anesthetic agent often used with other agents
for delivery of general anesthesia, can be used in
lower doses to induce conscious sedation. For this latter
indication, propofol has some advantages over benzo-
diazepines and opiates such as shorter half-life and
quicker hepatic clearance, resulting in quicker recovery
from sedation and less hangover effects. However, there
is signi®cant debate regarding the safety of propofol use
by personnel who are not anesthesiologists. For exam-
ple, signi®cant respiratory depression can occur during
propofol-induced conscious sedation and one can in-
hibit the gag and cough re¯exes at higher doses. It is
also important to be aware that, unlike the benzodiaz-
epines, propofol has no speci®c antagonist that can be
employed to reverse its effects.

In general, whichever conscious sedation protocol
is used, one needs to be aware of the risk of respiratory
depression, aspiration, hypotension, paradoxical
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agitation, and anaphylaxis. Special care should be taken
in the very young and elderly.

Cardiopulmonary Complications
during Endoscopy

Most of the cardiopulmonary complications during
endoscopy are medication related, as described above.
However, some of these complications can be attributed
to vagal- or sympathetic-mediated changes associated
with endoscopy. Simple arrhythmias, such as sinus
tachycardia, and transient hypoxia are common during
endoscopy. Current guidelines recommend that supple-
mental oxygen and pulse oximetry are used throughout
endoscopy. It has also been suggested by some that
capnography be used to detect early respiratory
depression, especially if propofol is used, but the
place of capnography in endoscopic practice remains
to be determined. Cardiac ischemia is rare after endo-
scopy and recent myocardial infarction is not a contra-
indication to endoscopy. However, one should consider
each such case individually. Tachydysrhythmias and
heart block should be treated before endoscopy, when-
ever possible.

Complications of Topical
Oropharyngeal Medication

Topical oropharyngeal anesthesia is used routinely
by many endoscopists for upper GI endoscopy. Topical
lignocaine and benzocaine are used most commonly
and usually are safe. However, topical anesthesia can
increase the risk of aspiration as the gag re¯ex is
suppressed. One needs to be aware of this, particularly
if there are signi®cant amounts of blood or food in the
stomach. In addition, there have been a limited number
of reports of methemoglobinemia induced by topical
anesthesia, a condition treated by use of supplemental
oxygen and intravenous methylene blue.

Consent

Commonly occurring complications of endoscopy
should be discussed with the patient prior to endoscopy
when gaining informed consent.

InfectionÐGeneral Comments

Infectious complications of endoscopy can result
from the procedure itself or from contaminated equip-
ment. Risk of infection is higher with particular endo-
scopic techniques, particularly therapeutic procedures,
and this is discussed in the relevant sections below.
Transient bacteremia may occur after endoscopic pro-
cedures but the risk of infective endocarditis or other

infectious complications is low. ASGE guidelines for the
use of antibiotic prophylaxis for endoscopy include
high-risk patients (such as those with prosthetic heart
valves, synthetic vascular grafts, history of endocarditis)
undergoing high-risk procedures [such as sclero-
therapy, stricture dilation, or endoscopic retrograde
cholangiopancreatography (ERCP) in the setting of bil-
iary obstruction]. It also appears that transmission of
infection from the endoscope to the patient is rare. This
is a concern, especially in the era of human immuno-
de®ciency virus, hepatitis C, and other viruses. How-
ever, although iatrogenic infection transmitted by
endoscope has been shown for several bacteria, includ-
ing Pseudomonas, Salmonella, and Helicobacter pylori,
there is little convincing evidence of viral transmission.
If published guidelines on cleaning and disinfection
of endoscopic equipment are followed, the risk of
infection is low.

UPPER GASTROINTESTINAL
ENDOSCOPY

Diagnostic upper GI endoscopy is very safe, with an
overall complication rate of less than 0.1%. However,
although rare, aspiration and perforation during upper
GI endoscopy can be fatal. Most of the complications
associated with upper GI endoscopy result from
intervention.

Perforation

This is a rare but potentially serious complication
of diagnostic upper GI endoscopy. Perforation rates
are as low as 1 in 5000. Perforation is particularly
concerning in the debilitated and elderly. It is more
common in the presence of certain predisposing factors
such as Zencker's diverticulum, esophageal stricture
and malignancy, and anterior cervical osteophytes. Per-
foration of the esophagus has a particularly high mor-
tality, at approximately 25% overall, with mortality
higher for perforation of the intrathoracic esophagus.
Perforation in the cervical esophagus is more common
with rigid esophagoscopy. Upper gastrointestinal per-
forations present with pain and one or more of the fol-
lowing symptoms: pleuritic chest pain, leukocytosis,
fever, and surgical emphysema. Any perforation related
to endoscopy is best managed in cooperation with
surgeons.

Bleeding

Signi®cant bleeding is a rare complication of diag-
nostic upper GI endoscopy, even in the setting of
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coagulopathy or thrombocytopenia. However, signi®-
cant coagulopathy and severe thrombocytopenia should
be corrected before biopsies are taken. MalloryÿWeiss
tears occur rarely (50.01%) during routine upper en-
doscopy and are usually related to struggling and
retching during the procedure.

Complications of Hemostatic Procedures

Injection Therapy

Epinephrine, at a dilution of 1:10,000, is the most
commonly used injection agent for the treatment of
bleeding peptic ulcers. This is a safe practice overall,
with no reports of perforation but tissue necrosis and
ulceration at the site of injection may occur. Epineph-
rine injection directly into a blood vessel can cause
transient tachycardia, which usually resolves within
30ÿ60 s. The risk of complications is higher if sclero-
sants are used but this practice is becoming less
common.

Thermal Hemostasis

Hemostasis of bleeding peptic lesions can be
achieved using thermal methods such as bipolar or mul-
tipolar electrocoagulation or the heater probe. These are
fairly safe hemostatic methods as the low-powered ther-
mal energy causes tissue desiccation rather than vapor-
ization. For example, the perforation rate for multipolar
electrocoagulation is reported to be between 0 and 2%.
Bleeding may also occur during delivery of therapy, but
this is rarely signi®cant. Another problem with these
probes is tissue sticking as coagulum builds up. Re-
peated cleaning by removal of the probe or with the
water jet may be necessary; this probably lessens the
chance of posttreatment bleeding as the probe does
not adhere to the treatment site. Repeat thermo-
coagulation within 24ÿ48 h may be associated with
an increased perforation rate and is best avoided.

Laser Hemostasis

Delivery of heat to a site of bleeding or potential
bleeding by the Nd:YAG laser causes tissue erosion.
Theoretically, this should result in a higher rate of per-
foration than for the other thermal methods described
above, but this does not appear to translate into signif-
icant risk in clinical practice.

Treatment of Varices

The two main techniques for treatment of esopha-
geal varices are endoscopic sclerotherapy and banding.
Sclerotherapy has an overall signi®cant complication
rate between 20 and 40%, with a mortality of up to
2%. Risks of sclerotherapy include esophageal perfora-

tion, ulceration, stricture, and motility disturbances.
Less common complications include spinal cord paral-
ysis, pneumothorax, bacteremia, and pleural effusion. If
sclerotherapy is performed, a second session should not
be performed earlier than 7 days after initial treatment,
as this appears to lessen the risk of ulceration. The re-
cent literature favors the use of band ligation on grounds
of clinical ef®cacy and safety. The overall complication
rate for banding is approximately half that of sclerother-
apy. In particular, the rate of stricture formation and
ulceration is much lower with banding.

Complications of Dilation Procedures

Esophageal dilation is relatively safe but can be com-
plicated by perforation. Overall, the risk of perforation
is less than 1%, but the rate depends upon whether
dilation is performed for benign strictures, malignant
strictures, or achalasia. For dilation of benign esopha-
geal strictures, there appears to be no difference in the
rate of perforation whether balloon dilators or wire-
guided polyvinyl dilators (such as Savary-Gilliard) are
used; blind use of Maloney dilators does increase the
risk of perforation and this practice should be discour-
aged. For achalasia, the risk of perforation after pneu-
matic balloon dilation is approximately 5%, although
there is evidence that a graded-dilation technique may
limit this risk. Dilation of malignant strictures results in
perforation in perhaps up to 10% of cases.

For patients with pyloric outlet obstruction caused
by benign pyloric stenosis, balloon dilation carries a
perforation rate between 0 and 6% and is comparable
in safety to wire-guided push-type dilators. However,
a high stenosis recurrence rate suggests that this
procedure should be reserved for patients of high
surgical risk.

Esophageal Stenting

This procedure is performed for palliation of malig-
nant strictures. Originally, use of rigid Silastic plastic
stents resulted in a complication rate of approximately
20%, with risk of bleeding, perforation, tumor ingrowth,
and stent migration. These risks are signi®cantly
less with the more recent practice of using expandable
metal stents.

Treatment of Esophageal Malignancies

There are several endoscopic options for debulking
esophageal tumors. Injection with sclerosants such
as 95% ethanol using a sclerotherapy needle is effective
but there is a risk of extensive tissue necrosis, predis-
posing to perforation and mediastinitis. This is more
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likely with injections over 10 ml in volume. All of the
thermal energy delivery methods described above for
treatment of hemostasis (heater probe, bipolar/multipo-
lar coagulation, and laser therapy) have been used for
tumor ablation; it is reported that perforation and ®stula
development may occur in up to 10% of cases. Photo-
dynamic therapy (PDT) is a technique that is being used
in both tumor destruction and ablation of Barrett's mu-
cosa. In theory, targeted tumor therapy is achieved using
PDT as malignant tissue preferentially concentrates the
photosensitizer given prior to treatment. However, per-
foration, bleeding, ®stula, and stricture development
have all been reported with this technique. Patients
should be warned about the risk of cutaneous photo-
sensitivity after ingesting photosensitizers.

Foreign Body Retrieval

Food boluses that become impacted in the esopha-
gus can often be gently pushed into the stomach using
the tip of the endoscope, but sometimes they must be
removed. A particular concern is loss of the bolus in the
region of the larynx. Use of an overtube limits the risk of
aspiration, but carries a risk of perforation and bleeding.
Papain-based enzyme preparations to tenderize meat
boluses can result in severe pulmonary complications
and should never be used. Sharp objects should be re-
moved using an overtube or a sleeve over the end of the
endoscope. Irregular, hard, or sharp foreign bodies
(e.g., dental plate) should be removed by rigid esoph-
agoscopy, usually under general anesthesia, otherwise
there is a signi®cant risk of perforation and bleeding on
foreign body removal. One should also resist the temp-
tation to attempt endoscopic removal of condoms or
plastic bags containing narcotics, as these are easily
ruptured with disastrous consequences. Surgical re-
moval is the only safe option.

Percutaneous Endoscopic Gastrostomy

Percutaneous endoscopic gastrostomy (PEG) is a
technique used increasingly for the delivery of nutri-
tional support to a range of patients. It is an excellent
feeding option in many neurological conditions and also
allows bowel decompression proximal to any malignant
intestinal obstruction. However, major complications
are reported in 2.7% of cases and minor complications
in up to 7% of cases. The mortality rate for this proce-
dure is approximately 0.7%.

The major complications of PEG tube placement
include perforation, aspiration, hemorrhage, peritoni-
tis, and gastrocolic ®stula. Aspiration is the most com-
monly reported PEG complication, probably due to the

underlying neurological defect with poor or absent oro-
pharyngeal re¯exes, delayed gastric emptying, and re-
¯ux of feeds. Taking certain feeding precautions, such as
elevation of the head during feeding, will limit the risk of
aspiration. Peritonitis can occur if the gastrostomy tube
becomes dislodged, if there is an unrecognized perfo-
ration, or if there is leakage of stomach contents into the
peritoneal cavity around the stoma site. A through-the-
tube water-soluble contrast study will aid in the diag-
nosis and management of PEG tube leaks. Potential in-
fectious complications of PEG tube placement include
wound infection and necrotizing fasciitis. Use of pro-
phylactic antibiotics signi®cantly reduces the risk of
stomal infections. Necrotizing fasciitis is a concern in
patients with diabetes mellitus, alcoholism, malnutri-
tion, and those who are immunosuppressed. Occasion-
ally, one may puncture the colon during PEG tube
placement, if there is a loop of colon anterior to the
stomach, resulting in a gastrocolocutaneous ®stula. Mi-
gration of the feeding tube and impaction in the abdom-
inal wall (`̀ buried bumper syndrome'') can occur if there
is signi®cant traction on the internal bumper, resulting
in mucosal ulceration and eventual erosion through the
mucosa. Once the ®stulous tract is mature, loosening of
the external bumper will help prevent this complica-
tion. There have been reports of development of metas-
tases at the PEG insertion site, raising concern that
placement of a PEG tube using the oropharyngeal
route in patients with oropharyngeal cancers may facil-
itate metastasis. A direct introducer method may be
preferable in these cases, if the primary tumor cannot
be removed.

ENDOSCOPIC RETROGRADE
CHOLANGIOPANCREATOGRAPHY

Endoscopic retrograde cholangiopancreatography
carries many of the risks associated with all endoscopic
techniques as well as having complications particular
to this technique. Risks speci®c to instrumentation
of the pancreaticobiliary system include pancreatitis,
cholangitis, bleeding, retroduodenal perforation, and
stent dysfunction.

Pancreatitis

The serum amylase level is elevated in up to 50% or
more of asymptomatic patients after ERCP, but the clin-
ical syndrome of post-ERCP pancreatitis occurs in only
3ÿ10% of cases on average. In the majority of cases,
post-ERCP pancreatitis is mild and self-limiting but
it can be severe (Fig. 1) and occasionally fatal. Factors
that appear to increase the risk of pancreatitis include
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over®lling or acinarization of the pancreatic paren-
chyma, multiple cannulations of the pancreatic duct,
endoscopic sphincterotomy, and manometry (risk of
pancreatitis as high as 20%). Measures that show prom-
ise in preventing post-ERCP pancreatitis are still under
investigation but there are some encouraging early data
regarding the prophylactic use of the protease inhibitor,
gabexate (not currently available in the United States),
intravenous somatostatin (or its synthetic analogue,
octreotide), and interleukin-10, and the placement of
pancreatic stents.

Bleeding

Sphincterotomy can cause signi®cant bleeding
(Fig. 2). The incidence of complications after sphinc-
terotomy ranges from 5 to 10% (9.8% in the Freeman
multicenter study). In particular, uncontrolled (or `̀ zip-
per'') cuts predispose to bleeding. Fortunately, bleeding
from a sphincterotomy site is more often venous than
arterial. It is rare for a patient to require a blood trans-
fusion after a sphincterotomy bleed, possibly because of
the widespread use of blended rather than pure-cut cur-
rent. If bleeding occurs when the cannulotome is still in
the duct, one can often achieve hemostasis with a brief
application of coagulation current. If oozing continues,
¯ushing the site with dilute epinephrine solution may
arrest bleeding, but injection of epinephrine into the
sphincterotomy site may be required. Using an in¯ated
stone-extraction balloon to tamponade the site may also
be effective. If bleeding persists and it proves impossible
to deliver local therapy, celiac angiography with
subsequent embolization of the offending vessel should
be performed but, in some cases, surgery is necessary.
Delayed bleeding is a rare but potentially serious
complication of sphincterotomy, particularly as many

patients are discharged home within hours of ERCP.
Rarely, ERCP may provoke hemobilia from trauma to
friable hilar tumors or a guide-wire penetrating the bile
duct wall, creating a biliovenous ®stula.

Perforation

Perforation can occur with any endoscopic proce-
dure as described earlier. During ERCP, perforation is
associated with sphincterotomy. However, the risk is
still low, at less than 1% of sphincterotomies. In this
setting, perforations are usually retroduodenal (Fig. 3)
but can occasionally communicate with the peritoneal
cavity. The risk of perforation is greater the larger
the sphincterotomy (Fig. 4) and the more the cut devi-
ates from the axis of the bile duct. The risk of perfora-
tion may be even greater if a precut papillotomy is
performed.

Retroduodenal perforation may be recognized dur-
ing the procedure as a diffuse leak of contrast behind the
duodenum, but it is not uncommon to miss this at the
time of ERCP as they are often small. The radiologic
appearances are often subtle. Patients may take several
hours or even days to develop abdominal pain, elevated
white count, and fever, suggestive of occult sepsis. One
should be especially suspicious of perforation if a pa-
tient, behaving as if he or she has post-ERCP pancrea-
titis, has a normal serum amylase. Most retroduodenal

FIGURE 1 CT scan of the abdomen showing severe post-

ERCP pancreatitis.

FIGURE 2 A case of postsphincterotomy bleeding. Reprinted

from Baillie, J. (1992). `̀ Gastrointestinal Endoscopy: Basic Princi-

ples and Practice.'' Butterworth-Heinemann, Oxford, UK, with

permission.
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perforations can be managed conservatively, although
percutaneous or surgical drainage is required if a retro-
peritoneal abscess develops.

Sepsis

Cholangitis is a particular concern if ERCP is per-
formed in patients with biliary obstruction. Sepsis after
ERCP can be fatal. Patients with biliary obstruction
should be given broad-spectrum antibiotics prior to in-
strumentation. The risk of signi®cant post-ERCP sepsis
can be decreased by avoiding injection of large volumes
of contrast into an obstructed bile duct. Aspirating bile
before injecting contrast should be encouraged in all
cases. It is critical to relieve biliary obstruction if con-
trast has been injected, whether that is by removal of
stones, stenting in cases of tumor or retained stones, or
placement of a nasobiliary drain. If none of these mea-
sures is successful, percutaneous or surgical drainage
should be performed as soon as practically possible, and
certainly within 48 h, or earlier if possible. The patient
should be kept on intravenous antibiotics until adequate
biliary drainage is achieved.

Pathogenic organisms may be introduced by the
unsuspected use of contaminated duodenoscopes
and catheters. One should be alerted to this possibility
of iatrogenic infection when Serratia or Pseudomonas

species are cultured from bile or blood after ERCP.
Thorough disinfection of all instruments used at
ERCP and a regular review of infection control practices
is indicated. A series of cases involving the same organ-
ism in particular raises concern regarding the possibility
of endoscope contamination.

Occasionally, patients may develop acute cholecys-
titis after ERCP. This may occur within the ®rst 10 days
or so, but more commonly it is delayed months or even
years. Inability of the gallbladder to contract and clear
bacteria that re¯ux into the biliary system after
sphincterotomy or stent placement is a possible
cause. Standard management of acute cholecystitis
should be employed.

Stenting

Polyethylene stents placed during ERCP commonly
occlude or kink, causing stent failure. Stent occlusion is
felt to be due to clogging with sludge and bacterial in-
fection may play a part in this. In addition, plastic stents
occasionally migrate from their original position. Com-
plications such as these result in the need for repeated
procedures. Placement of self-expanding metal stents
appears to result in fewer stent failures but careful
patient selection is critical. Metal stents should only
be used to palliate malignant strictures. They are

FIGURE 3 A retroperitoneal perforation after endoscopic

sphincterotomy. A, air outside the bile duct wall (free air);

E, retroduodenal extravasation of contrast; BD, common bile

duct containing contrast. Reprinted from Baillie, J. (1992).

`̀ Gastrointestinal Endoscopy: Basic Principles and Practice.''

Butterworth-Heinemann, Oxford, UK, with permission.

FIGURE 4 Papillotomy in progress. The cut may proceed

across the hooding fold (H) but the transverse fold (T) is often

the upper limit for a safe papillotomy. Reprinted from Baillie, J.

(1992). `̀ Gastrointestinal Endoscopy: Basic Principles and Prac-

tice.'' Butterworth-Heinemann, Oxford, UK, with permission.
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cost-effective only if the patient's projected survival is
greater than 2 months.

COLONOSCOPY

Overall, colonoscopy carries a complication rate of ap-
proximately 0.1%, with a mortality rate between 0.008
and 0.02%. The risk of a complication is increased in the
setting of interventional procedures such as poly-
pectomy. The main risks of colonoscopy are bleeding
and perforation.

Perforation

This is the most feared of colonoscopic complica-
tions. It occurs in approximately 0.05% of examina-
tions. Perforation can be either a mechanical or a
pneumatic injury. Signi®cant forces are often exerted
on the bowel wall by a colonoscope and occasionally
these forces can result in a transmural tear. Advancing
the colonoscope forcibly through a loop can over-
come the compliance of the colon (Fig. 5). During di-
agnostic procedures, this most commonly occurs in the
rectosigmoid area. The practice of `̀ sliding by'' in the
sigmoid colon has also been reported to increase the risk
of perforation. Mechanical perforation can also occur

with use of biopsy forceps (particularly in the cecum)
and polypectomy or dilation (see below). Pneumatic
perforation is less common than mechanical perforation
but can occur (usually on the anti-mesenteric aspect of
the colon), especially with excessive insuf¯ation of the
colon proximal to a stricture (Fig. 6).

Bleeding

Hemorrhage is the most common serious complica-
tion of colonoscopy. Hemorrhage occurs in approxi-
mately 0.02% of diagnostic colonoscopies, with this
®gure rising to 1.6% if polypectomy is performed. Bleed-
ing may be immediate or delayed. Immediate bleeding
after biopsy or polypectomy usually ceases spontane-
ously but occasionally, especially after polypectomy has
beenperformedwithsuboptimalcoagulationofthepolyp
stalk, local measures to arrest bleeding are necessary.
These measures include injection of epinephrine, elec-
trocoagulation, or placement of endoscopic clips. More
rarely, angiography with embolization or surgery is re-
quired to achieve hemostasis. Delayed bleeding (up to 1
month after the procedure) occurs either after sloughing
of the eschar formed by coagulation or when the initial
mucosal `̀ injury'' erodes over time into a deeper blood
vessel. Reversal of anticoagulation or correction of a
known coagulopathy prior to the procedure will

FIGURE 5 Linear tear (perforation) of the sigmoid colon

caused by excessive force used to advance through a loop. Re-

printed from Baillie, J. (1992). `̀ Gastrointestinal Endoscopy: Basic

Principles and Practice.'' Butterworth-Heinemann, Oxford, UK,

with permission.

FIGURE 6 Pneumatic perforation of the colon. The site of

perforation (P) is proximal to a stricture (S) that cannot be

negotiated by the colonoscope. Reprinted from Baillie, J. (1992).

`̀ Gastrointestinal Endoscopy: Basic Principles and Practice.''

Butterworth-Heinemann, Oxford, UK.
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obviously decrease the incidence of signi®cant bleeding,
as will discontinuation of aspirin (ASA) and NSAIDs
that impair platelet function. Patients should be advised
to avoid ASA and NSAIDs for 7ÿ10 days after colono-
scopic polypectomy.

Complications of Bowel Preparation

Poor bowel preparation often leads to inability to
reach the cecum or, even if the cecum is reached,
poor visualization of the mucosa. Thus, pathology
may be missed, repeat examinations may be scheduled
at earlier intervals than otherwise planned, and the pro-
cedure is more dif®cult and often more time-consuming
to perform. In addition, poor bowel preparation can
increase the risk of signi®cant complications. The en-
doscope may inadvertently be introduced into diverti-
cula obscured by feces. Perforation resulting from this or
from other maneuvers has graver consequences in the
setting of inadequate bowel preparation, as there is in-
creased risk of peritoneal contamination. A rare compli-
cation that should never occur these days is combustion
of bowel gases when electrocautery is used in the setting
of inadequate bowel preparation (i.e., residual feces).

The two predominant bowel cleansing regimens
currently employed involve the use of polyethylene
glycol-electrolyte lavage solutions or oral sodium phos-
phate. Sodium phosphate is the more easily completed
preparation and may be preferable in patients without
comorbidities such as renal insuf®ciency or congestive
cardiac failure that preclude the safe use of sodium
phosphate.

Postpolypectomy Syndromes

Postpolypectomy coagulation syndrome (otherwise
known as transmural burn or serositis) presents with
abdominal pain, fever, and leukocytosis but no evidence
of free perforation. It is more common after removal of
sessile rather than pedunculated polyps. It is a reaction
to thermal damage to the colonic wall deep to the sub-
mucosa; it usually settles spontaneously but keeping the
patient nil by mouth and using broad-spectrum antibi-
otics are recommended measures.

Microperforation of the colon is also recognized
as a complication of polypectomy. This is essentially
an intermediate between the deep thermal damage
as described above and `̀ free'' perforation in which
there is escape of bowel contents and frank peritonitis.
Most cases of microperforation do well with con-
servative management. If the patient does not improve
signi®cantly within 24 h, the possibility of more
extensive perforation and the need for surgery should
be considered.

Tattooing

There have been some concerns about the safety of
injection of India ink to label colonic lesions or poly-
pectomy sites, as it appears to promote histological in-
¯ammation. There have been a few reports of abscesses
and perforation but, overall, it appears that as long as
small volumes of sterile ink are used, colonic tattooing is
relatively safe.

ENDOSCOPIC ULTRASOUND

Endoscopic ultrasound (EUS) carries the same general
risks of all endoscopic procedures such as perfora-
tion, bleeding, and sedation reactions. One procedure
increasingly used during EUS is that of EUS-guided ®ne-
needle aspiration (FNA). EUSÿFNA is usually per-
formed using linear-array echoendoscopes as the whole
length of the needle can be seen in real time. EUS-guided
FNA using linear array has a complication rate less than
1%. FNA is possible using radial array systems but is
technically more dif®cult, carries a higher complication
rate for bleeding and perforation, and is not recom-
mended. A recent study described a low complication
rate (0.5%) for FNA of solid lesions but a higher rate of
14% for FNA of cystic lesions, predominantly due to
infectious or hemorrhagic events after puncturing cystic
lesions. Prophylactic antibiotics should be given for
FNA of cystic lesions. The theoretical risk of tumor
seeding has not yet been reported.

Another problem with EUS and staging of esopha-
geal cancers arises with advanced and stenotic lesions.
It may prove impossible to advance the EUS probe
through the stenosis and in this situation some authors
have suggested dilating the stricture to allow for EUS
evaluation. Although an increased incidence of perfo-
ration has been reported, study results vary and it now
appears to be safe if general principles of esophageal
dilation are applied.

CONCLUSION

There have been a great number of advances in the
®elds of diagnostic and therapeutic gastrointestinal en-
doscopy over the last number of years. Although these
techniques have contributed greatly to diagnosis and
disease treatment, there are attendant complications,
some of which are common to all endoscopic techniques
and others are associated with particular endoscopic
interventions. Undoubtedly, with the advances in
interventional EUS, endoscopic fundoplication, and
widespread colorectal cancer screening, there will be
an increasing number of endoscopies performed.
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Being aware of the types of complications that may arise,
and their early recognition, is a standard to which all
endoscopists should adhere.
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disease-speci®c formula An enteral formula designed to treat

a speci®c disease.

enteral formula The nutrition product delivered via tube

into the stomach or intestines. Usually, the formula is

synthesized commercially from ®xed ingredients. Rarely,

the formula may consist of blenderized food.

enteral nutrition The provision of nutrition and nutrients

directly by tube into the gastrointestinal tract, bypassing

normal eating mechanisms.

immune-enhancing formula An enteral formula with added

substrates (often arginine, o-3 fatty acids, ribonucleic

acids, and glutamine). Such formulas are postulated to

enhance intestinal immune function.

parenteral nutrition The provision of nutrients directly into

the venous side of the vascular system.

predigested formula An enteral formula consisting of

amino acids and/or short peptides and/or hydrolyzed

protein plus simple sugars plus minimal fat. These

products are ®ber-free and require less digestion by the

gastrointestinal system, but still require intact intestinal

absorptive function.

Enteral nutrition is the provision of nutrients directly

into the gastrointestinal tract via a tube. As such, it is non-

voluntary, or nonvolitional, and is regarded as a substitute

for eating in individuals with functional gastrointestinal

tracts, but who cannot eat for a variety of reasons. Many

commercial nutritional products are available for gastro-

intestinal infusion. However, enteral nutrition is an inva-

sive technology associated with a degree of risk.

INTRODUCTION

Enteral nutrition involves direct access to the gas-
trointestinal tract with a tubeÐthat is, there is bodily
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invasion. Although usually considered equivalent to
eating, enteral nutrition differs from simple eating:

� Enteral nutrition bypasses normal eating mechanisms
of smell, taste, chewing, and swallowing as well as the
cephalic phase of digestion.

� Enteral formulas are usually ®xed, de®ned, and
unvaried, as opposed to the wide variety of nutrients
in food.

� Enteral feeding is involuntary, or nonvolitional, and
often delivered continuously, as opposed to the in-
termittent and voluntary intake of oral food.

� Enteral nutrition is associated with risks and
complications.

This article will focus on tubes and access to the
gastrointestinal tract, types of enteral formulas, indica-
tions, complications, and drugÿformula interactions.

ACCESS AND TUBES

Access into the gastrointestinal tract is generally
through the nose or through the abdominal wall.
Tubes through the nose may be placed into the stomach
(nasogastric) or beyond the pylorus into the proximal
small intestine (nasointestinal or nasoenteric). Passage
of tubes into the stomach is usually done `̀ blindly.'' Al-
though intestinal passage may be done blindly at the
bedside, more often nasointestinal tubes are passed with
the assistance of gastrointestinal endoscopy or ¯uoros-
copy. The use of nasoenteric tubes is somewhat contro-
versial, as it is not clear that the clinical outcome is
always enhanced or that complications are prevented.
Additionally, nasoenteric passage is more dif®cult and
costly and the tubes often are displaced into the stom-
ach. As opposed to the stiff polyvinyl chloride compo-
sition of traditional large-bore (5ÿ6 mm) nasogastric
tubes, nasogastric and nasoenteric feeding tubes are
usually manufactured from polyurethane and are
narrower (2ÿ4 mm), are softer, and have a larger pro-
portional internal diameter. Tubes placed through the
abdominal wall may go into the stomach (gastrostomy),
through the stomach into the jejunum (jejuno-gastro-
stomy), or directly into the jejunum (jejunostomy).
Currently, the most common technique for direct ab-
dominal wall insertion is via a percutaneous approach
using gastroendoscopic guidance. Percutaneous inser-
tion may be achieved also with radiologic guidance.
Open or laparoscopic surgical insertion of tubes also
occurs. Gastrostomy and jejunostomy tubes are usually
of larger diameter (6ÿ10 mm) than nasogastric or
nasointestinal tubes, are composed of silicone, and

are more ¯exible. These tubes are designed to be
more permanent than those used through the nose,
but may deteriorate over time.

ENTERAL FORMULAS

A host of enteral formulas exist.Table I lists important
differentiating features that can be used for the selection
and administration of enteral feeding products.

INDICATIONS

It is generally assumed that enteral nutrition is the same
as eating, but this is not necessarily true, as enteral
formulas are not the same as food and delivery may
result in complications. Additionally, there are some
data indicating that enteral formulas may not have
the same effect on gastrointestinal function and struc-
ture as real food. Because of the difference between food
and enteral formulas and because of the risk involved
from inserted tubes, enteral nutrition should be thought
of as an invasive medical intervention with potential
bene®ts and risks.

Since prolonged starvation is not considered bene-
®cial, enteral nutrition may be initiated in clinical sit-
uations in which normal eating is not possible for at least
a week, in which there is possible and safe access to a
functional gastrointestinal tract, and in which there is a
clinical condition for which prolonged nonvolitional
feeding is thought to provide a bene®t.

Prospective clinical trials have suggested bene®t
from enteral nutrition after hip fractures. Enteral
nutrition appears to be better than placebo for primary
treatment of Crohn's disease (regional enteritis), but is
not as good as corticosteroids. Enteral nutrition appears
to be associated with less infectious morbidity after
acute abdominal trauma and in acute pancreatitis
when compared to parenteral intravenous feeding.
Nonvolitional enteral feeding with `̀ immune-enhanc-
ing'' formulas may also result in less infectious morbid-
ity in certain clinical situations. Increasing evidence
indicates that gastrostomy feeding provides no bene®t
for patients with dementia of the Alzheimer's type. Some
patients recovering from strokes have enhanced reha-
bilitation when gastrostomy feeding is added to total
care. Gastrostomy or jejunostomy feedings may im-
prove response to therapy in patients with head and
neck or esophageal carcinomas and may provide palli-
ation for selected individuals with advanced, but not
terminal obstructing cancers.
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COMPLICATIONS

Complications from nasogastric or nasoenteric feeding
tube insertion include the following: inadvertent
passage through the tracheobronchial tree into the
lungs (resulting in pneumonia, pneumothorax, or
hydropneumothorax), esophageal perforation, laryn-
geal injury, and even cranial insertion. Nasogastric
and nasoenteric tubes often `̀ fall'' out or are pulled
out by patients, resulting in a `̀ nuisance'' need to reinsert
the tube with the repeated potential for insertion-related
complications and the need for additional chest X rays to
assess proper placement. Complications from indwell-
ing nasoenteric feeding tubes include nasal alar pressure
necrosis, sinusitis and otitis, and esophageal stricture.
Major complications from percutaneous gastrostomy or
jejunostomy insertion may occur in 5ÿ10% of inser-
tions and include the following: death, bleeding, esoph-
ageal laceration or perforation, gastric and colonic
perforation, liver laceration, cellulitis, peritonitis, nec-
rotizing fasciitis, exit site leakage, migration of tubes out
of the stomach into the peritoneal cavity, and migration
of balloon gastrostomy tubes into the pylorus causing
gastric outlet obstruction. Enteral formula delivery-re-
lated complications include the following: pulmonary
aspiration and aspiration pneumonia (gastrostomy and
jejunostomy do not reduce the risk of aspiration), in-
travenous administration of formula, tube occlusion,
glucose and electrolyte abnormalities, and dehydration
from `̀ concentrated, free-water-removed'' formulas.
When the intestine is normal, diarrhea is generally
not a complication related to enteral formulas, but more

likely results from concomitant medication administra-
tion, antibiotic-associated diarrhea, Clostridium dif®cile
colitis, liquid medications formulated with sorbitol, in-
testinal `̀ failure'' in the intensive care unit as part of
multiorgan failure, and rarely, bacterial contamination
of the enteral product consequent to a prolonged `̀ hang-
time'' at room temperature or inappropriate handling.

Nutrition support teams, composed of multidisci-
plinary health care professionals with expertise in the
delivery of enteral and parenteral nutrition, reduce
complications associated with enteral nutrition.

DRUGÿNUTRIENT INTERACTIONS

Solid pills generally do not go through narrow feeding
tubes and medications often are not formulated to be
delivered directly into the jejunum. For these and
other reasons, it is necessary to be cognizant of
some basic issues surrounding the administration of
medications via feeding tubes. Ideally, only medica-
tions available in liquid form should be administered
through a feeding tube. Even if in liquid form, if the tube
is in the small intestines, it should be ascertained that
the liquid formulation is safe to infuse directly into the
small bowel. Often, solid medications are `̀ crushed'' for
delivery through a feeding tube. Protocols should be
followed to safely liquefy solid medications. Medica-
tions formulated in delayed-release form should not
be crushed for feeding delivery, as crushing will nullify
the sustained release mechanisms and may result in

TABLE I Considerations in Enteral Nutrition Formula Composition

Water Origin Macronutrient content Added substrates Disease speci®ca

Suf®cient free water

(1 kcal/cc formulas)

vs concentrated

formulas with free

water removed

(1� ÿ2 kcal/cc)b

Blenderized whole

foodc vs de®ned

nutrient substrates

Intact protein vs

amino acids

and/or peptidesd

Complex carbohydrates

vs simple sugarsd

`̀ Normal'' fat

content vs

reduced fat

�/ÿ medium-

chain triglyceridesd

Lactose-freee

Soluble ®ber

`̀ Immune-enhancing''

nutrients: o-3 fatty acids,

RNA, arginine,

�/ÿ glu- tamine

Modules of protein,

carbohydrate, or fat

can be added prior to

patient administration

to increase protein or

energy content

Liver

Pulmonary

Renal

Diabetes

Critical care

a Formula substrates are modi®ed to `̀ treat'' various disease states; there is little documentation that these modi®cations provide clinical bene®t.
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gastrointestinal tract toxicity or excessive delivery of
medication.

With respect to several speci®c medications, Dilan-
tin (phenytoin) is inactivated by enteral nutrition for-
mulas and must be administered with tube feeding
`̀ turned off.'' The vitamin K content in enteral products
may alter anti-coagulation responses to Coumadin.
Sucralfate- and ®ber-containing formulas can produce
esophageal, gastric, and intestinal bezoars with com-
plete obstruction.

See Also the Following Articles

Gastrostomy � Nutritional Assessment � Parenteral

Nutrition � Percutaneous Endoscopic Gastronomy (PEG)
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AH-type enteric neuron Identi®ed by specialized electrical

behavior that includes long-lasting after-hyperpolarizing

potentials associated with its action potentials and

Dogiel Type II neuron morphology.

Auerbach's plexus Another name for the myenteric plexus of

the enteric nervous system.

Dogiel Type I neurons Enteric neurons with multiple short

dendrites and a single long axon.

Dogiel Type II neurons Multipolar enteric neurons with

smooth cell bodies and multiple long and short processes

in a variety of con®gurations.

Meissner's plexus Another name for the submucosal plexus

of the enteric nervous system.

myenteric plexus Ganglionated plexus of the enteric nervous

system, positioned between longitudinal and circular

muscle coats of the intestine.

S-type enteric neuron Identi®ed by specialized electrical

behavior that includes elevated excitability and the

universal presence of fast excitatory postsynaptic poten-

tials and Dogiel Type I neuron morphology.

submucosal plexus Ganglionated plexus of the enteric

nervous system positioned between the circular muscle

coat and mucosa of the intestine.

The sympathetic, parasympathetic, and enteric divisions

of the autonomic nervous system make-up the autonomic

innervation of the digestive tract. The enteric division,

i.e., the enteric nervous system, functions as a `̀ brain''

in the gut. It can be construed as a minibrain placed

close to the effector systems it controls. Rather than pack-

ing the 2� 108 neurons required for control of gut func-

tions into the skull as part of the brain, and relying on

signal transmission over long, unreliable pathways to the

gut, natural selection has distributed the integrative neu-

ral networks along the gut at the site of the effectors.

INTRODUCTION

The enteric nervous system (ENS) controls effector
systems of the digestive tract, consisting of the muscu-
lature, secretory glands, and blood vessels. As in the
central nervous system, circuits at the effector sites
have evolved as an organized array of different kinds
of neurons interconnected by chemical synapses. Func-
tion in the circuits is determined by generation of action
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potentials within single neurons and chemical transmis-
sion of information at the points of contact (i.e.,
synapses) between neurons. Action potentials transmit
coded information from one region of the neuron to
another. Synapses at the boundaries transform the ac-
tion potential codes into chemical codes. Action poten-
tial codes arriving in the presynaptic neuronal terminals
are transformed to chemical signals for transmission
across the synapse and are then retransformed as action
potentials in the postsynaptic neurons. Postsynaptic
neurons integrate large numbers of synaptic inputs
and represent the fundamental component in the com-
putation and processing of neural information.

The enteric microcircuits in the various specialized
regions of the digestive tract are wired with large num-
bers of neurons and synaptic sites where information
processing occurs. Multisite computation generates
output behavior from the integrated circuits that
could not be predicted from properties of their individ-
ual neurons and synapses. Emergence of complex be-
haviors is a fundamental property of the neural
networks of the ENS, in the same way as in the brain
and spinal cord.

As in the brain and spinal cord, the enteric circuitry
processes information and generates patterns of signals
that determine the timing and sequence of behavior of
the muscles and other effector systems. Processing of
information in the circuits is a function whereby com-
putation of input signals results in output to the effec-
tors that is a meaningful transform of the input. Like
electronic calculators, which receive numbers as input
and calculate outputs according to speci®c equations
preprogrammed into the circuits, the neural circuits
receive sensory signals and compute outputs that con-
trol behavior of the effectors in ways adapted for overall
performance of the specialized regions of gut.

Processing of sensory signals is one of the major
functions of the ENS neural networks. The sensory sig-
nals are generated by sensory nerve endings and coded
in the form of action potentials. The code may represent
the status of an effector system (e.g., tension in a muscle)
or may signal a change in a parameter in the environ-
ment, such as luminal acidity. Sensory signals are deci-
phered by the neural networks to generate output
signals that initiate homeostatic adjustments in the be-
havior of the effector system.

MYENTERIC AND
SUBMUCOSAL PLEXUSES

The ENS consists of ganglia, primary interganglionic
®ber tracts, and secondary and tertiary ®ber projections
to the effector systems (i.e., musculature, glands, and

blood vessels). Two ganglionated plexuses are the most
obvious structures of the ENS (Fig. 1). The myenteric
plexus, also known as Auerbach's plexus, is located
between the longitudinal and circular muscle layers
of most of the digestive tract. The submucosal plexus,
also known as Meissner's plexus, is situated in the sub-
mucosal region between the circular muscle and mu-
cosa. The submucosal plexus is most prominent as a
ganglionated network in the small and large intestine.
It does not exist as a ganglionated plexus in the esoph-
agus and is sparse in the submucosal space of the stom-
ach. In larger mammals (e.g., humans), the intestinal
submucosal plexus consists of an inner submucosal net-
work (Meissner's plexus) located at the serosal side of
the muscularis mucosae and an outer plexus (Schaba-
dasch's plexus) adjacent to the luminal side of the cir-
cular muscle coat. In human small and large intestine, a
third intermediate plexus lies between Meissner's and
Schabadasch's plexus.

Most motor innervation of the intestinal circular
and longitudinal muscle coats originates from motor
neurons that have their cell bodies in the myenteric
plexus. Motor innervation of the intestinal secretory
glands (i.e., crypts of LieberkuÈ hn) and villi originates
in the submucosal plexus. Neurons in submucosal
ganglia send ®bers to the myenteric plexus and also
receive synaptic input from axons projecting from the
myenteric plexus. The interconnections link the two
networks into a functionally integrated nervous system.

Structure, function, and neurochemistry of enteric
ganglia differ from those of other autonomic ganglia.
Unlike most sympathetic or parasympathetic auto-
nomic ganglia, for which function is mainly relay-dis-
tribution centers for signals transmitted from the brain

FIGURE 1 Structural relations of the intestinal musculature

and the enteric nervous system. Longitudinal and circular muscle

coats are the main components of the musculature involved in

propulsive motility. Ganglia and interganglionic ®ber tracts of the

myenteric and submucosal plexuses are the main constituents of

the enteric nervous system. The myenteric plexus is situated be-

tween the circular and longitudinal muscle coats; the submucous

plexus is between the mucosa and circular muscle coat.
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and spinal cord, enteric ganglia are interconnected to
form a nervous system with mechanisms for integration
and processing of information like those found in the
brain and spinal cord. In view of this, the ENS is some-
times referred to as `̀ the brain-in-the-gut.''

HEURISTIC MODEL OF THE ENS

The heuristic model for the ENS is the same as for the
brain and spinal cord (Fig. 2). In fact, the ENS has as
many neurons as the spinal cord. Like the central ner-
vous system, sensory neurons, interneurons, and motor
neurons are connected synaptically for ¯ow of informa-
tion from sensory neurons, to interneuronal integrative
networks, to motor neurons, to effector systems. The
ENS organizes and coordinates the activity of each ef-
fector system into meaningful behavior of the integrated
organ. It is integrated with the central nervous system
and bidirectional communication occurs between the
centers in the central nervous system and the ENS.

NEURONAL TYPES

Dogiel Types I and II are the principal morphological
classes of neurons in the ENS. The German neuroanat-
omist, A. S. Dogiel, described two morphological types
of enteric ganglion cells that have been named for him.
These two types are each distributed in both myenteric
and submucosal plexuses. Both types of neurons are
distributed in a two-dimensional plane (i.e., the cell
bodies are not stacked one on the other). This may

adapt the ENS for the changing forces within the gut
wall experienced during contraction of the musculature
or stretching of the wall as the hollow organs ®ll.

Dogiel Type I neurons have cell bodies with many
short processes and a single long process (Fig. 3). These
are ¯at neurons with the processes extending from the
cell body in the circumferential and longitudinal planes
of the wall. The short processes are dendrites, which
receive synaptic input; the long process is an axon. The
axon of Dogiel Type I neurons projects for relatively
long distances through interganglionic ®ber tracts
and many rows of ganglia. Still, the projections are

FIGURE 2 Sensory neurons, interneurons, and motor neurons

are synaptically interconnected to form the integrated microcir-

cuits of the enteric nervous system. Like the central nervous

system, sensory neurons, interneurons, and motor neurons are

connected synaptically for ¯ow of information from sensory neu-

rons to interneuronal integrative networks, to motor neurons, to

effector systems. The enteric nervous system organizes and coor-

dinates the activity of each effector system into meaningful be-

havior of the whole organ. Bidirectional communication occurs

between the central and the enteric nervous system.

FIGURE 3 Dogiel Type I and Type II morphologies represent

the major neurons in the enteric nervous system. (A) Dogiel mor-

phologic Type I neuron in the submucosal plexus of the small

intestine of the guinea pig. Dogiel Type I neurons have multiple

short dendrites at the edges of the cell body and a single axon.

(B) Dogiel morphologic Type II neuron in the myenteric plexus of

the guinea pig small intestine. Dogiel Type II neurons have mul-

tiple long processes of variable length that ramify throughout the

ganglion and into interganglionic ®ber tracts. These neurons were

marked by the injection of biocytin from micropipettes that also

served as recording microelectrodes.
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not long in absolute length; the longest known projec-
tions of any enteric ganglion cell are only about 2ÿ3 cm.
Dogiel I neurons projecting in a speci®c direction may
express a speci®c neurotransmitter. Aborally projecting
Dogiel I axons release nitric oxide and vasoactive intes-
tinal polypeptide as neurotransmitters; those projecting
in the oral direction release substance P and acetylcho-
line. Some of the Dogiel Type I neurons are motor neu-
rons to the musculature and secretory epithelium;
others are interneurons.

The cell bodies of ENS neurons with Dogiel Type II
morphology have smooth surfaces with long and short
processes arising in a variety of con®gurations (Fig. 3).
The long processes may extend through interganglionic
®ber tracts across several rows of ganglia in either the
circumferential direction, oral direction or aborally.
Shorter processes may only project within the home
ganglion. Almost all Dogiel Type II neurons in the
myenteric plexus project a process to the submucosa/
mucosa. Dogiel Type II processes in the mucosal regions
are ®red by mechanical and chemical stimulation of the
mucosa. Dogiel Type II neurons are involved at an early
stage in the handling of sensory information, as well as
interneuronal functions in the microcircuits of the ENS.
They express the neurotransmitters, substance P and
acetylcholine.

ELECTRICAL BEHAVIOR OF NEURONS

Intracellular microelectrodes are used to record the
electrical and synaptic behavior of enteric neurons in
preparations removed from the various organs of the
digestive tract. Differences in electrical and synaptic
behavior are a basis for classi®cation of enteric neurons
into two main subgroups, AH type and S type. The
S-type neurons were ®rst identi®ed on the basis of nearly
universal occurrence of fast excitatory postsynaptic po-
tentials and the AH-type neurons were identi®ed based
on the occurrence of long-lasting after-hyperpolariza-
tion associated with the action potential (see Figs. 4
and 5). Electrophysiological behavior of the AH type
is found mainly in enteric neurons with Dogiel Type
II morphology, and S-type behavior is found mainly in
Dogiel Type I neurons.

Repetitive action potential discharge always can
occur in S type; repetitive discharge generally does
not occur in AH-type enteric neurons (Fig. 4). Mem-
brane excitability is higher in S-type as compared to AH-
type enteric neurons. The S-type neurons ®re repeti-
tively during the intraneuronal injection of long-dura-
tion depolarizing current pulses through the recording
microelectrode. The frequency of the repetitive spike
discharge increases in proportion to the amplitude of

the depolarization produced by the injected pulses. The
AH-type neurons do not ®re repetitively during sus-
tained membrane depolarization when they are in a
resting state. Irrespective of the strength of a depolar-
izing pulse, these neurons ®re only one or two spikes at
the onset of the pulse. During slow synaptic excitation
(see Fig. 5), AH neurons become hyperexcitable and ®re
repetitively like S-type neurons.

In the guinea pig, which is the most commonly stud-
ied model, the occurrence of AH-type neurons is limited
to the gastric antrum and small and large intestine. The
S-type neurons are found throughout the digestive tract,
including gastric corpus and antrum, gall bladder,
esophagus, and pancreas.

NEUROTRANSMISSION

Synaptic events in the ENS are basically the same as in
the brain and spinal cord. Excitatory postsynaptic po-
tentials, inhibitory postsynaptic potentials, and pre-
synaptic inhibition and facilitation are the principal
synaptic events in the enteric minibrain. Both slow

FIGURE 4 Enteric neurons are classi®ed as S-type 1 or AH-

type 2 based on their electrophysiologic behavior. (A) An

AH-type 2 neuron that had low excitability, as re¯ected by dis-

charge of only a single action potential during intraneuronal in-

jection of a 200-msec depolarizing current pulse. (B) An S-type 1

neuron that had relatively high excitability, as re¯ected by repet-

itive discharge of action potentials during intraneuronal injection

of a 200-msec depolarizing current pulse. The bottom traces in A

and B show the current pulses and the top traces show the neu-

ronal responses to the depolarizing current pulses. (C) The AH-

type 2 neurons are characterized by long-lasting membrane hy-

perpolarization (i.e., after-hyperpolarization) following the dis-

charge of an action potential.
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and fast synaptic mechanisms are operational. Fast
synaptic potentials have durations in the millisecond
range; slow synaptic potentials last for several seconds
or minutes. Fast synaptic potentials are usually excit-
atory postsynaptic potentials. The slow synaptic events
may be either excitatory postsynaptic potentials or in-
hibitory postsynaptic potentials.

Fast Excitatory Postsynaptic Potentials

Fast excitatory postsynaptic potentials are mem-
brane depolarizations with durations less than
50 msec (Fig. 5). They are found at synapses in ENS
microcircuits in myenteric and submucosal plexuses,
where they are most prominent in neurons with S-
type electrical behavior in all of the specialized organs
of the digestive tract. Most of the fast excitatory post-
synaptic potentials are mediated by acetylcholine at nic-
otinic postsynaptic receptors. The actions of serotonin
at the serotonergic receptor subtype 3 and of purine

nucleotides at P2X purinergic receptors behave much
like fast excitatory postsynaptic potentials.

Slow Excitatory Postsynaptic Potentials

Slow excitatory postsynaptic potentials are involved
in neurotransmission in both the myenteric and submu-
cosal plexuses and in both AH- and S-type neurons.
They are most dramatic in Dogiel morphologic Type
II neurons with AH-type electrophysiologic behavior
when conversion from hypo- to hyperexcitability is in-
volved. Neurons with slow excitatory synaptic inputs
are found in the small and large intestine and gastric
antrum, but not the gastric corpus or gallbladder. They
seem to be associated with specialized regions in which
propulsive motility is a signi®cant function.

Slowly activating membrane depolarization con-
tinuing for several seconds to minutes after termination
of release of the neurotransmitter from the presynaptic
terminal identi®es slow excitatory postsynaptic poten-
tials (EPSPs) (Fig. 5). Enhanced excitability, re¯ected
by long-lasting trains of impulses, is the hallmark of
slow excitatory postsynaptic neurotransmission. En-
hanced excitability is apparent experimentally as repet-
itive spike discharge during depolarizing current pulses.
The AH-type neurons, which ®re only a single spike at
the beginning of a depolarizing current pulse in the
inactivated state, will ®re repetitively in response to
depolarizing pulses when the slow EPSP is in effect.
When activated by slow synaptic inputs, behavior of
AH-type neurons is much like that of S-type neurons
and may be confused as such, if the AH-type neurons
happen to be in an activated state due to ongoing release
of the transmitter. Postspike hyperpolarization in AH-
type neurons is suppressed during slow excitatory neu-
rotransmission. Suppression of the after-hyperpolariza-
tion is part of the mechanism that permits repetitive
spike discharge at increased frequencies during the en-
hanced state of excitability.

Slow excitatory postsynaptic potentials are a mech-
anism for long-lasting activation or inhibition of gastro-
intestinal effector systems. The prolonged neuronal
®ring during a slow excitatory postsynaptic potential
drives the release of neurotransmitter from the neuron's
axon for the duration of the spike discharge. Prolonged
inhibition, or excitation at neuronal synapses in the
processing circuits and at neuroeffector junctions, is
the functional outcome of slow synaptic excitation.
This governs the functional behavior of the effector
systems. Compared to twitches of skeletal muscles, con-
tractile responses of the gut musculature are sluggish
events that last for several seconds from start to
completion. The prolonged trainlike ®ring during

FIGURE 5 Fast and slow excitatory postsynaptic potentials

(EPSPs) and slow inhibitory postsynaptic potentials (IPSPs) are

the main kinds of synaptic potentials in enteric neurons. (A) Two

fast EPSPs were evoked by successive stimuli and are shown as

superimposed records. Only one of the EPSPs reached threshold

for discharge of an action potential. The time course of the EPSPs is

in the millisecond range. The fast EPSPs were evoked by single

electrical shocks applied to the axon that formed the synapse with

the recorded neuron. (B) Slow IPSP evoked by stimulation of an

inhibitory input to the neuron. This is a hyperpolarizing synaptic

potential that will suppress excitability (i.e., decrease probability

of action potential discharge), as compared with enhanced excit-

ability during slow EPSPs. (C) Slow EPSP evoked by repetitive

electrical stimulation of the synaptic input to the neuron. Slowly

activating depolarization of the membrane potential continues for

more than 2 min after termination of the stimulus. Repetitive

discharge of action potentials re¯ects enhanced neuronal excit-

ability during the slow EPSP.
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slow excitatory postsynaptic potentials is the neural
correlate of long-lasting excitatory or inhibitory re-
sponses of the muscle groups in the functioning gastro-
intestinal tract. Prolonged secretory responses in the
intestinal crypts are also related to the sustained ®ring
during slow synaptic excitation.

Several messenger substances found in neurons, en-
docrine cells, or immune cells of the brain and gut
mimic slow EPSPs when applied experimentally to en-
teric neurons. Receptors for more than one of the mes-
senger substances may be present on the same neuron.
The current list of substances (and their receptor
subtypes, in parentheses) includes the following
compounds: (1) acetylcholine (muscarinic M1), (2)
cholecystokinin (A), (3) bombesin, (4) calcitonin
gene-related peptide, (5) thyrotropin releasing hor-
mone, (6) 5-hydroxytryptamine (5-HT1P), (7)
norepinephrine, (8) pituitary adenylate cyclase activat-
ing peptide, (9) interleukin-1b, (10) tumor necrosis
factor, (11) adenosine (A2), (12) histamine (H2),
(13) vasoactive intestinal peptide, (14) cerulein, (15)
gastrin-releasing peptide, (16) tachykinins (NK3 and
NK1), (17) corticotropin releasing hormone, (18) g-
aminobutyric acid, (19) motilin, (20) glutamate
(group I metabotropic), (21) interleukin-6, (22) plate-
let-activating factor, and (23) bradykinin (B2).

Slow Inhibitory Postsynaptic Potentials

Slow inhibitory postsynaptic potentials are
hyperpolarizing synaptic potentials found in neurons
in both myenteric and submucosal plexuses of the
small and large intestine and in myenteric neurons of
the gastric antrum. Slow inhibitory postsynaptic poten-
tials activate relatively slowly and continue for several
seconds after termination of the stimulation (Fig. 5).
The characteristics of slow synaptic inhibition are
inverse to those of slow synaptic excitation in that
hyperpolarization instead of depolarization of the
membrane potential occurs (e.g., a change from ÿ50

toÿ75 mV). Hyperpolarization of the membrane poten-
tial decreases excitability and the probability that the
neuron will ®re impulses. Inhibitory postsynaptic po-
tentials are more readily demonstrated in the submu-
cous than in the myenteric plexus of animal
preparations.

Several putative neurotransmitters evoke responses
similar to slow inhibitory postsynaptic potentials when
experimentally applied to enteric neurons. Some of
these substances are peptides, others are purine com-
pounds, and another is norepinephrine. Receptors for
two or more of these substances may be localized to the
cell body of the same neuron. Substances (and their
receptor subtypes, in parentheses) that may be found
in enteroendocrine cells, as well as in enteric neurons,
include (1) acetylcholine, (2) 5-hydroxytryptamine
(5-HT1A), (3) neurotensin, (4) somatostatin, (5)
adenosine (A1), (6) nociceptin, (7) opioid peptides,
(8) norepinephrine (a2), (9) cholecystokinin, (10)
ATP, and (11) galanin. These substances, which are
present both in the brain and in the gastrointestinal
tract, simulate slow synaptic inhibition when applied
experimentally to enteric neurons.
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chromogranin A protein present in cellular storage granules

or vesicles containing bioactive amines such as histamine

and norepinephrine.

enterochromaf®n-like (ECL) cells Neuroendocrine cells in

the gastric epithelium that control the peripheral

regulation of acid secretion by releasing histamine as a

paracrine stimulant.

enterochromaf®n-like (ECL) cell carcinoid A tumor of

gastric ECL cells that usually does not metastasize, but

can in®ltrate into deeper layers of the gastric wall.

Elevated plasma gastrin levels (hypergastrinemia) play a

crucial role in the development of these tumors.

gastrin Gastrointestinal hormone released from G cells in the

gastrin antrum in response to food.

histamine Paracrine regulator derived from the amino acid

histidine.

pituitary adenylate cyclase-activating peptide A neuropep-

tide present in the vagal nerve endings innervating the

gastric mucosa.

Enterochromaf®n-like cells are neuroendocrine cells in

the gastric mucosa that control acid secretion by releasing

histamine as a paracrine stimulant. Their name derives

from their resemblance to chromaf®n cells, which stain

with chromium salts. They also synthesize and secrete

other biogenic amines.

PHYSIOLOGY

During food intake, endocrine and neural signals
such as gastrin and PACAP (pituitary adenylate cy-
clase-activating peptide), which directly stimulate en-
terochromaf®n-like (ECL) function, are released.
Gastrin is released from antral G cells in response to
meal stimulation, reaches the ECL cell via the systemic
circulation, and binds to cholecystokinin-B (CCK-B;
gastrin) receptors on ECL cells. PACAP is a neural me-
diator and is released from neural endings of the vagus
nerve that are activated during the cephalic as well as
gastric phases of digestion. Stimulation of ECL cells
induces both secretion of histamine and its synthesis,
the latter through transcriptional regulation of the
histidine decarboxylase gene, which codes for the

enzyme that converts histamine to histidine. Prolonged
stimulation of ECL cells can lead to cell growth and
division.

Secretion of histamine by ECL cell stimulation is
mediated by a rise in intracellular calcium resulting
from the release of intracellular stored calcium and
entry of calcium across the plasma membrane from ex-
tracellular ¯uid. L-type voltage-gated calcium channels
are activated upon stimulation by gastrin. Blockage of L-
type channels can decrease histamine release. K� and
Clÿ channels have also been identi®ed in gastric ECL
cells and act to maintain the intracellular negative mem-
brane potential at ÿ60 mV. Histamine available for se-
cretion in ECL cells is stored in membrane-bound
vesicles. V-type ATPases transport protons into these
vesicles to maintain a low pH. The proton gradient
serves to energize vesicular monoamine transporters
of subtype 2, which mediate the uptake of histamine
into the vesicles. Secretion occurs by exocytosis and
involves interacting proteins on the vesicle and the
plasma membrane. In addition to histamine, the secre-
tory vesicles contain peptides of the chromogranin fam-
ily, including pancreostatin, that have been used as
histological markers for the presence of ECL cells and
to assess the number of ECL cells. Furthermore, circu-
lating pancreostatin has been used as a functional
marker for ECL cell secretion.

PATHOPHYSIOLOGY

The gastric mucosa is frequently infected with
Helicobacter pylori, leading to elevated mucosal levels
of pro-in¯ammatory cytokines such as tumor necrosis
factor a (TNFa) or interleukin 1 b (IL-1b). These pro-
in¯ammatory cytokines inhibit the secretory response
of ECL cells and prevent de novo histamine synthesis.
Furthermore, IL-1b and TNFa can induce ECL cell
apoptosis. These ®ndings may explain the clinical ob-
servations that H. pylori-positive patients with or with-
out duodenal ulceration have signi®cantly lower gastric
histamine concentrations and histidine decarboxylase
activity than H. pylori-negative subjects. Part of the

Encyclopedia of Gastroenterology 707 Copyright 2004, Elsevier (USA). All rights reserved.



inhibitory response may be mediated by the release of
prostaglandin E2 from ECL cells, which in turn prevents
histamine secretion from this cell type.

TUMORIGENESIS: ECL
CELL CARCINOIDS

The distribution of the vesicular monoamintransporters
in embryonal and adult cells suggests that ECL cells
arise from cells within the neural crest. ECL cell growth
is differentially regulated from other gastric epithelial or
parietal cells that derive from gastric mucosal stem cells.
Most importantly, the life cycle and the proliferative
response are directly controlled by the antral hormone
gastrin, which stimulates the proliferation of ECL cells.
Hypergastrinemia is observed during conditions of gas-
tric mucosal atrophy, such as autoimmune gastritis
(AIG). The destruction of mucosal cells during AIG
can therefore be associated with tumors of ECL cells
(type 1 ECL cell carcinoids). In contrast, type 2
carcinoids are associated with multiple endocrine neo-
plasia and type 3 carcinoids occur sporadically. The
development of carcinoids during AIG has not been
explored; however, it appears that hypergastrinemia
may increase the production of growth factors such
as epidermal growth factor or basic ®broblast growth
factor in ECL cells, which in turn prevents ECL cell
apoptosis and favors the persistence and proliferation
of ECL cells in the chronically in¯amed gastric mucosa.
Furthermore, mutations of the CCK-B receptor
with continuous intrinsic activity may play a role in
this tumorigenesis.

TREATMENT OF CARCINOIDS

Endoscopic resection can be performed to dissect car-
cinoid tumors; however, gastric antrectomy may be the
treatment of choice to remove the gastrin-producing

cells and to close this vicious cycle of achlorhydria,
hypergastrinemia, and the resulting proliferation and
carcinogenesis of ECL cells. Future research may pro-
vide speci®c, long-acting CCK-B receptor antagonists in
order to prevent gastrin activity and to enable medical
treatment of these tumors.

See Also the Following Articles

Exocytosis � Gastric Acid Secretion � Gastrin � Pituitary

Adenylate Cyclase Activating Peptide (PACAP)
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Enteroglucagon
JENS JUUL HOLST

University of Copenhagen

differential processing Formation of different processing

products from the same prohormone in different

tissues.

dipeptidyl peptidase IV A proteolytic enzyme occurring in

the plasma membranes of many cells, including vascular

endothelial cells, as well as in a soluble form in plasma. It

is responsible for rapid inactivation of the glucagon-like

peptides 1 and 2.

enterogastrones Gastrointestinal hormones that inhibit

gastric motility and /or secretion.

ileal brake An endocrine mechanism, elicited by the

presence of nutrients in the ileum, that causes inhibition

of upper gastrointestinal secretion and /or motility.

incretin hormones Insulinotropic intestinal hormones re-

sponsible for enhanced insulin secretion after oral as

opposed to intravenous glucose administration.

L cells The endocrine cell type in the intestinal mucosa that

expresses the glucagon gene and secretes the

proglucagon-derived peptides.

proglucagon-derived peptides Secreted products of proglu-

cagon processing, including those from the pancreas

(glicentin-related pancreatic polypeptide, glucagon, and

major proglucagon fragment) and those from the gut

(glicentin, oxyntomodulin, and glucagon-like peptides 1

and 2).

prohormone The biosynthetic precursor for a peptide/

protein hormone. By cleavage of the prohormone, the

mature hormone is produced.

prohormone convertases Enzymes responsible for the

proteolytic processing (cleavage) of prohormones.

Enteroglucagon derives its name from the fact that the

gene encoding the hormone glucagon is expressed not

only in the pancreas but also in the gut. However, here

the gene products (peptides) differ from those produced

in the pancreas and the main products are the glucagon-

like peptides 1 and 2.

HISTORY AND CHEMISTRY

The hormone glucagon was discovered in 1923 as a
hyperglycemic substance derived from the pancreatic
islets. However, in 1948 it was found that a similar
hyperglycemic substance could be extracted from
the gastric mucosa. Subsequent immunochemical
studies con®rmed the existence of `̀ glucagon-like

immunoreactivity'' in gut extracts and detailed studies
revealed that a speci®c, open (i.e., with apical cytoplas-
mic processes reaching the gut lumen) endocrine cell
type, designated the L cell, was responsible for the im-
munoreactivity. A large number of reports from the
1970s and early 1980s contained descriptions of the
secretion of `̀ enteroglucagon,'' particularly after the in-
troduction of radioimmunoassays that could distin-
guish pancreatic glucagon from the `̀ total'' glucagon
immunoreactivity in plasma. By subtraction, one ob-
tained enteroglucagon [also called `̀ gut glucagon'' or
`̀ gut GLI'' (gut glucagon-like immunoreactivity)]. It
was soon established that enteroglucagon was itself het-
erogeneous and composed of at least two components,
complicating the interpretation of the results. Eventu-
ally, the two main components were puri®ed from in-
testinal extracts and sequenced. The larger component
was named glicentin, `̀ gli-'' for `̀ glucagon-like
imunoreactivity'' and `̀ -cent-'' because it was originally
thought to be composed of 100 amino acid residues.
Eventually, it was discovered to consist of only 69
amino acids. Residues 33 to 61 corresponded exactly
to the sequence of pancreatic glucagon. The smaller
form was called `̀ oxyntomodulin'' and corresponded
to glucagon plus the same 8 additional amino acids at
the C-terminus as in glicentin; it was therefore consid-
ered to be a fragment of glicentin (see Fig. 1). Because of
the presence of the entire glucagon sequence, it was
assumed that glicentin might actually represent, if not
the entire biosynthetic precursor of glucagon (known as
`̀ proglucagon''; glicentin was too small), then at least a
fragment thereof. This notion was supported by the
discovery in pancreatic extracts of a peptide that corre-
sponded exactly to residues 1ÿ30 of glicentin and was
secreted in parallel with glucagon. This could also sug-
gest that the intestinal and pancreatic glucagons could
be products of the same gene. This turned out to be the
case. In 1983, the sequence of mammalian proglucagon
was deduced from a hamster islet cDNA library and
subsequently the human gene was cloned and se-
quenced (see Fig. 1). The human proglucagon sequence
included from the N-terminus the full glicentin
sequence (in which the glucagon sequence occupies
positions 33ÿ61) and in addition contained two
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glucagon-like sequences (designated glucagon-like
peptides 1 and 2), ¯anked by pairs of basic amino
acids (typical cleavage sites for prohormone processing
enzymes, the so-called convertases) and occupying po-
sitions 72ÿ108 and 126ÿ160. Further studies con-
®rmed that in mammals only a single gene could be
identi®ed and, furthermore, that only a single mRNA
was produced in gut and pancreatic tissues (this is quite
unlike the situation in birds and ®sh). The different pro-
teins generated in the alpha cells of the pancreas and the
L cells of the gut therefore had to result from differential
processingof theprohormone in the two tissues,with the
formation of glucagon in the pancreas and of glicentin in
the gut. But what about the glucagon-like peptides?
Detailed studies of the processing and secretion of the
proglucagon-derived peptides from the pancreas and
the gut revealed that the pancreatic products include
proglucagon (PG) 1ÿ30 (designated glicentin-related
pancreatic polypeptide, GRPP), glucagon, and the so-
called major proglucagon fragment comprising PG res-
idues 72ÿ158 (Fig. 1). The intestinal products include
glicentin (PG1ÿ69), oxyntomodulin (PG33ÿ69; small
amounts of GRPP are therefore also formed in the gut),
and the glucagon-like peptides 1 and 2, which were
apparently cleaved from the major proglucagon
fragment. For some time, both of the new glucagon-
like peptides seemed biologically inert, showing no
glucagon-like biological activities, but natural GLP-1,
isolated from intestinal extracts, was found to power-
fully stimulate insulin secretion in a perfused pan-
creas preparation. Sequence analysis of the naturally

occurring GLP-1 revealed that the peptide corre-
sponded to PG78ÿ107 (and was C-terminally
amidated), indicating that it was cleaved out of
proglucagon at the single basic amino acid residue at
position 77 of PG. Natural GLP-2 was found to corre-
spond to PG126ÿ158. The peptide positioned between
GLP-1 and GLP-2, the so-called intervening peptide 2,
was found to correspond to residues 111ÿ123 (and also
to be C-terminally amidated); this peptide is also se-
creted, but thus far nothing is known about its physi-
ology. The differential processing of proglucagon in the
two tissues was thought to be due to expression of dif-
ferent processing enzymes (prohormone convertases;
PCs) in the two cell types, and subsequent studies, in-
cluding studies in mice with targeted deletions of the
genes encoding the most prominent convertases, PC2
and PC1/3, indicated that PC2 is essential and appar-
ently suf®cient for the cleavage of proglucagon to release
glucagon and that PC1/3 is essential for processing of PG
to GLP-1, whereas it is still unclear whether PC1/3 is
also suf®cient to explain the full processing of PG into
glicentin, GLP-1, and GLP-2. In agreement with these
®ndings, PC2 is expressed in the pancreatic alpha cells
and PC1/3 in the L cells.

With the complete knowledge of the intestinal
processing of proglucagon and the structure of the
products, it became possible to analyze their physiology
and pathophysiology. Whereas glicentin (and oxynto-
modulin) is currently thought to play a limited role in
metabolism, GLP-1 turned out to be an important reg-
ulator of gastrointestinal functions and insulin secretion

FIGURE 1 Schematic representation of the structure of proglucagon and its processing products in

the pancreas and in the intestine. The numbers refer to the positions of the amino acids in the

proglucagon sequence. The vertical lines indicate the major sites of proteolytic cleavage. GRPP,

glicentin-related pancreatic polypeptide; GLP, glucagon-like peptide. See text for details.
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and GLP-2 acts as a potent regulator of intestinal growth
and repair. In the remainder of this article, emphasis will
be placed on the glucagon-like peptides.

SECRETION OF THE PROGLUCAGON-
DERIVED PEPTIDES

In principle, it should be possible to monitor L-cell
secretory activity by measuring any of its products. Ap-
parently, the three main products, glicentin, GLP-1, and
GLP-2, are formed in equimolar amounts and their se-
cretion is synchronous. The GLPs are eliminated rather
rapidly, whereas glicentin seems to metabolized more
slowly and, in theory, glicentin assays should be supe-
rior for monitoring of L-cell secretion. Speci®c assays
for glicentin that are suitable for measurements of
endogenous glicentin in plasma do not exist. Instead,
assays directed against a midsequence of the glucagon
constituent have been employed, but these require, as
mentioned above, corrections for the contribution of
glucagon, derived from the pancreas, and are therefore
somewhat inaccurate and cumbersome. Nevertheless,
since the secretion of gut-derived proglucagon-derived
peptides (PGDPs) is often opposite to the secretion of
pancreatic glucagon, many of the early reports of en-
teroglucagon/gut glucagon/gut GLI secretion are prob-
ably perfectly valid. In general, secretion is low in the
fasting state (although not absent, as indicated by in-
hibitory effects of exogenous somatostatin administra-
tion). Ingestion of mixed meals elicits a robust secretion
and it has been established that in particular, carbohy-
drates and lipids stimulate secretion. However, proteins
are not without effect. Secretion seems to be determined
mostly by the exposure of the gut lumen with nutrients,
as re¯ected by a tight correlation between the gastric
emptying rate and PGDP secretion. Furthermore, ad-
ministration of a-glycosidase inhibitors (e.g., acarbose)
increases the secretion of the PGDPs and reduces the
secretion of proximal gastrointestinal hormones [such
as gastric inhibitory polypeptide (GIP)], presumably by
reducing the proximal concentration of stimulatory
monosaccharides while increasing the load of nutrients
to the distal small intestine, where the density of the L
cells is higher. It has been suspected that only absorb-
able and metabolizable carbohydrates stimulate secre-
tion, but currently it is not known whether the
absorption and metabolism should take place in the L
cells or in neighboring enterocytes, which could then
signal to the L cells. Despite the higher density of L cells
in the distal gut (in fact, there are numerous L cells even
in the colon, but nothing is known about their function),
the response to meal ingestion may be rapid (noticeable

within 5ÿ10 min), which has raised suspicion that se-
cretion might be regulated by neural or hormonal mech-
anisms. It has been established that activation of the
sympathetic nerve supply to the gut inhibits secretion,
but the parasympathetic division seems to play a minor
role, if any, and hormones with a clear in¯uence on
GLP-1 secretion have not been identi®ed (these state-
ments are based mainly on ®ndings in humans and pigs;
®ndings in rodents may be different).

METABOLISM OF INTESTINAL
PROGLUCAGON-DERIVED PEPTIDES

The actual plasma concentrations of glicentin and the
GLPs are in¯uenced not only by their rate of secretion
but also by their individual elimination rates. GLP-1 is
metabolized with unique rapidity. Its primary metabo-
lism is due to the ubiquitous enzyme dipeptidyl
peptidase-IV (DPP-IV), which is located in the plasma
membranes of many cell types, including vascular
endothelial cells, and which also exists in a soluble
form in plasma. The enzyme cleaves off the two N-terminal
amino acids, leaving behind a truncated, inactive me-
tabolite. Interestingly, this metabolite may even act as an
antagonist at the GLP-1 receptor. Subsequently, both
GLP-1 and the metabolite are cleared from the plasma,
mainly in the kidneys, by a combination of ®ltration and
peritubular uptake. The initial clearance of GLP-1 ex-
ceeds cardiac output and hence GLP-1 is signi®cantly
degraded while circulating, in agreement with the ex-
pression of the enzyme on vascular endothelial cell
membranes. The apparent elimination half-life is on
the order of 1ÿ2 min (but there is no steady state, so
the ®gure has little meaning). The disappearance half-
life of the metabolite is approximately 4ÿ5 min. The
concentrations of intact GLP-1 are therefore very low
(a few picomoles per liter), whereas those of the primary
metabolite three to ®ve times higher. GLP-2 is also
cleaved by DPP-IV, but much more slowly than GLP-
1. The elimination half-life of the intact GLP-2 (1ÿ33)
in humans is 7 min and that of the metabolite, GLP-2
(3ÿ33), is 27 min. In humans, therefore, the plasma
concentration of glicentin is usually the highest, that
of intact GLP-2 is somewhat lower, and that of intact
GLP-1 is very low. Because of the intravascular degra-
dation of GLP-1, its rate of secretion cannot be ascer-
tained from measurements of plasma concentrations of
the intact hormone. Instead, one can use the sum of the
metabolite and the intact hormone concentrations as a
measure of L-cell secretion. In humans, where most of
the GLP-1 molecules carry a C-terminal carboxyamida-
tion, assays against the amidated carboxy-terminus will
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provide a measure of this sum. Alternatively, L-cell se-
cretion can be estimated by measurements of entero-
glucagon or GLP-2 levels. Clearly, however, if the
purpose is to estimate the biological potential of a cer-
tain concentration of GLP-1 in plasma, it is necessary to
employ assays for the intact molecule.

BIOLOGICAL EFFECTS OF THE
PROGLUCAGON-DERIVED PEPTIDES

There have been some controversies with respect to the
biological effects of glicentin. The intact molecule seems
to have little effect in humans on glucagon-responsive
systems, such as gastric acid secretion, intestinal motil-
ity, and insulin secretion. Oxyntomodulin has clear glu-
cagon-like actions, such as inhibition of acid secretion,
stimulation of insulin secretion, and interaction with
the hepatic glucagon receptors. However, its potency
is generally much lower (approximately 1/50 of that
of glucagon), and given that it also circulates in very
low concentrations, it seems unlikely that it exerts
major metabolic functions.

Both of the GLPs interact with speci®c receptors. The
receptors belong to a subgroup of highly related G-pro-
tein-coupled receptors to which the glucagon, VIP, and
secretin receptors, and also the PTH and calcitonin re-
ceptors, belong. The fact that both of the GLPs interact
withaspeci®creceptoralsoexplainsthe®ndingthattheir
actions diverge despite their close sequence homology.

Actions of Glucagon-like Peptide 1 on
the Beta Cell

One of the prominent actions of GLP-1 is to poten-
tiate glucose-induced insulin secretion. The intracellu-
lar machinery activated by GLP-1 has not been fully
elucidated, but accumulation of cyclic AMP and eleva-
tion of intracellular Ca2� are essential components. All
steps of insulin biosynthesis are stimulated by GLP-1,
including expression of the insulin genes and the genes
required for the beta cell to react to glucose with in-
creased insulin secretion, such as the glucose transporter
(GLUT-2) and glucokinase genes. Furthermore, in nu-
merous rodent studies, GLP-1 has been found to stim-
ulate beta-cell replication and differentiation of
progenitor cells into new beta cells in the pancreatic
ducts. Also, beta-cell apoptosis rates are inhibited by
GLP-1. GLP-1's function as an incretin hormone (the
gastrointestinal hormones that enhance insulin secre-
tion above that elicited by elevated postprandial sub-
strate concentrations) has been proven in experiments
with receptor antagonists and in mice with a targeted
deletion of the GLP-1 receptor gene. These mice become

glucose intolerant and the male mice may develop
fasting hyperglycemia, i.e., diabetes. GLP-1 also inhibits
glucagon secretion (the mechanism is thus far un-
known) and the combined action on the islets therefore
is to enhance insulin secretion and inhibit glucagon
secretion. This in turn inhibits hepatic glucose produc-
tion, which is regulated by the ratio of these hormones,
and this inhibition, in combination with the stimulatory
actions of elevated insulin concentrations on peripheral
glucose uptake, ensures effective disposition of the ab-
sorbed carbohydrates.

Gastrointestinal Actions of
Glucagon-like Peptide 1

GLP-1 powerfully inhibits upper gastrointestinal se-
cretion and motility, inhibiting gastric acid and pancre-
atic enzyme secretion, gastric emptying of both liquids
and solids, and intestinal transit (see Fig. 2). Because of
these actions, GLP-1 is usually regarded as an important
member of the enterogastrone hormones of the so-called
ileal brake mechanism, an endocrine mechanism that
inhibits upper gastrointestinal secretion and motility
when unabsorbed nutrients are present in the ileum.
Thus, on infusion into the ileum of lipids or carbohy-
drates in amounts that correspond to `̀ physiological
malabsorption,'' GLP-1 secretion is inversely correlated
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FIGURE 2 Effect of different rates of intravenous infusion of

GLP-1 on gastric emptying of a liquid meal (measured as volume

remaining in stomach) in healthy volunteers. Both the amidated

and the nonamidated forms of GLP-1 were infused at the highest

rate. (°)Placebo; (¥)GLP-1[7ÿ36amide]1.2 pmol � kgÿ1 �minÿ1;

(¤) GLP-1 [7ÿ36 amide] 0.8 pmol � kgÿ1 �minÿ1; (M) GLP-1 [7ÿ36

amide]0.4 pmol � kgÿ1 �minÿ1;(^)GLP-1[7ÿ37]1.2 pmol � kgÿ1 �
minÿ1. Data from Nauck et al. (1997). Glucagon-like peptide 1 inhi-

bition of gastric emptying outweighs its insulinotropic effects in

healthy humans. Am J. Physiol. Endocrinol. Metab. 273, E981ÿE988.

Reprinted with permission of the American Physiological Society.
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with an inhibition of gastropancreatic secretion and
motility. The inhibitory actions of GLP-1 seem to be
mediated via interaction with parasympathetic out¯ow
from the central nervous system. Thus, the inhibition of
acid secretion by GLP-1 is lost in vagotomized subjects,
whereas GLP-1 strongly inhibits purely neurally stim-
ulated secretion, as elicited by `̀ sham feeding.'' How
GLP-1 interacts with the cerebral regulation of parasym-
pathetic activity is not known. Circulating GLP-1 can
gain access to the brain via leaks in the bloodÿbrain
barrier in the subfornical organ and the area postrema,
where GLP-1 receptors are expressed, but there is also
evidence that GLP-1 may affect sensory afferent neurons
traveling to the brain stem. This may provide a clue to
understanding its ef®ciency despite the surprisingly ex-
tensive degradation by DPP-IV as discussed above. In-
vestigations have shown that a substantial percentage of
the GLP-1 molecules, between 50 and 75%, are already
truncated by DPP-IV and thereby inactivated before
they leave the gut. Apparently, newly secreted GLP-1
molecules traverse the basal lamina of the gut epithe-
lium and enter the lamina propria, where they may in-
teract with nerve endings of sensory afferent neurons
(see Fig. 3). Subsequently, GLP-1 enters the capillary
system of the villi, where it is immediately degraded
by DPP-IV, which is expressed on the endothelial
surface of the vessels. According to this view, GLP-1

may physiologically act more as a paracrine regulator
than as a true hormone. If, on the other hand, the ex-
posure of the gut to unabsorbed nutrients is extensive, as
seen after large meals or accelerated gastric emptying,
GLP-1 secretion is enhanced and more intact hormone
escapes to the systemic circulation. This allows the hor-
mone to interact with the pancreatic islets in an endo-
crine fashion, thereby facilitating deposition of
the substrates absorbed from this very large meal.
According to this view, GLP-1 may be regarded as a
second-in-line incretin hormone (GIP is the ®rst),
which is mainly activated during nutritional abundance
and acts to diminish further intake (see below) and
processing of nutrients and to promote disposition of
already absorbed nutrients.

Effects of Glucagon-like Peptide 1 on Appetite
and Food Intake

Interestingly, GLP-1 infused intravenously also in-
hibits appetite and food intake. It is not known whether
this is due to its inhibitory effect on gastrointestinal
motility or whether it principally involves some of
the brain centers regulating food intake. GLP-1 admin-
istered into the cerebral ventricles also inhibits food
intake and investigations have shown that the GLP-1
receptor is expressed at numerous locations of the brain,
including hypothalamic nuclei involved in appetite reg-
ulation. As mentioned above, these receptors are not
immediately accessible to peripheral GLP-1, but are
likely targets for GLP-1, produced in neurons of the
nucleus of the solitary tract, the ®bers of which project
to the hypothalamus and other brain regions. According
to studies of early gene expression (cFos), these neurons
are not activated by extensive food intake but rather by
interoceptive stress, harmful stimulation of the inner
organs, e.g., elicited by administration of lipopolysac-
charides or lithium chloride. Thus, intracerebro-
vascular (icv) administration of the GLP-1 receptor
antagonist exendin 9-39 abolished the inhibition of
food intake elicited by lithium chloride. The antagonist,
however, also enhances spontaneous food intake as well
as neuropeptide Y-induced food intake, suggesting that
GLP-1 may nevertheless be tonically involved in the
regulation of food intake. The mechanisms whereby
peripheral GLP-1 and central GLP-1 inhibit food
intake are apparently not related. Thus, the inhibitory
effect of central GLP-1 on food intake is lost in animals
neonatally treated with monosodium glutamate, a
model of hypothalamic obesity in which the arcuate
nucleus is destroyed, whereas peripheral GLP-1 is
still effective. However, these ®ndings do not exclude
the possibility that neurons activated by GLP-1 on

f

DPP-IV
 

FIGURE 3 Secretion of GLP-1 from an endocrine cell in a

villus of the intestinal mucosa and possible mechanism of activa-

tion of afferent sensory nerve ®bers as well as inactivation of the

hormone on entry into the capillaries. The peptide is secreted by

exocytosis from the basal aspect of the open-type endocrine cell on

lumenal stimulation. The peptide crosses the basal lamina and

diffuses into the lamina propria, where it may interact with nerve

endings of sensory nerves. Subsequently, it reaches the capillaries

and is degraded by the enzyme dipeptidyl peptidase IV, localized

on the endothelial surface of the capillaries.
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food ingestion may transmit satiety signals, only that
they do not transmit to GLP-1-producing neurons of the
brain stem. Alternatively, brain GLP-1 receptors may
differ with respect to transmission of mainly satiety sig-
nals and enteroceptive stress signals. Mice in which the
GLP-1 receptor has been knocked out do not become
obese, suggesting either that GLP-1 is not essential for
the regulation of body weight or that other regulatory
mechanisms compensate for the loss of the inhibitory
peptide.

Biological Effects of Glucagon-like Peptide 2

The exact structure of human GLP-2 was only re-
cently determined and synthetic GLP-2 with the correct
structure has not been available until recently. The early
assays for GLP-2 were unable to discriminate between
GLP-2 and other GLP-2-containing products of proglu-
cagon. In addition, using the available C-terminally
extended synthetic GLP-2, most workers were unable
to ®nd biological activities for the peptide, although an
early report claimed that there was activation of adenyl-
ate cyclase in sections of the hypothalamus. It has been
hypothesized that GLP-2 could have a supportive role in
the ileal brake mechanism and GLP-2 has been demon-
strated to inhibit gastric motility and vagally induced
acid secretion, but GLP-2 appears less potent than
GLP-1. The GLP-2 receptor is expressed in the intestinal
epithelium and also in the ventromedial nucleus of the
hypothalamus and icv administration of GLP-2 was re-
cently demonstrated to cause inhibition of food intake.
It is possible therefore that GLP-1 and GLP-2 interact
with respect to this cephalic action. Evidence for what
appears to be the major biological activity of GLP-2 was
provided by Drucker et al. in 1996, when they discov-
ered that mice harboring subcutaneous glucagonomas
expressing proglucagon-derived peptides in a gut-like
pattern developed intestinal villous hyperplasia. Among
the various proglucagon-derived peptides subsequently
tested (GLP-1, glicentin, oxyntomodulin, and GLP-2),
GLP-2 was the only one with signi®cant intestinotropic
activity.

The expansion of the villous epithelium was attrib-
utable both to increased crypt cell proliferation and to
decreased enterocyte apoptosis. The major effect was
seen in the small bowel epithelium, in which a marked
increase in villus height and small bowel mass was ob-
served, following treatment with GLP-2 for 7ÿ10 days.
Thus, it seems that GLP-2 is in fact the intestinal growth
factor of the L cell predicted to exist from numerous
animal experiments in which an association between
adaptive growth and increased L-cell secretion was
observed.

THERAPEUTIC APPLICATIONS
OF GLUCAGON-LIKE PEPTIDE 1 AND
GLUCAGON-LIKE PEPTIDE 2

Taken together, the actions of GLP-1 should make it
ideally suited to therapy of type 2 diabetes mellitus and
indeed, in such patients, infusions of GLP-1 may com-
pletely normalize blood glucose, presumably by a com-
bined action of stimulated insulin secretion, inhibited
glucagon secretion (thereby decreasing hepatic glucose
production), and ¯attened meal-induced glucose excur-
sions (due to the inhibition of gastric emptying). It
could also be expected to inhibit food intake and
thus promote a weight loss, which per se would be ex-
pected to enhance insulin sensitivity and improve glu-
cose tolerance. Finally, and most importantly, its effect
on beta-cell replication and differentiation raises the
hope that with GLP-1, the effect on blood glucose reg-
ulation will be more long-lasting than that observed
with conventional therapy, which generally fails after
some years of treatment. The major problem associated
with therapeutic application of GLP-1 is its rapid
degradation and inactivation by DPP-IV. Several ap-
proaches are currently being investigated to circumvent
this problem, including the use of resistant analogues of
GLP-1 and administration of inhibitors of DPP-IV. Both
approaches are currently undergoing clinical testing,
inspired by successful experiments in animal models
of diabetes where such approaches have resulted in
lasting improvements in glucose tolerance, near nor-
malization of glycated hemoglobin concentrations,
and reductions of body weight. The fact that age-in-
duced deterioration of glucose tolerance in rats can
be prevented by GLP-1 suggests that its tropic effects
can also be exploited clinically. Recently, in 2002, the
ef®cacy of GLP-1 in diabetes treatment was documented
by Zander et al. in a study in which GLP-1 was admin-
istered for 6 weeks by continuous subcutaneous infu-
sion to patients with severe type 2 diabetes. In these
patients, average plasma glucose values were lowered
by approximately 5 mmol /liter, the concentrations of
free fatty acids were lowered, and the concentration
of glycated hemoglobin fell by 1.3%. In addition, the
patients lost 2 kg of body weight and both their insulin
sensitivity and beta-cell function were markedly im-
proved. The treatment was without side effects. These
observations have greatly increased interest in devel-
oping therapies based on GLP-1 receptor activation.
Because GLP-1 does not cause hypoglycemia, it can
also be given to euglycemic subjects and it is therefore
hoped that GLP-1 can also be used to treat obesity.

Because of its intestinotropic effects, GLP-2 is cur-
rently being considered as treatment for a number of
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gastrointestinal diseases associated with insuf®cient in-
testinal mucosal function. Thus, it has been shown that
the mucosal atrophy associated with total parenteral
nutrition could be prevented by administration of
GLP-2 and that the adaptive growth responses to
major intestinal resections can be augmented by GLP-
2 treatment. Furthermore, in mice with dextran sulfate-
or indomethacin-induced enteritis, their injuries,
weight loss, and mortality may be signi®cantly attenu-
ated by GLP-2 treatment. Similarly, GLP-2 signi®cantly
enhanced mucosal repair after experimental intestinal
ischemia. In a 2001 study in patients with short bowel
syndrome, Jeppesen and co-workers demonstrated that
GLP-2 signi®cantly reduced malabsorption and pro-
moted weight gain. In agreement with the ®nding
that GLP-2 is less extensively degraded by DPP-IV
than GLP-1, native GLP-2 can be used for these thera-
peutic applications. Thus, GLP-2 also seems to have an
interesting spectrum of clinical applications.
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Eosinophilic Gastroenteritis
JON A. VANDERHOOF AND ROSEMARY J. YOUNG
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eotaxin Speci®c eosinophil chemoattractant that is important

in the process of eosinophil production.

mucosal eosinophilic gastroenteritis Eosinophilic in®ltra-

tion primarily in the mucosal layer, resulting in

vomiting, diarrhea, and abdominal pain.

muscular eosinophilic gastroenteritis Eosinophilic in®ltra-

tion extending into the muscular layer of the gastro-

intestinal tissues, resulting in obstructive symptoms and

stricture formation.

serosal eosinophilic gastroenteritis Eosinophilic in®ltration

extending into the serosal layer of the gastrointestinal

tract, resulting in symptoms such as abdominal disten-

sion and pain.

Eosinophilic gastroenteritis is a rare disorder character-

ized by the in®ltration of eosinophils in the gastrointes-

tinal tissues. The location of the eosinophils, number of

eosinophils, and depth of eosinophilic in®ltration all are

factors in the varied manifestations of this disorder. Clas-

si®cation of this condition can be related to the depth of

the eosinophilic in®ltration, such as mucosal, muscular,

or serosal in®ltration, and as either primary (immune-

mediated) enteropathy, which is the subject of this article,

or secondary enteropathy, which may occur in parasitic

infections.

INTRODUCTION

Visual endoscopic ®ndings in eosinophilic gastroen-
teritis may reveal prominent mucosal folds, hyper-
emia, and nodularity. Small numbers of eosinophils
are normally present in the lamina propria of the
gastrointestinal tract, thus there is no general agree-
ment on what increased level constitutes a pathological
condition. The presence of eosinophils in mucosal/
submucosal, muscular, or serosal layers is considered
abnormal. Attempts to grade the severity of eosino-
philic gastroenteritis have been based on density of
eosinophils, and it is generally agreed that greater than
20 eosinophils per high-power microscopic ®eld is
needed for histological diagnosis. It has also been
noted that eosinophilic gastroenteritis can be patchy
in nature and requires multiple biopsy specimens for
identi®cation. Super®cial biopsy specimens lacking
the muscular and serosal layers may also obscure ®nd-

ings and, therefore, full-thickness gastrointestinal bi-
opsies may be desirable.

PATHOGENESIS

Epidemiologic studies to identify the frequency of eo-
sinophilic gastroenteritis have not been done. It has
been noted that this condition affects all age groups
and races. The most frequent form affects the mucosal
layer of the gastrointestinal tract. There is a de®nite
association between patients having a personal or family
history of other allergic disorders, such as asthma or
eczema, and there is a slight male preponderance.

Eosinophils are thought to be recruited in excess
numbers by eotaxin, a chemoattractant released from
mast cells after stimulation by irritants or certain food
antigens. Eosinophils accumulate and initiate mast cell
degranulation and further release of eotaxin and other
cytokines, such as histamine, platelet-activating factor,
and leukotriene B4. The cytotoxic products cause tissue
injury and subsequent development of symptoms. The
up-regulation of eotaxin mRNA also occurs in eosino-
philic gastroenteritis, but the mechanism that stimulates
the eotaxin is not well understood.

Diagnosis of eosinophilic gastroenteritis generally
relies on a combination of gastrointestinal symptoms
andthedemonstrationofeosinophilicin®ltrationonbiop-
sies. Many cases exhibit peripheral eosinophilia and
CharcotÿLeyden crystals in the stools. Absence of par-
asitic infestation and the lack of involvement of organs
outside the gastrointestinal tract are also cited as diag-
nostic factors. The differential diagnosis of eosinophilic
gastroenteritis includes parasitic infections, particularly
with helminths, early in¯ammatory bowel disease, ce-
liac disease, connective tissue diseases, immunological
disorders (including malignancies), and adverse effects
of pharmacological agents such as enalapril.

CLINICAL PRESENTATION

Signs and symptoms of eosinophilic gastroenteritis are
dependent on the portion of the gastrointestinal tract
involved and are highly variable. Some patients exhibit
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symptoms only in response to certain trigger factors,
such as food, whereas seasonal variations are noted in
other patients. Oftentimes, the course of the disease
starts out mild and variable, making the diagnosis dif-
®cult. Many times, severity of the symptoms increases
over time and may become debilitating, regardless of
treatment.

Typically, patients with eosinophilic esophagitis
present with dysphagia, anorexia, and/or heartburn.
Patients with eosinophilic duodenitis or enteritis
have abdominal pain with or without diarrhea. Eosin-
ophilic colitis may present with abdominal pain and/
or diarrhea. Mucosal/submucosal in®ltration often re-
sults in pain, nausea, vomiting, diarrhea, and weight
loss. Eosinophilic in®ltration in the rectum, recently
described in children, may present as constipation.
Muscular layer eosinophilia results in partial obstruc-
tion in the pylorus or intestine. The esophagus may
appear with multiple contractions or rings, often
called trachealization of the esophagus. Abdominal
computer tomography (CT) and X-ray ®ndings in
this disorder may reveal areas of a thickened gastro-
intestinal bowel wall. Serosal layer disease involving
the entire bowel wall is extremely rare, and these
patients typically present with eosinophilic ascites.

TREATMENT

Because the etiology of eosinophilic gastroenteritis is
not known, treatment of the condition primarily relies
on management of symptoms. Because of the highly
variable presentation, management often becomes a
trial-and error-process. Younger children may outgrow
the symptoms. Dietary and/or medication therapy are
generally utilized.

Avoidance of certain foods is an initial mode of
therapy. In younger children, cow's milk protein is most
often an offending agent; however, restrictive elimina-
tion diets may be required for symptom control. A
completely elemental diet based on free amino acids
may also be required if symptoms are severe and trig-
gered by multiple dietary components. Direct skin
testing is not helpful due to a high false positive rate
and the failure of a negative skin test to exclude a
delayed hypersensitivity reaction. In children with
identi®ed allergic constipation, restriction of all dairy
products has been shown to be of signi®cant value.

Acid-reducing medications may be used for patients
with mucosal/submucosal eosinophilic in®ltration of
the upper gastrointestinal tract. Medications such
mesalamine may provide topical antiin¯ammatory
effects for colonic eosinophilia. Other medications
speci®cally targeting control of eosinophils have dem-

onstrated some success. Case reports of sodium
cromoglycate (Gastrocrom), montelukast (Singulair),
and systemic steroids (Prednisone) have indicated
positive bene®ts. If symptoms are severe, initiation
of therapy with systemic steroid therapy may be re-
quired, with later weaning, and maintenance of remis-
sion with less potent antiin¯ammatories and diet
therapy. Systemic steroids may intermittently be re-
quired if symptoms return. Most recently, the bene®ts
of ¯uticasone (Flovent), an inhalable corticosteroid
that is swallowed, has been shown to be of particular
bene®t for eosinophilic esophagitis. Additional medi-
cations for other symptoms, such as nausea, may in-
clude medications such as ondansteron hydrochloride
(Zofran) or prokinetic agents such as metaclopromide
(Reglan). Ketotifen (which inhibits secretion of mast
cell mediators such as histamine) and suplatast
tosilate (a selective T helper-2 cytokine interleukin-
4 and interleukin-5 inhibitor) have been used with
success in some cases of eosinophilic gastroenteritis.

CONCLUSION

Although previously considered to be rare, eosinophilic
gastroenteritis is increasingly being diagnosed due
to enhanced awareness of characteristics and better d-
iagnostic methods. Pain control and chronic mal-
nutrition are the major issues to be dealt with and
fatality is uncommon unless obstructive symptoms
occur. Placebo-controlled studies of various treatment
modalities have been lacking due to small patient num-
bers and highly variable symptoms. Further research
is needed to identify the exact etiology and the most
appropriate therapy.
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Epithelial Barrier Function
BRIAN A. BABBIN AND ASMA NUSRAT
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cytokines Regulatory proteins released by in¯ammatory and

nonin¯ammatory cells that act as mediators of immune

responses.

ions Elements that have a positive (cationic) or negative

(anionic) charge due to the loss or gain of one or more

electrons.

kinase Enzyme that catalyzes the transfer of phosphate from

ATP to substrates.

phosphatase Enzyme that catalyzes the hydrolysis of

phosphate groups from substrates.

plasma membrane Semipermeable lipid bilayer that encloses

the cytoplasm of a cell.

The gastrointestinal epithelium forms a selective and reg-

ulated barrier, allowing the uptake of nutrients while re-

stricting pathogen access to underlying tissue

compartments. Epithelial barrier function relies on the

formation of cellÿcell junctions, namely, the apical

tight junction. The tight junction is the major structure

that de®nes barrier function and selective paracellular

transport. The tight junction and the underlying adherens

junction form what is referred to as the apical junctional

complex, which is linked to cytoskeletal elements via

scaffolding and linker proteins. These complexes act to

regulate tight junction structure and function. Alterations

in epithelial barrier function occur in both physiologic

and pathologic conditions.

GASTROINTESTINAL TRACT
EPITHELIAL BARRIER

The epithelial lining of the gastrointestinal tract is an
important barrier that separates two very distinct envi-
ronments with different molecular compositions. Thus,
the epithelium interfaces with and separates luminal
contents from underlying tissue compartments. The
epithelial barrier is not a static structure but is a dynamic
barrier that is tightly regulated to control movement of
¯uid and solutes between the two environments. The
epithelium permits uptake of luminal nutrients, ions,
and water while restricting access of pathogens to the
underlying tissue compartments. Transport across
the epithelium occurs through both transcellular and
paracellular pathways. Transcellular transport is an en-
ergy-dependent, directional transport mechanism that
relies on the cell-speci®c transporters and channels po-
sitioned on the apical and basolateral cell membranes.
Paracellular transport is also a regulated process that
complements the transcellular transport pathway. The
most apical intercellular junction in epithelial cells, re-
ferred to as the tight junction (TJ), is a major player in
regulating paracellular permeability. In addition to reg-
ulating paracellular permeability, the TJ separates apical
and basolateral plasma membrane domains, thereby
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the epithelium interfaces with and separates luminal
contents from underlying tissue compartments. The
epithelial barrier is not a static structure but is a dynamic
barrier that is tightly regulated to control movement of
¯uid and solutes between the two environments. The
epithelium permits uptake of luminal nutrients, ions,
and water while restricting access of pathogens to the
underlying tissue compartments. Transport across
the epithelium occurs through both transcellular and
paracellular pathways. Transcellular transport is an en-
ergy-dependent, directional transport mechanism that
relies on the cell-speci®c transporters and channels po-
sitioned on the apical and basolateral cell membranes.
Paracellular transport is also a regulated process that
complements the transcellular transport pathway. The
most apical intercellular junction in epithelial cells, re-
ferred to as the tight junction (TJ), is a major player in
regulating paracellular permeability. In addition to reg-
ulating paracellular permeability, the TJ separates apical
and basolateral plasma membrane domains, thereby
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contributing to epithelial cell polarity. Immediately sub-
jacent to the TJ is the adherens junction (AJ), and these
two intercellular junctions constitute the apical junc-
tional complex. The development, stabilization, and
regulation of the TJ appear to be dependent on inter-
action with the underlying actin cytoskeleton that en-
circles the apical perijunctional region of epithelial
cells. Other intercellular junctional complexes in epi-
thelial cells include the desmosomes and gap junctions
(see Fig. 1). Because TJs are key structural elements that
regulate epithelial paracellular permeability/barrier
function, the focus of the remainder of this discussion
is on these intercellular junctions.

TIGHT JUNCTION STRUCTURE

TJs were ®rst identi®ed by ultrathin-section electron
microscopy as a series of discrete sites of apparent mem-
brane fusion (`̀ membrane kisses'') involving the outer
lea¯et of adjacent plasma membranes (see Fig. 2). On
freeze-fracture electron microscopy, these junctions ap-
pear as anastomosing strands or ®brils in the plasma
membrane, with complementary grooves in the extra-
cytoplasmic membrane lea¯et. At sites of membrane
kisses, the TJ strands in one cell are in close apposition
with strands in the adjoining cell. The intervening
grooves create aqueous permeation routes, or pores,
in which certain solutes can diffuse. This netlike mesh-
work demonstrates ion and size selectivities of solutes

that are dependent on the biochemical composition of
the TJ and the aqueous pore size, which are regulated
under both physiologic and pathologic conditions.

In recent years, the molecular composition of the TJ
has begun to be elucidated. The basic biochemical struc-
ture of TJs consists of integral membrane proteins that
are linked to the underlying actin cytoskeleton via
linker or scaffolding proteins (see Fig. 1). The TJ mul-
tiprotein complex appears to be af®liated with distinct
lipid-rich membrane microdomains, `̀ membrane rafts,''
which cluster signal transduction proteins to allow for
ef®cient regulation of TJ function. The TJ multiprotein
complex consists of three major transmembrane pro-
teins. These include occludin, claudin(s), and the junc-
tion adhesion molecule (JAM). Occludin, a 65-kDa
protein, is predicted to consist of four transmembrane
domains, two extracellular loops, a short cytosolic N
terminus, and a long cytoplasmic C-terminal tail of ap-
proximately 255 amino acids. Both the N- and C-termi-
nal domains are high in serine and threonine residues
that are hyperphosphorylated when the protein is in its
active form. The C-terminal domain interacts with the
postsynaptic protein-95/discs-large/zonula occludin-1
(PDZ) domains of TJ cytoplasmic plaque proteins
in the zonula occludens (ZO) family, namely, ZO-1
and ZO-3.

The claudin family of transmembrane proteins con-
sists of over 20 members. Evidence supports that
claudins are the major structural component or `̀ back-
bone'' of TJs. They localize to TJs of epithelial and

FIGURE 1 Epithelial intercellular junctions. The apical junctional complex (AJC) consists of the

tight junction and underlying adherens junction. Both junctions consist of transmembrane proteins

linked to the perijunctional actin cytoskeleton via linker or scaffolding proteins. Occludin,

claudin(s), and junction adhesion molecules (JAMs) of the tight junction are linked to the cyto-

skeleton via the zonula occludens (ZO) proteins. E-Cadherin af®liates with the cytoskeleton via the

catenins. Desmosomes anchor cellÿcell junctions that bind intermediate ®laments (IFs). Gap

junctions form conduits in which molecules can pass from the cytosol of one cell to the cytosol

of another cell. Figure courtesy of Thomas Brown.
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endothelial cells and their expression patterns vary
among different tissues. Claudin-1, -2, and -4 are ex-
pressed in the gastrointestinal tract. In the rat gut, clau-
din-4 has been identi®ed to be exclusively expressed on
the colonic surface epithelium, whereas claudin-2 dem-
onstrates a crypt-to-villous decrease in expression.
Claudins are also predicted to have four transmembrane
domains with a cytoplasmic N and C terminus, and two
extracellular loops. They show no sequence homology
with occludin; however, like occludin, they interact
with the ZO proteins. Distinct species of claudins can
polymerize to form `̀ heteropolymers,'' and between ad-
jacent cell strands, claudins adhere to each other in
either a homotypic or heterotypic manner. The extra-
cellular loops of claudins vary in the amount and nature
of charged residues, suggesting that these loops and their
positions in the TJ in¯uence ion passage. It has recently
been demonstrated that claudins create a charge-selec-
tive barrier. Claudin-4 has been shown to selectively
alter paracellular ¯ux of Na� in MadinÿDarby canine
kidney (MDCK) epithelial cells. Because the extracel-
lular loops of occludin lack charged amino acid side
chains and have a high tyrosine and glycine content,
it is unlikely that this protein directly determines the ion
selectivity of TJs. Rather, occludin is likely to have a
regulatory role in assembly and maintenance of TJs.

The last major transmembrane component of TJs is
JAM.Three JAM-related protein belong to the immuno-
globulin superfamily. They have a single transmem-
brane domain. The extracellular domain of JAM is
thought to be folded into two immunoglobulin-like do-
mains. JAM has been demonstrated to be involved in cell
adhesion, TJ assembly, and extravasation of monocytes
across the endothelium. In vitro experiments have
suggested that JAM also associates with TJ cytoplasmic
plaque proteins such as ZO-1, acute lymphocytic leu-
kemia fusion-6 (AF-6), and partitioning-defective pro-
tein 3 (PAR 3), implicating its role in the establishment
of cell polarity.

The scaffolding proteins linking the transmembrane
proteins to the underlying cytoskeleton also couple
tight junctions to cytoplasmic regulation, intracellular
signal transduction, cell polarity, and vesicle targeting.
ZO-1 was the ®rst TJ protein to be identi®ed, and related
ZO-2 and ZO-3 have subsequently been identi®ed.
In addition to their localization in the cytoplasmic
plaque of TJs, the ZO proteins have also been identi®ed
in the nucleus of growing cells, suggesting a role in
transcriptional events. They are members of the mem-
brane-associated guanylate kinase-like homologues
(MAGUKs). These proteins are characterized by one
or more PDZ domains, a src homology (SH3) domain,
and a guanylate kinase-like (GUK) domain. The have
been demonstrated to link the TJ protein complex to the
apical perijunctional actinÿmyosin ring. This af®liation
is important in regulating paracellular permeability.
Numerous additional proteins have been discovered
in TJs. These include atypical protein kinase C (PKC)
isotype-speci®c interacting protein (ASIP), symplexin,
the phosphoprotein cingulin, Sec 6/8, vesicle-associated
membrane protein-associated protein (VAP), and AF-6,
as well as PAR. Details of mechanisms by which these
proteins regulate TJ structure and function are still in-
completely understood. What appears to be clear, how-
ever, is that af®liation of the TJ protein complex with the
underlying actin cytoskeleton is important in regulation
of TJ function. Numerous signal transduction pathways
have been implicated in regulation of TJ function/para-
cellular permeability, as discussed in the following
sections.

REGULATION OF TJ FUNCTION IN
HEALTH AND DISEASE

Signal Transduction Pathways Regulating
TJ Function

The tight junction is a dynamic intercellular junc-
tion that regulates paracellular permeability. It is

FIGURE 2 Electron micrograph of epithelial intercellular

junctions. The arrows indicate the site of the tight junction

where membranes of adjoining cells are in close apposition.

The brackets outline the adherens junction with subjunctional

actin ®lament condensation. The desmosomes are apparent be-

neath the adherens junction.
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therefore not surprising that TJ function is regulated by
a broad spectrum of signal transduction proteins that
serve to maintain and regulate the association of the TJ
multiprotein complex with the underlying actin cyto-
skeleton, which in turn controls movement of ¯uid and
solutes in the paracellular pathway. There are key sig-
naling mechanisms involved in regulation of paracellu-
lar permeability.

The G proteins encompass a growing family of signal
transduction molecules with inducible activities that
are dependent on reversible interactions with guanine
nucleotides. Heterotrimeric and the small Ras super-
family of G proteins have been implicated in the regu-
lation of TJ function. Of the many Ras family members,
Rho, Rab 3B, and Rab 13 have been shown important in
TJ regulation. It has been shown that the Clostridium
botulinum toxin C3 transferase, which selectively blocks
Rho effector coupling, results in reorganization of the
perijunctional F-actin ring, disassembly of TJs, and in-
creased paracellular permeability. Furthermore, studies
using transfected epithelial cells expressing mutant
Rho GTPases have documented the role for these
proteins in TJ regulation. One group of downstream
effectors mediating Rho signaling events includes the
family of serine/threonine kinase isoenzymes, termed
p160ROCK (ROCK I) and Rho kinase (ROCK II).
These kinases are important in many cellular processes
that involve actin cytoskeletal rearrangements, such as
stress ®ber formation, axonal growth, tumor cell inva-
sion, and platelet activation. ROCK activity has been
attributed to inactivation of myosin phosphatase and
phosphorylation of myosin light chain kinase, leading
to actinÿmyosin contraction. It has been previously
shown that modi®cation of ROCK function is associated
with enhanced paracellular permeability without
changes in organization of TJ proteins, occludin,
JAM, and ZO-1. It is therefore likely that ROCK medi-
ates its in¯uence on TJs via modi®cations in the actin
cytoskeleton and that the assembly of the TJ multipro-
tein complex requires other downstream effectors of
Rho. The Rab proteins (Rab 11, Rab 3B) are implicated
in the maintenance of intercellular junctional
structures.

Af®liation of TJ proteins with each other, the plasma
membrane, and the underlying actin cytoskeleton has
previously been shown to require phosphorylation/de-
phosphorylation events. Although details of kinases and
phosphatases involved in such events are still lacking,
numerous studies have focused on proteins in
the protein kinase C family. PKCs are phospholipid-
dependent serine/threonine protein kinases that can
be classi®ed into three groups based on the structure
of their regulatory domains [classical (cPKC), novel

(nPKC), and atypical (aPKC)]. Numerous PKCs have
been implicated in regulation of TJ structure/function.
These include PKCs in the novel and atypical category.
Physical association of PKC-z, an aPKC, with the cyto-
plasmic tail of the TJ transmembrane protein, occludin,
has been documented. Studies in LLC-PK1 and MDCK
cell lines have demonstrated that PKC activation regu-
lates the phosphorylation and localization of occludin.
In addition to TJs, PKCs have been implicated in endo-
cytosis and recycling of the subjacent AJ transmembrane
protein E-cadherin, implicating a more diverse regula-
tory role of these proteins.

Physiologic Regulation of Paracellular
Permeability by Luminal Glucose

The ®rst example of physiologic regulation of TJs
by an extracellular stimulus was described in 1987. In
these experiments, the addition of intraluminal glucose
segments of rodent small intestine caused a signi®cant
increase in permeability to small molecules and a simul-
taneous decrease in transepithelial resistance (TER).
Na�ÿglucose cotransport-dependent TJ regulation
has subsequently been demonstrated in vivo in healthy
human subjects. Intrajunctional tight junction dilations
and dissociation of ZO-1 have been observed during
Na�ÿglucose transport. Studies to de®ne mechanisms
by which luminal glucose regulates paracellular perme-
ability have suggested that a Na�ÿglucose cotransport-
dependent activation of the Na�/H� exchanger (NHE3)
leads to alkalinization of the cytoplasm and subsequent
myosin light chain phosphorylation, causing contrac-
tion of the perijunctional actomyosin ring, leading to
increased paracellular permeability.

Modi®cations in Epithelial Paracellular
Permeability by Leukocytes

Active in¯ammation in the gastrointestinal tract and
patient symptoms are histologically correlated with
transmigration of polymorphonuclear neutrophils
(PMNs) across the epithelium. PMNs migrate across
the epithelium from the basolateral to the apical/luminal
compartments. Interactions of PMNs with epithelial
cells have been demonstrated to alter barrier function
in a manner that is dependent in part on the number of
PMNs actively crossing the epithelium. With large-scale
PMN migration, the resultant epithelial discontinuities
may be the precursors for erosions and ulcers seen in
many in¯ammatory conditions. However, low-density
PMN transmigration is associated with little loss of bar-
rier function, which recovers rapidly. The TJ serves as
the rate-limiting step in PMN transmigration, and there-
fore mechanisms for PMNs to facilitate their migration
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across this junction are likely to be important in
minimizing deleterious effects of epithelial barrier dis-
ruption. The cross-talk between epithelial cells and
PMNs is an area of intense investigation. A number of
different epithelial intercellular junction proteins
and lateral membrane proteins appear to play an essen-
tial role in this process. CD11b/CD18 (PMN b2-
integrin) and CD47 (integrin-associated protein) are
some key proteins in PMNs and epithelial cells that
mediate interaction(s) between these two cell types.
Interestingly, in vitro studies using model intestinal epi-
thelial cells (T84 cells) and PMNs have shown that
epithelialÿPMN contact prior to PMN transmigration
is suf®cient to induce epithelial cell phosphorylation
events that enhance paracellular permeability. This pro-
vides evidence that regulation of transepithelial migra-
tion is, at least in part, mediated by sequential signaling
events between migrating PMNs and the epithelium.

Intraepithelial lymphocytes (IELs) comprise one
of the largest lymphocytic populations in the body.
IELs comprise a distinct T lymphocyte population
that resides in close proximity with epithelial cells.
Increased IELs are observed in a number of chronic
in¯ammatory conditions, such as celiac sprue and
lymphocytic colitis. E-Cadherin has been identi®ed as
the counterreceptor for the IEL-expressed integrin,
aEb7-integrin, which is important in the interactions
between these two cell types. Af®liation with the epi-
thelium, as well as elaboration of cytokines by IELs, may
play a role in modifying epithelial barrier function.

Cytokine Regulation of Epithelial
Barrier Function

The extracellular signals of many different cytokines
and growth factors in a variety of physiologic and path-
ologic conditions in¯uence TJ structure and function.
Key proin¯ammatory cytokines such as interferong
(IFNg)and tumor necrosis factor a (TNFa) enhance
paracellular permeability by in¯uencing TJ structure.
Studies have demonstrated that IFNg induces displace-
ment of occludin, ZO-1, and ZO-2 away from the apical
lateral membrane with alterations of the perijunctional
F-actin ring. TNFa has been shown to reduce the num-
ber of tight junction strands and induce loss of submem-
branous cortical F-actin with an increase in G-actin
content.

Numerous other cytokines such as interleukin
(IL)-1, IL-4, IL-13, insulin-like growth factor-1 (IGF-
1), and vascular endothelial growth factor (VEGF)
have been shown to decrease barrier function of
endothelial and epithelial cells. Transforming growth
factor-b (TGF-b)produced by platelets, lymphocytes,

macrophages, and endothelial cells, in contrast, has
been shown to increase the barrier function of epithelial
cells and promote intestinal epithelial wound closure. In
addition to inducing increased epithelial barrier func-
tion, TGF-b has additional protective effects by curtail-
ing the in¯uence of barrier-reducing cytokines such as
IFN-gIL-4, and IL-10.

Disease Entities In¯uencing Epithelial
Barrier Function

Idiopathic In¯ammatory States

Impaired epithelial barrier function has been ob-
served in diverse idiopathic pathologic conditions of
the gastrointestinal tract. These entities range from mi-
croscopic colitis to in¯ammatory bowel disease (IBD).
In IBD, numerous mechanisms have been described to
explain the decrease in epithelial barrier function. These
include release of proin¯ammatory cytokines, PMN
transepithelial migration, and innate increased paracel-
lular permeability not completely accounted for by
the former mechanisms. Altered barrier function in
microscopic colitis may be due to IELÿepithelial cell
interactions.

IBDencompassesulcerativecolitis (UC)andCrohn's
disease (CD), which display a waxing and waning
course, with ¯ares of disease activity correlating with
active PMN transepithelial migration. In¯ammatory me-
diators such as TNFa and IFN-are known to be elevated
in these disorders and contribute to impairment of bar-
rier function. This impairment is most pronounced in
areas of active in¯ammation, and less so in quiescent
areas. Innate differences in epithelial barrier function
have been described in patients with IBD. Redistribution
of TJ proteins in this disorder has been observed both in
areas of active in¯ammation and in quiescent regions.
Application of targeted gene deletion and transgenic
approaches has revealed potential genetic factors that
could contribute to the development of IBD. Models that
include deletions of IL-2, IL-10, and TGF-b, as well as
T cell receptor rearrangements, have resulted in chronic
in¯ammatory bowel disease. However, these manipula-
tions of single genetic loci are modulated by other ge-
netic factors as well as environmental factors. Thus, it
appears that IBD results from an environmental stimulus
in a genetically predisposed individual.

Collagenous and lymphocytic colitis, also known
as microscopic colitis, are characterized by watery
diarrhea and a normal-appearing colonic mucosa dur-
ing endoscopic examination. Histologically, these enti-
ties are associated with an increase in intraepithelial
lymphocytes or thickening of epithelial basement
membrane and epithelial damage. Diarrhea in these
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patients may be attributed to reduced net ion absorption
secondary to alterations in barrier function. These
alterations could result from direct IELÿepithelial in-
teraction as well as elaboration of cytokines by IELs.
In collagenous colitis, the thickened subepithelial col-
lagen plate may act as a diffusion barrier, decreasing ion
uptake.

Pathogen-Induced Epithelial Damage and
Decreased Epithelial Barrier Function

Many infectious agents, such as Salmonella, Shigella,
Clostridium dif®cile, Escherichia coli (enterohemor-
rhagic strains), and Campylobacter, are capable of
breaching the epithelial barrier and inducing disease.
Some pathogens secrete toxins that speci®cally interact
with TJ proteins or regulatory molecules in TJs, thereby
enhancing paracellular permeability (see Table I). As an
example, C. dif®cile elaborates two toxins (A and B).
These toxins speci®cally glucosylate Rho GTPases
and inhibit Rho effector coupling, resulting in
modi®cations in TJ structure and enhanced paracellular
permeability. The latter in turn exposes underlying tis-
sues to luminal antigens/pathogens, resulting in further
epithelial damage and in¯ux of PMNs. Monocytes
exposed to C. dif®cile toxins have been shown to secrete
the PMN chemoattractant interleukin-8. In addition,
speci®c TJ transmembrane proteins have been

documented to function as receptors for viral patho-
gens. These include claudin-4, which is a receptor
for Clostridium perfringens enterotoxin (CPE). This
single polypeptide induces displacement of claudin-4
from the TJ, with subsequent degradation in MDCK
cells. Viral receptors in TJs include JAM, which is the
reovirus receptor, and the coxsackievirus and adenovi-
rus receptor (CAR) protein. Thus, both bacterial and
viral pathogens not only target TJ proteins and in¯uence
paracellular permeability, but also utilize TJ proteins as
receptors or conduits for internalization and epithelial
damage.

SUMMARY

TJs are dynamic structures that are regulated to control
epithelial barrier function and selective paracellular
transport of solutes. They also serve to segregate apical
and basolateral membrane domains that are important
in cell polarity. A variety of factors regulate TJs in phys-
iologic and pathologic conditions. In in¯ammatory
states, alterations in these structures are a major factor
in the development of diarrhea. Although our under-
standing of these structures has greatly advanced
over recent years, questions regarding the regulation
of the TJ barrier, incorporation of TJ proteins into the
tight junctions, and apical polarization of TJs have yet to
be answered.

TABLE I Enteric Pathogens that Alter Barrier Function/Tight Junctionsa

Enteric

pathogen Virulence factor

Cell lines/tissue

studied Proposed mechanism

TJ structural modi®cation

and pathophysiology

Clostridium

dif®cile

Toxin A, toxin B T84, human colon,

rabbit ileum,

Caco-2

Monoglucosylation of

Rho at threonine 37

Alteration of apical F-actin with

decreased TER in 2ÿ4 hours

Clostridium

perfringens

Enterotoxin MDCK I Cleavage of claudin-3

and claudin-4

Loss of claudins at

TJs with decreased

TER starting at 4 hours

Vibrio cholerae Zonula occludens

toxin

Rabbit ileum Protein kinase C activation Decreased numbers of

TJ strands with decreased

TER by 1 hour

Hemagglutinin MDCK I Cleavage of occludin Occludin degradation; ZO-1

and F-actin reorganization with

decreased TER after 1 hour

Bacteroides

fragilis

Metalloprotease

toxin

T84, Caco-2, MDCK,

human colon

Cleavage of E-cadherin Dissociation of occludin and

ZO-1 from TJ, absent

E-cadherin with decreased

TER starting in 15 minutes

Escherichia coli Cytotoxic necrotizing

factor 1

Caco-2 Deamination of Rho at

glutamine 63

Alteration of actin

®lament formation with

decreased TER in 1 hour

a Abbreviations: MDCK, MadinÿDarby canine kidney; TER, transepithelial resistance.
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apoptosis Evolutionarily conserved method of programmed

cell death; also referred to as `̀ cell suicide.''

base One of the two functional zones of the gastric unit,

found at the bottom of the gastric gland; site of cells

producing the acid and enzymes necessary for break-

down of food in the gastric lumen.

cell cycle Series of four phases that a dividing or proliferating

cell goes through. G1 is the ®rst of two growth phases

and is the longest portion of the cell cycle, S phase is the

period during which a cell's genetic material is repli-

cated, G2 is the second growth phase, and M phase is

when a cell divides into two genetically identical cells.

columnar epithelium Classi®cation of epithelium in which

cell height is larger than cell width.

crypt of LieberkuÈhn Zone of proliferation in the small intes-

tine, located underneath the villi. Crypts provide the cells

that replace the epithelium of the villi of the small intestine.

deoxyribonucleic acid Genetic material of a cell.

differentiation Process of a cell maturing and acquiring a

particular, speci®c function within the body, usually

accompanied by a loss of the ability to proliferate.

foveolae Opening of the gastric unit into the lumen of the

stomach.

goblet cell Responsible for the production and secretion of

mucus into the lumen of the small intestine and colon.

homeostasis Ability of an organism to maintain an internal

balance or equilibrium (i.e., a balance between cell loss

and cell production).

hyperplasia Increase of proliferation to a level that is higher

than normal.

hypoplasia Decrease of proliferation to a level that is lower

than normal.

metaplasia Process of converting one tissue type to another.

Paneth cell Normally found only at the base of the crypt of

LieberkuÈ hn in the small intestine; responsible for

secreting lysozyme and antimicrobial factors.

parietal cell One of the cell types of the gastric epithelium;

responsible for acid production and secretion into the

gastric lumen.

pit One of the two functional zones of the gastric unit,

located superior to the gastric gland; site of pit cells that

produce the protective mucus of the gastric epithelium.

restitution Ability of epithelium to rapidly replace or repair

sections of denuded epithelial tissue.

squamous epithelium Flat type of epithelium classi®ed by

cells with a width much larger than their height.

stem cell Has the ability to self-replicate and ultimately

produce multiple distinct types of differentiated cells.

villus Functional zone of the small intestinal epithelium;

composed of columnar epithelium that projects into the

lumen of the small intestine.

zymogenic cell One of the cell types of the gastric epithelium,

found within the base; responsible for secreting enzymes

needed in the chemical breakdown of food.

The gut epithelium is one of the most rapidly dividing

tissues within the body. Rapid cellular renewal in the

gastrointestinal tract is protective, serving to prevent bac-

terial infection or other diseases of the epithelial layer.

However, alterations in gut proliferation may lead to a

variety of diseases, including cancer and in¯ammatory

bowel disease.

INTRODUCTION

The gastrointestinal epithelium serves several impor-
tant roles within the body. It provides a physical barrier
against infections and protects the body from the harsh
environment of the gut lumen, exempli®ed by the sto-
mach's highly acidic environment. It also serves as the
major barrier against luminal carcinogens, toxins, or
pathogens. In addition, the gastrointestinal epithelium
provides a surface layer for selective absorption of nu-
trients and water from ingested foods.

Although speci®c details vary along the length of the
gastrointestinal tract, the gut epithelium can generally
be subdivided into two zones: a proliferative zone and a
functional zone. In the proliferative zone, a small num-
ber of multipotent stem cells create transit daughter
cells, which further divide, expanding the number of
cells available to the epithelium. These cells then mig-
rate to the functional zone, where they differentiate into
their ®nal form to perform a specialized function (such
as producing mucus or absorbing nutrients) and lose
their ability to divide.

CELL CYCLE AND METHODS FOR
STUDYING PROLIFERATION

Proliferating cells progress through four stereotypical
phases, called the cell cycle, as they undergo the journey
from being a single cell to having identical cellular off-
spring (Fig. 1). The presynthetic gap phase (G1) is the
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®rst and longest portion of this cycle and is a period of
cell growth. This is followed by a synthesis (S) phase in
which the cell's DNA is replicated, leading to a doubling
of the cell's genetic material. The postsynthetic gap
phase (G2) follows next and is another growth phase,
during which the cell is preparing to undergo division.
The ®nal step of the cell cycle is the mitosis (M) phase.
During M phase, the cell divides into two daughter cells
that are genetically identical to the original parental cell.
When a cell migrates from the proliferative zone of the
gastrointestinal epithelium to the functional zone,
where it can differentiate to perform specialized proces-
ses, it loses the ability to proliferate. Differentiated cells
that lack the ability to divide under normal circum-
stances are said to be in the G0 phase.

Of the four parts of the cell cycle, mitosis is the easi-
est to detect; it is the only phase detectable on conven-
tional light microscopy without specialized staining.
Mitoticcellshaveacharacteristicmorphology, including
the presence of mitotic spindles. This is readily apparent
on hematoxylin and eosin staining, the simplest histo-
logic technique for evaluating tissue microscopically.

Although there is no clear way to detect cells in G1 or
G2 by means of conventional microscopy, several meth-
ods exist for identifying proliferating cells in the S phase
of the cell cycle. These techniques are more specialized
than the visual identi®cation of M phase cells on simple
histologic sections and are typically utilized in animal or
cell culture research. Bromodeoxyuridine (BrdU) is a
material similar to the DNA building block thymidine.
Subcutaneous injection of BrdU leads all cells in S phase
to mistakenly incorporate this molecule in replicating
DNA. The incorporated BrdU can be visualized using
standard staining techniques with antibodies to the

molecule. A similar approach involves proliferating
cell nuclear agent (PCNA), a small protein that is
needed for the cell's DNA replication machinery to func-
tion. Cellular staining allows for the identi®cation of
this protein when levels are highest to indicate cells
that are in S phase.

The S phase cells can also be identi®ed as cells that
incorporate tritiated thymidine, a radiolabeled building
block of DNA, into their genetic material. Identi®cation
involves either using autoradiography, a photographic
technique similar to X rays wherein radioactive emis-
sion from labeled cells causes a darkening of a silver-
coated ®lm that is laid over a section of tissue, or using a
quantitation technique that counts radioactive emis-
sions using a scintillation counter.

ORAL CAVITY AND ESOPHAGUS

The epithelium of the oral mucosa and esophagus pro-
vides protection to the salivary glands and muscles
within the esophagus. It also serves as a barrier against
cytotoxic agents and possible carcinogens in ingested
substances. The hard palate and gingiva are protected by
the presence of a keratinized epithelia in areas where
mechanical breakdown of food occurs. Keratin, a family
of scleroproteins also seen in nails, hair, and horn tissue,
adds additional strength to this portion of the gastroin-
testinal epithelium. All other mucosa of the oral cavity
and esophagus consists of a softer, nonkeratinized epi-
thelium. The epithelium also serves as a ¯exible sheath
to help transfer food to the stomach via peristaltic con-
tractions of smooth muscles in the esophagus.

Epithelium of the oral mucosa and the esophagus is
characterized as strati®ed squamous epithelium. Stem
cells are located in the basal layer of the epithelium.
Cells migrate upward from the basal layer to the super-
®cial layer, the surface of the epithelium. As cells mig-
rate toward the epithelial surface they begin to
differentiate and lose the ability to divide. To ensure
that the epithelial layer does not get too thick, cells
are sloughed off into the oral cavity or into the lumen
of the esophagus. Homeostasis is therefore maintained,
and cell loss in the super®cial layer is balanced by pro-
liferation in the basal layer.

STOMACH

The stomach contains thousands of invaginations called
gastric units; these have the greatest spatial and geo-
graphic complexity of any epithelia in the gastrointes-
tinal tract. Like all epithelium in the gastrointestinal
tract except for oral mucosa and esophagus, the gastric
epithelium is a columnar epithelium. Its gastric units

G2
G1

G0

M phase

S phase

FIGURE 1 The cell cycle of proliferating cells. Once cells

enter the functional zone, they lose the ability to proliferate

and are in G0.
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open into the lumen of the stomach via the foveolae.
Eachgastric unit can be divided into two subunits, thepit
and the gastric gland, with the pit located superior to the
gastric gland (Fig. 2). The gastric gland is further sub-
divided into three subunits (in descending order from
the junction with the pit)Ðthe isthmus, the neck, and
the base. The proliferative zone of the gastric unit is
located in the isthmus of the gastric gland. Multipotent
stem cells located in the isthmus are capable of produc-
ing the three cell lineages found within the gastric ep-
itheliumÐmucus-producing pit cells, acid-producing
parietal cells, and enzyme-producing zymogenic cells.

Although gastric units exist throughout the stomach,
differences exist in the fundus, corpus (body), and
antrum, the stomach's three main anatomical regions
(from proximal to distal). The two functional zones of
the stomach's epithelium are located at the opening of
the gastric unit to the lumen and at the base of the gastric
gland. The functional zone located near the opening of
the gastric lumen is called the pit, which is composed
primarily of pit cells, responsible for secreting a protec-
tive layer of mucus, and a few acid-producing parietal
cells. The base of the gastric gland is the location of the
second functional zone of the gastric unit and contains
parietal cells and/or zymogenic cells, depending on its
anatomic location.

The neck region of the gastric gland in the
corpus serves as a transitional zone for zymogenic
cells. As prezymogenic cells travel through the neck,

they undergo a process of maturation and lose the ability
to divide. This process of maturation and migration
downward from the isthmus to the base takes
prezymogenic cells approximately 14 days. Migration
for pit cells is much more rapid; they travel from the
isthmus to the pit in 12 hours. Parietal cells exhibit a
bidirectional migratory pattern, with mature parietal
cells being found in all compartments of the gastric unit.

Although stem cells lead to daughter cells and
eventually differentiated cells throughout the stomach,
local geographic in¯uences lead to differences in gastric
unit size and type throughout the stomach. For instance,
the gastric unit of the corpus is smaller than the gastric
unit of the antrum. In mice, gastric units in the corpus
contain 200 cells, compared to 250 cells in the antrum.
The length of the pit also varies between gastric units
withinthecorpusandtheantrum,withthepitbeingmuch
larger in the antrum. The base also differs between re-
gions; zymogenic cells are present in the corpus but are
absent in the antrum. Therefore, even though stem cells
can give rise to each of the differentiated cell types of the
gastric epithelium, local environmental factors can in-
¯uence what type and how many cells are produced.

Turnover rates of cells in the gastric epithelium vary
depending on the cell type. Parietal cells have an average
life span of 54 days, whereas zymogenic cells live an
average of 194 days, after which they are eliminated in
an unclear fashion, potentially by being engulfed by
macrophages in the extracellular matrix. In contrast,
pit cells are rapidly renewed and have a turnover rate
of 3 days, after which they are shed into the gastric
lumen. Despite the obvious disparity in life span of dif-
ferentiated epithelial cells, stem cells and their resultant
daughter cells are able to match cell loss with cell
production to maintain gastric homeostasis.

SMALL INTESTINE

The primary function of the small intestine is absorption
of water and nutrients from ingested foods. Enzymatic
digestion occurs within the small intestine whereas me-
chanical (and to a lesser degree chemical) breakdown
occurs in the stomach. In order to increase the surface
area of the small intestine for greater absorption, the
intestinal epithelium is divided into hundreds of thou-
sands of ®ngerlike projections, villi, into the lumen.
Each villus is supplied with cells from the small intes-
tine's proliferative units, ¯ask-shaped invaginations
called the crypts of LieberkuÈ hn (crypts) (Fig. 3). Pro-
liferation has been studied extensively in the small in-
testine; the mechanisms underlying this process are well
delineated in mice and are more completely understood
in humans than they are for other locations in the

Isthmus

Neck

Base

Pit

Gastric 
gland

FIGURE 2 Gastric unit of the stomach epithelium. Multipo-

tent stem cells that give rise to all the cell types of the gastric

epithelium proliferate in the isthmus.
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gastrointestinal tract. All cells within the small intestinal
epithelium are produced in the crypts. Each crypt has an
average cell population of 450, and although the average
number of crypts per intestine is unknown in humans, it
is approximately 1� 106 in mice. An individual crypt
supplies two to three villi. In contrast, each villus is
supplied by approximately six crypts.

Multipotent stem cells that supply the entire small
intestinal epithelium are located near the base of the
crypt at approximately three to ®ve cell positions
above the base of the crypt. The number of stem cells
in each crypt is unclear, with estimates ranging from 4 to
16, accounting for less than 5% of crypt cells. Stem cells
divide approximately once every 36 hours or greater and
give rise to a zone of rapidly dividing transit or daughter
cells in the region immediately superior to the stem cell
niche. There are six or greater generations of transit cells
per crypt, and the cell cycle takes 20ÿ73 hours to com-
plete in this population. Cumulatively, a human's small
intestinal crypts produce approximately 50� 106 cells/
minute, a total of 0.25 kg /day.

Although human studies examining how a multipo-
tent stem cell gives rise to multiple differentiated villus
cells are obviously dif®cult to perform, experiments
performed in mice demonstrate that this is an extremely
complex process. The daughter transit cells resulting
from the stem cell vary in both their life span as well
as in the type of cells they can produce. Daughter cells
can be short-lived, with a life span of less than 10 days,
or long-lived, with a life span of over 100 days. In ad-
dition, some transit cells can parent both columnar-
shaped enterocytes and mucus-producing goblet cells,
whereas other types can produce only a single cell type.

As animals age, their intestines become larger. As
such, intestinal homeostasis is a process in continual

evolution, with production of both new crypts and new
villi as well as continued division of existing crypt cells
and migration into existing villi. The crypt /villus ratio
increases over time, with a disproportionate increase in
new crypts. Up to 10% of crypts are estimated to be
dividing at any given time, after the number of cells
contained inside reaches a certain, as yet unknown,
threshold.

Stem cells inside a crypt are capable of producing all
four cell lineages of the small intestinal epithelium.
Three cell types (absorptive enterocytes, mucus-pro-
ducing goblet cells, and enteroendocrine cells) migrate
toward the villus apex. As cells travel up the crypt, they
begin to differentiate into their ®nal form. Once an epi-
thelial cell passes the cryptÿvillus junction, it is fully
committed into its mature state and can no longer di-
vide. It then takes between 3 and 5 days for a differen-
tiated cell to migrate to the villus tip. Epithelial cells are
removed from the villus primarily by extrusion into the
intestinal lumen, although a small subset undergoes
apoptosis before reaching the villus apex. Proliferation
studies of both mouse and human intestines suggest that
the entire epithelium of the small intestine renews every
3 to 5 days.

The fourth small intestinal cell lineage, Paneth cells,
differentiate as they migrate toward the base of the crypt,
where they reside for approximately 3 weeks. Paneth
cells produce lysozyme and other antimicrobial factors.
The downward migration of this cell lineage takes ap-
proximately 5 to 8 days, and cells are ultimately elim-
inated by either apoptosis or by being phagocytosed by
macrophages within the extracellular matrix or base-
ment membrane.

COLON AND RECTUM

The function of the large intestine is absorption of the
water in what remains of the ingested nutrients after
their passage through the small intestine. The large in-
testine is also responsible for helping to maintain the
balance of sodium and other minerals within the body.
Like the small intestinal and gastric epithelium, the
colonic epithelium is columnar in organization. Unlike
the small intestine, the colon has no formal villi to reach
into the lumenÐeach unit ends in a hexagonal cuff of
cells ringing the opening of the crypt.

The epithelium of the large intestine has three cell
typesÐmucus-producing goblet cells, enteroendocrine
cells, and columnar cells, which are also referred to as
colonocytes. Because no Paneth cells exist in the large
intestine, stem cells are located at the base of the colonic
crypt, with transit cells found above. Like the small
intestine, multipotent stem cells can ultimately produce

FIGURE 3 Cryptÿvillus unit of the small intestinal epithe-

lium. Multipotent stem cells are located three to ®ve positions

above the crypt base. These give rise to a transit cell population

and ultimately to all four cell lineages of the small bowel.
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all three cell types found in the colonic epithelium.
However, colonic crypts are much larger than their
small intestinal counterparts, with an average of 2250
cells per crypt. Stem cells divide every 36 hours or
greater, and daughter transit cells take 36ÿ96 hours
to divide. The proliferative region occupies the basal
two-thirds of a colonic crypt, and there are greater
than ®ve to nine daughter transit cell generations, al-
though the exact number is not known. The top third of
the crypt is the zone of maturation, with the luminal
surface being the functional zone of the crypt. The epi-
thelial surface of the colon is replaced in mice every 8
days. Nearly all cells exit the colonic epithelium through
extrusion into the lumen.

Organization of the rectal epithelium is identical to
that seen in the colon. The epithelial layer is ¯at, without
villi, and the proliferative zone comprises the basal two-
thirds of the crypt, with stem cells located at the extreme
base leading to production of columnar, goblet, and
enteroendocrine cells. Cells at the top of the rectal
crypt are eliminated by being sloughed into the gut
lumen. Murine studies indicate that the rectal epithe-
lium is replaced every 4ÿ5 days.

FACTORS INFLUENCING
EPITHELIAL PROLIFERATION

The presence and passage of food through the gastro-
intestinal tract are important stimuli for epithelial pro-
liferation and thickness. Animal data suggest that
mechanical passage of food through the esophagus stim-
ulates cell production in the basal layers of the esoph-
ageal epithelium. Direct feeding into the stomach also
causes an increase of esophageal epithelial proliferation
over baseline via the hormone gastrin, suggesting that
factors produced in the stomach can stimulate epithelial
proliferation in distant anatomic locations. However,
direct gastric feeding results in a less robust proliferative
response compared to normal ingestion and illustrates
that mechanical passage of food plays an important role
in esophageal proliferation. Experiments in mice dem-
onstrate that bypassed sections of the small intestine
undergo substantial hypoplasia compared to those sec-
tions that receive luminal nutrition. This point is further
supported by animal models that show general hypo-
plasia throughout the gastrointestinal tract during in-
travenous feeding. Regrowth of an atrophied epithelium
occurs rapidly when luminal nutrition is reintroduced.

Injuries to the gastrointestinal epithelium may
also affect proliferation. Brief treatment of rat gastric
mucosa with 100% ethanol denudes the epithelium.
Within moments after stopping the ethanol treatment,

new epithelial cells begin to migrate toward the gastric
lumen. An intact epithelial layer is reestablished within
1 hour of injury; this phenomenon is called restitution.
Restitution has also been described in the colon of rab-
bits and humans.

Critical illness can affect gastrointestinal epithelial
proliferation in disparate ways. Both Pseudomonas
aeruginosa pneumonia and burn injury in mice cause
decreases in small intestinal proliferation as measured
by BrdU. These animals also have simultaneously ele-
vated epithelial apoptosis resulting from their injuries.
In contrast, a mouse model of ruptured appendicitis
causes increased small intestinal epithelial proliferation
in rats measured with tritiated thymidine.

A number of molecular mediators are also involved
in the control of epithelial proliferation. Epithelial
growth factor (EGF) is a strong inducer of epithelial
proliferation and maturation in the small and large in-
testines, and also plays a role in intestinal development
in both fetuses and infants. Transforming growth factor
(TGF) also increases epithelial proliferation, although
in a less potent fashion than EGF. Prostaglandins in-
crease proliferation and in¯uence cell migration in the
gastric epithelium. Prostaglandins also impart a protec-
tive bene®t on gastric epithelium and appear to play a
role in gastric mucosal wound healing. Prostaglandins
appear to stimulate proliferation in the small intestine
but have no effect on proliferation in the colon. Gastrin,
a hormone produced by the gastric epithelium, stimu-
lates proliferation in the esophageal epithelium as
previously outlined. Cells neighboring wounds within
the gastrointestinal epithelium secrete trefoil peptides,
small stable signal proteins with a distinctive three-di-
mensional con®guration. Trefoil peptides are thought to
be important in the process of restitution by in¯uencing
cell migration and possibly stimulating proliferation.
Corticosteroids reduce both the rate of proliferation
and cell migration within the gastrointestinal epithe-
lium and may play a role in the development of ulcers
in this tissue.

DISEASES OF THE GASTROINTESTINAL
EPITHELIUM INVOLVING ABNORMAL
PROLIFERATION

Although the proliferation rate is high in both the small
intestine and the colon, colorectal cancer is the third
most common type of neoplasia in the United States
but small intestinal cancer is rare. The differential
sensitivities of the two organs to crypt apoptosis are
one potential explanation for this paradox. Theoreti-
cally, decreased programmed cell death coupled with
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increased or abnormal proliferation could yield an in-
crease in cancer risk. Evidence that supports this in-
volves increased expression of the antiapoptotic
protein, Bcl-2, in the stem cell compartments of the
colonic and rectal epithelium, compared to the stem
cell compartments in the small intestine, and the fact
that it is much more common to see apoptotic crypt
cells in the small intestine than in the colon. Some
carcinogenic agents can also extend the proliferative
zone into the functional zone of the colonic crypt or
induce the production of an increased proliferative cell
population.

Ulcerative colitis is primarily a disease of the rectal
epithelium that may spread proximally into the colon.
Symptoms of ulcerative colitis include bloody diarrhea
and a thinning of the rectal mucosa. The rectal mucosa
has an increased proliferative rate in ulcerative colitis,
leading to a reduction in turnover time for the rectal
epithelium from the typical 4ÿ5 days down to 2ÿ3 days.
In addition, the proliferative zone of the affected
rectal or colonic crypt extends to include the entire
crypt, in contrast to the basal two-thirds seen in normal
epithelium.

Gastric metaplasia involves both an increase in pro-
liferation and an abnormal pattern of gastric epithelium.
In this disorder, the gastric epithelium undergoes a shift
in appearance to one resembling the small intestine, and
the proliferation zone extends toward the base of the
gastric gland. This enlargement of the zone of prolifer-
ation is accompanied by a marked increase in prolifer-
ation to two to three times the normal rate. Small
intestine epithelial cell lines also begin to appear,
with both Paneth and goblet cells present in the gastric
epithelium. This can ultimately lead to gastric dysplasia
and invasive cancer.

SUMMARY

The gastrointestinal epithelium is one of the most rap-
idly dividing organs in the body. In keeping with the
gut's multiple functions, its epithelium is rapidly renew-
able and replaces itself on a routine basis. Multipotent
stem cells located in the proliferative region of the gas-
trointestinal tract produce daughter or transit cells that
eventually mature into each of the specialized cell types
that make up the functional portion of the gastrointes-
tinal epithelium. Because gut stem cells can differen-
tiate into a number of cell types, they have attracted
substantial research interest both for treatment of dis-
orders of the gastrointestinal tract and for answering
basic scienti®c questions about how epithelial cells pro-
liferate. Further understanding of stem cell function and

signaling may allow future manipulations of gut epithel-
ial proliferation for therapeutic gain.
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Epithelium, Repair of
SHAUN V. WALSH

Ninewells Hospital, Dundee, United Kingdom

columnar epithelium A classi®cation of epithelium com-

posed of a type of cell whose height is larger than its

width.

restitution The ability of epithelium to rapidly replace or

repair sections of denuded epithelial tissue.

squamous epithelium A ¯at type of epithelium classi®ed by a

type of cell whose width is much larger than its height.

Epithelial repair or restitution is the process by which

small super®cial defects in a mucosal surface are sealed

by coordinated epithelial cell migration. Restitution

occurs throughout the gastrointestinal tract as a necessary

response to noxious injury in both simple columnar and

strati®ed squamous epithelia. Adequate restitution pre-

vents bacteria and other foreign antigens from invading

deeper mural tissues. Inadequate restitution, induced ei-

ther by persistent noxious stimuli or by failure of epithel-

ial responses, contributes to the production of persistent

and larger breaches in the mucosal barrier and clinically

signi®cant ulcerative diseases. Therefore, restitution is

central to the pathophysiology of many common ulcera-

tive disorders including gastroesophageal re¯ux disease,

duodenal ulceration, enteric infections, idiopathic in¯am-

matory bowel disease, and ischemia. For the purposes of

this article, epithelial restitution in each compartment of

the gastrointestinal tract will be considered separately. In

each section, existing knowledge concerning coordinated

epithelial cell migration will be considered, underlying

molecular mechanisms will be discussed, migration-

enhancing and -inhibiting factors will be summarized,

and the contribution of stromal factors will be assessed

where appropriate.

EPITHELIAL RESTITUTION
IN THE ESOPHAGUS

The human esophagus is lined by a strati®ed squamous
epithelium. Numerous exogenous and endogenous
stimuli may damage this barrier, most commonly re¯ux
of low pH stomach contents in gastroesophageal re¯ux
disease (GERD). The presence of such gastric contents is
directly toxic to the esophageal epithelium, producing
small defects or erosions in the mucosal surface
and exciting an in¯ammatory response including
intraepithelial eosinophils. These erosions heal by

coordinated squamous epithelial cell migration into
the eroded areas and subsequent basal cell proliferation
to regenerate the normal barrier.

Most studies of epithelial restitution, including
studies of esophageal epithelium, have relied on simple
in vitro culture models of rabbit esophageal cells.
Wounds in epithelial monolayers are made mechan-
ically, thereby stimulating neighboring epithelial
cells to migrate in coordinated sheets with preserved
intercellular junctions into the wound space. Experi-
ments using such a model have demonstrated that epi-
thelial restitution decreases markedly in direct response
to a falling pH and increased length of time of acid
exposure. These conditions closely model the condi-
tions of the lower esophageal epithelial surface in pa-
tients with GERD. This profound inhibition of
restitution might explain why prolonged acid suppres-
sion is necessary for healing patients with esophagitis
and ulcer disease.

At the molecular level, the role of growth factors
such as hepatocyte growth factor (HGF) and epidermal
growth factor (EGF) is controversial. Initial in vitro
studies had demonstrated restitution-enhancing effects
of HGF and EGF in a rabbit esophageal model, noting a
greater sensitivity to these stimuli in esophageal epi-
thelia than in gastric epithelia. However, a subsequent
study, also of cultured rabbit esophageal epithelial
monolayers, failed to detect a restitution-enhancing ef-
fect from HGF or EGF but instead detected enhanced
cell proliferation. Of interest, tumor growth factor-b1

(TGF-b1) inhibited both restitution and cell prolifera-
tion. Overall, given evidence in other epithelial systems,
it seems highly likely that several cytokines and growth
factors play a critical role in modulating restitution. The
likely complex interplay between restitution-enhancing
and restitution-inhibiting growth factors has not been
unraveled. More critically, the identity of central regu-
latory factors, likely targets for therapeutic intervention,
is not known.

In contrast, the role of epithelialÿstromal inter-
actions has not been studied in the esophagus and spe-
ci®c proteins crucial in cell migration, such as the focal
adhesion complex proteins, have not yet been inten-
sively studied. Such investigations will be necessary
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to further explore the role of restitution in the patho-
physiology of GERD.

EPITHELIAL RESTITUTION
IN THE STOMACH

The human stomach is lined by a simple mucus-
producing columnar epithelium. Although well adapted
to the low pH environment of the stomach lumen, the
gastric mucosa nevertheless is commonly affected by
toxic stimuli that produce mucosal defects or gastric
erosions. Such noxious stimuli may be locally derived,
such as chronic active gastritis driven by Helicobacter
pylori or by exogenous chemical injury such as that
caused by alcohol, nonsteroidal anti-in¯ammatory
drugs (NSAIDs), and bile re¯ux. Failure to achieve res-
titution can result in the development of large or con-
¯uent erosions and eventually deep ulcer formation.

Studies performed in rats demonstrated that super-
®cial erosions heal by migration of ¯at to low cuboidal
epithelial cells from within gastric pits to the gastric
surface. This process is rapid with migrating cells
from pits extending lamellipodia over denuded basal
lamina and moving at approximately 1ÿ2 mm/min.
These studies correlate well with in vitro studies of
frog mucosa that demonstrate ¯attened cells migrating
from gastric pits during restitution. Typical junctional
complexes were present between adjacent cells.
Subsequent studies demonstrated that lumenal ammo-
nia, potentially derived from H. pylori, retarded restitu-
tion of guinea pig gastric mucosa in vitro.

Growth factors, as in other compartments of the
gastrointestinal tract, have been associated with enhanc-
ing gastric epithelial cell migration and thus restitution.
Acceleration of gastric epithelial restitution by platelet-
derived growth factor (PDGF) has been demonstrated in
vitro. HGF has also been shown to be a potent stimulant
of rabbit gastric epithelial cell migration and prolifera-
tion, possibly via cyclooxygenase 2. In addition, EGF
has been found to contribute to gastric mucosal resti-
tution via stimulation of basolateral EGF receptors. EGF
effects are at least in part produced by the stimulation of
basolateral Na�/H� exchangers, by formation of actin
stress ®bers, and via effects on focal adhesion complex
proteins, notably focal adhesion kinase (FAK) and
tensin. In culture models of canine oxyntic mucosa
EGF, transforming growth factor-a (TGF-a), insulin-
like growth factor-I, and interleukin-1 all enhanced
cell migration and restitution. Finally, cytokines,
such as PDGF derived from subepithelial ®broblasts,
may not only in¯uence epithelial function but
also may have crucial autocrine effects on stromal

cells during larger wound repair. It is likely that further
growth factors and cytokines will be shown to regulate
gastric restitution.

Although all of the early studies noted the coordi-
nated, cohesive nature of gastric epithelial cell migra-
tion, few studies have concentrated on cellÿcell
adhesion and cellÿcell communication during restitu-
tion. Increased expression of E-cadherin during cell
migration and inhibition of cell migration by anti-E-
cadherin antibodies demonstrated the critical role of
this intercellular adhesion molecule in a culture model
of rat gastric epithelial restitution. However, simple up-
regulated linkage between migrating gastric epithelial
cells is not the whole story. Inhibition of intercellular
communication via gap junctions signi®cantly inhibits
gastric epithelial restitution in rats. This correlated with
abnormal patterns of gap junction expression as evi-
denced by connexin 32 expression. Intercellular com-
munication possibly via gap junctions may be necessary
to coordinate the sheet-like movement of cells observed
during migration.

The extracellular matrix also plays an important role
in gastric epithelial restitution. This is adequately dem-
onstrated by elegant studies of the differing effects of
matrix components on gastric epithelial cell migration.
At a molecular level, focal adhesion complexes serve to
anchor the actin cytoskeleton of epithelial cells to the
extracellular matrix. Focal adhesion complexes also
serve as potent signal transducers between the extracel-
lular matrix and the intracellular milieu. As noted
above, the restitution-enhancing effects of EGF are as-
sociated with effects on focal adhesion complexes. Fur-
thermore, the NSAID indomethacin delayed gastric
restitution in association with inhibition of FAK phos-
phorylation. Clearly, extensive cross talk between gas-
tric epithelial cells and their underlying matrix is vital in
gastric epithelial restitution whether it occurs via direct
stromal focal adhesion complex interaction or via other
paracrine effectors, such as growth factors.

One of the most exciting ®elds of study in gastroin-
testinal epithelial restitution is the function of trefoil
peptides. Their roles are well characterized in intestinal
restitution but their role in the stomach is less certain.
Trefoil peptides have been shown to stimulate canine
gastric epithelial restitution in vitro. However, trefoil
factor family 2 (TFF2) does not appear to affect resti-
tution in studies of knockout mice. Instead, TFF2 in-
¯uences gastric proliferation, acid secretion, and
susceptibility to NSAID injury. Finally but importantly,
a recent study has analyzed the energy dependence of
gastric epithelial restitution and determined that the
glycolytic pathway is essential for restitution after injury
in the bullfrog gastric mucosa and that almost all repair
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occurs in the absence of mitochondrial respiration, serv-
ing to highlight the rapidity of restitution. Pulling these
various strands of information together, it is clear that
cytokine stimulation, epithelialÿstromal interactions,
and ef®cient cellÿcell communication are all likely to
be required for gastric epithelial restitution. It is hoped
that some of these recent advances in the understanding
of gastric epithelial restitution and in particular the pre-
cise molecular mechanisms by which noxious stimuli
affect restitution may well stimulate the discovery of
novel therapies for gastric mucosal erosions and ulcers.

EPITHELIAL RESTITUTION
IN THE INTESTINE

In direct contrast to the esophagus and stomach, an
enormous volume of research has been performed on
mechanisms of epithelial restitution in the intestine.
This is no doubt due to the numerous diseases that
produce mucosal erosions in the intestine, including
enteric infection, ischemia, and idiopathic in¯amma-
tory bowel disease. It is not possible in this article to
deal with the many and varied avenues of research
into the intestinal restitution process and therefore
certain general areas of promising research will be
highlighted with reference to existing excellent
reviews of the subject matter.

The mucosa of the intestines serves a vital function
as a barrier between the highly noxious potentially path-
ogenic environment of the intestinal lumen and the
vulnerable deeper tissues. Breaches in this epithelial
barrier must be rapidly resealed by coordinated epithel-
ial cell migration from surrounding uninjured mucosa
in order to prevent the development of serious disease.
Due to the wide variety of potential noxious stimuli, it is
not surprising that the human small bowel and intes-
tines have evolved a variety of mechanisms to protect
against mucosal breaches and affect their rapid
resealing.

Morphology of Epithelial Restitution
in the Colon

No matter what the cause of the epithelial injury,
areas of lamina propria denuded of epithelial cells pro-
voke a rapid response from surrounding colonic epi-
thelial cells. These epithelial cells ¯atten out in a
coordinated fashion and migrate from all sides in a
sheet to re-cover the exposed areas of lamina propria.
Histopathologically, snapshots of this process may be
identi®ed in routine sections of erosions detected in
biopsy material from patients with idiopathic in¯amma-
tory bowel disease or ischemia. In damaged colonic

crypts, epithelial cells assume a ¯attened-out phenotype
and extend long thin processes into the denuded areas.
Importantly, they do not separate from their adjacent
viable epithelium. The use of experimental models to
analyze the molecular mechanism underlying these his-
topathological appearances will now be examined.

Intestinal Epithelial Restitution: Models
of Repair

Most models of intestinal epithelial restitution are
culture-based models composed of a monolayer of in-
testinal epithelial cells grown over a collagen-coated
porous membrane. The existing commonly utilized
models, both in vivo and ex vivo, are eloquently sum-
marized by Wilson and Gibson in their review. The
authors extensively discuss the bene®ts of simple
in vivo model systems of intestinal epithelial cell migra-
tion. Such models allow the dissection of complex
molecular pathways without the confounding and
potentially confusing issues of hostÿpathogen or
epithelialÿstromal interactions. Then again, the limita-
tions of using transformed cell lines that, however well
differentiated, cannot precisely mimic normal epithe-
lium is recognized. In addition, the particular dif®cul-
ties surrounding the growth of model epithelia on
matrix components are noted.

Intestinal Epithelial Restitution: Role of Peptides

A massive body of work now exists on the role of
peptides in the modulation of intestinal epithelial res-
titution. These are excellently summarized in the review
by Wilson and Gibson already mentioned but also in the
excellent reviews by Podolski and by Dignass. Brie¯y,
the role of peptide growth factors in intestinal epithelial
restitution is now thought to be crucial. Numerous
studies have recognized the central roles of TGF-b in
this process. Importantly, numerous other restitution-
enhancing growth factors, such as TGF-a, EGF, HGF,
®broblast growth factor, interleukin-1, interleukin-2,
and interferon-g, have been demonstrated to enhance
restitution through a TGF-b-dependent pathway. How-
ever, the relative importance of each individual growth
factor in enhancing restitution in a particular disease
setting, such as idiopathic in¯ammatory bowel disease,
remains to be determined.

Of equal importance in intestinal epithelial restitu-
tion is the role of trefoil factors or peptides. Members of
this peptide family are differentially expressed through-
out the gastrointestinal tract. Numerous investigators
have determined the critical role of these peptides in
recovery for mucosal injury and it appears that their
effects are entirely independent of the TGF-b pathway.
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Of great clinical interest is the fact that trefoil produc-
tion is enhanced in sites as diverse as the stomach, small
bowel, and colon. Dysregulation of trefoil peptide pro-
duction has been demonstrated in both peptic ulcera-
tion and Crohn's disease. It is likely therefore that these
peptides may provide useful therapeutic targets in heal-
ing such diseases.

Intestinal Epithelial Restitution: Role of
Nonpeptide Factors

Again the reader is referred to the excellent reviews
noted above. A wide variety of nonpeptide factors have
been shown to modulate intestinal epithelial restitution.
These include short-chain fatty acids, glutamine, nucle-
otides, bile salts, lysophosphatidic acid, trace elements,
and numerous pharmacological agents. The extensive
list of nonpeptide regulators serves as a reminder that, in
the in vivo setting, each individual factor is a small part
of a very complex puzzle. It has not been possible using
in vitro models to assess in detail the complex inter-
actions between numerous peptide and nonpeptide reg-
ulatory factors in governing epithelial restitution. Such
studies are keenly awaited.

Intestinal Epithelial Restitution: Role of the
Extracellular Matrix

Another fertile area of study has been the interaction
between the intestinal epithelial cell and its supportive
matrix. This has been excellently summarized in a re-
cent review by Basson. This critical review notes that the
extracellular matrix may in¯uence restitution not only
as a physical substrate but also by modulating relevant
intracellular proteins, such as focal adhesion complex
proteins, and by modulating the receptors for soluble
factors derived from the extracellular environment. In
this process, it appears that FAK plays a central role in
integrating signals derived from the extracellular ma-
trix. These signals are modulated in order to produce
changes necessary to affect a phenotypic shift from a tall
stationary columnar phenotype to a migratory ¯attened
phenotype. Indeed, it is the rapid assembly and disas-
sembly of focal adhesion complexes to integrins and
thus to the extracellular matrix on one hand, and
their linkage to the actin cytoskeleton providing con-
tractile force on the other, that may serve as a trigger
point for the in¯uences of the many modulators of in-
testinal epithelial cell migration whether matrix or cy-
tokine derived. Further studies have emphasized the
role of subepithelial myo®broblasts enhancing epithel-
ial migration. On a cautionary note, due to the dif®culty
of manipulating the extracellular matrix of the human
intestinal lamina propria in vivo, the vast majority of

studies of epithelialÿstromal interaction are performed
in vitro.

Intestinal Epithelial
Restitution: Molecular Mechanisms

Due to the enormous variety of factors, both peptide
and nonpeptide, that have been shown to modulate in-
testinal epithelial cell restitution, it is not surprising that
the downstream molecular mechanisms by which these
factors affect their responses are of great interest. In¯u-
encing a ®nal common pathway governing cell migra-
tion would be of great therapeutic value. The role of
focal adhesion complexes as signal integration sites is
discussed above. Not surprisingly, the role of actin, crit-
ical in the formation of lamellipodia and intimately
related to focal adhesion complexes, has been emphas-
ized by several authors.

Similarly, the extensive junctional complexes be-
tween intestinal epithelial cells including the adherence
junction complex may also serve as critical sites for the
integration of numerous signals during restitution. In-
terestingly, recent studies have suggested that TFF3-
modulated epithelial cell adhesion and migration
occur via perturbing complexes between E-cadherin
and b-catenin. The role of tight junctions and gap junc-
tions in this regard remains to be studied. However, as
epithelial migration occurs in a coordinated fashion,
some intercellular signaling via gap junctions is to be
expected. This has already been discussed with regard to
gastric epithelium restitution. The role of the tight junc-
tion is less clear as preservation of mucosal integrity
depends on the preservation of an intact tight junction
during coordinated epithelial cell migration. However,
this does not exclude the possibility of modulation of
such junctions during migration. It could certainly be
hypothesized that greater tractional force is exerted on
tight junctions during monolayer migration than in the
stationary setting. The expanding list of tight junction
component proteins may yet contain critical agents nec-
essary for reinforcing or otherwise altering tight junc-
tion function during migration. Clearly, much further
study of junctions during migration is required.

CONCLUSION

Epithelial restitution throughout the gastrointestinal
tract displays some recurring themes. First, restitution
is a rapid, energy-dependent process. It occurs in a
coordinated fashion and therefore inherently involves
cellÿcell adhesion complexes and molecules. Further-
more, the nature of epithelialÿstromal interactions is
crucial in modulating the restitution response. Finally,
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peptide growth factors, trefoil peptides, and numerous
other exogenous factors provide a busy information
highway to the cell in regulating migration and thus
restitution. Critical junctions on this highway at
which integration of information occurs include focal
adhesion complexes and intercellular junctions. A bet-
ter understanding of these complex pathways may lead
to the development of novel therapeutic strategies to
enhance epithelial restitution and thus alleviate patient
diseases.
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Erosive and Hemorrhagic Gastritis
(Gastropathy)
RAJEEV JAIN

Presbyterian Hospital of Dallas

gastritis Gastric mucosal disorder associated with an

in¯ammatory in®ltrate.

gastropathy Gastric mucosal disorder without signi®cant

microscopic in¯ammatory in®ltrate.

The classi®cation of erosive and hemorrhagic gastritis

(gastropathy) is based on endoscopic ®ndings related

to acute chemical or irritant injury to the stomach without

associated microscopic in¯ammation. Depending on the

etiologies of erosive and hemorrhagic gastritis, it is rec-

ommended that diagnoses be further de®ned (e.g., reac-

tive gastritis, chemically induced gastritis).

HISTOLOGY

Although the term `̀ gastritis'' is often used to both de-
scribe clinical symptoms and endoscopic ®ndings, the
histologic de®nition of acute gastritis is mucosal injury
associated with an in¯ammatory neutrophilic in®ltrate.
Chronic gastritis is characterized by an in¯ammatory
in®ltrate of mononuclear cells such as lymphocytes,
plasma cells, and macrophages. Causes of gastritis in-
clude Helicobacter pylori and other infectious agents,
allergic and hypersensitivity reactions, or drugs. In com-
parison, erosive and hemorrhagic gastritis (gastro-
pathy) denotes endoscopic ®ndings in which mucosal
injury has occurred but no signi®cant in¯ammatory
in®ltrate is seen microscopically. In response to mucosal
injury, the gastric mucosa can display cellular regener-
ation with reactive changes of foveolar hyperplasia.
Erosions are super®cial mucosal breaks involving ne-
crosis that does not extend beyond the muscularis mu-
cosa, whereas ulcers penetrate through the muscularis
mucosa.

ENDOSCOPY

The endoscopic ®ndings of the gastropathy of erosive
and hemorrhagic gastritis vary from petechial hemor-
rhages to erosions and ulcers. The hemorrhagic lesions
can vary in intensity and distribution based on the

causative agent. The erosive changes are typically
manifested by multiple erosions that can progress to
ulcer formation.

The endoscopic and histologic ®ndings of gastritis
are frequently discordant. For example, the endoscopic
®ndings suggestive of in¯ammation are frequently in-
correct when gastric biopsies are examined. Also, the
mucosa can appear normal at endoscopy but biopsies
reveal in¯ammation. Therefore, when describing endo-
scopic ®ndings, the term `̀ gastropathy'' is preferred over
`̀ gastritis.''

ETIOLOGIES

Alcohol

Acute ingestion of alcohol can cause subepithe-
lial hemorrhages in the stomach. The histological
characteristics of acute alcohol injury include super®-
cial hemorrhage and edema. The correlation between
chronic alcoholism and gastric mucosal injury is un-
clear because of factors such as H. pylori infection
and concomitant aspirin and/or nonsteroidal antiin-
¯ammatory drug use.

Antineoplastic Therapy

Radiation injury to the stomach affects the parietal
and chief cells by causing edema and necrosis. Of pa-
tients receiving 5500 cGy of radiotherapy to the stom-
ach, 50% will develop ulceration, which typically is
solitary and located in the antrum. Chemotherapy
agents infused through the hepatic artery can inadver-
tently injure the stomach and cause gastric ulceration
with marked epithelial atypia.

Bile Re¯ux

Bile salts can re¯ux from the proximal small intes-
tine into the stomach through an operative stoma or
because of an incompetent pylorus or abnormal duode-
nal motility. Bile acts as a topical irritant, leading to
gastric mucosal breakdown. The gastric histologic
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®ndings documented in a group of patients with gastro-
enteric anastamosis-associated bile re¯ux include both
hyperplasia and ®brosis of the lamina propria with
foveolar hyperplasia. Endoscopically, the mucosal
changes are most prominent in the distal stomach or
proximal to the gastroenteric anastamosis. The clinical
presentation of bile re¯ux gastropathy can vary from no
symptoms to nausea, vomiting, abdominal pain, and
weight loss. Medical therapy with ursodeoxycholic
acid, sucralfate, misoprostol, and cholestyramine has
shown limited bene®t. In some reports, patients with
bile re¯ux related to a gastroenteric anastamosis have
improved after undergoing surgery with a Roux-en-Y
gastrojejunostomy designed to divert bile from the
stomach.

Cocaine

Crack cocaine use can cause exudative erosions
throughout the stomach, sometimes with complications
of bleeding and perforation. It is believed that these
lesions are caused by vasoconstriction and resultant
mucosal ischemia.

Ischemia

Ischemic gastropathy has been described in patients
with chronic mesenteric ischemia, most typically re-
lated to atherosclerosis, atheromatous embolization,
and extreme athletic activity, as seen in long-distance
runners, who can present with gastrointestinal hemor-
rhage and anemia.

Mechanical Prolapse

Mechanical injury to the gastric cardia occurs
in some patients, with retching and vomiting
when the gastric cardia prolapses into the esophageal
lumen. At endoscopy, prolapse can be observed,
with gastric cardia injury manifested by erosions and
ulceration.

Medications

Aspirin and nonsteroidal antiin¯ammatory drugs
(NSAIDs) are the leading etiology of gastropathy.
These agents injure the gastric mucosa by both topical
and systemic routes. Topical injury occurs because
aspirin and many NSAIDs are weak acids and can
pass through the gastric mucus barrier into the surface
epithelium. Also, some NSAIDs are prodrugs that the
liver converts to acidic active drugs, which are secreted
in bile. Topical injury from biliary excretion occurs
when the active acidic metabolite re¯uxes into the
stomach from the duodenum. Systemic injury is related

to prostaglandin inhibition in the gastric mucosa,
which causes decreased mucus and bicarbonate
secretion and reduces mucosal blood ¯ow, with
subsequent impairment of mucosal protection. Within
minutes of ingestion of aspirin and NSAIDs, histologic
changes of mucosal cell injury can be noted. Endoscopic
®ndings of subepithelial hemorrhages and erosions
can be seen within a few hours of ingestion. The entire
stomach is vulnerable to injury, with most erosions
and ulcers found in the antrum. The primary treat-
ment and prevention of gastropathy is discontinuation
and avoidance of the injurious agent. If aspirin or
NSAIDs cannot be discontinued, active treatment re-
quires antisecretory therapy with histamine-2 receptor
antagonists or proton pump inhibitors. Prophylactic
strategies include misoprostol and proton pump
inhibitors.

Oral potassium and iron therapy have also been
shown to cause gastric petechial hemorrhage and
erosions.

Portal Hypertension

The ®ndings of congestive gastropathy in the setting
of portal hypertension are recognized at endoscopy as
mucosal red spots in a mosaic pattern. This endoscopic
appearance is attributed to mucosal congestion and
edema, with the grooves surrounding the area gastrica
displayed as pale lines, producing the typical mosaic
pattern. Microscopically, super®cial venular and capil-
lary ectasia with or without organizing microvascular
thrombi is seen. Clinically, patients can be asymptom-
atic or present with occult bleeding and anemia. Non-
selective beta-blockers and decompressive shunts have
been used to treat refractory cases of bleeding.

Stress

Stress gastropathy is seen in critically ill patients
who require mechanical ventilation and/or have a
coagulopathy. Other risk factors for stress injury in-
clude previous gastrointestinal bleeding, hypotension,
trauma, burn injury (435% of body surface), central
nervous system injury, renal failure, hepatic failure,
organ transplantation, and sepsis. Erosions and ulcer-
ations develop from a multifactorial process, with the
primary insult being gastric ischemia. In endoscopic
studies, mucosal injury is found in greater than 75%
of critically ill patients within 24 hours of admission.
The typical mucosal injury seen is multiple, diffuse,
super®cial erosions in the gastric fundus and body;
however, focal, deep ulceration can also be seen in
both the stomach and duodenum. Patients in the inten-
sive care unit can experience signi®cant bleeding, which
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is associated with increased mortality. Preventive
strategies have focused on acid suppression with
histamine-2 receptor antagonists and mucosal protec-
tion with sucralfate. Based on the available data, stress
ulcer prophylaxis is warranted only in high-risk criti-
cally ill patients such as those requiring mechanical
ventilation or those with signi®cant coagulopathy. In-
travenous histamine-2 receptor antagonists or proton
pump inhibitors are the preferred preventive strategy in
these high-risk patients.
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Esophageal Cancer
MARK LEMERT

University of California, San Diego

achalasia Absence of lower esophageal sphincter relaxation,

resulting in functional obstruction at the distal

esophagus.

Barrett's esophagus Replacement of normal strati®ed squa-

mous mucosa by columnar-lined epithelium; extends

upward from the gastroesophageal junction.

dysphagia Dif®culty with swallowing.

gastric esophageal re¯ux disease Passage of stomach

contents into the esophagus, resulting in esophageal

mucosal injury. Gastric and possibly bile acids are the

important mediators of this injury.

metaplasia Reversible change in which one adult cell type is

replaced by another adult cell type; may represent an

adaptive substitution of cells in response to environmen-

tally mediated injury; if persistent, cancer transformation

may occur.

neoadjuvant Before surgery.

odynophagia Pain with swallowing.

Squamous cell carcinoma and adenocarcinoma represent

the two important histologic forms of esophageal cancer.

These two tumor types differ signi®cantly in terms of

associated risk factors. Tobacco use and alcohol con-

sumption are correlated with squamous cell carcinoma.

The critical risk factor for adenocarcinoma is Barrett's

esophagus, in which the normal squamous lining of the

esophagus has been replaced by intestinal-type columnar

cells in response to chronic gastric re¯ux disease. Overall,

the survival for esophageal cancer is poor, because a ma-

jority of patients at diagnosis are found to have advanced

disease.

INTRODUCTION

Approximately 12,000 people in the United States are
diagnosed annually with esophageal cancer. Although
considered a comparatively uncommon cancer in
Western countries, esophageal cancer represents a
major cause of cancer-related mortality worldwide. In
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is associated with increased mortality. Preventive
strategies have focused on acid suppression with
histamine-2 receptor antagonists and mucosal protec-
tion with sucralfate. Based on the available data, stress
ulcer prophylaxis is warranted only in high-risk criti-
cally ill patients such as those requiring mechanical
ventilation or those with signi®cant coagulopathy. In-
travenous histamine-2 receptor antagonists or proton
pump inhibitors are the preferred preventive strategy in
these high-risk patients.
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Western countries, esophageal cancer represents a
major cause of cancer-related mortality worldwide. In
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developed countries over the past three decades, a sub-
stantial shift in relative incidence of the two major his-
tologic types has been observed. Adenocarcinoma is
now diagnosed more frequently than squamous cell car-
cinoma in the United States and western Europe. The
reason for this change remains unclear, but is likely
associated with the parallel increase in incidence of
gastroesophageal re¯ux disease and, in turn, Barrett's
metaplasia.

Solid food dysphagia is the most common clinical
manifestation of esophageal carcinoma. Most patients
present with advanced disease, because esophageal can-
cer appears to metastasize early in disease progression.
Overall survival is directly dependent on the stage of
disease at diagnosis, regardless of the histologic type of
cancer. Five-year survival rates range from approxi-
mately 60% in patients with carcinoma in situ to less
than 4% in patients with distant metastases. Because
survival correlates closely to extent of disease, precise
clinical staging is a critical component of determining
appropriate treatment options. Endoscopic ultrasound
has emerged as the most accurate diagnostic modality
for locoregional staging. In select patients with limited
disease, curative surgical resection represents a poten-
tial therapeutic approach.

SQUAMOUS CELL CARCINOMA

Epidemiology and Risk Factors

The incidence of esophageal squamous cell carci-
noma varies greatly according to geographic location.
The region extending from northern Iran across central
Asia to northern China exhibits annual incidence rates
exceeding 100 per 100,000 new cases. Additional high-
incidence regions included Puerto Rico, South Africa,
and India. Men and women appear to be equally effected
in these high-incidence regions, whereas, in low-
incidence regions, such as the United States and parts
of Europe, men are more likely to be affected. In the
United States, the annual incidence is approximately 3
to 4 per 100,000. African Americans have a fourfold
increased risk as compared to European Americans.
Further, most persons diagnosed with squamous cell
carcinoma are over the age of 50 years. Such geographic
differences in epidemiology suggest that dietary and
environmental factors may play a central role in path-
ogenesis. A majority of cases in the United States and
Europe are attributed to alcohol and tobacco consump-
tion, but in endemic regions of Asia, exposure to foods
containing carcinogenic nitrosamines and fungal con-
taminants has been implicated.

The presence of underlying esophageal disease also
increases the risk for squamous cell carcinoma. Such
disease processes include achalasia, chronic esophageal
strictures, and previous caustic injuries to the esopha-
gus. In addition, an association exists with rare diseases
such as PlummerÿVinson syndrome, characterized by
spoon-shaped concave ®ngernails, angular stomatitis,
and esophageal webs, and tylosis, an autosomal-
dominant disorder marked by hyperkeratosis of the
soles and palms. As well, the infection of squamous
cells with DNA viruses, including EpsteinÿBarr virus
and human papilloma virus, has been linked to malig-
nant transformation.

Pathology

Most squamous cell cancers arise from the middle
esophagus. Early lesions may begin as small, focal areas
of thickened mucosa. Over a period of months to years,
these areas may progress to clinically overt disease (see
Fig. 1). Gross features of advanced disease are generally
characterized as polypoid, ulcerative, or in®ltrating. In
terms of spread, squamous cell cancers typically invade
to the submucosa early in the disease process. As a
consequence of an abundant network of submucosal
lymphatics in the esophagus, dissemination to regional
lymph nodes occurs rapidly. Common sites of such
dissemination include the cervical, paratracheal,
mediastinal, and celiac groups. Direct invasion of sur-
rounding structures may also occur with further disease
progression. Reported consequences of this process in-
clude gastrointestinal bleeding due to erosion into the
aorta and aspiration as a result of tracheoesophageal
®stula formation.

FIGURE 1 High-power microscopic view of a well-

differentiated squamous cell carcinoma with a characteristic ker-

atin pearl and invading nests of malignant squamous cells.

ESOPHAGEAL CANCER 739



ADENOCARCINOMA

Epidemiology and Risk Factors

Several studies using population-based cancer reg-
istry data have suggested that incidence rates of adeno-
carcinomas of the esophagus have been increasing since
1970. This upward trend has been observed particularly
in Caucasian men of developed countries such as the
United States, Denmark, Sweden, and the United King-
dom. Among Caucasian males in the United States,
the incidence of adenocarcinoma surpassed that of
squamous cell carcinoma around 1990. Squamous
cell carcinoma, however, remains the more common
esophageal cancer worldwide.

Affected patients generally present in their middle
sixties. Approximately 95% of patients are Caucasian,
and males outnumber females 5 : 1. Unlike patients with
squamous cell carcinoma, those with adenocarcinoma
do not generally have a history of heavy tobacco or
alcohol use. A strong correlation with obesity and ad-
enocarcinoma has also been consistently found.

Barrett's esophagus is the most important risk factor
for adenocarcinoma. This condition occurs when nor-
mal strati®ed squamous mucosa is replaced by colum-
nar-lined epithelium that extends upward from the
gastroesophageal junction (see Figs. 2 and 3). It is an
acquired metaplastic process in response to recurrent
mucosal injury, commonly the result of long-standing
gastroesophageal re¯ux. Additional undetermined fac-
tors clearly play a role in this process, as suggested by
®ndings that fewer than 50% of patients with adenocar-
cinoma havepathologicevidenceofesophagitis, and that
neither antire¯ux pharmacologic therapy nor surgery
has been shown to result in reversion of metaplastic
epithelium to normal squamous epithelium. Because
of the association between Barrett's esophagus and

adenocarcinoma,endoscopicscreeningisrecommended
in patients with established Barrett's esophagus.

Pathology

Adenocarcinomas typically arise from the distal
third of the esophagus. Initially, they tend to appear
as ¯at or raised patches of otherwise intact mucosa at
or near the gastroesophageal junction. The general mor-
phologic features of advanced disease are similar to
those of squamous cell carcinoma; they can be polypoid,
ulcerative, or in®ltrating. Microscopically, most adeno-
carcinoma tumors are mucin-producing with intestinal-
type features. As with squamous cell carcinoma, metas-
tases to adjacent or regional lymph nodes occur early in
the course of the disease process. Direct invasion of
surrounding structures can also occur.

CLINICAL MANIFESTATIONS
AND DIAGNOSIS

Squamous cell carcinoma and adenocarcinoma have
similar clinical presentations. Obstruction of the
lumen of the esophagus by tumor generally causes pro-
gressive food dysphagia. Patients may initially experi-
ence an intermittent sensation of friction or slow food
passage, which may evolve into complete solid food
intolerance. Accompanying weight loss, due to tumor
anorexia and poor nutritional intake as a result of dys-
phagia, suggests advanced disease. The presence of
odynophagia or retrosternal discomfort may indicate
mediastinal involvement. Hoarseness may occur in
the setting of recurrent laryngeal nerve involvement.
Chronic gastrointestinal blood loss with iron de®ciency
anemia as a consequence of luminal epithelium disrup-
tion is common. Acute gastrointestinal blood loss is rare

FIGURE 2 Gross view of an ulcerated adenocarcinoma of the

distal esophagus, originating from Barrett's esophagus.

FIGURE 3 Low-power microscopic view of a well-

differentiated adenocarcinoma with some distortion of glandular

architecture.
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but has been reported in the context of tumor invasion
into the aorta or pulmonary arteries. Aspiration pneu-
monias due to tracheobronchial ®stula formation can
occur as a late manifestation of tumor progression.

A diagnostic workup for esophageal cancer should
be initiated in patients with dysphagia in the setting of
risk factors for esophageal cancer. Barium studies are
useful in detecting ®ndings consistent with advanced
lesions, such as high-grade strictures or ®stulas, but
often fail to identify early esophageal cancers (see
Fig. 4). Endoscopy with biopsies is the most effective
means of establishing the diagnosis. It must be per-
formed even for patients with normal barium studies
due to the limited sensitivity of barium studies. Multiple
endoscopic biopsies increase the accuracy of diagnosis;
when employed in conjunction with cytology
brushings, the diagnostic yield exceeds 90%.

STAGING AND SURVIVAL

The ultimate prognosis is strongly dependent on the
stage of disease at diagnosis. An accurate assessment
of extent of disease is therefore necessary in the process
of formulating treatment strategies. The initial step in
staging typically begins with a CT scan of the chest and
abdomen to evaluate for evidence of local and distant
metastases. Patients without evidence of metastatic dis-
ease generally should have endoscopic ultrasound
(EUS) in an effort to further delineate the extent of

locoregional disease. For patients found to have prox-
imal tumors, bronchoscopy is generally carried out to
assess for evidence of spread to the trachea. Bone scan-
ning is indicated for patients with clinical or laboratory
®ndings suggestive of bone metastases.

EUS employs a high-frequency ultrasound trans-
ducer to assess the extent of invasion into the esophageal
wall, which is depicted as a ®ve-layered structure. EUS is
also highly accurate in assessing for involvement of re-
gional lymph nodes. Examination of the celiac nodes is
particularly important, because evidence of spread to
this group implies distant metastatic disease and there-
fore unresectability. The use of ®ne-needle aspiration
(FNA) biopsy increases the staging accuracy of EUS by
providing cytological evidence. With surgical resection
specimens as a gold standard, the sensitivity for EUS
FNA exceeds 85% in terms of detecting regional meta-
static disease.

The TNM staging system of the American Joint
Committee on Cancer (AJCC) for esophageal cancer
is widely used (Table I). The important components
of the system are extent of tumor invasion (T) and
the presence of metastatic (M) disease in regional
lymph nodes (N) or solid organs. Metastases in regional
lymph nodes are either absent (N0) or present (N1).

FIGURE 4 Barium esophogram, demonstrating a circumfer-

ential adenocarcinoma of the distal esophagus.

TABLE I TMN Staging System for Cancer of the

Esophagus

Primary tumor (T)

TX: Primary tumor cannot be assessed

T0: No evidence of primary tumor

Tis: Carcinoma in situ

T1: Tumor invades lamina propria or submucosa

T2: Tumor invades muscularis propria

T3: Tumor invades adventitia

T4: Tumor invades adjacent structures

Lymph node (N)

NX: Regional lymph nodes cannot be assessed

N0: No regional lymph node metastasis

N1: Regional lymph node metastasis

Distant metastasis (M)

MX: Presence of distant metastasis cannot be assessed

M0: No distant metastasis

M1: Distant metastasis

Stage grouping

0 Tis N0 M0

I T1 N0 M0

IIA T2 N0 M0

T3 N0 M0

IIB T1 N1 M0

T2 N1 M0

III T3 N1 M0

T4 N1 M0

IV Any T Any N M1
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As well, organ metastases are either absent (M0) or
present (M1). Resultant TNM classi®cations in turn
correspond to disease stage. Esophageal cancer usually
presents in an advanced stage, and, as a consequence,
the overall prognosis is poor. Tumor histology does not
appear to have an important impact on prognosis. Sur-
vival, moreover, is closely related to extent of tumor
invasion and metastatic spread and thereby decreases
sharply with increasing stage. Patients with T1 disease
are reported to have a 5-year survival rate approaching
46% versus only 7% in patients with T4 disease. When
strati®ed by TNM subtype, the 5-year survival rates for
stages I, II, III, and IV disease are 60.4, 31.3, 19.9, and
4.1%, respectively.

TREATMENT STRATEGIES

Surgical resection with the intent to cure represents the
only treatment strategy that has repeatedly been shown
to result in prolonged survival. Radical surgery is the
approach of choice for localized stage I and stage II
disease. Surgery does not appear to have a role in ad-
vanced disease, particularly with distant metastases. Re-
section of the esophagus is achieved by various surgical
techniques that differ in the type of incision, the extent
of resection, the conduit for reconstruction, and the
method of reanastomosis. Unfortunately, the majority
of patients at presentation are not found to have resect-
able disease after staging. With potential resection can-
didates, a careful preoperative assessment of the
patient's overall medical and performance status is es-
sential. Even in high-volume centers, postoperative
mortality and morbidity rates approach 10 and 75%,
respectively.

Since the implementation of surgical resection,
many postoperative patients have been found to develop
systemic metastases without local recurrence. It has
been proposed that this pattern of recurrent disease
may be the consequence of present but undetectable
metastatic disease at the time of diagnosis. Therefore,
to improve overall survival in operative candidates, var-
ious chemotherapy and chemoradiation regimens have
been investigated as a means of obliterating presumptive
micrometastases. In general, clinical trial outcomes
have been disappointing, because little additional ben-
e®t has been shown to be gained by the use of such
treatment modalities. Single-modality chemotherapy
or radiation therapy before or after surgery has not
been shown to confer a signi®cant survival bene®t.
There are, however, several small early-phase trials
that suggest that neoadjuvant chemoradiation may
improve short-term survival over surgery alone.

Because the majority of patients after staging are not
candidates for a curative approach, palliation remains
an important component to the management of esoph-
ageal cancer. In patients with obstructive symptoms,
esophageal bypass surgery represents a means of re-
establishing gastrointestinal continuity without the as-
sociated morbidity and mortality seen with surgical
resection. In the less severe situation of esophageal stric-
ture formation, repeated endoscopic dilations or ex-
pandable metal stent deployment can be undertaken
to maintain patency. In selected patients, additional
endoscopic modalities may be effective in treating dys-
phagia. These include photodynamic therapy, endo-
scopic laser therapy, and bipolar coagulation.
Palliative radiation and chemotherapy also have impor-
tant roles. Randomized trials have indicated that
chemoradiation with cisplatin and ¯uorouracil-based
regimens is superior to radiation alone. This approach
has evolved into the standard of care for patients with
unresectable disease.

SUMMARY

Over the past 30 years, there have been signi®cant
changes in the epidemiology of esophageal cancer. Ad-
enocarcinoma is now the most common type of esoph-
ageal cancer in most developed countries. Nevertheless,
extent of disease at diagnosis remains the most impor-
tant prognostic factor. Advances with regard to imaging
have greatly enhanced the accuracy of disease staging. In
particular, endoscopic ultrasound has evolved into an
important means of evaluating for locoregional spread
of disease. In the minority of patients without advanced
disease, radical surgery is a potential curative therapy.
The utility of chemotherapy and/or radiotherapy in pa-
tients with either resectable or unresectable disease re-
mains an area of debate. Trials examining new cytotoxic
agents in different combined modality regimens are in
process.
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Barrett's esophagus The condition in which an abnormal

columnar epithelium replaces the strati®ed squamous

epithelium that normally lines the distal esophagus.

dysplasia A constellation of histological abnormalities that

suggest that one or more clones of cells have acquired

genetic damage rendering them neoplastic and predis-

posed to malignancy.

gastroesophageal re¯ux disease A disease that occurs when

the passage of stomach contents into the esophagus

results in symptoms or signs such as chest pain,

esophagitis, chronic cough, or recurrent pneumonia.

Barrett's esophagus develops when re¯uxed gastric juice

injures the esophageal mucosa and the injury heals

through a metaplastic process in which columnar cells

replace re¯ux-damaged squamous cells. Specialized intes-

tinal metaplasia, the epithelium that characterizes Bar-

rett's esophagus, is composed of a variety of columnar

cell types that can have gastric, small intestinal, and

colonic features. This abnormal columnar epithelium

may be more resistant to gastroesophageal re¯ux disease

(GERD) than the native squamous mucosa, but the meta-

plastic cells are predisposed to malignancy. GERD and

Barrett's esophagus are the major recognized risk factors

for esophageal adenocarcinoma, a lethal malignancy that

has increased profoundly in frequency over the past few

decades in Western countries.

INTRODUCTION

The diagnosis of Barrett's esophagus is made by endo-
scopic evaluation. Columnar epithelium in the esoph-
agus has a characteristic dull, reddish appearance that
can be distinguished readily from the glossy, pale squa-
mous epithelium. The diagnosis of Barrett's esophagus
is established when biopsy specimens of the esophageal
columnar epithelium show specialized intestinal meta-
plasia. Barrett's esophagus can be further categorized
according to the extent of the metaplastic lining. Pa-
tients who have 43 cm of specialized intestinal meta-
plasia have long-segment Barrett's esophagus, a
condition that usually is associated with severe gastro-
esophageal re¯ux disease (GERD). Patients with53 cm
of metaplasia have short-segment Barrett's esophagus, a
disorder often associated with only mild GERD. Al-
though it is not clear whether these two types of
Barrett's esophagus have the same risk for carcinogen-
esis, patients with short- and long-segment Barrett's
esophagus are managed similarly.

Published estimates on the annual risk of cancer in
patients with Barrett's esophagus have ranged from
0.2 to 2.9%, with an average risk of approximately
1%. The studies on which those estimates were based
involved primarily patients referred to tertiary care
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disorder often associated with only mild GERD. Al-
though it is not clear whether these two types of
Barrett's esophagus have the same risk for carcinogen-
esis, patients with short- and long-segment Barrett's
esophagus are managed similarly.

Published estimates on the annual risk of cancer in
patients with Barrett's esophagus have ranged from
0.2 to 2.9%, with an average risk of approximately
1%. The studies on which those estimates were based
involved primarily patients referred to tertiary care
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centers; however, the patients whose cancer risk may
have exceeded that for patients treated in primary care
practices. Furthermore, a recent report has provided
compelling evidence that the cancer risk in Barrett's
esophagus has been overestimated for years because
of publication bias, the selective reporting of studies
that have positive or extreme results. Modern studies
suggest that patients with Barrett's esophagus develop
esophageal cancer at a rate of approximately 0.5%
per year.

SCREENING AND SURVEILLANCE
FOR PATIENTS WITH
BARRETT'S ESOPHAGUS

To decrease mortality from esophageal adenocarci-
noma, authorities have proposed that patients with
chronic GERD symptoms should have endoscopic
screening for Barrett's esophagus. Long-segment
Barrett's esophagus can be found in 3 to 5% of such
patients, whereas 10 to 15% have short-segment
Barrett's esophagus. In patients with GERD, risk
factors for adenocarcinoma in Barrett's esophagus in-
clude male gender, white ethnicity, obesity, advanced
age, and long duration of GERD symptoms. However,
any screening program that targets only such individ-
uals can have only limited impact on cancer mortality
rates because 40% of patients with esophageal adeno-
carcinoma have no history of GERD symptoms whatso-
ever. Currently, there is little evidence that screening
programs have prevented deaths from esophageal ade-
nocarcinoma. Among patients found to have these tu-
mors, fewer than 5% are known to have had Barrett's
esophagus before they presented with symptoms of
esophageal cancer.

A number of medical societies, including the Amer-
ican College of Gastroenterology, have recommended
regular endoscopic cancer surveillance for patients with
Barrett's esophagus in order to decrease mortality from
esophageal cancer and thereby prolong survival. The
need for such surveillance has been questioned, how-
ever, because the practice has not been proved to de-
crease cancer mortality and available studies suggest
that Barrett's esophagus does not even affect longevity.
Studies on survival in Barrett's esophagus have consisted
predominantly of older patients who often succumbed
to comorbid illnesses rather than to esophageal adeno-
carcinoma. Proponents of surveillance argue that the
results of those studies may not be applicable to youn-
ger, healthier patients with Barrett's esophagus.

Retrospective studies have documented that endo-
scopic surveillance can detect curable neoplasms in

Barrett's esophagus and that cancers discovered during
surveillance are less advanced than those found in pa-
tients who present with cancer symptoms such as dys-
phagia and weight loss. Furthermore, computer models
have suggested that endoscopic surveillance for patients
with Barrett's esophagus can prolong life, provided that
certain assumptions are met. For example, in one Mar-
kov model of 50-year-old patients who had an assumed
annual cancer incidence rate of 0.4%, endoscopic sur-
veillance every 5 years was found to be the preferred
strategy, costing $98,000 per quality-adjusted life year
gained.

DYSPLASIA IN BARRETT'S ESOPHAGUS

As in other organs, cancers in Barrett's esophagus are
thought to evolve through a sequence of genetic (DNA)
alterations that give the cells certain growth advantages
(Fig. 1). These same DNA abnormalities also can cause
morphological changes in the tissue that the pathologist
recognizes as dysplasia. Dysplasia is a constellation of
histological abnormalities that suggest that one or more
clones of cells have acquired genetic damage render-
ing them neoplastic and predisposed to malignancy.
Dysplasia can be categorized as low- or high-grade de-
pending on the extent of cytological and architectural
changes. Endoscopic surveillance in Barrett's esophagus
is performed primarily to seek dysplasia, with the ratio-
nale that resection or ablation of the esophagus lined
by dysplastic epithelium may prevent the progression
to invasive malignancy.

Unfortunately, dysplasia is an imperfect marker for
malignancy. For example, the grading of dysplastic
changes is a subjective skill. Among experienced pathol-
ogists, interobserver agreement for the diagnosis of low-
grade dysplasia in Barrett's esophagus is less than 50%,
whereas interobserver agreement for high-grade dyspla-
sia is approximately 85%. Approximately one-third

Genetic (DNA) damage 
(activate oncogenes, inactivate tumor suppressor genes)

Cells acquire growth advantages

Autonomous clone(s) of cells emerges (neoplasia ) 
DNA damage causes morphologic changes (dysplasia )

Advantaged cells proliferate

Cancer

More genetic damage

More genetic damage

FIGURE 1 Carcinogenesis in Barrett's esophagus.
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of patients who have esophagectomy for high-grade
dysplasia have cancers found in the resected esophagus,
cancers that were missed because of biopsy sampling
error. Furthermore, the natural history of dysplasia in
Barrett's esophagus is not well de®ned. Published esti-
mates of the 5-year cumulative esophageal cancer inci-
dence in patients with high-grade dysplasia range from
9 to 59%.

Researchers have been exploring alternative mark-
ers for cancer risk and preliminary data suggest that
abnormalities in p53 expression and cellular DNA con-
tent (as assessed by ¯ow cytometry) may be more sen-
sitive and speci®c predictors of malignant potential than
the histological ®nding of dysplasia. In addition, studies
are evaluating the role of endoscopic techniques such as
chromoendoscopy, endosonography, and ¯uorescence
spectroscopy that enable the endoscopist to identify
abnormal areas for biopsy sampling, rather than relying
on random sampling to detect dysplasia. Currently,
however, none of these tests or techniques has been
shown to provide suf®cient clinical information to jus-
tify its routine application in practice. Endoscopy with
random biopsy sampling for dysplasia, despite all the
shortcomings, remains the clinical standard for manag-
ing patients with Barrett's esophagus.

Patients who have veri®ed high-grade dysplasia in
Barrett's esophagus must choose among three manage-
ment options: (1) esophagectomy, (2) endoscopic
ablative therapy, or (3) intensive surveillance. Esopha-
gectomy is the only therapy that clearly can prevent the
progression from dysplasia to invasive cancer. Unfortu-
nately, this procedure is associated with a 3 to 12%
operative mortality rate and a 30 to 50% rate of serious
operative complications. Endoscopic ablative therapies
use thermal or photochemical energy to destroy the
abnormal epithelium or localized lesions can be resec-
ted using a technique called endoscopic mucosal resec-
tion that is similar to colonoscopic polypectomy.
Unfortunately, side effects of these therapies are fre-
quent. For example, approximately one-third of the pa-
tients treated with photodynamic therapy using
por®mer sodium develop esophageal strictures. Abla-
tive therapies are expensive and they may not eradicate
all of the tissue with neoplastic predisposition. As yet,
no study has shown that these treatments decrease the
long-term risk for cancer development and, currently,
endoscopic ablative therapies should be considered
experimental. Intensive endoscopic surveillance for
high-grade dysplasia in Barrett's esophagus entails
endoscopic examinations every 3 to 6 months, with-
holding invasive therapies until biopsy specimens
reveal adenocarcinoma. Few published data directly
support the safety and ef®cacy of this management

strategy, however, and published reports suggest that
3 to 25% of cancers discovered in this fashion may be
incurable.

MANAGEMENT RECOMMENDATIONS

The management of Barrett's esophagus that has been
endorsed by the American College of Gastroenterology
is as follows:

� Patients with Barrett's esophagus should have regular
surveillance endoscopy to obtain esophageal biopsy
specimens. GERD should be treated prior to surveil-
lance to minimize confusion caused by in¯ammation
in the interpretation of dysplasia.

� For patients who have had two consecutive endosco-
pies that show no dysplasia, surveillance endoscopy is
recommended at an interval of every 3 years.

� If dysplasia is noted, the ®nding should be veri®ed by
consultation with another expert pathologist.

� For patients with veri®ed low-grade dysplasia after
extensive biopsy sampling, yearly surveillance endo-
scopy is recommended.

� For patients found to have high-grade dysplasia, an-
other endoscopy should be performed with extensive
biopsy sampling (especially from areas with mucosal
irregularity) to look for invasive cancer and the his-
tology slides should be interpreted by an expert pa-
thologist. If there is focal high-grade dysplasia
(de®ned as high-grade dysplastic changes involving
fewer than ®ve crypts), the condition may be followed
with endoscopic surveillance performed at 3-month
intervals. If there is veri®ed multifocal high-grade
dysplasia, intervention (e.g., esophagectomy) may
be considered.

Although not speci®cally recommended in the prac-
tice guidelines, clinicians can consider the use of exper-
imental ablative therapies such as photodynamic
therapy for their patients with high-grade dysplasia in
Barrett's esophagus, provided the therapy is administered
as part of an established, approved research protocol.
The use of ablative therapies outside of research pro-
tocols cannot be condoned at this time. Finally, the
clinician should appreciate that no management
strategy or patients with Barrett's esophagus has been
veri®ed by studies demonstrating that the strategy
prolongs life.
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bougie A mercury-®lled rubber tube that is passed by mouth

and down the esophagus to dilate esophageal strictures.

proton pump inhibitors A class of drugs that block the

H+,K+-ATPase (`̀ proton pump'') in the gastric parietal

cell, thereby suppressing gastric acid secretion.

An esophageal stricture is a circumscribed narrowing of

the esophageal lumen that may impede the passage of food

to the stomach, thereby producing dysphagia.

ETIOLOGY AND PATHOGENESIS

Table I summarizes the major types of esophageal stric-
tures categorized according to their presumed etiology
or pathogenesis. By far the most common cause of
esophageal stricture is gastroesophageal re¯ux disease
(peptic stricture), accounting for at least 80% of cases.
Peptic strictures result from recurrent re¯ux of acidic
gastric juices up into the distal esophagus, with resulting
in¯ammation, ulceration, and collagen formation. In-
¯ammation triggered by virtually any agent is capable of
causing stricturing of the esophagus. Lumenal narrow-
ing from in¯ammation is typically due to thickening of

all layers of the esophageal wall, with collagen deposi-
tion within the submucosa. Another common cause of
lumenal narrowing is mucosal rings or webs, the most
common type being the so-called `̀ Shatski's ring.'' This is
a prominent circumferential fold of mucosa at the junc-
tion between the squamous epithelium of the esophagus
and the columnar epithelium of the stomach. An impor-
tant cause of esophageal stricturing is malignant disease,
the most common types being squamous cell cancer
and adenocarcinoma. It is for this reason that patients
presenting with new onset dysphagia require timely
investigation.

CLINICAL PRESENTATION
AND MANAGEMENT

Patients with esophageal strictures typically present
with solid food dysphagia. Before these symptoms
occur, the esophageal lumen usually has narrowed to
515 mm. The pattern of dysphagia may help the clini-
cian predict the type of pathology present. Patients with
unpredictable intermittent dysphagia to both solids and
liquids are likely to have an esophageal motor disorder
rather than a stricture as the cause. Rapidly progressive
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solid food dysphagia with weight loss suggests malig-
nant disease, whereas slowly progressive solid food dys-
phagia without weight loss is more in keeping with a
peptic stricture. Sporadic dysphagia to meat suggests
the presence of a Shatski's ring. Other symptoms may
also be present depending on the underlying etiology of
the stricture. For instance, patients with peptic stric-
tures often relate a long history of heartburn and acid
regurgitation before the onset of their dysphagia.

Esophageal strictures are diagnosed by performing
barium contrast studies and/or endoscopy of the esoph-
agus. In most instances, strictures diagnosed by X ray
must also be assessed endoscopically, at which time
mucosal biopsy may be performed. This is primarily
to ensure that the stricture is not caused by a malignant
neoplasm.

Many strictures can also be treated at the time of
endoscopy by performing dilation with either a bougie
or a balloon. This serves to stretch the lumen open, but it
is important to then treat the underlying cause (if pos-
sible) in order to decrease the chance of the stricture
recurring. For instance, to prevent recurrence of peptic
strictures, patients should be placed on proton pump
inhibitors to suppress re¯ux of gastric acid or undergo
anti-re¯ux surgery.

See Also the Following Articles

Dysphagia � Gastroesophageal Re¯ux Disease (GERD) �
Proton Pump Inhibitors � Swallowing
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TABLE I Esophageal Strictures

Congenital

Esophageal atresia

Tracheoesophageal ®stula

In¯ammatory

Peptic

Chemical injuryÐpill-induced, caustic ingestion (e.g., lye)

AllergicÐeosinophilic esophagitis

AutoimmuneÐCrohn's disease, epidermolysis bullosa, graft

versus host disease

Infectious

Monilial

Tuberculosis

Neoplastic

BenignÐe.g., leiomyoma

MalignantÐsquamous cell carcinoma, adenocarcinoma

Iatrogenic

Postoperative

Radiation

Sclerotherapy

Idiopathic

Webs and ringsÐe.g., Shatski's ring, cervical esophageal web
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achalasia Failure to relax.

Collis gastroplasty `̀ Lengthens'' the esophagus by transform-

ing a portion of the upper stomach into an esophageal

extension.

diverticula Small, balloon-like pouches that protrude from a

hollow organ or structure.

esophagectomy Removal of the esophagus.

fundoplication Wrapping the stomach fundus around the

esophagus.

gastroplasty Stomach-reducing surgery.

Operative techniques for treating esophageal disease have

advanced considerably in recent years, both as a result of

the improved understanding of esophageal anatomy and

physiology and the successful introduction of minimally

invasive approaches to esophageal surgery. Laparoscopic

esophageal procedures for myotomy and antire¯ux pro-

cedures, as well as video-assisted thoracoscopic proce-

dures for benign disorders and staging of esophageal

cancer, have gained popularity and appear to be as

effective as their open equivalents, while causing less

postoperative morbidity. New anesthetic techniques, in-

cluding the use of epidural catheters, and effective im-

provements in critical care have reduced perioperative

mortality and made open surgical procedures safer. De-

spite the preponderance of minimally invasive tech-

niques, open surgical procedures continue to make up

an important component of esophageal surgery for the

treatment of benign and malignant esophageal diseases.

SURGERY FOR BENIGN DISORDERS OF
THE ESOPHAGUS

Antire¯ux Procedures

Gastroesophageal re¯ux disease (GERD) results
from abnormal esophageal exposure to gastric acid. It
is an exceedingly common disorder in the United States
and usually responds well to abstinence from causative
agents and pharmacological therapy. Patients with
GERD refractory to maximal medical therapy may
elect to undergo antire¯ux surgery. Whereas medical
treatment concentrates on elevating the pH of the gastric
acid and decreasing the incidence and duration of re¯ux
episodes, surgical efforts are directed toward restoring

normal function to the gastroesophageal junction
(GEJ), which acts as a sphincter barrier between the
acidic content of the stomach and the esophagus.
This goal is achieved by reducing the GEJ to its normal
intraabdominal position and tightening its sphincter
function. A variety of techniques have been described
to achieve these goals. The most common include
(1) the BelseyÿMark IV antire¯ux repair, a partial
fundoplication performed through a left thoracotomy,
and (2) the Nissen fundoplication, which can be per-
formed via a transthoracic, transabdominal, or laparo-
scopic approach. The Hill repair and other partial
fundoplications are also surgical options that can be
applied transabdominally.

Patients with severe, long-standing re¯ux disease
often develop chronic in¯ammation and esophageal ®-
brosis that can lead to esophageal shortening. In these
circumstances, the intraabdominal esophageal segment
is insuf®cient and tension on the repair may lead to
failure of the antire¯ux procedure. For patients with
a foreshortened esophagus, a Collis gastroplasty is fre-
quently performed to lengthen the intraabdominal
esophagus and prevent postoperative failures.

Selection of the Optimal Antire¯ux
Surgical Procedure

Patients with severe GERD who fail medical therapy
require at the very least preoperative evaluation with
endoscopy, manometry, and a pH probe. A barium
swallow and gastric-emptying studies as well as careful
psychological evaluation are occasionally warranted.
For patients with normal esophageal motility and gas-
tric emptying, most surgeons would opt to perform a
laparoscopic transabdominal Nissen fundoplication. An
open or laparoscopic drainage procedure is added for
those patients with impaired gastric emptying. The
transthoracic approach should be considered whenever
any of the standard abdominal approaches carries an
increased risk of failure or complication. For instance,
the transthoracic approach would be appropriate in pa-
tients who have (1) associated esophageal motility
disorder, (2) massive hiatal hernia, with the stomach
pulled into the chest, (3) esophageal diverticula that
require resection, or (4) profoundly foreshortened
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esophagus, as well as (5) for patients who have under-
gone multiple previous abdominal operations or who
have previously experienced failed antire¯ux proce-
dures. The procedure of choice for patients with eso-
phageal motility disorders, such as scleroderma or
achalasia, is a partial as opposed to complete
fundoplication in order to prevent postoperative ob-
struction. A partial fundoplication is any procedure
in which the wrap is less than 360�, but more than
180�, such as the posterior Toupet fundoplication or
the anterior Dor fundoplication.

BelseyÿMark IV Partial Fundoplication

The BelseyÿMark IV fundoplication is a 240� wrap
that is usually performed through a left posterolateral
thoracotomy incision, although it has also reportedly
been performed thoracoscopically. The esophagus and
both vagus nerves are exposed and mobilized followed
by exposure of the right and left crura. The peritoneum
is entered by dividing the phrenoesophageal membrane
and the gastrohepatic ligament. The hiatal dissection is
then completed, the hernia sac is excised, and a few
short gastric arteries are divided. The esophagogastric
junction is elevated into the chest for suture placement.
When esophageal shortening is found, a Collis gastro-
plasty is performed utilizing a stapling device. The crura
are approximated to close the hiatus snugly. The next
step is the placement of three sutures in each of two to
three rows or tiers to create a 240� fundoplication
and concurrently reduce the wrap into the abdomen.
In experienced hands, this operation is effective and
durable. The major disadvantage is the requirement
for thoracotomy.

Nissen Fundoplication

Nissen fundoplication (Fig. 1) is the most popular
operation for GERD and considered to be the most ef-
fective. The procedure entails using a portion of the
fundus of the stomach to create a 360� wrap around
the lower 3ÿ4 cm of the esophagus and then suturing
it in place, so that the gastroesophageal sphincter passes
through a short tunnel of the stomach. The wrap should
be loose enough to accommodate a No. 48 to 56 French
dilator within the esophagus after the procedure. To
prevent axial slipping, the top of the wrap should be
sutured to the side of the esophagus either separately or
as part of the stitch securing the wrap. There are ®ve
major steps to this procedure: (1) crural dissection with
the identi®cation and preservation of both vagi, includ-
ing the hepatic branch of the anterior vagus, (2) circum-
ferential dissection of the esophagus, (3) crural closure,
(4) fundic mobilization by division of the short gastric

vessels, and (5) creation of a short (2ÿ3 cm), loose
fundoplication by enveloping the posterior and the an-
terior walls of the fundus. This operation can be per-
formed transthoracically and transabdominally. The
introduction of the laparoscopic approach has made
this procedure far more common in the United States
because of the minimal perioperative discomfort. Relief
of typical re¯ux symptoms (i.e., heartburn, regurgita-
tion, and dysphagia) is achieved in more than 90% of the
patients following laparoscopic Nissen fundoplication.
A lower incidence of symptom reduction is noted among
patients with atypical re¯ux symptoms (i.e., cough,
asthma, or laryngitis). These symptoms are relieved
in only two-thirds of cases. However, recent reports
indicate bene®t in patients undergoing lung transplant-
ation. Temporary dysphagia is common following this
operation and may be seen in up to 50% of the patients;
however, the dysphagia usually resolves after 3 months
in most patients.

Collis Gastroplasty

In performing the Collis gastroplasty for a short
esophagus, a stapler is used to form a 4- to 5-cm neo-
esophagus out of the proximal stomach, thereby effec-
tively lengthening the esophagus and transposing the
esophagogastric junction distally, below the diaphragm,
where a high intraabdominal pressure, as opposed to
a negative intrathoracic pressure, will reduce re¯ux.
A large-caliber Maloney bougie (48 to 56 French) is
placed in the esophagus to prevent narrowing of the
lumen. The bougie is held against the lesser curvature,
and the fundus is retracted away at a right angle to the
esophagus. A stapler is applied immediately alongside

FIGURE 1 A picture of the Nissen wrap at the conclusion of a

laparoscopic procedure. The sutures are evident in the middle of

the wrap. The esophagus is underneath and cephalad to the wrap.
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the bougie on the greater curvature side, simultaneously
cutting and stapling the cardia. This procedure can also
be performed thoracoscopically or laparoscopically.

Technical Complications of Antire¯ux
Procedures

Early and late technical complications of the anti-
re¯ux procedures are summarized in Table I. Late com-
plications may cause failure of the repair and necessitate
reevaluation and probable reoperation. Recurrent
heartburn and regurgitation demand evaluation with
contrast studies and esophagoscopy. Anatomic condi-
tions determined to be responsible for failure of the
fundoplication usually necessitate reoperation. Dyspha-
gia unrelated to recurrent re¯ux or ulceration gen-
erally responds to dilatation and does not necessitate
reoperation.

Surgery for Motility Disorders of the
Esophagus

The act of swallowing is quite complex and requires
the perfect coordination between the central nervous
system and the various neural and muscular elements
of the esophagus. Any discrepancy, such as hyperactiv-
ity or hypoactivity or discoordination, at any level of the
esophagus can cause clinical symptoms. A number of
motor disorders of the esophagus can cause a variety of
adverse effects on swallowing; the most common
disorders are described in the following sections.

Pharyngoesophageal (Zenker's) Diverticulum

The most common diverticulum of the esophagus,
known as Zenker's diverticulum, usually occurs in el-
derly patients. It is a false diverticulum, with the
esophageal mucosa (and not full-thickness esophagus)
herniating between the oblique ®bers of the inferior
constrictor muscle of the pharynx and the transverse
®bers of the cricopharyngeus muscle. Patients usually
present with dysphagia and regurgitation. The radio-
graphic appearance of the pharyngoesophageal diver-
ticulum on a barium swallow is diagnostic. This
disorder is thought to be caused by discoordination
between relaxation and contraction of the pharynx
and the upper esophageal sphincter. The preferred
method of treatment is a single-stage resection with a
concomitant myotomy. In this procedure, the esopha-
gus is explored through a left neck incision by retracting
the thyroid gland medially and the sternocleidomastoid
muscle and carotid sheath laterally. Excess retraction is
avoided to protect the recurrent laryngeal nerve. The
mucosal sac is dissected up to its neck, such that the
surrounding ring of the muscular defect is clearly de-
®ned. A curved clamp or a stapler is placed across the
neck of the sac at a right angle to the long axis of the
esophagus, and the sac is amputated. Interrupted ®ne
silk sutures are placed in the mucosa as it is being in-
cised. Alternatively, the diverticulum can be excised
with a stapler. The operation carries a minimal risk
and low recurrence rate. To prevent possible recur-
rences, a cricopharyngeal myotomy is routinely
performed.

Epiphrenic Diverticulum

Epiphrenic diverticula are typically located within
the distal third of the esophagus. This type of propulsive
diverticulum arises because of abnormally elevated
intraluminal esophageal pressures distally creating a
functional obstruction. Patients usually present with
dysphagia, regurgitation of previous meals, and fre-
quently recurrent pneumonias. Relief of symptoms
and prevention of aspiration pneumonia are the chief
indications for resection of the diverticulum. The sur-
gical approach is made through a left sixth or seventh
interspace posterolateral thoracotomy. The diverticu-
lum is mobilized to its base and amputated with a
TA-30 stapler. A long, extramucosal esophagomyotomy
is performed from the level of the diverticulum and
sometimes from the aortic arch to the esophagogastric
junction on the opposite wall of the esophagus. If
an associated hiatal hernia or incompetent lower
esophageal sphincter is found, an antire¯ux procedure
should be added. Some surgeons advocate continuing

TABLE I Technical Complications of

Antire¯ux Procedures

Technical complications Clinical manifestations

Early Early

Injury to the

spleen during short

gastric ligation

Bleeding, splenectomy

Torsion of the fundus Perforation and sepsis

Gastroplasty leak at

the staple line

Perforation and sepsis

Late Late

Injury to the vagi Gastric dysfunction, gas-bloat

syndrome

Poor crural

approximation

Migration of the wrap into

chest, paraesophageal hernia

Inadequate mobilization

of the fundus

Tension on the wrap, later

disruption, recurrent re¯ux

Inadequate ®xation of

wrap to esophagus

(slipped Nissen)

Hourglass stomach; heartburn,

regurgitation, dysphagia

Long wrap Gas-bloat syndrome

Wrap that is too tight Persistent dysphagia
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the myotomy below the GEJ and routinely add an anti-
re¯ux procedure. A partial fundoplication procedure,
such as the 240� BelseyÿMark IV, would be preferred, to
obviate functional obstruction. The results of this sur-
gery are usually excellent, even in the older patient
population.

Cardiomyotomy for Achalasia
(Heller Operation)

This operation was ®rst described by Heller in 1914
for the treatment of esophageal achalasia. The operation
originally consisted of two myotomies on opposite sides
of the esophagus, performed through a laparotomy. Al-
though some surgeons performed the operation through
a laparotomy, others preferred a thoracotomy approach.
The introduction of minimally invasive laparoscopic
cardiomyotomy with its lower morbidity has resulted
in the adoption of this minimally invasive technique by
most surgeons. This operation is used primarily for the
treatment of achalasia and is indicated in every patient
diagnosed with achalasia who can tolerate general an-
esthesia. In the laparoscopic version, a myotomy is per-
formed to a total length of approximately 3ÿ5 cm. It is
extended onto the stomach for a length of 1.5ÿ2 cm. Its
proximal extent is limited only by the operative expo-
sure. The longitudinal and circular muscle ®bers are
divided while the esophagus is splayed over a bougie.
Special attention is taken to protect the underlying
mucosa from injury. The cut edge of the myotomy is
gently dissected away, to be separated by at least one-
third of the circumference of the esophagus, to prevent
recurrence. Following completion of the myotomy, a
partial antire¯ux procedure is usually added. This pro-
cedure can also be performed via a left open thoracot-
omy or a minimally invasive thoracoscopic approach.
The myotomy is carried out from the level of the inferior
pulmonary vein to just a few millimeters into the
stomach and an antire¯ux procedure is not generally
required.

The two most common fundoplications performed
in conjunction with the Heller myotomy are, respec-
tively, the posterior (Toupet) and anterior (Dor) 180�

fundoplications. There are insuf®cient reports to mea-
sure the success rate of these fundoplication procedures,
but it is clear that surgical myotomy is currently the best
option for patients with achalasia. Relief of dysphagia
and regurgitation may be expected in 85ÿ90% of
patients undergoing myotomy with or without fundo-
plication at 5 years. Chest pain is improved in 75ÿ80%.
Abnormal gastroesophageal re¯ux occurs in 15ÿ25% of
the patients.

Surgery for Benign Tumors of the Esophagus

Benign tumors of the esophagus are less common
than malignant ones and usually are discovered inciden-
tally. When symptomatic, large, or when the diagnosis is
in question, these tumors should be surgically removed.
Leiomyomas of the esophagus are the most common and
usually grow within the muscular layer of the esopha-
gus. They should not be endoscopically biopsied unless
they have an intraluminal component because a muco-
sal injury during the biopsy will complicate surgical
removal. These tumors can usually be enucleated
without entering the esophageal lumen. Both open
and minimally invasive thoracic approaches have
been described. On rare occasions, esophageal resection
is required for extirpation of esophageal leiomyomas.

Enteric (or esophageal) cysts are also common be-
nign esophageal lesions. These are congenital and usu-
ally do not communicate with the esophageal lumen.
Esophageal cysts, also known as esophageal duplica-
tions, may grow in size, become ®lled with mucus,
and may hemorrhage or cause symptoms of pain, re¯ux,
or obstruction. Unless their diagnosis is certain and
there is no evidence of enlargement or symptoms, these
should be removed, usually via video thoracoscopy.

SURGERY FOR CARCINOMA OF
THE ESOPHAGUS

Esophageal Cancer

Esophageal cancer is a highly virulent malignancy;
although rare, the incidence has recently been rising in
the United States and Western Europe. In its earliest
stages, esophageal cancer is readily curable by surgical
treatment alone, with 5-year survival rates approaching
80%. By the time patients with esophageal cancer de-
velop symptoms, however, this malignancy is usually
moderately advanced in stage and more likely to be
associated with metastatic lymph node involvement.
The 5-year survival rates after surgical resection may
be as high as 34% for patients with early nodal disease,
but are more typically in the range of 10ÿ15% for locally
advanced lesions. It is unusual for patients with meta-
static disease to survive 5 years after diagnosis.

There are two common histological types of esoph-
ageal cancer, squamous cell carcinoma and adenocar-
cinoma. Until recently, squamous cell carcinoma of the
esophagus was the most common histological type seen.
This disease is usually found in patients with the usual
risk factors associated with other aerodigestive tract
carcinomas. In particular, smoking and alcohol abuse
are associated with a 5-fold increased risk of developing
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squamous cell esophageal carcinoma. The combination
of heavy smoking and drinking increases this risk
25- to 100-fold. African-Americans are ®ve times
more likely to develop squamous cell carcinoma than
are members of any other racial or ethnic group, and the
cancer is four to six times more likely to occur in males
than females. Remarkably, a major shift has recently
been observed in the histologic type of esophageal can-
cer. Since the early 1990s, the incidence of adenocarci-
noma of the esophagus, located in the distal esophagus
and gastroesophageal junction, has been gaining rapidly
over the squamous cell variety. This change of preva-
lence is due to an increase in the incidence of adeno-
carcinoma without a change in the incidence of
squamous cell carcinoma.

Surgical resection is the ®rst-line therapy for the
majority of patients with cancer of the esophagus and
gastric cardia. Surgery remains the gold standard by
which all other therapeutic modalities are measured.
The main goals of surgery are (1) to extirpate the cancer
by removing the primary tumor and lymph nodes with
curative intention, (2) to relieve dysphagia, and (3) to
maintain the continuity of the alimentary tract. The
various types of surgical approaches may be combined
with preoperative neoadjuvant chemotherapy and radi-
ation therapy, although the data for their ef®cacy are
limited at best. Chemotherapy or radiation therapy
alone was not found to be effective in a neoadjuvant
setting. Chemotherapy also has been used in many
treatment protocols as an adjuvant therapy following
surgery and has shown promise in cancer of the cardia
and gastroesophageal junction.

Preoperative evaluation includes endoscopic docu-
mentation of cancer, chest and abdominal computer
tomography (CT), a positron emission tomography
(PET) scan to exclude metastatic disease, esophageal
ultrasound for evaluation of the T and N stage, and a
cardiorespiratory evaluation to ensure the patient's
ability to withstand surgery. Laparoscopic and thora-
coscopic surgical staging procedures have recently
been advocated prior to esophagectomy or

neoadjuvant therapy, given the limitation of other stag-
ing techniques.

The choice of operation for carcinoma of the esoph-
agus depends on a number of factors, including prefer-
ence of the surgeon, location of the tumor, body habitus,
site of prior surgery, condition of the patient, choice of
esophageal substitute, and history of prior radiation
therapy. The two most important factors in¯uencing
the choice of procedure are the location of the tumor
and the surgeon's preference. Cervical esophageal car-
cinoma is preferentially treated by chemotherapy and
radiation at most centers. (Although some surgeons ad-
vocate pharyngolaryngectomy combined with extratho-
racic esophagectomy and gastric interposition, these
operations are beyond the scope of this article.) As
for the more common cancers of the middle and
lower thoracic esophagus and gastroesophageal junc-
tion, several types of operations are feasible, as listed
in Table II. Esophageal resection should always be per-
formed under careful monitoring that includes central
venous pressure, arterial lines, electrocardiogram, end
tidal CO2, and O2 saturation. A double-lumen endotra-
cheal tube should be inserted in all cases, save for
transhiatal esophagectomy, in order to collapse the
lung on the operated side. Epidural analgesia is helpful
for postoperative pain relief. A jejunostomy tube is often
inserted for postoperative alimentation.

Options for Reconstruction After
Esophagectomy

After a partial or complete esophagectomy, a con-
duit must be established to preserve the continuity of the
digestive tract. The stomach, jejunum, and colon have
all been successfully used as esophageal substitutes,
but the stomach appears to be the conduit of choice
because of ease of mobilization and ample vascular sup-
ply. The higher incidence of mortality reported with
the use of the colon conduit is most probably
related to the necessity of performing three anastomoses
(i.e., coloesophagostomy, cologastrostomy, and

TABLE II Surgical Techniques to Resect and Replace the Esophagus in Malignant Disease

Technique Surgeon (year) Location of anastomosis

Left thoracoabdominal Adams and Phemister (1938) Left hemithorax

Ivor Lewis Lewis (1946) Right hemithorax

McKeown McKeown (1976) Left neck

Radical en bloc esophagogastrectomy Skinner and co-workers (1982) No limitations

Transhiatal esophagectomy Orringer (1984) Left neck

Three-hole esophagectomy Swanson (2001) Left neck
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colocolostomy). The colon conduit is used if the patient
has undergone partial or total gastrectomy previously,
or if the tumor involves the stomach, precluding a 5-cm
margin. Jejunal conduits can also be used, but they are
least favorable due to their limited vascular supply and
are therefore limited to short distal segmental replace-
ment. A free jejunal segment may be used, usually in the
neck, with reanastomosis of its blood supply and drain-
age to the carotid and jugular vessels. In rare circum-
stances, a musculocutaneous tube created from the
pectoralis major muscle may be used as a replacement
for the cervical esophagus.

Transhiatal Esophagectomy

The transhiatal esophagectomy technique was
popularized by Orringer and Sloan in 1978, to avoid
a thoracotomy and reduce the possibility of an intratho-
racic anastomotic leak. The operation begins with the
patient in a supine position, with the neck extended to
the right side, exposing the left sternocleidomastoid
muscle. The procedure is performed through left cervi-
cal and upper abdominal incisions. The resection begins
with the abdominal dissection, followed by a blunt dis-
section of the thoracic esophagus from the abdominal
and neck incisions until it is freed. The specimen is
removed and a gastric tube is constructed and pulled
up to the neck to create a cervical gastroesophageal
anastomosis. The blind dissection increases the possi-
bility of vascular or airway injury. It also limits the
extent of the lymph node dissection. In expert hands,
this procedure can be performed with morbidity and
mortality as low as morbidity and mortality of other
esophageal procedures and with similar long-term
outcomes.

The steps in the abdominal dissection in esopha-
gectomy are similar for most of the approaches. An
upper midline incision is made from xiphoid to umbi-
licus. The peritoneal cavity is explored and inspected for
metastases. If liver metastasis or other peritoneal spread
is found, the resection is aborted and a jejunal feeding
tube is inserted for palliative care of the patient. Fol-
lowing a negative inspection, total mobilization of the
stomach is performed. The stomach is divided from its
blood supply, preserving the right gastroepiploic artery.
A gastric conduit based on this artery is created (see
later) to replace the esophagus. The hiatus is then en-
larged manually and the left lobe of the liver is mobilized
from the diaphragm and gently retracted rightward for
exposure. The distal esophagus is dissected under direct
vision, and the middle esophagus is ®rst palpable
through the enlarged hiatus. Resectability is con®rmed
at this point. The most dif®cult area of dissection is the

area immediately surrounding the tumor. Occasionally,
a portion of the diaphragm is resected en bloc with the
tumor.Localextensionof thetumorinvolvingthepleura,
inferior pulmonary ligament, posterior pericardium,
and so forth should be appreciated and treated accord-
ingly. The cervical dissection is also similar for all neck
approaches to the esophagus. The left cervical incision is
made along the anteromedial border of the sternoclei-
domastoid muscle. The left is the preferred side of ap-
proach because the recurrent laryngeal nerve is less
likely to be injured. A right-sided dissection can be sub-
stituted when needed for clinical reasons. The muscle
and the carotid sheath are re¯ected laterally and no
traction is placed on the trachea, to avoid injury to the
left recurrent laryngeal nerve. The rest of the dissection
is performed bluntly in a posterior dissection to get to
the prevertebral fascia. The dissection then proceeds
around the esophagus, which is freed from the trachea
inthetracheoesophagealgrooveandencircled.Theblunt
dissection of the superior portion of the esophagus con-
tinues up to the level of the carina. Completion of the
dissection is ®nally achieved through both incisions
along the posterior mediastinum. The stomach conduit
is than created by dividing the gastroesophageal junc-
tion along the lesser curvature of the stomach with mul-
tiple stapler ®rings. A Kocher maneuver is performed to
allow the pylorus to reach the level of the hiatus and
reducetension.Apyloroplastyorpyloromyotomyisoften
performed to prevent future gastric-emptying dif®cul-
ties, which are seen in up to 10% of patients undergoing
esophagectomy. The specimen is removed from the ®eld
and the gastric conduit is then passed through the bed of
the resected esophagus to the neck. The anastomosis is
then performed in the neck. A feeding jejunostomy tube
is placed routinely at the end of the operation.

The advantages to the transhiatal esophagectomy
(THE) include the creation of a proximal surgical mar-
gin that is well away from the tumor site, an extratho-
racic esophagogastric anastomosis that is easily
accessible in the event of complications (e.g., anasto-
motic leak), and a reduced overall perioperative mor-
bidity attributed to avoidance of the thoracotomy. The
disadvantages to utilizing the THE are twofold: limited
exposure increases the risk of injury to major structures
in case of adherent or invasive tumor, and compromises
are made in the mediastinal lymph node dissection
(used mainly for staging and determination of response
to treatment if given preoperatively).

Ivor Lewis Esophagectomy

The Ivor Lewis esophagectomy technique was pro-
posed by Lewis in 1946 and immediately became the
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most popular technique of esophageal resection. It com-
bines two stages: abdominal laparotomy followed by
right thoracotomy and intrathoracic anastomosis. The
extent of resection is governed by the tumor location
and includes at least a 5-cm margin proximal and distal
to the tumor as well as to all the surrounding periesoph-
ageal tissue. This technique permits a partial or subtotal
esophageal resection to be performed and provides ex-
posure for complete regional lymph node dissection.
The operation is performed in a speci®c order. First,
the abdominal dissection is as for the THE. The thoracic
dissection then follows. The patient is repositioned in a
left lateral decubitus position for a standard right pos-
terolateral thoracotomy. The esophagus is mobilized
out of its bed and the tumor is carefully dissected off
the posterior wall of the mainstem bronchus and peri-
cardium. The esophagus is totally mobilized, beginning
at the esophageal hiatus and extending just above the
azygos vein. The already mobilized stomach is pulled
into the thoracic cavity and the tumor is resected with at
least a 5-cm margin. The lesser curvature of the stomach
is divided and the gastric conduit is created. An end-to-
side esophagogastric anastomosis is then performed,
usually at the level of the azygos vein. The chest is closed
in usual fashion, with a chest tube left in the pleural
space and a nasogastric tube in the stomach conduit.
This approach is ideal for lower and midesophageal
lesions that are still lower than the carina, and provides
excellent exposure for mediastinal lymph node dis-
section. It is limited only by the requirement of an in-
trathoracic anastomosis.

Left Thoracoabdominal Approach

The left thoracoabdominal approach is indicated for
tumors in the lower third of the esophagus and the
gastric cardia. The principal disadvantage is that the
aortic arch limits the extent of the proximal dissection,
rendering the intrathoracic anastomosis more dif®cult
to perform. However, a third interspace left thoracot-
omy can always be added to gain additional proximal
margin. This operation is frequently associated with
signi®cant esophagitis from bile re¯ux. Therefore,
many surgeons prefer to resect the entire stomach
and to create a Roux-en-Y jejunal interposition,
which is anastomosed to the residual thoracic esopha-
gus. The patient is positioned in the right lateral
decubitus and a thoracotomy incision is made through
the sixth intercostal interspace. The diaphragm is then
incised peripherally, about 2 cm from the costal margins
in order to reduce the risk of postoperative diaphrag-
matic paralysis. The pulmonary ligament is then divided
and the esophagus is mobilized. Next, the stomach is

mobilized as described above. Once adequately mobi-
lized, the distal esophagus and stomach are resected
and the anastomosis is carried out in the left
hemithorax. The morbidity and mortality with this ap-
proach are similar to those of the Ivor Lewis approach.
Gastric tip necrosis, which can be seen after a longer
type esophagectomy, is less common with an intratho-
racic anastomosis because the gastric tube is not unduly
stretched.

The McKeown Operation and Three-Hole
Esophagectomy (Abdominothoracicocervical
Esophagectomy)

The conception of esophagectomy performed
through three discrete incisions was ®rst described by
McKeown in 1972 and was aptly named the `̀ three-
stages esophagectomy,'' because it includes (1) an ab-
dominal mobilization of the stomach, (2) a right thora-
cotomy to mobilize the esophagus, and (3) a cervical
incision through which the esophagogastric anastomo-
sis is performed. The ®rst two stages are identical to
those described for the Ivor Lewis approach except
for mobilizing the entire intrathoracic esophagus. The
third stage is carried out through a neck incision and
includes passage of the stomach through the thoracic
inlet and performance of cervical gastroesophageal
anastomosis. This procedure results in a complete re-
section of the esophagus and its lymph node stations,
with a `̀ safe cervical anastomosis.'' A subtle variant of
this approach has been recently popularized by the
group at Brigham and Women's Hospital and has
been named the `̀ three-hole esophagectomy.'' It involves
a right thoracotomy as an initial phase in the operation,
with complete dissection of the intrathoracic esophagus
with its lymph node stations, as described earlier. The
chest is then closed and the remainder of the operation is
performed as a transhiatal esophagectomy: Abdominal
and cervical exploration and dissection are performed,
the esophagus is divided proximally in the neck, and the
stomach is divided to create a gastric tube that is pulled
up to the neck for a cervical anastomosis. The advantage
of this variant is in early determination of whether the
tumors in the lower and midesophagus invade local
structures, facilitating early assessment of tumor resect-
ability. Video-thoracoscopic dissection can be substi-
tuted for the thoracotomy in order to minimize
morbidity. A completely minimally invasive version
of this procedure has also been described. The main
bene®ts of both methods over THE include complete
lymph node dissection and a safer visualized dissection
of the intrathoracic esophagus.
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Radical en Bloc Esophagectomy

Radical esophagogastrectomy was ®rst described by
Logan in 1963, but gained attention just after Skinner
reported his experience in 1983. Skinner's results with
80 patients demonstrated that the operation can be per-
formed safely, with an operative mortality of 11%, and
that the survival rates are as good or better than
previously achieved, with actuarial survival rates of
24% at 3 years and 18% at 5 years. The added bene®t
of radical esophageal resection is still controversial in
Western countries and its use is limited to a few centers
in the United States and Europe. In Japan, a more radical
version of this approach is popular, including a three-
®eld lymph node dissection (i.e., abdominal, thoracic,
and cervical), as opposed to Skinner's technique, which
involves only the abdominal and thoracic ®elds. Radical
en bloc esophagectomy includes excision of the tumor-
bearing esophagus, with 10-cm proximal and distal
margins and a wide envelope of surrounding tissues,
including the pericardium anteriorly, both pleural sur-
faces laterally, and the lymphatic tissues, inclusive of the
thoracic duct wedged dorsally between the esophagus
and the spine. Additionally, an upper mediastinal and
abdominal lymphadenectomy is performed (two ®elds).
Resection of tumors in the cardia or lower esophagus
is performed through a thoracoabdominal incision,
whereas for tumors in the thoracic esophagus, the op-
eration is performed through a right thoracotomy and
abdominal incision. Because the adequate proximal re-
section margin de®ned by this approach is 10 cm from
the tumor and a clean margin from Barrett's esophagus,
the anastomosis is performed in the neck whenever
those two criteria meet high up in the thorax. The ad-
vantage of this procedure is the theoretical possibility of
maximal locoregional control. Disadvantages include
the facts that a survival bene®t has not been proved
and that the operation carries an increased risk for
potential complications.

Complications of Esophageal Resection
for Cancer

The operative mortality for esophagogastrectomy
has signi®cantly declined over the years, and in recent
series it ranges between 2 and 10%. Centers with high
volume report a 2% perioperative mortality. Other sur-
gical complications are listed in Table III. Among them,
the most common early complications are pulmonary
(pneumonia and atelectasis), followed by cardiac, with
arrhythmia occurring in 10% of the patients (most com-
monly atrial ®brillation). The occurrence of anasto-
motic leak ranges between 5 and 10% in different
series. Although its incidence is not affected by the anas-

tomotic site, it is easier to handle leakage from a neck
anastomosis than from a thoracic anastomosis. Leak is
more likely to occur in patients who are malnourished
or diabetic and in those who have received preoperative
radiation and have tension at the anastomosis site or a
compromised blood supply to the conduit. Leak usually
occurs within 10 days of the surgical procedure and
most commonly these patients present with sepsis.
For cervical anastomotic leakage, a conservative ap-
proach is advised, with open drainage of the cervical
wound. Most of these patients ultimately develop
esophageal stricture, requiring dilatation. In sharp con-
trast, intrathoracic anastomotic leaks are far more seri-
ous and carry a mortality of between 20 and 40%.
Commonly, the patient will need another operation
in order to inspect the anastomosis and drain the pleural
space and mediastinum. In cases in which there is no
necrosis and a relatively stable patient, attempts at re-
pair with drainage are reasonable. Temporary exclusion
is also possible. If a necrotic segment of stomach is
discovered and the patient is in septic shock, debride-
ment and takedown are performed. The viable stomach
should be returned to the abdomen, and a cervical
esophagostomy, as long as possible, is constructed for
diversion. A decompressing gastrostomy is usually per-
formed, and possible future reconstruction with
substernal colon interposition will be required follow-
ing recovery and absent recurrent cancer. Other com-
plications include chylothorax from a thoracic duct
injury, recurrent laryngeal nerve paresis, or paralysis
and anastomotic strictures.

See Also the Following Articles

Achalasia � Esophageal Cancer � Gastroesophageal Re¯ux

Disease (GERD) � Minimally Invasive Surgery � Zenker's

Diverticulum

TABLE III Complications of Esophageal Resection

Early (perioperative) Late

Atelectasis Re¯ux

Acute respiratory distress syndrome Regurgitation

Pneumonia Dumping

Arrhythmia (usually atrial) Anastomotic stricture

Myocardical infarction Hiatal hernia

Anastomotic leak

Conduit necrosis

Pulmonary embolism

Tracheobronchial injury

Splenic injury

Laryngeal nerve injury

Chylothorax
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Esophageal Trauma
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esophagogastroduodenoscopy Examination of the esopha-

gus, stomach, and duodenum with video-assisted

technologies.

fundoplication Procedure in which the stomach fundus is

wrapped around the esophagus.

transesophageal echocardiography Examination of the heart

with an ultrasound probe placed through the esophagus.

Esophageal trauma is often a medical emergency requiring

prompt attention and management. There are several

types of esophageal injury. It can be iatrogenic in nature,

resulting from endoscopic or other surgical procedures, it

can occur spontaneously, or it can arise either from pen-

etrating injury resulting in esophageal perforation or from

caustic injury usually in the setting of attempted suicide.

Prompt de®nitive treatment is required since delay can

lead to decreased patient survival. This article focuses on

the causes as well as the signs and symptoms of esopha-

geal trauma. Management of the acute and chronic

sequelae of these injuries is also discussed.

PERFORATING ESOPHAGEAL INJURY

Etiology

Esophageal perforation results from a variety of
causes, including iatrogenic injury, spontaneous rup-
ture, and both blunt and penetrating injuries. Iatrogenic
injury typically results from injury sustained during
endoscopic procedures, such as esophagogastro-
duodenoscopy (EGD) and transesophageal echocardi-
ography. Iatrogenic injury is most commonly seen as a

complication of endoscopic procedures. Spontaneous
rupture typically occurs after prolonged vomiting.
Perforation resulting from blunt and penetrating esoph-
ageal injuries is described in the trauma literature.

In patients with a normal esophagus, the crico-
pharyngeal portion of the proximal esophagus is the
most commonly af¯icted region. Mid and distal esoph-
ageal perforations typically result from endoscopic pro-
cedures including biopsy, stenting, and dilation used in
the diagnosis or treatment of lesions of the esophagus,
such as esophageal cancer. Less commonly, iatrogenic
esophageal perforation may result from other types of
instrumentation, such as nasogastric tube insertion, in-
advertent esophageal intubation with an endotracheal
tube, or injury during nonesophageal surgical proce-
dures, such as tracheostomy and thyroidectomy.

Spontaneous rupture of the esophagus, known as
Boerhaave's syndrome, is typically caused by prolonged
vomiting usually in patients with a history of alcohol-
ism. However, spontaneous perforation is also seen in
patients with chronic esophageal injury resulting from
severe re¯ux or severe candidal or herpetic infection. In
these cases, esophageal perforation occurs posteriorly in
the lower esophagus.

Penetrating injury to the neck can also result in
esophageal perforation. Because of the posterior loca-
tion of the esophagus in both the neck and chest, pen-
etrating esophageal injury is rarely isolated and often
accompanied by other more immediate life-threatening
injuries to the trachea or carotid artery. Blunt trauma to
the neck, such as might be sustained in high-speed
motor vehicle accidents or blows to the neck, rarely
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creates perforating injury and most often leads to an
intramucosal hematoma and subsequent dysphagia.
However, penetrating injury in this setting can be asso-
ciated with high morbidity and mortality, since it is
often missed and when present may be accompanied
by airway injury. Hence, a high index of suspicion is
always required in the evaluation of trauma patients, for
if unrecognized, esophageal injury has an extremely
poor prognosis.

Diagnosis

Signs and symptoms of esophageal perforation are
fairly similar and depend more on the site of perforation
than the mechanism of the injury. Signs of perforation
include tachycardia, fever, subcutaneous air, and, with
injuries of the thoracic esophagus, chest dullness.
Symptoms include pain, vomiting, dysphagia, dyspnea,
and malaise. Cervical signs and symptoms include neck
pain and occasionally subcutaneous air, whereas signs
and symptoms of abdominal and thoracic esophageal
perforation include, respectively, subxiphoid or epigas-
tric pain and retrosternal pain occasionally radiating to
the back. Tachycardia and dyspnea are usually uni-
formly present in patients with esophageal perforation.
Sepsis, hypotension, and shock can also occur, usually
later in the course of the disease.

The best diagnostic studies in symptomatic patients
vary with the potential cause and the degree of clinical
suspicion. Often in cases of iatrogenic endoscopic in-
jury, no further diagnostic studies are required as the
injury is suf®ciently large for direct endoscopic visual-
ization. When the diagnosis is less certain, chest x-ray
suggests the diagnosis in over 90% of cases. pneumo-
mediastinum, subcutaneous emphysema, and left-sided
pleural effusion are all suggestive of esophageal injury.
An upper gastrointestinal series (UGI) with water-
soluble contrast will also con®rm the diagnosis in
90% of patients. Barium is to be avoided in patients
suspected of having esophageal perforation since leak-
age of barium out of the esophagus can result in chem-
ical mediastinitis. Chest computerized tomography
(CT) enhanced with enteral water-soluble contrast is
currently the most sensitive test as it often demonstrates
the site of perforation as well as the associated pneu-
momediastinum and pleural effusions. Chest CT is
reported to be over 95% sensitive for the diagnosis
of esophageal perforation in most studies. EGD can
also be used to increase the diagnostic sensitivity; how-
ever, if used alone, esophagoscopy may miss the site of
injury. Esophagoscopy is further limited by the dif®-
culty of seeing the site of injury due to the usual absence
of in¯ammation early after perforation and by the

angulation of the esophagus. EGD may also exacerbate
the injury and increase contamination of the area.
Hence, it is not recommended as the primary modality
of diagnosis. Chest CT and water-soluble UGI are the
two recommended diagnostic modalities.

Management

Treatment of esophageal perforation is dependent
on etiology, location, and the length of time between
diagnosis and treatment. Patient prognosis worsens
with increasing delay in diagnosis as a result of the
release of in¯ammatory mediators and the onset of
septic physiology. Iatrogenic endoscopic perforation
carries the best prognosis as diagnosis is immediate,
whereas strain-related perforation from vomiting (i.e.,
Boerhaave's syndrome) carries the worst prognosis as
diagnosis is often delayed.

Anatomic location of the perforation in¯uences sur-
vival as well. Cervical perforations are better contained
and result in less spillage with a resulting mortality of
less than 10%, whereas thoracic and abdominal perfo-
rations lead to widespread contamination of the medi-
astinum and abdomen with a mortality of over 50% in
most series.

Initial management of esophageal perforation in-
volves the prevention of oral intake, ¯uid resuscitation
with intravenous solutions, histamine 2 (H2) blockers,
or proton pump inhibitors, and the administration of
broad-spectrum antibiotics to cover oral and gastroin-
testinal ¯ora including fungal organisms. Nasogastric
tube placement is avoided until the perforation is re-
paired to prevent further escalation of injury if operative
intervention is imminent; otherwise it is placed for gas-
tric decompression.

Nonoperative management with antibiotics and
parenteral hyperalimentation carries a 20ÿ40% mortal-
ity rate in most series. However, in carefully selected
patients with a well-contained, internally drained
esophageal perforation with no signs of mediastinal
or abdominal contamination and no septic physiology,
nonoperative management may be attempted with a
low acceptable mortality, especially in poor operative
candidates. Typically, these esophageal leaks are
located in the cervical esophagus, whereas most thora-
cic and abdominal perforations require operative
intervention.

Surgical intervention remains the primary treatment
of choice in the management of esophageal perforation.
Operative intervention consists of (1) primary repair;
(2) diversion with concomitant exclusion; (3) T-tube
drainage; or (4) esophagectomy with reconstruction,
which may be immediate or staged. Regardless of the
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exact surgical method, the main principles of operative
intervention include containing the leak and draining
the injury site.

Primary repair for esophageal perforation is typi-
cally reserved for cervical injury, which can be repaired
and subsequently drained. Primary repair for thoracic
and abdominal perforations can be considered when
there is minimal mediastinal and intra-abdominal con-
tamination, respectively, and with minimal devitalized
tissue in a stable patient. Primary repair is most success-
ful within 24ÿ48 h of injury. Repairs may be reinforced
with healthy and viable tissues such as muscleÐ
platysma and intercostalÐthick pleura, pericardium,
or adjacent stomach. In the repair of thoracic esophageal
injuries, it is usually prudent to debride and drain the
entire mediastinum initially. The esophagus is then mo-
bilized around the area of perforation, which may be
posterior with respect to the site of thoracotomy. Care-
ful dissection will usually reveal the site. It is important
to open the muscle layers over the perforation to identify
the full extent of the injury, which is often subtle. A two-
layer repair is usually recommended and intercostal
muscle or other viable tissues are used to buttress the
repair. The chest is then irrigated and extensively
drained. In the case of very low esophageal perforations,
a fundoplication or a Thal patch using the stomach can
be accomplished as well.

In the presence of widespread contamination and
substantial devitalized esophageal tissue, options in-
clude exclusion and diversion, T-tube drainage, or
esophagectomy. The exclusion and diversion technique
involves the creation of a cervical esophageal ®stula and
a gastrostomy and jejunostomy with delayed recon-
struction 3 months to 1 year later. In this procedure,
the mediastinum is debrided, the perforation is re-
paired, and the ¯ow of saliva and bile is diverted. A
modi®cation in the thoracic procedure involves the re-
pair and drainage of the perforation with stapling of the
esophagus above and below the injury. In this proce-
dure, a nasogastric tube is placed above the staple line
and a gastrostomy is used for gastric decompression.
Over an interval of a few months, the peristalsis of
the esophagus usually allows for recanalization, obvi-
ating the need for additional surgery.

Another approach utilizes a biliary T-tube posi-
tioned inside the perforation with the hole debrided
and sewn around it. This drainage with a Silastic tube
creates a controlled esophagocutaneous ®stula and al-
lows for the removal of the T-tube 6 months to 1 year
later after resolution of the in¯ammatory state. At that
point, the patient can be reevaluated and the remaining
esophagus studied to consider whether any further
reconstructive options are needed.

Esophagectomy, with or without immediate recon-
struction, should be considered for perforation in the
setting of carcinoma, severe stricture or stenosis, or
mega-esophagus. Reconstruction techniques include
creating a `̀ neo-esophagus'' from the stomach, jeju-
num, colon, or platysma. If delayed reconstruction
is chosen in the setting of a septic patient in whom
a short operative procedure is desired, a cervical
esophageal ®stula and gastrostomy and jejunostomy
are created, as in the diversion and exclusion tech-
nique. Esophageal stenting of small perforations has
also been described, but large studies to determine its
ef®cacy are lacking.

Postoperatively, these patients require enteral
nutrition through feeding gastromies or jejunostomies.
In the setting of the ileus, parenteral nutrition is re-
quired until the perforation has been shown to be
healed, if primarily repaired, or the reconstructed
neo-esophagus has been shown to be patent. Typically,
water-soluble UGI studies are done to evaluate the op-
erative result in these cases.

CAUSTIC ESOPHAGEAL INJURY

Etiology

Caustic esophageal injury usually results from sui-
cide attempts and its severity depends on the type of
chemical ingested, the quantity ingested, and the dura-
tion of exposure to the caustic agent. Acid (e.g., battery
acid, bleach) exposure to esophageal tissue leads to
coagulative necrosis, whereas alkaline agents (e.g.,
lye) cause liquefactive necrosis and a more severe injury
pattern. Regardless of the causative agent, treatment
must be initiated immediately to prevent the early
and late-term sequelae of this extremely morbid and
often fatal injury.

Diagnosis

Diagnosis of caustic injury should be suspected in all
patients brought to the emergency room after attempted
suicide. Signs and symptoms include oropharygneal
pain from burn injury, emesis, drooling, and dysphagia.
If perforation has occurred, signs and symptoms of per-
foration will appear as outlined above. Chest X ray and
either a UGI series or a chest CT are required, especially
if perforation is suspected. These studies should be fol-
lowed by esophagoscopy 12ÿ24 h postinjury if esoph-
ageal perforation is not suspected in order to examine
the extent of esophageal involvement and depth of in-
jury. Bronchoscopy is often required to evaluate the
airways when involved by aspiration during initial in-
gestion or vomiting.
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Management

Successful management of caustic injury depends on
identi®cation of the caustic agent and early detection of
esophageal perforation, as these patients have the
highest mortality of all perforating esophageal injuries.
Esophageal perforation caused by caustic agents is man-
aged similarly to perforation for other etiologies as out-
lined above. Most cases of esophageal perforation from
caustic injury require either exclusion and diversion or
esophagectomy, since extensive esophageal injury sus-
tained in these cases is not amenable to primary repair or
T-tube repair technique.

In cases where esophageal perforation has not
resulted from caustic exposure, management consists
of preventing oral intake, ¯uid resuscitation with intra-
venous solutions, H2 blockers, or proton pump inhib-
itors, and the administration of broad-spectrum
antibiotics. Steroids to reduce edema and down-regulate
the in¯ammatory response in both the airway and the
esophagus may also be used. However, no studies have
shown a mortality bene®t. Nasogastric tube placement
is avoided until perforation is ruled out.

Patients are kept NPO (L. non per os; nothing by
mouth) for 24ÿ72 h until EGD and UGI series with
water-soluble contrast show no evidence of esophageal
leak, and at that time oral intake can be resumed. If more
extensive injury is found at the time of endoscopy, the
patient can be maintained NPO on intravenous ¯uids
and antibiotics and receive nutrition enterally via naso-
gastric feeding tubes or parenterally until repeat endo-
scopy in 72 h to 1 week shows suf®cient esophageal
healing. If at any time the patient shows signs of systemic
sepsis, an endoscopy, UGI, and chest CT should be
performed to search for an esophageal perforation.

Late complications of caustic injury include tracheo-
esophageal ®stula and strictures. Esophageal strictures
can often be treated symptomatically with dilation and
now stenting, but severe strictures often require esoph-
agectomy and reconstruction as outlined above for per-
foration. Tracheoesophageal ®stula requires operative
intervention. Other late complications include severe
re¯ux, often unrelieved by maximal medical therapy

requiring surgical intervention with fundoplication,
or rarely, esophagectomy and reconstruction. Patients
surviving caustic esophageal injury also have an in-
creased incidence of esophageal carcinoma and,
hence, must be monitored for this complication with
surveillance EGD and biopsy.

Esophageal trauma may be caused by perforating
injury, usually the result of iatrogenic endoscopic in-
jury; it may arise spontaneously in certain disorders
associated with prolonged vomiting; or it may be the
result of caustic injury usually associated with at-
tempted suicide. Several good diagnostic tools and sur-
gical techniques are available for managing esophageal
trauma. Regardless of the etiology, esophageal trauma
carries a high risk of mortality and morbidity if not
diagnosed and treated rapidly.
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Esophageal Ulcers
KANTHI YALAMANCHILI AND MARK FELDMAN

Presbyterian Hospital of Dallas

dysphagia Dif®culty in swallowing.

odynophagia Pain experienced when swallowing food or

liquid.

ulcer A hole in the mucosal lining of the esophagus that

often results in pain or heartburn.

An esophageal ulcer is a consequence of disruption of

esophageal mucosal integrity leading to a local mucosal

defect or excavation, often associated with active in¯am-

mation. Esophageal ulceration results from a breakdown

of esophageal mucosal defense and repair. Symptoms of

esophageal ulcers include odynophagia, dysphagia, and

heartburn or chest pain that may be exacerbated by eating.

Etiologies of ulcers are multiple and are sometimes

idiopathic.

INTRODUCTION

Esophageal ulcers may result from gastroesophageal
re¯ux disease, immunosuppression/infections, medi-
cation or chemical ingestion, tumors, or certain medical
treatments and procedures (Table I).

GASTROESOPHAGEAL
REFLUX DISEASE

Gastroesophageal re¯ux disease (GERD) occurs most
often due to impaired lower esophageal sphincter func-
tion. As a result, stomach contents re¯ux into the
esophagus. If left untreated, GERD may progress
from esophageal erosions to formation of discrete
esophageal ulcers. In some cases, such acid re¯ux
may lead to Barrett's metaplasia.

IMMUNOSUPPRESSION-ASSOCIATED
ESOPHAGEAL ULCERS

Esophageal ulcers may develop in early stages of HIV
infection, when transient fever, chills, malaise, skin
rash, and lymphopenia often occur; the ulcers tend to
be multiple small aphthoid lesions. Later in the course of
HIV infection (AIDS), deep ulcers extending up to
several centimeters in size may be seen. These larger

ulcers can result in ®stula formation, perforation,
hemorrhage, or stricture formation. Opportunistic in-
fections in AIDS patients from Candida species or cer-
tain viruses (cytomegalovirus, herpes simplex virus,
and rarely EpsteinÿBarr virus) may also result in esoph-
ageal ulcer formation. The pathophysiology of idio-
pathic esophageal ulcers in HIV patients is poorly
understood, although it has been speculated that the
squamous epithelial cells lining the esophagus undergo
apoptosis as an `̀ innocent bystander'' effect of nearby
HIV-infected T cell activity.

TABLE I Classi®cation of Esophageal Ulcersa

Related to GERD (i.e., peptic ulcers), often with Barrett's

esophagus

Related to HIV infection and other conditions with

immunosuppression

Candida species

HSV

CMV

EBV

Idiopathic

Infections (immunocompetent hosts)

HSV

EBV (rare)

Mycobacterium tuberculosis

CandidaÐsometimes soon after antibiotic therapy (rare)

Pill or medicationÐinduced, or ingestion of caustics

Antibiotics (especially tetracyclines)

Potassium chloride tablets

Iron tablets

NSAIDs

Bisphosphonates (e.g., alendronate)

Quinidine

Antivirals (e.g., zalcitabine)

Strong acids or alkalis (caustics)

Tumors with ulcers

Squamous cell cancer

Adenocarcinoma (often with Barrett's esophagus)

Other (metastatic, melanoma)

Following sclerotherapy or band ligation for esophageal varices

a Abbreviations: GERD, gastroesophageal re¯ux disease;

CMV, cytomegalovirus; HSV, herpes simplex virus; EBV,

EpsteinÿBarr virus; NSAIDs, nonsteroidal antiin¯ammatory drugs.
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Organ transplant recipients and patients on
potent antiin¯ammatory drugs (e.g., glucocorticoids
and tumor necrosis factor inhibitors) can also develop
opportunistic esophageal infections with ulcer
formation.

IMMUNOCOMPETENCY-ASSOCIATED
ESOPHAGEAL ULCERS

In immunocompetent persons, esophageal ulcerations
can rarely complicate infectious mononucleosis. Herpes
simplex virus (HSV) and Mycobacterium tuberculosis can
also cause esophageal ulcers. These infections require
con®rmatory histopathologic diagnosis during esopha-
goscopy. HSV esophagitis and ulcers may occur spon-
taneously via reactivation and spread of HSV to the
esophageal mucosa via the vagus nerve or may result
from direct extension of the oropharyngeal infection
into the esophageal mucosa.

MEDICATION-INDUCED
ESOPHAGEAL ULCERS

Multiple medications have been linked to esophageal
ulcers (Table I). Antibiotics taken as pills or tablets,
especially doxycycline, potassium chloride, iron-
containing pills, nonsteroidal antiin¯ammatory drugs
(NSAIDs), quinidine, bisphosphonate medications,
and antiviral drugs, comprise about 90% of all cases.
Because the pharmacologic properties of these medica-
tions are so diverse, it is dif®cult to pinpoint a single
unifying mechanism for pill-induced ulceration.
Prolonged mucosal contact, the chemical nature of
the drug, and drug solubility all contribute to the de-
velopment of esophageal ulcers. The contact time is
dependent on the size and shape of the pill and varia-
tions in esophageal anatomy. Coated pills, larger pills,
pills taken at bedtime, and sustained-release formula-
tions seem to enhance the chance of pill ulcerations. A
preexisting swallowing disorder need not be present.
However, there is a predisposition to pill ulceration
in patients with preexisting esophageal strictures, tu-
mors, and motility disorders such as achalasia and
scleroderma. Symptoms of pill-induced ulcers of the
esophagus include sudden onset of painful swallowing
and retrosternal chest pain, which usually resolve 5 days
to 2 weeks after discontinuation of the medication.

Diagnosis of NSAID-induced ulceration is one of
exclusion based on elimination of re¯ux disease, cancer,
or infections as possible causes in patients concurrently

taking NSAIDs. Most common culprits are aspirin, ibu-
profen, and naproxen. Bleeding is a common feature and
there seems to be a prevalence of distal esophageal ul-
cers in these patients.

The bisphosphonates, which are often used for os-
teoporosis and Paget's disease may also cause esopha-
gitis. Patients may report esophageal discomfort with
the very ®rst dose and a majority experience
odynophagia within a week. Bleeding and perforation
may result. This patient population tends to be older
women who may not take precautions against esopha-
geal injury, such as swallowing the pill with 6ÿ8 ounces
of water and then sitting upright for 30 minutes. Iron
and potassium compounds in the sustained release
preparations can also cause ulcerations. Patients usually
do not experience pain with ingestion of iron and
potassium and the onset of dysphagia is very slowly
progressive.

Zalcitabine (dideoxycytidine, or ddC), a nucle-
oside analogue used as an antiviral agent, has been re-
ported to cause oral and esophageal ulcers. The majority
of these ulcerations resolve within 4 to 7 days even with
continuation of the medication.

Caustic ingestions remain a worldwide problem.
Two-thirds of household ingestions are accidental and
occur in children younger than 6 years of age. Caustic
agents may be alkaline or acidic, solid or granular. The
concentration, quantity, and physical state of the agent
along with the duration of exposure determine the de-
gree of gastrointestinal injury, initially presenting as
ulcers but sometimes progressing to severe bleeding,
®brosis with strictures, perforation, or (years later) car-
cinoma. In caustic ingestions, a poor correlation exists
between upper endoscopy ®ndings of gastrointestinal
injury and clinical signs and symptoms, making upper
endoscopy even more crucial to assess injury. However,
the timing of an upper endoscopy after the caustic in-
gestion is debatable. Waiting 48 to 72 hours has been
considered reasonable, although with ¯exible endo-
scopes, endoscopy may be performed even earlier if
the patient is stable. Healing of injury is often associated
with stricture formation.

TUMORS

Cancer of the esophagus with ulcer formation is rela-
tively uncommon but extremely lethal if it occurs. Squa-
mous cell esophageal carcinomas and adenocarcinomas
cannot be distinguished endoscopically or radiograph-
ically. They mostly tend to cause symptoms in later
stages when > 60% of the esophageal lumen is in®l-
trated with the cancer. These malignancies cause
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ragged, ulcerating changes in the esophageal mucosa.
Therefore, esophagoscopy is crucial in visualizing the
tumor and obtaining histopathologic con®rmation.

ENDOSCOPIC BAND LIGATION,
SCLEROTHERAPY, AND CHRONIC
NASOGASTRIC TUBE PLACEMENT

Band ligation for treatment of esophageal varices in
portal hypertension leads to super®cial ulcers that
occur where the bands are placed, but the frequency
of deep esophageal injury is low. Many patients who
undergo variceal sclerotherapy develop ulcers within
the ®rst few days of treatment because the injection
of the sclerosant into and around the varices causes
necrosis of esophageal tissue. Nasogastric tubes can
cause local esophageal irritation and the ulcers that re-
sult may erode into adjacent structures such as major
vessels. Studies have shown that even potent gastric acid
suppressive therapies do not prevent esophageal dam-
age associated with nasogastric tubes, incriminating
local irritation as the key factor responsible.

TREATMENT AND PREVENTION

Proton pump inhibitors are the treatment of choice for
esophageal ulcers due to GERD. High doses for 8ÿ12
weeks may be needed to heal the ulcers. HIV associated
idiopathic ulcers do not respond to antiviral or antifun-
gal therapies but do respond to immunosuppressive
regimens. Prednisone and thalidomide are the two
most common agents used.

For pill induced ulcerations, patients with preexis-
ting swallowing dif®culties should take precautions
such as sitting in the upright position, taking medica-
tions with food and water, and using liquid formulations
if necessary. Lifestyle changes are key, such as taking
pills with food or 6 ounces of water and avoiding re-
cumbency immediately after pill ingestion. Speeding up
healing is the only strategy for pill-induced ulcerations.

Acid suppressive therapies may possibly allow for faster
healing, but this has not been proved. In ulcerations
related to ingestion of pill or tablet forms of antibiotics
and other medications, epithelial in¯ammation resolves
in 1 to 6 weeks after the medications are discontinued.
Avoiding caffeine, alcohol, tobacco, and spicy foods
may also possibly contribute to the healing of ulcers.

Infection-related esophageal ulcers respond to treat-
ment of the speci®c infection. Goals of therapy after a
caustic ingestion are to prevent perforation and avoid
progressive ®brosis and stricture. Emergency surgery
is the only option to treat perforation, but a variety of
modalities, although unproved, have been speculated
to prevent ®brosis and treat strictures; these include
caustic neutralizing agents, corticosteroids, antibiotics,
collagen synthesis inhibitors, heparin, early esophageal
dilatation, and esophageal stents.
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Esophagus, Anatomy
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Auerbach's plexus Network of neurons located between the

circular and longitudinal muscle layers of the gastro-

intestinal tract; primarily involved with the transmission

of motor information between the central nervous

system and the peripheral end organ. Idiopathic

achalasia and diffuse esophageal spasm are two esopha-

geal disorders believed to re¯ect damage to this

plexus.

Barrett's esophagus Existence of specialized columnar

epithelium instead of the strati®ed squamous epithelium

that normally lines the distal esophagus; a premalignant

lesion that is believed to occur by metaplastic change

during the course of re¯ux damage to squamous

epithelium.

Meissner's plexus Network of neurons located within the

submucosa of the gastrointestinal tract; primarily in-

volved with the transmission of sensory information

between the central nervous system and the peripheral

end organ.

sphincter Ringlike band of muscle ®bers that constricts a

passage or closes a natural ori®ce; may be skeletal, as in

the upper esophageal and external anal sphincters, or

smooth, as in the lower esophageal and internal anal

sphincters.

The esophagus is designed as a delivery system to trans-

port food from the mouth to the stomach. A hollow tube, it

conducts food through two mechanisms, gravity and peri-

staltic contractions of the surrounding musculature. Ret-

rograde ¯ow of food and gastric acid is prevented by two

sphincters, the upper and lower esophageal sphincters,

which open in response to a swallowed bolus. This effec-

tively creates a hollow conduit with a one-way ¯ow of

contents into the stomach. Located within the posterior

mediastinum, immediately behind the trachea but ante-

rior to the aorta, the body of the esophagus extends from

the upper esophageal sphincter in the pharynx at the cri-

coid cartilage to the lower esophageal sphincter in the

right crus of the diaphragm at the T10 vertebral level.

MUCOSA

The innermost mucosa of the esophagus surrounded by
three outer layers, the submucosa, the muscularis
propria (the inner circular and outer longitudinal

muscular layers) (see Fig. 1), and outermost adventitia.
Each layer is structurally unique, with varying contri-
butions by the vasculature, musculature, and neural
innervation. Grossly, the esophageal mucosa is a
smooth, pink expanse that ends at the gastroesophageal
junction demarcated by the Z-line, an irregular white
line. Histologically, the mucosa is composed of the
epithelial layer (nonkeratinized strati®ed squamous
epithelium) and the lamina propria and muscularis
mucosae layers (Fig. 2). Metaplastic change from
strati®ed squamous epithelium to a specialized
columnar epithelium occurs in Barrett's esophagus, a

yer

yer

FIGURE 1 Anatomical relationship of the layers of the esoph-

agus. The muscularis propria is made up of the inner circular and

outer longitudinal muscular layers. Note the hollow lumen lined

by the mucosa, which is collapsed between food boluses.
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premalignant condition. The lamina propria, a connec-
tive tissue and vascular layer, resides beneath the epi-
thelium. Rete pegs, also known as dermal papillae, are
rounded protrusions of the lamina propria into the epi-
thelial layer above. Although rete pegs are normal, ex-
tension into the upper half of the epithelium is a marker
for gastroesophageal re¯ux disease. The ®nal mucosal
layer, the muscularis mucosae, is composed of smooth
muscle cells. It demarcates the mucosa from the sub-
mucosa. Neural structures are present in the mucosa,
with sensory tufts extending into the epithelium; arte-
rial and venous structures are present in the lamina
propria (see later for discussion of venous drainage of
the esophagus).

SUBMUCOSA

The submucosa, a dense network of connective tissue,
blood vessels, lymphatics, neurons, and esophageal
glands, primarily functions as a secretory layer. The
glands are acinar, composed of cuboidal cells that,
through a collecting system, secrete into the esophageal
lumen mucus, bicarbonate, and epidermal growth
factor. The mucus is primarily for lubrication because,
unlike in the stomach, it does not form a de®nable
viscoelastic protective layer over the squamous epi-
thelium. The secreted bicarbonate protects the
lumen by neutralizing re¯uxed acid, thereby raising
pH to normal. Once esophageal damage has occurred,
epidermal growth factor can bind to cell receptors and
stimulate esophageal repair. Meissner's plexus, a neural
network located within the submucosa, transmits sen-
sory (afferent) stimuli to the central nervous system
through both parasympathetic and sympathetic
pathways.

MUSCULARIS PROPRIA

The muscularis propria provides the peristaltic contrac-
tions necessary to propel a food bolus from the oral
cavity to the stomach. The proximal third of the
muscularis propria is composed exclusively of skeletal
(striated) muscle and the distal third is composed ex-
clusively of smooth muscle; the middle third is a com-
bination of both. Two layers, an inner circular muscular
layer and outer longitudinal muscular layer, traverse the
length of the muscularis propria (Fig. 1). The amplitude
of peristaltic contractions, as measured by manometry,
correlates with the ef®cacy of bolus clearance. Further-
more, inef®cient peristaltic contractions can lead to dys-
phagia, as occurs in the swallowing disorder, achalasia.
Innervation of the muscularis propria is complex and
differs for the striated and smooth muscle cells. Vagal
control of peristalsis occurs at two different nuclei, the
dorsal motor nucleus for smooth muscle cells and
the nucleus ambiguous for skeletal muscle cells. The
Auerbach's (myenteric) plexus, located between the
inner circular and outer longitudinal layers, provides
preganglionic vagal parasympathetic innervation to
smooth muscle cells, whereas the postganglionic
vagal nerves end directly on the motor endplate of
the skeletal muscle cells. Within the myenteric plexus,
excitatory and inhibitory neurons coexist. The excit-
atory neurons have muscarinic M2 receptors, which
contract both layers of smooth muscle in response to
acetylcholine stimulation. Inhibitory neurons induce
inner circular smooth muscle cells to relax, probably
through the release of nitric oxide and vasoactive intes-
tinal peptide.

ADVENTITIA

The ®nal layer of the esophagus, the adventitia, is a loose
connective tissue network. Although all other digestive
tract structures contain a serosal layer, the esophagus
does not.

UPPER ESOPHAGEAL SPHINCTER

The upper esophageal sphincter (UES) marks the upper
boundary and thus the beginning of the esophagus. It is
created by the convergence of the inferior pharyngeal
constrictor muscle and the cricopharyngeus muscle
(Fig. 3). This band of striated muscle, innervated by
the pharyngeal branch of the vagus nerve, is contracted
at rest, creating a high-pressure zone about 1ÿ2 cm in
length. The primary function of the UES is to prevent
aspiration of air into the esophagus during normal res-
piration. Relaxation occurs during the pharyngeal phase

Stratified squamous 
epithelium

Rete peg

Lamina propria

Muscularis mucosae

FIGURE 2 The three layers of the mucosa, depicting the

super®cial strati®ed squamous epithelium and the sequentially

deeper lamina propria and muscularis mucosae. Note the rete

pegs of the lamina propria projecting into the epithelial layer

above.
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of the swallow response, when elevation of the larynx
and hyoid simultaneously close the airway and open the
esophageal sphincter.

LOWER ESOPHAGEAL SPHINCTER

The lower esophageal sphincter (LES) forms the lower
boundary of the esophagus, creating a barrier between it
and the gastric fundus. Located within the right dia-
phragmatic crus, it is composed of asymmetrically
thickened smooth muscle about 3ÿ4 cm in length
(Fig. 4). In addition, the fortuitous positioning of the
LES within the diaphragm allows diaphragmatic
contractions to make a signi®cant contribution to the
high-pressure zone at the esophagogastric junction.
Esophageal sliding is limited by the phrenoesophageal
ligament, which attaches the lower esophagus to the
diaphragmatic fascia. Despite this preventive measure,
the esophagus occasionally migrates orad, permitting a
portion of the fundus to enter the thorax, the so-called
sliding hiatal hernia, and allowing reductions in LES
pressure. Normally, the LES is tonically contracted, re-
sulting in manometric pressures that are about
20 mmHg greater than in the stomach. This creates a
high-pressure zone that combats the re¯ux of gastric

acid. Relaxation occurs in response to a swallowed
food bolus, lasting about 5ÿ7 seconds. Relaxation
also occurs in response to gastric distension, as in the
belch re¯ex, but lasts longer, at 10ÿ20 seconds.
Myenteric neurons convey parasympathetic vagal im-
pulses to the LES, transmitting excitatory and inhibitory
signals analogous to their actions within the muscularis
propria. Neural innervation contributes greatly to LES
pressure; however, many substances can in¯uence pres-
sure, either increasing or decreasing it. These sub-
stances range from food to medications to hormones.

CIRCULATION

The esophageal arterial blood supply arises from mul-
tiple vessels, which anastamose within the submucosa,
forming extensive networks. The superior and inferior
thyroid arteries supply the upper esophagus. The de-
scending aorta and bronchial and right intercostal ar-
teries supply the midesophagus, and the left gastric, left
inferior phrenic, and splenic arteries supply the distal
esophagus. The venous drainage is executed by a net-
work of vessels within the esophageal wall (Fig. 5).
Small intraepithelial vessels drain from the strati®ed
epithelium of the mucosa into the super®cial venous
plexus within the two deeper layers, the lamina propria
and muscularis mucosae. From the super®cial
plexus, blood is drained into the deep intrinsic veins
located within the submucosa. Perforating veins
traverse laterally through the muscularis propria to con-
nect the deep intrinsic veins to the adventitial extrinsic

Inferior pharyngeal 
constrictor muscle

Cricopharyngeus muscle

Trachea

Outer longitudinal 
muscle layer

FIGURE 3 Anatomy of the upper esophageal sphincter.

Phrenoesophageal ligament

Lower esophageal sphincter

Z-line

Stomach

Diaphragm

FIGURE 4 Anatomy of the lower esophageal sphincter. Note

the phrenoesophageal ligament; it attaches the esophagus to the

diaphragmatic fascia.
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venous drainage system, which is composed of the
serosal and periesophageal veins. Thereafter, drainage
is variable, depending on the location. The upper
esophagus drains to the superior vena cava, the mid-
esophagus drains to the azygous veins, and the distal

esophagus drains to the portal vein. Portal hypertension
leads to dilation of the deep intrinsic veins, eventually
displacing more super®cial structures and protruding
into the esophageal lumen. The lymphatic system is
also segmental, with extensive submucosal anastomoses
that account for the distant spread of most esophageal
cancers.
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Esophagus, Development
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atresia The congenital absence or closure of a normal body

ori®ce or tubular organ, e.g., esophageal or biliary

atresia.

diverticulum A circumscribed pouch or sac of variable size

that may occur normally, as in embryologic development

of the respiratory bud off the foregut, or pathologically,

resulting from the herniation of the lining mucous

membrane through a defect in the muscular wall of a

tubular organ.

dysphagia A symptom in which the patient experiences

trouble or dif®culty swallowing. When the symptom

occurs with solids only, it usually re¯ects a lumen-

narrowing obstruction and when it occurs with both

liquids and solids, it usually re¯ects an oropharyngeal or

esophageal motor disorder.

Schatzki ring A thin circumferential ingrowth of mucosa at

the squamocolumnar junction between esophagus and

stomach. When the lumen is compromised to 515 mm,

the ring may result in intermittent dysphagia for solids or

an episode of acute esophageal food impaction.

sphincter A ringlike band of muscle ®bers that constricts a

passage or closes a natural ori®ce. The muscle may be

skeletal as in the upper esophageal and external anal

sphincters or smooth as in the lower esophageal and

internal anal sphincters.

stenosis A pathologic narrowing or stricture of a duct or

passage way that may be either acquired, e.g., by

radiation injury to the esophagus, or congenital, e.g.,

esophageal stenosis.

Organ development is a complex and intricate process. A

general understanding of esophageal embryology pro-

vides key information regarding esophageal disorders,

as several commonly encountered abnormalities can be

traced back to fetal life. This article describes the general

process by which the esophagus emerges from precursor

tissues and grows throughout childhood. Several impor-

tant developmental anomalies are also reviewed.

EMBRYOLOGY

In the embryo, invagination of the endoderm-lined yolk
sac into a hollow cylinder creates the primitive gut,
which is separated into the pharyngeal, gut, foregut,
midgut, and hindgut. Each segment ultimately matures

into a separate portion of the digestive tract. The upper
digestive tract and lower respiratory tract develop from
the foregut. At gestational week 4, the respiratory bud
appears as a diverticulum on the ventral surface of the
foregut. The diverticulum elongates into a parallel hol-
low tube, which is gradually isolated from the dorsal
portion by a thin membrane, the esophagotracheal sep-
tum. The ventral tube, the primordial respiratory tract,
goes on to develop into the bronchi, bronchioles, alve-
oli, and visceral pleura. Meanwhile, the esophagus, the
dorsal foregut tube, undergoes lumenal obliteration by
proliferating ciliated columnar epithelium. Later, at
week 10, the lumen recanalizes through the formation
and coalescence of vacuoles. At week 16, strati®ed squa-
mous epithelium replaces the columnar epithelial lining
and the transformation is complete.

CHILDHOOD

Within a few days of birth, the neonate is able to re¯ex-
ively swallow and breathe without choking, in part due
to a fully functional and competent upper esophageal
sphincter. The lower esophageal sphincter (LES) is an-
other story. A majority of infants have gastroesophageal
re¯ux, varying from asymptomatic to severe re¯ux
esophagitis, as a consequence of LES incompetence.
Factors associated with lower sphincter pressures in-
clude the angle of the gastroesophageal junction and
the positioning of the sphincter within the abdomen
instead of its correct location, being straddled by the
diaphragm. In addition, the smaller capacity of the
esophagus promotes vomiting in response to re¯ux
more frequently in children than in adults. As the infant
grows, the LES angle and location correct their position,
leading to a fully competent sphincter and resolution of
pathologic gastroesophageal re¯ux.

DEVELOPMENTAL ANOMALIES

Congenital anomalies of the esophagus are common,
occurring in 1 in 3000 live births. They are associated
with either genetic defects or intrauterine stresses that
impede fetal maturation. Premature infants are prone to

Encyclopedia of Gastroenterology 767 Copyright 2004, Elsevier (USA). All rights reserved.



developmental anomalies, with up to 50% having in-
volvement of the vertebral, anal, cardiac, tracheal,
esophageal, renal, and limb systems. Esophageal anom-
alies are particularly frequent.

Esophageal Atresia and
Tracheoesophageal Fistulas

Esophageal atresia and tracheoesophageal ®stulas
are the most common developmental anomalies of
the esophagus. The former results from the failure of
the foregut to recanalize and the latter result from the
failure of the lung bud to separate completely. Esoph-
ageal atresia occurs alone in 7% of cases, with tracheo-
esophageal ®stulas accompanying the remainder of
cases. In both forms, the esophagus is divided into
two separate unconnected segments: the upper esoph-
agus, which ends in a blind pouch, and the lower esoph-
agus. In isolated atresia, the lower esophagus connects
to the stomach, and in tracheoesophageal ®stulas, it
communicates with the trachea.

Congenital Stenosis

Esophageal stenosis is a rare anomaly, occurring in 1
in 25,000 live births. The stenotic segment, located in
the distal two-thirds of the esophagus, varies from 2 to
20 cm in length. Although the etiology is unknown, one
suggestion is that there is incomplete separation of the
lung bud from the primitive foregut. Other hypotheses
include ®bromuscular hypertrophy or loss of muscle-
relaxing myenteric neurons.

Esophageal Rings

The distal esophagus may contain two `̀ rings,'' the A
and B rings, which bound the proximal and distal esoph-
ageal vestibule and constrict the esophageal lumen. The
A ring, a 4 mm band of hypertrophied muscle, is rare and
marks the proximal border of the vestibule at the upper

end of the LES. The B ring, also called the Schatzki ring,
is common, found in up to 14% of the general popula-
tion. A thin 2 mm membrane marking the distal border
of the esophageal vestibule at the gastric cardia, it is
associated with hiatal hernias. When present, it also
demarcates the squamocolumnar junction. Classically,
they remain asymptomatic until the esophageal lumen is
narrowed to less than 15 mm, at which point intermit-
tent dysphagia for solids and acute solid-food impac-
tions can occur.

Esophageal Webs

Esophageal webs are congenital anomalies charac-
terized by one or more thin horizontal membranes of
strati®ed squamous epithelium within the upper and
mid esophagus that protrude from the anterior wall
and extend laterally. Ninety-®ve percent are
symptomatic, usually with dysphagia. An association
between cervical esophageal webs, dysphagia, and
iron de®ciency anemia occurs in Plummer-Vinson (or
Paterson-Kelly) syndrome. Correction of iron de®-
ciency may result in both anatomical correction of
the web and symptom resolution.
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Exocrine Pancreas
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acinar cells Pyramidal-shaped epithelial cells in the pancreas

that synthesize and secrete digestive enzymes.

acinus Functional unit of the exocrine pancreas composed of

acinar, centroacinar, and duct cells.

centroacinar cells Terminal duct cells bordering the acinar

lumen that secrete bicarbonate into the lumen.

exocytosis Process by which secretory granules fuse with the

plasma membrane and release their contents.

goblet cells Mucus-synthesizing and secreting cells found in

the epithelium of pancreatic ducts.

isletÿacinar portal system Specialized vascular system

connecting the islets of Langerhans and the exocrine

pancreas that delivers islet hormones to the acinar

cells.

pancreatic stellate cells Cells of stellate morphology located

between acini that contain vitamin A and respond to

cytokines with the production of collagen, leading to

®brosis.

zymogen granules Mature secretory granules in acinar cells

containing stored digestive enzymes or zymogens.

The pancreas is a mixed endocrine/exocrine gland envel-

oped by a thin layer of connective tissue. Connective tis-

sue septa invade the gland, dividing it into lobules, serving

as a support for tissue and providing a pathway for vas-

culature, nerve ®bers, and lymphatic ducts. The pancreas

lacks a complete ®brous capsule. As a result, cancerous

tumor cells can spread to all of the structures located

posteriorly to the pancreas by traveling along nerve

sheaths. They facilitate their passage by generating

proteases that degrade connective tissue. The exocrine

portion of the pancreas takes up about 84% of the total

organ; 2% of the organ is composed of the endocrine cells

(islets of Langerhans). Blood vessels comprise about 4%

of the pancreas and the remaining 10% of the pancreas is

composed of the extracellular matrix (collagen ®bers, re-

ticular ®bers, ®broblasts). Enhanced deposition of con-

nective tissue within the pancreas is a feature of chronic

pancreatitis of various etiologies. The collagen is probably

synthesized and secreted from stimulated ®broblasts and

a special class of vitamin A-storing cells known as pan-

creatic stellate cells. Also, under normal conditions, there

is a considerable amount of fat scattered throughout the

parenchyma of the human pancreas. Notably, this is the

®rst tissue to show injury during the in¯ammatory disease

of the pancreas known as pancreatitis.

FUNCTIONAL MORPHOLOGY OF THE
EXOCRINE PANCREAS

The acinus is the basic functional unit of the exocrine
pancreas. It is composed of acinar cells, centroacinar
cells, and duct cells (Fig. 1). A connective tissue matrix,
including a basal lamina, surrounds the acinus, but does
not insert itself between individual acinar cells. Nerve
terminals in the exocrine pancreas differ among species,
but in general they end near blood vessels, acinar cells,
and duct cells. In mammals, they terminate near the
acinar cell plasma membrane. In pancreatic duct
cells, nerve terminals are usually on or near the base-
ment membrane. The presence of nerve terminals so
close to the basement membrane of these cells is critical
because regulation of pancreatic acinar cell secretion is
partially under the control of cholecystokinin (CCK)
released from proximal intestinal cells in response to
food intake. CCK has an indirect effect on pancreatic
secretion by stimulating the release of acetylcholine
(ACh) and other neurotransmitters from nerves. ACh,
in turn, activates muscarinic receptors on the acinar cell
to stimulate pancreatic secretion.

The glandular structure of the exocrine pancreas
differs slightly from that of other digestive glands: the
pancreas is composed of true glands with blind endings,
similar to salivary gland structure, but also has other

FIGURE 1 Exocrine pancreas structure. A portion of a rat

pancreatic lobule containing individual acini is visible. An

intralobular duct (asterisk) alongside a blood vessel (V) is visible

at the top of the ®eld. A single acinus (dark outline) is made up of

several acinar cells. The polarized cells reveal large nuclei in the

basolateral domains and zymogen granules near the apical surface.

The clear area in the center of the acinus is the lumen.
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`̀ looped'' ducts seen going into, and emerging from,
groups of acini (Fig. 2).

ACINAR PORTAL SYSTEM

The isletÿacinar portal system is an arterial supply net-
work that connects the islet cells with the exocrine cells
(Fig. 2). The system surrounds and invades the islet cells
(endocrine system), receives hormones and other pep-
tides from islet cells, and then directly delivers its con-
tents to the neighboring acinar cells (exocrine system).
These endocrine hormones may modulate the function
of the exocrine pancreas. For example, in the region
adjacent to the pancreatic islet cells, the acinar cells
contain more cytoplasm, a larger nucleus, and an in-
creased amount of zymogen granules compared to those
that are more distal to the islet. Islet hormones may also
modulate both basal and stimulated pancreatic exocrine
secretion.

THE ACINUS

The three-dimensional architecture of the acinus has
been revealed using confocal analysis and scanning elec-
tron microscopy, which show the relationship of the
connective tissue elements, vasculature, and excretory
ducts to the acinar and centroacinar cells. Collagen and
reticular ®bers form a scaffold that surrounds the acini.
The reticular ®bers form a network with fenestrations,
allowing for a continuous space between ducts, acini,
vasculature, and lymph vessels. Techniques that use
tissue disruption and scanning electron microscopy

reveal that most pancreatic acini contain 30 to 40
large cells, but some smaller groups of acini of 10 to
20 cells are also present. However, electrical coupling
experiments show that the functional coupled subunit is
much larger and consists of about 500 cells. A possible
advantage of an increased size of the functional acinus
might be an enhanced secretory response when only a
limited number of cells are stimulated.

Acinar Cells

Pancreatic acinar cells are pyramidal-shaped, polar-
ized epithelial cells. The base of the cell rests on a base-
ment membrane and the apex opens onto the lumen of
the acinus. Junctional complexes are found between the
cells, dividing each cell into an apical and a basolateral
zone. The junctional complex is composed of four struc-
tures. The most apically located, the zonula occludens
(tight junction), has two functions: it serves as a barrier
to water and solutes and it restricts the molecular move-
ment between apical and basolateral domains. The next
three structures in order toward the basal portion of
the cell are the zonula adherens, the macula adherens
(desmosomes), and the macula communicantes (gap
junctions). Gap junctions can selectively conduct
small molecules (molecular weight 51000) between
cells and may help to coordinate the response of an
acinus to physiologic stimuli and to injury.

The pancreatic acinar cell is compartmentalized into
distinct regions (Fig. 3). In the apical area, the cell con-
tains zymogen granules and apical microvilli. Just deep
to the apex, in the perinuclear region, there are conden-
sing vacuoles and a Golgi apparatus. The basolateral
zone contains the nucleus and a rich supply of rough
endoplasmic reticulum (rER) (Fig. 4). This imparts the

FIGURE 2 Acinarÿislet portal system and duct structure. Note

the blood vessel directly connecting the islet of Langerhans to the

group of acini. Two duct structures (blind-ended and looped) are

illustrated. The small gray shaded cell adjacent to an acinar cell at

the beginning of the duct system represents a centroacinar cell.

The arrow points to a single acinar cell in the acinus.

FIGURE 3 Pancreatic acinar cell. The apical surface of the cell

lines the lumen (L). A small number of microvilli are evident at the

lumen. Note the apical zone containing zymogen granules (Z) and

a mitochondrion (asterisk). The Golgi apparatus (G) is in the

perinuclear location. The nucleus and rough endoplasmic retic-

ulum are in the basolateral zone. Some collagen ®brils are present

in the connective tissue deep into the basal portion of the acinar

cell (rat, �5600 original magni®cation).
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characteristic basophilia visible under light microscopy.
Lysosomes, which are part of the late endosomal path-
way, are scattered throughout the cytoplasm. Mitochon-
dria are spatially organized as three distinct groups. One
group is near the basolateral membrane, where active
transport across the basement membrane is occurring.
Another group of mitochondria is in the perinuclear
region (Fig. 3). The third group resides in the apical
region, separating zymogen granules from the
basolateral area. The apically distributed mitochondria
may have a role in generating calcium oscillations that
are responsible for stimulated zymogen secretion.

The morphology of the acinar cell faithfully reveals
its function in the synthesis, storage, and exocytosis of
both active and inactive digestive enzymes. Pancreatic
acinar cell enzymes are synthesized in the rER, traverse
the late ERÿGolgi compartment through vesicular
transport, and enter the Golgi, where they are modi®ed
and sorted. In the Golgi, lysosomal enzymes, the ulti-
mate destination of which are lysosomes, receive the
mannose-6-phosphate (M6P) residue. Binding of the
enzymeÿM6P molecule to the M6P receptor (M6PR)
results in targeting of the molecule to the late endosomal
compartment. In late endosomes, a decline in pH initi-
ates the release of lysosomal enzymes from the M6PR.
The receptor is recycled to the Golgi or to the plasma
membrane, and the lysosomal enzyme is transported to
the lysosome. Additionally, M6PRs found on condens-
ing vacuoles may retrieve lysosomal enzymes that have
been sorted to the secretory pathway and return them to
the Golgi complex.

In contrast to lysosomal proteins, secretory proteins
are destined for exocytosis. On their exit from the
Golgi, they enter membrane-bound, acidic condensing
vacuoles, located near the nucleus (Fig. 5). Condensing
vacuoles maintain the lowest pH compartment within
the secretory pathway. As these vacuoles mature, their

protein contents are condensed and the membrane is
pinched off. The diameter of the resulting pancreatic
zymogen granule is about two-thirds that of the con-
densing vacuole. Zymogen granules are stored in the
apical one-third of the acinar, awaiting signals for
exocytosis.

When the acinar cell is stimulated, contents of the
zymogen granules are released into the acinar lumen.
This process, called exocytosis, involves several steps:

FIGURE 4 The basolateral region of the pancreatic acinar cell.

Note the large nucleus (N) containing a small amount of hetero-

chromatin, a great amount of euchromatin, and a prominent endo-

plasmatic reticulum and an elaborate nucleolus. Several

mitochondria, one of which is labeled with an asterisk, are present

(rat, �5600 original magni®cation).

FIGURE 5 Vesicular traf®cking pathways in the pancreatic

acinar cell. Four main pathways are shown. (1) Constitutive se-

cretion of proteins. A small fraction of newly synthesized proteins

are secreted in an unregulated pathway in vesicles that bud off the

trans-Golgi network (TGN). (2) Secretory pathway for zymogen

granule release. The dark cores in vesicles budding from the TGN

represent condensing vacuoles. As they mature, the membrane is

pinched off and the content of the granule condenses to form

zymogen granules (ZG). (3) Endocytic pathway for lysosomal

enzyme delivery to lysosomes (short lines, mannose-6-phosphate

receptors; EE, early endosome; LE, late endosome; Ly, lysosome).

(4) A possible pathway for retrieval of lysosomal enzymes from the

secretory pathway to the endocytic pathway. The open circles

represent recycling membrane vesicles. Golgi domains are

represented as trans, medial, and cis; rER, rough endoplasmic

reticulum.
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movement of granules to apical membrane, fusion of
granules with the apical membrane, and the release of
contents into the lumen. Actin is a major component
of the apical cytoskeleton and plays a pivotal role in
exocytosis. One study suggests that prior to fusion, zy-
mogen granules become coated with actin, which might
constrain their distribution to the apical part of the ac-
inar cell and facilitate the movement of the zymogen
granules across the subapical actin network toward the
targeted site of fusion. A second actin network, located
just below the apical membrane, may act as a barrier,
blocking fusion of the zymogen granules with the apical
plasma membrane. When the cell is stimulated, the actin
barrier is reorganized and secretory granules can con-
tact the apical plasma membrane. Fusion of the granules
with the plasma membrane probably requires the inter-
actions of the soluble N-ethylmaleimide-sensitive at-
tachment protein receptor (SNARE) complex, a
special group of proteins found on secretory granules
and apical plasma membranes, along with other cyto-
solic factors.

Recent research, using atomic force microscopy, has
identi®ed a change in plasma membrane structure dur-
ing exocytosis. In acinar cells, increases in the size of
membrane depressions correlate with an increase in
amylase secretion, and depression dynamics and amy-
lase release are partly regulated by actin. This may in-
dicate that there are prede®ned sites for fusion on the
apical membrane. Following exocytosis, activation of
the apical endocytic pathway leads to the subsequent
retrieval of the secretory granule membrane via
clathrin-coated retrieval vesicles. Therefore, an intact
apical cytoskeleton may be a requirement for regulating
normal exocytosis, maintaining organelle polarity, and
membrane retrieval.

Calcium is the major secondary messenger for reg-
ulating protein secretion from pancreatic acinar cells.
The major calcium storage compartments are in the ER
and mitochondria. In acinar cells, polarized (apical to
basal) waves of calcium are induced by the serial acti-
vation of two intracellular calcium channels that are
principally responsible for calcium signaling: the api-
cally located inositol 1,4,5-trisphosphate (IP3) and the
ryanodine receptor (RyR) located in the basolateral
domain. Calcium waves begin in the apical domain of
the cell, in the region of the type III IP3 receptor (IP3R),
the most heavily expressed IP3R isoform. Subcellular
release of calcium coordinates the action of the IP3R
and RyR calcium channels. When acinar cells are stim-
ulated with neurotransmitters, growth factors, or hor-
mones, stored calcium is released from the ER by the
action of IP3. IP3 binds to the IP3R receptor, an ER
calcium channel, to release calcium into the cytosol.

Centroacinar Cells

The location, morphology, and biochemistry of
centroacinar cells re¯ect their role in electrolyte trans-
port. Seen in cross-section, the centroacinar cells are
centrally located within the acinus, and mark the be-
ginning of ducts (Figs. 2 and 6). Centroacinar cells are
small, pale-staining cells with microvilli on their apical
surfaces. The pale-staining character re¯ects the sparse
cytoplasm, small amount of rER, small size of the Golgi
apparatus, and the lack of zymogen granules within the
cell. Large, abundant, elongated mitochondria, sugges-
ting an active role in ion secretion, are seen in the basal
portion of these cells. The basal lamina staining char-
acteristics of centroacinar cells differs from those of
acinar cells. In centroacinar cells, the basal lamina con-
tains more abundant, ®xed anionic binding sites, sug-
gestive of a role in ion transport. The luminal surface of
the centroacinar cell is stained with silver, a marker of
anions (in this case, bicarbonates). Unlike acinar cells,
centroacinar cells contain carbonic anhydrase, which
catalyzes the generation of HCO3

ÿ from CO2. The
cells also contain sialic-rich acid proteins, which
work as cation ®lters, on their basolateral surfaces.

Pancreatic Duct Cells and Goblet Cells

Pancreatic duct cells exhibit morphologic heteroge-
neity along the length of the entire pancreatic duct;
functional studies indicate that the types of solute-
transport proteins within duct cells correlate to
differences in duct cell location and morphology. For
instance, duct cells most proximal to the acinus are
squamous or low cuboidal in shape, having few cyto-
plasmic vesicles but a great many mitochondria (Fig. 6).
These morphological features correspond to the
function played by proximal duct cells in ¯uid and

FIGURE 6 Pancreatic duct cells. In the center of the ®eld,

three low cuboidal duct cells surround a central lumen (L), form-

ing a small intralobular duct. In two of the cells, nuclei (N) are

visible. The duct is located close to the basolateral zones of ®ve

acinar cells. In the left upper ®eld, a centroacinar cell with an

elongated nucleus (asterisk) is visible. Note the pale-staining cy-

toplasm of the duct and centroacinar cells (rat, � 3300 original

magni®cation).
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electrolyte transport. More distal duct cells are cuboidal
to columnar in shape, and they contain more cyto-
plasmic vesicles and granules, which corresponds to
the fact that more distal duct cells are capable not
only of ¯uid and electrolyte transport, but also of pro-
tein secretion. Pancreatic duct cells express high levels
of carbonic anhydrase and presumably play a role
in HCO3

ÿ secretion. The duct and centroacinar cells
secrete bicarbonate, which serves to neutralize gastric
acid in the duodenum.

HCO3
ÿ secretion requires the activity of the cystic

®brosis transmembrane regulator (CFTR). The CFTR
protein is concentrated on the apical membrane of prox-
imal pancreatic duct cells. CFTR is a cAMP-regulated
Clÿ conductance located in the luminal membrane and
may be the major bicarbonate conductive pathway. In
cystic ®brosis, a CFTR gene mutation results in the loss
of CFTR expression at the plasmalemma and disrupts
apical transport in pancreatic duct cells. There is a
decrease in the secretion of bicarbonate and water,
leading to duct obstruction, in¯ammation, and ®brosis.

Goblet cells are also found among the pancreatic
duct cells. At the head of the main pancreatic duct
(near the ampulla), goblet cells comprise about
25ÿ30% of the duct epithelium. More proximally,
the goblet cell population decreases to 5ÿ10% of the
duct cell population. Goblet cells secrete mucin (high-
molecular-weight glycoproteins) production. When hy-
drated, mucins form mucus, which lubricates, hydrates,
and mechanically protects surface epithelial cells.
Mucins may also combat pancreatic infections by bind-
ing to pathogens and interacting with immune-compe-
tent cells.

Pancreatic Stellate Cells

Stellate cells have recently been isolated and char-
acterized in the pancreas. They are similar to the stellate
cells ®rst identi®ed in the liver. Hepatic stellate cells are
known to play a major role in production of hepatic
®brosis and are the source of collagen and other extra-
cellular matrix proteins in liver disease. Pancreatic
stellate cells (PSCs) are located in the interlobular
area, or the interacinar region, of the pancreas. The
cells are triangular in shape and contain a prominent
ER with cisternae containing ¯occulent materials
(which re¯ect the presence of collagen and other extra-
cellular matrix proteins), micro®laments, a large nuc-
leus, few mitochondria, and cytoplasmic lipid droplets.
In culture, PSCs have characteristics that are identical to
those of hepatic stellate cells, with abundant vitamin A-
containing lipid droplets in the cytoplasm. PSCs re-
spond to cytokines (platelet-derived growth factor,

transforming growth factor-b) by proliferating and
synthesizing large amounts of extracellular matrix
proteins (collagen, ®bronectin, laminin). In addition,
activated PSCs undergo a transformation into a myo-
®broblast-like phenotype, exhibiting positive staining
for the cytoskeletal marker protein a-smooth muscle
actin (a-SMA). PSCs are also activated by ethanol
exposure and the ethanol effect is mediated by metab-
olism to acetaldehyde and generation of oxidant stress
within the cells. The presence of PSCs in ®brotic areas
is suggestive of their participation in pancreatic ®bro-
sis development, a pathological feature of chronic
pancreatitis.

In summary, the functional subunit of the exocrine
pancreas is the acinus. It is composed of several major
cell types (acinar, centroacinar, duct, goblet, and PSC),
connective tissue, vasculature, and lymphatics. Al-
though there are subspecializations among the cell
types, in general, the acinus synthesizes and secretes
active and inactive digestive enzymes that ultimately
enter the descending duodenum, where they are acti-
vated and digest foodstuffs. The duct and centroacinar
cells secrete bicarbonate, which serves to neutralize gas-
tric acid in the duodenum.
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Exocrine Pancreatic Insuf®ciency
EUGENE P. DIMAGNO

Mayo Clinic

chronic pancreatitis Continual in¯ammatory disease of the

pancreas.

enteric-coated Oral medication that is coated or encapsu-

lated to avoid acid damage in the stomach but dissolve in

the intestine.

malabsorption The failure to digest and absorb dietary

nutrients.

proton pump inhibitors Drugs that block gastric acid

secretion by inhibiting the ATPase enzyme that trans-

ports protons.

steatorrhea Increased fat in stool due to malabsorption.

Exocrine pancreatic insuf®ciency is the reduced secretion

of exocrine pancreatic digestive enzymes from the pan-

creas into the duodenum. It arises from the destruction of

pancreatic acinar cells that synthesize and secrete en-

zymes (pancreatitis, cystic ®brosis), obstruction of the

ducts leading from the pancreas to the duodenum (pan-

creatic cancer), or removal of part of or the entire pancreas

(pancreatic surgery). Mild to moderate exocrine insuf®-

ciency may be asymptomatic, but severe exocrine insuf-

®ciency causes malabsorption and malnutrition, which

impacts on morbidity and mortality. For example, treat-

ment of exocrine insuf®ciency in cystic ®brosis slows

the decline of pulmonary function and prevents growth

retardation.

PATHOPHYSIOLOGY AND
NATURAL HISTORY

Malabsorption of fat, protein, or carbohydrate does not
occur until maximal secretion of enzymes is reduced by
490%. Fat malabsorption is the greatest problem, be-
cause lipase secretion declines more rapidly than that of
other enzymes, causing steatorrhea to occur before
other forms of malabsorption. It is also more dif®cult
to treat than carbohydrate or protein malabsorption.
The time course to onset of steatorrhea varies among
diseases. Exocrine insuf®ciency is usually present at the
time of diagnosis in cystic ®brosis and pancreatic cancer
and occurs in 75ÿ80% of patients. However, in alco-
holic chronic pancreatitis, early-onset and late-onset
idiopathic chronic pancreatitis, it takes a mean of 13,
26, and 17 years, respectively, to develop severe exo-
crine insuf®ciency.

Carbohydrate malabsorption and protein malab-
sorption are easier to treat than steatorrhea because
(1) they occur later and are less severe than steatorrhea;
(2) salivary amylase, gastric proteases, and intestinal
brush border enzymes that digest carbohydrate and pep-
tides partially compensate for the lack of pancreatic am-
ylase and proteases; and (3) amylase and proteases are
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NATURAL HISTORY

Malabsorption of fat, protein, or carbohydrate does not
occur until maximal secretion of enzymes is reduced by
490%. Fat malabsorption is the greatest problem, be-
cause lipase secretion declines more rapidly than that of
other enzymes, causing steatorrhea to occur before
other forms of malabsorption. It is also more dif®cult
to treat than carbohydrate or protein malabsorption.
The time course to onset of steatorrhea varies among
diseases. Exocrine insuf®ciency is usually present at the
time of diagnosis in cystic ®brosis and pancreatic cancer
and occurs in 75ÿ80% of patients. However, in alco-
holic chronic pancreatitis, early-onset and late-onset
idiopathic chronic pancreatitis, it takes a mean of 13,
26, and 17 years, respectively, to develop severe exo-
crine insuf®ciency.

Carbohydrate malabsorption and protein malab-
sorption are easier to treat than steatorrhea because
(1) they occur later and are less severe than steatorrhea;
(2) salivary amylase, gastric proteases, and intestinal
brush border enzymes that digest carbohydrate and pep-
tides partially compensate for the lack of pancreatic am-
ylase and proteases; and (3) amylase and proteases are
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more resistant to acid denaturation than lipase. In con-
trast, fat digestion depends mainly on the pancreatic
lipase.

TREATMENT OF EXOCRINE
PANCREATIC INSUFFICIENCY

The current clinical dictum is that oral pancreatic en-
zyme replacement should be started when malabsorp-
tion occurs and the principle is simpleÐreplace
inadequate secretion of pancreatic enzymes by giving
enzymes by mouth. Unfortunately, although carbohy-
drate and protein malabsorption is mostly reversed by
pancreatic enzymes, fat malabsorption rarely is, because
inadequate amounts of pancreatic enzymes may be in-
gested and because improper timing and schedule of
taking enzymes and lipase may be inactivated by
intragastric and intraduodenal acidity (irreversible in-
activation at pH � 4). Up to 90% of the ingested en-
zymes are destroyed by acid in the stomach and by acid
and proteolytic digestion by chymotrypsin and trypsin
in the small intestine.

Dosage

To abolish malabsorption, �10% of normal enzyme
output needs to be delivered to the duodenum. Because
of misinterpretation of the experimental data, most
pharmaceutical companies recommend a dose of
30,000 USP (United States Pharmacopoeia) lipase
units. However, a unit of lipolytic activity in the exper-
imental studies of the authors is equivalent to 3 USP
units. Therefore, at least 90,000 USP units of lipase is
needed. Although this dose rarely abolishes steatorrhea,
it usually decreases steatorrhea by 50%. Inadequate dos-
ing may occur because the amounts of enzymes in prep-
arations vary among lots.

Pancreatic enzymes should be given with meals
(e.g., 25% of the dose after ®rst few bites, 50% of the
dose during the meal, and 25% of the dose immediately
at the end of the meal). Although taking enzymes every
hour for 18 h (same total dose as prandial administra-
tion) is as effective as taking enzymes with meals, the
prandial schedule is more practical. The hourly sched-
ule may be more effective when postprandial gastric pH
is 44.0 for more than 1 h, which occurs in some
chronic pancreatitis patients.

Choice of Pancreatic Enzymes:
Non-Enteric-Coated or Enteric-Coated?

Enteric-coated preparations should traverse the
stomach and duodenum without lipase inactivation.

However, when adequate dosages of lipase are used,
enteric-coated and non-enteric-coated enzymes reduce
steatorrhea to a similar extent. Better delivery of lipase
into the small intestine occurs with enteric-coated mi-
crospheres (ECMS), but reduced steatorrhea due to
smaller pellets is uncon®rmed. In addition, ECMS are
expensive and may be associated with ®brosing
colopathy because of release of the enzymes and the
polymeric coating in the distal small intestine. ECMS
may be appropriate if patients do not respond to con-
ventional enzymes with or without acid suppression
therapy, are unable to tolerate conventional prepara-
tions, are unable to swallow tablets, have undergone
gastric surgery or bypass surgery that might impair mix-
ing, or have documented persistent gastric and duode-
nal pH of 54.0 despite acid suppression therapy. ECMS
should not be used if there is hypochlorhydria (e.g., total
gastrectomy or long-term acid suppression therapy for
other gastrointestinal diseases).

Adjunctive Acid Suppression Therapy

Acid inactivation of lipase can be prevented by neu-
tralization or suppression of gastric acid secretion.
However, magnesium-containing antacids and calcium
carbonate are not of bene®t. Aluminum hydroxide is
slightly bene®cial. Low doses (2.5 g) of sodium bicar-
bonate are ineffective and large doses (16.6 g/day given
with meals) are minimally effective. In contrast, adjunc-
tive treatments with histamine-2 (H2) receptor antag-
onists or proton pump inhibitors (PPIs) are very
effective in reducing steatorrhea because they inhibit
gastric acid secretion and also enhance lipase and bile
acid concentrations by reducing duodenal volume ¯ow.
Effective preparations in at least 40% of patients include
the H2 receptor antagonists cimetidine, ranitidine, and
famotidine and the PPIs omeprazole and lansoprazole.
Although adjunctive acid suppression therapy is bene-
®cial, routine use may not be justi®ed because of cost,
drug interactions, and long-term safety. It should be
used only when abolition of steatorrhea is not achieved
with conventional enzymes.

DIET MODIFICATION

Currently it is recommended that low-fat diets
(50ÿ75 g/day) should be used if steatorrhea is
symptomatic. This recommendation may undergo
change as recent studies have demonstrated in pancre-
atic-insuf®cient dogs that fat absorption was greater
when pancreatic enzymes were given with high-fat
diets. However, the effect of high-fat diets with pancre-
atic enzymes on fat absorption has not been tested in
patients with exocrine insuf®ciency.
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SUMMARY

Treatment of exocrine pancreatic insuf®ciency is nec-
essary if there are symptoms of malabsorption second-
ary to severe exocrine pancreatic insuf®ciency,
steatorrhea, diarrhea, or weight loss. Initially, patients
are treated with 90,000 USP units of non-enteric-coated
enzymes with meals. If patients continue to have steat-
orrhea and are symptomatic, dietary fat should be re-
duced to 50ÿ75 g/day. If steatorrhea does not decrease,
adjuvant therapy with H2 receptor antagonists or a PPI
should be added, which will abolish steatorrhea in ap-
proximately half of the patients. Adjuvant acid suppres-
sion therapy is preferred over enteric-coated enzymes
because it increases intraduodenal concentrations of
lipase and decreases bile acid malabsorption.

Reducing steatorrhea by 50% (but not abolishing it)
improves bowel symptoms, nutritional status, the sense
of well-being, and weight gain. However, the optimal
goal of pancreatic enzyme replacement is the complete
abolition of steatorrhea because this improves growth in
children and because adults with exocrine insuf®ciency
have a signi®cantly shortened life span, partly due to an
increase in atherosclerotic cardiovascular disease. The
cause of cardiovascular disease is unknown, but malab-
sorption, malnutrition, and metabolic derangement
might be involved.

See Also the Following Articles

Carbohydrate and Lactose Malabsorption �Cystic Fibrosis �
Exocrine Pancreas � Malabsorption � Pancreatic Cancer �
Pancreatic Digestive Enzymes �Pancreatic Enzyme Secretion

(Physiology)
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Exocytosis
XUEQUN CHEN AND JOHN A. WILLIAMS

University of Michigan, Ann Arbor

exocytosis The process by which membrane-enclosed

intracellular vesicles fuse with the plasma membrane

and then open and release their contents to the

extracellular space.

membrane fusion The process by which membrane lipid

bilayers merge.

NSF A cytosolic protein required for vesicle fusion that is

sensitive to N-ethylmaleimide.

Rab A family of small monomeric GTP-binding proteins with

an overall structure similar to that of Ras and which

regulate vesicle traf®cking and fusion.

secretory granule Membrane-bound vesicle containing con-

densed secretory material.

SNAREs Membrane proteins that serve as receptors for

soluble N-ethylmaleimide-sensitive factor attachment

proteins and that participate in vesicular docking and

fusion.

Exocytosis is the process by which membrane-enclosed

intracellular vesicles fuse with the plasma membrane and

then open and release their contents to the extracellular

space. Many cellular processes involve exocytosis: for

example, in the gastrointestinal tract, the release of neu-

rotransmitters in synaptic vesicles from presynaptic en-

teric neurons, the secretion of digestive enzymes in

zymogen granules from gastric chief cells and pancreatic

and parotid acinar cells, the release of mediators from

mast and enterochromaf®n-like cells, and the release of

peptide hormones from endocrine cells such as the pan-

creatic islets. The fusion of vesicles with the plasma mem-

brane also mediates the translocation of proteins such as

Na+,K+-ATPase and glucose transporters (Glut 4) to the

plasma membrane. Exocytosis, especially when coupled

with endocytosis, also contributes to the turnover of

plasma membrane.

Some exocytotic processes occur continually in the
cell and are termed constitutive, whereas other exocy-
totic processes are regulated. The two pathways diverge
in the trans-Golgi network. Many soluble proteins are
continually secreted from the cell by the constitutive
secretory pathway, such as plasma proteins secreted
by the liver and basement membrane components se-
creted by epithelial cells. All cells require this constitu-
tive secretory pathway, which involves the movement of
small vesicles to the plasma membrane. This pathway

also supplies the plasma membrane with newly
synthesized lipids and proteins. Specialized secretory
cells, however, have a second pathwayÐthe regulated
exocytosis pathway, in which selected proteins are
stored in secretory vesicles (frequently called secretory
granules or dense core vesicles because they have dense
cores when viewed in the electron microscope) for later
release triggered by extracellular signals.

MORPHOLOGY OF EXOCYTOSIS

Secretory vesicles bud off from the Golgi network, un-
dergo maturation, and translocate toward their destina-
tion plasma membrane. The sizes of mature secretory
vesicles vary in different cell types, with their diameters
ranging from � 100 nm in synaptic vesicles to � 1 mm
in zymogen granules. The cytoskeleton, especially mi-
crotubules, contributes to the transport of newly
synthesized secretory vesicles from the Golgi to the
cell surface and also may direct them toward a speci®c
plasma membrane domain.

As shown in Fig. 1, several stages have been recog-
nized in exocytosis. After translocation from the Golgi
network to the periphery of cell surface (step 1), the
secretory vesicles are tethered in the vicinity of the cell
surface (step 2). This is followed by docking, where the
granules are in close apposition to the membrane
(step 3), which is followed by the fusion process itself
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FIGURE 1 Tentative model of the steps in exocytosis of secre-

tory granules including traf®cking, docking, and fusion.
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(step 4). Docking by itself is not a suf®cient condition
for fusion and some biochemical events, described as
priming reactions, are likely to occur, rendering the
granules competent for fusion. On fusion, the secretory
vesicle membranes fuse with the plasma membrane,
fusion pores open, and the contents of the vesicles are
released through the fusion pores. Secretory vesicles
fused with the plasma membrane maintain their O-
shaped pro®le for a short period of time after releasing
their soluble contents and this O-shaped pro®le be-
comes the morphological hallmark of membrane fusion.

In many types of secreting cells, such as chromaf®n
cells and pancreatic acinar cells, actin ®laments form a
cortical actin network under the membrane. This actin
web serves as a barrier and regulates the access of gran-
ules to the docking sites. Recent evidence indicates that
the cortical actin network may play multiple roles in
regulating exocytosis.

MOLECULAR MECHANISM
OF EXOCYTOSIS

Exocytosis is believed to share basic mechanisms with
other vesicular traf®cking events in the secretory path-
way that are common in organisms ranging from yeast to
human. To ensure the speci®city of membrane fusion,
transport vesicles must be highly selective in recogniz-
ing the correct target membrane with which to fuse. In
the case of exocytosis, the secretory vesicles must rec-
ognize and fuse speci®cally with the target plasma mem-
branes. Current models of membrane targeting and
fusion have been dominated by consideration of two
types of proteins, small G-proteins of the Rab family
and SNARE [soluble N-ethylmaleimide (NEM)-sensi-
tive factor attachment protein receptor] proteins.
Early studies had shown that vesicular fusion events
required a cytosolic protein sensitive to NEM, termed
NSF for NEM-sensitive factor. Subsequent studies iden-
ti®ed membrane proteins that interacted with NSF and
were termed SNARE proteins. In the SNARE hypothesis,
transport vesicles in the secretory pathway possess a set
of vesicle v-SNAREs that interact with the complemen-
tary target membrane t-SNAREs and a stable v-SNARE/
t-SNARE complex is assembled through coiled-coil in-
teractions of a-helices between proteins inserted in
opposing membranes. This pairing of a v-SNARE and
a corresponding t-SNARE is thought to have a central
role in vesicle docking and the fusion of the vesicle with
the target membrane.

SNAREs have been best characterized in nerve
cells, where they mediate the docking and fusion
of synaptic vesicles at the nerve terminal plasma

membrane. The principal v-SNARE in synaptic vesi-
cles is VAMP (vesicle-associated membrane protein),
also called synaptobrevin. The principal t-SNAREs in
the plasma membrane of axon terminals are syntaxin
and SNAP25 (soluble NSF attachment protein 25).
Four long a-helices (two from SNAP25 and one each
from VAMP and syntaxin) form a very stable SNARE
complex between this pair of v- and t-SNAREs. The
SNARE complexes at neuron terminals are the targets
of powerful neurotoxins that are secreted by the bac-
teria that cause tetanus and botulism. These toxins are
highly speci®c proteases that cleave SNARE proteins
in the nerve terminals and thereby block synaptic
transmissions.

In addition to SNAREs, several other cytosolic pro-
teins are required for vesicle fusion. NSF is an ATPase
that cycles between the membrane and the cytosol, and
other proteins called a-, b-, and g-SNAPs are required
for NSF to bind to the vesicle membrane. SNAP in co-
operation with NSF catalyzes the disassembly of cis-
SNARE complexes (residing on the same membrane)
using the energy of ATP. The requirement of NSF-
mediated reactivation of SNAREs allows the cells to
control when and where the membrane fusion events
take place. In the case of synaptic vesicle exocytosis,
which is regulated by calcium, another protein, synapto-
tagmin, is believed to serve as a calcium sensor. There
are a large number of synaptotagmin analogues, some of
which are calcium insensitive. Whether a synapto-
tagmin is required for all exocytotic events remains un-
clear. Another protein variously known as nSec1 or
Munc 18 may serve as an inhibitory protein, preventing
fusion until appropriate regulatory signals occur.

Once a transport vesicle has recognized its target
membrane and docked, it unloads its cargo by mem-
brane fusion. In regulated exocytosis, fusion is delayed
until it is triggered by a speci®c extracellular signal.
Docking and fusion are two distinct and separable pro-
cesses. Docking requires only that the two membranes
come close enough for proteins to interact. Fusion re-
quires a much closer approach, bringing lipid bilayers to
within 1.5 nm of each other so that they can join. For
this close approach, water must be displaced from the
hydrophilic surface of the membraneÐa process that is
energetically highly unfavorable. In one model, the for-
mation of the SNARE complex may work like a winch,
using energy that is freed when the interacting helices
wrap around each other to pull the two membranes
together, while simultaneously squeezing out water
molecules from the interface.

Rab proteins, a family of monomeric GTP-
binding proteins, participate in the control of the spec-
i®city of vesicular transport. All Rab proteins contain
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approximately 200 amino acids and have an overall
structure similar to that of Ras. Like the SNAREs,
each Rab protein has a characteristic distribution on
cell membranes and every organelle has at least one
Rab protein on its cytosolic surface. For example,
Rab5 is associated with the early endosome, Rab3A is
associated with synaptic vesicles, and Rab3D is associ-
ated with secretory granules in exocrine glands. Rab
proteins act as molecular switches that cycle between
the inactive GDP-bound and active GTP-bound forms.
The conversion to the GTP-bound form is stimulated
by a Rab guanine nucleotide exchange factor and GTP
hydrolysis is catalyzed by a Rab GTPase-activating pro-
tein. In their active form, Rab proteins interact with their
effector proteins, which facilitate and regulate the rate of
vesicle docking. Although the Rab proteins and their
effectors use a range of different molecular mechanisms
to in¯uence vesicular transport at different sites in the
secretory pathway, they have a common function. They
help concentrate and tether vesicles near their target site

and trigger the release of SNARE control proteins. In
this way, Rab proteins speed the process by which ap-
propriate SNARE proteins in two membrane ®nd each
other.
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Familial Adenomatous Polyposis (FAP)
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autosomal dominant Mendelian gene that always manifests

phenotypically; all affected individuals have at least one

affected parent, and the phenotype affects males and

females equally.

germ-line mutations Genetic alterations that occur in the

cells that are of direct descent, from the zygote to

gamete; are transmitted to progeny.

Osteomas Benign, slow-growing tumor composed of well-

differentiated, densely sclerotic, compact bone, usually

arising in the membrane bones, particularly the skull and

fascial bones.

Penetrance Frequency of expression of a genotype; a

trait has reduced penetrance if it is expressed less

than 100%.

Familial adenomatous polyposis (FAP) is an autosomal

dominantly inherited syndrome that accounts for

approximately 1% of the total colorectal cancer cases in

the United States. FAP arises from germ-line mutations of

the adenomatous polyposis coli (APC) gene located on

chromosome 5q21. In 22ÿ46% of cases, this disorder

arises as spontaneous mutations, without an associated

family history. It is estimated that FAP affects 1 in 10,000

individuals and is nearly 100% penetrant. This syndrome

occurs worldwide and affects both sexes equally. The

disease is characterized by the formation at early age of

adenomatous polyps, primarily in the large intestine, and

is associated with a virtual 100% risk of colorectal cancer.

The mean age of adenoma development is 15 years. The

average age of colorectal carcinoma in FAP ranges from

34.5 to 43 years. Colorectal cancer, primarily in the left

colon, is inevitable in FAP patients if colectomy is not

performed.

CLINICAL CHARACTERISTICS

FAP is an autosomal dominant disease clinically char-
acterized by the occurrence of hundreds to thousands of
adenomas throughout the colorectum at an early age
(Fig. 1). The size of polyps in FAP is usually 51 cm;
they may be pedunculated or sessile, with tubular,
tubulovillous, or villous histology. Inevitably, colorec-
tal cancer occurs usually by the ®fth decade of life if

colectomy is not performed. In addition, patients can
acquire a variety of benign and malignant extracolonic
manifestations (Table I).

Benign Extracolonic Manifestations

Extracolonic Polyps

Adenomas of the small intestinal, primarily in the
duodenum clustered around the papilla of vater, are
found in 24ÿ90% of FAP patients. Adenomas elsewhere
in the small intestine occur occasionally. Two types of
polyps are noted in the stomach: adenomas and fundic
gland retention polyps. Adenomas, which can diffusely
affect the stomach, are noted in up to 50% of FAP pa-
tients. Fundic gland retention polyps occur in 50% of
FAP patients, usually localized in the fundus and body
of the stomach while sparing the antrum. Fundic gland
retention polyps are generally considered nonneoplas-
tic, though dysplasia has been noted on histologic
review in some individuals.

FIGURE 1 Photograph of a colectomy specimen in a patient

with FAP, demonstrating hundreds of adenomatous polyps.

F
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Desmoid Tumors

Benign desmoid tumors arise from the mesenchymal
primordial germ cell layer and are usually slow growing.
As ®bromatous lesions occurring in extremities, the
abdominal wall, and the mesentery of about 10% of
FAP patients, desmoid tumors are the cause of death
in about 1% of patients. About 80% of desmoid tumors
are localized in the small bowel mesentery, whereas
20ÿ30% develop within the abdominal wall or on the
extremities. Desmoid tumors are ¯at or lobulated
masses that often have intralesional hemorrhages and
may undergo cystic degeneration. Desmoids, particu-
larly of the mesentery, can grow locally, causing ob-
structive complications. Desmoid formation is
associated with surgical trauma, familial aggregation,
and speci®c APC gene mutations (see later).

Cutaneous Lesions

Epidermoid cysts, subcutaneous lesions typically
located on the extremities, scalp, and face, develop in
the teenage years. Fibromas, lipomas, and sebaceous
cysts can also occur. Sebaceous cysts in association
with FAP was previously called `̀ Old®eld syndrome.''

Osteomas are benign lesions that develop in the
skull, long bones, and characteristically in the mandible
at the angle of the jaw. These lesions, readily appreciated
by physical examination, are usually asymptomatic but
occasionally grow, causing complaints of local pain or
discomfort. Occult radio-opaque jaw lesions (ORJLs)
are osteosclerotic, asymptomatic lesions seen on pano-
ramic jaw radiographs. These markers predict the
development of adenomatous polyposis. Dental abnor-
malities are noted in 17% of FAP patients and include
supranumerary and impacted teeth. Nasopharyngeal
angio®broma is a highly vascular, locally invasive

tumor occurring almost exclusively in the nares or
nasopharynx of male adolescents.

Malignant Manifestations

Adenocarcinoma of the duodenum and
periampullary region is second only to the colorectum
as a site of malignancy in patients with FAP. A high
percentage of gastric cancer has also been reported
in some polyposis registries worldwide. However, an
analysis of American patients with FAP reveals a
strikingly high relative risk of duodenal and ampullary
adenocarcinoma but no increased risk of gastric or
nonduodenal small intestinal cancer compared with
the general population.

Hepatoblastoma is a rare, malignant, embryonal
liver cancer occurring in the ®rst 5 years of life in
about 0.7% of the offspring of parents with FAP. This
rapidly progressive tumor is potentially curable by re-
moval, but carries a grave prognosis when malignancy
has spread beyond surgical resection.

FAP has been associated with extracolonic
malignancies of the thyroid gland, adrenal gland, biliary
tree, pancreas, and brain. The relative risks of thyroid
and pancreatic cancer are almost eight and ®ve times
that of the general population, respectively. Papillary
thyroid carcinomas are associated with activation of
the RET proto-oncogene and have a good prognosis.

Pigmented ocular fundus lesions (POFLs), also
called congenital hypertrophy of the retinal pigment
epithelium (CHRPE), are discrete, round to oval, darkly
pigmented areas from 0.1 to 1.0 optic-disc diametersin
size; they can be detected on the retina by indirect
ophthalmoscopy. CHRPE consists of multiple hyperplas-
tic layers of retinalpigmentepitheliumwithhypertrophied
cells ®lled with large spherical melanosomes, often in
clusters. Although CHRPE causes no symptoms, it can

TABLE I Extracolonic Features in FAP

Cancers (lifetime risk) Other lesions

Duodenal (5ÿ11%) CHRPEb

Pancreatic (2%) Nasopharyngeal angio®broma

Thyroid (2%) Osteomas

Brain (medulloblastoma)a (51%) Radio-opaque jaw lesions

Hepatoblastoma (0.7% of children 55 years old) Supernumerary teeth

Lipomas, ®bromas, epidermoid cysts

Desmoid tumors

Gastric adenomas/fundic gland polyps

Duodenal, jejunal, and ileal adenomas

a Crail's syndrome is characterized by medulloblastoma associated with adenomatous polyposis.
b CHRPE, Congenital hypertrophy of the retinal pigment epithelium.
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be a useful marker in identifying asymptomatic carriers in
families with FAP. Also, the presence or absence of CHRPE
lesions in an FAP patient correlates with the speci®c
location of APC gene mutation.

FAP is also known by other terminology; the diag-
nosis of familial polyposis includes patients without
extracolonic manifestations, and in Gardner syndrome,
patients have various extracolonic manifestations
(i.e., osteomas, epidermoid cysts, skin ®bromas,
desmoids, and jaw cysts). Other variants of FAP include
Crail's syndrome, de®ned as typical FAP together with
central nervous system malignancies (medulloblas-
toma), and attenuated familial adenomatous polyposis
coli (AFAP). The clinical characteristics of AFAP
include oligopolyposis (fewer than 100 colorectal
adenomas at presentation) and a delayed onset of colo-
rectal cancer, occurring on average 12 years later than in
classic FAP.

GENETIC DEFECT

FAP is caused by germ-line mutations of the APC gene
on chromosome 5q21. APC is a large gene, encompas-
sing 15 exons, with an open reading frame of 8538 base
pairs. The APC gene is a tumor suppressor gene encod-
ing a 2843-amino-acid protein with a putative role in
cell adhesion, signal transduction, and transcriptional
activation. APC gene mutations can be found in
80ÿ90% of families with FAP. More than 300 different
disease-causing mutations of the APC gene have been
identi®ed. Most mutations are frameshifts that result
from the insertion or deletion of one to eight base
pairs. A higher frequency of mutations has been
found in the 50 region of exon 15 between codons
1000 and 1600; this is designated the mutation cluster
region, comprising 20% of the entire gene. About 30% of
APC mutations are at codon 1061, 1309, or 1465.

Several phenotypic characteristics in FAP patients
correlate to the site of the APC gene mutation. Mutations
between codons 169 and 1393 result in classic FAP,
whereas more 50 and 30 mutations cause attenuated
FAP. Alterations between codons 1250 and 1464 result
in profuse colorectal polyposis (thousands rather than
hundreds of colorectal adenomas), and retinal lesions
occur only with mutations between codons 463 and
1444. APC mutations between codons 1445 and 1578
have been associated with severe desmoids, osteomas,
epidermoid cysts, and upper gastrointestinal polyps.
Nonetheless, considerable phenotypic variability may
occur even among individuals and families with iden-
tical genotypic mutations.

The recently identi®ed mutation in the APC gene,
APC I1307K, was discovered as a cause for an

unidenti®ed proportion of familial colorectal cancer
in individuals of Ashkenazi Jewish descent. Individuals
with this mutation do not display the extracolonic man-
ifestations of FAP but have an increased risk of devel-
opment of colorectal cancer, with an estimated odds
ratio of 1.4 : 1.9.

DIAGNOSIS

The diagnosis of FAP can be made clinically by the
identi®cation of hundreds to thousands of colorectal
adenomatous polyps on colonoscopic examination. In-
dividuals with attenuated FAP exhibit oligopolyposis
(fewer than 100 colorectal adenomas). Histology is
the key to differentiating FAP from the other known
polyposis syndromes, such as lymphoid hyperplasia
or hyperplastic polyposis, which may mimic FAP endo-
scopically. Also, the diagnosis of FAP can be con®rmed
by genetic testing. Additionally, in at-risk individuals,
the presence of more than three pigmented ocular fun-
dus lesions on ophthalmologic examination con®rms
the diagnosis of FAP.

MANAGEMENT

Screening

First-degree relatives of patients with FAP should
undergo screening for FAP between ages 10 and 12 years
old. The screening test of choice is genetic testing for the
APC gene mutation. Indications for APC gene testing are
found in Table II. The APC gene mutation responsible
for the disorder in the pedigree can be identi®ed in
80ÿ90% of families with FAP. Genetic counseling is
an essential part of genetic testing. Genetic counseling
should include patient education, screening, manage-
ment recommendations, possible consequences of
genetic testing, and written, informed consent for ge-
netic testing obtained from the patient and /or parents.
Consequently, it may be prudent to refer relevant
families to a regional high-risk colon cancer program
for initial evaluation, where trained personnel are avail-
able to perform genetic testing and pedigree research.

TABLE II Indications for APC Gene Testing

�100 colorectal adenomas

First-degree relatives of patients with FAPa

�20 cumulative colorectal adenomasb

First-degree relatives of patients with attenuated FAPa

a Customarily, individuals older than 10 years are offered gene

testing.
b Suspected attenuated FAP.
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Once the disease-causing mutation is identi®ed in
an individual affected with FAP, other family members
can be tested and endoscopic surveillance can be di-
rected only at those who test positive for the mutation.
If the pedigree mutation is not found or if informative
genetic testing cannot be done, all ®rst-degree family
members should undergo endoscopic screening.
Current screening recommendations include yearly
sigmoidoscopy starting at 12 years old, reducing screen-
ing frequency with each subsequent decade up to age
50 years, after which screening should conform to the
American Cancer Society guidelines for average-risk
patients. Due to the increased risk of hepatoblastoma
in patients with FAP, screening witha-fetoprotein levels
and ultrasound imaging of the liver may be prudent in
children of affected parents from infancy to 7 years of
age (Table III).

Treatment

Surgical Treatment

All patients with FAP require surgical therapy.
Colectomy is the recommended treatment to eliminate
the risk of colorectal cancer. Prophylactic surgery
should be performed shortly after the diagnosis of
FAP is established clinically by endoscopy. There are
several surgical options available, including subtotal
colectomy with ileorectal anastomosis, total procto-
colectomy with Brooke ileostomy, and total procto-
colectomy with mucosal proctectomy and ileoanal
pull-through (with pouch formation). Due to the risk
of cancer in the retained rectal segment, surgical ap-
proaches that eliminate the rectum are advocated.

Patients with subtotal colectomy require routine en-
doscopic surveillance of the remaining rectum about
every 6 months for recurrent adenomas and /or carci-
nomas. The cumulative incidence of rectal cancer in
patients with FAP is approximately 25% at 25 years
after colectomy with ileorectal anastomosis. Factors as-
sociated with increased risk of subsequent rectal cancer

include high number of rectal polyps, long rectal seg-
ment (410 to 15 cm), inadequate endoscopic surveil-
lance, and colon cancer at the time of colectomy. About
16% of patients with an ileorectal anastomosis will even-
tually need proctocolectomy. Although the long-term
risk of neoplastic transformation in the ileoanal pouch
of patients with restorative proctocolectomies is low,
adenomas in the pouch have been reported. In such
cases, some experts have recommended that endoscopic
biopsy surveillance should be considered.

Most authorities recommend upper endoscopic
surveillance (with biopsy and brushing) of the stomach,
duodenum, and periampullary region with front- and /
or side-viewing endoscopes, every 6 months to 4 years,
depending on polyp burden. Annual physical examina-
tion of the thyroid is warranted, along with consider-
ation for ultrasonography.

Medical Treatment

Use of nonselective or selective cyclooxygenase-2
(COX-2) inhibitors (sulindac and celecoxib, respec-
tively) to prevent or induce regression of polyps in
the retained rectum of patients with FAP has been
shown to be effective in short-term trials, and in
long-term sulindac studies. Currently, celecoxib is ap-
proved by the Food and Drug Administration (FDA) for
this indication. Administration of sulindac for primary
chemoprevention of FAP has failed to prevent the de-
velopment of adenomatous polyposis in gene mutation
carriers. Moreover, use of sulindac has not shown to be
effective in regression of duodenal adenomas.

The mechanisms by which nonsteroidal antiin¯am-
matory agents (NSAIDs) mediate polyp regression are
not completely understood. However, prostaglandins
are believed to promote tumorigenesis by increasing
cellular proliferation and inhibiting apoptosis, and
NSAIDs (such as sulindac) reduce production of pros-
taglandins from arachidonic acid via cyclooxygenenase
inhibition.

TABLE III Screening/Surveillance Guidelines in Patients with FAP

Patient group Surveillance

At-risk individuals Genotyping

APC gene mutation (�), ¯exible sigmoidoscopy annually starting at age 12 years

APC gene mutation (ÿ), ¯exible sigmoidoscopy age 25 years

If genotyping not available

Flexible sigmoidoscopy annually starting age 12 years, then every 2 years starting at age 25, then every

3 years starting age 35, then as per the guidelines for average-risk individuals starting at age 50 years

Affected individuals Upper gastrointestinal tract surveillance every 3ÿ4 years, and annually if upper-tract polyps

If retained rectum or J-pouch, ¯exible sigmoidoscopy every 6 months or 1ÿ2 years, respectively

Annual physical exam and routine blood tests
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adenomatous polyp A polyp derived from the surface

epithelium and exhibiting cellular and morphologic

dysplasia.

attenuated A less intense form of a condition or disease.

extracolonic Pertaining to areas outside the colon itself.

familial A disorder or trait with excess familial occurrence.

genotype The genetic constitution of an individual.

hamartomatous polyp A benign polyp that arises from the

overgrowth of some constituent of the lamina propria,

submucosa, or muscular tissue. The surface mucosa or

epithelium is normal and corresponds to the location of

the polyp within the gastrointestinal tract. Some condi-

tions with hamartomatous polyps have a malignant

predisposition.

hereditary Transferred via genes from parent to child.

hyperplastic polyp A nonneoplastic epithelial polyp that is

almost always found in the colon. These polyps are

characterized by a saw-toothed appearance of surface

epithelium thought to be secondary to inadequate

sloughing of the cells. Endoscopically, they are usually

one to several millimeters in diameter and appear to have

little if any malignant potential. Only rarely do they grow

larger. These tiny polyps account for approximately half

of the polyps found in the colon and their primary

importance is distinguishing them from adenomatous

polyps. The syndrome of hyperplastic polyposis, on the

other hand, does have some risk of malignancy.

in¯ammatory polyp A pseudo-polyp, consisting of normal

tissue, often with increased in¯ammatory elements.

These polyps are mostly associated with the chronic

in¯ammatory conditions of the bowel including ulcera-

tive colitis and Crohn's disease. They do not have

malignancy risk, but the in¯ammatory conditions

themselves do.

mismatch repair gene A gene responsible for repairing small

DNA errors or mismatches that occur during DNA

replication.

mutation A permanent transmissible change in the genetic

material, usually in a single gene.

phenotype The physical characteristics of an individual

as determined by the expression of that individual's

genes.

polyp An abnormal growth of tissue. Polyps are de®ned

histologically within two broad categories, epithelial or

hamartomatous. Polyps may be pedunculated (having a

stalk) or sessile (¯at) and the surface if often described as

either smooth or lobulated.

polyposis A condition in which numerous polyps develop in

various areas of the gastrointestinal tract.

Gastrointestinal (GI) syndromes include those inherited

diseases of the GI tract that predispose to cancer. This

article will discuss the risk of gastrointestinal cancer in

known inherited syndromes as well as the increased fa-

milial risk of colorectal cancer that is not yet genetically

de®ned. Many inherited colon cancer syndromes belong

to the category of `̀ polyposis syndromes'' in which mul-

tiple polyps of the GI tract form and precede colorectal

cancer. The polyposis syndromes are categorized by

polyp histology and are discussed in detail. More recently,

elucidation of the underlying genetic etiology of these

conditions has allowed further re®nement of syndrome

classi®cation. Several polyposis syndromes that are not

premalignant and others that are not inherited are also

discussed, as they must be distinguished from the inher-

ited, precancerous syndromes. In addition, several mis-

cellaneous inherited conditions that lead to GI cancers

but do not involve polyps will be discussed.

THE POLYPOSIS SYNDROMES

Conditions in Which Adenomatous
Polyps Develop

Adenomatous polyps are derived from surface
epithelium and are divided into three subtypes: tubular,
tubulo-villous, and villous. Adenomas are precancerous
growths in which the surface epithelium of the gastro-
intestinal (GI) tract shows features of dysplasia. The
lamina propria, submucosa, and muscularis features
of the tissue remain normal. Dysplasia is characterized
by branching of the microscopic glands and loss of gob-
let cells and cellular features, including loss of basilar
polarity of the nucleus, an increased nuclear : cytoplas-
mic ratio, increased basophilia of the cytoplasm, and
loss of cytoplasmic glycogen. Villous changes are seen
as the presence of elongated villi at the surface of the
polyp. Each of the three subtypes of adenomatous
polyps may also be subclassi®ed by the degree of dys-
plasia: mild, moderate, and severe. The risk of an
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adenoma containing malignant tissue or becoming
malignant, especially in the colon, relates to several
variables including polyp size, the amount of villous
tissue in the polyp, and the degree of dysplasia.

Endoscopically, polyps become visible at 1 to 2 mm
in diameter. As they enlarge to centimeter size, they
usually become more pedunculated, although they
may remain sessile. Approximately 5% of adenomas
eventually become malignant in accordance with the
polyp ! cancer sequence. The change to malignancy
takes, on average, 10 years, although the variation in
duration is substantial. Thirty to 50% of adults eventu-
ally develop small adenomas of the colon. Approxim-
ately 5% of these colonic adenomas enlarge and become
malignant. Approximately half of colonic polyps
less than 5 mm in diameter are adenomas. Ninety-®ve
percent of colonic polyps larger than 1 cm are adeno-
mas, as hyperplastic polyps rarely grow larger and
hamartomatous polyps are uncommon.

The inherited adenoma syndromes of colon cancer
account for only a small fraction of persons with colon
cancer overall (approximately 3 to 5%). Nonetheless,
the inherited conditions remain a very important
part of clinical medicine because of the high risk of
colon cancer in affected persons and the inherited na-
ture of the conditions in families. Additionally, the in-
herited syndromes have revealed important clues to
understanding the molecular pathogenesis of all
colon cancers.

Familial Adenomatous Polyposis

Disease phenotype Familial adenomatous poly-
posis (FAP) is characterized by the development of hun-
dreds to thousands of colonic adenomatous polyps.
It occurs in between 1 in 8000 and 1 in 10,000 births.
The average patient age of adenoma development is 16
years, whereas the average patient age of colon cancer is
39 years. Colon cancer will inevitably develop in all FAP
patients if the colon is not removed. If the affected colon
is left intact, 87% of FAP patients will develop colon
cancer by age 45 and 93% will develop colon cancer by
the age of 50. Symptoms such as bloody bowel move-
ments, change in bowel habits, diarrhea, abdominal
pain, and weight loss will occur, on average, at age
36. Unfortunately, by the time symptoms occur, two-
thirds of persons will already have colon cancer. This
syndrome accounts for less than 0.5% of colon cancers
in the United States.

Extracolonic gastrointestinal ®ndings are com-
mon in FAP. Gastric polyps occur in up to 90% of
patients but rarely cause symptoms. The polyps are fun-
dic gland polyps histologically with very little malignant
risk (0.5%).

Duodenal polyps occur in up to 90% of FAP cases.
These are adenomatous polyps and do have malignant
potential with 5ÿ10% of persons with FAP developing
duodenal cancer. The duodenal papilla is particularly
prone to the development of adenomatous polyps and
cancer. Small bowel adenomas also occur distal to the
duodenum but the risk of malignancy appears to be
very low.

Extraintestinal lesions are common and appear to
correlate with the location of the mutation in the ade-
nomatous polyposis coli (APC) gene. Osteomas occur in
20% of FAP patients, most frequently at the angle of the
mandible and on the skull. They also may occur on any
bone surface of the body, including the long bones.
Epidermoid cysts occur in 20% of patients typically
along the legs, face, scalp, and arms but potentially
on any cutaneous site. The osteomas and epidermoid
cysts are always benign but may cause cosmetic prob-
lems as they vary in size from millimeters to centimeters.
Asymptomatic sclerotic bone lesions of the mandible or
maxilla occur in over 90% of FAP patients. Supernu-
merary teeth and odontomas are unusual.

Congenital hypertrophy of the retinal pigment epi-
thelium (CHRPE) occurs in some families but is always
asymptomatic. Desmoids, benign ®broblastic tissue
growths, occur in 10% of patients. Symptoms occur
in half of these patients through local invasion or com-
pression of other organs, particularly in the abdomen.
Lesions in the mesentery are often referred to as mes-
enteric ®bromatosis. Stimulated by surgery, trauma, and
estrogens, these lesions can lead to signi®cant morbidity
and even some mortality. Extraintestinal cancers are
sometimes observed in FAP. Pancreatic and thyroid
cancers occur later in life in 2% of patients. Hepatoblas-
tomas develop in 1.6% of children usually within the
®rst 5 years of life. In the FAP variant Turcot syndrome,
central nervous system (CNS) tumors occur. These are
usually cerebellar medulloblastomas and may occur at
any age but in 51% of patients.

Disease variants Gardner syndrome is a variant
of FAP that involves the presence of prominent extra-
colonic manifestations together with typical colonic
®ndings of FAP. These extracolonic manifestations in-
clude osteomas, odontomas, epidermoid cysts, ®bro-
mas, and desmoid tumors. This variant is mainly of
historical signi®cance, as it is now known to arise
from mutations of the same gene, with extraintestinal
manifestations determined to some extent by the loca-
tion of the mutation on the APC gene.

Turcot syndrome is another variant of FAP, with the
same colonic ®ndings but coupled with CNS
malignancies. Two-thirds of Turcot syndrome families
are a subset of FAP and typically have cerebellar
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medulloblastomas. The other one-third of Turcot
families develop glioblastomas. The colonic lesions of
this smaller subset arise not from mutations in the FAP
gene, but from mutations in mismatch repair genes.

In attenuated adenomatous polyposis coli (AAPC),
the average number of colonic adenomas is only 30.
Although these polyps can form throughout the
colon, they tend to develop in the proximal colon.
The appearance of both colonic adenomas and cancer
is delayed approximately 10 years compared with FAP.
The risk of cancer is lower than in FAP, but still ap-
proaches 80% over a lifetime. The upper GI ®ndings do
not appear to be attenuated.

Genetics FAP is inherited as an autosomal dom-
inant disease with near 100% penetrance in terms of
colonic polyps and cancer. At least 95% of affected
families arise from mutations in the APC gene on chro-
mosome 5q21. The APC gene is a tumor suppressor gene
whose normal function is to control cell proliferation
and apoptosis. Most mutations reported give rise to a
premature stop codon through either a single base-pair
substitution or one or two base-pair deletions or addi-
tions. Some large chromosomal deletions have been
reported. Approximately 30% of newly diagnosed
cases, not belonging to families with known disease,
appear to represent new mutations.

Normally, the APC gene functions as a negative reg-
ulator in the WNT signaling pathway. It binds to soluble
b-catenin together with several other molecules and
phosphorylates it, leading to cytosolic degradation of
the b-catenin. The stimulation of the WNT signaling
pathway gives rise to uncoupling of the b-catenin to
the complex and therefore no phosphorylation occurs.
b-Catenin then traverses the nuclear membrane and
binds to Tcf-Lef transcription regulators, giving rise
to the transcription of various proteins (c-Myc, cyclin
D1, and others). The result is increased cell proliferation
and decreased cell apoptosis. Therefore, aberrant func-
tion with the mutant APC gene results in a constant
failure of b-catenin/phosphorylation and unregulated
nuclear transcriptional stimulation, leading to unregu-
lated cell proliferation and unregulated suppression
of apoptosis.

Genetic testing Genetic testing is now consid-
ered part of the standard management of families
with FAP. Testing is used in two settings: (1) to con®rm
the diagnosis of FAP in suspected cases and (2) to de-
termine the gene carriers in families with FAP.

A person known to have the disease is tested ®rst.
Many methods are used for genetic testing in FAP.
In vitro protein truncation assay detects the presence
of truncated mutations in vitro. It detects a mutation
in 80ÿ90% of affected families known to have FAP.

Once the mutation has been found in an affected person,
testing is nearly 100% effective in detecting mutations in
family members. A second method, gene sequencing, is
often preceded by single-strand conformational poly-
morphism (SSCP) or denaturing gradient gel electro-
phoresis (DGGE) to narrow the area of the gene where
sequencing is to be performed. Sequencing is up to 95%
effective at ®nding a disease-causing mutation if one is
present and, once a mutation is found, sequencing is
nearly 100% effective at detecting the mutation in family
members. If these two methods are unsuccessful, ge-
netic linkage testing can be performed. Two or more
affected persons from two generations must be living for
DNAtobeobtainedandlinkagetobeperformed.Linkage
is effective in 495% of families with498% accuracy.

Genotypeÿphenotype correlations have not yet
been found to be of precise use in clinical settings. At
this time, the following correlations have been made:

1. CHRPE is present in families with mutations distal to
exon 9 of the APC gene;

2. Dense polyposis is present with mutations in the
midportion of exon 15;

3. AAPC is found with mutations in the extreme prox-
imal or distal end of the APC gene; and

4. Osteomas and desmoids are more commonly found
with mutations in the distal portion of exon 15.

Clinical management Genetic testing should be
considered between the ages of 10 and 12 years when it
will ®rst be clinically useful. There may be a role for
earlier testing to determine who should be screened for
hepatoblastoma.

Gastrointestinal tract screening Sigmoidoscopy
should be performed every 1ÿ2 years in gene carriers or
in all at-risk persons if genetic testing is not performed
or not informative. This should begin at age 10 to 12
years. Colonoscopy should be performed in families
with AAPC every 2 years beginning by age 21 years,
or earlier, depending on the age of polyp emergence
in other family members.

Upper GI endoscopy should begin when colon
polyps emerge or by age 25 years and repeated every
1ÿ3 years depending on polyp size, number, and his-
tology. Side viewing should be performed as part of the
examination to carefully identify and examine the du-
odenal papilla. Small bowel X ray should be carried out
if numerous or large adenomas are present in the duo-
denum as well as before planned colectomy. The num-
ber and size of polyps found determine follow-up.
Overall cancer-screening recommendations for FAP
are found in Table I.

Colon surgery Surgery should be considered
once polyps emerge, although surgery can often be de-
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layed until a patient ®nishes high school. Surgery should
not be delayed if the number of polyps is near 100, if any
polyps approach 1 cm in diameter, or if advanced his-
tology is detected. If surgery is delayed, colonoscopy
should be performed annually.

Surgical options include subtotal colectomy with
ileorectal anastomosis or total colectomy with mucosal
proctocolectomy, ileal pouch construction, and ileo-anal
anastomosis. The former is single stage and much less
complicated but the latter is a more de®nitive surgery
that eliminates the risk of rectal cancer. The subtotal
colectomy still requires surveillance of the remaining rec-
tum every 6ÿ12 months for polyp ablation. The total
colectomy also requires surveillance of the ileal pouch
every 2 years as polyps sometimes recur there. Because
the total colectomy is more a complicated surgery, it
should be performed only by specialized surgeons.

Chemoprevention Chemoprevention as primary
therapy in the gut is still experimental. Nonsteroidal
anti-in¯ammatory drugs are known to suppress rectal
adenomas and possibly colonic adenomas. Sulindac, in
particular, has a modest effect but the side effects in the
upper GI are of concern. Other, more selective agents,
such as the cyclooxygenase-2 inhibitors or sulindac
metabolites, are currently being evaluated as they also
decrease the size and number of polyps throughout the
colon. At this time, only celecoxib is approved for pre-
ventive treatment of the remaining rectum in persons
with a subtotal colectomy.

Hereditary Nonpolyposis Colorectal Cancer

Disease phenotype Hereditary nonpolyposis co-
lorectal cancer (HNPCC), also termed Lynch syndrome,
accounts for 2ÿ3% of all colon cancer cases. It is char-
acterized by multiple family members with colorectal
and other cancers. This is not a polyposis syndrome
in the strict sense, as multiple adenomatous polyps
may form but most usually only a few will appear. It

is inherited as an autosomal dominant disease of prima-
rily colon and endometrial cancer. The colonic polyps
that form are larger, occur earlier, and more often con-
tain advanced histology when compared to age-matched
controls. Although usually only one or several adeno-
matous polyps form, the average lifetime risk of devel-
oping colon cancer is 80% for those affected by HNPCC.
The average age of cancer diagnosis is 44 years.

Diagnosis The clinical criteria for the diagnosis
of HNPCC are called the Amsterdam criteria. They are
as follows:

Classic or Amsterdam I Criteria There should be
at least three relatives with colorectal cancer with the
following criteria also met:

1. One should be a ®rst-degree relative of the other two.
2. At least two successive generations should be

affected.
3. At least one colorectal cancer should be diagnosed

before the age of 50 years.
4. Familial adenomatous polyposis should be excluded.
5. Tumors should be veri®ed by pathological

examination.

Amsterdam II Criteria (a recent modi®cation of the
original criteria) There should be at least three rela-
tives with an HNPCC-associated cancer (colorectal,
endometrial, small bowel, ureteral, and renal pelvis).

The same additional criteria as stated for the
Amsterdam I Criteria also need to be met.

Clinical Implications of Meeting the Criteria When
the classic Amsterdam criteria are met, 50ÿ70% of
families will be found to have a mutation of one of
the mismatch repair genes. Approximately 8% of
families with multiple cases of colon cancer, but who
do not meet the classic Amsterdam Criteria, will be
found to have a mutation in one of the mismatch repair
genes and, therefore, will have HNPCC. An elevated risk

TABLE I Cancer Risk and Screening Recommendations in Familial Adenomatous Polyposis

Cancer Cancer risk Screening recommendation

Colon Nearly 100% Sigmoidoscopy annually, beginning at age 10ÿ12 years

Duodenal or peri-ampullary 5ÿ10% Upper GI endoscopy (including side-viewing exam)

every 1ÿ3 years, starting at age 20ÿ25 years

Pancreatic � 2% Possibly periodic abdominal ultrasound after age 20 years

Thyroid � 2% Annual thyroid exam, starting at age 10ÿ12 years

Gastric � 0.5% Same as for duodenal cancer

CNS, usually cerebellar

meduloblastoma (Turcot syndrome)

51% Annual physical exam, possibly periodic head CT

scan in affected families

Hepatoblastoma 1.6% of children

55 years of age

Possible liver palpation, hepatic ultrasound,

a-fetoprotein annually during ®rst decade of life

CT, computed tomography.
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for cancer at many other sites exists and screening is
recommended (see Table II).

Disease variants Muire-Torre syndrome is typi-
cal HNPCC together with cutaneous tumors, such as
sebaceous adenomas or epitheliomas, basal cell epithe-
liomas, keratoacanthomas, or sebaceous carcinomas
(usually of the eyelid). This arises from mutations in
the MSH2 mismatch repair gene.

Turcot syndrome is HNPCC together with CNS tu-
mors, especially glioblastomas. This represents one-
third of Turcot syndrome families.

Patients with MSH6 syndrome carry a 60% risk of
developing endometrial cancer and a 40% risk of colon
cancer. Some families reported have tumor onset later
than typical HNPCC. The syndrome is associated with
mutations in the MSH6 mismatch repair gene.

Genetics Hereditary nonpolyposis colorectal
cancer is inherited in an autosomal dominant manner
with at least 80% penetrance by age 70. HNPCC arises
from mutations in any one of the mismatch repair
(MMR) genes, of which six mutations are known. Two
gene mutations, MLH1 and MSH2, are present in over
95% of those families in whom mutations have been
found. Genetic errors that accumulate when the
MMR genes are mutated and dysfunctional are quite
speci®c and include genes such as TGF-b and BAX.

Mismatch repair genes These genes are respon-
sible for the repair of errors that occur during DNA
replication. When one of these genes is damaged, a
certain type of DNA mutation, called a replication
error, accumulates throughout the genome of the in-
volved tumors. Replication errors are common during
cell division but are usually repaired by the MMR
system. When an MMR gene itself is damaged or
inactivated, replication errors persist and accumulate

through repeated cell divisions. Such mutations are
most easily identi®ed in segments of DNA called
microsatellites, which are sequences of repeating
DNA bases found throughout the human genome.
When multiple microsatellite errors are present, the
tumor tissue is said to exhibit microsatellite instability
(MSI). Almost all (490%) colon cancers in HNPCC
exhibit microsatellite instability. MSI is found in only
15% of sporadic colon cancer and occurs by a different
mechanism. Because MSI is easily detected in tumor
tissue, it is used as a marker for HNPCC. It has been
suggested that MSI testing on tumors should be per-
formed when any of the `̀ Bethesda Criteria'' are met
(Table III). The Bethesda criteria are a more complex
and inclusive set of rules but it is hoped that a greater
number of HNPCC families will be detected by the use of
these criteria.

Genetic testing Testing for MSI instability is car-
ried out on the tumor tissue. To ®nd mutations in the
mismatch repair genes, sequencing is most commonly
used. Gene sequencing is often preceded by SSCP or
DGGE to narrow the area of the gene where sequencing
is to be performed. This is successful in 50 to 70% of
families who meet the Amsterdam criteria. Once a dis-
ease-causing mutation is found in an index case, testing
in other family members approaches 100% accuracy.

Genetic testing should be performed to con®rm a
diagnosis of HNPCC. It should also be offered to mem-
bers of families in which there is a known mutation or
that meet the Amsterdam criteria. In families not meet-
ing the Amsterdam criteria, however, the issue is prob-
lematic. The phenotype is not distinct in a single
individual as it is in other polyposis syndromes. Yet,
a percentage of families with a family history of colon
cancer but not meeting the Amsterdam criteria will,

TABLE II Cancer Risk and Screening Recommendations for Hereditary Nonpolyposis Colorectal Cancer

Cancer Cancer risk Screening recommendations

Colon 480% Colonoscopy every 1ÿ2 years starting at age 20ÿ25 years or 10

years younger than earliest case in the family, whichever is earlier

Endometrial 43ÿ60% Pelvic exam, transvaginal ultrasound and/or endometrial aspirate

every 1ÿ2 years starting at age 25ÿ35 years

Ovarian 9ÿ12% Same as for endometrial cancer

Gastric 13ÿ19% Upper GI endoscopy every 1ÿ2 years starting age 30ÿ35 years

Urinary tract 4ÿ10% Ultrasound and urinalysis every 1ÿ2 years starting age 30ÿ35 years

Renal cell adenocarcinoma 3.3% Same as for urinary tract cancer

Biliary tract and gallbladder 2.0ÿ18% Uncertain, possibly liver chemistries annually after age 30 years

Central nervous system, usually

glioblastoma (Turcot syndrome)

3.7% Uncertain, possibly annual physical exam and periodic head CT

scan in affected families

Small bowel 1ÿ4% Uncertain, at least small bowel X ray if symptoms occur

Note. CT, computed tomography.
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indeed, have HNPCC. Three approaches have been
suggested to determine which families that do not
meet the Amsterdam criteria should nonetheless have
genetic testing for HNPCC.

1. Apply MSI testing to the colon cancer tissue in the
following situations and when positive, perform test-
ing on the DNA from peripheral blood to ®nd MMR
mutations:
a. Colon cancer diagnosis 550 years;
b. Colon cancer plus one ®rst-degree relative with

colon or colorectal cancer;
c. Colon cancer plus a previous colon or endo-

metrial cancer.
With this method, 24% of colon cancer cases will
undergo MSI testing of the tumor tissue and 4% of
colon cancer cases will have MMR mutations found.

2. Use a speci®c logistic model applied to an extended
family that includes kindred structure and known
cancer cases.
a. If the model predicts420% chance of HNPCC, go

directly to mutation ®nding.
b. If the model predicts 5 20% chance of HNPCC,

do MSI ®rst and go to mutation ®nding only if MSI
is positive on tumor tissue.

3. Go directly to MMR mutation ®nding if one of the
®rst three Bethesda criteria is positive, but use age
550 years rather than 45 years.
In one study, this approach had 94% sensitivity and
49% speci®city.

Clinical management Colon screening should be
performed in all at-risk persons within a family known
to have HNPCC either by genetic testing or by the
Amsterdam criteria, even if a disease-causing mutation
cannot be found. Screening should be carried out
by colonoscopy every 2 years starting at age 25, or
10 years earlier than the youngest colon cancer diagno-
sis in the family, whichever comes ®rst.

Screening recommendations and cancer risk in
other organs are listed in Table II.

Surgical management A subtotal colectomy is
the procedure of choice to prevent colon cancer and
should be performed if colon cancer is diagnosed or
an advanced adenomatous polyp that cannot be ade-
quately treated endoscopically is found. Prophylactic
colectomy in persons known to have a disease-causing
mutation in one of the MMR genes is currently being
debated. Hysterectomy is indicated if any dysplasia is
found with endometrial aspirate.

Conditions in Which Hamartomatous
Polyps Develop

The most common hamartomas involved in inher-
ited conditions include Peutz-Jeghers polyps (arboriz-
ing pattern of muscular tissue) and juvenile polyps
(overgrowth of the lamina propria often with cysts).
Other hamartomatous polyps that occasionally occur
include lipomas, leiomyomas, neuro®bromas, and
ganglioneuromas. All of these polyps may be either
sessile or pedunculated.

Although the hamartomatous polyps themselves are
considered nonneoplastic and therefore benign lesions,
most of the hamartomatous conditions exhibit sub-
stantial malignancy risk. Furthermore, adenomatous
change has been noted to sometimes occur in both
Peutz-Jeghers and juvenile polyps.

Hamartomatous polyps are much less common
than adenomatous polyps but more commonly involve
extracolonic sites of the GI tract. Hamartomas account
for substantially less than 5% of colonic polyps overall.
Two to 3% of children will develop sporadic juvenile
polyps of the colon, whereas sporadic Peutz-Jeghers
polyps are very unusual. The hamartoma syndromes
are likewise much less common than adenoma
syndromes.

TABLE III The Modi®ed Bethesda Criteria for Hereditary Nonpolyposis Colorectal Cancer

Individuals with cancer in families that meet the Amsterdam criteria

Individuals with two synchronous or metachronous HNPCC-related cancersa

Individuals with colorectal cancer and

ÐA ®rst-degree relative with colorectal cancer and/or HNPCC-related extracolonic cancera and/or colorectal adenoma and

ÐA cancer diagnosed before age 50 years or

ÐAn adenoma diagnosed before age 40 years

Individuals with colorectal and endometrial cancer diagnosed before age 45 years

Individuals with right-sided undifferentiated colon cancer diagnosed before age 45 years

Individuals with signet-ring cell type colorectal cancer diagnosed before age 45 years

Individuals with adenomas diagnosed before age 40 years

a Colon, rectum, stomach, small bowel, endometrium, ovary, ureter, and other cancers.
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Peutz-Jeghers Syndrome

Disease phenotype Peutz-Jeghers is character-
ized by melanin pigment spots, often in the perioral
area, and distinctive polyps throughout the gastrointes-
tinal tract but most commonly in the small bowel.
Polyps are sessile or pedunculated, ranging in size
from a few millimeters to centimeters. The small
bowel is most commonly affected (78%), followed by
the colon (42%), stomach (38%), and rectum 28%.

During the ®rst three decades of life, benign com-
plications of bleeding, obstruction, and intussusception
occur but malignant transformation of the polyps is the
main concern thereafter. GI and non-GI cancers are
common, with a combined frequency of 93% by age
65 years. The characteristic pigmentation is seen in
495% of individuals, most commonly the perioral
and buccal areas. They also occur around the eyes,
palm, soles of the feet, and perineum. Pigmentation
appears in infancy and begins fading at puberty except
on the buccal mucosa, which provides a clinical feature
for diagnosis throughout life.

Genetics Peutz-Jeghers is an autosomal domi-
nantly inherited syndrome occurring in 1 in 200,000
births. It arises from mutations of the STK11 gene (also
called LKB1). Only half of families with the disease have

this mutation, suggesting that there is another respon-
sible gene. Genetic testing for this speci®c mutation is
commercially available.

Clinical management Management involves
screening for cancer prevention and is reviewed in
Table IV.

Juvenile Polyposis

Disease phenotype Juvenile polyps occur in 2%
of children. The diagnosis of juvenile polyposis (JP) is
made with the presence of 10 or more juvenile polyps,
which occur most commonly in the colon but which can
occur anywhere in the GI tract. The full-blown
syndrome may be characterized by hundreds of polyps.
These hamartomatous polyps involve overgrowth of the
lamina propria, often with cysts. Endoscopically they
appear smooth, sessile, or pedunculated and often are
covered with exudate. They range in size from millime-
ters to centimeters. Polyps in JP differ from sporadic
juvenile polyps in that new polyps almost always
form after removal and polyps always occur in adults.
Benign problems, particularly colonic bleeding or ane-
mia, usually occur in the ®rst decade of life. The risk
of colon cancer is substantial, with the average age
of diagnosis being 34 years. Cancer in the stomach,
small bowel, and pancreas has been reported but the

TABLE IV Cancer Risk and Screening Recommendations for Peutz-Jeghers Syndrome

Cancer type Cancer risk
a

Screening recommendation

GI Cancer

Colon 39% Colonoscopy, beginning with symptoms or in late teens if no

symptoms occur; interval determined by number of polyps

but at least every 3 years once begun

Pancreatic 36% Endoscopic or abdominal ultrasound every 1ÿ2 years starting

at age 30 years

Stomach 29% Upper GI endoscopy every 2 years starting at age 10 years

Small bowel 13% Annual hemoglobin, small bowel X ray every 2 years, both

starting at age 10 years

Esophagus 0.5% None given

Non-GI cancer

Breast 54% Annual breast exam and mammography every 2ÿ3 years,

both starting at age 25 years

Ovarian

Uterine

Adenoma malignum (cervix)

Sex cord tumor with annular,

tubules, in almost all women

Sertoli cell tumor (males), rare

Lung

21%

9%

Rare

20% become malignant

10ÿ20% become

malignant

15%

Annual pelvic exam with pap smear, and annual pelvic or vaginal

ultrasound and/or uterine washings, all starting at age 20 years

Annual testicular exam, starting at age 10 years, testicular

ultrasound if feminizing features occur

None given

a Cumulative cancer risks, ages 15ÿ64 years.

12 FAMILIAL RISK OF GASTROINTESTINAL CANCERS



association is not certain. Congenital defects are seen
with the nonfamilial form of the disease and include
cardiac and cranial abnormalities, cleft palate, poly-
dactyly, and bowel malrotations. Cancer risk and
screening recommendations are outlined in Table V.
Half of the affected families have a mutation of the
SMAD4 gene (also called DPC4) on chromosome 18
or the BMPRA1 gene on chromosome 10. Other
genes may be involved. Testing for the SMAD4 gene
mutation is commercially available.

Clinical management Clinical management con-
sists mainly of prevention of benign and malignant com-
plications with empiric guidelines as described under
the screening recommendations given in Table V.

Cowden Syndrome

Disease phenotype Multiple hamartomatous
polyps occur in the colon and throughout the GI tract
in Cowden syndrome (CS). A number of different types
of hamartomas occur. Juvenile polyps are by far the most
common but lipomas, in¯ammatory polyps, ganglio-
neuromas, and lymphoid hyperplasia are also seen.

Skin lesions commonly occur in CS. The hallmark is
the presence of multiple facial trichilemmomas. They
most commonly occur around the mouth, nose, and
eyes. CafeÂ-au-lait spots, vitiligo, cysts, and squamous
cell or basal cell carcinomas have less commonly
been described.

Oral mucosal lesions similar to trichilemmomas de-
velop a few years after skin growths in approximately
85% of individuals. They appear as pinpoint, red, ¯at-
topped papules on the outer lips and small, ¯at, papil-
lomatous or verrucous papules on the oral mucosa,
gingiva, and tongue.

Thyroid abnormalities occur in two-thirds of pa-
tients. Goiter arising from nodular hyperplasia or fol-
licular adenomas is seen histologically. The risk of
thyroid carcinoma is 10%.

Breast lesions, including ®brocystic disease or
®broadenomas, occur in three-fourths of affected fe-
males. The reported incidence of breast cancer is 50%
with frequent bilateral occurrence. Median age at diag-
nosis is just 41 years.

Additional benign soft tissue and visceral tumors,
such as hemangiomas, lipomas, lymphangiomas,
neuro®bromas, uterine leiomyomas, and meningiomas,
have been observed. Developmental and congenital ab-
normalities also occur. These include hypoplastic man-
dible, prominent forehead, and a high arched palate.

Diagnosis The International Cowden Consor-
tium for the diagnosis of CS has suggested speci®c clin-
ical diagnostic criteria, as shown in Table VI.

The diagnosis can be made in an individual based on
mucocutaneous lesions alone if:

� there are �6 facial papules, of which �3 are
trichilemmomas;

� or if there are � 6 palmoplantar keratoses;

� or if oral mucosal papillomatosis and acral keratosis
are found;

� or if there are cutaneous facial papules with oral
mucosal papillomatosis.

If mucocutaneous lesions are absent, the diagnosis
can be made under the following conditions:

1. two major criteria (one must be macrocephaly or
LDD) are met; or

2. one major criterion and three minor criteria are
met; or

3. four minor criteria are met.

Operational diagnosis in a family in which one per-
son is diagnostic for Cowden syndrome is made with the
presence of pathognomonic criteria: any one major cri-
terion with or without minor criteria or any two minor
criteria must be met.

A related syndrome, Bannayan-Riley-Ruvalcaba
(BRR) syndrome, is believed to be allelic to Cowden
syndrome, arising from mutations of the PTEN gene.
It is characterized by macrocephaly, lipomas, pig-
mented macules of the glans penis, and other features
of Cowden syndrome.

Genetics Cowden syndrome is inherited in an
autosomal dominant manner and occurs in 1 in
200,000 individuals. The mutation of the PTEN gene,
a tumor suppressor gene, is found in 80% of those who
meet the diagnostic criteria for Cowden syndrome and

TABLE V Screening Recommendations for Juvenile Polyposis

Cancer Cancer risk Screening recommendations

Colon May be as high as 50% Colonoscopy, beginning with symptoms or in early teens if no symptoms occur;

interval determined by number of polyps but at least every 3 years once begun

Gastric and duodenum Rare Upper GI every 3 years, starting in early teens (mainly to avoid complications of

benign polyps)
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approximately 50% of those who meet the criteria for
BRR syndrome.

Management There is little if any risk of colon
cancer and therefore no screening is needed. Thyroid
cancer risk is 3ÿ10% and it is recommended that pa-
tients have annual thyroid exams starting in the teenage
years. Breast cancer risk is 25ÿ50%. Annual breast
exams starting at 25 years and annual mammography
starting at 30 years are recommended. The uterine and
ovarian cancer risks are possibly elevated but screening
recommendations are uncertain.

Hereditary Mixed Polyposis Syndrome

There have been three families described with links
to a locus on chromosome 6. Affected persons exhibit
primarily juvenile polyps, but also adenomatous polyps,
hyperplastic polyps, and sometimes polyps containing
mixed histology.

Gorlin's Syndrome

Gorlin's syndrome is also called nevoid basal cell
carcinoma syndrome. This is an autosomal dominant
disorder with an estimated occurrence of 1 in 56,000. It
primarily involves multiple basal cell carcinomas, odon-
togenic jaw cysts, broad facies, congenital skeletal
anomalies, ectopic calci®cation of the falx cerebri,
and characteristic pits in the skin of the palms
and soles. Gastric hamartomatous polyps have been

reported. It occurs secondary to mutation of the
tumor suppressor gene PTCH on chromosome 9q22.3.

Cronkhite-Canada Syndrome

This is an acquired condition characterized by the
rapid onset of generalized polyposis, cutaneous hyper-
pigmentation, hair loss, nail atrophy, diarrhea, weight
loss, and hypogeusia (the dominant symptom in most
patients).

It is extremely rare with a worldwide distribution.
The average age of onset is 59 years with a range of 31 to
86 years. Males are affected 60% of the time but no
familiar occurrences have been observed. It is rapidly
progressive and can be fatal within a few months, al-
though a protracted course is also observed. Diarrhea
and protein-losing enteropathy may be severe, leading
to malnutrition and its complications.

The polyps vary in size from millimeters to centi-
meters and are always sessile. The esophagus appears to
be spared. The mucosa between visible polyps also
shows changes typical of juvenile polyps. Adenomas
and cancer have been reported in the hamartomatous
polyps. The incidence of colon cancer is 12%.

The etiology is unclear but may have nutritional,
infectious, and immunological associations as variable
success has been seen with hyperalimentation, antibi-
otics, and corticosteroids. Surgery may be necessary for
complications of polyps, cancer, and protein-losing
enteropathy.

Neuro®bromatosis Type I

Neuro®bromatosis type I (NFI) is also called Von
Recklinghausen disease. Clinical features include
greater than ®ve cutaneous cafeÂ-au-lait spots and fre-
quent neuro®bromas of the skin. Approximately 25%
will exhibit multiple intestinal polypoid neuro®bromas
and less commonly ganglioneuromas. The small bowel
is most commonly affected, followed by the stomach and
colon. It is autosomal dominant, arising from mutations
of the NFI gene on chromosome 17q.

Multiple Endocrine Neoplasia Type I

Multiple endocrine neoplasia type I is also called
multiple neuroma syndrome. In addition to the pres-
ence of medullary thyroid carcinoma, pheochromocy-
toma, and parathyroid disease, there are enlarged
and nodular lips (from ganglioneuromas), marfanoid
habitus, and ganglioneuromatosis of the entire GI
tract from lip to anus, although most commonly in
the colon and rectum. Dysmotility, as a result of the
ganglioneuromatosis, causes diarrhea and/or constipa-
tion. The syndrome arises from mutations of the RET
proto-oncogene on chromosome 10q11.2 but half of the

TABLE VI The International Cowden Consortium's
Clinical Diagnostic Criteria for the Diagnosis of CS

Pathognomonic criteriaÐmucocutaneous lesions

a. Trichilemmomas, facial

b. Acral keratoses

c. Papillomatous papules

d. Mucosal lesion

Major criteria

a. Breast carcinoma

b. Thyroid carcinoma (nonmedullary), especially follicular

thyroid carcinoma

c. Macrocephaly (megalencephaly > 95th percentile)

d. Lhermitte-Duclos disease (cerebellar dysplastic

gangliocytoma)

e. Endometrial carcinoma

Minor criteria

a. Other thyroid lesions (e.g., adenoma or multinodular

goiter)

b. Mental retardation (IQ � 75)

c. GI hamartomas

d. Fibrocystic breast disease

e. Lipomas

f. Fibromas

g. GU tumor (renal cell carcinoma, uterine ®broids) or

malformation
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cases are considered to be new mutations. Diagnosis is
made by biopsy.

Devon Polyposis

Devon polyposis is also known as Devon family
syndrome. Three generations of females in a family were
found to have multiple in¯ammatory ®broid polyps of
the ileum. The polyps varied in size from 0.5 to 8.0 cm.
Similar polyps were found in the gastric antrum in one
patient. Each affected person experienced intussuscep-
tion or small bowel obstruction. The polyps were a
benign proliferation of histiocytes.

Miscellaneous Conditions with Multiple
Polypoid Lesions of the Gastrointestinal Tract

Hyperplastic Polyposis Syndrome

Hyperplastic polyposis (HPP) is usually de®ned as
one of three phenotypes:

1. �5 hyperplastic polyps proximal to the sigmoid
colon with at least 2 that are 410 mm in size; or

2. any number of hyperplastic polyps proximal to the
sigmoid in an individual with a ®rst-degree relative
with HPP; or

3. 430 hyperplastic polyps of any size distributed
throughout the colon.

All these phenotypes appear to have an increased
risk of colon cancer. Cancer appears in small and large
polyps with or without dysplasia. Patients are encour-
aged to undergo colectomy and asymptomatic family
members should probably undergo colonoscopy.
Families with HPP have been reported but account
for a small minority of cases. The underlying genetic
etiology is unknown.

In¯ammatory Polyps in In¯ammatory
Bowel Disease

Multiple in¯ammatory polyps are frequently
found in ulcerative colitis (UC) and Crohn's disease.
The polyps represent remaining normal tissue, with
some in¯ammatory elements that persist during the
healing phases of the diseases. The polyps themselves
have no malignant potential, although both UC and
Crohn's disease have a colon malignancy risk, which
parallels the extent of colonic involvement and the
duration of the disease.

Nodular Lymphoid Hyperplasia

Lymphoid nodules are a normal part of the GI
tract, but are usually not visible during colonoscopy.

Prominent lymphoid nodules may sometimes be
observed in the following situations:

1. occurring in association with lymphoma;
2. occurring in association with common variable

immunode®ciency;
3. occurring in younger children and due to an uncer-

tain cause, particularly when occurring in the termi-
nal ileum;

4. occurring in adults and due to an uncertain cause,
particularly when occurring in the terminal ileum.

Lymphomatous Polyposis: Two Types

Multiple lymphomatous polyposis This is a
non-Hodgkin's B-cell lymphoma, which is the GI coun-
terpart of mantle cell lymphoma. It arises from lympho-
cytes that have homing receptors for the lymphoid tissue
of the GI tract, thus giving rise to diffuse polyposis.
Mucosa-associated lymphoid tissue lymphomas, follic-
ular lymphomas, and primary T-cell lymphomas have
now also been described and are morphologically sim-
ilar to multiple lymphomatous polyposis (MLP) in that
they exhibit a multiple polypoid appearance in the gas-
trointestinal tract and are thus considered types of MLP.

Immunoproliferative small intestinal disease
Immunoproliferative small intestinal disease (IPSID),
previously called both Mediterranean-type lymphoma
and a-heavy chain disease, can also exhibit multiple
nodular lesions of the small bowel. These lymphoma-
tous lesions result from an intense proliferation of the
plasma cells of the lamina propria of the GI tract. A
paraprotein is usually present and it is usually classi®ed
as a plasma cell tumor or an immunoblastic sarcoma.
The disease most often occurs in young people with
predominance in the Mediterranean region and an
association with malabsorption.

Leiomyomatosis and Lipomatosis

Leiomyomatosis and lipomatosis have been reported
but usually only a single leiomyoma or lipoma occurs.

Pneumatosis Cystoides Intestinalis

Pneumatosis cystoides intestinalis is characterized
by multiple air-®lled cysts of the wall of the GI tract,
usually from endoscopy, trauma, surgery, infection, or
systemic disease, but sometimes the condition is
idiopathic.

FAMILIAL RISK AND COLON CANCER

Risk of Colon Cancer in Relatives

The majority of colon cancer cases appear to be
sporadic with no evidence of an inherited disorder.

FAMILIAL RISK OF GASTROINTESTINAL CANCERS 15



Roughly 20ÿ30% of cases can be attributed to familial
risk, with known inherited syndromes accounting for
1ÿ3% (Fig. 1). The average American has an approxi-
mately 6% lifetime risk of developing colorectal cancer
but ®rst-degree relatives of persons with colon cancer
have a two- to threefold increased risk of large bowel
malignancy compared with controls or the general pop-
ulation. A high-risk family history is de®ned as a ®rst-
degree relative with colorectal cancer or adenoma diag-
nosed earlier than age 60 years or two ®rst-degree rel-
atives diagnosed with colorectal cancer at any age.

Many studies examining the familial risk of colon
cancer also relate certain clinical ®ndings to the severity
of risk. The ®ndings most consistently predictive of se-
verity were the number of immediate relatives with
colon cancer and the age of cancer diagnosis. If two
or more ®rst-degree relatives had colon cancer, the
risk of large bowel malignancy for other family members
is consistently higher than if only one ®rst-degree rel-
ative was affected. The risk is higher if the ®rst-degree
relative is diagnosed at a younger age (Table VII). Colon
cancer even in a second-degree relative (grandparent,
aunt, uncle) or third-degree relative (great-grandpar-
ent, cousin) increases an individual's risk for colon can-
cer, but only approximately 50% above the average risk.

Some familial risk strati®cation ®ndings related to
adenomatous polyps in relatives have also been made. In
the National Polyp Study, the risk of colorectal cancer in
siblings and parents of persons with any adenomatous
polyp was 1.78 (95% CI, 1.18ÿ2.67). The risk of colon
cancer, however, was 2.59 (95% CI, 1.64ÿ4.58) in
siblings of an adenoma patient diagnosed at an age
560 years compared with siblings of an adenoma pa-
tient diagnosed at an age �60 years. Therefore, ®rst-
degree relatives of patients with adenomatous polyps
have an increased risk of colon cancer. Similarly,
®rst-degree relatives of persons with colon cancer
have an increased risk of adenomatous polyps. Given
the current knowledge about the adenomaÿcarcinoma
sequence, this would seem logical.

Genetics

The etiology of the commonly observed familial risk
is generally unknown. It likely occurs from both inher-
ited susceptibility and share environmental factors, with
genetic determinants making one more susceptible to
deleterious environmental agents. Spouses of persons
with colon cancer do not exhibit the increased risk
found in ®rst-degree relatives, indicating the small con-
tribution of shared environment. Kindred studies have
further found that common familial risk probably arises
from mildly to moderately penetrant inherited suscep-
tibility factors. A number of genes and chromosomal loci
that seem to be involved in this manner have been de-
scribed. The I1307K APC mutation in the Ashkenazi
Jewish population gives rise to a milder form of colon
cancer predisposition than observed in FAP. The degree
of predisposition is low to modest at most, with no
difference in phenotype from sporadic colorectal
cancer.

Disease-causing mutations of the MSH6 gene (a mis-
match repair gene) are found in approximately 7%
of patients with a positive family history of colon cancer.
This mutation may be responsible for a substantial

Sporadic
Cases Hamartomatous

Polyposis
Syndromes <0.1%

FAP <1%

HNPCC
2 to 3%

Cases with
Familial Risk
10 to 30%

FIGURE 1 The fractions of colon cancer cases that arise in

various family risk settings.

TABLE VII Summary of Familial Risk of Colon Cancer

Familiar setting Approximate lifetime risk of colon cancer

General population 6%

One ®rst-degree relative with colon cancer 2- to 3-fold increase

Two ®rst-degree relatives with colon cancer 3- to 4-fold increase

First-degree relative with colon cancer diagnosed at �50 years 3- to 4-fold increase

One second- or third-degree relative with colon cancer � 1.5-fold increase

Two second-degree relatives with colon cancer � 2- to 3-fold increase

One ®rst-degree relative with an adenomatous polyp � 2-fold increase

Note. First-degree relatives include parents, siblings, and children. Second-degree relatives include grandparents, aunts, and uncles. Third-

degree relatives include great-grandparents and cousins.
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number of familial colon cancers that occur at somewhat
older ages but do not ®t into the syndrome of HNPCC.

A type I transforming growth factor receptor allele,
TbR-1(6A), has been found in a higher fraction of colon
cancer patients, both homozygotes and heterozygotes.

A family whose members exhibit frequent colonic
adenomas, villous adenomas, serrated adenomas, and
colon cancer was found to link to a locus on chromo-
some 15q. Finally, certain polymorphisms of genes in-
volved in the metabolism of both protective and
deleterious environmental agents have been associated
with predisposition to colon cancer. Such genes include
methylenetetrahydrofolate reductase and N-acetyl-
transferases 1 and 2 (NAT1 and NAT2).

Screening

The presence of strong familial risk dictates a more
aggressive screening compared with average-risk indi-
viduals beginning at a younger age. The American Can-
cer Society recommends full colonoscopy for persons
with ®rst-degree relatives with colorectal cancer or ad-
enoma diagnosed prior to age 60 years and for those
with two or more ®rst-degree relatives with colorectal
cancer. This screening should start at age 40 years or 10
years earlier than the age of diagnosis of the youngest
affected relative. Full colonoscopy is recommended
every 5 years if no neoplasms are found. Patients with
a less severe family history should have average risk
screening, but starting at age 40 years, rather than 50
years. Current screening recommendations for persons
with increased familial risks are outlined in Table VIII.

OTHER CANCERS OF THE
GASTROINTESTINAL TRACT

Hereditary Diffuse Gastric Cancer

A small fraction of gastric cancers occur as part of
inherited syndromes in which it is not the predominant
feature. These include HNPCC, Peutz-Jeghers, FAP,

juvenile polyposis, and possibly Cowden syndrome,
as well as subsets of families with Li-Fraumeni
Syndrome (LFS). However, hereditary diffuse gastric
cancer (HDGC) is a rare syndrome, accounting for a
substantial fraction of inherited gastric cancers. It is
an autosomal dominant disease with approximately
70% penetrance arising from mutations of the DCH1
gene encoding the intracellular adhesion receptor mol-
ecule, E-cadherin. The average age of diagnosis is 38
years,withseveralcasesreportedtooccurundertheageof
18, but not younger than 15 years. A `̀ linitis plastica''
picture develops with mucosal abnormalities usually
occurring late. The histology is always of the diffuse type.

Screening is recommended with endoscopy with bi-
opsies every 6ÿ12 months in gene carriers. Prophylactic
surgery should be discussed with all gene carriers but
the high morbidity and mortality of total gastrectomy
should be weighed against the very high risk of devel-
oping this highly incurable cancer. Additional cancers
of the breast, colon, and prostate have been reported in
HDGC families but the association of these cancers is
uncertain. Even so, screening for these other cancers is
recommended in gene carriers.

Familial Pancreatic Cancer

A number of families with multiple cases of pancre-
atic cancer have now been identi®ed. Risk factors for
pancreatic cancer are typically environmental but
genetic etiology relates to several syndromes in which
pancreatic cancer is observed and also families in which
a speci®c syndrome has not been identi®ed. These
include the following:

1. familial atypical multiple moleÿmelanoma
(FAMM), with mutations of CDKN2A;

2. BreastÿOvarian Cancer Family syndrome (BRCA1/
BRCA2);

3. hereditary pancreatitis;
4. Von Hippel-Lindau syndrome; and
5. isolated pancreatic cancer families.

TABLE VIII Colon Cancer Screening Recommendations for Persons with Familial Risk

Familial risk category Screening recommendation

Two or more ®rst-degree relatives with colon cancer Colonoscopy every 5 years beginning at age 40 years or 10 years

younger than earliest diagnosis in the family, whichever is earlier;

double-contrast barium enema may be substituted but colonoscopy

is preferred

or

One ®rst-degree relative with colon cancer or

adenomatous polyps diagnosed at age 560 years

Second- or third-degree relatives with colon cancer Same as for average-risk individual

or

First-degree relative with colon cancer or adenomatous

polyp diagnosed after age 60 years

Same as for average-risk individual but begin at age 40 years
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Hereditary Hemochromatosis

Disease Phenotype

Hereditary hemochromatosis (HH) is characterized
by increased iron absorption with resultant tissue iron
deposition. Liver cirrhosis along with a risk of hepatic
cancer, hepatoma, occurs in advanced cases. Most per-
sons are asymptomatic, with symptoms developing with
advanced iron overload. Symptoms correlate to the
organ involved and include abdominal pain (hepato-
megaly), arthralgias (arthritis-chondrocalcinosis), loss
of libido and impotence (pituitary, cirrhosis), cardiac
arrhythmias and congestive heart failure (heart), amen-
orrhea (cirrhosis), and diabetes (pancreas). Nonspeci®c
symptoms include weakness, fatigue, lethargy, apathy,
and weight loss.

Findings on physical exam range from no ®ndings or
mild hepatomegaly in the asymptomatic patient to a
broad range in the symptomatic patient including ar-
thritis and joint swelling, increased skin pigmentation,
edema, and other signs of congestive heart failure, tes-
ticular atrophy, hypogonadism, or ®ndings of hypothy-
roidism. Typical stigmata of end-stage liver disease are
found, such as hepatosplenomegaly, ascites, encepha-
lopathy, and cutaneous stigmata-like angiomata and
loss of hair on the extremities.

Genetics

This is a common autosomal recessively inherited
disorder affecting between 1 in 200 and 1 in 400 persons
of northern European descent. The disease arises from
mutations of the HFE gene; two mutations have been
identi®ed, C282Y and H63D. Homozygosity for the
C282Y mutation is found in 64ÿ100% of hemochroma-
tosis patients. Compound heterozygotes C282Y/H63D
account for a very small percentage of patients. Other
mutations yet to be de®ned are responsible for 10 to 15%
of hemochromatosis patients. Genetic testing for these
mutations should be performed in any individual with
iron overload and family members once appropriate
mutations are con®rmed.

Pathophysiology

The HFE protein is found in the intestinal crypt cell
of the duodenum and is associated with b2-microglob-
ulin and the transferrin receptor. HFE protein facilitates
transferrin receptor-dependent iron uptake into crypt
cells. Mutant HFEs lose this ability, leading to iron de-
®ciency within the duodenal crypt cells. This results in
the increased expression of an iron transport protein
called divalent metal ion transporter 1 (DMT-1, also
called DCT-a or Nramp2). This is responsible for un-
regulated dietary iron absorption in the villous cells of

the small intestine. Up-regulation of DMT-1 expression
has been con®rmed in the HFE knockout mouse and in
humans with hereditary hemochromatosis.

Diagnosis

Any persons suspected of having hemochromatosis
should ®rst have iron studies performed that include
serum total iron and iron-binding capacity, transferrin
saturation, and ferritin. If transferrin saturation or fer-
ritin is elevated, a liver biopsy should be performed to
establish the diagnosis of hemochromatosis by histology
using the hepatic iron concentration (HIC) and then
calculating the hepatic iron index, which takes into
account the progressive increase in HIC with age. Gen-
erally, a hepatic iron index 41.9 is diagnostic of hered-
itary hemochromatosis but heterozygotes can have a
lower value (1.5ÿ1.8). Liver biopsy is also helpful to
establish the presence of cirrhosis although it is unlikely
in those with a serum ferritin level 51000 ng/ml, nor-
mal liver enzymes, and no hepatomegaly and in those
who are 540 years old.

It is very important to distinguish HH from other
conditions of iron overload because the treatment var-
ies. Acquired iron overload can result from ineffective
erythropoiesis as inb-thalassemia, sideroblastic anemia,
aplastic anemia, pyruvate kinase de®ciency, and pyri-
doxine-responsive anemia. Liver diseases associated
with alcohol, hepatitis B and C, nonalcoholic steato-
hepatitis, porphyria cutanea tarda, or postportocaval
shunting all can result in iron overload. Transfusions
of red blood cells or parenteral iron either from iron
injections or with hemodialysis also may result in iron
overload. In addition, miscellaneous conditions can be
responsible: iron overload in individuals in sub-Saharan
Africa, neonatal iron overload, aceruloplasminemia,
and congenital atransferrinemia.

Treatment

When a patient with HH has been found to have
iron overload, weekly phlebotomies of 500 ml of
whole blood should be carried out (equivalent to
200ÿ250 mg iron). This is continued until the hemo-
globin levels do not recover before the next treatment.
Monitoring serum transferrin saturation (TS) and fer-
ritin levels every 3 months also is helpful with continued
phlebotomyuntilTSis 550%andferritin is 550 ng/ml.
Patients diagnosed and treated before cirrhosis have a
normal expected survival but not so in those with cir-
rhosis. In those persons with established cirrhosis, hep-
atoma screening with liver ultrasound and serum
a-fetoprotein should be performed every 6ÿ12 months.

Liver transplantation has been performed but
because the abnormal gene is in the enterocyte and
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not the hepatocyte, iron reaccumulates in the allograft.
Undiagnosed cancer, infection, and coexisting cardiac
disease contribute to postoperative morbidity and
mortality.
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Fast-Track Surgery
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epidural anesthesia Technique in which local anesthetics are

placed in the space around the spinal cord and its

protective membrane, blocking nerve transmission.

hypothermia Body temperature below normal.

ileus Situation in which the intestinal tract fails to propel

food along its surface.

meta-analysis Statistical approach to reach a conclusion

using combined data from multiple trials.

regional blocking procedure Method of injecting local

anesthesia under the skin, but around the nerves that

are supplied to a speci®c area.

spinal anesthesia Technique in which local anesthetics are

placed within the ¯uid-®lled sack around the spinal

cord, blocking nerve impulses.

Fast-track surgery is the combined use of a variety of

relatively new approaches in operative techniques and

perioperative care to enhance the outcome of the elec-

tive surgical patient. These methods greatly reduce the

stress of an operative procedure, controlling pain and

reducing complications. As a result, the operation may

be performed as outpatient surgery, or the patient may

be required to stay in the hospital for only a day or two.

INTRODUCTION

The new operative and perioperative methods applied in
fast-track surgery include epidural or regional anesthe-
sia, minimally invasive operative techniques, optimal
pain control, and aggressive postoperative rehabilita-
tion, including early oral nutrition and enforced ambu-
lation. These approaches, when combined, reduce the
deleterious effects of the stress of an operation; treating
the stress of surgery limits organ dysfunction and the
potential for complications and allows shortened
convalescence and an earlier recovery. The following
measures are generally utilized in most rapid-recovery
programs.

OPTIMIZING PREOPERATIVE
PHYSIOLOGY FUNCTION AND
PATIENT EDUCATION

Before any elective operation, a patient is assessed
and comorbid conditions are treated. For example,

the patient with diabetes mellitus has blood sugar con-
trol maximized and the patient with mild congestive
heart failure receives medications (diuretics and cardio-
tonic drugs) to assure optimal cardiac function. In ad-
dition to these and other conditions, it has been shown
that if pharmacological means can be used to enforce
abstinence in alcohol misusers (even in those
without signs of liver impairment), mortality rate will
decrease and shortened recovery can be achieved.
Prolonged smoking cessation (for 1ÿ2 months) is nec-
essary in the preoperative period to reduce post-
operative pulmonary complications.

Classic studies have demonstrated that informed
patients require less pain medication in the postopera-
tive period and have shorter hospital stays. Nurses or
physician assistants can help the patient understand
various aspects of the hospital procedures and may
aid by teaching techniques to reduce pain and anxiety
following the operation.

ANESTHESIA

Even though a patient receives general anesthesia and is
sleeping during surgery, the incision and surgical pro-
cedure are perceived by the central nervous system. This
results in a variety of re¯ex responses transmitted via
spinal nerves to other organs (liver and intestinal tract,
for example), activates the autonomic nervous system
(which activates heart rate and increases vascular resis-
tance, for example), and stimulates the hypothalamicÿ
pituitaryÿadrenal axis (to release glucocorticoids, a
major `̀ alarm'' hormone). These responses, when com-
bined, are termed the `̀ stress response,'' and if uncon-
trolled or exaggerated, they contribute to debility
following an operation.

How can the stress response be modi®ed? Local
anesthetics and other agents can be placed within the
subarachnoid or epidural space (techniques that pro-
vide spinal or epidural anesthesia, respectively),
thus blocking nerve transmission from the operative
site and diminishing the stress response. The effects
of blocking nervous impulses from the surgical site
are greatest when procedures are performed in the
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lower body (the lower abdomen, pelvis, and lower
extremities), compared with upper abdominal and tho-
racic operations. This approach improves postoperative
pulmonary function, decreases cardiac demands, re-
duces ileus, and improves pain relief. A recent meta-
analysis comparing neural axial blockade (e.g., spinal or
epidural anesthesia) with general anesthesia, involving
141 trials including 9559 patients, showed improved
morbidity and mortality with the blocking techniques
(Table I).

Not all procedures require spinal or epidural anes-
thesia, and regional blocking procedures have proved
quite satisfactory for patients undergoing mastectomy
or inguinal hernioraphy.

IN THE OPERATING ROOM

The use of minimally invasive surgical techniques,
such as laparoscopic cholecystectomy, has greatly
reduced the stress of an operation. When carefully
studied, minimally invasive surgical techniques have
been found to reduce the in¯ammatory responses
following an operation, although they fail to attenuate
early metabolic responses to surgery. Pulmonary func-
tion is improved and the postoperative ileus is
reduced with the minimally invasive approach. These
techniques are now being extended to a variety of pro-
cedures in the abdomen and are also used for cardio-
vascular, thoracic, cerebral, and major orthopedic
procedures.

Operating rooms are cold (21�ÿ24�C), and semi-
clad patients are further disadvantaged by the use of
drugs or techniques that inhibit normal responses to
cold exposure, such as shivering. This has traditionally

resulted in mild hypothermia, which increases the
patient's stress response following the procedure.
Newer techniques of keeping patients warm in the op-
erating room have resulted in a threefold decrease in the
rates of wound infections, a reduction in operative blood
loss, a decrease in untoward cardiac events (including
ventricular tachycardia), and a reduction in protein loss
and patient discomfort.

MODIFYING POSTOPERATIVE CARE

Little evidence supports the routine use of nasogastric
tubes in the postoperative period, and, in fact, this ap-
proach may be detrimental by increasing the incidence
of pneumonia. In addition, there is little scienti®c basis
to the use of drains after cholecystectomy, joint replace-
ments, colon resection, thyroidectomy, and radical
hysterectomy.

Oral intake is commonly limited to the postopera-
tive period, but with epidural anesthesia and minimally
invasive surgical techniques, ileus is minimized and
early feeding is possible. If postoperative nausea
and vomiting occur, drugs are available for effective
treatment.

Bed rest is frequently recommended following an
operation, but with adequate pain control and the use
of short-acting anesthetic agents, early ambulation is
possible. Exercise also enhances early oral feedings,
reduces venous stasis and the potential complications
of thrombosis, and stimulates skeletal muscle protein
synthesis.

Adequate pain control is essential following an op-
eration and this may require special training of the hos-
pital staff or organization of an acute-care pain service
with expertise in the multifaceted aspects of pain con-
trol. After minor to moderate operations, patients
should receive nonopioid analgesics such as nonsteroi-
dal antiin¯ammatory agents. This avoids the potential
side effects of narcotics, which prolong recovery. More
complicated operations are associated with greater pain
intensity; using epidural anesthesia for the next 2ÿ3
days reduces the stress of the operation and enhances
recovery.

After the second postoperative day, recovery de-
pends on resolution of pain and fatigue. The latter
may be related to sleep disturbances that occur in
the hospital setting because of noise, drugs, and pos-
sibly in¯ammatory factors. Loss of strength is related
to muscle weakness secondary to inactivity and
reduced food intake. By attenuating surgical stress
and emphasizing early mobility and food intake, this
problem may be greatly reduced and convalescence
shortened.

TABLE I Effect of Regional Anesthetic/Analgesic

Techniques Compared with General Anesthesia and

Systemic Analgesics on Postoperative Morbidity

Complications

Reduction in

morbidity

Pulmonary infectious complications � 30%

Respiratory depression � 40%

Pulmonary embolism � 50%

Myocardial infarction � 30%

Other thromboembolic complications � 40%

Ileus 2 days

Blood loss and transfusion requirements � 20ÿ30%

Cerebral complications No effect

Renal failure � 30%

Other infectious complications

(wound, etc.)

No effect
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THE FUTURE

Many medical units are now initiating some or all
of the fast-track approaches in the surgical patient.
Early results, usually from single-center trials, are en-
couraging (Table II). When patient satisfaction is stud-
ied, it has been high and exceeds that measured with
the usual postoperative approach. Rather than empha-
sizing monitoring and high-technology interventions in

the postoperative period, the fast-track approach
emphasizes rehabilitative care, with emphasis on pain
relief, mobilization, and nutrition.

The trend in the future will be to greatly reduce the
length of the hospital stay following operations, because
patients recover from their operations sooner. This will
be related to less operative stress because of the use of
fast-track and other techniques. In addition, morbidity
and mortality will decrease because the stress response
to a speci®c surgical procedure is diminished. Further
work is needed to understand perioperative pathophys-
iology, to reduce hospital convalescence, and to im-
prove operative outcome. Physician education is also
needed to institute fast-track care.
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TABLE II Recent Data on Fast-Track Surgery from

Single-Center Studies

Operation Hospital stay

Laparoscopic cholecystectomy Ambulatory

procedure

Laparoscopic or vaginal

hysterectomy

Ambulatory

procedure, 1 day

Laparoscopic gastroesophageal

re¯ux surgery

Ambulatory

procedure, 1 day

Elective surgery for aortic

aneurysm

3ÿ4 days

Carotid endarterectomy 1ÿ2 days

Mastectomy Ambulatory

procedure, 1 day

Lung lobectomy 1ÿ2 days

Prostatectomy 1ÿ2 days

Partial colectomy 2 days
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Fat Digestion and Absorption
CHARLES M. MANSBACH
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apolipoprotein B-48 Product of translation of 48% of the

total apoB-100 transcript.

chylomicron Lipoprotein uniquely made in the intestine;

contains a central core of triglyceride, cholesterol ester,

and phospholipid surrounded by a phospholipid coat

and apolipoproteins.

enterocytes Mature absorptive cells that line the villi of the

small intestine.

exocytosis Budding of membranes in which a selected

particle is pushed out into the pericellular space by

rupture of the bud.

lipase Enzyme that hydrolyzes glycerol esters of fatty acids.

micelles Association of amphiphilic compounds in which

hydrophilic surfaces face outward into the aqueous

medium and hydrophobic surfaces face the interior.

phospholipase Enzyme that hydrolyzes phospholipids at

speci®c sites on the molecule.

triglyceride Fat in which fatty acids are esteri®ed to each of

the three alcoholic groups.

very low-density lipoprotein Triglyceride-carrying lipopro-

tein that is like a chylomicron except that it is made both

in the intestine and the liver and is smaller.

Absorption of lipid by the intestine is a series of events

complicated by the hydrophobic nature of dietary fat.

Ingested fat must ®rst be processed to water-interactive

lipid products such as fatty acids, which can then be dis-

persed in the aqueous environment of the intestinal

lumen. The lipid products are absorbed into the entero-

cytes of the small intestine and are resynthesized as tri-

glyceride; if this process does not occur, the fatty acids act

as soaps, which can dissolve cellular membranes. A pro-

cess in which the triglyceride is packaged in chylomicrons

enables the fat ultimately to be directed to its ®nal des-

tination, mostly muscle and adipose tissue.

FAT ABSORPTION

Humans can absorb and process large amounts of daily
dietary fat in an extremely ef®cient manner. In the gas-
trointestinal tract, fat, which is water insoluble, can be
made to interact with water, enabling absorption. Once
absorbed, hydrolyzed lipids are resynthesized as triacyl-
glycerol and participate in the formation of the chylo-
micron. The nascent chylomicron is moved from its site

of formation in the endoplasmic reticulum to the Golgi
for further processing and then is transported from the
Golgi to the basolateral membrane of the enterocyte,
where the mature chylomicron moves into the lamina
propria by reverse exocytosis and into the lymph. The
metabolism of chylomicrons is determined by lipopro-
teins that are present on the chylomicron surface.

FAT DIGESTION

The normal American daily diet contains 100ÿ150 g of
fat. This fat is absorbed with 95% ef®ciency, and even
immense amounts of fat, up to 500 g/day, can be ab-
sorbed with the same ef®ciency. It is evident that
large variations in fat intake can be handled easily. Al-
though dietary fat has a bad connotation, both because
of obesity and because of the relationship between blood
cholesterol and the development of atherosclerosis, it
should be remembered that fat makes most foods tastier
and that some fatty acids are essential for normal body
functioning. The so-called essential fatty acids are not
synthesized by humans and therefore must be supplied
in the diet and appropriately absorbed. Cholesterol, too,
is a necessary constituent of biomembranes. In consid-
ering the complexities of fat digestion and absorption, it
should be kept in mind that the body operates in an
aqueous environment but that ingested lipids are most
often in a water-insoluble state. If humans did not
possess mechanisms for breaking down water-insoluble
compounds, there would be no absorption of lipids,
which are necessary for their caloric content and for
their speci®c, essential fatty acids.

Gastric Lipase

Fat digestion begins in the stomach. The chief cells
of the gastric mucosa produce gastric lipase (GL), the
preduodenal lipase of humans. This lipase primarily
hydrolyzes fatty acids esteri®ed at the sn-3 position
on the glycerol backbone of triacylglycerol (TAG).
This is especially true if the fatty acid (FA) at the
sn-3 position is of medium carbon chain length, an im-
portant factor in the digestion of milk, the TAG of which
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is mainly composed of a medium-chain FA at the sn-3
position. In neonates, the pancreas is not well developed
and pancreatic lipase is secreted in greatly reduced
amounts compared to adult levels. As a result, GL is
the primary enzyme that hydrolyzes fat in the intestine
at this time of life. The major products of lipolysis by
gastric lipase are one fatty acid and sn-1,2-diacylglycerol
(DAG), although the enzyme can hydrolyze both of the
primary alcoholic groups of TAG, resulting in sn-2-
monoacylglycerol (MAG) and two fatty acids. The effect
of GL is to provide FAs, which are surface active, and
DAG, which dissolves into the interior of lipid droplets
and awaits further hydrolysis. The surface-active FAs
have the effect of reducing the diameter of the lipid
droplets, greatly increasing their surface area with re-
spect to their interaction with water (Fig. 1). This has
been shown to increase the rate at which lipid is ab-
sorbed in the small intestine. In patients with pancreatic
insuf®ciency, GL provides the majority of lipolytic ac-
tivity in the intestine. In cases of atrophic gastritis, in
which little if any GL should be produced, no defect in
overall lipid absorption is found. This points to the lack
of requirement of GL for lipid absorption.

Gastric lipase is about the same molecular weight as
pancreatic triacylglycerol lipase (PTL) but differs from
it in signi®cant ways. The pH optimum for GL is, as
would be expected, more acidic, 4ÿ6 versus the pH
optimum for PTL of 8.5. GL resists proteolysis by pepsin
whereas PTL is susceptible. GL is 15ÿ18% glycosylated
whereas PTL is only minimally so. The puri®ed enzyme
is very active (1.2 mmol/mg protein/min) against an
optimal substrate, tributyrin.

Pancreatic Lipase

Pancreatic triacylglycerol lipase is the single most
important determinant of lipid absorption. In its ab-
sence, only 30% of an ingested lipid load is absorbed.
The enzyme is secreted by the acinar glands of the pan-
creas into the pancreatic duct and then into the intestine
in response to ingestion of a fatty meal. The hormonal

signal that initiates the process is cholecystokinin
(CCK). CCK originates in enteroendocrine cells in
the duodenum. PTL, unlike all other pancreatic hydro-
lases, does not require activation prior to attaining
maximal activity.

The physiology of PTL has been extensively studied.
The enzyme operates only at an oil/water interface; it
does not hydrolyze TAG substrate that is soluble in
water. An interfacial recognition site on PTL assures
that it is correctly aligned with its substrate, TAG, at
an oil/water interface. At this point, a hinge mechanism
lifts a `̀ lid,'' exposing a serine hydrolase within the hy-
drolytic site. Unfortunately, bile salts, which are present
in the normal digestive tract after a meal, remove the
lipase from the oil/water interface and render the PTL
inactive. An associated protein, secreted by the pancreas
in an inactive form as pro-colipase, is activated by tryp-
sin, and the active protein, colipase, is able to hold PTL
at the oil/water interface even in the presence of bile
acids. The colipase activation peptide, called entero-
statin, is absorbed intact and has been shown to be a
satiety factor. The result of continued lipolysis is to
further reduce the size of the lipid droplets, further
increasing the surface area for additional lipolytic
activity (Fig. 1).

PTL hydrolyzes TAG at primary ester groups, result-
ing in the release of two FAs and MAG. If the MAG
isomerizes to the sn-1,3 position, then the MAG isomer
becomes a target for further lipolysis, with the ®nal
products being three FAs and glycerol. The rate of isom-
erization is slow, however. These products are con-
stantly being swept away from the oil/water interface,
so there is no product inhibition of lipolytic activity.
Against the ideal substrate tributyrin, the puri®ed en-
zyme is even more active (4.5 mmol/mg protein/min)
than GL.

Pancreatic Phospholipase A2

Pancreatic phospholipase A2 (PLA2) is secreted by
the pancreas from the pancreatic acinar glands in re-
sponse to the hormonal signal, CCK. It is secreted as a
proenzyme that must be activated by trypsin prior to
achieving maximal activity. The proenzyme can hydro-
lyze its phospholipid substrates at a reduced rate but
cannot recognize and be activated by an oil/water inter-
face, as can the active enzyme. The speci®c hydrolytic
site of the enzyme is the FA esteri®ed at thesn-2position,
resulting in release of an sn-1-lysophospholipid and one
FA, usually an unsaturated one because that is the
commonest FA esteri®ed at that location. The resultant
products can be absorbed easily; unhydrolyzed phos-
pholipid is not absorbed.

Lipid
droplet

Stomach Small Intestine

Gastric lipase

FIGURE 1 Gastric and pancreatic lipases, by producing

surface-active fatty acids, progressively increase the surface area

of the lipid droplets by decreasing their diameter.
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The effect of PLA2 on lipid absorption is to remove
phospholipids from the surface of fat emulsions, en-
abling PTL to more quickly penetrate the surface of
the lipid droplet and begin hydrolysis. In the presence
of phospholipids, PTL does not hydrolyze the neutral
TAG until some of the phospholipid has been hydro-
lyzed, the so-called lag time. After the phospholipid is
partially removed from the emulsion surface, PTL ac-
tivity increases exponentially.

It is interesting to consider why PLA2 does not hy-
drolyze the apical membrane phospholipids that it
comes into contact with after its activation. Venom
phospholipases A2 are readily able to attack membrane
phospholipids. Snake venom PLA2 injected into the paw
of a rabbit causes swelling and in¯ammation, whereas
there is little effect if pancreatic PLA2 is injected. Sim-
ilarly, red cells are rapidly lysed when exposed to snake
venom PLA2 but not following exposure to pancreatic
PLA2. The reason for this is the relative abilities of the
two PLA2s to penetrate the membrane surface layer of
phospholipids. The lateral surface pressure of the phos-
pholipids in membranes is on the order of 30 dynes/cm2,
a pressure that venom PLA2 can easily penetrate. This is
far above the ability of pancreatic PLA2, which has a
maximal activity at 12 dynes/cm2.

Cholesterol Esterase

Cholesterol esterase (CE) (bile salt-stimulated
esterase or carboxyl ester lipase) primarily hydrolyzes
cholesterol esters. It is synthesized in the pancreas and is
released in response to CCK in a fully active form.
Studies from CE knockout mice show that this enzyme
has no effect on free cholesterol absorption but does
dramatically lower cholesterol ester absorption, point-
ing to its key role in hydrolyzing cholesterol ester to free
cholesterol and FA. Its nonspeci®c hydrolyzing ability
means that it can hydrolyze TAG as well as MAG. It
would appear that its effect on TAG is not clinically
signi®cant, whereas the hydrolysis of MAG would re-
duce the ef®ciency of the reesteri®cation process to TAG
that occurs in the enterocyte (see later).

INTRALUMINAL PROCESSES

After the emulsion lipid droplets are broken down into
small-sized, stable emulsion particles, pancreatic lipase,
in conjunction with colipase and PLA2, attack their sub-
strates at the oil/water interface. The released hydrolytic
products are removed from the surface by their solubi-
lization in bile salt micelles or in liquid crystals of MAG
and FA (Fig. 2). Bile salts, by their self-associating
qualities above a certain concentration, i.e., the critical

micellar concentration, form a micelle, arranged such
that the hydrophobic sides of the bile salts face each
other and the hydrophilic sides face the aqueous solu-
tion. This forms a hydrophobic interior into which FA
and MAG acyl chains and cholesterol penetrate, forming
a bile salt mixed micelle. These micelles diffuse toward
the apical surface of the enterocytes. FAs and MAG have
a ®nite water solubility and these monomers diffuse as
well toward the apical surface. Because diffusion rates
are inversely proportional to the square of the radius of
the diffusing moiety, the micelles diffuse much more
slowly than the monomer species. However, the con-
centration of FAs and MAG in the micelles is so great
that it more than makes up for the slower diffusion rate
in terms of the ability of the micelles to deliver lipids
ef®ciently to the apical enterocyte surface (Fig. 2).
These micelles, the monomers, and the liquid crystals
diffuse across the unstirred layer next to the apical sur-
face of the intestine. The enterocytes secrete H�, making
the juxtaapical surface more acidic compared to the
bulk luminal ¯uid, the so-called acidic microclimate.
The effect of the reduction in juxtaapical pH to � 6.0
is to partially protonize the FA, which has an effective
pKa of 4.5. The protonated FA then can passively tra-
verse the apical membrane into the enterocyte. Once in
the enterocyte, the more neutral pH causes the FA to
again become ionized, effectively trapping the FA inside
the cell. FA absorption may also be mediated in part by
membrane fatty acid transporters. Several have been
described: A plasma membrane-associated fatty acid
binding protein (FABPpm) is present in the human
colon carcinoma cell line, Caco-2 cells, which at con-
¯uence have many of the characteristics of intestinal
absorptive cells. Antibodies to this transporter do not
inhibit the uptake of FA. A fatty acid transporter protein
(FATP) but not FAT/CD36 is expressed in Caco-2 cells.
Treatment of these cells with trypsin to hydrolyze sur-
face potential FA transporters reduces the uptake of FA
into Caco-2 cells by � 30%, suggesting that at least
some FAs are absorbed by a FA transporter, presumably

Lipid
droplet

FIGURE 2 Lipase action produces fatty acids, which combine

with bile salts to form mixed micelles. The micelles diffuse toward

the cell surface; the fatty acids solubilize in the aqueous ¯uid and

penetrate the apical surface membrane.
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FATP. The role of the micelles and liquid crystals is to
act as reservoirs for monomer FAs and MAG so that the
monomer concentration of both lipids remains maximal
in the unstirred layer.

RESYNTHESIS OF TRIACYLGLYCERIDES
IN ENTEROCYTES

Interaction of Absorbed Split Lipids with
Fatty Acid Binding Proteins

FAs and MAGs that desorb from the cytosolic face
of the apical membrane are in part solubilized in the
cytosol in monomer form. In addition, the intestine
expresses two lipid-binding proteins, the intestine
and liver fatty acid binding proteins (I-FABP and
L-FABP). These proteins comprise a large amount of
the total proteins in the cytosol, up to 2% each. Each
I-FABP can bind only one FA, whereas each L-FABP can
bind two FAs as well as MAG. The role of the FABPs
in promoting TAG resynthesis is not clear, but it
has been shown that FAs bound to FABP move more
quickly in the cytosol than do FAs alone. It is postulated
that L-FABP acts as a reservoir for intracellularly
bound FA and MAG, delivering its cargo to the site
of TAG resynthesis by diffusion across the apical
membraneÿendoplasmic reticulum (ER) space. By con-
trast, I-FABP delivers its FA cargo by actual contact with
the ER membrane.

Synthesis of TAG in the ER

The products of intestinal luminal lipolysis are re-
synthesized to TAGs, phospholipids, and cholesterol
esters by the ER of the enterocyte. The enterocyte,
which has no effective control over the entry rate of
FAs, performs this function very quickly or risks having
toxic concentrations of FAs present in the cytosol. FA is
a soap and as such greatly disturbs cellular membranes
or solubilizes them completely, depending on the FA
concentrations. The two ways that the enterocyte has to
dispose of FAs is by binding them to FABP or by reform-
ing TAGs, which are essentially physicochemically
inert. The enterocyte can perform the resynthetic func-
tion very quickly. In 30 seconds, large amounts of FAs,
of which 79% is already reesteri®ed to TAGs, can be
absorbed from the lumen of the intestine. Multiple en-
zymes perform this function. First the FA must be ac-
tivated to form FAÿcoenzyme A (CoA) by the enzyme
FAÿCoA ligase. This enzyme is located on the cytosolic
hemilea¯et of the ER membrane. The activated FA can
then be used by a series of two acyltransferases to
form TAG. First DAG is formed from MAG by MAG

acyltransferase (MGAT) and subsequently TAG is
formed from the DAG by DAG acyltransferase
(DGAT). If MAG is not available, then TAG can be
resynthesized by the so-called de novo, or Kennedy,
pathway. This begins with sn-3-glycerol phosphate,
which is acylated by glycerol phosphate acyltransferase
to lysophosphatidic acid (LPA). LPA, in turn, is acylated
by LPA acyltransferase to phosphatidic acid (PA). PA
phosphatase, the limiting enzyme on this pathway, then
hydrolyzes the PA to DAG. This DAG, in contrast to the
DAG synthesized from MAG, can be utilized for phos-
pholipid synthesis. The DAG can then be converted to
TAG by DGAT. In this reaction, another enzyme ap-
pears to be important, acyl-CoA acyltransferase
(AAT). The role of AAT is not yet clear, but its removal
from the TAG synthetic complex stops TAG synthesis,
at least in liver.

Movement of TAG to the ER Lumen

It is not certain on what side of the ER membrane the
lipid resynthesis occurs. Some resynthesis clearly oc-
curs on the cytosolic face of the ER membrane. The
TAG thus produced must cross the ER membrane to
gain access to the ER lumen, where the forming
chylomicron is situated. There is a ®nite solubility of
TAG in membranes of 3%, thus, depending on the ra-
pidity of TAG movement across the membrane; a var-
iable proportion of cytosolically synthesized TAG could
be made available for chylomicron formation. Alterna-
tively, the TAG could be formed on the lumenal side of
the ER membrane, which would do away with the re-
quirement for TAG to traverse the ER membrane. If
DGAT and possibly MGAT are located on the luminal
side of the ER membrane, however, they must have
access to their substrate FA-CoA. FA-CoA cannot
cross the ER membrane and CoA concentrations in
the ER lumen are very low. Therefore, a mechanism
must exist for the FA-CoA to cross the ER lumen. Cur-
rent data indicate that a majority of the TAG that is
synthesized by the enterocyte for chylomicron forma-
tion is synthesized by DGAT on the luminal surface
of the ER membrane.

CHYLOMICRON FORMATION AND
MOVEMENT OF MATURE PARTICLES

Formation of the Chylomicron

Chylomicrons are formed in the ER lumen by a
two-step process. In the ®rst step, apolipoprotein
B-48 (apoB-48), which is only 48% of the translated
full-length apoB transcript, is pulled across the ER
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membrane through its translocon by the microsomal
triacylglycerol transport protein (MTP). MTP, acting
as a chaperone, is made up of a large (97 kDa) and a
small (55 kDa) component; the smaller component is
protein disul®de isomerase (PDI). PDI is utilized for
proper folding of proteins because its function is to
link together intramolecular cysteines. ApoB-48, once
inside the ER lumen, combines with phospholipid,
mainly phosphatidylcholine (PC), and some TAG to
form a dense, small, primordial chylomicron. The ma-
jority of the TAG that will eventually enter the
chylomicron forms a lipid aggregate, mediated by
MTP, more distally in the ER, mainly the smooth ER.
How the dense chylomicron becomes lipidated by the
TAG is unclear. However, the chylomicron is formed
and results in a very large particle that is 100ÿ500 nm in
diameter. The forming chylomicron is composed of a
TAG and CE core with a surrounding coat of phospho-
lipid, mainly PC, cholesterol, apoB-48, apolipoprotein
A-IV, and some C lipoproteins. This `̀ mature'' ER
chylomicron is now ready to be transported to the
Golgi (Fig. 3).

Movement of Chylomicrons from the ER
to the Golgi

The movement of chylomicrons out of the ER has
been postulated to be the rate-limiting step in the transit
of TAG across the enterocyte. Consistent with this hy-
pothesis, when the load of dietary TAG is increased, the
amount of TAG remaining in the ER increases in direct
proportion. In fact, if the dietary load is very great, at
least in rats, some TAG never makes it across the
ER membrane but remains on the cytosolic surface of
the ER.

The movement of chylomicrons out of the ER is just
beginning to be understood. It appears certain that the
chylomicrons move from the ER to the Golgi in a pre-
chylomicron transport vesicle (PCTV) (Fig. 3). The
mechanism by which the prechylomicron is selected
as cargo in the vesicle is not known. What is known
is that the group of proteins known as the coatomer II
proteins, or COPII proteins, which are crucial to the
export of proteins from the ER to the Golgi, are not
involved with the budding of the PCTV from the surface
of the ER (Fig. 3). Indeed, inhibition of the protein
vesicles causes an increase in PCTV formation by
6- to 10-fold. The actual proteins involved in budding
from the ER are not known, but the COPII proteins
appear to be present on the PCTV, not for the purpose
of budding but rather to enable the PCTV to acquire
the proteins requisite for targeting the PCTV to the
cis-Golgi, tethering it to the Golgi, docking, and then
fusion of the PCTV with the Golgi membrane. In this
way, the very large chylomicron can be delivered across
the Golgi membrane for the additional processing that
takes place in the Golgi (Fig. 3). This process appears to
be unique to the intestine in that PCTV cannot deliver its
cargo to liver Golgi. In addition, the vesicle is sealed,
which precludes entry of the cytosolic lipase (PTL) pres-
ent in the cytosol of the intestine. This lipase, which is
pancreatic PTL but expressed in the intestine, would
hydrolyze the chylomicron TAG if it had access to
the TAG present in chylomicrons. The proteins in-
volved in targeting the PCTV to the Golgi and involved
with its fusion with the cis-Golgi appear to be the typical
fusion machinery used for protein vesicles, but the de-
tails are not yet worked out. In sum, the effect of this
delivery mechanism is to move the very large prechylo-
micron out of the ER, across the cytosolic space, direct it
to the Golgi, and to get it across the Golgi membrane to
the Golgi lumen.

Apolipoprotein A-I (apoA-I), a constituent of the
mature chylomicron particle, is not found in the
PCTV but is found in both the ER and Golgi. It is
well established that apoA-I secretion can be divorced
from apoB-48 secretion as well as TAG secretion. There-
fore, the lack of apoA-I in the PCTV offers a mechanism
whereby apoA-I could get from the ER to the Golgi by an
independent mechanism, presumably via the protein
vesicles.

Movement of Chylomicrons from the
Golgi to the Lymph

Once inside the Golgi lumen, the chylomicrons are
destined to go into the lymph. The mechanism by which
the prechylomicrons move across the Golgi stack to the

FIGURE 3 Prechylomicrons are cargo in the prechylomicron

transport vesicle (PCTV), which buds from the endoplasmic re-

ticulum (ER) membrane, traverses the intracellular space, and

fuses with the Golgi, delivering its cargo to the Golgi lumen.

TAG, Triacylglycerol; apoB, apolipoprotein B.
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trans-Golgi network is unknown. Also not clear is how
the chylomicron is budded off the Golgi and enters a
vesicle that transports several chylomicrons at a time
from the Golgi to the basolateral membrane (Fig. 4).
Once at the basolateral membrane (BLM), the vesicle
fuses with the BLM and the chylomicrons are released
into the intercellular space by reverse exocytosis. Once
in the lamina propria, the rapidity of movement of the
chylomicrons into the lymph is governed by the extent
of tissue hydration. Under conditions in which hydra-
tion is poor, the chylomicron is slowed. By contrast,
when the tissue is well hydrated, chylomicron move-
ment is enhanced.

Effect of Phosphatidylcholine on
Chylomicron Export

For many years it has been known that PC availabil-
ity governs the rate at which chylomicrons are delivered
to the lymph. For example, in rats infused
intraduodenally with triolein (135 mmol/hour), the out-
put rate varies from 50% in bile duct-intact rats to 85% of
the input rate in rats in which PC was included in the
triolein infusion. The output rate is even less in rats with
a bile ®stula; in these rats, if choline is infused into the
duodenal lumen along with triolein, there is a modest
increase in chylomicron output into the lymph. How-
ever, if lyso-PC is infused, then chylomicron output is
restored to control (bile duct-intact) levels. These data
suggest that de novo synthesis of PC cannot keep up with
demand, but that when lyso-PC is provided, adequate
amounts of PC for chylomicron export can be
synthesized. At what step PC dependency occurs is
not clear. It could be the utilization for PC for
chylomicron membrane formation or it could be PC
utilization for PCTV membranes. Bile PC appears to
be favored over other forms of PC.

INTESTINAL PRODUCTION OF VLDL

The intestine also produces very low-density lipopro-
teins (VLDLs), which are operationally of greater den-
sity than chylomicrons. The vast majority of TAG that
is exported from the intestine is as chylomicrons vs.
VLDLs. If the dietary load of TAG is increased, the
amount of TAG appearing in the chylomicrons and
in the VLDLs progressively increases until a point is
reached in which the amount in the VLDLs does not
increase further, although additional output in chylo-
microns continues. At least at low levels of dietary
intake, the saturated FAs (palmitate) tend to be trans-
ported out of the intestine in VLDLs, whereas the un-
saturated ones (oleate) appear in chylomicrons. Even
under fasting conditions, TAG continues to be secreted
by the intestine as both VLDLs and chylomicrons. Most
of this TAG comes from acyl groups derived from the
bile PC. In rats with a bile ®stula, hardly any TAG is
exported either in VLDLs or chylomicrons.

DIFFERENCES IN
TRIGLYCERIDE TRANSPORT

The ileum is perfectly capable of absorbing lipid and
resynthesizing TAG from it. The question is how it is
transported from the gut. Interestingly, for reasons that
are not clear, in the rat, lipid delivered to the distal
intestine appears to be poorly transported by chylomi-
crons. Even if the distal intestine is perfused with lipid
for a week to be certain that the lack of delivery of dietary
lipid to the distal intestine as a causation of this effect is
overcome, the lipid is still not well transported in chy-
lomicrons. However, if the ileum is transposed to the
proximal intestine and lipid is delivered to it, then the
TAG is exported in chylomicrons. The reasons for these
effects are not known nor is it known if these rat data are
transferable to humans.

TWO POOLS OF
INTESTINAL TRIGLYCERIDE

The TAG that is synthesized by the enterocytes can
distribute into two different pools. The ®rst pool, the
prechylomicron pool, is composed mainly of dietary
FAs and of TAGs synthesized predominantly from die-
tary MAGs. The result is a pool of TAG that closely
re¯ects the acyl constituents of the diet. The data predict
that chylomicrons, which utilize the TAGs from this
pool, would consist of TAGs that mimic the diet. When
tested, this prediction held true. It is also predicted that

FIGURE 4 Chylomicron transport vesicles bud off the trans-

Golgi network and go to the basolateral membrane, where they

fuse and deliver their chylomicron cargo to the lamina propria.
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this TAG would be sequestered in the lumen of
either the ER and/or the Golgi. This prediction has
also proved true.

The TAG in the second pool, the storage pool, has a
completely different fate. Unlike the liver, in which TAG
enters a storage pool prior to its secretion in very low-
density lipoproteins (the major TAG transport vehicle
of the liver), the intestine appears to transport absorbed
dietary fat directly into chylomicrons, without passing
through a storage pool. The storage pool acyl groups
come predominantly from endogenous sources such as
circulating FAs. If the circulating FAs are radiolabeled
and traced to the intestine, it is found that at radiolabel
steady state, most of the labeled FA is in TAG and that
the mucosal TAG has a much higher radiolabel-speci®c
activity compared to TAG that is being secreted into the
lymph. In fact, the lymph TAG has a lower speci®c
activity than does the mucosal TAG, the opposite of
what occurs when dietary TAG is radiolabeled. These
studies demonstrate that the TAG in the storage pool is
not selected for export into the lymph. Studies show,
however, that the TAG in this pool does leave the in-
testine. Because the TAG does not leave in the lymph,
and it has been shown that endogenous TAG and espe-
cially FA appear in the portal vein, it is very likely that
the TAG in this pool leaves via the portal vein, either as
TAG or, if hydrolyzed by the intestinal lipase, as FA.

The two TAG pools likely split at the level of the ER.
The rationale for this is that TAG within the ER lumen
has a radiolabel-speci®c activity that is similar to that
found in chylomicrons and approaches that of the die-
tary TAG. By contrast, the TAG on the cytosolic face of
the ER has a very low radiolabel-speci®c activity when
dietary TAG is radiolabeled. Because these two pools
appear to be separated only by the ER membrane, it is
clear that this is where the division between the two
pools occurs.

DELIVERY OF FAT TO THE
PORTAL VEIN SYSTEM

It has been established that 10ÿ15% of absorbed FA
enters the portal vein during normal lipid absorption,
with the unsaturated FAs being favored. When studied
in a more quantitative way, however, under conditions
of large intake loads, the portal vein can transport up to
39% of the absorbed lipid as FA and some as TAG.
Where do these FAs and TAGs come from? One poten-
tial is that these lipids are the ones that never cross the
ER membrane but are sequestered on the cytosolic face
of the ER. If ER in which this distribution of lipid occurs
is incubated with cytosol containing lipase, the TAG on

the outside of the ER is rapidly hydrolyzed, whereas the
TAG in the ER lumen is not touched. The amount of FA
and TAG delivered to the portal vein is inversely pro-
portional to the amount of lipid appearing in the lymph.
For example, in rats receiving PC in an intraduodenal
triolein infusion, almost all the TAG infused comes out
into the lymph. In this case, very little appears in the
portal vein. Similarly, if the input load of triolein is
greatly reduced, again, very little dietary lipid appears
in the portal vein. It is not clear in what particle the
dietary portal vein TAG is in. In snakes that lack a
lymphatic system, portomicrons are generated. A sim-
ilar situation may exist in humans, but this has not yet
been demonstrated.

PHYSIOLOGICAL CONSEQUENCES OF
LYMPHATIC/PORTAL VEIN DELIVERY

TAG that is synthesized in the intestine can be exported
in either the portal vein or the lymph. Two factors that
are known to in¯uence this process are PC and dietary
load, as discussed previously. The physiologically im-
portant question is the consequences of the TAG exiting
the intestine by either path. If the TAGs exit in chylo-
microns, their metabolism in the periphery, mostly by
adipose tissue and muscle, results in a much smaller
particle, thechylomicronremnant.Becauseof thegreatly
reduced surface area of the remnant versus the original
chylomicron particle, the surface lipids bud off
and become PC-rich disks containing predominantly
apoA-I. When these disks become loaded with choles-
terol, they become high-density lipoprotein (HDL) par-
ticles and initiate reverse cholesterol transport. The
importance of this process to overall circulating HDL
levels has recently become clearer. Mice who are mouse
apoB knockouts have a lethal mutation. However, if they
are made transgenic for the human apoB gene, they
survive. The apoB gene is expressed only in the liver,
however, and the intestine has no apoB. In this case, the
mice do not mount a chylomicronemia after eating a
lipid-loaded diet. These mice have only 36% of the levels
of circulating HDL of normal mice. It is unclear if the
same data would hold true in humans but it is clear that
HDL does form after chylomicron metabolism. By con-
trast, if dietary lipids enter the portal vein, they go to the
liver. Once in the liver, the lipids can either be stored or
oxidized. If the lipids are stored, they eventually exit the
hepatocyte in the liver's TAG-rich lipoprotein, VLDL.
This lipoprotein circulates and, on its metabolism, it
®rst becomes intermediate-density lipoprotein (IDL)
and then low-density lipoprotein (LDL). LDL is the
predominant cholesterol transporter and the recognized
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lipoprotein particle associated with the development of
atherosclerosis. Thus, forcing TAG to be exported in the
lymph is likely to be bene®cial to humans with respect to
atherosclerosis.
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Fecal Incontinence
WILLIAM E. WHITEHEAD

University of North Carolina at Chapel Hill

gluteal ¯ap transposition When the external anal sphincter

is damaged or denervated, an innervated and vascular-

ized segment of the gluteus maximus muscle may be

wrapped around the anal canal to substitute for the

external anal sphincter.

gracilis muscle Located on the inner aspect of the thigh; may

be cut at its distal end and transposed around the anal

canal to substitute for a damaged or denervated external

anal sphincter. The transposed muscle is often electri-

cally stimulated to maintain a state of contraction.

levator ani muscle Part of the pelvic ¯oor situated anterior to

the anal canal; it can be voluntarily contracted to pinch

off the rectum from the anal canal.

puborectalis muscle Sling muscle that forms part of the

pelvic ¯oor; it loops around the posterior aspect of the

rectum and anchors anteriorly to the symphysis pubis. It

maintains an angle between the rectum and anal canal

and can be voluntarily contracted to further pinch off the

rectum from the anal canal.

pudendal nerve motor latency Test for the integrity of the

pudendal nerve; involves electrically stimulating the

nerve with a ®nger-mounted electrode and measuring

the time elapsed before the external anal sphincter

contracts, as detected by electromyographic activity.

sampling re¯ex Internal and external anal sphincters

spontaneously relax for brief periods, allowing the

contents of the rectum to be exposed to the sensory

receptors in the upper anal canal.

Fecal incontinence is de®ned as recurring, unintentional

loss of fecal material in an individual with a developmen-

tal age of at least 4 years. Continence depends on rectal

reservoir capacity, sensation of rectal ®lling, and suf®-

cient strength in the striated pelvic ¯oor muscles. Rectal

or pelvic in¯ammation or injury and diseases that impair

nerve conduction may cause fecal incontinence.

INTRODUCTION

In de®ning fecal incontinence, some clinicians believe
that involuntary passage of ¯atus should be included,
because this signi®cantly impairs quality of life.
However, involuntary passage of ¯atus may occur
normally up to six times per day, making it dif®cult
to distinguish health from disease. Therefore, patients

whose only complaint is uncontrollable ¯atus
should be distinguished from patients who involun-
tarily lose liquid or formed stool. The usual amount
of incontinence should be noted: small-volume incon-
tinence (less than two teaspoons) or only staining of
underwear is ®ve to seven times more common than
large-volume incontinence and is likely to have a dif-
ferent etiology (e.g., hemorrhoids or irritable bowel
syndrome versus sphincter muscle injury or pudendal
nerve injury).

Several scales have been developed to measure the
severity of fecal incontinence. Most of these scales ask
patients to rate the frequency of gas, liquid, and solid
stool incontinence; a summary score is calculated based
on the frequency of gas incontinence plus the frequency
of liquid incontinence plus the frequency of solid in-
continence. Some severity scales also include questions
on use of pads and impact on quality of life.

EPIDEMIOLOGY

The prevalence of fecal incontinence in community-
dwelling people is 2.2ÿ6.9%, but in nursing homes,
45ÿ47% of residents are fecally incontinent. The total
prevalence of fecal incontinence, when community-
dwelling and institutionalized individuals are com-
bined, is approximately 15% of the adult population.
When surveys distinguish minor (small volume) from
major (larger volume) fecal incontinence, minor
incontinence is more common (6% minor incontinence
vs. 1% major incontinence in one large survey). The
etiologies for minor and major incontinence are be-
lieved to differ: approximately 50% of patients with
hemorrhoids report minor incontinence and about
20% of patients with irritable bowel syndrome report
occasional, minor incontinence. Major incontinence is
more likely to involve obstetrical trauma, pudendal
nerve injury, diabetes, dementia, or constipation with
over¯ow.

The prevalence of fecal incontinence increases with
age in both genders. This is partly explained by the
association of incontinence with dementia and mobility
impairment in older people. As a consequence, 97%
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of patients with fecal incontinence in nursing homes
also experience urinary incontinence whereas isolated
fecal incontinence is more common in younger and
community-living people.

Obstetrical trauma resulting in injuries to the exter-
nal anal sphincter and/or its innervation during vaginal
childbirth is a well-recognized etiology for fecal incon-
tinence, and gynecologists report that fecal inconti-
nence is eight times more prevalent in women than in
men. However, surveys of representative community
samples show approximately equal representation in
men and women.

PATHOPHYSIOLOGY

Continence is preserved by a learned, voluntary behav-
ior; in response to the perception of fecal material en-
tering the rectum, voluntarily contraction of the
external anal sphincter, puborectalis muscles, and per-
haps other muscles of the pelvic ¯oor is maintained for
long enough to allow the rectum to relax to accommo-
date an increased volume. Thus, continence depends on
three factors: the reservoir capacity of the rectum, sen-
sation for rectal ®lling, and suf®cient strength in the
striated pelvic ¯oor muscles to postpone stool passage.
These functions and the muscles on which they depend
are depicted in Fig. 1.

Rectal Compliance

As fecal material enters the rectum, the rectum is
able to relax to accommodate increased volume, and
there is little or no increase in intrarectal pressure.
This accommodation continues up to a critical thresh-
old at which the rectum re¯exly contracts. Voluntary
effort may also precipitate rectal contraction, but this is
poorly studied. Noncompliance of the rectum due to
in¯ammation (e.g., ulcerative proctitis) or scarring
(e.g., radiation injury) is associated with an increased
risk of incontinence.

Rectal Sensation

Relatively small distensions of the rectum are
consciously perceived, allowing a choice to be made
for voluntary contraction of the pelvic ¯oor muscles
and appropriate timing of defecation. De®cits in rectal
sensation, which often occur in association with
diabetes mellitus or spinal cord injury, may result in
incontinence.

Anal Sensation and Sampling Re¯ex

The internal and external anal sphincters spontane-
ously relax for brief periods (sampling re¯ex), allowing
the contents of the rectum to enter the upper anal canal.
Afferent nerve endings there may contribute to conti-
nence by allowing an individual to discriminate whether
the rectum contains gas, liquid, or formed stool. Anal
sensation is less well studied than rectal sensation.

Pelvic Floor Muscles

The pelvic ¯oor is composed of multiple muscles,
including the puborectalis and levator ani muscles. The
puborectalis is a sling muscle that anchors anteriorly to
the symphysis pubis and loops around the rectum. Nor-
mal resting tone is responsible for preserving the ap-
proximately 90� angle between the rectum and anal
canal. The puborectalis can be voluntarily contracted
to further pinch off the rectum from the anal canal and
prevent accidental passage of formed stool. The levator
ani muscles can also be voluntarily contracted to pinch
off the rectum from the anal canal. Injuries to the in-
nervation of the puborectalis and levator ani are less
common during childbirth than are injuries to the
nerves supplying the external anal canal, and for this
reason, surgeons often plicate these muscles to improve
continence following obstetrical injuries to the external
anal sphincter.

FIGURE 1 Continence depends on three factors: the reservoir

capacity of the rectum, sensation for rectal ®lling, and suf®cient

strength in the striated pelvic ¯oor muscles to postpone stool

passage.
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External Anal Sphincter

The external anal sphincter is a striated muscle sur-
rounding the anal canal; it has no bony attachments and
functions like a purse-string to close off the anal canal
with voluntary effort. It is believed to be more effective
than the puborectalis for preventing liquid and gas in-
continence. Injuries to the external anal sphincter or its
innervation are commonly associated with childbirth
and increase the risk of incontinence.

Internal Anal Sphincter

The internal anal sphincter is a smooth muscle
sphincter that normally stays closed to maintain anal
canal pressure higher than rectal pressure. It is not
under voluntary control and serves as a passive barrier
to leakage of liquid and gas. The most common injury to
the anal canal is an obstetrical tear, but decreases in
internal anal sphincter tone may also occur for un-
known reasons and may compromise continence.

DIAGNOSTIC ASSESSMENT

Medical History

A patient's medical history should include responses
to questions about (1) typical bowel habits (diarrhea or
constipation), (2) surgical and obstetrical history,
(3) other medical conditions such as diabetes mellitus,
in¯ammatory bowel disease, hemorrhoids, or irritable
bowel syndrome, (4) volume and type of stool lost, and
(5) circumstances in which incontinence occurs.

Necessary Tests

Anal canal ultrasound is the gold standard for as-
sessing the structural integrity of the internal and exter-
nal anal sphincters. In addition, anorectal manometry
should be used to assess anal canal squeeze pressure,
anal canal resting pressure, rectal sensation, and com-
pliance of the rectum.

Optional Tests

Pudendal nerve motor latencies are a measure of the
time elapsed between electrical stimulation of the
pudendal nerve and contraction of the external anal
sphincter. This is a relatively speci®c method of
detecting pudendal nerve injuries, but it lacks sensitiv-
ity. Needle electromyographic (EMG) activity can de-
tect subtle nerve injuries that may be missed by
functional tests such as anorectal manometry. Surface
EMG activity detected by perianal or intraanal

electrodes may be useful for detecting nerve injuries
and for biofeedback training.

TREATMENT

Medical Treatment

Antidiarrheal agents such as loperamide are used
when incontinence is caused or exacerbated by diar-
rhea. Laxatives may be used in patients with over¯ow
incontinence secondary to constipation with fecal
impaction.

Biofeedback

This is a behavioral treatment in which patients
are taught to improve anal canal squeeze pressures
and/or rectal sensory thresholds with the help of elec-
tronic devices that amplify and display small contrac-
tions of pelvic ¯oor muscles. This is often considered the
second line of treatment (after medical therapy) because
it involves minimal risk. Published reviews indicate that
biofeedback bene®ts approximately 75% of patients,
including approximately 50% who become completely
continent and another 25% who have fewer accidents.
However, randomized controlled trials are lacking.

Surgery

A variety of surgical techniques have been described
for the repair of separated or damaged sphincters. The
simplest is to identify the separated ends of the internal
and/or external anal sphincter, juxtapose or overlap
them, and suture them together. This may be combined
with plication of the levator ani muscles or the pubo-
rectalis muscles. The success rate is approximately 68%
at 1 year. When sphincteroplasty is not practical because
the sphincter damage is too extensive or the sphincter is
denervated, a ¯ap of gracilis or gluteal muscle may be
transposed to create a new sphincter. The transposed
muscle may be electrically stimulated to maintain it in a
contracted state until defecation is desired. In a multi-
center randomized controlled trial of gracilis transfer
surgery, 85% of patients reported initial improvement
and 66% maintained this improvement for 2 years.

Less Commonly Employed Treatments

Arti®cial sphincters similar to those used for the
treatment of urinary incontinence are reported to be
successful in small series of patients. Electrical stimu-
lation of the sacral nerve roots with implantable stim-
ulators is also employed but is still regarded as
experimental. Antegrade colonic enemas administered
through a cecal conduit have been used successfully to
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treat fecal incontinence in children with spina bi®da,
and may ®nd application in older patients.
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cytokine Nonantibody proteins secreted by multiple cell

types that act as intercellular mediators.

extracellular matrix Array of macromolecules constituting

the scaffolding for maintenance of liver architecture.

polymorphism Germ-line sequence alteration present in at

least 1% of the population.

The ®brotic response, which underlies all the complica-

tions of end-stage liver disease, is deleterious both by its

effects on cellular function (synthetic dysfunction, im-

paired metabolic activity, and encephalopathy) and by

its mechanical contribution to increased portal resistance

(ascites and variceal bleeding). Therefore, therapies that

are able to retard and reverse the ®brotic response will

have a dramatic impact on the treatment of patients with

chronic liver disease. This article will review the current

understanding of the cellular basis of hepatic ®brosis and

how these insights are leading to advances in the diagnosis

and treatment of chronic liver disease.

INTRODUCTION

Hepatic ®brosis is a reversible wound healing response
characterized by the accumulation of extracellular ma-
trix or `̀ scar'' that occurs in almost all patients with
chronic liver injury. Ultimately, hepatic ®brosis leads

to cirrhosis, characterized by nodule formation and
organ contraction. The causes of cirrhosis are multiple
and include congenital, metabolic, in¯ammatory, and
toxic liver disease (Table I).

EXTRACELLULAR MATRIX
COMPOSITION IN NORMAL LIVER
AND HEPATIC SCAR

Extracellular matrix (ECM) refers to the array of
macromolecules constituting the scaffolding of normal
and ®brotic liver. The components of hepatic extracel-
lular matrix include several families of structural and
supporting molecules: collagens, noncollagen glycopro-
teins, matrix-bound growth factors, glycosaminogly-
cans, proteoglycans, and matricellular proteins.

In the normal liver, so-called `̀ ®bril-forming'' collag-
ens (types I, III, V, and XI) are largely con®ned to
the capsule, around large vessels, and in the portal
triad, with only scattered ®brils containing types I
and III collagen in the subendothelial space. Smaller
amounts of other collagens (including types VI, XIV,
and XVIII), glycoproteins, matricellular proteins, and
proteoglycans (consisting primarily of heparan sulfate)
are also present.

Encyclopedia of Gastroenterology Copyright 2004, Elsevier (USA). All rights reserved.

34 FIBROGENESIS



treat fecal incontinence in children with spina bi®da,
and may ®nd application in older patients.
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to cirrhosis, characterized by nodule formation and
organ contraction. The causes of cirrhosis are multiple
and include congenital, metabolic, in¯ammatory, and
toxic liver disease (Table I).
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COMPOSITION IN NORMAL LIVER
AND HEPATIC SCAR

Extracellular matrix (ECM) refers to the array of
macromolecules constituting the scaffolding of normal
and ®brotic liver. The components of hepatic extracel-
lular matrix include several families of structural and
supporting molecules: collagens, noncollagen glycopro-
teins, matrix-bound growth factors, glycosaminogly-
cans, proteoglycans, and matricellular proteins.

In the normal liver, so-called `̀ ®bril-forming'' collag-
ens (types I, III, V, and XI) are largely con®ned to
the capsule, around large vessels, and in the portal
triad, with only scattered ®brils containing types I
and III collagen in the subendothelial space. Smaller
amounts of other collagens (including types VI, XIV,
and XVIII), glycoproteins, matricellular proteins, and
proteoglycans (consisting primarily of heparan sulfate)
are also present.
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With progressive ®brosis, there is both a quantitative
and qualitative shift in the matrix composition com-
pared to normals and these changes are similar regard-
less of the type of liver injury. Total collagen content
increases 3- to 10-fold, although the collagen itself is not
`̀ abnormal'' in sequence or structure. Overall, there is a

marked increase in `̀ interstitial matrix'' typical of the
healing wound, which includes ®bril-forming collagens
(types I, III, and V) and some non-®bril-forming collag-
ens (types IV and VI), several glycoproteins, as well as a
large number of proteoglycans and glycosaminoglycans.
In particular, there is a shift from proteoglycans con-
taining heparan sulfate to those containing chondroitin
and dermatan sulfates. This shift in ECM in turn con-
tributes to the loss of hepatocyte microvilli and sinu-
soidal endothelial fenestrae, which results in
deterioration of hepatic function (Fig. 1).

STELLATE CELL ACTIVATION:
THE CENTRAL EVENT IN
HEPATIC FIBROSIS

The hepatic stellate cell (previously called lipocyte, Ito,
fat-storing, or perisinusoidal cell) is the primary source
of the extracellular matrix in normal and ®brotic liver.
Hepatic stellate cells are resident perisinusoidal cells
in the subendothelial space between hepatocytes and
sinusoidal endothelial cells. They are the primary site
for storing retinoids and therefore can be recognized
by their vitamin A auto¯uorescence. In addition,
their perisinusoidal orientation and expression of the
cytoskeletal proteins desmin and glial acidic ®brillary
protein allow for their in situ identi®cation.

Studies in both animals and humans with progres-
sive injury have de®ned a gradient of changes within
stellate cells that collectively are termed `̀ activation''
(Fig. 2). Stellate cell activation refers to the transition
from a quiescent vitamin A-rich cell to a highly ®bro-
genic cell characterized morphologically by enlarge-
ment of rough endoplasmic reticulum, diminution of
vitamin A droplets, ruf¯ed nuclear membrane, appear-
ance of contractile ®laments, and proliferation. Prolif-
eration of stellate cells generally occurs in regions of
greatest injury, which is typically preceded by an in¯ux
of in¯ammatory cells and is associated with subsequent
extracellular matrix accumulation.

Stellate cell activation, the central event in hepatic
®brosis, is thought to occur in two stages: initiation and
perpetuation. Initiation refers to early events encompas-
sing rapid changes in gene expression and phenotype
that render the cells responsive to cytokines and other
stimuli. It results from paracrine stimulation due to
rapid, disruptive effects of liver injury on the homeo-
stasis of neighboring cells and from early changes in
ECM composition. Perpetuation incorporates those cel-
lular events that amplify the activated phenotype
through enhanced cytokine expression and responsive-
ness and involves at least seven discrete changes in cell

TABLE I Causes of Fibrosis and Cirrhosis

Presinusoidal ®brosis

Schistosomiasis

Idiopathic portal ®brosis

Parenchymal ®brosis

Drugs and toxins

Alcohol

Methotrexate

Isoniazid

Vitamin A

Amiodarone

Perhexilene maleate

a-Methyldopa

Oxyphenisatin

Infections

Chronic hepatitis C virus, hepatitis B virus

Brucellosis

Echinococcus

Congenital or tertiary syphillis

Autoimmune

Chronic autoimmune hepatitis

Vascular abnormalities

Chronic passive congestion

Hereditary hemorrhagic telangiectasia

Metabolic/genetic diseases

Wilson's disease

Genetic hemochromatosis

a1-Antitrypsin de®ciency

Carbohydrate metabolism disorders

Lipid metabolism disorders

Urea cycle defects

Porphyria

Amino acid metabolism disorders

Bile acid disorders

Biliary obstruction

Primary biliary cirrhosis

Secondary biliary cirrhosis

Cystic ®brosis

Biliary atresia/neonatal hepatitis

Congential biliary cysts

Idiopathic/miscellaneous

Nonalcoholic steatohepatitis

Indian childhood cirrhosis

Granulomatous liver disease

Polycystic liver disease

Postsinusoidal ®brosis

Veno-occlusive disease

Reprinted with permission from Friedman, S. (2002). Hepatic

®brosis: Consequences of liver disease. In `̀ Schiff 's Diseases of the

Liver'' (E. R. Schiff, M. F. Sorrell, and W. C. Maddrey, eds.), 9th ed.

Copyright Lippincott Williams & Wilkins 2002.
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behavior: (1) proliferation; (2) chemotaxis; (3)
®brogenesis; (4) contractility; (5) matrix degradation;
(6) retinoid loss; and (7) white blood cell chemoattrac-
tant and cytokine release. Either directly or indirectly,
the net effect of these changes is the accumulation of
extracellular matrix.

CLINICAL ASPECTS OF
HEPATIC FIBROSIS

Fibrosis Progression and Reversibility

The rate of progression of ®brosis in an individual
patient with chronic liver disease cannot be predicted
with certainty. However, some general rules apply:

1. Fibrosis usually requires at least several months to
years of ongoing insult;

2. Severity of in¯ammation and injury usually correlate
with rate of progression;

3. Concurrent hepatic insult by more than one agent is
synergistic for the progression of ®brosis;

4. The exact moment at which ®brosis becomes irre-
versible is not known;

5. Host genotype is an intrinsic determinant of ®brosis.

Diagnosis and Assessment of Hepatic Fibrosis

Accurate assessment of the extent of ®brosis is
essential to guide management and predict prognosis
in patients with chronic liver injury. Histologic assess-
ment of a liver biopsy specimen remains the `̀ gold
standard'' for quantifying ®brosis, with increasing inter-
est in the use of noninvasive markers to allow more
frequent sampling and avoid the risks of percutaneous
biopsy.

Histologic and Morphometric Methods

Several semiquantitative morphologic methods that
evaluate extracellular matrix in biopsy specimens
stained with either hematoxylin and eosin or connective
tissue stains such as Masson's Trichrome, reticulin silver
impregnation, or Van Gieson have been described.
These methods can be prone to sampling error if the
®brosis is not uniformly distributed. Semiquantitative
methods include the Knodell-Ishak score, the French
Metavir system, and others. The systems correlate well
with one another and employ a 4- to 6-point scale that
grades ®brosis based on its distribution and amount.
Standard methods may be complemented by more ac-
curate morphometric approaches using image analysis,

FIGURE 1 Matrix and cellular alterations in hepatic ®brosis. Changes in the subendothelial

space of Disse and sinusoid as ®brosis develops in response to liver injury include alterations in

both cellular responses and extracellular matrix composition. Stellate cell activation leads to the

accumulation of scar (®bril-forming) matrix. This in turn contributes to the loss of hepatocyte

microvilli and sinusoidal endothelial fenestrae, which result in the deterioration of hepatic function.

Kupffer cell (macrophage) activation accompanies liver injury and contributes to paracrine activation

of stellate cells. Reprinted from Friedman (2000), with permission of The American Society for

Biochemistry and Molecular Biology.
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in which tissue is stained with picrosirius red, which
binds type I collagen.

Noninvasive Methods

There has been considerable effort to identify serum
markers as noninvasive measures of hepatic ®brosis.
Although their accuracy and predictive value are im-
proving, they cannot yet supplant direct analysis of
liver. Several classes of molecules can be measured in
serum: (1) enzymes involved in extracellular matrix
production or modi®cation (lysyl oxidase or prolyl
hydroxylase); (2) matrix molecules (hyaluronic acid,
types IV and VI collagen, or laminin); (3) components
of matrix molecules that are cleaved off before incorpo-
ration of the parent molecule into the ®brotic bundle
(carboxy-terminal propeptide of type I collagen);
(4) ®brogenic or proliferative cytokines (transforming
growth factor-b1 or ®broblast growth factor); and
(5) enzymes involved in matrix degradation (MMP-2,

TIMP-1, and TIMP-2). Thus far, no single test has
emerged as the perfect marker of ®brosis, although it
remains possible that a battery of tests used together may
prove useful.

Several caveats must be overcome for serum markers
of ®brosis to become useful: (1) they typically re¯ect the
rate of matrix turnover, not deposition, and thus tend
to be more elevated when there is high in¯ammatory
activity. Conversely, extensive matrix deposition can go
undetected if there is minimal in¯ammation. (2) None
of the molecules are liver-speci®c, so that concurrent
sites of in¯ammation may contribute to serum levels.
(3) Serum levels are affected by clearance rates that may
be impaired due to either sinusoidal endothelial cell
dysfunction or impaired biliary excretion.

In summary, there remains a compelling need for
noninvasive markers that accurately re¯ect the matrix
content of tissue and have better prognostic accuracy
than standard clinical and laboratory indices such as the
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FIGURE 2 Phenotypic features of hepatic stellate cell activation during liver injury and resolution.

Following liver injury, hepatic stellate cells undergo `̀ activation,'' which connotes a transition from

quiescent vitamin A-rich cells into proliferative, ®brogenic, and contractile myo®broblasts. The major

phenotypic changes after activation include proliferation, contractility, ®brogenesis, matrix degra-

dation, chemotaxis, retinoid loss, and white blood cell (WBC) chemoattraction. Key mediators un-

derlying these effects are shown. The fate of activated stellate cells during resolution of liver injury is

uncertain but may include reversion to a quiescent phenotype and/or selective clearance by apoptosis.

PDGF, platelet-derived growth factor; MCP-1, monocyte chemoattractant protein-1. Reprinted from

Friedman (2000), with permission of The American Society for Biochemistry and Molecular Biology.
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Child-Pugh or MELD classi®cation. Such markers will
be invaluable as anti-®brotic therapies undergo clinical
trials in the coming years.

THERAPY OF HEPATIC FIBROSIS

The improved understanding of mechanisms under-
lying hepatic ®brosis makes effective anti-®brotic ther-
apy an emerging reality. Treatment will remain a
challenging task, however, and thus far no drugs have
been approved as anti-®brotic agents in humans. Ther-
apies will need to be well tolerated over decades, dem-
onstrate liver-speci®c targeting, and have limited
adverse effects on other tissues. Putative agents must
have direct anti-®brotic effects rather than indirect ef-
fects by abrogating the injury and must be effective in
reversing already established liver disease, which more
accurately mimics the clinical scenario in which they
would be utilized. Given the long natural history of the
®brotic response and the fact that it is the scarring, not
the injury, that usually leads to liver failure, anti-®brotic
therapies capable of even slowing the progression of the
®brotic response could lead to a dramatic improvement
in morbidity and mortality from chronic liver disease.
The paradigm of stellate cell activation provides an im-
portant framework to de®ne sites of anti-®brotic ther-
apy. These include the following: (1) cure the primary
disease to prevent injury; (2) reduce in¯ammation or
the host response in order to avoid stimulating stellate
cell activation; (3) directly down-regulate stellate cell
activation; (4) neutralize proliferative, ®brogenic, con-
tractile, and /or pro-in¯ammatory responses of stellate
cells; (5) stimulate apoptosis of stellate cells; and
(6) increase the degradation of scar matrix, by stimu-
lating cells that produce matrix proteases, by down-reg-
ulating their inhibitors, or by directly administering
matrix proteases.

FUTURE PROSPECTS

Continued progress can be anticipated in the molecular
regulation of ®brosis and its treatment. Rapid advances
in gene therapy, tissue-speci®c targeting, and high-
throughput small-molecule screening of cytokine
inhibitors are likely to bene®t diagnosis and therapy
of hepatic ®brosis. Methods have been developed for
stellate cell-speci®c targeting in animal models, which

could lead to successful targeting to minimize toxicity of
anti-®brotics, and for use as novel diagnostics. New
insights into the regulation of growth and apoptosis
could have direct implications for stellate cell behavior
in liver injury. Sequencing of the human genome and
use of microarrays may yield genetic polymorphisms
that predict the rate of ®brosis prospectively and pat-
terns of multigene expression that have clinical or ther-
apeutic implications. Additionally, there is tremendous
interest in herbal and natural anti-®brotic remedies,
particularly in the Far East, where many such com-
pounds are undergoing clinical trials. Future therapies
may emerge from these efforts as well.
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Fistula
THOMAS E. CLANCY AND DAVID B. LAUTZ

Brigham and Women's Hospital, Boston

®stula An abnormal connection between two epithelialized

surfaces, such as two hollow viscera or one hollow

viscera and the skin (`̀ enterocutaneous ®stula'').

A ®stula is most accurately described as an abnormal

connection between two epithelialized organs or between

an epithelialized organ and the skin. This article will dis-

cuss gastrointestinal ®stulas onlyÐthose involving some

portion of the alimentary tract. Although congenital

causes of ®stula exist, the majority are acquired. Further-

more, the majority of acquired ®stulae are a complication

of some surgical or endoscopic manipulation of the stom-

ach or intestine. Drainage of intestinal contents through

the ®stula tract typically leads to severe metabolic and

nutritional abnormalities, as well as local and systemic

sepsis. Historical reports from the 1960s cite a mortality

of approximately 40% from gastrointestinal ®stulas.

With improved management of the multiple nutritional

and metabolic derangements of these patients and with

improved control of sepsis, mortality is signi®cantly de-

creased but still remains substantial. Today mortality

ranges from 5 to 20%, depending on anatomic location

of the individual ®stula studied and etiology. Management

of patients with gastrointestinal ®stulas has evolved to

emphasize metabolic resuscitation, nutritional support,

and control of infection. This supportive, nonoperative

approach can be prolonged. In most cases, surgical inter-

vention is reserved for control of overwhelming contam-

ination or for the failure of a long period of conservative

management. With this algorithm, the vast majority of

®stulas will close without an operation. Notable excep-

tions include ®stulas involving a malignancy or complete

disruption of intestinal continuity.

CLASSIFICATION OF FISTULAS

Fistulae are most commonly classi®ed according to their
anatomic localization. The general term `̀ entero-
cutaneous ®stula'' usually refers to a ®stula between
the small intestine and the skin. Less common are gastric
and duodenal ®stulas, colocutaneous ®stulas, pancre-
atic ®stulas, and colonic ®stulas. Anatomic localization
is usually derived from a combination of plain contrast
®lms (®stulogram) and computed tomography (CT).
Anatomic information is further combined with etio-

logic information to characterize ®stulas as simple ac-
quired postoperative ®stulas or as spontaneous ®stulas,
such as those linked to radiation therapy, in¯ammation,
or malignancy.

Enterocutaneous ®stulae are typically described as
`̀ low-output'' if daily output from the cutaneous ®stula
is less than 5200 cc per 24 h. Similarly, `̀ high-output''
®stulas are those with4500 cc output per 24 h. The link
between output and prognosis is not accepted by all
clinicians, although many feel that site-for-site, high-
output ®stulas are associated with increased mortality
and decreased chance of successful spontaneous
closure.

Less common than the external ®stulas described
above are `̀ internal'' ®stulas between two viscera, such
as enteroenteric (i.e., between two portions of the in-
testine) or enterovesical (between the intestine and the
bladder). Internal ®stulas are more dif®cult to recognize
and have a far lower rate of spontaneous closure.

GENERAL MANAGEMENT OF FISTULAS

Stabilization

Fluids and Electrolytes

The most important aspect of the initial manage-
ment of the patient with a gastrointestinal (GI) ®stula
is the recognition and treatment of existing metabolic
abnormalities. Loss of enteric contents through the
®stula leads to dehydration, signi®cant electrolyte
abnormalities, and often acidosis (although patients
with gastric ®stulas can be alkalotic). Intravenous access
and resuscitation with isotonic crystalloid solution is
the mainstay, with invasive hemodynamic monitoring
as indicated. Oral intake generally increases ¯ow
through the GI tract and thus output from an entero-
cutaneous ®stula, so it is typically withheld. The end-
point for ¯uid resuscitation should be the correction of
electrolyte and acidÿbase derangements.

Nutrition

A signi®cant number of patients with gastrointesti-
nal ®stulas present with malnutrition. In malnourished

Encyclopedia of Gastroenterology 39 Copyright 2004, Elsevier (USA). All rights reserved.



patients, it is well recognized that complications and
mortality are increased and chances of spontaneous ®s-
tula closure are decreased. Malnutrition is particularly
common in high-output small bowel ®stulas. As noted
above, oral intake must be withheld to avoid stimulating
further ¯uid, electrolytes, and protein. Enteral nutrition
is occasionally appropriate for low-output ®stulas from
the distal intestinal tract in which adequate absorption
may be obtained or with proximal ®stulas with distal
feeding via a jejunostomy. Thus, most GI ®stula patients
require some form of parenteral nutrition.

All patients with GI ®stulas must undergo early as-
sessment of nutritional status. Common methods in-
clude determination of nitrogen balance, laboratory
data including albumin and prealbumin, and sometimes
indirect calorimetry. An estimation of baseline required
kilocalories can be obtained using the Harris-Benedict
equation. Of note, energy requirements are increased in
the setting of stress, and ®stula patients need to receive
up to 1.5 times their basal estimated energy expenditure
in order to achieve positive nitrogen balance. It is ap-
propriate in the nonseptic patient to obtain a form of
central intravenous access that will allow the patient to
receive weeks to months of parenteral nutrition.

Control of Sepsis

Loss of intestinal continuity is followed by localized
infection that involved adjacent structures and
subsequently drainage of an infected focus in the
form of a ®stula. Infection may remain localized, but
may also evolve into generalized infection with perito-
nitis or sepsis. Sepsis control involves evacuation and
washout of grossly contaminated debris. Inability to
control infection remains a major cause of morbidity
and mortality from GI ®stulas. Without control of in-
fection, successful resolution of ®stulas is very rare.
Identi®cation and localization of a septic focus are cru-
cial and CT scan is the best way to visualize intra-
abdominal collections. For stable patients, attempted
percutaneous drainage of an abscess under radiographic
guidance is a reasonable ®st step in management. The
purpose of these percutaneous drains is to create a con-
trolled ®stula whereby output can be quanti®ed, skin
can be protected, and infection can be drained.

Early operative drainage is typically reserved for
worsening infection. Aggressive intervention is not
without risks, due to signi®cant intra-abdominal in¯am-
mation and associated early adhesions. Particular indi-
cations for early operative management include the
presence of multiple collections, an open anastamosis,
incompletely drained ¯uid collections, or extensive

cellulitis. Drains should be placed next to the ®stula
whenever possible.

Skin Care

External leakage of enteric ¯uids can lead to signif-
icant breakdown in skin integrity. Multiple strategies
exist to reduce skin exposure to toxic intestinal con-
tents, including the use of ostomy appliances, liberal use
of powders and creams, consultation with an entero-
stomal therapist or wound expert, and the use of hista-
mine receptor blockers. High-output ®stulas often
require the use of ostomy appliances for adequate
control of ef¯uent. Skin breakdown will complicate ab-
dominal wall closure and interferes signi®cantly with
patient satisfaction.

Investigation /Localization of Fistula

The most useful initial radiographic study is the CT
scan. CT allows preliminary information on anatomic
localization to be acquired, but more importantly allows
an assessment of local gastrointestinal spillage in the
abdominal cavity and the need for operative or percu-
taneous drainage. Water-soluble oral contrast is most
helpful and barium should be avoided due to the severe
peritoneal in¯ammation it causes.

Additional gastrointestinal contrast studies are use-
ful for further management once the patient has been
stabilized. A `̀ ®stulogram'' can be obtained by directly
injecting water-soluble contrast into the ®stula ori®ce.
Small bowel follow-through or contrast enemas may be
indicated as well. Precise anatomic localization of the
®stula should be performed prior to any operative in-
tervention if at all possible.

De®nitive Management

Nonoperative Management

Factors associated with successful nonoperative
management With adequate control of infection, as
well as nutritional and metabolic support, most (ap-
proximately 90%) of gastrointestinal ®stulas will close
without operative management. A number of factors are
associated with high spontaneous closure rate. Colonic
and pancreatic ®stulas commonly heal without opera-
tion. Fistulas that are acute, have a long ®stula tract,
have no distal obstruction, and have low output
are more likely to heal spontaneously. Well-nourished
patients also have greater success with nonoperative
management.

Factors associated with nonhealing ®stulas
Fistulas arising in an area of previously irradiated tissue
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or in the presence of ongoing infection will rarely close.
Those ®stula involving actively diseased bowel, such
as those involving a malignancy or in¯ammatory
bowel disease are also less likely to close. Likewise, a
®stulogram showing interruption of bowel continuity
suggests that spontaneous closure is unlikely. Local me-
chanical factors such as a foreign body or distal obstruc-
tion also promote nonhealing. Finally, chronicity of a
®stula and epithelialization of the ®stula tract are asso-
ciated with decreased spontaneous closure.

Operative Management

With infection controlled, most ®stulas should close
in 4ÿ6 weeks, so surgical closure is generally not rec-
ommended until at least 6ÿ8 weeks after the onset of the
®stula. Earlier operative intervention should be limited
to control of infection and fecal diversion, if indicated.
Early operation is associated with iatrogenic bowel in-
jury and it is best to wait until acute in¯ammation has
decreased in the operative ®eld. Delayed operative man-
agement should involve meticulous sharp dissection
and resection of the involved segment of bowel with
primary anastamosis.

SITE-SPECIFIC ISSUES FOR FISTULAS

Small Bowel

The small intestine is the source of most of what are
commonly referred to as `̀ enterocutaneous ®stulas'' and
most of the above principles apply here. Most ®stulas are
iatrogenic and postoperative; of these, approximately
one-half are due to anastamotic leak and one-half are
due to unrecognized bowel injury at the time of lapa-
rotomy. Approximately one-®fth of small intestinal ®s-
tulas are spontaneous, involving in¯ammatory bowel
disease, radiation, or malignancy. Those due to radia-
tion or malignancy are particularly unlikely to heal with
conservative management.

Stomach /Duodenum

These represent a small proportion of GI ®stulas and
the vast majority are postsurgical. Duodenal ®stulas
have a high rate of spontaneous closure. Gastric ®stulae,
however, are less likely to close spontaneously, possibly
due to the high percentage associated with ongoing dis-
ease such as malignancy. Histamine receptor blockers
are particularly helpful in decreasing output and
promoting closure although somatostatin analogues
have not had similar success.

Colon /Rectum

Postoperative colonic ®stulas have a high rate of
spontaneous closure. Low-output ®stula often heal
while the patient continues to tolerate enteral feeding.
With local infection, proximal diversion of the fecal
stream may be indicated. In such cases, ileostomy is
preferred to transverse colostomy to avoid distal
bowel ischemia.

Colovesical ®stulas rarely heal without surgery and
require resection of involved colon in a one-stage
procedure. Diagnosis is most reliable with cystoscopy,
although sigmoidoscopy is also required to rule out the
presence of cancer, which would indicate an en bloc
partial cystectomy at the time of colectomy.

Radiation-associated ®stulas may present years after
radiation treatment of pelvic malignancy. These are
often complex and may involve multiple organs. Treat-
ment is primarily by proximal bowel diversion, without
attempts at ®stula resection.

Esophagus

Postoperative esophageal ®stulas after esophageal
anastamoses are more common than those after
anastamoses in other portions of the GI tract, with an
up to 10% leak rate from these anastamoses. Esophago-
gram is best for diagnosis. Leaks in the mediastinum
require thoracotomy and diversion to control sepsis,
whereas a cervical anastamosis permits cervical drain-
age and nonoperative management.

Particularly troublesome are ®stula between the
esophagus and trachea due to malignancy. These in-
volve persistent contamination of the respiratory
tract, leading to pneumonia and sepsis. Palliation is
the goal, although resection of the ®stula is complicated
by a high rate of morbidity and mortality. A new tech-
nique is esophageal intubation with endoscopic stents to
allow swallowing while preventing aspiration.

Pancreatic

Pancreatic ®stulas result from disruption of the main
pancreatic duct or one of its branches after trauma,
pancreatitis, pancreatic surgery, or splenectomy. Diag-
nosis is suspected with a peripancreatic ¯uid collection
on CT scan and is con®rmed in the external ®stula with
high amylase content in the ef¯uent. Endoscopic retro-
grade cholagiopancreatography is useful to de®ne
ductal anatomy and to identify ductal obstruction.
Bowel rest is critical to management and most of
these ®stulas will close with nonoperative management.
Somatostatin analogues may decrease ®stula output but
do not affect the rate of spontaneous closure.
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Flatulence
CHRISTOPHER J. MCNEILL

Veterans Affairs Medical Center, San Diego

aerophagia The swallowing of excessive amounts of air.

¯atulence The passage of colonic gas from the rectum.

The discomfort and embarrassment of intestinal `̀ gas''

have been a concern of humans for thousands of years.

Hippocrates authored a treatise entitled `̀ The Winds,''

which reviewed various illnesses that he postulated to

be related to this malady. Over 200 years ago, Benjamin

Franklin, with his droll sense of humor, published the

pamphlet `̀ Fart Proudly,'' in which he suggested dietary

changes as a cure to `̀ escaped wind.'' To this day, patients

continue to experience gastrointestinal symptoms that

they attribute to excess intestinal gas and, although the

physiology of ¯atulence has been better de®ned, medical

knowledge has yet to describe a cure.

SOURCE OF COLONIC GAS

Flatulence is not by itself a marker for intestinal
disease and is in fact a perfectly normal occurrence
in healthy adults. Studies of gas passage by normal
adults on a regular diet have shown great variability
in the volume of gas passed during a 24 h period
(476ÿ1496 ml with a median of 705 ml) and similar
variability in the frequency of passage (10 to 20 times
per day). For the purposes of this discussion, aerophagia
is not considered a signi®cant source of ¯atulence and
will not be considered further. There are ®ve odorless

gases that account for 99% of gas passed per rectum:
nitrogen, oxygen, carbon dioxide, hydrogen, and meth-
ane. The percentage of each gas is highly variable from
subject to subject: N2 (11ÿ92%); O2 (0ÿ11%); CO2

(3ÿ54%); H2 (0ÿ86%); and CH4 (0ÿ54%). Other
gases, present only in trace amounts, are odoriferous
and account for the noxious smell of ¯atus, which in
the case of hydrogen sul®de (H2S) can be detected by the
human nose in concentrations as low as one-half part
per billion! As above, the gas composition of ¯atus is
highly variable from person to person and is the net
result of bacterial fermentation of partially digested
foodstuffs entering the colon and to a lesser extent
the passive diffusion of gases between blood and the
colonic lumen.

Many vegetables, especially legumes and most
notably beans, contain nonabsorbable oligosaccharides
that enter the colon and provide a tasty substrate for
gas-producing bacteria. The lactose in milk and
milk products likewise is inadequately absorbed in
many adults due to a de®ciency of the enzyme lactase
(b-galactosidase), which splits this sugar into glucose
and galactose in the small intestine. Of commonly in-
gested ¯ours, only rice and gluten-free wheat ¯our
are completely absorbed and thus noncontributory to
gas production. Sorbitol and xylitol, found in many
sugar-free gums and candies, are poorly absorbed
and add to ¯atulence. Figure 1 shows the fate of
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these nonabsorbable fermentable substrates when they
meet up with billions of hungry anaerobic bacteria in the
colon. It is noteworthy that production of odorless
methane gas seems limited to only one-third of adults
and, when present in suf®cient quantities, leads to stools
that ¯oat. The combustibility of both methane and hy-
drogen can have explosive consequences for the imma-
ture individual who attempts to ignite his ¯atus.

THERAPEUTIC INTERVENTIONS

Treatable gastrointestinal pathology such as bacterial
overgrowth, chronic exocrine pancreatic insuf®ciency,

celiac disease, parasitic infestations, especially Giardia
lamblia, or other causes of maldigestion and mal-
absorption should be identi®ed and managed ®rst.
In general, pharmacological interventions with anti-
cholinergics, activated charcoal, simethicone, pro-
biotics, and antibiotics have proved ineffective. The
mainstay of therapy has been the elimination of com-
mon offending ¯atugenic foods such as milk or milk
products, beans, and sugar-free gums and candies.
Commercially available b-D-galactosidase (LactAid
drops) may be used to prophylactically treat milk or
be ingested at mealtimes in lactase-de®cient indivi-
duals to normalize lactose absorption. Soaking beans
for up to 12 h and discarding the water before cooking
or the use of a-D-galactosidase (Beano) at mealtime will
enhance digestion and reduce the ¯atulence associated
with the ingestion of beans. The selective avoidance of
many other fruits and vegetables that are cited as prob-
lematic such as apricots, bananas, bell peppers, broc-
coli, Brussels sprouts, cabbage, carrots, celery, corn,
onions, prunes, and raisins may also be helpful. Sul-
fur-rich foods such as eggs and cauli¯ower are notorious
for promoting bacterial H2S production and malodor-
ous ¯atulence. Cooking or consuming products with
rice or gluten-free wheat ¯our, which are well absorbed,
will lessen gas production in the colon. In the end, if all
else fails, walking briskly around will disperse the
sounds and smells of ¯atulence and avoid the embar-
rassment of detection.
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FIGURE 1 (1) In the colon, malabsorbed ingested material and

mucus are fermented by bacteria that subsequently release trace

gases (some of which are odoriferous), CO2, and H2. (2) A fraction

of the bacterial gases are absorbed into the blood perfusing the

colon. (3) In the right colon, H2 is consumed by bacteria in the

process of reducing sulfate to sul®de and converting CO2 to ac-

etate. (4) In addition, H2 is consumed in the left colon by

methanogens in the process of reducing CO2 to CH4. (5) N2

and O2 diffuse from the blood into the colonic lumen down a

gradient created by the production of gas by bacteria. The net

result of all of the aforementioned processes determines the com-

position and rate of excretion of gas per rectum. Adapted from

Strocchi and Levitt, with permission.
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Folate De®ciency
JUDITH K. SHABERT

Harvard Medical School

meningocele/meningomelocele Failure of closure of the

spinal cord in the lower back that results in a protrusion

of skin containing spinal tissue.

neural tube defect Congenital defect of the neural tissue

affecting the spinal cord, spine, brain, and skull,

resulting in miscarriage, fetal or neonatal death, or

disability.

vitamer Active analogue and isomer of a vitamin.

vitamin Organic substances necessary in minute quantities to

maintain normal metabolism, usually working as cofac-

tors by regulating biochemical processes.

Folate, or pteroylglutamate, is a member of a family of

naturally occurring compounds that serve as essential

vitamins in the normal metabolism of animals and

humans. Folic acid, or pteroylglutamic acid, is the synthe-

tically derived form of folate that is included in nutritional

supplements and enriched foods; its absorption is about

50% more ef®cient than the 100 or so vitamers (e.g., folate

compounds) that occur naturally in foods, particularly in

leafy vegetables such as spinach.

BIOCHEMICAL PHYSIOLOGY

Absorption

Naturally occurring folate in food is present in
the polyglutamate forms and its absorption is dependent
on enzymatic deconjugation on the brush border of
the jejunum to produce folyl monoglutamate. Folate-
binding proteins sequester folate and it is transported
across the membrane through an active transport pro-
cess. When intake of the vitamin exceeds active trans-
port mechanisms, it passively diffuses across the cell
membrane.

The 5-methyltetrahydromonoglutamyl form of fo-
late is the most abundant folate in the blood. However,
it must be demethylated to tetrahydromonoglutamate
for cellular assimilation. It undergoes polyglutamation
in a series of steps that require one molecule of ATP for
the addition of each glutamate. The polyglutamyl form
represents both the functional and the storage forms of
folate, with over one-half of the vitamin stores found in
the liver.

Biochemical Role in Methylation

The primary function of folate is to serve as a cofac-
tor for enzymatic reactions involving the transfer of
single carbons. Folic acid is essential as a one-carbon
donor (a methyl donor) and is required for the de novo
synthesis of DNA and RNA by transferring a one-carbon
unit for purine and thymidylate synthesis. Folate is also
required for the de novo synthesis of the amino acids
choline, serine, and methionine.

Folate and vitamins B6 and B12 are necessary for one-
carbon metabolism that synthesizes methionine from
homocysteine and produce S-adenosylmethionine
(SAM), the universal methyl donor. A de®ciency of
B12 produces an excess of 5-methyltetrahydrofolate,
creating a functional folate de®ciency known as the
`̀ methylfolate trap.''

GENETICS

Several hereditary enzymatic defects have been
reported related to the regeneration of methionine
from homocysteine, which can result in elevated
blood and urine concentrations of homocysteine.
The homozygous state for defects in cystathionine
synthase and methionine synthase results in a charac-
teristic syndrome of mental retardation, detached lens
of the eyes, osteoporosis, and severe atherosclerotic
and/or thromboembolic events, resulting in premature
death.

A more common defect substitutes a thymidine
for cytosine on the gene that produces 5,10-
methylenetetrahydrofolate reductase (MTHFR), an
enzyme essential for the activation of folate. This defect
(C677T mutation) results in the substitution of the
amino acid valine for alanine in the protein, which
greatly reduces the activity of the enzyme, resulting
in a folic acid-de®cient state. The homozygotic form
occurs in approximately 12% of the North American
population. Approximately 25% of the population
is heterozygous for this gene mutation. In general,
this enzymatic defect can be overcome by the admin-
istration of increased quantities of folic acid (see
Fig. 1).
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REQUIREMENTS

The Dietary Reference Intake (DRI) established in 1998
for folate for children and adults recommends nearly
double the recommendations established for folate
in 1989. The recommendation for infants ranges
from 65 to 80 mg/day. Children aged 1 to 13 years old
require 150ÿ300 mg/day, depending on their age. The
folate recommendation for adult men and women is
400 mg/day; for pregnant women, the recommended in-
take is 600 mg/day, decreasing during lactation to
500 mg/day. This recommendation for an increased in-
take of folate was a result of extensive research that
established the role of folate in the prevention of neural
tube defects. Thus, it is recommended that all females
who could become pregnant consume 400 mg/day of
synthetic folic acid in addition to the amount of folate
obtained in a well-balanced diet.

Folate requirements are increased during times of
rapid cell turnover and increased metabolism,such as
with tissue growth, infection, and recovery from cata-
bolic states. Alcohol consumption increases folate
requirements because alcohol interferes with folate uti-
lization. As previously noted, folate exerts it effects in
conjunction with other vitamins, speci®cally B6 and B12.
Thus, the requirement for folate is predicated on satis-
fying requirements for these other nutritional factors.

SOURCES

Spinach and other green leafy vegetables are rich
sources of folate along with other vegetables, fruit,
Brewer's yeast, legumes, and especially liver. In the
American diet, the most common food from which peo-
ple obtain natural folate is orange juice. Some but not all
breakfast cereals are forti®ed with folic acid to supply
the total daily value of folate (400 mg/day) per serving.
Folate is heat labile and up to 90% can be destroyed
during cooking.

In 1996, the United States Food and Drug Admin-
istration mandated that, beginning in January of 1998,
enriched cereal grain products, including wheat ¯our,
pasta, breads, corn meal, and rice, be forti®ed with folic
acid. Each 100 g of cereal grain is supplemented with
140 mg of folic acid. This mandate was instituted to in-
crease folate consumption in women of childbearing
age and thereby reduce the risk of having a pregnancy
affected by neural tube birth defect.

DEFICIENCIES

It is estimated that at least 10% of the United States
population has low folate stores, and this estimate
may increase to 50% in disadvantaged populations. De-
®ciency can result from increased requirements, from
decreased intake, from poor utilization, and from a
functional folate de®ciency associated with a de®ciency
of vitamin B12.

Some anticonvulsant medication (dilantin, pheny-
toin, carbamazepine, and diphenylhydantoin), oral
contraceptives, some antibiotics (trimethoprim, and
triamterene), and excessive alcohol intake may also
cause folate insuf®ciency. Due to the increased require-
ments of DNA and RNA for cell division, states of folate
de®ciency are most obvious in tissues with rapid cell
turnover: hematopoietic cells, the gastrointestinal tract,
the dermis, and germinal cells.

Hematopoietic System

Folate de®ciency causes anemia, and stages of folate
inadequacy are most evident in the hematopoietic sys-
tem. Stage I (negative folate balance) is manifest with
lowered plasma or serum folate 53ng/ml. In stage II
folate de®ciency, the red blood cell level is5160 ng/ml.
Hypersegmented granulocytes (43.5 lobes/cell) are
seen with stage III folate de®ciency. Stage IV de®ciency
is manifest by a full-blown anemia, with a hemoglobin
level of510 g/dl and macrocytic red blood cells.

Pregnancy

Approximately 4000 pregnancies are affected by
neural tube defects (NTDs) annually in the United
States. The major types of NTDs are anencephaly and
spinal bi®da. Half of all cases of NTDs produce anen-
cephaly, which results in spontaneous abortion, fetal
demise, or newborn death. Spina bi®da affects cases
of NTDs, with 10% of infants born with meningocele
and 90% born with myelomeningocele.

Adequate folate intake in early pregnancy could
prevent 40ÿ70% of NTDs. The neural tube is formed
between 17 and 30 days postconception (4ÿ6 weeks

FIGURE 1 Folic acid.
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after the last menstrual period). Because approximately
one-half of all pregnancies in the United States are un-
planned, the U.S. Public Health Service recommended
in 1992 that all women of childbearing age consume
400 mg/day of folic acid, even if pregnancy is not
planned. The Food and Nutrition Board of the Institute
of Medicine recognized that synthetic folic acid is more
easily absorbed than folate from food, and in 1989 they
recommended that 400 mg/day of synthetic folic acid be
consumed by all women capable of becoming pregnant.

Despite the recommendation that women of child-
bearing age consume 400 mg/day of folic acid, a 1998
Gallop poll survey of women of childbearing age dem-
onstrated that only 13% knew that folic acid reduces the
risk for NTDs and only 7% knew that folic acid should be
taken before conception; less than one-third of the
women in this survey took folic acid on a regular basis.

The prevalence of NTDs in the United States has
declined by 19% since mandatory forti®cation of cereal
grain products was implemented in 1998.

Cardiovascular Disease

The association of hyperhomocysteinemia and ath-
erosclerotic vascular disease was proposed in 1969. It is
now accepted that hyperhomocysteinemia is a modi®-
able, independent risk factor for coronary artery disease
(CAD) and peripheral vascular disease.

Adults with elevated blood homocysteine are
30% more likely to have premature vascular disease,
compared to individuals with concentrations of
510 mmol/liter. In the Framingham Study, CAD and
hyperhomocysteinemia showed an inverse correlation
with serum folate concentration. Hyperhomocystein-
emia has both genetic and nongenetic in¯uences. Indi-
viduals who are homozygous for MTHFR and have low
serum folate concentrations are at highest risk for ele-
vated blood homocysteine. In experimental animals,
elevated homocysteine levels cause an increase in coag-
ulation of the blood and may produce a deleterious
effect on the vascular endothelium.

The adverse effect of homocysteine on vessels ap-
pears to be a graded response. In patients with CAD, the
risk of death 4ÿ5 years after diagnosis is proportional to
plasma homocysteine levels. Research has demon-
strated a reduction of serum homocysteine in popula-
tions who receive folate and vitamins B12 and B6. Despite
these associations, no double-blind placebo controlled
trial has demonstrated that the provision of folate, B6,
and B12 reduces the risk of atherosclerotic vascular dis-
ease, and the American Heart Association does not
endorse the use of these vitamin supplements to treat
elevated homocysteine.

Colon Cancer

Folate inadequacy has been implicated in the devel-
opment of cancer, especially cancer of the colon. Folate
supplementation above what is presently considered to
be the basal requirement may have a protective effect. A
20-year epidemiological followup study of folate status
and colon cancer risk was determined from the ®rst
National Health and Nutrition Evaluation Study
(NHANES I). It was demonstrated that the risk for
colon cancer in men decreases in a doseÿresponse man-
ner as folate intake increases, especially for men who do
not drink alcohol and who eat a high-methionine diet.
This association was not found in women. In the Nurses
Health Study, 15 years of synthetic folic acid supple-
mentation was associated with a decreased risk of colon
cancer.

In¯ammatory Bowel and Celiac Disease

Patients with both types of in¯ammatory bowel dis-
ease (IBD)Ðulcerative colitis and Crohn's diseaseÐare
at risk for nutrient de®ciencies, including folic acid.
Reasons for this include increased folate requirements
secondary to in¯ammation and catabolism, decreased
absorption from malabsorption and in¯ammation of the
gastrointestinal mucosa, and the effect of drugs on folate
metabolism. Both methotrexate and sulfasalazine, used
to treat IBD, are folate antagonists. There are numerous
case reports of anemia and macrocytosis secondary to
folate de®ciency in patients on these medications. It
appears that there may be an increased prevalence of
a MTHFR variant in patients diagnosed with IBD
compared to the general population. This may also ex-
plain the increased incidence of thrombosis in patients
with IBD.

Individuals with celiac disease who have not been
diagnosed or those who do not follow a gluten-free
diet may develop folate de®ciency secondary to
malabsorption.

Seizure Disorders

The majority of antiseizure drugs are folate antago-
nists. Hyperhomocysteinemia with depressed folate
concentrations can be seen in patients on antiseizure
medications and it is associated with the MTHFR poly-
morphism. It is recommended that folic acid be
prescribed along with antiseizure medications to pre-
vent folate de®ciency, although the provision of exces-
sive folic acid may lower the seizure threshold. For some
patients, individual titration of medication and folic
acid may be necessary.
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Cognitive Changes

Vitamin B12 and to a lesser extent folic acid have
been associated with dementia and impairment of
cognitive function in the elderly. Elevations in
plasma homocysteine with normal serum folate have
been demonstrated in patients with Alzheimer's disease.
Cerebral spinal ¯uid folate concentrations are signi®-
cantly lower in patients with late-onset Alzheimer's dis-
ease compared to age-matched controls. Improvement
of cognitive function has been demonstrated in elderly
patients with elevated homocysteine treated with folate
and B12. Folate is critical in brain metabolic pathways
due to its role in the synthesis of choline and in the
metabolism of neurotransmitters. The prevalence of
borderline low or de®cient serum or red blood cell folate
levels in individuals diagnosed with depression is

15ÿ38%. There is evidence that individuals refractory
to antidepressant medication have inadequate folate
status as well.

See Also the Following Articles
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anaphylaxis The term is used here speci®cally as systemic

anaphylactic shock, affecting the cardiovascular

system.

atopic A hereditary predisposition to immunoglobulin E-

mediated allergic reactions against innocuous antigens

(allergens).

RAST (radioallergosorbent test) Test that measures

allergen-speci®c immunoglobulin E in the serum of

patients.

skin-prick test A small needle or lancet is pressed through a

commercial extract of a food into the epidermis. The

presence of immunoglobulin E against the food tested

results in a measurable wheal and ¯are reaction.

Food allergy is de®ned as an adverse immunologically

mediated reaction to a food protein that not only can

result in gastrointestinal symptoms but also can affect

the skin, respiratory tract, and cardiovascular system.

Food allergy can occur via different mechanisms, leading

to very diverse clinical outcomes, from anaphylactic

shock to enterocolitis. A limited number of foods are

responsible for the majority of allergic reactions. The

clinical spectrum and immune mechanisms of food allergy

are discussed in this article.

INTRODUCTION

Adverse food reactions, of which food allergy is one
category, can occur by toxic or nontoxic mechanisms.
Toxic reactions are those that can occur in anyone, given
a suf®cient dose. Nontoxic reactions occur due to host
factors, either by mounting an inappropriate immune
response to a food protein (food allergy) or by nonim-
mune mechanisms, such as lactase de®ciency resulting
in intolerance to foods containing lactose. Thus, food
allergy is only one mechanism by which adverse reac-
tions to food can occur and refers only to those that are
immunologically mediated.

Food allergies can be broadly grouped into two
categories: immunoglobulin E (IgE)-mediated and
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tions to food can occur and refers only to those that are
immunologically mediated.

Food allergies can be broadly grouped into two
categories: immunoglobulin E (IgE)-mediated and
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non-IgE-mediated hypersensitivity, also referred to as
cell-mediated or delayed hypersensitivity. Symptoms
can affect the gastrointestinal tract (nausea, vomiting,
abdominal pain, malabsorption), the skin (urticaria,
atopic dermatitis), the respiratory tract (bronchospasm,
rhinitis), and the systemic circulation (anaphylactic
shock). Although most rapid reactions that occur within
minutes to 1ÿ2 h after ingestion of the allergen are
mediated by IgE, chronic disorders affecting the gastro-
intestinal tract include both IgE- and non-IgE-mediated
mechanisms.

EPIDEMIOLOGY

Food allergy is most common in children and in atopic
individuals. Although it is common for children to
outgrow their hypersensitivity to food proteins, food
allergies remain a signi®cant problem in the adult pop-
ulation, with an estimated prevalence of 2%. In children
under 3 years of age, 8% were found to have food allergy
con®rmed by oral allergen challenge. Food allergens
affecting the pediatric and adult populations differ,
with cow's milk, egg, wheat, peanut, and soy being dom-
inant in early childhood and peanut, tree nuts, and
shell®sh constituting the main allergens of concern in
the adult population. Peanut and tree nut allergies
in particular are not frequently outgrown, providing
an explanation for their dominance as allergens in the
adult population. A strong genetic component has been
observed in food allergy, as with other atopic disorders.

CLINICAL SPECTRUM

The ®rst category of food allergic syndromes includes
those that are IgE-mediated and immediate in onset.
These include immediate gastrointestinal hypersensi-
tivity reactions, with nausea, diarrhea, abdominal
pain, or vomiting within minutes up to 1ÿ2 h after in-
gestion of the allergen. This disorder is often associated
with involvement of other organ systems, including the
respiratory tract, skin, or cardiovascular system. IgE-
mediated immediate reactions also include oral allergy
syndrome, characterized as edema and pruritis limited
to the oral cavity. These latter reactions usually occur in
individuals allergic to pollens and who cross-react to
proteins found in certain fresh fruits and vegetables.

The second group of food allergic disorders includes
those that are IgE-associated, cell-mediated, and de-
layed in onset. These include the eosinophilic gastroen-
teropathies, characterized by eosinophilic in®ltration of
the gastrointestinal mucosa. Symptoms include post-
prandial nausea, diarrhea, vomiting, and protein-losing
enteropathy. Atopic dermatitis in children is another

disorder frequently associated with food allergy. Oral
challenge exacerbates skin symptoms and allergen elim-
ination can improve clinical symptoms. Food-speci®c
T lymphocytes in eczematous lesions are thought to
mediate this link between food allergens and skin
symptoms. IgE can play a role by facilitating antigen
uptake for presentation to T cells by keratinocytes.

Non-IgE-mediated disorders affecting the gastroin-
testinal tract include dietary protein-induced proctitis
or proctocolitis, enteropathy, and enterocolitis. These
disorders affect infants and are most often associated
with reactivity to cow's milk or soy in the absence of
detectable IgE by skin-prick test or RAST (radioaller-
gosorbent test). Symptoms, depending on the site of
involvement, include vomiting, diarrhea, rectal bleed-
ing, growth failure, and hypoproteinemia. Histological
®ndings reveal eosinophilia and eosinophilic abscesses
in the colon or villous atrophy in the small intestine. A
switch to hydrolysate formula in formula-fed infants or
maternal dietary restriction in exclusively breast-fed
infants is associated with clinical improvement. Celiac
disease can also be regarded as a non-IgE-mediated food
protein-induced enteropathy.

DIAGNOSIS

The gold standard for diagnosis of food allergy is the
double-blind,placebo-controlled, foodchallenge,which
eliminates the bias inherent in self-reporting of adverse
reactions to food. The diagnostic approach begins with a
detailed history that may suggest an IgE- or non-IgE-
mediated reaction based on the suspected food, timing
of reactions, and organ involvement. IgE against partic-
ular allergens can be measured by skin-prick testing or
RAST, which measures allergen-speci®c IgE in serum.
An elimination diet excluding potential allergens iden-
ti®ed by laboratory tests should abolish symptoms and a
follow-up oral challenge using individual allergens is
used to identify those allergens that are responsible for
clinical reactivity. This is important as the presence of
allergen-speci®c IgE does not necessarily indicate clin-
ical reactivity. There are currently no well-validated
laboratory tests available for assessing non-IgE-medi-
ated food allergies. Endoscopy can be used to support
a diagnosis of food allergy in non-IgE-mediated allergic
disorders, but does not identify the allergen. A diagnos-
tic allergen elimination diet is required to identify po-
tential allergens in non-IgE-mediated disorders and a
follow-uporal challenge is used tocon®rm thediagnosis.

MANAGEMENT

Currently, allergen avoidance is the only effective strat-
egy for management of food allergy. However,
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accidental ingestion is common in patients with food
allergy due to inadequate ingredient labeling, contam-
ination during the manufacturing process of foods, or
the lack of appropriate ingredient information in res-
taurants. Food allergies are the leading cause of gener-
alized anaphylaxis seen in hospital emergency rooms
and acute severe reactions require immediate manage-
ment of respiratory and cardiovascular symptoms.
There are no established preventative therapies, but
emerging therapies under investigation include the
use of anti-IgE antibodies, immunotherapy with mu-
tated peptides or proteins, immunostimulatory oligonu-
cleotide sequences, probiotics, and complementary
medicines such as Chinese herbs.

ALLERGENS

A small number of allergens account for the majority of
food-induced allergic reactions. Typically these aller-
gens are 10ÿ70 kDa in size and are heat-stable glyco-
proteins, which may make them resistant to digestion.
Many food allergens have been identi®ed, sequenced,
and cloned. These have then been used to identify IgE-
binding sites on the protein. One of the goals of this area
of research is the development of mutated peptides or
proteins that lack IgE-binding activity, but retain T-cell
immunogenicity. These could therefore be used for
immunotherapy without the high risk of anaphylaxis
observed in food allergic patients.

MECHANISMS OF FOOD ALLERGY

A schematic illustrating the mechanisms involved
in allergen-induced gastrointestinal dysfunction is
shown in Fig. 1.

Immediate IgE-Mediated
Gastrointestinal Hypersensitivity

Animal models of food allergy have typically relied
on a model food allergen, such as ovalbumin
(OVA) from chicken egg, which when administered
systemically together with adjuvants such as alum or
pertussis toxin induces the production of OVA-speci®c
IgE antibodies in mice or rats. Antigen challenge leads to
increased epithelial permeability and ion secretion (a
driving force for water secretion and thus diarrhea) and
changes in smooth muscle function, underlying motility
changes. Antigen crosses the intestinal epithelium and
cross-links IgE bound to the surface of mast cells in the
lamina propria, inducing the release of mast cell medi-
atorsincludinghistamine,serotonin,andprostaglandins.
These mediators can then act directly on epithelial cells
and smooth muscle cells to induce the immediate

gastrointestinal symptoms observed after allergen chal-
lenge. Mast cell activation has been shown to occur in
the intestine of patients with food allergy after admin-
istration of allergen directly in the duodenum.

It has been suggested that barrier function is reduced
in patients with food allergy. In sensitized mice and rats,
epithelial cells transport antigen from the lumen to the
lamina propria by a mechanism involving IgE and its
low-af®nity receptor, CD23. This results in uptake of
antigen in greater quantities and at a faster rate than in
nonallergic animals, potentially explaining the rapid
nature of intestinal hypersensitivity reactions. CD23
has also been demonstrated on human intestinal epi-
thelial cells obtained from children with cow's milk
enteropathy, suggesting that this mechanism may also
play a role in human disease.

Chronic (or Late-Phase) IgE-Associated
Allergic Reactions

IgE-mediated mast cell activation in animal models
is associated with a late-phase reaction occurring days
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FIGURE 1 Schematic illustrating the mechanisms of allergen-

induced gastrointestinal dysfunction in food allergy. Allergen

present in the lumen must ®rst cross the epithelial barrier. Inter-

action with IgE bound to the surface of mast cells or eosinophils

can activate these cells to release mediators [histamine, serotonin,

prostaglandins (PGs)] that can have an immediate action on in-

testinal epithelial or smooth muscle function. In addition, the

release of cytokines such as TNFa from mast cells, or as yet

unidenti®ed mediators from eosinophils, can induce a late-

phase reaction characterized by mucosal injury and cellular in-

®ltration into the mucosa. Non-IgE-mediated reactions are be-

lieved to be mediated by presentation of antigen to T cells

within the intestinal mucosa by antigen-presenting cells

(APCs). Cytokines released by this interaction can induce chronic

changes in mucosal architecture and epithelial function.
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after challenge, characterized by in®ltration of mono-
nuclear cells into the gastric or intestinal mucosa
and mucosal damage. This in®ltration of leukocytes is
also commonly observed in the mucosa of patients with
food allergy. Mast cells release tumor necrosis factor a
(TNFa) after activation by IgE cross-linking and this has
been shown to contribute to the pathological changes
observed in the gastric tissue of mice after allergen chal-
lenge. TNFa is up-regulated in the mucosa of patients
with food allergy, but its role in clinical symptoms has
not been directly investigated in patients.

Eosinophils have also been shown to contribute to
gastrointestinal pathology observed after allergen chal-
lenge in sensitized mice. Eosinophilia alone is not suf-
®cient for gastrointestinal damage, however, suggesting
that an activation step must occur. This, like mast cell
activation, probably occurs via allergen/IgE triggering.
The eosinophil mediators responsible for gastrointesti-
nal damage have not yet been identi®ed.

Non-IgE-Mediated Food Allergy

The mechanism of non-IgE-mediated reactions to
food are the least understood of the gastrointestinal
allergic reactions. Peripheral blood mononuclear cells
isolated from milk allergic children release TNFa after
stimulation with milk proteins and this has been shown
to reduce epithelial barrier function in vitro. In addition,
in children with food protein-induced enterocolitis, in-
creased mucosal TNFa is associated with villous atro-
phy. TNFa is well known to play a crucial role in other
in¯ammatory diseases such as in¯ammatory bowel
disease or rheumatoid arthritis and it is conceivable
that it plays a role in chronic gastrointestinal dysfunc-
tion in food allergy, whether from IgE-triggered mast
cells or IgE-independent release from monocytes or
macrophages.

T lymphocytes are thought to orchestrate allergic
diseases through the production of cytokines such as
interleukin-4 (IL-4) and IL-13, which contribute to IgE
production, or IL-5, which in¯uences eosinophil sur-
vival. T cells may also contribute to food allergic reac-
tions by direct modulation of gastrointestinal
physiology. Cow's milk-speci®c T-cell lines grown
from the gastrointestinal mucosa of patients with
milk-induced enteropathy or eosinophilic gastroenter-
itis are predominantly of the Th2 subtype, releasing
elevated levels of IL-5 and IL-13 but not interferon-g.
In mice, the transfer of T cells from a sensitized mouse to
a naive mouse is suf®cient to induce diarrhea in re-
sponse to an allergen challenge. This may be due to

the release of IL-4 and IL-13, which have been shown
to have direct effects on intestinal epithelial ion secre-
tion and barrier function in vivo.

The possibility that IgE-mediated reactions could
occur in the absence of detectable serum IgE or positive
skin-prick test reactions should also be considered. IgE-
bearing cells and activated eosinophils have been shown
to be elevated in the lamina propria of patients with
active hypersensitivity symptoms in the gastrointestinal
tract, despite the lack of allergen-speci®c IgE or positive
skin-prick tests. Therefore, the inability to detect IgE
in serum or skin does not rule out the possibility of
IgE-mediated reactions occurring in the intestinal
mucosa, especially as IgE is produced locally in the
mucosal tissue.

See Also the Following Articles

Cow Milk Protein Allergy � Eosinophilic Gastroenteritis �
Food Intolerance
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Food Intolerance
M. CECILIA BERIN

Mount Sinai School of Medicine, New York

adverse food reaction Abnormal physiologic response to

food ingestion, due to either food intolerance or food

allergy.

food allergy (hypersensitivity) Immune-mediated reaction

to food.

food intolerance Abnormal physiologic response to an

ingested food or food additive; intolerance has not been

proved to be immunologic in nature and falls under the

umbrella term, adverse food reaction.

Food intolerance refers to nonimmunologic adverse reac-

tions to ingested foods; the physiologic reactions resolve

after dietary elimination of the food substances and re-

occur on subsequent challenges with the foods. This cat-

egory of adverse food reactions includes well-de®ned

disorders such as enzyme de®ciencies (i.e., lactose intol-

erance) and responses to pharmacological agents in food

(i.e., tyramine in cheese or wine). In addition, intolerance

includes non-immune-mediated reactions to food addi-

tives. Symptoms of food intolerance can appear identical

to those arising from immune-mediated food allergy, de-

spite the difference in underlying mechanisms. Therefore,

the two categories of disorders are often confused.

ENZYME DEFICIENCY

The most commonly reported food intolerance is due to
a de®ciency in the brush border enzyme lactase, result-
ing in intolerance to lactose, the common sugar found in
milk (see Table I). The inability to digest and absorb
lactose leaves an osmotic load in the small intestine that

draws water into the intestinal lumen and causes diar-
rhea. Patients with lactose intolerance can typically tol-
erate small amounts of lactose, whereas those with cow's
milk allergy (caused by an immune reaction to proteins
in milk) must practice complete avoidance of products
containing milk proteins. Food intolerance can also
occur due to nonspeci®c loss of brush border enzymes
secondary to in¯ammatory events in the small intestine,
where epithelial cells are damaged (such as in celiac or
Crohn's disease).

Food-induced symptoms that do not involve the
gastrointestinal tract can also occur because of enzyme
de®ciencies, such as glucose-6-phosphate dehydro-
genase (G6PD) de®ciency. G6PD de®ciency results in
hemolytic anemia after ingestion of fava beans (`̀ fa-
vism''). Fava beans contain two potent oxidants that
damage erythrocyte membranes in the absence of the
G6PD enzyme. This genetic enzyme de®ciency is not
common in the Caucasian North American population,
but is common in the Middle East and Africa.

FOOD ADDITIVES AND
PRESERVATIVES

Intolerance to a number of food additives has been re-
ported, but only a few cases have been veri®ed by ap-
propriately controlled studies, including an elimination
diet and placebo-controlled challenge. The list of caus-
ative agents includes ¯avorings and preservatives (sul-
®tes, monosodium glutamate, benzoic acid) and dyes
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(tartrazine). Sul®tes, which are antimicrobial and pre-
vent oxidation or browning of food, have been shown to
induce bronchospasm in a subset of patients with severe
steroid-dependent asthma. The prevalence of sul®te in-
tolerance has been estimated at between 2 and 8% of the
adult asthmatic population. Tartrazine, also known as
FD & C Yellow No. 5, is one of a family of azo dyes.
Tartrazine has been shown to exacerbate skin symptoms
after ingestion in a subset of patients with chronic
urticaria. Monosodium glutamate, a ¯avoring agent,
has also been reported to induce symptoms, including
headache, nausea, ¯ushing, and abdominal pain.

PHARMACOLOGICAL AGENTS

Vasoactive amines compose the largest class of
substances responsible for pharmacological reactions
to foods. These include histamine, phenylethylamine,
and tyramine. This category of food intolerance includes
agents that, given in a suf®cient dose, induce effects
in individuals regardless of host status. Individual
variation in sensitivity to histamine may be related to
expression levels of the enzyme diamine oxidase,
which degrades histamine. Histamine-rich foods in-
clude cheese, wine, ®sh, sausages, and fermented food
products such as sauerkraut. These foods can induce
food allergy-like symptoms, including nausea and diar-
rhea, in susceptible individuals. Tyramine (found in
chocolate, fermented cheeses, and pickled herring)
and phenylethylamine (found in chocolate, cheese,

and red wine) can also induce symptoms, including
migraines, in susceptible individuals. Susceptibility to
tyramine is enhanced in patients taking monoamine
oxidase (MAO) inhibitors.

FOOD INTOLERANCE IN
INFLAMMATORY BOWEL DISEASE AND
IRRITABLE BOWEL SYNDROME

Patients with in¯ammatory bowel disease (IBD) and
irritable bowel syndrome (IBS) self-report food intoler-
ance at a much higher rate than do normal controls, and
many restrict their diet accordingly. There is currently
no conclusive evidence demonstrating that food-in-
duced immunological mechanisms play a role in the
pathophysiology of these diseases. Food intolerance
may exacerbate symptoms, but there is con¯icting
evidence on the usefulness of elimination diets in the
management of IBD and IBS. Certain intolerances, such
as to lactose, may occur secondary to in¯ammatory
damage of the small intestine. The high rate of self-re-
port of food intolerance indicates the awareness of food
as a possible trigger of symptoms, and this is an area of
research that requires further investigation.

See Also the Following Articles

Carbohydrate and Lactose Malabsorption � Celiac Disease �
Colitis, Ulcerative � Cow Milk Protein Allergy � Crohn's

Disease � Food Allergy � Hereditary Fructose Intolerance �
Irritable Bowel Syndrome

TABLE I Causes of Food Intolerance

Cause Food Symptom

Enzyme de®ciency

Disaccharidase de®ciency

Lactase de®ciency Lactose or milk-containing foods Diarrhea, abdominal pain, ¯atulence

Sucroseÿisomaltase de®ciency Sucrose-containing foods Diarrhea

Trehalase de®ciency Mushrooms Diarrhea, ¯atulence

Glucose-6-phosphate dehydrogenase Fava beans Hemolytic anemia

Pharmacologic agents

Histamine Cheese, wine, fermented foods

(sauerkraut)

Urticaria, abdominal pain,

diarrhea, nausea

Tyramine Fermented cheeses, chocolate Migraine

Phenylethylamine Chocolate, cheese, red wine Migraine

Additives

Tartrazine (FD & C Yellow No. 5) Various foods Exacerbation of urticaria

Sul®tes Various foods Bronchospasm, anaphylaxis

Monosodium glutamate Various foods Headache, nausea, abdominal pain

Gastrointestinal disease

Cystic ®brosis (pancreatic insuf®ciency),

gallbladder disease, enteropathy (celiac

disease, Crohn's disease)

Various foods Diarrhea due to malabsorption/maldigestion
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Food Poisoning
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enteritis necroticans Severe necrotizing disease of the small

intestine, associated with high mortality, caused by

Clostridium perfringens type C; see also pigbel.

enterotoxin Bacterial toxin that exerts its effect by stimulat-

ing net ¯uid secretion by intestinal epithelial cells,

without damaging the cells; contrast with other types of

bacterial toxins, such as cytoskeletal-altering toxins,

cytotoxins, and toxins with immune- or nerve-

stimulating activity.

food-borne disease outbreak Two or more cases of a similar

illness that occurs after eating a common food.

norovirus Recently adopted name to designate the genus of

the viral family Caliciviridae; the viruses in this genus

were previously called Norwalk-like viruses or small

round structured viruses.

pigbel Severe necrotizing disease of the small intestine,

associated with high mortality, caused by Clostridium

perfringens type C, and named after an illness that

developed in New Guinea natives after large feasts of

inadequately cooked pork.

Food poisoning is an acute illness that develops from less

than 1 h to 15 or more hours after the ingestion of food

contaminated with bacterial, viral, or parasitic pathogens

or toxins (biological or chemical). Although the clinical

manifestations of food poisoning are generally gastroin-

testinal, neurological symptoms may occur with certain

types of ingestion. The spectrum of food-borne illness in

the United States has changed over time, in association

with globalization of food production and broadening of

consumer tastes, which have led to greater exposure to

food-borne pathogens and chemicals.

INTRODUCTION

In the United States, the morbidity and mortality of food-
borne illness have been estimated to be in the range of
76 million illnesses and 5000 deaths, respectively.
Food-borne diseases are tracked by the Centers for
Disease Control and Prevention through the Food-
borne-Disease Outbreak Surveillance System, which
has been in place since 1966. During the period
1993ÿ1997, 2751 outbreaks of food-borne illness in-
volving 86,058 persons were documented. For the out-
breaks in which a pathogen could be identi®ed (32%),
75% of the outbreaks and 86% of the cases were attrib-
utable to bacterial pathogens. In contrast, no etiologic
agent could be identi®ed in the majority of outbreaks
(68%) and the longer incubation period (�15 h) asso-
ciated with these outbreaks suggests a viral cause. These
data do not include outbreaks that occurred on cruise
ships, those in which the suspect food was consumed
outside the United States, and those transmitted
through contaminated drinking water (separately
tracked). Despite these limitations and the fact that
these data represent only a fraction of all outbreaks,
the medical and economic impact of food-borne disease
cannot be underestimated.

BACTERIAL FOOD POISONING

Bacterial food poisoning is generally attributable to 12
bacteria: Clostridium perfringens, Staphylococcus aureus,
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Bacillus cereus, Vibrio cholerae /Vibrio parahaemolyticus,
Salmonella, Clostridium botulinum, Shigella, toxigenic
Escherichia coli, and certain species of Campylobacter,
Yersinia, Listeria, and Aeromonas. In addition, group
A Streptococcus has been implicated in a few outbreaks.
Toxin-mediated illness, with short incubation times,
as exempli®ed by the ®rst three pathogens listed, is
discussed below.

Clostridium perfringens

C. perfringens is a gram-positive, spore-forming, ob-
ligate anaerobe that is normally found in the intestinal
¯ora of humans and animals and in the soil.

The typical episode of food poisoning by
C. perfringens is characterized by watery diarrhea and
severe crampy abdominal pain that develop 8 to 24 h
after the suspect meal. Vomiting is usually not a prom-
inent symptom. The illness usually resolves within 24 to
36 h after onset, with no sequelae. Although fatalities are
rare, they may occur in debilitated and /or hospitalized
patients.

This form of food poisoning is caused by a heat-
labile, 35 kDa enterotoxin produced by C. perfringens
type A. The enterotoxin is a structural protein of the
spore coat and is produced during sporulation. Unlike
cholera toxin, the C. perfringens enterotoxin has greatest
activity in the ileum and can inhibit glucose transport,
damageintestinalepithelialcells,andinduceproteinloss.

High attack rates (40 to 50 persons per outbreak) are
common. Outbreaks usually are associated with large
group gatherings and institutional settings in which
precooked meat (beef, chicken, or turkey) that requires
reheating is served. When food is cooked in large
batches for these gatherings, spores of C. perfringens
may survive and germinate as the food is cooled. If
the food is not reheated to a temperature suf®ciently
high to kill the organisms, food poisoning may develop
among individuals who ingest a large number of organ-
isms and a large amount of toxin.

In contrast, C. perfringens type C causes a more
severe illness called enteritis necroticans (Darmbrand)
or pigbel, which has a high mortality rate (� 40%).
Historically, eating rancid meat (post-World War II
Germany) and large amounts of poorly cooked pork
(New Guinea) has been associated with this illness. Al-
though rare in the United States, outbreaks have been
associated with eating chitterlings (hog intestines).

Although the enterotoxin elaborated by C. per-
fringens type C is similar to that produced by type A,
it induces a much more severe clinical course that in-
cludes bloody diarrhea, necrotizing intestinal damage,
and intestinal perforation.

Staphylococcus aureus

S. aureus was the leading cause of food poisoning
in the United States until �1973, but now ranks third.
The illness is associated with coagulase-positive
strains that elaborate heat-resistant enterotoxins A, B,
C1, C2, C3, D, and /or E (28 to 34 kDa). Most out-
breaks are caused by strains that produce enterotoxin
A alone or together with enterotoxin D. An immuno-
assay that detects toxin in food and in vitro is useful
for diagnosis in cases where the organism has been
killed, but the preformed, heat-stable toxin remains in
the sample. Phage typing has also been useful in out-
break investigations where the organism may be cul-
tured from clinical specimens (emesis or feces). Phage
type III alone, or in combination with phage type I, is
the most common type found in outbreaks. Matching
the phage type between the suspect food and affected
individuals, or food handler(s), helps to establish the
diagnosis and lines of transmission.

Staphylococci grow well in foods that have a high
salt (e.g., canned meats) or sugar/protein (e.g., custards
and creams) content and can be passed to prepared food
by food handlers who carry toxin-producing S. aureus.
It is estimated that 20 to 50% of healthy persons
carry S. aureus on their skin, in their nose, or in their
intestinal tract.

After a short incubation period (1 to 6 h), affected
individuals develop nausea, vomiting, abdominal
cramping, and later, diarrhea. Profuse vomiting may
result in dehydration and metabolic alkalosis, which
may require medical attention. Despite a stormy
acute course, the illness resolves completely in 24 to
48 h and fatalities are rare. Many patients do not seek
care because the symptoms resolve relatively quickly.

Bacillus cereus

B. cereus, an aerobic, spore-forming, gram-positive
rod is found in soil and water globally, in most raw
foods, and in human carriers (10 to 40%). The spores
are heat-resistant. B. cereus is not a common cause of
food poisoning in the United States.

B. cereus is associated with two distinct toxin-
mediated types of food poisoning: the emetic synd-
rome, which has a short incubation period (range 1 to
6 h), and the diarrheal syndrome, which has a longer
incubation period (range 8 to 16 h). The type of toxin
elaborated depends on the type of food contaminated
with B. cereus, rather than the strain of the organism.

The emetic toxin is produced in foods such as
fried rice left at room temperature, whereas proteina-
ceous foods are usually associated with the diarrheal
syndrome. Typically within 2 h of ingestion of the
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preformed emetic toxin (5 to 10 kDa), affected individ-
uals experience vomiting and abdominal cramping.
Approximately one-third of them go on to develop di-
arrhea, but in general, the illness is mild, with prompt
resolution in 8 to 10 h. B. cereus infection can be proven
by isolating 105 organisms per gram of suspect food.
However, if the food was reheated before consumption,
the heat-stable emetic toxin may persist and cause ill-
ness in the absence of viable bacteria.

The longer incubation period and large inoculum
(106 organisms per gram of food) required to induce the
diarrheal syndrome suggest intestinal colonization,
rather than preformed toxin alone, as the likely mech-
anism of disease. The diarrheal enterotoxin is a 38 to
46 kDa heat-labile protein. The majority of the patients
have diarrhea and cramps. Less than 25% experience
vomiting. The illness lasts 20 to 36 h.

DIFFERENTIAL DIAGNOSIS

The onset of gastrointestinal symptoms within 1 to 6 h
after eating suggests an illness caused by the ingestion of
a preformed toxin or a chemical irritant. If the incuba-
tion period is less than 1 h, heavy metal poisoning
should be suspected and urine samples collected to
screen for toxic chemicals.

Symptoms of zinc poisoning (nausea, abdominal
cramps, metallic taste, headache, dizziness, and chills)
have been reported to occur from 5 min to 2 h after
consuming a beverage containing emetic doses of
zinc (225 to 450 mg for adults). The beverage was acidic
and had been stored in a galvanized container. The zinc
in the galvanized metal was converted to easily absorb-
able zinc salts by contact with the acidic beverage. The
symptoms resolved after vomiting of the zinc salts. The
amount of vomiting was generally less than with food
poisoning due to a preformed toxin.

Vomiting after drinking accidentally over¯uori-
dated water has been reported to occur within 7 min
(median). In the stomach, ¯uoride combines with hy-
drogen ions to form the gastric irritant hydro¯uoric acid.
Other symptoms include nausea, abdominal pain, and
diarrhea. Fluoride poisoning also causes signi®cant
hyperkalemia and hypocalcemia, which can potentially
trigger cardiac dysrhythmias and result in death.

In benign mushroom poisoning, gastrointestinal
symptoms (nausea, vomiting, diarrhea, abdominal
cramping) begin from a few minutes to 2 to 3 h after
consumption. In contrast, the onset of gastrointestinal
symptoms is 6 to 12 h from ingestion in the more serious
types of mushroom poisoning that involve amatoxins
or monomethylhydrazine and the symptoms resolve
before progression to life-threatening hepatic or renal

disease. Incubation period alone, however, is not a
reliable predictor of benign disease, since more than
one type of mushroom is usually consumed in these
situations.

If a patient develops acute, severe epigastric pain,
nausea, and vomiting between 1 and 12 h after eating
raw ®sh, gastric anisakiasis should be suspected.
Symptoms usually subside after the nematode larvae
are expelled from the stomach by regurgitation. In
some cases, the worm may invade the gastric mucosa
and cause perforation or cause a local granulomatous
response and chronic symptoms. The worm can be seen
and removed by upper endoscopy.

Viral gastroenteritis, such as that caused by
noroviruses, also should be considered in the differen-
tial diagnosis, because it shares a similar constellation of
symptoms with food poisoning, including the abrupt
and prominent development of acute vomiting and/or
diarrhea and it may be related to the ingestion of con-
taminated seafood. The incubation period for norovirus
infection is longer (ranges from 10 to 51 h), the second-
ary infection rate is signi®cantly higher, and symptoms
last longer (1 to 5 days).

Finally, food additives, such as monosodium
glutamate (MSG), and natural toxins associated with
®sh and shell®sh consumption should be considered
if extragastrointestinal and neurological symptoms
are reported. The effect of MSG has a quick onset
(52 h following ingestion) and is characterized by a
burning sensation in the chest or chest pressure, dia-
phoresis, and lacrimation.

Syndromes associated with ®sh and shell®sh
include ciguatera ®sh poisoning (most common; asso-
ciated with toxins produced by the dino¯agellate
Gambierdiscus toxicus and other benthic algae), neuro-
toxic shell®sh poisoning (associated with red tides
caused by Gymnodinium breve, which produces
brevotoxin), diarrhetic shell®sh poisoning (okadaic
acid and dinophysistoxin-1 toxins produced by
Dinophysis fortii or D. acuminata; cases mostly from
Japan, some from Europe, and none from the United
States), amnesic shell®sh poisoning (domoic acid pro-
duced by Pseudonitzschia pungen, a diatom), and
scromboid ®sh poisoning (high levels of free histamine
due to bacterial decomposition of ®sh tissues after cap-
ture; may occur without overt evidence of spoilage).

TREATMENT AND PREVENTION

Most food-borne illnesses resolve without speci®c
therapy. General supportive measures are aimed at
maintaining adequate hydration and avoiding the use
of anti-motility drugs in cases of in¯ammatory diarrhea.
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Food poisoning is preventable. First, proper prepa-
ration of food is essential. For example, a common prac-
tice is to cook or steam shell®sh until the shells just
begin to part (usually less than 1 min of cooking
time). If cooking is terminated at that time, the internal
temperature of the shell®sh meat will likely not have
reached the 85 to 90�C maintained for 1.5 min that is
required to inactivate hepatitis A virus and noroviruses
that may be concentrated in the shell®sh.

Second, storage of food at proper holding tempera-
tures will help to prevent many cases of staphylococcal,
B. cereus, and C. perfringens outbreaks. Prompt and ad-
equate refrigeration (540�F) for cold foods and main-
tenance of temperature (4140�F) for foods served hot
are recommended to prevent the growth of bacterial
pathogens.

Third, pathogens such as noroviruses, hepatitis A
virus, Salmonella typhi, Shigella species, S. aureus, and
Streptococcus pyogenes are more likely than other path-
ogens to be transmitted by an infected food worker who
handles the food before it is served. It is, therefore,
important for food handlers to practice good hand-
washing and maintain good personal hygiene, work
with food on appropriately disinfected surfaces with
clean implements, and abide by workplace policies
that prevent symptomatic (or recently symptomatic)
employees from working in food preparation.

In conjunction with these practical guidelines, laws
have been enacted to promote the safety of domestic and

imported food. The application of sound practices at
every level of food production will help to prevent in-
cidents such as the contamination of meat products
during slaughter or processing or the contamination
of fruits and vegetables by polluted water for washing.

See Also the Following Articles
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Food Safety
JUDITH K. SHABERT

Harvard Medical School

food-borne illnesses Diseases, usually either infectious or

toxic in nature, caused by agents that enter the body

through the ingestion of food.

food-borne pathogens Microorganisms that contaminate food

destined for human consumption; Campylobacter, Sal-

monella, and Shigella are the most frequently implicated

bacteria involved in food-borne illnesses.

polychlorinated biphenyls Colorless and odorless chemicals,

once widely used in electrical equipment; now banned

from use, remain in the environment and contaminate the

food chain, primarily through waterways.

Food-borne diseases are a growing public health problem.

In industrialized countries, the percentage of people suf-

fering from food-borne diseases each year has been re-

ported to be as high as 30%. In the United States,

estimates of 6.5 to 76 million cases of food-borne diseases

occur annually, resulting in 325,000 hospitalizations and

5000ÿ9000deaths.Thecosts fromthesediseasesand lost

productivity are estimated to be $6.5ÿ35 billion annually.

OVERVIEW

The United States has one of the safest food supplies
in the world, with an interlocking system for monit-
oring production, importation, and distribution of
food. Food and water safety in the United States is reg-
ulated by a number of local, state, and national govern-
mental agencies. Within the Department of Health and
Human Services, the Food and Drug Administration
(FDA) is the primary regulator for the safety of all do-
mestic and imported food and bottled water sold
through interstate commerce. Meat, poultry, and fro-
zen, dried, and liquid eggs are under the authority of
the U.S. Department of Agriculture; the labeling and
safety of alcoholic beverages (above 7% alcohol) are
regulated by the Department of the Treasury's Bureau
of Alcohol, Tobacco, and Firearms, and the safety of
drinking water, except bottled water, is regulated by
the Environmental Protection Agency. In addition,
the National Wildlife and Fisheries Agency provides a
fee-for-service inspection of ®shery production.

Local and state public health departments and
the Centers for Disease Control and Prevention
(CDC) investigate sources of food-borne disease

outbreaks. Food produced and consumed within a state
is regulated by state agencies. This becomes particularly
important in the regulation and safety of animal foods
for human consumption, such as livestock and ®sh.

The World Health Organization indicates that cases
of food-borne diseases may be 300ÿ350 times more fre-
quent than reported cases. Although toxic metals and
other environmental hazards play a role in food-borne
diseases, pathologic microbes pose the greatest risk to
the nation's food supply. Estimates of the incidence of
microbial causes of food-borne illness are complicated
by newly emerging pathogens, which may not be tested
for when suspected outbreaks occur. There is also in-
creased antibiotic resistance in known pathogens.

Persons at greatest risk for food-borne illness are the
elderly, infants, and preschool-age children, persons
on immunosuppressive medications, those undergoing
radiation therapy, and persons infected with the human
immunode®ciency virus.

INFECTIOUS CAUSES OF FOOD- AND
WATER-BORNE ILLNESS

In the United States, the most common infectious causes
of food-borne illness, in order of prevalence, are
Campylobacter, Salmonella, and Shigella; poultry is the
food most often contaminated with disease-producing
organisms. It has been estimated that 60% or more
of raw poultry sold in retail stores carries some
disease-producing bacteria.

Antimicrobial resistance is emerging as a major
public health concern and this is primarily due to the
overprescription of antibiotics in clinical medicine.
However, the most likely cause of antibiotic resistance
in food pathogens is the use of antibiotics in food-
producing animals. Antibiotic resistance is present
in the micro¯ora of farm animals and of farm animal
food products. In the United States, an estimated 50%
of all antibiotics manufactured is provided to animals.
Antibiotics are prescribed for speci®c infectious dis-
eases in food animals as they are in humans, but
they are also given in subtherapeutic doses as growth
promoters and to prevent widespread infection in herds
and ¯ocks.
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In 1995, ¯uoroquinolones were licensed for
therapeutic use in poultry. The use of ¯uoroquinolones
in food animals has led to the emergence of reduced-
susceptibility and ¯uoroquinolone-resistant Campylo-
bacter and Salmonella. Prior to their use in poultry,
no resistant strains of Campylobacter were reported in
individuals except in those with previous exposure to
quinolones. A 1997 study by the Minnesota Health De-
partment documented that 79% of chickens sampled
from supermarkets were infected with Campylobacter
and 20% of those samples carried the antibiotic-resistant
strain.

Salmonella spp. colonize and cause disease in both
humans and animals. Salmonella enteritidis is the most
common Salmonella infection in human. In 1994, the
largest single outbreak of Salmonella infection occurred
in the United States. An outbreak of S. enteritidis affected
an estimated 224,000 persons across the country due to
contaminated ice cream from one creamery that had
nation-wide distribution. The company manufacturing
the ice cream was using good manufacturing practices
but the vehicles used to transport the pasteurized ice
cream premix were transporting unpasteurized eggs as
well. Between transports, the vehicles were not ade-
quately sterilized. An estimated six microbes per half-
cup serving of ice cream caused symptoms in those
affected. This example illustrates how rapidly an infec-
tious agent can penetrate the country because of the
great extent to which the United States has consolidated
the production of food.

Salmonella typhimurium resistance is another in-
creasing concern. Salmonella typhimurium resistance
to tetracyclines has increased from 0% in 1948 to
98% in 1998. Since ¯uoroquinolones have been licensed
for use in animals, emerging strains of ¯uoroquinolone-
resistant S. typhimurium DT104 have emerged that are
also resistant to ampicillin, streptomycin, chloram-
phenicol, and sulfonamides. Transmission of this strain
from animal-derived food (unpasteurized cheese) to
humans has now been con®rmed.

Escherichia coli O157 produces a potent verotoxin
that has been traced to contaminated meat. Subsequent
outbreaks have been con®rmed in raw sprouts, un-
pasteurized orange juice, mangoes, and lettuce. Sources
of E. coli O157 may come from imported produce that is
washed in rivers prior to shipment, rather than in po-
table water. Listeria monocytogenes, although not a com-
mon cause of food-borne disease, has a fatality rate of up
to 30% and is a known cause of miscarriage or of men-
ingitis of the fetus and newborn. The source has been
con®rmed in soft cheeses.

A number of government programs have been insti-
tuted to combat the spread of food-borne diseases from

infectious causes. In 1996, the CDC developed a
surveillance network to monitor food-borne illnesses.
The CDC's Emerging Infections Program Foodborne
Diseases Active Surveillance Network (FoodNet) covers
10.8% of the United States population in a number of
states throughout the country. This program monitors
the outbreak, incidence, and laboratory-con®rmed
cases of Campylobacter, E. coli O157, L. monocytogenes,
Salmonella, Shigella, Vibrio, Yersinia enterocolitica, Cry-
ptosporidium, and Cyclospora cayetanensis in an effort to
design interventions to reduce infections.

The FDA Center for Veterinary Medicine, together
with the CDC and the U.S. Department of Agriculture,
has established the National Antimicrobial Resistance
Monitoring System (NARMS) to monitor prospectively
changes in antimicrobial susceptibilities of enteric path-
ogens from human and animal clinical specimens, from
healthy farm animals, and from carcasses of food-pro-
ducing animals at slaughter plants. The FDA has also
moved to impose regulations to help curb the develop-
ment of antibiotic-resistant bacteria in animals. The
FDA is also enforcing the Hazard Analysis and Critical
Control Point (HACCP) system. This system is meant to
control microbial hazards as well as chemical and phys-
ical hazards. Although HACCP has been in effect for
over 20 years for many sectors of the food industry, it
now includes seafood processors and importers and
meat and poultry producers. Food handlers in the
food service industry are an important component of
HACCP.

HEAVY METALS AND
ENVIRONMENTAL CONTAMINANTS

A variety of heavy metals and environmental contami-
nants can affect the food supply, but the two substances
of greatest concern currently are methylmercury and
polychlorinated biphenyls.

Methylmercury

Mercury is released into the atmosphere by
degassing from the Earth's crust and from environmen-
tal wastes, which are the source of 2700ÿ6000 and
2000ÿ3000 tons, respectively, each year. The ®rst re-
corded episode of human mercury poisoning occurred
in Minimata, Japan, where people who lived down-
stream from a local industrial plant were exposed to
extremely high concentrations of mercury in their
drinking water. Their mercury blood levels ranged
from 9 to 24 ppm.

Mercury released into the environment undergoes
bacterial transformation to methylmercury, and in this
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form is absorbed by ®sh as it crosses their gills. It is then
concentrated in large predatory ®sh as it moves up the
food chain. Traces of methylmercury are found in most
®sh, but concentrations may be higher in areas of in-
dustrial mercury pollution. The usual concentration in
most ®sh ranges from 5 0.01 to 0.5 ppm. Except for
shark, sword®sh, large tuna (the type used to make sushi
or fresh steaks), tile®sh, and king mackerel, few species
of ®sh reach the FDA limit for human consumption of
1 ppm. Freshwater predatory species such as pike and
walleye sometimes have methylmercury levels in the
1-ppm range.

In January 2001, the FDA issued a warning for preg-
nant women and women of childbearing age to limit
consumption of shark and sword®sh to no more than
once a month. For persons other than pregnant women
and women of childbearing age, consumption of shark
and sword®sh should be limited to no more than 7
ounces per week. For ®sh with concentrations of mer-
cury averaging 0.5 ppm, consumption should be limited
to about 14 ounces per week. The types of seafood
that make up 80% of the marketÐcanned tuna, shrimp,
pollack, salmon, cod, cat®sh, clams, ¯at®sh, crabs, and
scallopsÐall have methylmercury levels 5 0.2 ppm,
and restrictions do not apply unless people eat more
than 2.2 pounds of these types of seafood per week.

The Canadian government has established guide-
lines with tighter restrictions than those in the United
States. An acceptable level of methylmercury in ®sh is
0.5 ppm. In addition to the ®sh that are restricted in the
United States, the Canadian government advises that
fresh and frozen tuna also be restricted in the diet of
pregnant women and women of childbearing age.

Polychlorinated Biphenyls

Polychlorinated biphenyls (PCBs) represent over
200 individual colorless and odorless chemicals that
were once widely used in electrical equipment such
as transformers and capacitors; the production and
use of PCBs were banned in 1976. PCBs are stable
and non¯ammable, making them ideal for industrial
application. These same characteristics have also en-
abled them to persist in the environment for long peri-
ods of time. Of the over 1.2 billion pounds of PCBs
produced in the United States prior to 1976, an esti-
mated 0.6 billion pounds still remain in the environ-
ment and have primarily been taken up through water
systems. PCBs concentrate in fatty ¯esh of larger ®sh,
such as salmon, lake trout, and carp, as they move up the
food chain. Although PCBs can be absorbed through the
skin and lungs, they primarily enter the body when
ingested in contaminated fatty ®sh. They readily pass

through the placenta and breast milk, so pregnant and
nursing women and women of childbearing age should
avoid eating ®sh from water known to be contaminated
with PCBs.

FOOD IRRADIATION

The history of food irradiation in the United States is
extensive. Patents to use ionizing radiation to kill bac-
teria in food were issued in 1905, but the ®rst use of food
irradiation by the U.S. government was in 1963 to
control insects in wheat when the shipment arrived
in Russia. To achieve the goal of controlling bacteria
and extending shelf life, the U.S. government has ap-
proved irradiation of spices, dry vegetable seasonings,
fruit and vegetables, poultry, meat, meat by-products
(sausage, etc.), fresh shelled eggs, and packaged foods.
Food irradiation is widely supported by governmental
agencies including the CDC, and industry. However,
irradiated food has not met with success in the market
place because there is extensive opposition to its use by
consumers.

There are three different technologies used to irra-
diate food: gamma rays (using radioactive cobalt or ce-
sium salt), an electron beam, and X rays. Gamma rays
can penetrate food to a depth of several feet; an electron
beam penetrates to 3 cm and X rays penetrate to several
feet. Doses of irradiation that have been approved vary
from 0.05 kGy, to inhibit sprouting in white potatoes, to
30 kGy, to sterilize herbs and spices.

With the exception of thiamin, the nutritional value
of food is relatively unaffected by irradiation. Irradiation
effectively eliminates pathogenic bacteria, molds, para-
sites, and insects from food that has been handled in a
clean and safe manner. Irradiation does not mitigate the
need for good sanitation practices on the farm or in
production plants.

Individuals have raised concerns that there is lack of
extensive testing on the long-term effects in humans of
irradiated food. Food irradiation has been likened to the
introduction of a new antibiotic, and opponents to its
use suggest that further research is required prior to the
large-scale introduction of this technology into food
production.

FOOD HANDLING

Although the FDA and other agencies set standards
for commercial food handling, the consumer must be
aware of basic rules that apply when purchasing and
preparing food. Susceptible foods should be refriger-
ated, meats should be adequately cooked, dishes and
kitchen counters should be sanitized periodically
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(and especially after preparing raw meat and ®sh), and
only a reliable dealer should supply fresh raw seafood.
Other advice is available on the FDA web site (http://
www.fda.gov/fdac/features/895_kitchen.html).

MORE INFORMATION

Additional information can be obtained from the fol-
lowing sources:

1. FDA Of®ce of Consumer Affairs, HFE-88, Rockville,
Maryland 20857.

2. FDA Consumer Information Line, 1-800-532-4440;
301-827-4420 in the Washington, D.C. area; 10 a.m.
to 4 p.m. Eastern time, Monday through Friday.

3. FDA Seafood Hotline, 1-800-FDA-4010; 202-205-
4314 in the Washington, D.C. area; 24 hours a day.

4. USDA Meat and Poultry Hotline, 1-800-535-4555;
202-720-3333 in the Washington, D.C. area;

recorded messages available 24 hours a day; home
economists and registered dietitians available 10 a.m.
to 4 p.m. Eastern time, Monday through Friday.

Information is also available from local county ex-
tension home economists, local health departments,
and food manufacturers.

See Also the Following Articles

Campylobacter � Cholera � Cryptosporidium � Foodborne

Diseases � Salmonella � Shigella � Yersinia
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Affairs web site. Retreived at http://www.foodsafetyresources.
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Foreign Bodies
CYNTHIA D. DOWNARD, SNOW PENA-PETERSON, AND TOM JAKSIC

Children's Hospital Boston

achalasia Abnormal relaxation of the sphincter at the bottom

of the esophagus, causing dif®culty swallowing.

bougie A ¯exible tube used to calibrate or gradually open a

narrowed cylindrical passage.

esophagoscopy Inspection of the interior of the digestive

tract connecting the mouth and stomach with an

endoscope.

mastication The process of chewing food in preparation for

swallowing and digestion.

Foreign body ingestion is a common diagnosis in the

pediatric emergency department; it is usually due to ac-

cidental swallowing of nondigestible objects. Foreign

body aspiration is the leading cause of unintentional mor-

tality in children under 1 year of age and accounts for 7%

of deaths in children under 4 years of age. Infants and

toddlers are at risk for aspiration of food items, especially

small hard objects such as peanuts, due to their limited

experience with chewing prior to swallowing. Small

household objects, such as coins, pins, batteries, and

small toys such as Legos and tiddly winks, pose a problem

for older children. Although most foreign body ingestions

usually result in little morbidity, prompt recognition and

treatment are important.

Ingested foreign bodies may move asymptomatically
through the esophagus and intestinal tract. If the object
does not pass easily, children may develop abdominal
pain, vomiting, choking, coughing, cyanosis, refusal to
eat or drink, and wheezing. Treatment for foreign
body ingestion is not standardized. The size, shape,
and nature of the foreign body play an intricate role
in the determination of appropriate management.
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Foodborne Diseases
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hemolytic uremic syndrome A syndrome de®ned as the triad

of acute renal failure, microangiopathic hemolytic anemia,

and thrombocytopenia that follows infection with certain

strains of enterohemorrhagic Escherichia coli, particularly

serotype O157:H7. The syndrome appears to be mediated

by bacteriophage-encoded Shiga toxin expressed during

infection.

nontyphoidal Salmonella (NTS) The most important agents

of foodborne illness, second only to campylobacteriosis

in incidence. More than 2400 serotypes of NTS have

been identi®ed; all are now considered members of a

single species, Salmonella enterica, and are commonly

designated by their capitalized, nonitalicized serotype

name. Most NTS are named for the place where they

were ®rst isolated. For example, `̀ Salmonella Newport''

refers to S. enterica serotype Newport.

secondary spread Transmission of infection from an index

case to close contacts. In foodborne diseases, this usually

is via fecalÿoral contamination of foodstuffs.

typhoid fever Often called `̀ enteric'' fever. This is a syndrome

characterized by high fevers, chills, abdominal pain,

bacteremia, and metastatic seeding of organs, bones, and

other structures with bacteria. Diarrhea may or may not be

present. The principal agent is Salmonella enterica,

serotypesTyphi andParatyphi; several rarer NTSserotypes

have been occasionally implicated as well. Prior to the

availability of antibiotics, this disease was frequently fatal.

Foodborne illness includes all diseases that may be infec-

tious or toxin-mediated that are passively introduced into

patients by means of a food vehicle. A disease is generally

considered foodborne if it meets the following two crite-

ria: (1) two or more persons experience a similar illness,

usually gastrointestinal, after ingestion of a common food

and (2) epidemiologic analysis implicates food as the

source of the illness. The Centers for Disease Control

estimate that 76 million new domestic cases of food poi-

soning occur annually, making them among the most com-

mon diseases af¯icting modern society. They also incur

great human and ®nancial costs, with 4000 to 5000 deaths

annually and between 4 and 23 billion dollars per year in

direct patient care costs.

CHANGING EPIDEMIOLOGY OF
FOODBORNE DISEASES

The epidemiology of foodborne illnesses in the
developed world has undergone signi®cant changes

during the past half century. Signi®cantly, improve-
ments in sanitation and hygiene have almost eliminated
some of the `̀ classical'' gastrointestinal diseases, such as
cholera and typhoid fever (see Fig. 1). However, these
pathogens have been replaced by other pathogens more
uniquely adapted to the conditions established by our
modern food production and distribution systems. This
evolution is typi®ed by the nontyphoidal Salmonella
(NTS), Campylobacter jejuni, and strains of entero-
hemorrhagic Escherichia coli (EHEC), all of which
have `̀ emerged'' over the past century as signi®cant
threats to public health. Remarkably, Ca. jejuni, the
most common bacterial cause of gastroenteritis in the
United StatesÐcausing between 2 and 4 million cases of
acute diarrhea per yearÐwas not even recognized as a
cause of diarrhea until the late 1970s.

The current pattern of infectious foodborne disease
outbreaks differs substantially from the pattern 50 years
ago. Prior to the Second World War, outbreaks usually
occurred in tight clusters and could be more easily at-
tributed to a single locally produced point-source food
exposure. Secondary spread from cases to close contacts
was relatively common.

In the 21st century, the average U. S. consumer has
� 60,000 food items readily available for consumption,
most of which can be found in a typical modern super-
market. Very few of these items will have been produced
within 500 miles of the consumer, but are instead mass
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FIGURE 1 Reported incidence of typhoid fever and non-

typhoidal salmonellosis, 1920ÿ2000. Adapted from Tauxe et al.

(1997), Emerg. Infect. Dis. 3(4), 425ÿ434.
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produced centrally and then widely distributed via an
increasingly complex network of distribution channels.
Contamination of food items at the point of production
thus has the potential for causing widespread outbreaks
on an unprecedented scale. This potential was amply
demonstrated in 1994 when a contaminated milk truck
transporting ice cream premix resulted in over 224,000
cases of intestinal salmonellosis across 41 states.

Another consequence of this widespread distribu-
tion of food items is that it presents unique challenges to
public health of®cials since the true scope of an out-
break may easily go unrecognized. This feature also
complicates efforts to coordinate strategies to interrupt
the chain of transmission. Moreover, for pathogens with
low attack rates, it may be dif®cult to recognize that an
outbreak is even occurring. Produce items have increas-
ingly been identi®ed in the context of large-scale out-
breaks due to such organisms as NTS, EHEC, and
Cyclospora cayetanensis (see Table I). Alfalfa and
other seed sprouts appear to be particularly ef®cient
vehicles and have caused at least 1500 culture-
con®rmed cases of disease over the past 10 years (see
Table II). Due to the inevitable underreporting of infec-
tions, these culture-con®rmed cases likely represent
closer to 50,000 actual infections in the community.

CAUSES OF FOODBORNE DISEASES

Overview

Numerous infectious and noninfectious agents can
cause foodborne illnesses. Table III summarizes the eti-
ologic breakdown and predicted pathogen-speci®c

mortality for the estimated 38 million yearly cases for
which a particular agent has been directly implicated; an
additional 38 million unexplained, though probably in-
fectious, cases are believed to occur annually. Numer-
ically, viruses are the most frequent agents of diarrheal
disease though only approximately 30% of cases of viral
gastroenteritis occur via foodborne transmission as op-
posed to person-to-person transmission.

However, most of the severe morbidity and death is
due to bacterial pathogens, particularly NTS, Ca. jejuni,
and Listeria monocytogenes. Unusual sporadic causes of
foodborne illness include intoxications due to inorganic
poisons, such as heavy metals and agricultural pesti-
cides, and organic toxins, such as puffer®sh poisoning
and the hepatotoxic death cap mushroom, Amanita
phalloides. Table IV summarizes some of the less com-
monly encountered agents of foodborne diseases and
their syndromes.

Bacterial Causes of Foodborne Illness

In the developed world, Ca. jejuni and NTS account
for the majority of foodborne bacterial gastroenteritis,
with enteric fever due to Salmonella typhi now causing
less than 0.1% of all U.S. foodborne disease. Although
Ca. jejuni is usually associated with small, self-limited
point-source outbreaks, usually traced to poultry, raw
milk, or contaminated surface water, NTS are hardy and
may continue to replicate outside the host animal. These
biological features may underlie the propensity of NTS
to cause widespread outbreaks involving multiple states
or countries.

TABLE I Recent Foodborne Outbreaks Traced to Contaminated Fresh Produce

Year Pathogen Vehicle Cases (No.) States (No.) Source

1990 Salmonella Chester Cantaloupe 245 30 Central America

1990 Salmonella Javiana Tomatoes 174 4 U.S.

1990 Hepatitis A Strawberries 18 2 U.S.

1991 Salmonella Poona Cantaloupe >400 23 ? U.S. vs Central America

1993 Escherichia coli O157:H7 Apple cider 23 1 U.S.

1993 Salmonella Montevideo Tomatoes 84 3 U.S.

1994 Shigella ¯exneri Scallions 72 2 Central America

1995 Salmonella Hartford Orange juice 63 21 U.S.

1995 E. coli O157:H7 Leaf lettuce 70 1 U.S.

1996 E. coli O157:H7 Leaf lettuce 49 2 U.S.

1996 Cyclospora cayetanensis Raspberries 978 20 Central America

1996 E. coli O157:H7 Apple juice 71 3 U.S.

1997 Cy. cayetanensis Raspberries 80 5 Central America

1999 Cy. cayetanensis Basil 64 1 U.S./Mexico

1999 Salmonella Thompson Cilantro 76 1 U.S.

1999 Salmonella Baildon Tomatoes 86 8 U.S.

Note. Adapted from Tauxe et al. (1997). Emerg. Infect. Dis. 3(4), 425ÿ434.
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Other important bacterial causes of gastroenteritis
include Shigella spp., highly contagious pathogens that
readily spread from person to person and which are the
predominant cause of bacillary dysentery worldwide;
Yersinia enterocolitica, common zoonotic organisms
epidemiologically linked to swine herds; and Vibrio
parahaemolyticus, a sporadic agent of gastroenteritis fre-
quently associated with shell®sh consumption in coastal
areas of the United States during periods of warmer
ocean temperatures.

Recently, Shiga toxin-producing strains of EHEC
have emerged as important foodborne pathogens.
EHEC share epidemiologic features similar to those
of NTS in that they continue to replicate outside of a
host animal/patient and thus are capable of causing
widely disseminated point-source outbreaks of disease,
but share with Shigella the ability to cause secondary
infections. EHEC are strongly associated with causing
the hemolytic uremic syndrome and are now under-
stood to be the most common cause of pediatric end-
stage renal disease.

Although L. monocytogenes infrequently causes
febrile gastroenteritis, controlling foodborne listeriosis
remains an important public health priority. This is
due to the organism's disproportionate lethality, its ten-
dency to cause permanent neurologic sequelae in its

survivors, its innate tolerance to antimicrobials, and
its association with both neonatal sepsis and prenatal
fetal demise.

Viral Causes of Foodborne Illness

Viral infections are the most common agents of
acute, watery, gastroenteritis in adults and children,
though mortality is low. Although it is not a cause
of gastroenteritis, hepatitis A virus is of particular
public health concern. Hepatitis A is highly infectious,
is pathogenic, and may cause fatal fulminant hepatitis in
0.5ÿ2% of patients, with risk increasing with age. A
highly ef®cacious vaccine was introduced in 1995.
It is used mainly for primary prophylaxis of high-risk
populations and international travelers, but has also
been used to terminate outbreaks and appears to prevent
or attenuate symptomatic disease if given up to 2 weeks
following exposure to hepatitis A.

Parasitic Causes of Foodborne Illness

Parasitic infections are comparatively rare but in-
clude several important pathogens. Cryptosporidium
parvum recently achieved notoriety in 1993 after a
contaminated municipal water supply caused illness
in approximately 400,000 individuals. Cryptosporidium

TABLE II Recent Outbreaks Associated with Seed Sprouts

Year Pathogen

No. of

culture-con®rmed

cases Location

Type of

sprout

Likely source of

contamination

1973 Bacillus cereus 4 1 U.S. state Soy, cress,

mustard

Seed

1988 Salmonella Saint-Paul 143 United Kingdom Mung Seed

1989 Salmonella Gold Coast 31 United Kingdom Cress Seed and /or sprouter

1994 Salmonella bovismorbi®cans 595 Sweden, Finland Alfalfa Seed

1995 Salmonella Stanley 242 17 U.S. states,

Finland

Alfalfa Seed

1995ÿ1996 Salmonella Newport 133 >7 U.S. states,

Canada, Denmark

Alfalfa Seed

1996 Salmonella Montevideo

and S. meleagridis

� 500 2 U.S. states Alfalfa Seed and /or sprouter

1996 Escherichia coli O157:H7 � 6000 Japan Radish Seed

1997 E. coli O157:H7 126 Japan Radish Seed

1997 S. meleagridis 78 Canada Alfalfa Seed

1997 Salmonella infantis

and S. anatum

109 2 U.S. states Alfalfa, mung,

other

Seed

1997 E. coli O157:H7 85 4 U.S. states Alfalfa Seed

1997ÿ1998 Salmonella Senftenberg 52 2 U.S. states Clover Seed and /or sprouter

1998 E. coli O157:NM 8 2 U.S. states Clover, alfalfa Seed and /or sprouter

1998 Salmonella Havana, S. Cubana,

and S. Tennessee

34 5 U.S. states Alfalfa Seed and /or sprouter

1999 Salmonella Mbandaka 81 4 U.S. states Alfalfa Seed

Note. Adapted from Taormina et al. (1999). Emerg. Infect. Dis. 5(5), 626ÿ634.
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infections are frequently chronic and potentially fatal
in patients with impaired cell-mediated immunity. At
present, no effective antimicrobial agents are available
for treatment of cryptosporidiosis; despite showing
initial promise in uncontrolled trials, more recent ran-
domized /placebo-controlled trials have shown no ben-
e®t to paromoycin for the treatment of autoimmune
de®ciency syndrome patients with cryptosporidiosis.
Cyclospora cayetanensis recently achieved notoriety
after causing back-to-back outbreaks in 1996 and
1997 linked to contaminated Guatemalan raspberries.
Cryptosporidium parvum, Cy. cayetanenesis, Isospora
belli, and other intestinal coccidian protozoans patho-
genic to humans produce a subacute to chronic diar-
rhea, often complicated by malabsorption and wasting,
particularly in immunosuppressed patients.

Giardia lamblia is a common zoonotic protozoan
cause of acute self-limited gastroenteritis that generally
responds well to antimicrobials. Serious sequelae of
giardiasis are rare and usually a consequence of dehy-
dration. Although it is usually a waterborne infection,
� 10% of giardiasis may be foodborne.

Bacterial Toxin-Induced Foodborne Illness

Ingestion of preformed bacterial toxins is a frequent
cause of foodborne disease outbreaks. The most dan-
gerous of these is the botulinum toxin, for which prompt
administration of antitoxin (provided free on request
from the Centers for Disease Control and Prevention)
may prevent or attenuate the development of a poten-
tially fatal paralysis if administered early in the course of

TABLE III Foodborne Illnesses Due to Known Pathogens

Pathogen Estimated casesa Total cases (%) Foodborne (%) Deaths (No.) Fatality rate

Bacterial

Campylobacter spp. 2,453,926 14.2 80 124 0.001

Salmonella, nontyphoidal 1,412,498 9.7 95 582 0.0078

Shigella spp. 448,240 0.6 20 70 0.0016

Yersinia enterocolitica 96,368 0.6 90 3 0.0005

Toxigenic Escherichia coli (ETEC) 79,420 0.2 70 0 <0.001

E. coli O157:H7 (EHEC) 73,480 0.5 85 61 0.0083

E. coli non-O157:H7 (EHEC) 36,740 0.2 85 7 0.0083

Noncholera Vibrio spp. 7,880 <0.1 65 20 0.025

Listeria monocytogenes 2,518 <0.1 99 504 0.2

Brucella spp. 1,554 <0.1 50 11 0.05

Salmonella Typhib 824 <0.1 80 3 0.004

Vibrio vulni®cus 94 <0.1 50 37 0.39

Toxin-mediated illnesses

Clostridium perfringens 248,520 1.8 100 7 <0.001

Staphylococcal food poisoning 185,060 1.3 100 2 <0.001

Streptococcal food poisoning 50,920 0.4 100 0 <0.001

B. cereus 27,360 0.2 100 0 <0.001

Clostridium botulinum 58 <0.1 100 4 0.08

Parasitic

Giardia lamblia 2,000,000 1.4 10 10 <0.001

Cryptosporidium parvum 300,000 0.2 10 66 0.005

Toxoplasma gondii 225,000 0.8 50 750 <0.001

Cyclospora cayetanensis 16,264 0.1 90 0 <0.001

Trichinella spiralis 52 <0.1 100 0 0.003

Viral

Caliciviruses (includes Norwalk) 23,000,000 66.6 40 310 <0.001

Rotavirus 3,900,000 0.3 1 30 <0.001

Astrovirus 3,900,000 0.3 1 10 <0.001

Hepatitis A virus 83,391 5 0.1 5 83 0.003

Total cases of diarrheal illness 38,629,641a Bacterial 30% Parasitic 3% Viral 67%

Note. Data from Mead et al. (1999). Emerg. Infect. Dis. 5(5). EHEC, Enterohemorrhagic E. coli; ETEC, enterotoxigenic E. coli.
a Case numbers are estimates derived from active and passive surveillance data, hospital discharge diagnoses, historical case ratios, and

individual outbreaks.
b Greater than 70% of typhoid cases were imported from outside of the United States.
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the disease. Botulinum intoxications most commonly
follow ingestion of foods that were contaminated with
Cl. botulinum spores and then were allowed to incubate
under strictly anaerobic conditions, though inoculation
of spores into wounds can occasionally cause botulism
also. By contrast, the rare syndrome of infant botulism
signi®es an actual infectious process. This occurs when
honey contaminated with Cl. botulinum spores is fed to

young infants whose intestinal ¯ora has not yet matured
to the point where it would naturally suppress the
growth of these bacteria.

Strains of Bacillus cereus, Staphylococcus aureus,
Streptococcus pyogenes, and Clostridium perfringens all
can colonize poorly preserved foods or undercooked
foods. Although none of these organisms will invade
the mammalian gut and lead to a replicative infectious

TABLE IV Uncommon Agents of Food Poisoning and Their Syndromes

Syndrome categories Nature of disease/comments

Meat-borne

Gastrointestinal anthrax Usually caused by consumption of animals killed by anthrax; abdominal pain, nausea,

vomiting, hematemesis, bloody diarrhea, and bacteremia progressing to death from

septic shock

Trichinosis Ingestion of larvae of Trichinella spiralis in undercooked pork or beef may result in a syndrome

of diarrhea, abdominal pain, and vomiting followed by fever, painful myositis,

weakness, eosinophilia, and periorbital edema

Fish /shell®sh borne

Anisakiasis Syndrome of acute epigastric or abdominal pain, nausea, and vomiting after ingesting

parasitic larvae in herring, squid, mackerel, salmon, and other white ®shes

Ciguatera ®sh poisoning Follows ingestion of barracuda, red snapper, amberjack, and grouper; dino¯aggelate

neurotoxin concentrated in the ®sh leads to nausea, vomiting, diarrhea, cramps,

hotÿcold reversal, myalgias, blurred vision, and paralysis

Scombroid poisoning A pseudo-allergenic, ingested histamine-mediated syndrome of wheezing, ¯ushing,

dizziness, nausea, vomiting, and diarrhea; colonizing gram-negative bacilli convert ®sh

histadine to histamine within the ¯esh of the ®sh

Puffer®sh poisoning Sodium channel-blocking tetrodotoxin is concentrated in the ®sh's liver and ovaries;

ingestion leads to respiratory failure and paralysis

Shell®sh poisoning (red tide) Each syndrome results from dino¯aggellate toxins that are concentrated within the

tissues of ®lter-feeding shell®sh

Paralytic Symptoms include paraesthesias, dyspnea, and paralysis

Neurotoxic Milder than paralytic shell®sh poisoning; symptoms include nausea, vomiting, diarrhea,

reversal of hotÿcold sensation, paraesthesias, and confusion

Diuretic Dinophysotoxins from the genera Dinophysis and Prorocentrum mediate this acute,

self-limited syndrome of diarrhea and vomiting

Amnestic Symptoms include gastrointestinal distress, diarrhea, confusion, and temporary or

persistent loss of short-term memory formation

Haff syndrome Epidemic rhabdomyolysis due to an unidenti®ed toxin in bottom-dwelling freshwater

®sh; originally described near the Black Sea; now reported in California also

Fungal

Mushroom poisoning The classic example is the lethal hepatotoxin of Amanita phalloides

Mycotoxins

Ergotism Epidemic gangrenism and /or psychosis due to rye products contaminated by ergots of the

fungus Claviceps purpurea

A¯atoxin Aspergillus ¯avus and A. parasiticus produce a¯atoxin, a potent carcinogen and putative

human carcinogen; presents acutely as fever and fulminant hepatitis

Vegetable

Neurolathyrism Chronic consumption of the seeds of the grass pea, Lathyrus sativus, causes spasticity

and hypermicturation

Hemagglutinin poisoning Consumption of unsoaked and boiled red kidney beans, Phaseolus vulgaris, results in

nausea, vomiting, and diarrhea

Ackee fruit ( Jamaican vomiting

sickness)

Underripe fruits contain high concentrations of hypoglycin, a naturally occurring

insulin-like substance; symptoms include nausea, vomiting, confusion, and coma

Note. Reprinted from Gill, C.J. (2001). Foodborne illness. Curr. Treat. Options Gastroenterol. 4(1), 23ÿ38, with permission. Copyright Current

Medicine Inc.
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gastroenteritis, they secrete enteric toxins that do
traverse the acid barrier and can lead to an abrupt
self-limited syndrome of nausea, vomiting, and diarrhea
that is not easily distinguishable from infectious forms
of gastroenteritis.

MANAGEMENT OF
FOODBORNE DISEASES

The response to foodborne illness has two essential
components: the clinical management of acutely ill pa-
tients and the accompanying public health investigation
as to the etiology, route, vehicle, and extent of commu-
nity exposure of the agent in question. The public health
intervention may be limited to counseling consumers
about the risks posed by certain food items or strategies
to reduce these risks or issuing health advisories. Other
interventions include mandating voluntary or involun-
tary product recalls and embargos and in rare cases
enforcing quarantines. As opposed to failure to pre-
scribe the appropriate antibiotic, complications due
to hypovolemiaÐchie¯y metabolic acidosis and elec-
trolyte imbalancesÐare the major cause of death due
to foodborne illness. Oral rehydration salts offer a con-
venient, cheap, and highly effective mechanism for
managing most patients with mild to moderate dehy-
dration, whereas intravenous therapy may be required
for seriously ill patients.

The indications for antibiotics are ill-de®ned and
frequently debated by experts in the ®eld. Although
most of the bacterial pathogens show in vitro sensitivity
to commonly used antibiotics, clinical evidence sup-
porting their use for non-travel-associated diarrhea is
lacking in most cases, with the notable exceptions of
shigellosis and typhoid fever, where therapy is clearly
bene®cial. Empiric trials of antibiotics for acute gastro-
enteritis show that antibiotic therapy shortens the av-
erage duration of illness by 1ÿ3 days. Caution is raised,
however, by other studies indicating that antibiotics
may worsen outcomes in the case of infection with cer-
tain pathogens. In the case of uncomplicated NTS in-
fections, the indication for antibiotics is hotly disputed,
given earlier studies showing that antibiotic therapy
prolongs the duration of bacterial shedding, increases
relapse rates and has no discernible impact on shorten-
ing the duration of illness. Exceptions include
bloodstream or disseminated infections or infections
in severely immunocompromised patients who are at
high risk of developing disseminated disease.

EHEC infections may be of greater concern:
epidemiologic and laboratory data indicate that certain
DNA-active antibiotics, notably sulfonamides and
¯uoroquinolones, may increase the risk of developing

hemolytic uremic syndrome (HUS) for patients with
EHEC infections. Despite several reports supporting
the use of fosfomycin in this disease, the evidence prov-
ing that this drug reduces the risk of HUS is inconclu-
sive. For these reasons, most authorities recommend
that antibiotics be used with great caution when
EHEC infections are suspected. As with NTS infections,
antibiotics are indicated if patients appear to have
disseminated disease or bacteremia.
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Food Intolerance
M. CECILIA BERIN

Mount Sinai School of Medicine, New York

adverse food reaction Abnormal physiologic response to

food ingestion, due to either food intolerance or food

allergy.

food allergy (hypersensitivity) Immune-mediated reaction

to food.

food intolerance Abnormal physiologic response to an

ingested food or food additive; intolerance has not been

proved to be immunologic in nature and falls under the

umbrella term, adverse food reaction.

Food intolerance refers to nonimmunologic adverse reac-

tions to ingested foods; the physiologic reactions resolve

after dietary elimination of the food substances and re-

occur on subsequent challenges with the foods. This cat-

egory of adverse food reactions includes well-de®ned

disorders such as enzyme de®ciencies (i.e., lactose intol-

erance) and responses to pharmacological agents in food

(i.e., tyramine in cheese or wine). In addition, intolerance

includes non-immune-mediated reactions to food addi-

tives. Symptoms of food intolerance can appear identical

to those arising from immune-mediated food allergy, de-

spite the difference in underlying mechanisms. Therefore,

the two categories of disorders are often confused.

ENZYME DEFICIENCY

The most commonly reported food intolerance is due to
a de®ciency in the brush border enzyme lactase, result-
ing in intolerance to lactose, the common sugar found in
milk (see Table I). The inability to digest and absorb
lactose leaves an osmotic load in the small intestine that

draws water into the intestinal lumen and causes diar-
rhea. Patients with lactose intolerance can typically tol-
erate small amounts of lactose, whereas those with cow's
milk allergy (caused by an immune reaction to proteins
in milk) must practice complete avoidance of products
containing milk proteins. Food intolerance can also
occur due to nonspeci®c loss of brush border enzymes
secondary to in¯ammatory events in the small intestine,
where epithelial cells are damaged (such as in celiac or
Crohn's disease).

Food-induced symptoms that do not involve the
gastrointestinal tract can also occur because of enzyme
de®ciencies, such as glucose-6-phosphate dehydro-
genase (G6PD) de®ciency. G6PD de®ciency results in
hemolytic anemia after ingestion of fava beans (`̀ fa-
vism''). Fava beans contain two potent oxidants that
damage erythrocyte membranes in the absence of the
G6PD enzyme. This genetic enzyme de®ciency is not
common in the Caucasian North American population,
but is common in the Middle East and Africa.

FOOD ADDITIVES AND
PRESERVATIVES

Intolerance to a number of food additives has been re-
ported, but only a few cases have been veri®ed by ap-
propriately controlled studies, including an elimination
diet and placebo-controlled challenge. The list of caus-
ative agents includes ¯avorings and preservatives (sul-
®tes, monosodium glutamate, benzoic acid) and dyes

Encyclopedia of Gastroenterology Copyright 2004, Elsevier (USA). All rights reserved.
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(and especially after preparing raw meat and ®sh), and
only a reliable dealer should supply fresh raw seafood.
Other advice is available on the FDA web site (http://
www.fda.gov/fdac/features/895_kitchen.html).

MORE INFORMATION

Additional information can be obtained from the fol-
lowing sources:

1. FDA Of®ce of Consumer Affairs, HFE-88, Rockville,
Maryland 20857.

2. FDA Consumer Information Line, 1-800-532-4440;
301-827-4420 in the Washington, D.C. area; 10 a.m.
to 4 p.m. Eastern time, Monday through Friday.

3. FDA Seafood Hotline, 1-800-FDA-4010; 202-205-
4314 in the Washington, D.C. area; 24 hours a day.

4. USDA Meat and Poultry Hotline, 1-800-535-4555;
202-720-3333 in the Washington, D.C. area;

recorded messages available 24 hours a day; home
economists and registered dietitians available 10 a.m.
to 4 p.m. Eastern time, Monday through Friday.

Information is also available from local county ex-
tension home economists, local health departments,
and food manufacturers.

See Also the Following Articles

Campylobacter � Cholera � Cryptosporidium � Foodborne

Diseases � Salmonella � Shigella � Yersinia

Further Reading

United States Food and Drug Administration, Of®ce of Consumer

Affairs web site. Retreived at http://www.foodsafetyresources.

com.

United States Food and Drug Administration, Center for Food

Safety and Applied Nutrition web site. `̀ Bad Bug Book.'' http://

vm.cfsan.fda.gov/�mow/intro.html.

Foreign Bodies
CYNTHIA D. DOWNARD, SNOW PENA-PETERSON, AND TOM JAKSIC

Children's Hospital Boston

achalasia Abnormal relaxation of the sphincter at the bottom

of the esophagus, causing dif®culty swallowing.

bougie A ¯exible tube used to calibrate or gradually open a

narrowed cylindrical passage.

esophagoscopy Inspection of the interior of the digestive

tract connecting the mouth and stomach with an

endoscope.

mastication The process of chewing food in preparation for

swallowing and digestion.

Foreign body ingestion is a common diagnosis in the

pediatric emergency department; it is usually due to ac-

cidental swallowing of nondigestible objects. Foreign

body aspiration is the leading cause of unintentional mor-

tality in children under 1 year of age and accounts for 7%

of deaths in children under 4 years of age. Infants and

toddlers are at risk for aspiration of food items, especially

small hard objects such as peanuts, due to their limited

experience with chewing prior to swallowing. Small

household objects, such as coins, pins, batteries, and

small toys such as Legos and tiddly winks, pose a problem

for older children. Although most foreign body ingestions

usually result in little morbidity, prompt recognition and

treatment are important.

Ingested foreign bodies may move asymptomatically
through the esophagus and intestinal tract. If the object
does not pass easily, children may develop abdominal
pain, vomiting, choking, coughing, cyanosis, refusal to
eat or drink, and wheezing. Treatment for foreign
body ingestion is not standardized. The size, shape,
and nature of the foreign body play an intricate role
in the determination of appropriate management.

Encyclopedia of Gastroenterology Copyright 2004, Elsevier (USA). All rights reserved.
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COINS

Coins are the most frequently ingested foreign body
in the pediatric population. Treatment following
coin ingestion depends on the position of coin at the
time of diagnosis. A coin that has passed unaided
through the esophagus to the stomach will most likely
pass uneventfully through the remaining gastrointesti-
nal tract. However, coins frequently become lodged in
the esophagus and may require medical intervention for
removal.

Diagnosis

Once foreign body ingestion is suspected, plain
radiographs are useful in localizing radioopaque sub-
stances such as coins (Fig. 1). The most common site of
obstruction is relatively high in the esophagus, at the
level of the cricopharyngeus. Contrast studies can be
used to identify nonradioopaque foreign bodies. Ultra-
sound may also demonstrate the location of foreign body
with visualization of a hyperechoic substance within
the alimentary tract.

Treatment

Coins that become lodged in the esophagus may pass
to the stomach spontaneously. If a coin has been in the
esophagus for less than 24 h, it is acceptable to monitor a
child for an additional 12ÿ24 h for spontaneous passage
prior to removing the coin in an invasive manner.

Coins lodged in the esophagus are reliably removed
by esophagoscopy. Perforation is rare when removing a
rounded object, such as a coin, in an operating room
under general endotracheal anesthesia.

Alternatively, a Foley catheter, passed distal to the
coin and then in¯ated, may be used to withdraw
esophageal foreign bodies under radiographic guidance.
This technique does not require general anesthesia, but
does require a cooperative patient. The risk of using this
method of foreign body extraction is that the coin, when
being withdrawn from the esophagus, could easily pass
into the trachea from the oropharynx and cause airway
compromise. Series have reported up to 96% success
with removal of coins using this technique, but the pos-
sibility of aspiration has resulted in relatively few cen-
ters adopting this approach.

A third method being utilized for the removal of
esophageal coins is the penny pincher technique,
which involves the use of grasping forceps covered
by a soft rubber catheter. After this device is directed
into the esophagus ¯uoroscopically, the forceps are ad-
vanced from the shield and aligned with the foreign
body. The forceps are used to grasp the coin, which
is then withdrawn under radiographic guidance. Like
the Foley catheter technique, no anesthesia or seda-
tion is needed; however, with forceps control of the
foreign body, the risk of aspiration during removal is
theoretically decreased. Experience with this tech-
nique is limited and this special catheter is not widely
available.

Outcome

Both esophagoscopy and the Foley catheter tech-
niques have approximately 90% success rates as meth-
ods for foreign body removal. When a coin is unable to
be removed by either method, it can simply be pushed
through to the stomach, with the expectation that it will
pass through the remaining gastrointestinal tract. The
expulsion of the foreign body should be ensured with
careful examination of the stool. If obstructive
symptoms develop, repeat radiographs can visualize
the position of the foreign body and treatment can be
appropriately determined. In the rare event that a coin
becomes lodged at the ileocecal valve, operative removal
may be necessary.

FIGURE 1 Plain chest radiograph showing a coin lodged in the

esophagus. This object was removed by esophagoscopy.
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PINS

Diagnosis

The ingestion of pins (and other sharp metal objects
such as screws) is dangerous due to the potential for
perforation of the alimentary tract. When pin ingestion
is suspected, plain radiographs can usually identify the
position of the foreign body.

Treatment

Ingested pins should be removed immediately after
failure of advancement is established because of the risk
of perforation. In addition to direct perforation, longer
foreign bodies, such as hair pins, may become lodged
transversely in the esophagus and produce pressure ne-
crosis and ®stula formation. Once pin ingestion is di-
agnosed, endoscopic removal of the foreign body is
undertaken immediately to minimize the potential for
perforation or ®stula formation. Pins should be endo-
scopically removed even if they pass spontaneously to
the stomach. A magnet may also be used to remove
metallic foreign bodies such as pins, provided that
precautions are taken to minimize the likelihood of
perforation on withdrawal.

Outcome

Pin ingestion is worrisome due to the risk of alimen-
tary tract perforation. Every effort should be directed
toward removing the object while it is within the upper
gastrointestinal tract. Should the child present after an
ingested pin has passed through the stomach, the stool
must be carefully examined to ensure enteral elimina-
tion of the object. If symptoms suggesting perforation
or ®stula formation develop, repeat radiographs should
be obtained. These complications require operative in-
tervention for correction.

BATTERIES

Diagnosis

Button-style batteries are frequently ingested be-
cause of their small size and household availability in
daily items such as hearing aids, hand-held games, and
cameras. Ingested batteries require immediate attention
due to the possible leakage of alkaline ¯uid and dis-
charge of electric current, which can cause severe ne-
crosis and perforation when lodged in the esophagus.
An initial radiograph should be performed on patients
who have ingested a battery in order to con®rm the
diagnosis and determine the location of the battery.

Treatment

Immediate endoscopic removal is mandatory when
a battery is lodged in the esophagus. Batteries lodged in
the esophagus for as little as 4 h have been associated
with signi®cant mucosal burns. Esophagoscopy, in pre-
ference to other extraction methods, should be used to
remove impacted esophageal batteries to allow for direct
visualization of the adjacent mucosa. If mucosal damage
is present, scarring and subsequent narrowing of the
esophagus may occur.

Batteries that have passed the esophagus can be left
to navigate the remaining gastrointestinal tract, al-
though intestinal damage from the leakage of contained
¯uid may still occur. The diameter and chemical type of
battery should be determined by examining a similar
battery or the device with which the ingested battery is
associated. Larger batteries (415 mm) may not readily
pass through the pylorus and ileocecal valves in young
children. If the battery is retained in the stomach, it can
be removed endoscopically. If it is lodged further in the
intestinal tract, operative removal may be necessary.

If a battery is determined to contain mercuric oxide
(approximately 25% of ingestions) and the battery splits
in the intestinal tract, serum and urine mercury levels
should be monitored for toxicity. Serial radiographs are
not necessary unless the patient develops obstructive
symptoms or passage of the battery in the stool
has not been noted. Emetics are not useful for battery
expulsion after ingestion.

Outcome

Over 90% of batteries located in the esophagus at
the time of diagnosis are successfully removed. How-
ever, in one large series, 40% of patients with batteries
removed from the esophagus experienced serious ad-
verse outcomes, including esophageal perforation,
scarring requiring dilations, and death. If batteries
pass unaided through the esophagus, there is a very
small likelihood that operative intervention will be re-
quired for removal and outcome is generally excellent.
The stool should be carefully inspected to document
successful evacuation of ingested batteries.

Food

As solid foods are introduced into the diet, inade-
quate mastication can lead to food becoming lodged in
the alimentary tract. This is a particular problem for
children who have undergone prior repair of esophageal
atresia early in life, with the food becoming lodged in the
hypomotile distal esophagus. Severe acid re¯ux causing
esophageal stricture may also cause food to lodge in the
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esophagus. Additionally, esophageal dysmotility, as seen
in achalasia, may come to clinical attention after food
becomes stuck in the esophagus. Small bones in foods
such as chicken and ®sh are also easily swallowed by
children.

Diagnosis

Detection of radiolucent foreign bodies such as food
products is dif®cult. A negative plain radiograph in
this situation does not indicate the absence of a foreign
body. Gastrointestinal contrast studies may be used in
this situation to identify radiolucent foreign bodies. A
history of foreign body ingestion and symptomatic pre-
sentation with dif®culty swallowing and excess saliva
production should guide treatment.

Treatment

Food that becomes lodged in the esophagus can be
removed by esophagoscopy. Alternatively, digestible
food products can be pushed through to the stomach
using a bougie and allowed to pass through the remain-
ing alimentary tract. Bones from chicken and ®sh should
be treated as sharp objects and removed if at all possible
due to the risk of intestinal perforation. Removal of a
lodged food product should be followed with contrast
evaluation to search for underlying esophageal stricture
or dysmotility.

Outcome

Unless the ingestion involves sharp bones, obstruc-
tion of the alimentary tract with inadequately chewed
food is usually well tolerated. Eventual outcome de-
pends on the underlying problem predisposing the pa-
tient to swallowing dif®culty. All children should be
reminded to chew food well before swallowing.

BEZOARS

Bezoars are caused by repeated swallowing of an
indigestible foreign body. Most frequently, this material
is from an excessively ®ber-rich diet (phytobezoar) or
hair (trichobezoar). Bezoars present with symptoms of

intestinal obstruction and are sometimes diagnosed by
plain radiographs or endoscopy. If the bezoar is in the
stomach, endoscopic removal of the material may be
attempted. Operative intervention with a possible
gastrotomy or enterotomy is often required to relieve
the intestinal obstruction. Psychological evaluation, as
well as an evaluation for anemia, should accompany
surgical therapy for this condition.

CONCLUSION

A variety of household objects and foods can
be accidentally ingested in the pediatric population.
Treatment following foreign body ingestion is deter-
mined by the size, shape, and nature of the swallowed
material, with sharp objects and batteries lodged in the
esophagus requiring urgent removal. If a foreign body
has passed through the upper intestinal tract, the stool
should be monitored to ensure successful transit of the
foreign body. Few serious problems are associated with
most foreign body ingestions, but timely recognition
and treatment are important in minimizing adverse
outcomes.

See Also the Following Articles

Achalasia � Bezoars � Computed Tomography (CT) �
Endoscopic Ultrasonography � Ultrasonography
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Fulminant Hepatic Failure
JOHN J. POTERUCHA

Mayo Clinic

aminotransferases Usually two types, alanine aminotransfer-

ase and aspartate aminotransferase; these hepatocellular

enzymes are released into the bloodstream with injury of

hepatocytes, thus elevated levels serve as markers of liver

cell injury.

cerebral edema Increased extracellular water in the brain,

leading to increased intracranial pressure.

coagulopathy Alteration in the normal clotting mechanisms

of blood.

hepatic encephalopathy Changes in mental status due to

liver dysfunction.

Fulminant hepatic failure is a clinical syndrome of severe

acute liver failure with hepatic encephalopathy in a

patient without a prior history of liver disease. The

most common causes are medications, especially acet-

aminophen, and viral hepatitis A and B. Clinical manifes-

tations include the cardinal features of liver failure and

encephalopathy but also coagulopathy, hypoglycemia,

infections, and various abnormalities of other organ

systems. Models have been developed to help predict

patient outcome to assist in management, including the

timing of liver transplantation.

INTRODUCTION

Fulminant hepatic failure (FHF) has traditionally been
de®ned as the presence of acute liver failure including
the development of hepatic encephalopathy within
8 weeks after the onset of jaundice in a patient without
a prior history of liver disease. Because not all patients
with severe acute liver disease meet this de®nition, some
have proposed to use the term `̀ acute liver failure,''
which encompasses other clinical scenarios, including
FHF. Various classi®cations are shown in Table I. Dif-
ferent classi®cation schemes are proposed because of
diagnostic and prognostic differences between groups.
For example, hyperacute liver failure is most often due
to ischemia or acetaminophen and may often be revers-
ible, assuming the offending agent is removed. On the
other hand, late-onset hepatic failure, often due to vir-
uses or idiopathic causes, may lead to manifestations of
portal hypertension, is seldom complicated by cerebral
edema, and yet has a poor prognosis. Because most

studies have used the traditional de®nition of FHF,
that will be the nomenclature used herein.

There are about 2000 cases of FHF in the United
States each year. The overall mortality of FHF without
liver transplantation is up to 90%. Because many of these
patients are young and previously healthy, the outcomes
of this relatively unusual condition are particularly
tragic. Speci®c management, including liver trans-
plantation, is available for this group of patients
and therefore knowledge of management strategies is
important.

ETIOLOGY

Determining the etiology of FHF is important for two
reasons: ®rst, speci®c therapy may be available, such as
with acetaminophen hepatotoxicity or herpes hepatitis,
and second, prognosis will differ depending on etiology.
For instance, spontaneous recovery rate with FHF due
to acetaminophen or hepatitis A is 450% and therefore
a more cautious approach before proceeding with liver
transplantation would be advised. On the other hand,
spontaneous recovery from FHF due to Wilson's disease
is very unusual and therefore early liver transplantation
would be recommended. In addition, determination of
a speci®c etiology may have implications for other pa-
tients. Identi®cation of a hepatotoxic agent is certainly
helpful in monitoring other patients on the same drug.
Identi®cation of a viral cause of FHF has implications for
other patients that have been exposed to the transmis-
sible agent. Patients and family members need to be
asked about risk factors for liver disease, medications,
and a family history of liver disease that may give clues to
the etiology of the acute hepatitis.

The etiology of FHF varies according to region, with
hepatitis B being a more common cause in areas such as
Asia, where hepatitis B is endemic, whereas studies from
Great Britain generally report a high number of acet-
aminophen hepatotoxicity cases. The U.S. Acute Liver
Failure Study Group has put together a coordinated
effort from a number of centers attempting to better
de®ne the causes and outcome of acute liver failure
in the United States. The most common identi®able
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cause is acetaminophen hepatotoxicity followed by hep-
atitis B and hepatitis A (see Fig. 1).

FHF is usually evident from the time of presentation
based on the cardinal features of liver failure and en-
cephalopathy.Itcansometimesbedif®cult todistinguish
FHF from an acute presentation of chronic liver disease.
Clues to the presence of a more chronic liver condition
include spider angiomata and manifestations of portal
hypertension, although portal hypertension may be
seen in patients with late-onset acute hepatic failure.
Also in the differential diagnosis of FHF is multisystem

organ failure associated with sepsis, which can occa-
sionally be accompanied by nonspeci®c mental status
changes that mimic hepatic encephalopathy.

CLINICAL MANIFESTATIONS

The presenting symptoms of FHF are usually those of
acute hepatitis, including malaise, nausea, and jaundice.
Portal systemic encephalopathy is a required feature of
the syndrome and can be staged as noted in Table II.
Manifestations may range from subtle mental status
changes, such as dif®culty with concentration, to coma.
The presence of encephalopathy in a patient with acute
liver disease is an ominous sign and therefore mental
status of patients with acute hepatitis should be fre-
quently assessed.

Laboratory features of FHF are consistent with se-
vere liver dysfunction. Aminotransferases are variably
elevated, although usually quite high. The highest levels
of aminotransferases, occasionally as high as 10,000 U/
liter, are seen with acetaminophen hepatotoxicity or
unusual viruses such as herpes. Viral hepatitis and
other drug-induced liver diseases usually result in ami-
notransferase levels of 1000ÿ5000 U/liter. Fulminant
Wilson's disease is characterized by only modest ami-
notransferase elevations and a normal or only minimally
elevated alkaline phosphatase, despite other more typ-
ical laboratory evidence of liver failure. Evidence of
hepatocellular dysfunction includes a prolonged pro-
thrombin time due to poor hepatic synthesis of clotting
factors, high bilirubin secondary to decreased ability
of the liver to excrete bilirubin, and sometimes a low
albumin level, which may be due to cytokine-induced

TABLE I Classi®cation of Acute Liver Failure

Classi®cation Source

Acute hepatic failure (rapidly developing impairment of liver function) Bernuau et al. (1986)

Severe acute hepatic failure (prothrombin time or factor V concentration

550% of normal, with or without encephalopathy)

Fulminant hepatic failure (encephalopathy within 2 weeks of onset of jaundice)

Subfulminant hepatic failure (encephalopathy between 3 and 12 weeks after onset of jaundice)

Acute liver failure (requires encephalopathy) O'Grady et al. (1993)

Hyperacute liver failure (0ÿ7 days between onset of jaundice and encephalopathy)

Acute liver failure (8ÿ28 days)

Subacute liver failure (29ÿ72 days)

Late-onset acute liver failure (56ÿ182 days)

Acute liver failure (encephalopathy within 4 weeks after symptom onset) Tandon et al. (1999)

Hyperacute liver failure (within 10 days)

Fulminant liver failure (10ÿ30 days)

Acute liver failure not otherwise speci®ed

Subacute liver failure (development of ascites and /or encephalopathy from 5 to 24 weeks

after symptom onset; may be subclassi®ed based on etiology)
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FIGURE 1 Etiology of acute liver failure in the United States

Miscellaneous causes include BuddÿChiari syndrome, herpes,

EpsteinÿBarr virus, paramyoxovirus, Amanita poisoning, ische-

mia, malignancy, acute fatty liver of pregnancy, and others. Data

from Schiodt et al. (2003).
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increases in degradation or poor liver synthetic
function.

Encephalopathy

The encephalopathy associated with FHF is likely
different than that seen in chronic liver disease. The
major difference is the propensity of encephalopathy
of acute liver disease to progress to cerebral edema.
Clinically, the encephalopathy is often associated
with elevations in serum ammonia, although it is likely
that alterations in other neurotransmitters are involved
in causing the mental status changes. Marked elevations
in serum ammonia are associated with a higher like-
lihood of subsequent cerebral edema and a poorer
outcome of FHF. The exact mechanisms for the devel-
opment of cerebral edema have not been clari®ed but
may involve disruptions in bloodÿbrain barrier and
interference with mechanisms of cellular osmolarity.

Cerebral edema is estimated to cause of about 20% of
deaths in patients with FHF; however, in autopsy
studies of patients having died from FHF, cerebral
edema is present in 50% of cases. Cerebral edema
leads to death by causing brain ischemia and cerebral
herniation. Symptoms and signs of cerebral edema are
not speci®c and therefore intracranial pressure moni-
toring is often necessary. Computed tomography (CT)
scans of the brain are relatively insensitive for detecting
cerebral edema, although they are useful to exclude
other causes of mental status changes, particularly in-
tracerebral bleeding.

Coagulopathy

The liver is the site of synthesis of many clotting
factors, including factors II, V, VII, IX, and X. Poor
hepatocellular function leads to decreased synthesis
of these factors, which can be measured directly or by
determination of prothrombin time. Consumption of
clotting factors due to intravascular coagulation and
®brinolysis (disseminated intravascular coagulation)

can also contribute to the coagulopathy of FHF. Because
factor V has the shortest half-life of the clotting factors
synthesized in the liver, it is often used as a marker of
residual liver function and has been utilized to help
determine prognosis of FHF.

Hypoglycemia

Hypoglycemia is a frequent manifestation of FHF
and glucose should be carefully monitored in all pa-
tients. The hypoglycemia is likely due to both inade-
quate degradation of insulin and diminished production
of glucose by the diseased liver.

Infections

Infections are another common cause of death in
patients with FHF. Reasons for the infections are mul-
tiple, but likely re¯ect severe illness and need for mul-
tiple interventions and monitoring. Typical clinical
features of infection such as fever and leukocytosis
are not reliable in patients with FHF. A high index of
suspicion needs to be maintained and any clinical de-
terioration should mandate a search for infection. The
presence of infection and progression of encephalo-
pathy have been correlated in patients with FHF.

Cardiovascular System

A hyperdynamic circulation and reduction in
systemic vascular resistance frequently accompany
FHF. Although these features may be well tolerated,
occasionally patients can develop hemodynamic com-
promise. Monitoring parameters may mimic septic
shock. Fluid resuscitation is often necessary, although
caution is advised because excessive ¯uid administra-
tion may worsen intracranial pressure; vasopressors are
often necessary.

Other Organ Systems

Hypoxemia is due to multiple factors, including
pneumonia or noncardiogenic pulmonary edema asso-
ciated with adult respiratory distress syndrome. Renal
and electrolyte abnormalities occur due to underlying
disease such as Wilson's disease, functional renal failure
due to sepsis or hepatorenal syndrome, or acute tubular
necrosis. Renal dysfunction may be more common
when FHF is due to acetaminophen hepatotoxicity.
Monitoring of electrolytes, including sodium, potas-
sium, bicarbonate, magnesium, and phosphorus, is im-
portant. Lactic acidosis is also common in FHF, likely
due to hypoperfusion and inability of the diseased liver
to clear lactate. The presence of acidosis is a risk factor

TABLE II Stages of Hepatic Encephalopathy

Stage Feature

I Changes in behavior with minimal

change in level of consciousness

II Gross disorientation, gross slowness of mentation,

drowsiness, asterixis, inappropriate behavior, able

to maintain sphincter tone

III Sleeping most of the time, arousable to vocal stimuli,

marked confusion, incoherent speech

IV Comatose, unresponsive to pain, includes decorticate

or decerebrate posturing
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for poor outcome in FHF and has been incorporated into
prognostic models.

PREDICTIVE MODELS
AND MANAGEMENT

There have been several proposed models attempting
to predict outcome of FHF. These have been developed
to facilitate optimal timing of liver transplantation be-
fore the patient becomes so ill that there are contrain-
dications to transplantation. Some of these models
are summarized in Table III. The most well known
and widely used are the King's College criteria. Liver
transplantation likely improves mortality, although this
has never been assessed except by comparison with
historical controls.

All patients with FHF should be hospitalized.
Patients who have no contraindications to liver trans-
plantation should be transferred to a center where trans-
plantation is available. Tests to establish an etiology are
advised; history from the patients or family members
should include a careful medication history, exam,
serologic tests for viral hepatitis, autoantibodies, ceru-
loplasmin in appropriate patients, and liver ultrasound.
Sedatives are avoided unless intubation or intracranial
pressure monitoring is necessary.

Encephalopathy and Cerebral Edema

The appearance of encephalopathy precedes cere-
bral edema and therefore patients with acute hepatitis
and evidence of liver failure need to be carefully
monitored for mental status changes. Patients with

encephalopathy should receive lactulose, although
this agent is not as effective in acute liver failure as it
is in chronic liver disease and may not prevent later
cerebral edema. Patients with encephalopathy should
be carefully monitored because rapid deterioration can
occur. Patients with stage II encephalopathy are gener-
ally admitted to the intensive care unit for close mon-
itoring of mental status and vital signs. It is especially
important to avoid sedatives at this point to allow close
monitoring of mental status. Most centers will also per-
form CT of the head to exclude an alternative cause for
mental status changes.

Patients who reach stage III encephalopathy are at
signi®cant risk of progression to cerebral edema. Be-
cause clinical signs and head CT scans are insensitive
for detecting increased intracranial pressure (ICP),
many centers will institute ICP monitoring when pa-
tients reach stage III encephalopathy. This is usually
preceded by endotracheal intubation and mechanical
ventilation. A variety of ICP monitors are used, all of
which can be complicated by infection and bleeding.
The goal of ICP monitoring is to allow treatment of
high pressures but also to identify which patients be-
come too ill for liver transplantation because of exces-
sively high ICP for a prolonged period of time. In
general, the goal is to keep ICP less than 40 mmHg
and cerebral perfusion pressure (the difference between
mean arterial pressure and ICP) between 60 and
100 mmHg. Excessively high cerebral perfusion pres-
sures (above 120 mmHg) can result in worsening cere-
bral edema.

Maneuvers that cause straining, including tracheal
suctioning, should be avoided or limited. Paralyzing
agents and sedatives may be necessary, although they
limit further assessment of neurologic status. For ICP
420 mmHg or cerebral perfusion pressure below
60 mmHg, head elevation to 20�, hyperventilation to
a PaCO2 of 25 mmHg, and mannitol (if renal function
is intact) are advised. Barbiturate-induced coma or hy-
pothermia can be used for refractory cases. A prolonged
increase in ICP above mean arterial pressure may signify
brain death and generally is a contraindication to liver
transplantation. Sudden decreases in ICP may indicate
brain herniation.

Management of Other Speci®c Complications

The prolonged prothrombin time seen in patients
with FHF is a simple noninvasive parameter to follow
and coagulopathy is generally not corrected unless there
is bleeding or planned interventions such as monitoring
devices. If bleeding occurs or invasive procedures are
necessary, than fresh frozen plasma is generally used

TABLE III Criteria for Liver Transplantation in

Fulminant Hepatic Failure

King's College Hospital recommendations (any one of the three)

1. Fulminant hepatic failure due to Wilson's disease or

BuddÿChiari syndrome

2. Acetaminophen-induced if either of the following criteria

are met

a. pH5 7.3 24 hours after overdose

b. Creatinine 43.4 mg/dl and prothrombin time

5100 seconds and grades 3 and 4 encephalopathy

3. Nonacetaminophen if either

a. International normalized ratio (INR) 46.5 or

b. Any three of the following: INR 43.5, more than

7 days from jaundice to encephalopathy,

indeterminate or drug-induced cause, age 510 years,

age 440 years, bilirubin 417.5 mg/dl

France recommendations

1. Grades 3 and 4 encephalopathy and

2. Factor V 420% of normal if age 530 years

or 530% of normal if age 430 years
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®rst. Administration of platelets and ®brinogen may be
necessary in certain circumstances. Continuous infu-
sion of 5 or 10% dextrose is administered to keep the
plasma glucose between 100 and 200 mg/dl. Plasma glu-
cose should be carefully monitored, at least twice daily.
Both bacteremia and fungemia are frequent enough that
periodic blood cultures are advised and prophylaxis
with antimicrobials may be used, although this has
not been shown to impact survival.

Liver Transplantation

Liver transplantation has revolutionized the man-
agement of FHF. FHF is the indication for 6% of liver
transplants in the United States. Even though survival
with transplantation for FHF is lower than that for trans-
plantation for other indications, outcomes are an im-
provement over the dismal survival rates seen in FHF
when poor prognostic criteria (such as the King's Col-
lege criteria) are met. Transplantation should be per-
formed when a poor outcome is anticipated yet before
the patient has uncontrolled sepsis or prolonged periods
of increased ICP, such that recovery even with a func-
tioning transplanted liver is not possible.

Contraindications to liver transplantation are ad-
vanced age, multisystem organ failure, uncontrolled
sepsis, and prolonged increases in ICP. In the United
States, patients with FHF are given highest priority
for organs and therefore are often transplanted within
1 week. The 1-year survival after transplantation is
about 60ÿ75%.

Liver-Assist Devices

Arti®cial liver-assist devices have been in develop-
ment for over a decade. Charcoal hemoperfusion and
plasmapheresis have not been demonstrated to be ben-
e®cial. The newest system is the molecular adsorbent
recycling system, which is based on dialysis of blood
with a membrane that is coated with albumin to allow
removal of both water-soluble and albumin-bound
toxins. This promising system has yet to be formally
studied.

Bioarti®cial livers use cultured porcine or hepatoma
cell line hepatocytes in hollow ®ber cartridges to pro-
vide metabolic functions. Such devices are able to
achieve certain metabolic functions of the liver but
have not yet been shown to improve survival compared
to standard care, including liver transplantation. The
ideal device would allow time for recovery of the dis-
eased liver. Currently, the devices are used as a bridge to
transplantation, keeping the patient stable until a liver
becomes available.
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Functional (Non-Ulcer) Dyspepsia
HENRY P. PARKMAN

Temple University School of Medicine

dyspepsia Refers to symptoms originating in the upper

gastrointestinal tract; symptoms include upper abdom-

inal pain/discomfort, early satiety, postprandial abdom-

inal bloating/distension, and nausea without vomiting.

functional dyspepsia Refers to dyspeptic symptoms with no

de®nable organic cause; diagnosis is based on negative

®ndings after evaluation of medical history, physical

examination, blood tests, and upper endoscopy.

gastroparesis Delayed gastric emptying in the absence of

obstruction.

Dyspepsia refers to symptoms originating in the upper

gastrointestinal tract, including upper abdominal

pain/discomfort, early satiety, postprandial abdominal

bloating/distension, and nausea with or without vomiting.

Dyspepsia is a common condition with an estimated prev-

alence of approximately 20% of the population. Only

about 25% of people with dyspeptic symptoms actually

seek medical care. Dyspepsia accounts for 2ÿ5% of pa-

tient visits to primary care physicians and 8% of patient

visits to gastroenterologists. In approximately 60% of

patients with dyspepsia, there is no apparent cause for the

condition, and the diagnosis is `̀ functional (nonulcer)''

dyspepsia.

INTRODUCTION

Patients with functional (nonulcer) dyspepsia present
with upper abdominal pain or discomfort with or with-
out symptoms of early satiety, nausea, and/or vomiting
with no de®nable organic cause. The Rome II criteria
(Table I) help to diagnose functional dyspepsia. An
upper endoscopy is suggested for evaluation of persis-
tent or alarming dyspeptic symptoms. In young patients
with uninvestigated dyspepsia, testing for Helicobacter
pylori and treating if tests are positive will improve
symptoms from underlying ulcer disease and will
help prevent future development of ulcers. However,
in patients with functional dyspepsia who have a
negative endoscopy but a positive H. pylori test, the
symptom response to H. pylori therapy is marginal. Life-
style and dietary modi®cations are often suggested
in the initial treatment. Antacids and over-the-counter
histamine-2 (H2) receptor antagonists may be helpful as

an `̀ on-demand'' therapy for intermittent symptoms. If
the predominant symptom is epigastric pain (ulcerlike
functional dyspepsia), H2 receptor antagonists or pro-
ton pump inhibitors are the initial treatment of choice. If
fullness, bloating, early satiety, or nausea is the predom-
inant complaint (dysmotility-like functional dyspep-
sia), a prokinetic agent may help. Metoclopramide
is the only available effective prokinetic agent at pre-
sent. If these treatments fail, patient reevaluation for
other disorders (including other functional bowel dis-
orders) is advised. Low-dose tricyclic antidepressant
agents may be helpful for treatment of refractory dys-
peptic symptoms.

The 1999 Rome II criteria for the diagnosis of func-
tional dyspepsia listed in Table I have been useful in
standardizing the diagnosis of functional dyspepsia in
clinical studies. The Rome group has also suggested
subcategorizing patient diagnoses, based on the pre-
dominant symptom, as ulcerlike, dysmotility-like,
and nonspeci®c dyspepsias (Table II). Re¯uxlike dys-
pepsia in the Rome I criteria, with emphasis on predom-
inant heartburn/regurgitation, is now categorized as
primary gastroesophageal re¯ux disease (GERD). Spe-
ci®c symptoms, however, do not always correlate
with pathophysiological abnormalities and response
to treatment.

A variety of abnormalities have been implicated
in functional dyspepsia (Table III). These include

TABLE I Rome II Criteria (1999) for Functional

Dyspepsia

Persistent or recurrent abdominal pain or discomfort

centered in the upper abdomen; discomfort is de®ned

as an unpleasant sensation and may include fullness,

bloating, early satiety, and nausea

Symptom duration of at least 12 weeks, which need not be

consecutive, within the preceding 12 months

No evidence of organic disease (including at upper

endoscopy) that is likely to explain the symptoms

No evidence that dyspepsia is exclusively relieved by

defecation or is associated with the onset of a change

in stool frequency or stool form (i.e., not irritable

bowel syndrome)
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in¯ammation, motility disturbances, visceral hyper-
sensitivity, and psychological factors. Delayed gastric
emptying, impaired gastric accommodation to a
meal, gastric dysrhythmias, and visceral hypersensitiv-
ity are important pathophysiological factors. Delayed
gastric emptying is present in approximately 35% of
patients. As measured by electrogastrography (EGG),
gastric myoelectrical abnormalities such as tachygas-
tria, bradygastria, and a decreased postprandial : fasting
power ratio are found in about 40% of patients with
functional dyspepsia. Speci®c dyspeptic symptoms and
their severity have generally correlated poorly with the
degree of gastric stasis. However, in a large series of
patients with functional dyspepsia, the severity of post-
prandial fullness and vomiting correlated with delayed
gastric emptying. Regional gastric function abnormali-
ties may be present in many dyspeptic patients and ap-
pear to correlate with symptoms. Reduced postprandial
fundic relaxation and impaired accommodation are
found in 40% of patients with functional dyspepsia.
Transit from the proximal stomach into the antrum is
rapid, leading to early antral distension, which corre-
lates with symptoms. Hypersensitivity to gastric disten-
sion occurs in 35% of patients. Speci®c symptoms in
dyspeptic patients may be related to the underlying
pathophysiological abnormality. Early satiety is associ-
ated with impaired fundic accommodation, pain and

belching are associated with hypersensitivity to gastric
distension, and vomiting appears to be associated with
delayed gastric emptying.

EVALUATION

Many patients seeking medical attention for dyspeptic
symptoms are concerned about the possibility of other
serious diseases, rather than the symptoms of dyspepsia.
De®nitive diagnosis of functional dyspepsia requires a
normal esophagogastroduodenoscopy (upper endo-
scopy) during a symptomatic period when patients are
not taking agents that suppress gastric acid. Upper en-
doscopy is not usually required in young patients (550
years old) unless there are `̀ alarm symptoms'' such as
dysphagia, weight loss, or anemia. Endoscopy rules
out the presence of serious disease and helps to reassure
the patient. This reassurance may be a useful initial step
in management; some studies have shown that the
endoscopic procedure alone may reduce symptoms.

Further noninvasive tests, such as gastric emptying
scintigraphy and electrogastrography, can be performed
to identify delayed gastric emptying and gastric dys-
rhythmias. These tests can demonstrate abnormalities
in approximately 30ÿ45% of patients with functional
dyspepsia. As compared to patients with normal
emptying, patients with delayed gastric emptying or
an abnormal EGG may respond better to prokinetic
agents, thus these tests may have prognostic impor-
tance. However, the link between prokinetic agent treat-
ment and improved gastric emptying and relief from
symptoms has not been proved.

Satiety testing with water or a nutrient drink may be
used to evaluate impaired accommodation and sensa-
tion. Satiety tests offer the potential to evaluate gastric
accommodation in a noninvasive way.

TREATMENT

Treatment of functional dyspepsia is in¯uenced by sev-
eral factors, including the episodic nature of symptoms,
the occurrence of spontaneous remission, the heteroge-
neity of abnormalities, and the high placebo response
rate, all of which have made it dif®cult to evaluate the
actual response to drugs in many clinical studies. At the
present time, there are several approaches to treatment,
due in part to the proposed multiple causes of functional
dyspepsia (Table IV). The treatment modalities that
have been tested extensively are gastric acid suppres-
sants, promotility agents, and H. pylori eradication. The
aim of therapy in functional dyspepsia is to provide
adequate symptom control and, if possible, to abolish
symptoms. Another important aspect of drug therapy is

TABLE III Pathophysiological Mechanisms Linked to

Functional Dyspepsia

In¯ammation Visceral hypersensitivity

Gastric acid sensitivity Gastric

Helicobacter pylori gastritis Duodenal

Enterogastric (bile) re¯ux

Motility disturbances Psychologic factors

Delayed gastric emptying/antral

hypomotility

Impaired fundic relaxation/antral

distension to meal

TABLE II Rome II Subgroups for Functional Dyspepsia

(Based on Predominant or Most Bothersome Symptom)a

Subgroup Symptom

Ulcer like Pain in upper abdomen

Dysmotility-like Discomfort, fullness, early satiety, bloating,

nausea

Nonspeci®c No predominant symptom

a Overlap syndromes (not primarily dyspepsia, if main symptom):

gastroesophageal re¯ux disease, with heartburn and acid regurgita-

tion; irritable bowel syndrome, with pain relief following defecation;

and biliary tract disease, with right upper quadrant abdominal pain.
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to improve patient functioning and quality of life while
minimizing the side effects.

Lifestyle and Dietary Changes

At present there is little evidence to implicate dietary
habits in causing dyspeptic symptoms or to suggest
that dietary modi®cations help relieve symptoms.
Small, frequent meals rather than large meals should
help relieve symptoms, assuming that the etiology in-
volves receptive fundic relaxation and antral distension.
Eating a low-fat diet, decreasing coffee intake, cessation
of smoking, and limiting alcohol intake might be helpful
in some patients. Patients should be advised to stop
taking nonsteroidal antiin¯ammatory drugs (NSAIDs)
and any other medication likely to cause dyspeptic
symptoms, including digoxin, potassium supplements,
and erythromycin. A lactose-free diet may be helpful in
some patients. A high-®ber diet may delay gastric emp-
tying and make the symptoms, especially bloating,
worse.

Gastric Acid Suppressants

Gastric acid suppressants have been tested for sev-
eral decades for their potential to treat functional dys-
pepsia. In general, improvement in dyspeptic symptoms
with acid-suppressing agents has been moderate, aver-
aging only 25% greater than with placebo. Antacids
provide little help for chronic symptoms. Fourteen of
the 24 studies that used prescription doses of acid-
suppressing agents to treat nonulcer dyspepsia have
reported a positive effect on symptoms in 35ÿ80%
of patients, compared to improvement in 30ÿ60% of
patients using placebo.

Histamine type 2 receptor antagonists (H2RAs) have
a therapeutic effect of approximately 20% over placebo
as reported in meta-analyses. However, a number of
well-designed trials showed no bene®t. The best re-
sponse is seen in patients with endoscopy-negative
GERD overlapping with functional dyspepsia.

Proton pump inhibitors (PPIs) are superior to pla-
cebo in promoting the complete relief of symptoms in

ulcerlike dyspepsia with predominant epigastric pain.
Complete relief of symptoms was obtained in 38% of
patients treated with omeprazole (20 mg/day), com-
pared to 28% with placebo. Omeprazole was not effec-
tive in dysmotility-like dyspepsia. In the near future,
omeprazole will become generic as well as an over-
the-counter medication, and the costs of PPI therapy
will be dramatically reduced.

Promotility Agents

Promotility compounds, including metoclopra-
mide, cisapride, and domperidone, have improved dys-
peptic symptoms in patients with functional dyspepsia
more effectively than placebo in the majority of reported
studies. On average, the improvement was 40ÿ50%
greater than with placebo. The few studies comparing
the effects of acid-suppressing and promotility agents on
dyspeptic symptoms have favored promotility agents. In
a recent meta-analysis, both cisapride and domperidone
seemed to be effective in treating functional dyspepsia.
One meta-analysis, however, suggested the possibility of
publication bias with prokinetic agents. Cisapride was
taken off the market due to its adverse cardiac effects
and domperidone is not available in the United States.
This limits the current choice of available agents to
metoclopramide.

Metoclopramide is presently approved for short-
term treatment of gastroparesis. Although a limited
number of studies have directly tested use of this
agent in functional dyspepsia, metoclopramide appears
to be superior to placebo in the treatment of dysmotility-
like dyspepsia. The main side effects are antido-
paminergic and include sedation, diarrhea, and extra-
pyramidal symptoms, which occur in up to 25% of
patients. These adverse reactions are most common
in younger patients. Tardive dyskinesia, which may
be irreversible even after stopping the medication, oc-
curs rarely in elderly patients.

Erythromycin and other motilin receptor agonists
have not demonstrated ef®cacy in treating functional
dyspepsia. The motilin receptor agonist ABT-229 is in-
effective in dyspeptic patients with delayed gastric emp-
tying. Erythromycin and other motilin receptor agonists
increase proximal gastric tone, which possibly aggra-
vates the impaired fundic accommodation and worsens
symptoms in functional dyspepsia.

Newer prokinetic agents under evaluation for treat-
ment of functional dyspepsia include 5-hydroxytrypta-
mine isotype 4 (5-HT4) agonists (tegaserod), dopamine
antagonists (levosulpiride analogues), cholecystokinin
antagonists (loxiglumide), and several motilin agonists.
Tegaserod has been shown to improve symptoms and

TABLE IV Multiple Causes and Therapies Proposed for

Functional Dyspepsia

Multiple causes Multiple therapies

Gastric acid Antisecretory agents

Helicobacter pylori Antibiotics

Dysmotility Prokinetic agents

Hypersensitivity Sensory modulators

Psychogenic Psychotropic agents
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gastric emptying in some studies. Fundic relaxing
agents may improve the fundic accommodation re-
sponse and may be helpful in patients with early
satiety. 5-HT1 agonists (sumatriptan, buspirone),
a-adrenergic receptor agonists (clonidine), and nitric
oxide donors (glyceryl trinitrate) have been tried in a
small number of series. Sumatriptan induces fundic
relaxation through a nitric oxide-mediated pathway
and improves meal-induced satiety in patients with
functional dyspepsia. It has to be administered sub-
cutaneously and can cause headaches. The a-adrenergic
agonist clonidine reduces proximal gastric tone and
pain perception during gastric distension in normal sub-
jects. Thus, clonidine has the potential to reduce gastric
sensation and increase gastric compliance. Clonidine,
however, can delay gastric emptying and cause signif-
icant hypotension. Sildena®l (Viagra) has been shown to
increase gastric accommodation. In animal models, it
also relaxes the pylorus and improves gastric emptying,
but in humans it can slow gastric emptying.

Eradication of H. pylori

Helicobacter pylori eradication is often suggested as
®rst-line therapy for uninvestigated dyspepsia; patients
with dyspeptic symptoms caused by ulcers will often be
cured with this approach. The overall bene®t of H. pylori
eradication in uninvestigated dyspepsia depends on the
underlying ulcer rate and the proportion of cases of
ulcers that are associated with H. pylori. The latter
has declined from a 90% association of H. pylori with
duodenal ulcers in the 1980s to 60ÿ65% at the present
time. Although H. pylori is detected slightly more fre-
quently in functional dyspeptic patients than in normal
controls, only three of eight studies found that eradica-
tion of the bacteria improved patient symptoms. The
1994 National Institutes of Health (NIH) consensus
conference on H. pylori did not support H. pylori erad-
ication for treatment of functional dyspepsia: only 1
patient in 15 is likely to have improved symptoms. How-
ever, H. pylori eradication may decrease ulcer diathesis
and may reduce the need for endoscopy, potentially
reducing treatment costs. On a global scale, it may
also reduce the eventual development of intestinal mu-
cosa-associated lymphoid tissue (MALT) lymphoma
and gastric adenocarcinoma. The potential drawbacks
are treatment costs, side effects of antibiotic therapy,
and antibiotic resistance. Moreover, H. pylori eradica-
tion may increase the chance of development of GERD/
re¯ux esophagitis. Two recent large randomized studies
on the effect H. pylori eradication in functional dyspep-
sia showed different results. One study suggested that
symptomatic bene®t from eradication may occur in a

few patients whereas the other study suggested no ben-
e®t at all. The 1997 American Digestive Health Foun-
dation (ADHF) panel on H. pylori and functional
dyspepsia suggested that testing for H. pylori should
be undertaken only if treatment is intended for a positive
test. Testing should be considered in patients younger
than age 45 years presenting with dyspepsia for the ®rst
time and in whom an ulcer is likely.

Psychotropic Medications

Psychotropic medications, including tricyclic anti-
depressants (TCAs) and selective serotonin reuptake
inhibitors (SSRIs), are being used in the treatment of
functionaldyspepsiabasedontheevidence thataugmen-
ted visceral sensitivity may be an important pathophys-
iological factor. Low-dose tricyclic antidepressants have
analgesic effects that are independent of their psycho-
logical effects. The mechanism of action in treatment of
functional dyspepsia is not clear, but may include re-
duction in visceral sensitivity. Two studies using tricy-
clic antidepressants reported a decrease in dyspeptic
symptoms. In clinical practice, psychotropic medica-
tions have been recommended for patients with severe
or intractable symptoms that interfere with their daily
activities and are unresponsive to other treatment re-
gimes. Major side effects are related to the anticholin-
ergic action, causing dry mouth, blurred vision, and
urinary retention. Orthostatic hypotension and re¯ex
tachycardia can occur in the elderly. Sedation may be
prominent, especially during the ®rst few weeks of ther-
apy; nighttime dosing is used to prevent this. In patients
with poor sleep habits, the sedation effect can some-
times be advantageous. Agents with strong anticholin-
ergic properties, such as amitriptyline, may adversely
affect gastric motility. However, compared to amitrip-
tyline, nortriptyline (Pamelor) and desipramine
(Norpramin) have fewer side effects. Amitriptyline is
the most commonly used and most thoroughly studied
drug in this class for the treatment of functional dyspep-
sia. Dosages required for symptomatic improvement and
complete remission are usually much lower than those
conventionally used to treat depression. SSRIs may
also be helpful but have not been studied in large-
scale clinical trials.

Alternative Medicine

Complementary and alternative medicines are used
frequently by patients with functional dyspepsia. Alter-
native medicine regimes, including special diets
with herbal teas, yoga, and acupuncture, are used in
Germany. Some commercially available herbal prepara-
tions, including Iberogast, which has extracts from
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bitter candy tuft, and Enteroplant, which contains
peppermint oil and caraway oil, have been shown in
placebo-controlled trials to improve symptoms. Psy-
chodynamic interpersonal psychotherapy and hypno-
therapy have been reported effective in treating
functional dyspepsia.
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Fungal Infections
MICHAEL ELLIS

United Arab Emirates University Medical School, Al-Ain

highly active antiretroviral therapy Combination of different

anti-human immunode®ciency virus (HIV) drugs that

have markedly increased the prognosis for patients with

HIV.

leukoplakia Thick white patch on mucous membrane.

peritonitis In¯ammation of the peritoneum.

pseudomembrane False membrane. A layer of exudate

on surface of skin or mucous membrane.

The increasing tide of fungal infections re¯ects the

upsurge in the immunocompromised population. Candida
spp. now rank fourth among bloodstream pathogens caus-

ing fungemia. The pulmonary tract, sinus tract, and skin

are common target organs whereas the gastrointestinal

tract rarely is involved apart from the oropharyngo-

esophageal tract, the peritoneal cavity, and the hepato-

biliary system. Compared to bacteria, fungi are distinctly

unusual pathogens in the etiology of gastrointestinal

mucosalÿluminal infectious disease. Nevertheless, they

cause substantial morbidity and mortality, pose problems

for precision diagnosis, and can be challenging to treat.

Fungal colonization in the gut serves as an important

reservoir for bloodstream dissemination when the

mucosal barrier is compromised for example, during

chemotherapy-induced mucositis.

CANDIDAL OROPHARYNGO-
ESOPHAGITIS AND NONESOPHAGEAL
GUT SITES

Candida spp., mainly Candida albicans, colonize
the gastrointestinal tract in up to 55% of normal indi-
viduals, depending on diet, age, and other factors.
Hospitalization, broad-spectrum antibiotic use, ste-
roids, and other immunosuppressive agents, e.g., in

Encyclopedia of Gastroenterology Copyright 2004, Elsevier (USA). All rights reserved.

FUNGAL INFECTIONS 79



bitter candy tuft, and Enteroplant, which contains
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have markedly increased the prognosis for patients with

HIV.

leukoplakia Thick white patch on mucous membrane.

peritonitis In¯ammation of the peritoneum.

pseudomembrane False membrane. A layer of exudate

on surface of skin or mucous membrane.

The increasing tide of fungal infections re¯ects the

upsurge in the immunocompromised population. Candida
spp. now rank fourth among bloodstream pathogens caus-

ing fungemia. The pulmonary tract, sinus tract, and skin

are common target organs whereas the gastrointestinal

tract rarely is involved apart from the oropharyngo-

esophageal tract, the peritoneal cavity, and the hepato-

biliary system. Compared to bacteria, fungi are distinctly

unusual pathogens in the etiology of gastrointestinal

mucosalÿluminal infectious disease. Nevertheless, they

cause substantial morbidity and mortality, pose problems

for precision diagnosis, and can be challenging to treat.

Fungal colonization in the gut serves as an important

reservoir for bloodstream dissemination when the

mucosal barrier is compromised for example, during

chemotherapy-induced mucositis.

CANDIDAL OROPHARYNGO-
ESOPHAGITIS AND NONESOPHAGEAL
GUT SITES

Candida spp., mainly Candida albicans, colonize
the gastrointestinal tract in up to 55% of normal indi-
viduals, depending on diet, age, and other factors.
Hospitalization, broad-spectrum antibiotic use, ste-
roids, and other immunosuppressive agents, e.g., in

Encyclopedia of Gastroenterology Copyright 2004, Elsevier (USA). All rights reserved.
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organ transplantation, increase fecal carriage rate and
intensity. Widespread azole antifungal usage has been
signi®cantly associated with increased colonization of
non-albicans spp., which may be resistant to azoles and
other antifungal drugs. However, colonization does not
equate with clinical infection and claims that the pres-
ence of gut Candida per se in an otherwise normal in-
dividual produces a symptom complex of diarrhea,
debility, and weight loss has not been substantiated
by vigorous clinical studies. On the other hand, there
is little dispute that mucosal plaque formation and ul-
ceration occur in patients with cancer and primary or
acquired immunode®ciency states, particularly HIV in-
fection. Oropharyngeal candidiasis presents clinically
in four aspects: (1) pseudomembrane formation
(Fig. 1), in which the plaques that constitute the pseudo-
membranes are composed of super®cial hyperplastic,
hyperkeratotic squamous epithelium with in¯amma-
tory cells, in®ltrating fungal elements, and superinfect-
ing bacteria; (2) acute erythematous epithelial atrophy,
thinning, and papillary loss, which may be secondary to
the pseudomembranous form; (3) chronic atrophy typ-
i®ed by mucosal edema and erythema (particularly in
the elderly patients who have dentures), which may lead
to hyperplasia (Candida leukoplakia), possibly prema-
lignant; and (4) angular ®ssuring cheilitis.

Most cases present in the setting of HIV infection in
which the key immunologic defect is a low CD4 T cell
count. In non-HIV situations, steroid use, poor dental
care, smoking, and antibiotic use are important predis-
posing factors. Increasingly recognized are other severe
immunosuppressive states, including renal transplant
patients receiving immunosuppressive therapy. Apart
from the chronic atrophic form, oral discomfort is
the commonest symptom and may result in poor food
intake. Extension of the infection to the esophagus

(Fig. 2) results in painful and dif®cult swallowing due
to the erosions and ulcerations (Fig. 3a). More severe
esophageal disease is associated with coalescence of the
plaques, leading to circumferential disease and luminal
impingement. The combination of oral candidiasis and
retrosternal pain on swallowing is reliably predictive of
esophageal candidiasis, without recourse to endoscopy
or barium swallow imaging examinations. Systemic can-
didiasis arising from this source is rare.

Oroesophageal candidiasis is best treated with
systemically administered antifungals. Oral ¯uconazole
(200ÿ400 mg/day) or itraconazole, with the cyclodex-
trin vehicle to optimize absorption (100ÿ200 mg/day),
given for 2 weeks, is effective, with a rapid response seen
in many patients (Fig. 3b). The relapses that occur in
more than 30% of HIV patients are preferably managed
by treating each episode rather than placing the patient
on prophylactic antifungals, a course that fuels the
emergence of drug resistance. Nevertheless, around
10% of all patients with advanced HIV infection
(CD4 T cell count 5100/ml) have ¯uconazole-resistant
infection associated with high minimum inhibitory con-
centrations (MICs) to the drug. Such cases can be man-
aged either with high dosages of ¯uconazole (up to
1600 mg/day) or with liposomal amphotericin B or
caspofungin. An integral part of the management of
these patients is correction of the underlying immuno-
de®ciency; for example, treating with highly active
antiretroviral therapy (HAART) in HIV patients raises
the CD4 T cell count.

After the esophagus, the stomach is the next most
frequently involved site, followed by the small and large
bowels. Underlying malignancy is often the setting in
these patients. The etiologic role of histamine-2 (H2)
blockers in increasing fungal disease susceptability re-
mains a moot point. Plaques, fold thickening, super®cial

FIGURE 2 Esophageal biopsy showing in®ltrating fungal ele-

ments from an HIV-infected patient with esophageal candidiasis.

FIGURE 1 Pseudomembranous candidiasis of the buccal cav-

ity in an HIV-infected individual.
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and penetrating ulcers, and perforation have all been
described.

HEPATOSPLENIC CANDIDIASIS

Hepatosplenic candidiasis is a distinct form of
disseminated candidiasis that occurs in the setting of
leukemia. The classic scenario is of a patient with neu-
tropenic fever and negative bacterial cultures, absent
clinical foci, who subsequently resolves the neutropenia
but has persistent fever for up to several weeks. Other
cardinal features include weight loss, vague general
unwell being and upper abdominal pain. There is he-
patomegaly or splenomegaly or both in one-half of the
patients. The hallmark biochemical abnormality is an
elevated serum alkaline phosphatase. Upper abdominal
imaging reveals multiple translucent lesions in the liver
and spleen (Fig. 4). Liver biopsy may show fungal ele-
ments but tissue culture and blood culture are usually
negative. Serological examination with Candida man-
nan antigen and antibody can be helpful in that situation
(Fig. 5). Management with either liposomal amphoter-
icin B (3ÿ5 mg/kg/day) or ¯uconazole (�400 mg/day)
continuing for 4 weeks after symptoms settle achieves
success in 80% of cases. Widespread ¯uconazole pro-
phylaxis use in leukemia patients has decreased the
incidence of hepatosplenic candidiasis dramatically in
recent years.

FUNGAL PERITONITIS

Fungal infections of the peritoneal cavity are usually due
to Candida spp. They have become increasingly recog-
nized, paralleling the increased numbers of patients un-
dergoing continuous ambulatory peritoneal dialysis
(infection incidence up to 20%) and gastrointestinal
surgery (often associated with bacterial peritonitis
and insidious in onset, but especially with anastomotic
breakdown situations). Broad-spectrum antibiotic
usage, parenteral nutrition, and immunosuppression
are other important predisposing factors. Dissemination
in patients who have candidal peritonitis in general is
uncommon but occurs in up to 25% of cases of perito-
nitis secondary to intestinal perforation and following
gastrointestinal surgery, with mortality as high as 80%.
The presence of Candida in intraoperative specimens
recovered from patients with intraabdominal perfora-
tions signi®cantly relates to the risk of death. Fungal
peritonitis is best managed with systemic antifungals
and removal of the dialysis catheter if appropriate.

EMERGING AND UNUSUAL
FUNGAL INFECTIONS

Several new fungal pathogens have emerged in
recent years as important but rare causes of gastro-
intestinal disease. Increased treatment involving
immunosuppression, selective antifungal drug pres-
sure, and changing hospital environmental conditions
drive this emergence. Dematiaceous fungi, including
Cladophialophora, which causes esophagitis in small in-
testinal transplantation, and Penicillium, which causes
peritonitis in chronic ambulatory peritoneal dialysis,
have been described. Basidiobolomycosis, caused by a
member of the Entomophthoraceae family, can mimic

a b

FIGURE 3 (a) Barium swallow, showing extensive ulceration

and narrowing of the lumen. (b) The same patient after 3 days or

oral ¯uconazole: normal swallow.

FIGURE 4 Computed tomography scan of a patient with acute

myeloid leukemia and fever unresponsive to antibiotics, showing

multiple hypolucent liver densities with enhanced rims.
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in¯ammatory bowel disease. Other members of the
Zygomycetes, known gut wall invaders, include Absidia,
Rhizopus, and Mucor, which producing nonspeci®c ab-
dominal pain and hematemesis. Perforation can occur
and is usually fatal. Another feature of the changing
fungal pro®le is the increasing incidence of non-albicans
Candida spp.

Several well-known invasive fungi have expanded
their target organs to include the gastro-hepatobiliary
system. Among these are Aspergillus spp., now docu-
mented in esophagitis and cecal deep wall involvement
with ulceration and hemorrhage. Recent autopsy studies
have indicated that in patients with hematological ma-
lignancy, Aspergillus infection occurred in 11% and the
gastrointestinal tract was involved in 20%, which is an
extraordinarily high ®gure. Most of these infections are
not diagnosed postmortem.

Candida spp. are also known to involve the gall-
bladder, where they can present as a fungal ball, and
bile ducts. Cryptococcus spp. are known to produce
esophagitis and peritonitis. All of these new and unusual
fungal infections, although uncommon, present con-
siderable challenges for diagnosis and successful
treatment.

See Also the Following Articles

AIDS, Biliary Manifestations of � AIDS, Gastrointestinal

Manifestations of � AIDS, Hepatic Manifestations of �
Candidiasis � Gastric Infection (non-H. pylori) �Micro¯ora,

Overview
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FIGURE 5 Serial Candida antigen (mannan) and antibody

(antimannan) measurements in a patient with hepatosplenic

candidiasis.
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Galactosemia
DOROTHY K. GRANGE

Washington University, St. Louis, Missouri

allele Alternate form of the DNA sequence of a gene at a

given locus (position of a gene on a chromosome).

carrier A person who is a heterozygote for a mutant allele.

heterozygote An individual with two different alleles at a

speci®c locus.

hypergonadotropic hypogonadism Reduced function of the

gonads (ovaries or testes) due to congenital failure of

development or postnatal damage or destruction, asso-

ciated with elevation of gonadotropin (pituitary

hormone) levels.

missense mutation A mutation that changes a codon for a

speci®c amino acid to a different amino acid and results

in a change in the amino acid sequence of a protein.

point mutation A mutation that involves a single nucleotide

base-pair change in the DNA sequence of a gene.

verbal dyspraxia Expressive speech problem that results

from the inability to properly program the muscles

needed for speech, manifested by articulation problems,

incorrect usage of words, or errors in word ordering.

Galactosemia is an autosomal recessive inborn error of

carbohydrate metabolism that results in the inability to

metabolize galactose to glucose. It occurs in approxi-

mately 1 in 60,000 newborns. Mason and Turner origi-

nally described the condition in 1935, when galactose was

found in the urine of an affected patient. Individuals with

galactosemia are intolerant of dietary lactose and galac-

tose, primarily found in milk and milk products. If un-

treated, the disorder can cause liver failure, kidney

dysfunction, sepsis, and death. If it is diagnosed soon

after birth and treated by removal of lactose and galactose

from the diet, the symptoms will resolve and many of the

long-term complications, including cataracts and mental

retardation, can be prevented.

BIOCHEMICAL PATHWAY

Dietary lactose is hydrolyzed to glucose and galactose by
lactase in the intestine. Galactose is then further metab-
olized to uridyl diphosphate (UDP)-glucose by a series
of reactions involving three enzymes, galactokinase
(GALK),galactose-1-phosphate(PO4)uridyl transferase
(GALT), and UDP galactose-4-epimerase (GALE).
Although galactosemia and galactosuria can be caused
by a de®ciency of any one of these enzymes, classic

galactosemia, the condition of greatest clinical impor-
tance, is caused by a defect in GALT. Galactokinase
catalyzes the conversion of galactose to galactose-
1-PO4 (Fig. 1). Galactose-1-PO4 is then converted to
glucose-1-PO4 by a two-step reaction involving GALT
and UDP galactose-4-epimerase. GALT catalyzes the
transfer of UDP to galactose-1-PO4 to form UDP galac-
tose. UDP-galactose is then converted to UDP-glucose
by UDP galactose-4-epimerase. Galactose is incorpo-
rated into glycoproteins and glycolipids, using UDP-
galactose as the substrate for galactosylation reactions.
In individuals with GALT de®ciency, galactose and ga-
lactose-1-PO4 accumulate in tissues, as well as the re-
duction product, galactitol, and the oxidation product,
galactonate, which are derived from alternate metabolic
pathways for galactose.

CLINICAL PRESENTATION

A newborn infant with GALT de®ciency appears normal
at birth. However, if the baby is fed breast milk or a

FIGURE 1 Lactose is metabolized by lactase in the intestine to

galactose and glucose. Galactose is metabolized in the liver via the

pathway shown in the ®gure. The enzymes required include

(1) galactokinase, (2) galactose-1-PO4 uridyltransferase (GALT),

and (3) UDP galactose-4-epimerase. The defective enzyme in clas-

sic galactosemia is GALT (2). Galactose-1-PO4 and galactose, as

well as galactitol and galactonate, are elevated in patients with

classic galactosemia.
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lactose-based infant formula, symptoms will usually
begin to develop within the ®rst few days of life. Symp-
toms include vomiting, diarrhea, poor weight gain or
weight loss, jaundice, and lethargy (see Table I).1 The
baby will develop hepatomegaly and sometimes enceph-
alopathy. If lactose-containing feedings are continued,
the condition can be rapidly fatal.

Laboratory testing reveals liver dysfunction with el-
evated liver transaminases (alanine aminotransferase
and aspartate aminotransferase), prolonged prothrom-
bin time (PT) and partial thromboplastin time (PTT),
and elevated bilirubin and ammonia. Hypoglycemia
occasionally occurs during acute neonatal illness. The
hyperbilirubinemia is primarily unconjugated initially,
but there may be a conjugated component as the liver
disease worsens over several days. The coagulopathy
may be severe and can lead to signi®cant bleeding.
Vitreal hemorrhage and intracranial hemorrhage have
been reported as complications. Kidney dysfunction,
with development of renal Fanconi syndrome, is also
a frequent complication. There is evidence of renal
tubular disease, with hyperchloremic metabolic acido-
sis, glycosuria, aminoaciduria, and albuminuria. Urinal-
ysis may reveal a positive test for reducing substances,
indicating galactosuria. It is important to note that
galactosuria can clear rapidly if the infant is placed
on intravenous ¯uids, and thus, the absence of reducing
substances in the urine does not rule out galactosemia.
Other sugars in the urine besides galactose, such as
fructose or pentose, can cause the test to be positive.
Laboratory testing in suspected cases of galactosemia
should include quantitative red blood cell (RBC)
GALT activity and galactose-1-PO4 measurements.

RBC levels of galactose-1-PO4 are markedly elevated
in affected infants. RBC GALT activity is extremely
low or absent in classic galactosemia.

In the untreated infant, cataracts can develop shortly
after birth, although they most commonly develop after
3ÿ4 weeks of lactose feedings. All infants with galacto-
semia should have an ophthalmology evaluation, which
should include a slit lamp examination, since the cata-
racts may be missed on routine ophthalmoscopy. The
cataracts in galactosemia are thought to be caused by
injury to the lens from osmotic swelling due to the ac-
cumulation of galactitol. Cataracts usually regress spon-
taneously after treatment is initiated. The presence of
such cataracts may aid in diagnosis while awaiting the
results of laboratory testing.

Encephalopathy may occur in affected newborns,
resulting in hypotonia, lethargy, and a reduced level
of consciousness. Occasionally, pseudotumor cerebri
may develop due to increased intracranial pressure;
there may be increasing head circumference with bulg-
ing of the anterior fontanel and evidence of brain edema
on computed tomography or magnetic resonance imag-
ing scan. The encephalopathy is believed to be related to
elevated galactitol in the brain, in some cases in com-
bination with hyperammonemia. If galactosemia is un-
treated or diagnosed late, patients may have irreversible
neurologic injury, with variable degrees of mental
retardation.

Infants with galactosemia have an increased suscep-
tibility to sepsis, particularly due to Escherichia coli and
other gram-negative bacteria. Granulocyte function
has been shown to be impaired by galactose and its
metabolites. Thus, all ill newborns with galactosemia

TABLE I Clinical Findings in Symptomatic Neonates with Galactosemia

Abnormality Percentage of

patients affected

Additional ®ndings

Hepatocellular damage 89 Jaundice (74%)

Hepatomegaly (43%)

Abnormal liver function tests (10%)

Coagulation disorders (9%)

Ascites (4%)

Feeding intolerance 76 Vomiting (47%)

Diarrhea (12%)

Poor feeding (23%)

Failure to thrive 29

Lethargy 16

Seizures 1

Sepsis 10 Escherichia coli (26 cases), Klebsiella (3 cases),

Enterobacter (2 cases), Staphylococcus (1 case),

Beta Streptococcus (1 case), Streptococcus faecalis (1 case)

Reprinted from Waggoner et al. (1990). Long-term prognosis in galactosemia: Results of a survey of 350 cases. J. Inherit.

Metab. Dis. 13, p. 804. With kind permission of Kluwer Academic Publishers.

84 GALACTOSEMIA



should be evaluated for possible sepsis and, until culture
results are assessed, should receive broad-spectrum
antibiotic coverage.

Because of widespread newborn screening for
galactosemia, many newborns with mild variant
forms of galactosemia are now being detected (see
below). The most common of these is Duarte-classic
galactosemia (DG) heterozygosity. In the vast majority
of cases, there are no serious signs or symptoms of ill-
ness. Liver dysfunction and kidney dysfunction are not
seen in affected newborns. Some infants with DG galac-
tosemia have a mild increase in RBC galactose-1-PO4

levels and GALT activity is approximately 20% of nor-
mal. There may be an increased risk for presenile
cataracts in adulthood.

MOLECULAR GENETICS

All forms of galactosemia are inherited in an autosomal
recessive fashion. Thus, parents who have had one af-
fected child are both obligate carriers (heterozygotes)
and have a 25% risk of having an affected child in each
subsequent pregnancy. Approximately 1 in 120 individ-
uals is a heterozygote for classic galactosemia. Over 170
different mutations have been identi®ed in the GALT
gene, which is located on chromosome 9p13. The most
common mutation in classic galactosemia is the Q188R
point mutation, found primarily in northern European
populations and in patients of European descent. This
mutation accounts for approximately 55% of mutant
alleles in the Caucasian population. Another common
mutation is the K285N point mutation, originating in
eastern and central Europe. In some parts of Europe,
this mutation is found on 25ÿ40% of mutant alleles, but
in North America, it accounts for approximately 5% of
mutant alleles. Both of these mutations result in essen-
tially total loss of GALT enzyme activity. The S135L
mutation is almost always found in patients of African
descent. In African Americans, it accounts for approx-
imately 50% of the mutant alleles. Although the red
blood cell GALT activity associated with the S135L mu-
tation is very low, blood levels of galactose metabolites
are lower and are easier to control than with other clas-
sic galactosemia mutations, re¯ecting higher GALT
activity in other cells, with up to 5% of normal activity
in the leukocytes and 10% activity in other tissues.
Other common classic galactosemia alleles, also mis-
sense mutations, include L195P, Y209C, and F171S.
Approximately 70% of affected individuals have two
of these six common alleles, whereas 10% have one
common allele and one `̀ private'' or rare allele, and ap-
proximately 20% have two rare alleles.

The Duarte allele (N314D point mutation) is very
common and is present in 6ÿ13% of the general pop-
ulation. Thus, approximately 1 in 3000 individuals is a
compound heterozygote for the Duarte allele and a clas-
sic galactosemia allele. Compound heterozygotes have
GALT activity between 5 and 20% of control values.
Other mutations are sometimes detected via newborn
screening, such as the Los Angeles allele, which is a gain-
of-function mutation and results in increased GALT
activity to approximately 140% of normal. Individuals
who are compound heterozygotes for the classic galac-
tosemia allele and the Los Angeles allele (LA/G) may be
detected by newborn screening because the overall
GALT enzyme activity is reduced. However, this geno-
type does not cause clinical disease.

NEWBORN SCREENING

Most states in the United States (48 of 50) and many
developed countries of the world perform newborn
screening for galactosemia. Although in many cases a
newborn with classic galactosemia is beginning to show
signs of illness before the results of the newborn screen
are available, the goal of screening is early detection and
prevention of both acute and long-term complications.
Newborn screening methods vary among states,
but usually involve ¯uorescent GALT enzyme assay
and/or microbiologic or ¯uorescence measurement of
galactose metabolites on red blood cells obtained from
a ®lter paper blood spot. States that screen only by using
GALT enzyme activity measurement would not detect
cases of GALK and GALE de®ciency, whereas those
disorders would be detected by elevated galactose me-
tabolites if both tests are performed. The enzyme activ-
ity on the screen can be falsely low if the ®lter paper is
exposed to heat, a problem often encountered during
transport of the ®lter papers to a centralized state lab-
oratory in the summer months. The galactose metabo-
lite measurements could be falsely low in an affected
infant who has not yet consumed adequate lactose-con-
taining milk at the time the blood sample is obtained,
because the sample is collected too soon after birth or
because of illness, poor feeding, or use of a soy-based or
elemental formula. Therefore, it is critical that the lab-
oratory be noti®ed of the infant's feeding status to ensure
accurate screening results.

Infants who are compound heterozygotes for the
Duarte allele and a classic galactosemia allele (DG
genotype) are often detected by newborn screening
due to low GALT activity and, sometimes, mildly ele-
vated galactose metabolites. GALT activity in these cases
is approximately 20% of normal. Other GALT variants,
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such as the Los Angeles allele, may be detected as a result
of newborn screening.

TREATMENT

Dietary therapy for galactosemia has been used for
nearly 50 years and involves removal of lactose- and
galactose-containing foods and beverages from the
diet. This means that breast-feeding or feeding with a
cow's milk-based infant formula must be discontinued
as soon as the diagnosis is made. Soy formula is used in
infancy. As the baby gets older, galactose-free foods or
foods that are extremely low in galactose, such as
cereals, fruits, vegetables, and meats, are introduced.
Some fruits and vegetables that contain galactose
must be avoided and all milk and milk products
(cheese, ice cream, etc.) must be removed from the diet.
Parents must learn to read food labels and are provided
with instructional materials about foods and medica-
tions that contain lactose. Treatment centers for chil-
dren with galactosemia employ dieticians trained in
metabolic disease treatment to assist patients and
families and to monitor their progress. The diet must
be maintained for the lifetime of the individual. Because
of the lack of milk products in a galactose-free diet,
calcium supplements must be provided to older indi-
viduals who are no longer consuming infant formula.

Long-term monitoring of compliance with dietary
therapy is required for galactosemia patients. Growth
and development are followed closely. After initiation of
treatment, the galactose-1-PO4 level will decrease, usu-
ally over a period of weeks to months. Regular clinic
visits and galactose-1-PO4 measurements on red blood
cells can determine whether the patient is adhering to
the prescribed diet. Urinary galactitol measurement
is another way to monitor treatment. Patients with
classic galactosemia are usually unable to lower their
galactose-1-PO4 levels to the normal range, despite good
compliance with the diet, presumably because of the
endogenous conversion of glucose to galactose via
GALE, which has bidirectional activity. Galactose-1-
PO4 levels less than 3.5 mg/dl are considered adequate
for galactosemics on diet, whereas the normal level is
less than 0.5 mg/dl.

Although long-term complications are thought to be
unlikely in DG galactosemia, many infants are placed on
a galactose-restricted diet for some period of time after
birth, ranging from 6 months to 2 years, depending on
the treatment center. Some centers do not treat DG
galactosemia. There have been no well-controlled
studies to determine whether there are signi®cant de-
velopmental or other long-term health risks in patients
with DG galactosemia.

LONG-TERM COMPLICATIONS

Ovarian Dysfunction

Among women with galactosemia, there is a high
risk for ovarian dysfunction and infertility. Hypergo-
nadotropic hypogonadism occurs in 75% of affected
females, manifested as primary amenorrhea and lack
of secondary sexual development, delayed or abnormal
puberty, or secondary amenorrhea due to premature
ovarian failure in the 20s or 30s. Streak ovaries have
been described pathologically. Risk factors for the de-
velopment of ovarian dysfunction include homo-
zygosity for the Q188R mutation, poor control of
galactose-1-PO4 levels (43.5 mg/dl), and little ability
to metabolize galactose (55% galactose oxidation).
These problems occur despite early diagnosis and
treatment. The height of the galactose level at birth
does not correlate with the degree of ovarian dysfunc-
tion, but there is some evidence that tight control of
galactose-1-PO4 levels throughout childhood may de-
crease the risk for ovarian failure. The cause of the
ovarian dysfunction is poorly understood. It may be
related to the effects of potentially toxic metabolites
of galactose, such as galactitol, on the oocytes. Some
women with galactosemia have been able to become
pregnant and some have had children via ovum dona-
tion and in vitro fertilization techniques. Preteen girls
with galactosemia should be evaluated by an endocri-
nologist and supplemental hormone therapy should be
provided as needed to ensure pubertal development.
Males with galactosemia do not have testicular dys-
function and have normal pubertal development and
fertility.

Speech and Language Disorders

Despite good dietary control of the disorder, many
children with classic galactosemia will exhibit speech
and language problems, speci®cally verbal dyspraxia.
Sixty-®ve percent of patients have been found to
have these de®cits. Most problems are in expressive
language skills, speech articulation, word retrieval,
and short-term memory. Receptive language skills are
normal. Sibling pairs are similarly affected, even if the
second child never received lactose or became ill as a
newborn, suggesting a prenatal effect during brain
morphogenesis.

Neurological Abnormalities

Some individuals with galactosemia may have later
onset neurological abnormalities, again despite good
dietary control. Patients have developed mild to severe
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ataxia and a coarse intention tremor, beginning at 9ÿ14
years of age. One study has shown a decline in IQ with
age. The cause of these problems is not well understood.
It has been postulated that there may be a de®ciency
of galactose-containing glycolipids or glycoproteins
in the brain.

In summary, long-term follow-up of patients with
galactosemia indicates that, although the outcomes have
greatly improved with early diagnosis and treatment,
certain health problems occur despite compliance
with therapy. The cause of these problems is unclear,
but may be related to prenatal elevation of galactose,
galactose-1-PO4, and galactitol, chronic postnatal
intoxication by galactose metabolites as well as endog-
enous production of galactose, de®ciency of UDP-galac-
tose, or de®ciency of galactose-containing glycolipids or
glycoproteins in the brain.

OTHER FORMS OF GALACTOSEMIA:
GALACTOKINASE AND UDP GALACTOSE
4-EPIMERASE DEFICIENCIES

GALK de®ciency results in the development of cata-
racts. It does not cause systemic illness as seen in
GALT de®ciency, although pseudotumor cerebri has
been reported occasionally as a complication in un-
treated individuals. This enzyme defect can be detected
by newborn screening in those states that measure RBC
galactose and/or galactose-1-PO4 levels, which are ele-
vated in affected individuals. It is treated with dietary
restriction of galactose. The cataracts resolve with
treatment.

GALE de®ciency can also be detected through new-
born screening, again if the state laboratory measures
galactose metabolites. In North America, the most com-
mon form of GALE de®ciency is limited to the red blood
cells only and is most often seen in African Americans.
Although RBC galactose-1-PO4 levels are elevated and
RBC GALE activity is absent or very low, GALE activity
is 60ÿ70% of normal in other tissues, including liver
and ®broblasts. No treatment is required and patients
are clinically well with normal growth and develop-
ment. There have been rare patients reported in inbred

populations with generalized GALE de®ciency and, in
those cases, the disorder presents in a manner similar to
classic GALT de®ciency.
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Gallbladder Cancer
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anomalous pancreaticobiliary ductal junction An anatomi-

cal variant of the juncture of the common bile duct and

pancreatic duct found in association with gallbladder

carcinoma.

carcinogenic Of or pertaining to the ability to cause the

development of cancer.

choledochal cyst An often saccular dilation or other

abnormal widening of a portion of the biliary tree.

cholelithiasis The presence of gallstones in the gallbladder.

common bile duct The duct formed by the juncture of the

cystic duct and common hepatic duct, permitting the

¯ow of bile from the liver and gallbladder to the small

intestine.

mutagenic Of or pertaining to any chemical or physical

environmental agent capable of inducing genetic muta-

tions or increasing the mutation rate.

pancreatic duct (duct of Wirsung) The primary secretory

channel of the pancreas.

Gallbladder carcinoma is an uncommon cancer with two

distinct risk factors: cholesterol gallstones and anoma-

lous pancreaticobiliary ductal junction. Few symptoms

herald its presence, as late clinical presentations are

the rule. Although surgery offers the opportunity for

cure, other treatment options are limited in ef®cacy.

EPIDEMIOLOGY

Gallbladder carcinoma (GBCa) is an infrequent cancer,
with an incidence ranging from 2.5 cases/100,000
population in the United States to 7.5 cases/100,000
population in parts of South America. A genetic predis-
position to GBCa is undoubtedly important as women
are affected three times as often as men, whereas people
of Native American, Mexican, Japanese, Chilean, and
Bolivian descent have the highest incidence worldwide.
Most patients with this disease are age 65 or older.

ETIOLOGY/RISK FACTORS

Several disease processes are strongly associated with
the development of GBCa. Cholesterol gallstones are
the most commonly associated condition. Present in

70ÿ90% of GBCa cases, they yield a threefold increase
in risk for GBCa. The presence of cholelithiasis for a
duration>40 years seems to increase the risk of GBCa as
well. In its most chronic form, cholelithiasis leads to a
`̀ porcelain'' gallbladder with partial or complete cal-
ci®cation of the gallbladder wall and imparts a signi®-
cant risk of cancer.

Anomalous pancreaticobiliary ductal junction
(APBDJ) occurs when the pancreatic duct and common
bile duct join abnormally outside of the duodenal wall,
yielding a longer common channel. Often associated
with choledochal cysts, it is estimated that 11ÿ18%
of GBCa cases have an associated APBDJ. It is more
common for GBCa to occur at younger ages in patients
with this anomaly.

Gallbladder polyps are known to harbor cancer and
represent another risk for GBCa. Gallbladder polyps in
excess of 10 mm require that the gallbladder be removed
surgically as the prevalence of GBCa increases signi®-
cantly beyond this size (Table I).

Other etiologic factors with debatable roles in the
development of GBCa include chronic Salmonella typhi
carriage, various environmentally toxic compounds
used in the automobile, textile, rubber, and metal
industries, and previous gastrointestinal surgery.

PATHOGENESIS

The pathogenesis of GBCa depends on the etiologic
factor implicated in its genesis. Cholelithiasis may
lead to a vicious cycle of chronic gallbladder mucosal
irritation with perpetual epithelial repair, resulting in
carcinogenic mutations. Bile contains a multiplicity of

TABLE I Prevalence of Gallbladder Carcinoma

According to Polyp Size

Polyp size Prevalence of cancer

510 mm � 5%

10ÿ15 mm 11ÿ23%

>15 mm 50ÿ70%
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compounds that are potentially mutagenic, but the
exact constituent(s) that may lead to cancer is yet to
be de®ned.

Anomalous pancreaticobiliary ductal junction
promotes free re¯ux of pancreatic juice into the biliary
tree and, by altering the gallbladder milieu, promotes
in¯ammation and proliferative activity of the gallblad-
der epithelium. This may facilitate mutagenesis at
the cellular and nuclear levels. It is well known that
up-regulation of the K-ras oncogene and mutations in
the p53 tumor suppressor gene exist more frequently in
patients with APBDJ.

CLINICAL CONSIDERATIONS

Gallbladder carcinoma is a slowly progressive tumor,
taking at least 15 years to develop. At presentation,
symptoms are very nonspeci®c and their presence usu-
ally heralds a late presentation of this cancer. Nausea,
vomiting, anorexia, and weight loss are typical. A for-
tunate patient will have the tumor located in the neck of
the gallbladder intermittently occluding the cystic duct,
causing symptoms mimicking cholecystitis. This may
lead to an earlier diagnosis and increased chance for
curative resection. Jaundice yields a particularly poor
prognosis in that 85% of these tumors are surgically
unresectable due to extensive local invasion into the
adjacent hepatic parenchyma.

DIAGNOSIS

Most early-stage cancers are diagnosed incidentally at
the time of cholecystectomy for unrelated reasons. If
constitutional symptoms predominate, workup usually
includes abdominal ultrasonography. Findings at ultra-
sound suggestive of GBCa include a thick gallbladder
wall and/or lumenal mass, gallbladder calci®cations, or
obvious hepatic in®ltration. Abdominal computed to-
mography de®nes more clearly the extent of disease,
whereas ERCP with brushings may ultimately be
diagnostic. Endoscopic ultrasound's role in staging
these tumors is evolving.

STAGING/PROGNOSIS

The staging of GBCa follows that set forth by the
American Joint Commission on Cancer and groups can-
cers into stages 0 through IV, with stage IV being the
most advanced. For the less advanced stages 0 through
II, prognosis is encouraging, as curative resection is
possible. Stage III and IV cancers, however, have
1-year survivals of 25 and 10%, respectively, which re-
¯ect signi®cant lymph node involvement and metastatic
disease.

TREATMENT

Surgical resection of GBCa is the only potentially cura-
tive treatment modality. Chemotherapy using 5-FU (5-
¯uorouracil) based regimens has been explored, but the
small number of patients treated limits interpretability.
Combination therapy with surgery and either neoadju-
vant or adjuvant chemotherapy may impart a trend to-
ward improved survival in a heterogeneous group of
case series and reports. Most centers treating GBCa
would offer chemotherapy as an option. Radiation ther-
apy has yet to be shown as a signi®cant adjunct in the
treatment of GBCa.
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acalculous Lacking a gallstone.

adenoma (adenomatous) Benign epithelial tumor in which

there are recognizable glands or in which cells are clearly

derived from glandular epithelium.

agenesis Absence of an organ.

calculous Abnormal concretion, usually containing mineral

salts; here, speci®cally a gallstone.

cholecystitis In¯ammation of the gallbladder.

choledocholithiasis Stone in the common bile duct.

cholelithiasis Presence or formation of gallstones.

cystic duct Gallbladder duct that connects to the common

bile duct.

empyema Accumulation of pus in a cavity of the body; can

refer to accumulation external to or in the gallbladder.

functional Affecting function but not structure; in some

cases, refers to absence of a speci®c disease entity

although there is a symptom.

neoplasm Abnormal tissue growth that is uncontrolled and

progressive but can be either benign or malignant.

peritonitis In¯ammation of the peritoneum; in the case of

cholecystitis, secondary to perforation, and extension of

infection to involve the peritoneum and abdominal

cavity.

PeutzÿJeghers Hereditary syndrome characterized primarily

by gastrointestinal polyps (usually hamartomas).

polyp Protruding growth from a mucous membrane.

Gallbladder disease in children runs the gamut, from gall-

stones to neoplasms. In children, all gallbladder disorders

appear to occur much less commonly than they do in

adults. However, any estimate of prevalence or incidence

is very dif®cult in children. In certain populations, there

may be an increased incidence of diseases such as gall-

stones, but prospective data for these disorders are almost

uniformly lacking.

ACALCULOUS DISORDERS OF
THE GALLBLADDER

Acalculous Cholecystitis

Acalculous cholecystitis results from acute in¯am-
mation of the gallbladder. Reports of children with cho-
lecystitis suggest that up to half may have acalculous

cholecystitis. This in¯ammatory condition is generally
categorized as either primary or secondary.

Primary in¯ammation has no identi®able cause,
whereas secondary in¯ammation is seen in association
with a variety of conditions, some similar to those
associated with hydrops of the gallbladder. Conditions
reported in association with acute in¯ammation of the
gallbladder include septic infections with a variety of
bacterial organisms, bacterial enteric infections, and
streptococcal infections; pneumonias; viral infections
such as gastroenteritis; opportunistic infections (e.g.,
cryptosporidium, cytomegalovirus, and fungal organ-
isms) in immunocompromised patients, in patients
following surgery, in severe illnesses such as burns,
and in chronic in¯ammatory conditions such as
Crohn's disease; congenital anomalies of the biliary
tree causing cystic duct obstruction; and infections
such as leptospirosis, Rocky Mountain spotted fever,
and typhoid fever.

Patients usually present with biliary complaints,
which include right upper quadrant pain, nausea,
vomiting, and fever. On examination, they can have
a mass, although this is unusual, and can have either
localized right upper quadrant discomfort or general-
ized abdominal pain. Findings can be obscured by the
abnormalities of the underlying associated disease
process or the dif®culty of examining some patients,
e.g., patients with severe burns.

Recognition of the condition is important because
of the complications of perforation, gangrene, and
empyema that can result when the condition remains
unrecognized. Because the symptoms can be consis-
tent with a variety of other entities, such as peritonitis,
intussusception, hepatitis, appendicitis, and chole-
dochal cyst with cholangitis, distinguishing on clinical
grounds alone can be dif®cult. Ultrasonography can
show thickening of the gallbladder wall, absence of
gallstones, edema around the gallbladder, and disten-
sion, but provides only supportive evidence of the
clinical suspicion. Failure to ®ll the gallbladder on
cholescintigraphy in the presence of good hepatic up-
take is consistent with cholecystitis. However, a
strong clinical suspicion is often the best clue to
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the diagnosis. In most cases, cholecystectomy is
recommended to avoid complications in a patient
who is often already ill.

Hydrops of the Gallbladder

Acute hydrops is de®ned as gallbladder distension in
the absence of evidence of obstruction (e.g., gallstones),
in¯ammation, or congenital anomalies. The precise
cause is unknown, but hydrops is seen only in associ-
ation with other conditions, including Kawasaki
syndrome, mesenteric adenitis, viral hepatitis, strepto-
coccal or staphylococcal infection, HenochÿSchoÈnlein
purpura, hypokalemia, Sjogren syndrome, nephrotic
syndrome, sepsis, parenteral nutrition, fasting,
a1-antitrypsin de®ciency, leukemia, familial Mediterra-
nean fever, and systemic sclerosis. The unifying factor in
all of these illness is unclear, but may relate to in¯am-
mation of the cystic duct secondary to a systemic
illness, adenopathy compressing on the cystic duct lead-
ing to extrinsic obstruction, or possibly circulating fac-
tors (e.g., cytokines) that affect function of the
gallbladder.

In general, patients with this disorder present with
acute, crampy abdominal pain, nausea, and vomiting.
Because the symptoms are nonspeci®c and not specif-
ically biliary, a careful examination, looking for upper
abdominal tenderness or mass in the right upper
quadrant, is essential. Generally, there is neither fever
nor jaundice. Ultrasonography is the most useful diag-
nostic test for verifying the diagnosis and will reveal a
markedly distended gallbladder.

Once the diagnosis has been established, treatment
is symptomatic and conservative, with spontaneous res-
olution occurring within days to weeks in the vast ma-
jority of patients. There is no evidence in these patients
of chronic biliary dysfunction following resolution.

Neoplasms

Neoplasms of the gallbladder are extremely un-
common in childhood. Benign tumors (adenomatous
polyps) have been described in patients with Peutzÿ
Jeghers syndrome. Isolated adenomatous polyps have
also been described in the absence of systemic illness. In
each case, surgical removal is recommended because
there is at least theoretical risk of progression to malig-
nancy. Primary malignancies of the gallbladder are ex-
ceedingly rare in children. However, embryonal
rhabdomyosarcoma has been described in the gallblad-
der and biliary tract in childhood. Thankfully, these are
rarely found, because prognosis is extremely poor.

Congenital Abnormalities

Isolated congenital anomalies of the gallbladder are
uncommon. Both gallbladder agenesis and torsion of
the gallbladder secondary to a congenitally long mes-
entery have been described. This latter problem pres-
ents with clinical features essentially indistinguishable
from cholecystitis (see later). Cholecystectomy is the
treatment of choice.

Functional Disorders

Biliary dyskinesia is thought to be a motor dys-
function of the gallbladder and the sphincter of Oddi.
Patient complaints are generally described as a recur-
rent, continuous biliary type of pain. Decreased gall-
bladder emptying on a quantitative cholescintigraphy
is used as the standard for assessing this dysfunction
in adults. However, there are no data to support the
presence of such dysfunction in children or what
would be normal values for such a functional study
in children. At present, neither recommendations
for identi®cation nor treatment of such dysfunction
can be made. It is more likely that many children
thought to have this disorder have functional recur-
rent abdominal pain.

CHOLELITHIASIS

Gallstones

Gallstones in children can form in utero and be di-
agnosed in the fetus with prenatal ultrasounds or can be
found with abdominal ultrasonography in otherwise
asymptomatic infants or children. It is not clear what
factors contribute to the formation of gallstones or what
the incidence or prevalence is in children. In younger
children, genetic predisposition is a likely important
contributor to their formation.

Recent work by Paigen and colleagues in mouse
models has suggested that genes that may contribute
to the formation of these gallstones fall into several
general categories. The processes suggested to be in-
volved include cholesterol secretory rate, increased
cholesterol delivery to the liver, up-regulation of
cholesterol synthesis, development of type 2 diabetes
and obesity, biliary hypersecretion of cholesterol, inhi-
bition of bile salt synthesis, and coupling of biliary
cholesterol to other biliary lipids. Further work in
both mouse models and high-risk human populations
should help elucidate how various genetic mutations or
polymorphisms in¯uence the process of gallstone for-
mation (cholesterol stones).
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Such genetic predisposition appears to underlie the
increased incidence or prevalence observed in certain
human populations. Some populations appear to be
at much higher risk than others are, including some
Native Americans (Amerindians), Swedes, and Czechs,
whereas very low incidences are reported in Canadian
Eskimos and in people in certain areas of Africa. In the
few studies available in (Italian and Swedish) children,
there is an increased incidence and prevalence in girls,
with a rapid divergence of the incidence curves for boys
and girls after 11 years of age. From these studies, Italian
children between 6 and 19 years of age had an overall
prevalence of 0.13%, with girls having a prevalence of
0.27%. In Swedish children, gallstones were very infre-
quent prior to 11 years of age. In studies of Amerindians,
girls had an overall prevalence of around 10% during
their teenage years, but this rose to 70% by their fourth
decade. Amerindian men are also at increased risk, with
reported prevalences of less than 2% during their teen
years but rising to 25% during their forties and increas-
ing to 70% by age 60. Variations noted in various human
populations suggest that genetic differences may under-
lie the noted differences in prevalence. The fact that in
the United States there can be vastly different incidences
on diets that are roughly equivalent (Amerindians�
Caucasians�African Americans) again points to the
in¯uence of genetic susceptibilities as important con-
tributors to the burden of gallstone disease. Further
support for genetic susceptibility to gallstone formation
is found in the differences among Hispanics in the
United States. Mexican Americans are at a much higher
risk for gallstone formation and gallbladder cancer
when compared to Puerto Ricans and Cubans. Such
differences may relate to the higher prevalence of
Amerindian genes in the Mexican American population.
However, even among North American Amerindians,
there is considerable variation in the prevalence from
population to population. In individuals with 100%
Amerindian heritage, those in the Dakotas had a prev-
alence of around 45%, those in Oklahoma had a prev-
alence of around 73%, and those in Arizona had a
prevalence of approximately 93%. Prevalences observed
were similar in both males and females. Thus, the con-
tribution of genetic background can be inferred from
such data, but remains to be better established on an
experimental basis before speci®c recommendations
can be made for screening or treatment based on genetic
susceptibility.

In children, most gallstones are either pigment
stones or cholesterol stones. Pigment stones are catego-
rized as brown or black. Black pigment stones are pri-
marily made of calcium carbonate and phosphate,
whereas brown stones have large amounts of calcium

soaps (fatty acid salts). In both, the underlying frame-
work consists of mucin glycoproteins secreted by the
biliary epithelium. Brown pigment stones form in the
presence of both stasis and infection. Black pigment
stones form most commonly in the presence of chronic
hemolytic disease (e.g., hereditary spherocytosis, sickle
cell anemia, or glucose-6-phosphate dehydrogenase
de®ciency), during fasting while on total parenteral
nutrition, and because of cirrhosis or chronic cholesta-
sis [including conditions such as Wilson's disease
and progressive familial intrahepatic cholestasis type 1
(Byler's disease)]. The use of certain drugs, such as
ceftriaxone, causes development of sludge (called pseu-
dolithiasis) and may also contribute to stone formation.

There are some differences in etiology at different
ages. Gallstones in infants are seen in association with
total parenteral nutrition, sepsis, chronic lung disease,
hemolytic anemia, malabsorption, abdominal surgery,
hepatobiliary problems, and necrotizing enterocolitis.
However, in many of these disorders, the children will
be receiving intravenous nutrition or will be very lim-
ited in their oral intake, which may in and of itself be a
major contributor to stone formation. In older children
and adolescents, there is an increased association with
both obesity and pregnancy.

Although it is estimated that up to 80% of gallstones
in adults are silent, they can cause signi®cant clinical
symptoms. The most consistent symptoms relate to ob-
struction of the cystic or biliary duct. It is not known
how many children without symptoms actually have
gallstones, nor if those who do have `̀ silent'' gallstones
ever develop symptoms during the course of their life.
Those who develop symptomatic cholelithiasis have
been described at all ages in childhood. The frequency
of symptomatic patients at any age appears to be related
to the risk for developing gallstones. For all sympto-
matic cases of cholelithiasis, cholecystectomy is the
treatment of choice. With asymptomatic gallstones,
most clinicians would recommend no treatment unless
symptoms arise.

Complications of Cholelithiasis

Both chronic and acute cholecystitis can result from
cholelithiasis. Gallstone obstruction of the cystic duct of
the gallbladder appears to be the cause of acute chole-
cystitis. The symptoms that characterize acute cholecys-
titis are similar to those of symptomatic cholelithiasis
without cholecystitis. They include `̀ biliary colic,'' which
is severe persistent abdominal pain that may localize to
the right upper quadrant, with anorexia and vomiting.
High fever is unusual. Physical examination may reveal
right upper quadrant tenderness and a Murphy's sign
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(inspiratory arrest secondary to pain in this area). In
adults, a palpably enlarged gallbladder is found in up to
a third of patients.

Laboratory abnormalities can include hyperbili-
rubinemia and elevated liver enzymes (alkaline phos-
phatase and aminotransferases). Leukocytosis is
commonly observed. If there is choledocholithiasis, then
amlyase and lipase may also be elevated. A suspected
diagnosis of acute cholecystitis is best con®rmed by
ultrasonography, with the visualization of gallstones
in the gallbladder. Failure to visualize the gallbladder
following cholescintigraphy is also consistent with the
diagnosis of cholecystitis. Management is initially con-
servative, with supportive care as needed and antibiot-
ics. Cholecystectomy is the treatment of choice. All
patients with acute cholecystitis should be carefully
monitored for signs of potential complications, which
include perforation and empyema.

Chronic cholecystitis undoubtedly occurs in chil-
dren but is poorly characterized as an entity. This
may in part be related to the standard of surgical removal
of the gallbladder following an episode of acute chole-
cystitis in children. Because many patients with chronic
cholecystitis have an antecedent history of an episode of
acute cholecystitis, children may be less likely to present
with this particular entity. Those who do have the
disorder can have essentially asymptomatic disease or
symptoms consistent with biliary colic. Treatment is a
cholecystectomy.

Choledocholithiasis is not thought to be a common
problem in children but is usually symptomatic, in
marked contrast to studies in adults, who can be symp-
tom free in this condition. In children, choledocholi-
thiasis can cause pancreatitis, which can be the
presenting problem for these children. Almost all chil-
dren with duct obstruction secondary to gallstones have
biliary colic and severe abdominal pain. If they have
cholangitis as well, they will have fever and tenderness
on exam. Most commonly, patients with obstruction
will have a leukocytosis and elevated liver enzymes.
An elevated conjugated bilirubin is also consistent
with the diagnosis.

Initial diagnostic studies include ultrasonography.
Dilatation of the common bile duct suggests an im-
pacted stone or a congenital anomaly of the bile duct.
Because biliary stones, especially those near the am-
pulla, can be missed on ultrasonography, the absence
of a visualized stone does not exclude the diagnosis.
Magnetic resonance cholangiopancreatography or com-
puted tomography are both useful tools in the visualiza-
tion of the common bile duct and pancreatic ducts and

can detect stones in both the common bile duct and in
some cases stones near the ampulla. In most cases, en-
doscopic retrograde cholangiopancreatography is nec-
essary both for diagnosis and for treatment. Following
treatment, if there are still gallstones in the gallbladder, a
cholecystectomy is recommended.
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antinucleating proteins Biliary proteins that can inhibit

nucleation of cholesterol crystals in vitro. Examples

include apolipoprotein A-I, apolipoprotein A-II, and

immunoglobulin A.

biliary sludge Microscopic precipitates in bile that can be

visualized with ultrasonography or bile microscopy. Can

produce symptoms and complications similar to those of

gallstones.Alsoknown asmicrolithiasis orpseudolithiasis.

cholesterol saturation index In a given bile sample, the ratio

of the actual amount of cholesterol to the maximum

cholesterol-carrying capacity of that sample, determined

in vitro. Bile with a cholesterol saturation index greater

than 1 is considered supersaturated.

cholesterol supersaturation State in which the amount of

cholesterol in bile exceeds the cholesterol-carrying capa-

city of the biliary lipids. A prerequisite for cholesterol

gallstone formation.

nucleation Initial precipitation of solid cholesterol crystals

from supersaturated bile. An initial step in gallstone

formation.

pronucleating proteins Biliary proteins that can promote

nucleation of cholesterol crystals. Examples include

mucin, anionic peptide fraction, and phospholipase C.

Gallstones are extremely common in Western societies.

Over 20 million Americans are believed to have gall-

stones, and approximately 700,000 cholecystectomies

are performed every year. Symptoms and complications

related to gallstones are among the most costly gastroen-

terologic disorders, at an estimated annual cost of almost

$6.5 billion. In Western societies, gallstones are com-

posed primarily of cholesterol. The formation of

cholesterol gallstones requires three fundamental patho-

physiological factors: hepatic secretion of cholesterol-

supersaturated bile, nucleation of biliary cholesterol to

form crystals, and gallbladder stasis.

SYNTHESIS OF BILIARY LIPIDS

Bile is a complex substance composed of lipids, proteins,
electrolytes, and water. There are three principal biliary
lipids: cholesterol, bile acids, and phospholipids (prima-
rily phosphatidylcholine). Many species of proteins are
present in bile, and they are derived from serum proteins

as well as from hepatocyte, bile duct, and gallbladder
epithelial secretion. Gallstone formation is determined
by the physicalÿchemical interactions of biliary lipids,
as well as interactions with biliary proteins.

Cholesterol

The total body pool of cholesterol is derived from
dietary absorption and de novo synthesis. The liver is the
primary site of cholesterol synthesis in the body. Free
cholesterol is synthesized in the hepatocyte endoplas-
mic reticulum via the rate-limiting enzyme 3-hydroxy-
3-methylglutaryl coenzyme A (HMG-CoA) reductase.
Cholesterol derived from lipoproteins is also taken
up by the liver. Cholesterol enters the liver in esteri®ed
form and is transported to the lysosomes, where it is
converted into its free form. It is then transported to the
endoplasmic reticulum and is reesteri®ed for storage.
Cholesterol esters in the endoplasmic reticulum are
continually undergoing hydrolysis, providing a con-
stant supply of free cholesterol. This free pool in the
endoplasmic reticulum is the source of cholesterol for
bile acid and lipoprotein synthesis and for secretion into
bile. Approximately 80% of biliary cholesterol origi-
nates from an existing pool in the liver. The remaining
20% of biliary cholesterol is derived from new hepatic
synthesis. Total hepatic cholesterol is tightly regulated
within a narrow range.

Bile Acids

Bile acids are synthesized from cholesterol through
the rate-limiting microsomal enzyme cholesterol
7a-hydroxylase. Bile acids, which are amphiphilic,
can solubilize and transport hydrophobic cholesterol
in aqueous solutions such as bile. Two primary bile
acids, chenodeoxycholic acid (CDCA) and cholic acid
(CA), are synthesized in vivo. The relative proportions
of these are regulated by the activity of the enzyme
12a-hydroxylase, which converts CDCA to CA. The
cholesterol-carrying capacity of bile is in¯uenced by
the relative proportions of these two bile acids, because
less cholesterol is solubilized by CA than by CDCA.
12a-Hydroxylase can be induced by estrogens, resulting
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in higher proportions of CA and more lithogenic bile.
This effect of estrogen may explain some of the female
propensity for gallstone formation.

After synthesis, carrier proteins bind bile acids to
transport them through the hepatocyte. Bile acids are
then conjugated with glycine and taurine, which in-
creases their water solubility. They are then actively
secreted by bile acid transporters located in the bile
canalicular membrane of the hepatocyte. Bile acids are
initially excreted as individual molecules. However, at a
critical micellar concentration, they can aggregate to
form micelles that are capable of solubilizing cholesterol
and phospholipids. When bile acids enter the intestine,
they are metabolized by intestinal bacteria, deconju-
gated, and dehydroxylated. In this process, CDCA is
converted to lithocholic acid and CA is converted to
deoxycholic acid. Bile acids are reabsorbed in the ter-
minal ileum and circulate via the portal vein to the liver.
In the liver, they are reabsorbed, reconjugated, and rese-
creted into bile via the enterohepatic circulation.

Phospholipids

It is believed that phospholipids in bile are derived
from the hepatocyte canalicular membrane or from
membranous structures within the hepatocyte, such
as the endoplasmic reticulum or lysosomes. Phospha-
tidylcholines comprise over 95% of the phospholipids
in bile. Phospholipids are amphiphilic molecules, sim-
ilar to bile acids, and can solubilize and transport
cholesterol. Phospholipids are believed to be translo-
cated across the canalicular lipid bilayer by a protein
similar to the multidrug resistance gene protein.
Cholesterol and phospholipids then aggregate and are
secreted from the outer lea¯et of the canalicular mem-
brane into bile as vesicles.

CHOLESTEROL SECRETION AND
SOLUBILIZATION

The primary route for elimination of cholesterol from
the body is biliary secretion. As a hydrophobic mole-
cule, cholesterol is relatively insoluble in aqueous so-
lutions such as bile. Thus, in bile, cholesterol must be
solubilized by amphipathic biliary lipids such as bile
salts and phospholipids. Free cholesterol is virtually
insoluble in aqueous solution. Bile acids, because of
their unique amphipathic properties, are able to solu-
bilize cholesterol and phospholipids in mixed micelles.

The major driving force behind the biliary secretion
of cholesterol and phospholipid is bile acid secretion.
Bile acids are actively secreted against a gradient into
the bile canaliculus, inducing subsequent secretion of

cholesterolÿphospholipid vesicles. Hydrophobic bile
acids are more effective than other bile acids as stimu-
lators of lipid secretion, although the maximum rate of
biliary lipid secretion is similar for all bile acids. In the
bile canaliculus, cholesterol can be solubilized with
phospholipids (such as phosphatidylcholine) as unila-
mellar vesicles ranging in size from 40 to 100 nm. These
vesicles consist of a bilayer of phospholipid interdigi-
tated with cholesterol, without associated bile acids.
These vesicles are believed to be derived from the
outer membrane lea¯et of the canalicular membrane.
Vesicles comprise a separate and distinct carriage
system that probably represents the major mode of
cholesterol transport from the hepatocyte.

Within the bile canaliculus, the bile acid concen-
tration gradually increases, eventually reaching a crit-
ical micellar concentration. At this concentration,
cholesterolÿphospholipid vesicles can be converted
into mixed micellar carriers containing cholesterol,
phospholipids, and bile salts. This dynamic inter-
change between vesicular and micellar forms of
cholesterol carriage continues within the bile ductules,
ducts, and gallbladder. Bile salts are more ef®cient at
solubilizing phospholipids than cholesterol. As lipid
carriers are converted from vesicles into micelles, the
remaining vesicles become progressively enriched
with cholesterol.

The proportion of cholesterol transported in the
micellar form can vary dramatically, depending on
bile acid concentrations. For example, at low bile
acid secretion rates, as with fasting, cholesterol hepatic
bile is carried primarily in vesicles. Conversely, in the
gallbladder, the higher bile acid concentrations favor a
shift of cholesterol into the micellar forms. Thus, the
degree of bile cholesterol saturation varies depending
on physiologic conditions and the relative concentra-
tions of the various biliary lipids.

Phase equilibrium diagrams have been constructed
to characterize cholesterol solubility at various concen-
trations of biliary lipids. Using these diagrams, the
cholesterol saturation index (CSI) can be calculated.
The CSI is the ratio of the actual amount of cholesterol
in a given bile sample to the maximum cholesterol car-
rying capacity of that sample determined in vitro. Bile
with a CSI greater than 1 is considered supersaturated.
Supersaturated bile that does not form cholesterol crys-
tals is called `̀ metastable.''

CHOLESTEROL SUPERSATURATION

The amount of cholesterol secreted by the liver can
sometimes exceed the carrying capacity of the biliary
lipids, resulting in bile that is supersaturated and
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metastable. Various pathogenic conditions can disrupt
the tight balance of biliary lipid secretion, resulting in
absolute biliary cholesterol hypersecretion or relative
bile acid hyposecretion.

Biliary cholesterol hypersecretion may occur by sev-
eral different mechanisms. For example, nonobese gall-
stone patients may have higher intracellular levels of
total and free cholesterol, suggesting enhanced intracel-
lular cholesterol transport. Clinical situations associ-
ated with excessive secretion of biliary cholesterol
include obesity, rapid weight loss, aging, drug effects,
and hormonal therapy. In obesity, it is believed that
activity of HMG-CoA reductase, the rate-limiting en-
zyme in cholesterol synthesis, is increased, leading to
higher total body cholesterol. Paradoxically, with rapid
weight loss, cholesterol is rapidly mobilized from
adipose tissue, with resultant increases in biliary secre-
tion. With aging, there may be a decrease in activity
of the 7a-hydroxylase enzyme, a key enzyme in the
metabolism of cholesterol to bile salts. Various medica-
tions, including clo®brate, estrogens, and progesterone,
affect cholesterol secretion by altering hepatic
cholesterol uptake or metabolism.

Alternatively, biliary cholesterol supersaturation
may occur with relative bile acid hyposecretion. In pa-
tients with ileal disease or who have undergone ileal
bypass or resection, bile acid absorption is decreased,
leading to a diminished bile acid pool. In patients with
primary biliary cirrhosis or other chronic cholestatic
diseases, bile acid secretion may be decreased. Recent
attention has focused on the role of deoxycholic acid.
In nonobese patients with cholesterol gallstones, cholic
acid and chenodeoxycholic acid pools are reduced,
and deoxycholic acid is often increased in bile. Deoxy-
cholic acid may in¯uence the amount of cholesterol and
mucin secreted into bile. Prolonged intestinal transit
seems to be the underlying reason for the increased
percentage of deoxycholic acid in gallstone patients.
Associated with these differences in intestinal transit,
gallstone patients have higher concentrations of anaer-
obic and gram-positive aerobic bacteria in the colon, as
well as signi®cantly higher activity of the 7a-dehydrox-
ylase enzyme, which is critical in the synthesis of deox-
ycholic acid formation. In the future, altering the
metabolism of deoxycholic acid or accelerating intesti-
nal transit may prove to be a mechanism to prevent
gallstone formation.

Recent animal studies have indicated that speci®c
genes determine the incidence of cholesterol stone for-
mation in mice fed a lithogenic diet. Some of these genes
may act through their role in regulation of biliary
cholesterol or bile acid secretion. For example, apoli-
poprotein E (apoE), an important component of

very-low-density and high-density lipoproteins and
chylomicrons, has been the subject of many studies.
It has a central role in hepatic lipoprotein catabolism
and regulates the plasma cholesterol response to dietary
cholesterol. Some, but not all, previous studies have
associated the E4 allele of apoE with a higher risk of
cholesterol gallstones. The E4 genotype of apolipopro-
tein E is reported to be associated with gallstone forma-
tion, and patients with the E4 genotype have higher
gallstone cholesterol content. In apoE-de®cient mice,
the increase in plasma cholesterol in response to dietary
cholesterol is attenuated. The apoE-de®cient mice also
have an attenuated increase in biliary or hepatic
cholesterol concentration and cholesterol saturation
index in response to a lithogenic diet. These mice
form markedly fewer cholesterol crystals or stones com-
pared to wild-type mice when fed a lithogenic diet. Thus,
apoE may play a role in regulating biliary cholesterol
secretion, while also playing a role in geneÿdiet inter-
actions in gallstone formation.

Other ongoing work is characterizing the roles of
various genes in mouse models of gallstone formation.
For example, the murine Lith1 gene is associated with
gallstone disease in a dominant fashion. The bile salt
export pump has been identi®ed as a candidate protein
for this Lith1 gene. Other candidate genes for gallstones
in mice include those for HMG CoA reductase, for the
canalicular multispeci®c organic anion transporter
(CMOAT), for the intracellular lipid transporters
(Pctp and Fabp6), for lipoprotein lipase, and for
lecithinÿcholesterol acyltransferase. Further work will
characterize these genes and hopefully identify their
human homologues.

NUCLEATION OF
CHOLESTEROL CRYSTALS

An early and indispensable step in cholesterol gallstone
formation (Fig. 1) is nucleation, the precipitation of
solid cholesterol crystals in saturated bile. Aggregation
and fusion of cholesterolÿphospholipid vesicles is a
crucial step in this process, and cholesterol in stones
appears to be derived preferentially from these vesicles.
Thus, vesicular cholesterol may be more unstable and
prone to precipitate than that in mixed micelles.

Vesicles in bile do not behave homogeneously.
Vesicles in gallbladder bile are likely to participate in
nucleation; vesicles in hepatic bile are much more re-
sistant to nucleation. These differences are caused
partly by the difference in their relative cholesterol-
to-phospholipid ratio. Vesicles with increased ratios
of cholesterol to phospholipid are more prone to
aggregate, fuse, and nucleate. Vesicles with lower
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cholesterol-to-phospholipid ratios, as seen in hepatic
bile, are more stable and less prone to nucleation. Con-
versely, higher concentrations of bile acids, as seen in
the gallbladder, favor preferential removal of phospho-
lipids over cholesterol from vesicles during the
transition to micellar carriage. The residual vesicles
are relatively cholesterol enriched and prone to
nucleate.

In humans, secretion of cholesterol-supersaturated
bile is common, but not all people with supersaturated
bile develop stones. Thus, factors in addition to super-
saturated bile must be present for gallstones to form.
Factors in¯uencing the rate of crystal nucleation have
been a subject of intense study. Biliary proteins have
generated the most attention, because total biliary pro-
tein content is increased in bile with cholesterol crystals
compared with samples without crystals. Several studies
have suggested that proteinÿlipid interactions in bile
might be important in promoting or inhibiting crystal
formation.

Several pronucleating and antinucleating proteins
have been identi®ed in bile. Some putative pronucleat-
ing and antinucleating proteins are listed in Table I. All
of the postulated pronucleating proteins can bind lipid
microaggregates in bile. It is postulated that speci®c
hydrophobic peptide segments of these proteins bind
to cholesterol-enriched microdomains in biliary vesi-
cles, eventually leading to their aggregation and fusion.
This, in turn, facilitates precipitation of microscopic
cholesterol crystals. Nevertheless, the experiments on
pro- and antinucleators have often been performed
in vitro or in animal models, and the signi®cance of

many of these proteins in vivo or in humans has not
been fully established.

The most widely studied pronucleating agent is
mucin, a high-molecular-weight glycoprotein secreted
by the gallbladder epithelium that is the major organic
constituent of gallbladder mucus. Mucin consists of a
polypeptide core with multiple oligosaccharide side
chains. The polypeptide cores contain hydrophobic do-
mains that can bind cholesterol and phospholipid,
thereby bringing vesicles and micelles into close con-
tact. After this binding has occurred, the lipid
membranes can fuse and mix, forming multilamellar
vesicles. In this way, mucin can act as a pronucleator.
Addition of mucin to supersaturated bile will greatly

Cholesterol Bile salts Pronucleators
(e.g., mucin)

Cholesterol
gallstones

Phospholipids
Gallbladder
stasis

Mixed
gallstones

Pigment
gallstones

Calcium
bilirubinate

Bacterial
enzymes

Bilirubin
diglucuronide

Uni- and
multilamellar
vesicles

Mixed
micelles

Cholesterol
crystals

FIGURE 1 Cholesterol gallstone formation. Cholesterol and phospholipids are initially secreted

into bile as uni- and multilamellar vesicles. With the addition of bile salts, mixed micelles can form.

Further addition of pronucleating agents, such as mucin, in combination with gallbladder stasis can

lead to nucleation of cholesterol crystals from supersaturated bile. These crystals may aggregate and

grow, eventually forming gallstones.

TABLE I Postulated Pronucleating and

Antinucleating Proteins

Pronucleating proteins Antinucleating proteins

Mucin Apolipoproteins A-I and A-II

Concanavilin A binding

protein

Phospholipase C

Immunoglobulin

Anionic fraction peptide

(calcium-binding protein)

Biliary protein fractions with

lectin-binding properties

a1-Acid glycoprotein

Aminopeptidase N

Immunoglobulins G and M

Haptoglobin

Fibronectin

Phospholipase A2

a1-Antichymotrypsin
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facilitate cholesterol crystal nucleation. Mucin may also
be incorporated into the core of growing crystals, pro-
viding an architectural nidus for further crystal growth
into stones. Mucin hypersecretion is a necessary ante-
cedent to stone formation in a number of animal models
of lithogenesis. The stimulus for mucin hypersecretion
is not clear, although prostaglandins may play a role. For
example, the hypersecretory response can be inhibited
by aspirin. In some animal models, aspirin ingestion can
inhibit formation of cholesterol crystals and gallstones.
Although prostaglandins may play a role in mucin hy-
persecretion, the role of other factors, such as hydro-
phobic bile salts or lithogenic bile, has not been
clari®ed. More recently, oxysterols have been identi®ed
in bile of patients with pigment gallstones, and their
presence may also affect mucin secretion.

Calcium is another important factor in¯uencing
crystal nucleation. Calcium salts of bilirubin,
phosphate, or carbonate are present in the center of
many, if not all, cholesterol gallstones, and may serve
as nidi for cholesterol crystallization. Calcium has been
shown to bind to mixed micelles, simple micelles, and
simple vesicles in vitro, potentially explaining its role in
cholesterol crystal nucleation. Calcium may also regu-
late gallbladder secretion of electrolytes and glycopro-
teins such as mucin. However, studies of biliary calcium
levels in gallstone patients are con¯icting.

ROLE OF THE GALLBLADDER

The gallbladder is an essential organ in the pathogenesis
of cholesterol gallstones. Cholecystectomy essentially
prevents de novo formation of cholesterol stones. Both
gallbladder motility and mucosal function are believed
to be important. The gallbladder serves as more than a
storage organ. The gallbladder can concentrate and
acidify bile, substantially altering the solubility of
cholesterol, calcium, and bilirubin in the process. Com-
pared to hepatic ductal bile, gallbladder bile is more
concentrated and prone to nucleation. Mucin gels ac-
cumulate with prolonged bile storage in gallbladder
stasis. The viscosity of these gels may interfere with
mechanical emptying. Increased cholesterol nucleation
and crystal growth as well as enzymatic and nonenzy-
matic hydrolysis of bilirubin conjugates could occur
with prolonged stasis. The resulting unconjugated bil-
irubin may precipitate with calcium. Thus, in the pres-
ence of gallbladder stasis, bile becomes more
concentrated and lithogenic. In this setting, cholesterol
crystals are more likely to form. Furthermore, after the
initial nucleation step, cholesterol crystals will remain
in a static gallbladder. Thus, with gallbladder stasis,
cholesterol crystals are more likely to form, remain in

the biliary system, and grow into stones. If gallbladder
motility is adequate, nascent cholesterol crystals can be
emptied, and further growth of these crystals into stones
cannot occur.

Altered gallbladder contractility before cholesterol
stone formation has been shown in a lithogenic animal
model. Many clinical situations associated with gall-
bladder stasis are also associated with higher risk of
gallstones. For example, prolonged total parenteral
nutrition (TPN) induces profound gallbladder hypomo-
tility and stasis, predisposing to subsequent biliary
sludge and possible stone development. High spinal
cord injury is linked to gallbladder stasis and gallstone
formation. Pregnancy, oral contraceptives, obesity, di-
abetes mellitus, and octreotide therapy are also associ-
ated with impaired emptying and cholelithiasis.

Gallbladder mucosal function plays a vital role in
lithogenesis, but the role of mucosal function is not as
well studied compared to gallbladder motility. The gall-
bladder mucosa absorbs excess water and electrolytes,
concentrating bile. The mucosa also normally secretes
hydrogen ions and mucin. Transport of sodium and
chloride ions across the mucosa is altered in animal
models of lithogenesis. The role of the gallbladder in
concentrating bile is magni®ed with gallbladder stasis.

In addition to concentrating bile, the gallbladder
mucosa can secrete proteins, such as mucin, which
might serve as sites for cholesterol crystal precipitation.
Alterations of lipid metabolism in the gallbladder epi-
thelium that might increase cholesterol content have
also been studied. Hydroxymethylglutaryl-CoA reduc-
tase activity, governing cholesterol synthesis, is lower in
the gallbladder mucosa than in hepatic tissue, and acyl-
coenzyme A : cholesterol acyltransferase (ACAT) activ-
ity catalyzing the esteri®cation of cholesterol is several
times higher than in the liver. A recent study also sug-
gests that normal human gallbladders can absorb phos-
pholipids and cholesterol from bile in vitro, resulting in
bile becoming less lithogenic. In contrast, gallbladders
from patients with cholesterol stones were less able to
absorb cholesterol and phospholipids, resulting in po-
tentially more lithogenic bile. This impaired ability to
absorb biliary lipids may be an additional pathogenetic
factor for gallstones.

MIXED CHOLESTEROL STONES,
PIGMENT STONES, AND THE ROLE
OF BACTERIA

Cholesterol gallstones commonly contain other constit-
uents, including proteins and calcium salts of bilirubin
or carbonate. Although sometimes called mixed stones,
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they are still classi®ed as cholesterol stones, because
cholesterol compromises more than 70% of the stone
by weight. Pigment gallstones can be subclassi®ed into
brown and black types, which differ in morphology,
pathogenesis, and clinical associations. In contrast to
cholesterol gallstones, ethnic origin is not an important
risk factor for pigment gallstones. Black pigment stones
can occur in persons with no predisposing conditions,
but important risk factors associated with the formation
of this type of stone include chronic hemolysis (e.g.,
sickle cell disease), thalassemia, prosthetic cardiac
valves, advancing age, and cirrhosis. Black pigment
stones seldom coexist with cholesterol stones in the
same gallbladder.

In Asia, brown pigment stones are often found in the
bile ducts and are strongly associated with bacterial
infection. There is a high incidence of infection with
Escherichia coli and other intestinal organisms such as
Enterococcus, Enterobacter, Pseudomonas, and Proteus.
Infection with anaerobic organisms such as Clostridium
and Bacteroides species can also be documented.
Infected bile exhibits high bacterial b-glucuronidase
activity, believed to be an important enzymatic process
in bilirubin deconjugation. Bilirubin, like cholesterol,
is insoluble in water. After glucuronidation in the
liver, bilirubin is secreted into bile, mostly as the
diglucuronide (75ÿ80%) or the monoglucuronide
(20%), but with a small amount of the unconjugated
form (3%). Because mixed cholesterol and pigment
stones contain salts of calcium and bilirubin, deconju-
gation and precipitation of bilirubin is essential in the
pathogenesis of these stones.

The role of biliary b-glucuronidase in the pathogen-
esis of pigment gallstones has been controversial. It has
been hypothesized that bacterial b-glucuronidase
facilitates the hydrolysis of conjugated bilirubin into
insoluble bilirubin, providing the substrate for forma-
tion of infection-related brown pigment stones. How-
ever, this hypothesis does not seem to explain the
pathogenesis of black pigment gallstones. b-Glucuron-
idase activity in uninfected bile has been demonstrated,
suggesting that this enzyme may also originate in the
biliary tract epithelium. In support of this, gallbladder
bile from patients with pigment, cholesterol, or mixed
gallstones has been shown to have a higher proportion
of bilirubin monoglucuronide compared to bile from
controls. However, another pathogenic factor, gallblad-
der stasis, must be present for precipitates of calcium
bilirubinate to form. In a scenario similar to cholesterol
gallstone formation, gallbladder stasis can provide
an opportunity for nonenzymatic hydrolysis of conju-
gated bilirubin and its subsequent precipitation. For
example, prolonged total parenteral nutrition, with

the subsequent gallbladder stasis, can result in the for-
mation of gallbladder sludge and black pigment stones.

The gallbladder may promote pigment gallstone for-
mation in other ways. Calcium solubility is vitally linked
to black and brown pigment gallstones, because both
kinds of stones contain predominantly calcium
bilirubinate. Hepatic bile is supersaturated with calcium
carbonate. Normal gallbladder epithelium can acidify
bile, which increases the solubility of calcium carbon-
ate. An in¯amed gallbladder may be unable to acidify
bile, promoting pigment gallstone formation. The gall-
bladder epithelium secretes mucin into bile, which can
bind to bilirubin and other hydrophobic lipids and is
contained in black and brown pigment gallstones.

The role of biliary tract infection in gallstone patho-
genesis is receiving renewed interest. It has traditionally
been believed that bacterial infection is involved only in
the pathogenesis of mixed pigment (`̀ brown'') stones, in
which bacteria are believed to facilitate hydrolysis of
conjugated bilirubin to its less soluble, unconjugated
form. More recently, using molecular genetic tech-
niques, it has been possible to identify bacteria in both
mixed and pure (490%) cholesterol stones. It has re-
cently been hypothesized that the inciting factor in
brown pigment stone formation is bacterial infection
and bilirubin deconjugation. However, after initiation
of the stone-forming process, bile may evolve in its com-
position, leading to formation of mixed or even pure
cholesterol stones. Similarly, stones may act as foreign
bodies and enhance bacterial colonization, resulting in
precipitation of bilirubinate salts or remodeling of the
existing stones. Thus, it is likely that signi®cant overlaps
exist in the pathogenesis of cholesterol and pigment
stones. Study in this area has been hampered by the
fact that it is often dif®cult, if not impossible, to deter-
mine whether bacterial infection or stone formation was
the initial event. The development of gallstones likely
includes the interaction of bacterial and physicalÿ
chemical mechanisms over a period of years, leading
to diverse types, shapes, and numbers of stones.

BILIARY SLUDGE

Once suf®cient numbers of crystals have formed, they
may be visible by ultrasonography and produce the
same range of clinical symptoms as gallstones. These
precipitates in bile have been called by many names,
including biliary sludge, microlithiasis, and pseudo-
lithiasis. Sludge is best diagnosed by microscopic exam-
ination of a fresh sample of gallbladder bile. Sludge also
appears ultrasonographically as low-amplitude echoes
(without postacoustic shadow) that layer with gravity.
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Biochemically, sludge is composed of cholesterol
monohydrate crystals, calcium bilirubinate granules,
or other calcium salts embedded in a mucus gel.
Calcium bilirubinate granules are present in almost
all cases, with bilirubin usually in its unconjugated
and least soluble form. Proteins and other substances
such as ceftriaxone are also important components.
Sludge also contains a large proportion of mucin,
proteinÿlipid complexes, and unde®ned residue. The
calcium precipitates, with cholesterol crystals 50 mm or
more in diameter, produce the characteristic ultrasono-
graphic echoes in sludge. The deformable mucin gel
accounts for its unique layering and ¯ow characteristics.

In certain clinical conditions, sludge may evolve into
cholelithiasis, and it has been hypothesized that the
crystals in sludge aggregate and grow to form gallstones.
Thus, sludge is believed by many to be a necessary
precursor to stones. For example, in a prospective
study of patients receiving prolonged TPN, 6% of the
patients developed sludge during the initial 3 weeks. By
4ÿ6 weeks, 50% of the patients had sludge, and after 6
weeks, sludge was seen universally. Stones developed in
43% of patients during followup. At this time, the risk
factors for evolution of sludge into stones are unknown.

Gallbladder sludge may also appear spontaneously
in selected individuals. For example, in the previous
study of patients receiving prolonged TPN, sludge re-
solved with reinstitution of oral feedings in all the pa-
tients by the end of 4 weeks. Another study documented
the clinical outcome of a group of patients presenting
with upper abdominal pain and sludge documented on
initial ultrasound examination. In approximately 18%
of patients, the sludge resolved over a 2-year period. It
had a disappearing and reappearing course in about 60%
of patients. Gallstones also developed in 14% of pa-
tients. Other retrospective studies have demonstrated
similar ®ndings.

SUMMARY

The pathogenesis of cholesterol gallstones is complex
and not completely understood. It is believed that a
primary factor is altered secretion of biliary cholesterol,
phospholipid, and bile acids from the liver, resulting in
cholesterol supersaturation of bile. As the bile is pro-
gressively concentrated during its passage through the
bile ducts and during storage in the gallbladder, the
vesicular fraction of biliary lipids becomes relatively
cholesterol enriched. These lipid vesicles aggregate
and fuse. Gallbladder mucin hypersecretion and stasis
develop, perhaps through the action of chemical medi-
ators such as prostaglandins. With the addition of

pronucleating proteins such as mucin, nucleation of
cholesterol crystals can occur. The cholesterol crystals
formed can be retained within the gallbladder, where
they grow and conglomerate with mucin glycoprotein
and other constituents, such as calcium and bilirubin.
As these crystals aggregate and enlarge, they may be-
come visible on ultrasonography as biliary sludge. Con-
tinued gallbladder stasis and impaired emptying of
sludge eventually lead to macroscopic stone formation.

The pathogenesis of pigment stones has recently
been revisited with the documentation of bacteria and
bacterial bio®lms in gallstones. Bacterial enzymatic de-
conjugation of bilirubin is a key factor in formation of
bilirubinate stones, and may be an initiating factor for
cholesterol gallstone formation as well. Ongoing work is
focused on the role of pronucleating and antinucleating
proteins, as well as further clari®cation of the role and
timing of bacterial infection in gallstone pathogenesis.
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antrectomy Type of partial gastrectomy in which the

stomach's antrum is removed.

Billroth I and II Reconstructive surgical procedures used

after partial gastrectomy in which the remaining part of

the stomach is connected to the duodenum or jejunum,

respectively.

endoscope Medical instrument used to examine the inside of

the stomach and duodenum; consists of a thin, long,

¯exible tube that contains a light and camera, which can

be easily passed through the mouth and into the stomach

and duodenum. A small, ¯exible wirelike instrument can

be inserted through the endoscope and out its end to

sample or remove stomach masses such as polyps.

esophagojejunostomy Surgical creation of an arti®cial

passage between the esophagus and jejunum; the passage

is used to reconstruct the intestinal tract following a total

gastrectomy.

gastrectomy Surgical procedure in which part (i.e., a

`̀ partial'' gastrectomy) or all (i.e., a `̀ total'' gastrectomy)

of the stomach is removed.

gastroduodenostomy Type of gastroenterostomy in which a

portion of the stomach is connected to the duodenum.

gastroenterostomy Surgical creation of an arti®cial passage

between the stomach and any part of the small intestine

(e.g., the duodenum or jejunum).

gastrojejunostomy Type of gastroenterostomy in which a

portion of the stomach is connected to the jejunum.

gastrostomy Arti®cial opening in the stomach wall, usually

created by surgical means. Not to be confused with

gastrectomy.

palliation Treatment designed to improve a patient's

symptoms without curing the disease causing the

symptoms.

sphincter Ringlike band of muscle ®bers that can intermit-

tently contract to constrict an opening, thereby control-

ling ¯ow of substances out of a structure. For example,

the pyloric sphincter controls ¯ow of contents between

the stomach and duodenum.

stomach polyp Raised mass of the inner lining of the

stomach; protrudes into the lumen of the stomach.

tumor Abnormal collection of cells that form a mass or

polyp; in the lay community, at times mistakenly

assumed to be equivalent to `̀ cancer,'' although tumors

can be either malignant (i.e., cancerous) or benign

(noncancerous). Malignant and benign tumors are

distinguished by their appearance under the microscope

and/or their propensity to spread throughout the body.

ulcer (stomach or duodenum) Local defect or erosion of the

inner lining of the stomach or duodenum.

The word `̀ gastrectomy'' comes from the Greek gaster,

meaning stomach, and the root word ectomia, meaning to

surgically excise or remove. Christian Theodur Billroth, a

well-known surgeon from Vienna, ®rst described partial

gastrectomy procedures in 1881. In recognition of his

efforts, Billroth's name de®nes two important and well-

known reconstructive surgical proceduresÐthe Billroth I

and Billroth II. Total or partial gastrectomies are usually

performed to remove benign and cancerous tumors of the

stomach and for treatment stomach or duodenal ulcers.

STOMACH ANATOMY AND FUNCTION

The stomach is composed of various tissues and cells
that work together to initiate the digestion of food. The
stomach is located in the left upper part of the abdomen
between the esophagus and duodenum and can be di-
vided into four parts: the cardia, the fundus, the body,
and the antrum. The cardia is the portion of the stom-
ach that is in direct continuity with the esophagus, the
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fundus is the uppermost portion of the stomach, the
body is the middle and largest portion, and the antrum
is the bottom portion, which is in continuity with the
small intestine. The pylorus, a muscular sphincter lo-
cated at the stomach's exit, regulates passage of partially
digested food from the stomach into the ®rst part of the
small intestine or duodenum (see Fig. 1).

The cells of the stomach produce juices such as hy-
drochloric acid and enzymes (e.g., pepsin), which re-
duce food to a liquid form ready to enter the small
intestine. The stomach rhythmically contracts to mix
swallowed food with stomach juices, which aids in
the digestive process over a few hours. Once reduced
to liquid form, the stomach contracts and the pyloric
sphincter relaxes, allowing the now lique®ed contents
of the stomach to ¯ow into the small intestine. The
small intestine then continues the digestion process

and begins absorbing nutrients into the bloodstream
for use by the body.

BENIGN AND CANCEROUS
STOMACH TUMORS

When treating diseases related to the stomach, the two
main reasons to perform a gastrectomy are treatment of
stomach tumors and ulcers. Partial gastrectomy may
also be used as part of the treatment of other conditions,
such as cancer of the pancreas and esophagus and treat-
ment of obesity. Although these latter conditions are not
the focus here, the principles of gastrectomy are similar
regardless of the indication for performing such surgery.

The stomach can develop a variety of benign and
malignant tumors. Benign (i.e., noncancerous) tumors
are usually cohesive and have well-demarcated borders.
They do not invade or in®ltrate the surrounding normal
tissues and do not spread to different areas of the body.
Malignant (i.e., cancerous) tumors usually invade the
surrounding normal tissues and have the potential to
spread to distant sites in the body if they are allowed to
continue to grow. The spread of malignant tumor cells
to areas of the body that are distant from their site of
origin is referred to as metastasis. Once metastasis has
occurred, the chance of cure by surgery alone is highly
unlikely. Hope for cure under such circumstances re-
quires surgery to be combined with other cancer treat-
ment modalities, such as chemotherapy or radiation
therapy.

Stomach cancer, also known as gastric cancer, is a
common cancer of the gastrointestinal tract. It occurs
most frequently in men over age 50 years. Every year in
the United States, 25,000 people develop gastric cancer.
There are a variety of malignant stomach tumors, and
the vast majority of stomach cancers require gastrec-
tomy for potential cure. Although there have been
many advances in the treatment of stomach cancer,
the likelihood of survival depends on whether the can-
cer can be treated by gastrectomy while the tumor is still
con®ned to the stomach. The proportion of all individ-
uals diagnosed with stomach cancer who will survive for
5 years is approximately 5ÿ15%. The survival rate for a
particular individual, however, depends on the type of
cancer, if it has invaded nearby structures, or if it is has
metastasized to distant sites of the body, such as the
liver. Hence, a person with a `̀ favorable'' stomach cancer
may have a survival chance of greater than 90% whereas
patients with `̀ unfavorable'' tumors may have no chance
of survival.

Gastrectomy may also be used for palliation of pa-
tients who have advanced stomach cancer. Patients
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FIGURE 1 (a) Parts of the stomach. (b) Relationship between

the stomach, esophagus, and small intestine.
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whose stomach cancer blocks the passage of food or
secretions, or causes signi®cant bleeding and pain,
may be treated by total or partial gastrectomy. Although
there may be no hope of cure, the quality of these pa-
tients' lives may be signi®cantly improved by perform-
ing a gastrectomy in such circumstances.

There are also a variety of benign tumors of the
stomach, including benign stomach polyps. Polyps of
small to medium size can be removed by an endoscope.
However, polyps that are too large to be removed by the
endoscope are usually treated by partial gastrectomy. In
addition, patients whose polyps who have been re-
moved by the endoscope and are found to be cancerous
on microscopic analysis may require further treatment
with gastrectomy.

STOMACH AND DUODENAL ULCERS

Another major reason to perform a gastrectomy is for
treatment of stomach and duodenal ulcers. The ulcers
may form as a result of acid and pepsin produced by the
stomach eroding through the inner lining of the
stomach and/or duodenum. Alternatively, nonsteroidal
antiin¯ammatory drugs such as aspirin or ibuprofen
may lead to ulcer formation. Finally, certain types of
bacteria, such as Helicobacter pylori, may lead to ulcer-
ation of the stomach and duodenum. In the past, stom-
ach and duodenal ulcers were routinely treated by
partial, and in some cases total, gastrectomy. However,
advances in medical treatments with a variety of drugs
have made surgery unnecessary in most cases. These
drugs include antacids and certain antibiotics.

Occasionally, stomach or duodenal ulcers do not
heal with medical therapy. This not only causes persis-
tent pain for the patient but also raises the possibility
that cancer cells may be contained in the ulcer. In ad-
dition, complications from stomach and duodenal ul-
cers may develop due to failed drug therapy or
progression of the ulcer disease before medical therapy
is initiated. These complications include perforation, in
which the ulcer erodes through all layers of the stomach
or duodenum, leading to leakage of intestinal ¯uid into
the abdomen and a life-threatening infection. Alterna-
tively, there may be severe bleeding because the ulcer
has eroded into a nearby blood vessel. Finally, swelling
related to the ulcer may prevent passage of stomach
contents into the small intestine. Total or partial gas-
trectomy may be necessary if a stomach or duodenal
ulcer fails to heal with medical therapy, if there is any
concern that an ulcer contains cancer, or if an ulcer
complication occurs. The ulcer is removed as part
of the gastrectomy in the case of a stomach ulcer. A
gastrectomy alone does not remove a duodenal ulcer.

However, gastrectomy decreases or eliminates the ¯ow
of acid and pepsin produced by the stomach into the
duodenum, thereby allowing the duodenal ulcer to heal
on its own.

GASTRECTOMY

There are two major steps involved in performing a
gastrectomy: stomach resection and reconstruction of
the intestinal tract. Resection involves determining the
portion of the stomach to be removed or `̀ resected.'' This
determination is based on the location of the diseased
portion of the stomach. When the entire stomach is
removed, it is referred to as a `̀ total'' gastrectomy
(Fig. 2). When part of the stomach is removed, it can
be referred to as a `̀ partial'' gastrectomy. Often a partial
gastrectomy is more precisely de®ned by the segment or
amount of the stomach that is removed. Hence, an
`̀ antrectomy'' is a partial gastrectomy in which the stom-
ach antrum alone is removed. This is roughly 35% of the
stomach (Fig. 3). A `̀ distal'' gastrectomy is a partial gas-
trectomy in which the distal 50% of the stomach (i.e.,
the part of the stomach closest to the duodenum) is
removed. In a distal gastrectomy, all of the antrum
and part of the body of the stomach are removed.
Finally, a `̀ subtotal'' gastrectomy is a partial gastrectomy
in which 80% of the distal stomach is removed. A sub-
total gastrectomy is essentially just a more extensive
form of a distal gastrectomy (Fig. 4).

Once a total or partial gastrectomy is performed, the
remaining segments of the gastrointestinal tract must be
reconnected to allow uninterrupted ¯ow of food from
the esophagus into the small intestine. This is referred to
as reconstruction of the gastrointestinal tract. There are
a wide variety of reconstruction procedures that can be
done using sutures, surgical staples, or a combination of
the two. Exactly, what reconstructive procedure is done
and how it is performed largely depends on a surgeon's
preference. Following an antrectomy, the surgeon may

e

FIGURE 2 Total gastrectomy with esophagojejunostomy

reconstruction.
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choose to use a Billroth I reconstruction, in which a
gastroduodenostomy is performed. Alternatively, the
surgeon may use a Billroth II reconstruction, in
which a type of gastrojejunostomy is performed
(Fig. 3). For a distal or subtotal gastrectomy, another
type of gastrojejunostomy may be used (Fig. 4).

A much more complex reconstruction is required
following a total gastrectomy for the following reasons
(see Fig. 2). The esophagus has very limited mobility
and cannot be pulled down into the abdomen very far. In
addition, the duodenum is ®xed in position by its at-
tachments to various other structures in the abdomen.
Hence, the duodenum can not be pulled up to the
esophagus. Thus, it is not possible to connect the esoph-
agus to the duodenum after a total gastrectomy. In con-
trast, the jejunum is much more mobile than either the
esophagus or the duodenum and is therefore used for
reconstructive purposes following total gastrectomy.
Although it may be possible to pull a segment of jejunum
up to the esophagus without special surgical techniques,
the connection between the esophagus and the jejunum
may be under marked tension and may tend to tear or
pull a part. Thus, the mobility of the jejunum is fre-
quently optimized to allow safe connection to the esoph-
agus in a two-step process. First, the jejunum is divided,

which allows the segment farthest from the duodenum
(i.e., the distal segment) to easily be pulled up to the
esophagus without tension. The reason this increases
jejunal mobility is beyond the scope of this discussion,
but has to do with certain anatomical properties of the
jejunum and the blood vessels to which the jejunum is
attached. This distal segment of jejunum is either sewn
or stapled to the esophagus to form an esophagojeju-
nostomy. The second step involves stapling or sewing
the proximal segment of jejunum (i.e., the segment in
continuity with the duodenum) to the side of the distal
jejunum (see Fig. 2).

COMPLICATIONS
FOLLOWING GASTRECTOMY

Unfortunately, removal of all or part of the stomach also
decreases the stomach's reservoir and digestive capacity.
Therefore, almost all patients have to alter their eating
habits postgastrectomy. In addition, they may have nau-
sea, vomiting, and diarrhea for several days or weeks
after surgery. Changing to small and frequent meals
with low sugar and high protein content helps many
of these symptoms. Most people successfully adapt to
the surgery and lead normal lives, assuming no other
complications develop.

Unfortunately, 20% of patients have signi®cant com-
plications, with 5% of patients having lifelong compli-
cations and 1% with disabling complications. Early
complications following surgery may include bleeding
or injury to organs or structures in the area of the sur-
gery. The connections made as part of the reconstruc-
tion procedure may leak intestinal ¯uids and lead to a
mild, moderate, or life-threatening infection in the ab-
domen. Alternatively, the connections may swell or be-
come constricted, resulting in partial or complete
obstruction of the ¯ow of food from the mouth into
the distal small intestines. Finally, a super®cial infection
of the surgical skin incision may develop. Most of these
complications are treatable without additional surgery.
Occasionally, surgery is needed to correct long-term
problems or ®x problems that are identi®ed immedi-
ately after surgery. In general, however, a gastrectomy
results in high survival rates with low complications
when performed for benign diseases or for early
forms of cancer.
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Gastric Acid Secretion
CATHERINE S. CHEW

Medical College of Georgia, Augusta

afferent Describes the nerves that carry impulses from the

outer body toward the brain or spinal cord.

autonomic nervous system Part of the nervous system in

vertebrates that controls involuntary activity.

chyme Thick, ¯uid masses of partially digested food and

gastric secretions that pass from the stomach to the small

intestine.

efferent Describes the nerves that carry impulses away from

the brain or spinal cord.

endocrine Related to cells that secrete hormones into the

bloodstream.

enterochromaf®n-like cell Synthesizes, stores, and secretes

histamine; serves as a paracrine regulator in the gastric

mucosa.

gastrin Gastrointestinal hormone that is produced by G cells

in the gastric antral mucosa; stimulates gastric acid

secretion.

neurotransmitter Chemical that carries messages between

nerve cells.

paracrine Related to cells that secrete regulatory substances

in the vicinity of target cells.

postganglionic Occurring after the ganglion.

preganglionic Occurring before the ganglion.

P-type ATPase Enzyme that utilizes ATP hydrolysis to

transport cations or positively charged ions across cell

membranes; `̀ P'' refers to the enzymatic requirement for a

high-energy covalent b-aspartyl phosphate intermediate.

pyloropyloric Re¯ex that is initiated in the pylorus and acts

in the pylorus.

sympathetic nervous system Part of the autonomic nervous

system that is active during stress or danger.

Gastric glands and surface epithelial cells in the

stomach produce 1ÿ2 liters/day of gastric juice, the

major components of which are water, hydrochloric

acid (HCl), salts (Na�, K�, and Clÿ), pepsins, intrinsic

factor, and mucus. The gastric mucosal glands in the fun-

dus and body of the stomach contain parietal (oxyntic)

cells that secrete the HCl, a process regulated by neural,

endocrine, and paracrine mechanisms. There are approx-

imately 1 billion parietal cells in the human gastric mu-

cosa, and these metabolically active cells have the ability

to generate more than 3� 106 hydrogen ions/second. The

result of this intense acid secretory activity is that the pH

of gastric juice is quite acidic, dropping below pH 1 at high

rates of secretion. HCl is necessary for the conversion of

inactivepepsinogentopepsin,whichinitiatesthedigestion

of collagen; HCl also aids in the destruction of ingested

bacteria, although some bacteria, such as Helicobacter
pylori, which has been implicated in the development

of peptic ulcer disease, manage to survive despite the

hostile environment. The maximal rate of acid output is

gender and age related. In human males, maximally stim-

ulated acid secretion initially generates 10ÿ30 mmol of

HCl/hour. In females, the rate is 25ÿ40% lower. In both

males and females, maximal acid output declines with age.

INTRODUCTION

The recognition that gastric juice contains HCl and that
the secretion of HCl is controlled by multiple factors has
gradually evolved from observations made over the past
200 years or so. As early as 1802, the French physiol-
ogist, Pierre Jean Georges Cabanis, recognized the link
between gastric function and emotion. It was not until
1833, however, that the physician William Beaumont
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chyme Thick, ¯uid masses of partially digested food and

gastric secretions that pass from the stomach to the small

intestine.

efferent Describes the nerves that carry impulses away from

the brain or spinal cord.

endocrine Related to cells that secrete hormones into the

bloodstream.

enterochromaf®n-like cell Synthesizes, stores, and secretes

histamine; serves as a paracrine regulator in the gastric

mucosa.

gastrin Gastrointestinal hormone that is produced by G cells

in the gastric antral mucosa; stimulates gastric acid

secretion.

neurotransmitter Chemical that carries messages between

nerve cells.

paracrine Related to cells that secrete regulatory substances

in the vicinity of target cells.

postganglionic Occurring after the ganglion.

preganglionic Occurring before the ganglion.

P-type ATPase Enzyme that utilizes ATP hydrolysis to

transport cations or positively charged ions across cell

membranes; `̀ P'' refers to the enzymatic requirement for a

high-energy covalent b-aspartyl phosphate intermediate.

pyloropyloric Re¯ex that is initiated in the pylorus and acts

in the pylorus.

sympathetic nervous system Part of the autonomic nervous

system that is active during stress or danger.

Gastric glands and surface epithelial cells in the

stomach produce 1ÿ2 liters/day of gastric juice, the

major components of which are water, hydrochloric

acid (HCl), salts (Na�, K�, and Clÿ), pepsins, intrinsic

factor, and mucus. The gastric mucosal glands in the fun-

dus and body of the stomach contain parietal (oxyntic)

cells that secrete the HCl, a process regulated by neural,

endocrine, and paracrine mechanisms. There are approx-

imately 1 billion parietal cells in the human gastric mu-

cosa, and these metabolically active cells have the ability

to generate more than 3� 106 hydrogen ions/second. The

result of this intense acid secretory activity is that the pH

of gastric juice is quite acidic, dropping below pH 1 at high

rates of secretion. HCl is necessary for the conversion of

inactivepepsinogentopepsin,whichinitiatesthedigestion

of collagen; HCl also aids in the destruction of ingested

bacteria, although some bacteria, such as Helicobacter
pylori, which has been implicated in the development

of peptic ulcer disease, manage to survive despite the

hostile environment. The maximal rate of acid output is

gender and age related. In human males, maximally stim-

ulated acid secretion initially generates 10ÿ30 mmol of

HCl/hour. In females, the rate is 25ÿ40% lower. In both

males and females, maximal acid output declines with age.

INTRODUCTION

The recognition that gastric juice contains HCl and that
the secretion of HCl is controlled by multiple factors has
gradually evolved from observations made over the past
200 years or so. As early as 1802, the French physiol-
ogist, Pierre Jean Georges Cabanis, recognized the link
between gastric function and emotion. It was not until
1833, however, that the physician William Beaumont
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provided the ®rst scienti®c evidence, based on his ob-
servations of a ®stulous patient, Alexis St. Martin, that
emotional states in¯uence gastric acid secretion. Hydro-
chloric acid was identi®ed as a component of gastric
juice in the early 1800s by William Prout, but remained
a controversial ®nding for the next 50 years because of
the many claims that the gastric mucosa secreted phos-
phoric or lactic acid or other substances. Although di-
rect evidence was lacking, it became generally accepted
during this era that the parietal cell is the source of HCl
secretion.

In the early twentieth century, major progress was
made toward identifying the physiological regulators of
the acid secretory response. The hormone gastrin was
isolated by J. S. Edkins in 1905 and subsequently was
shown to increase HCl secretion. Ivan Pavlov de®ned
the `̀ psychic phase'' of gastric acid secretion by demon-
strating that the sight, smell, and anticipation of eating
were potent stimulants of acid secretion. Histamine
was discovered in 1913 by Henry Dale and was shown,
in 1916, to stimulate HCl secretion by Leon Popielski,
a student of Pavlov's. This discovery, which was
published in 1920, initiated a bitter controversy over
the role of histamine in the regulation of acid secretion
that continued for over 50 years. The ®rst evidence
linking brain pathways with gastric acid secretion
was published in the 1930s by Cushing, who found
that patients with intracranial lesions secreted high
levels of gastric acid and developed peptic ulcers.

The sequencing of gastrin by Gregory and Tracy in
1964 added fuel to the scienti®c controversy over the
respective roles of histamine and gastrin; the contro-
versy continued long after the discovery of the gastric
histamine-2 (H2) receptor by Sir James Black and col-
leagues in 1971. Two prominent opposing viewpoints
were championed most strongly by Charles Code, who
proposed histamine as the ®nal common mediator, and
Morton Grossman and colleagues, who believed that the
gastric parietal cell possessed receptors for histamine,
gastrin, and acetylcholine and that these secretagogues
had potentiating interactions at the level of the parietal
cell. In order to resolve these con¯icting hypotheses,
it became clear that cellular models were required.
The ®rst such model, the isolated gastric gland, was
described in 1976 by Thomas Berglindh and Carl
Johann OÈ brink. The gland preparation continues to
be a popular model for the study of acid secretory re-
sponses at the cellular level. An important characteristic
of this cellular model is that normal connections be-
tween cells are maintained and cells within the glands
retain their normal polarities. The presence of endo-
crine/paracrine cells in the glands can be an advantage
or a disadvantage, depending on the research goals.

Thus, this model is ideal for studies of paracrine regu-
lation of parietal cells, but not for characterizing re-
sponses at the level of the parietal cell. To de®ne
`̀ pure'' parietal cell responses at both the physiological
and biochemical levels requires preparations of highly
enriched parietal cells. Shortly after the gland model was
described, the ®rst step toward addressing these short-
comings was made by Andrew Soll, who used centrifu-
gal elutriation, a technique that separates cells in
suspension based on size, to partially enrich parietal
cells from mixed populations of gastric mucosal cells.
These initial parietal cell isolates were enriched to
�50% purity. Since then, there has been a progression
of improvements in the enrichment technique to the
point where parietal cells can now be enriched to
near homogeneity and maintained for several days in
primary culture.

Another important milestone in de®ning acid secre-
tory-related functions of gastric mucosal cells was the
identi®cation of histamine-containing enterochromaf-
®n-like (ECL) cells by Rolf HaÊkanson and colleagues
in 1986. Christian Prinz, George Sachs, and colleagues
developed techniques to study these cells in isolation in
the early 1990s and subsequent work has recently pro-
vided signi®cant new information on the mechanisms
involved in the regulation of gastric acid secretion.

GASTRIC MORPHOLOGY

General Organization of the Stomach and
Regional Variations

Like the rest of the tubular gastrointestinal (GI)
tract, the stomach is structurally organized into four
concentric layers: the inner or luminal mucosa, the sub-
mucosa, the muscularis externa, and the outer serosa.
The mucosa and submucosa form longitudinal folds,
or rugae, that contain funnel-shaped invaginations
at the mucosal surface. These invaginations, which
are referred to as gastric pits, or foveolae, form the open-
ings for ducts into which the gastric glands empty.
Anatomically, the stomach is divided into four regions:
the cardiac, which is a 2- to 3-cm-wide region at the
esophageal junction; the fundus, which projects in a
domelike fashion above the esophagus; the body,
which forms the central and largest region of the stom-
ach; and the pyloric antrum (pyloros being the Greek
term for `̀ gatekeeper''), which falls in the region between
the angular notch and the duodenal junction (see Fig. 1
for an overview of the anatomy of the stomach).

Histologically, the gastric mucosa is divided into
three, rather than four, separate regions: the cardiac,
oxyntic, and antral or antropyloric. In this case, the
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regions are de®ned based on the structures of their
glands. Although there is a common structural basis
in gastric glands, the occurrence and distribution of
different cell types within the glands vary from region
to region. In humans, the cardiac region is a few centi-
meters wide and contains labyrinthine glands composed
mainly of mucus-producing cells. The oxyntic mucosa,
which is the acid-producing region of the stomach, ex-
tends through the fundus and body of the stomach. [It
should be noted that this region is often referred to as the
fundus rather than the oxyntic mucosa (see Table I, for
example)]. Within the oxyntic mucosa, the glands are
long and straight, and two or more glands open into a
common pit. Columnar surface epithelial cells line the
pit, extending down into the gland opening. The narrow
region of the gland closest to the gastric pit is called the
isthmus, or neck, region, and it contains mucous neck
cells, stem cells, and a few immature parietal cells. The
body of the gland begins immediately below the isthmus
and extends to the base. Parietal cells are most numer-
ous in the upper regions of the body, becoming less
numerous near the base where pepsinogen-secreting
chief cells predominate. ECL cells and other endo-
crine/paracrine cells, which are derived from the neural
crest, are interspersed among secretory epithelial cells
in oxyntic glands. In the antral mucosa, the gastric pits
are deeper, and the glands have wide lumens with prom-
inent branching at their bases. The predominant cell
types in the antral mucosa are mucus-producing cells,

gastrin-producing G cells, and serotonin-producing
ECL cells. A few parietal cells are also present in this
region.

Endocrine/Paracrine Cells Involved in the
Regulation of HCl Secretion

ECL cells, G cells and somatostatin-producing D
cells are known to play an important role in the regu-
lation of HCl secretion. Other less well-characterized
endocrine/paracrine cells are probably also involved in
this process. In the gastric mucosa, endocrine/paracrine
cells are almost exclusively localized within the glan-

FIGURE 1 Anatomical overview of the stomach. Figure by John Forrester, copyright Medical College of Georgia.

TABLE I Distribution and Properties of Endocrine Cells

in the Stomach of the Rata

Cell type

Amine/amino

acid

Regulator

peptide Location

ECL cell Histamine ? Fundus

D cell ? Somatostatin Fundus/antrum

G cell GABA Gastrin Antrum

EC cell Serotonin ? Antrum

A-like cell ? Ghrelin Fundus/antrum

D1 cell ? ? Fundus/antrum

P cell ? ? Fundus/antrum

a Modi®ed from Lindstrom et al. (2001), with permission. The

many question marks illustrate that there is much to learn in gastric

endocrine cell biology.
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dular epithelium at sites below the surface epithelial
cells and the pits. Generally, but not exclusively, endo-
crine-like cells in the oxyntic mucosa contain different
secretory products as compared to those in the antral
mucosa. There are also different anatomical relation-
ships between endocrine-like cells and neighboring
cells in the two regions. These anatomical differences
may re¯ect differences in the modes of delivery of se-
cretory products and/or differences in stimulatory
mechanisms. The locations of known endocrine/para-
crine cells and their secretory products are summarized
in Table I.

The Histamine-Storing ECL Cell

There are two types of histamine-storing cells in the
stomach, ECL cells and classical mast cells. ECL cells are
involved in the regulation of gastric acid secretion
whereas mast cells are involved in mediating the im-
mune response. Mast cells originate in the bone marrow
and migrate to the stomach. In contrast, ECL cells orig-
inate in the gastric mucosa. The distribution of both
ECL and mast cells varies with the species. In large
mammals, including dogs, cats, pigs, and humans,
mast cells are numerous and are scattered throughout
the mucosa. In contrast, in the rat, mast cells are rela-
tively few in number and are localized not only within
the mucosal surface but also within the submucosal
and muscle layers. ECL cells predominate in the
lower gland region in birds and mammals, but in ®sh,
amphibia, and lizards, they are present primarily in the
upper half of glands.

In rats, the species in which these cells have been
most extensively studied, ECL cells are the predominant
histamine-storing cell, containing � 80% of the total
gastric histamine. They are also particularly abundant,
composing �30% of the total endocrine/paracrine
cell population. Transmission electron microscopy
(EM) studies indicate that secretory vesicles in ECL
cells have electron-dense cores surrounded by large
halos. At the light microscopic level, ECL cells can be
identi®ed with antibodies directed against the hista-
mine-synthesizing enzyme, histidine decarboxylase,
and against the vesicular monoamine transporter
subtype 2 (VMAT-2). In the human stomach, a sub-
population of ECL cells has immunoreactivity for
the a subunit of human chorionic gonadotropin
(hCG-a) as well as other constituents that are found
in neuroendocrine cells, such as chromogranin/pancre-
astatin and synaptophysin.

The Gastrin-Storing G Cell

The G cells are ¯ask-shaped, with apical surface
microvilli that project into the lumen of the antral

glands. Secretory granules in G cells have variable struc-
tures and densities, which may re¯ect the accumulation
of different gastrin precursors within these granules. In
general, endocrine cells in the GI tract have been clas-
si®ed based on their silver staining characteristics as
well as the presence of chromogranin A, an ubiquitously
expressed endocrine cell protein that is thought to
play a role in the packaging of secretory products.
Antral G cells stain strongly with both methods. The
distribution of G-cells in antral glands is species depen-
dent. In rats, G cells predominate in the basal region, but
in humans, dogs, and cats, they appear in strati®ed lay-
ers between the base of the pits and the mucous cells. In
pigs, G cells are distributed along the length of the
glands.

Immunohistochemical analyses suggest that G cells
contain other peptides in addition to gastrin, possibly
including peptide YY (PYY), thyrotropin-releasing hor-
mone (TRH)-like peptides, vasoactive intestinal peptide
(VIP), proenkephalin gene-derived peptides, xenopsin,
adrenocorticotropic hormone (ACTH), and human
CG-a (hCG-a). The presence of these peptides in G
cells has not yet been con®rmed biochemically nor
have their roles in the regulation of acid secretion
been de®ned. Such analyses are presently dif®cult be-
cause G cells can be enriched to only � 35% with cur-
rent isolation protocols.

Somatostatin-Storing D Cells in Oxyntic
and Antral Glands

The main secretory product of D cells is somato-
statin, an inhibitory regulator of acid secretion, and
the predominant form of somatostatin that is secreted
by gastric D cells is somatostatin-14. Compared to so-
matostatin-28, which is the form present in the general
circulation, somatostatin-14 appears to be a more phys-
iologically relevant inhibitor of acid secretion. In hu-
mans and most mammals, the granules in D cells are
large (100ÿ400 nm), round, and of medium density.
The granules in rodent D cells are smaller. In the gastric
antrum, D cells are the `̀ open'' type whereas those in the
fundus are the `̀ closed'' type. Is has been assumed that
the open morphology allows antral D cells to sense the
presence of acid in the stomach lumen; however, this
assumption has not been proved. Both antral and fundic
D cells have long processes, which were originally
thought to form direct contacts with parietal and G
cells. More detailed transmission EM studies suggest,
however, that thin extensions from other cell types
block direct contacts. If this is the case, somatostatin
may be delivered to parietal and G cells through the local
circulation rather than by simple diffusion. Somato-
statin released from intestinal D cells into the general
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circulation can also serve as an endocrine inhibitor of
acid secretion. Experimentally, gastric D cells can cur-
rently be enriched to � 90% purity based on their
small size and low buoyant densities (1.040 g/ml)
using a combination of density gradient and centrifugal
elutriation techniques similar to those that were
initially used to prepare highly enriched parietal cell
populations.

CELLULAR DIFFERENTIATION WITHIN
OXYNTIC GASTRIC GLANDS

Within the oxyntic mucosa, there is constant turnover
and regeneration of the different cell types. Landmark
studies by Karam and Leblond during 1993ÿ1995 de-
®ned gastric glands as `̀ zymogenic units'' that contain
multipotent, undifferentiated, granule-free stem cells
from which several different progenitors are produced,
including `̀ prepit precursors,'' `̀ preneck cell precursors,''
and `̀ preparietal cells.'' These stem cells are present in
the isthmus of the glands. Surface or pit cells arise from
differentiation of the prepit precursor lineage and mig-
rate upward from the isthmus during migration.
Mucous neck cells are derived from the preneck cell
lineage and are the precursors of chief or zymogenic
cells, which are present in the base of the glands. Pre-
parietal cells appear to be derived from granule-free
stem cells as well as prepit and preneck precursors.
Preparietal cells appear to migrate from the gland isth-
mus in both directions: upward toward the pit and
downward toward the neck and base of the glands. In
contrast to surface epithelial cells, which survive for
only a few days, parietal cells have a life span of several
months, depending on the species. Fully differentiated
parietal cells are mitochondria rich and possess an ex-
tensive tubulovesicular or tubulocisternal membrane
system as well as a complex, F-actin-rich, apically di-
rected internalized membrane region or intracellular
canaliculus. These cells also express several proteins
that are either not expressed at all or are expressed at
much lower levels in other gastric mucosal cell types.
The most prominent example of the former is the
H�,K�-ATPase, which is a P-type ATPase that is respon-
sible for proton secretion by the parietal cell. In contrast
to gastric epithelial cells, G and D cells appear to be
derived from a common multihormonal precursor
cell that is present within the isthmus of glands.

INNERVATION OF THE STOMACH

The stomach, like the rest of the gastrointestinal tract, is
extensively innervated by the autonomic nervous

system (ANS). There are two major sources of auto-
nomic innervation, extrinsic and intrinsic. The extrinsic
nerve supply feeds into a self-contained, highly complex
intrinsic nervous system, which is also referred to as
the enteric nervous system. In addition to regulating
acid secretion, neuronal messengers modulate a num-
ber of other important gastric functions, including mo-
tility, local blood ¯ow, lower esophageal and pyloric
sphincter tone, and hormone/paracrine release. Numer-
ous neurotransmitters are present within the gastric
mucosa, including acetylcholine, serotonin, nitric
oxide, g-amino butyric acid, and pituitary adenylyl cy-
clase-activating peptide (PACAP). Neuropeptide Y
(NPY) may also be present in extrinsic sympathetic ®-
bers. Peptide-containing neuronal ®bers have also been
found to contain abundant vasoactive intestinal peptide
and gastrin-releasing peptide (GRP), with lesser con-
centrations of substance P, calcitonin gene-related pep-
tide (CGRP), somatostatin, NPY, and galanin. Mucosal
®bers may contain multiple transmitters. There is also a
high level of nitric oxide synthetase (NOS) in the gastric
mucosa. A neuropeptide, orexin A, has been recently
immunolocalized to neuronal structures that express
VIP and/or NOS. However, although NOS-containing
nerve ®bers are abundant in the smooth muscle layer,
few such ®bers are found in the gastric mucosa. Thus,
much of the NOS activity may originate from mucosal
epithelial cells.

Extrinsic Innervation and CNS Control

There are two sources of external or extrinsic neu-
ronal pathways: the parasympathetic, via the vagus
nerve, and the sympathetic, via the celiac ganglion
and splanchnic nerves. Of the two, the vagus is the
most important regulator of gastric acid secretion.
Vagal activation stimulates acid secretion. However,
there are a few exceptions (see In Vivo Regulation of
Gastric Acid Secretion: Cephalic Phase). The effects of
sympathetic stimulation on acid secretion are generally
inhibitory and indirect, resulting from effects on con-
tractility and blood ¯ow.

In general, sympathetic and parasympathetic ®bers
release either acetylcholine or norepinephrine. Fibers
that release the neurotransmitter acetylcholine are cho-
linergic; those that release norepinephrine are adrener-
gic (from adrenalin). Preganglionic neurons in both
the sympathetic and the parasympathetic nervous
systems are exclusively cholinergic. Most postgangli-
onic sympathetic neurons are adrenergic, but a few
are cholinergic. In contrast to sympathetic ®bers,
most parasympathetic ®bers, including the vagal ®bers
innervating the stomach, pass uninterrupted all the way
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to the innervated organ and, thus, are preganglionic and
cholinergic at the level of the stomach.

Vagal ®bers that innervate the stomach originate in
the medulla from neurons present in the dorsomotor
nucleus of the vagus and, to a lesser extent, the nucleus
ambiguus and the nucleus tractus solitarius. The pos-
terior region of the stomach is innervated by the right
thoracic vagal trunk, whereas the lesser curvature and
ventral stomach are innervated by branches of the left
vagus. Once vagal ®bers enter the stomach, they synapse
with ganglia of the enteric nervous system. Acetylcho-
line that is released by vagal ®bers binds to nicotinic
receptors present on the ganglionic neurons. Nicotinic
receptors are stimulated by nicotine as well as by ace-
tylcholine. These receptors are distinguished from mus-
carinic receptors by selective inhibitors such as
atropine, which blocks muscarinic receptors but not
nicotinic receptors. There are ®ve known muscarinic
subtypes, M1ÿM5. Recent studies of muscarinic recep-
tor knockout mice suggest the muscarinic M3 receptor
subtype is involved in the regulation of basal and vagally
stimulated acid secretion, but the M1 receptor subtype
is not required for vagally stimulated secretion, at least
in this species.

The Enteric Nervous System

Similar to most regions of the gastrointestinal tract,
the stomach contains an extensive array of intercon-
nected autonomic ganglia and their associated nerve
®bers. This intrinsic (enteric) nervous system is often
referred to as the `̀ second brain'' based on its complexity
and the presence of many of the same neurotransmitters
that are found in brain. There are three distinct plexuses
within the enteric nervous system: the submucosal
(Meissner's), myenteric (Auerbach's), and serosal. The
submucosal plexus is located within the submucosa just
below the mucosal layer and the myenteric plexus is
located between the outer longitudinal and inner circu-
lar muscle layers. Nerve ®bers interconnect the dense
network of ganglia within each plexus and also form
interconnections between the different plexuses. In lab-
oratory animals, myenteric ganglia are large and much
more numerous than submucosal ganglia and are the
major source of innervation for the gastric mucosa as
well as the submucosa and smooth muscle. Myenteric
neurons also appear to be most extensively innervated
by vagal preganglionic ®bers. In humans, the submuco-
sal plexus in the antropyloric region appears to be more
much more elaborate as compared to rats and guinea
pigs. Serosal ganglia are not yet well characterized.
In addition to acetylcholine, the intramural plexuses
appear to contain at least 20 potential neurotransmit-

ters. Many of the neurotransmitters present within these
plexuses have also been localized within endocrine/
paracrine cells in the gastric mucosa as well as in other
regions of the gastrointestinal tract.

IN VIVO REGULATION OF GASTRIC
ACID SECRETION

Between meals, the human stomach secretes acid at
approximately 10% of the maximal rate. The volume
of gastric juice is low, and the pH is generally below
2. After ingestion of a meal, gastric acid secretion in-
creases dramatically. Classically, and rather arti®cially,
three phases of meal-stimulated gastric acid secretion
have been described based on selected experimental
approaches. These include (1) the cephalic phase,
which is activated by the sight, taste, smell, chewing,
and swallowing of food; (2) the gastric phase, which is
activated by the presence of digestion products in the
gastric lumen and by the distension of the stomach;
and (3) the intestinal phase, which is activated by the
presence of chyme in the small intestine. These secre-
tory phases, like other functions of the gastrointestinal
tract, are, in reality, initiated more or less simultane-
ously following the ingestion of a meal. Secretion in all
three phases is regulated by a complex process that
involves the meal-induced activation of extrinsic and
intrinsic neuronal pathways and release of hormones
and paracrines.

In vivo, the major activators of HCl secretion are
histamine, gastrin, and acetylcholine; however, many
additional factors regulate the release of each of these
secretagogues at several different levels. Known nega-
tive regulators include somatostatin, prostaglandins of
the E2 series, epidermal growth factor (EGF), secretin,
cholecystokinin (CCK), gastric inhibitory polypep-
tide (GIP), serotonin, neurotensin, interleukin-1, glu-
cagon-like peptides, peptide YY, substance P, calcitonin
gene-related peptide, bombesin, corticotropin releasing
hormone (CRH), amylin, orexin A, and galanin. Other
factors such as leptin, which is present in fundic glands,
and ghrelin in the CNS, can stimulate HCl secretion. In
most cases, the physiological role of these factors in
regulating gastric acid secretion has not yet been estab-
lished. Those factors that are best characterized are
discussed in the following sections.

Cephalic Phase

Chemoreceptors and mechanoreceptors in the
mouth, nasal cavities, and upper esophagus are acti-
vated by the sight, smell, and thought of food as well
as by the chewing and swallowing re¯exes. The resulting
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afferent nerve impulses are relayed by vagal afferents
mainly to the dorsal motor vagal nucleus in the central
nervous system (CNS), which signals the stomach via
vagal efferent pathways. Stress and hypoglycemia also
activate the cephalic phase of secretion.

In humans, the cephalic phase accounts for less than
half of the total acid secretory response to a meal. The
magnitude of the response depends on how appetizing
the food appears to the individual. Because vagal stim-
ulation does not elicit the maximal possible rate of HCl
secretion, it has been concluded that this response in-
volves both stimulatory and inhibitory effects. A current
view of the mechanisms associated with the dual effects
of vagal activation is as follows. In the fundus and body
of the stomach, vagal stimulation induces the release of
acetylcholine by both preganglionic and postganglionic
enteric neurons. The postganglionic release of acetyl-
choline stimulates parietal cells to secrete HCl. In the
antrum, however, the preganglionic release of acetyl-
choline can induce the release of both stimulatory
and inhibitory neurotransmitters by postganglionic
neurons. As yet, these neurotransmitters have not been
unequivocally identi®ed. One candidate is gastrin-
releasing peptide, which is structurally related to the
amphibian neuropeptide, bombesin. GRP can release
gastrin from G cells and somatostatin from D cells.
Other transmitters may also be released by vagal stim-
ulation. Thus, the maximal rate of acid secretion that
can be achieved by vagal stimulation depends on the
balance of neurotransmitters released in the vicinity of
the G and D cells as well as parietal cells. Because, for
example, vagal stimulation is a more potent activator of
HCl secretion in dogs as compared to in humans, the
inhibitory pathways may be more predominant in hu-
mans. The relative contribution of gastrin to the ce-
phalic phase of secretion also appears to be species
dependent.

The relationship between the CNS and the overall
regulation of gastric acid secretion is quite complex.
Thus far, most information has been derived from
mapping studies in which various neurotransmitters
are injected into different regions of the brain.
Intracerebroventricular injection of thyrotropin-releas-
ing hormone, a three-amino-acid peptide, activates the
vagus nerve and mimics cephalic phase stimulation.
Thus, TRH appears to play an important role in medi-
ating vagal stimulation of acid secretion. This effect can
be inhibited by the injection of peptide YY. Mapping
studies in which various peptides are injected into re-
gions of the brain known to send projections of vagal
and sympathetic nerves involved in secretory inhibition
indicate that the hypothalamus is an important site
for central inhibition. Medullary and spinal sites also

appear to be involved. Peptides that increase the activity
of centrally acting inhibitory pathways in dogs and rats
include bombesin, CGRP, û-endorphin, neurotensin,
prostaglandins, interleukin-1b, CRH, and orexin A.
Neuropeptide Y has either stimulatory or inhibitory ef-
fects, depending on the site of injection.

Gastric Phase

As food enters the stomach, acid secretion is further
stimulated by distension of the gastric wall as well as by
the presence of food and certain beverages. Other fac-
tors, such as caffeine, alcohol, and luminal calcium also
stimulate HCl secretion. Acid secretion in this phase
accounts for at least 50% of the total and is primarily
mediated by the hormone gastrin. Ingested nutrients, in
particular peptides and amino acids, potently stimulate
gastrin release, apparently by a direct effect on G cells,
whereas distension induces the release of gastrin by both
cholinergic and noncholinergic re¯ex mechanisms. De-
pending on the species, distension can account for
20ÿ50% of the total acid secretory response. Distension
re¯exes may be local but can also involve the extrinsic
nervous system. In the latter case, extramural or vago-
vagal re¯exes send signals via vagal afferents to the vagal
nucleus, activating efferent vagal pathways from the
CNS that then stimulate parietal cells in the oxyntic
mucosa and G cells in the antrum. Intramural or
local re¯exes are mediated by one or more neurons
within the enteric nervous system. These re¯exes stim-
ulate the parietal cell more effectively than they stimu-
late the G cell. All distension re¯exes are blocked by the
anticholinergic drug atropine, indicating that they are
mediated at some point by the cholinergic neurotrans-
mitter acetylcholine. Because vagotomy reduces, but
does not completely abolish, gastrin release in response
to pyloric distension, the gastrin response may be me-
diated by both vago-vagal and local, or pyloropyloric,
re¯exes.

After the ingestion of a meal, secreted acid is initially
buffered by the presence of food and protein digestion
products in the stomach. With continued HCl secretion,
the pH drops and negative feedback mechanisms are
called into play. Acid secretion is inhibited when the
pH reaches 2 and is almost completely suppressed when
the pH drops below 1. The pH-dependent inhibition of
HCl secretion is correlated with the release of somato-
statin. Distension of the stomach also releases somato-
statin by activation of cholinergic and noncholinergic
neuronal pathways. Antral somatostatin, which inhibits
the release of gastrin from G cells, presumably serves as
a counterbalance to the stimulatory effect of gastrin.
Recent evidence suggests that atrial natriuretic peptide
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(ANP) may also play a role in the regulation of gastric
somatostatin secretion. ANP release can be induced by
the neurotransmitter PACAP (which is present in the
enteric nervous system in two different forms, PACAP-
27 and -38) and suppressed by activation of intramural
cholinergic neurons.

With gastrin, there is also a positive feedforward
mechanism. In this case, a rise in luminal pH is corre-
lated with increased gastrin secretion. This response
occurs, for example, when acid secretion is inhibited
by potent pharmacological agents such as omeprazole
and related H�,K�-ATPase or proton pump inhibitors
(PPIs), which can almost completely suppress parietal
cell HCl secretion (see Receptor-Mediated Responses at
the Cellular Level: Regulation of HCl Secretion at the
Level of the Parietal Cell). A similar response occurs in
atrophic gastritis, a condition in which parietal cell
function is reduced. The prolonged elevation of
serum gastrin is correlated with gastric mucosal hyper-
trophy and increased ECL numbers.

Intestinal Phase

The intestinal phase probably accounts for less than
5% of the total acid secretory response. It can be initiated
by perfusion of the jejunum with amino acids and may
involve the action of a putative factor called `̀ entero-
oxyntin'' as well as the hormone gastrin, which is
released from G cells in the upper part of the small
intestine. Once acidic chyme enters the duodenum, neg-
ative neural and hormonal feedback mechanisms are
activated, leading to a reduction in HCl secretion.
This serves to protect the small intestine from damage
that could be caused by too much acid or excessive
hyperosmolarity. The mechanisms responsible for
negative feedback from the small intestine to the stom-
ach are poorly characterized. The older literature refers
to an inhibitory factor called `̀ enterogastrone'' that was
thought to be released from the small intestine.
Subsequently, three major inhibitors or enterogastrones
were described in many textbooks: secretin, cholecys-
tokinin, and gastric inhibitory peptide (GIP). These fac-
tors were thought to be released in response to the
presence of fat, acid, and/or carbohydrates in the duo-
denum. Today, it is recognized that several inhibitory
pathways, including neural, hormonal, and paracrine,
are probably activated by the gastric emptying of acid,
fat, and hyperosmolar solutions into the duodenum.
The search for physiologically relevant inhibitory fac-
tors is ongoing.

Fat is the most potent inhibitor of acid secretion,
suppressing both meal-stimulated gastric acid secretion
and gastric emptying. Fat probably induces the release

of several inhibitors of acid secretion, including CCK,
which probably acts on CCK-1 or A-type receptors pres-
ent on somatostatin-containing D cells in the gastric
antrum. The hormone secretin, which is released from
S cells in the upper small intestine in response to a
pH � 4, fatty acids, protein digestion products, and
bile salts, potently inhibits both gastrin release and
acid secretion. Secretin inhibition may be mediated
by the release of both somatostatin and prostaglandins.
Although the mechanism of inhibition is unclear, cur-
rent evidence suggests that secretin is released from S
cells following activation of a capsaicin-sensitive vagal
afferent pathway. (Capsaicin is a neurotoxin that ablates
C-type unmyelinated sensory nerve ®bers. It is fre-
quently used to study the afferent limbs of neural re-
¯exes.) Because the neurotransmitter PACAP can also
induce the release of secretin, somatostatin, and pros-
taglandins, it is possible that PACAP is released on ac-
tivation of this pathway.

The systemic administration of peptide YY inhibits
acid secretion, and circulating levels of PYY increase
after a meal. However, recent evidence suggests that
PYY is not a physiological mediator of this response.
GIP and neurotensin are also released from the small
intestine in response to fat. Because GIP is a very weak
inhibitor in humans, it is not thought to be a major
mediator of the inhibitory response. In contrast, neuro-
tensin is a potent inhibitor and, thus, is a strong candi-
date enterogastrone. The colon also has the capacity to
release acid inhibitory factors or colonogastrones. These
factors have not yet been identi®ed, although PYY is a
candidate for this response.

RECEPTOR-MEDIATED RESPONSES AT
THE CELLULAR LEVEL

Cellular and molecular studies with isolated cells have
provided a wealth of information on the speci®c recep-
tors and receptor subtypes present on the parietal cell as
well as on G cells, D cells, and ECL cells. An overview of
the current understanding of this area of research is
presented in Fig. 2.

Regulation of HCl Secretion at the Level
of the Parietal Cell

Parietal cells express histamine H2-type receptors,
muscarinic M3 receptors, and gastrin/CCK-2 or B-type
receptors. Although gastrin plays a central role in the
stimulation of gastric acid secretion, this hormone has
minimal effects on the acid secretory response when
administered to parietal cells in isolation. In contrast,
histamine is a potent acid secretory agonist that induces
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a sustained acid secretory response and potentiates
the secretory responses to gastrin and acetylcholine at
the level of the parietal cell. When histamine binds to
H2-type receptors on the parietal cell, the enzyme
adenylyl cyclase is activated, leading to an increase in
intracellular cyclic adenosine monophosphate (cAMP)
concentrations. Histamine can also elevate intracellular
calcium ([Ca2�]i) in parietal cells; however, the acid
secretory response to this agonist appears to be medi-
ated exclusively by the cAMP signaling pathway. The
elevation of cAMP is correlated with dramatic morpho-
logical transformations in which the internalized, api-
cally directed canalicular membrane expands and
elongated micro®laments appear in the canalicular
lumen. These morphological changes are accompanied
by a substantial increase in oxygen consumption, which
is required for the generation of protons. Proton secre-
tion occurs following the activation of the proton
`̀ pump,'' or H�,K�-ATPase, which appears to depend
on the translocation from an internal membrane com-
plex, the tubulovesicular or tubulocisternal compart-
ment, to the canalicular membrane. When the
secretory stimulus is removed, oxygen consumption
falls and the H�,K�-ATPase is returned to the tubulo-
vesicular compartment by a poorly understood mem-
brane retrieval process.

The magnitude of the acid secretory response to
acetylcholine and analogues such as carbachol varies
among species, but is generally transient when the ef-
fects of histamine are pharmacologically blocked by H2
receptor antagonists such as cimetidine (Tagamet) and
ranitidine (Zantac). Compared to the H2 blockers, PPIs
such as omeprazole are more potent and speci®c inhib-
itors of HCl secretion. This happens because (1) PPIs
bind directly and irreversibly to the H�,K�-ATPase only

in the highly acidic environment of the stomach and
(2) H�,K�-ATPase activation is a common, terminal
step in the acid secretory response.

In contrast to histamine, a rise in [Ca2�]i is necessary
to elicit an acid secretory response to acetylcholine.
Acetylcholine and analogues such as carbachol elevate
[Ca2�]i by an inositol trisphosphate (IP3)-dependent
release of calcium from intracellular stores plus the in-
¯ux of extracellular calcium through unidenti®ed, non-
excitable calcium channels. IP3 is produced along with
diacylglycerol (DAG) on activation of the enzyme phos-
pholipase C-b. DAG activates one or more protein
kinase C isoforms. Because the general activation of
protein kinase C (PKC) with phorbol ester inhibits
the acid secretory response to histamine and acetylcho-
line, PKC may activate an inhibitory pathway. Such a
dual mechanism may help to explain the transient na-
ture of the cholinergic response. The potentiating effect
of histamine on the cholinergic response can also be
demonstrated indirectly in genetically engineered his-
tidine decarboxylase-de®cient mice in which carbachol
stimulates only a weak and transient acid secretory re-
sponse. (In mammals, histidine decarboxylase is an en-
zyme that is necessary for histamine synthesis.)

Gastrin also induces a rise in [Ca2�]i but has little to
no effect on the acid secretory response at the level of the
parietal cell when the effects of endogenous histamine
are blocked. Other endogenous inhibitors, such as
prostaglandins of the E series, somatostatin, and
EGF/transforming growth factor-a (TGF-a) partially
inhibit histamine-stimulated acid secretion in isolated
parietal cells and reduce the cAMP response to hista-
mine. Thus, these inhibitors can regulate the acid se-
cretory response by acting directly at the level of the
parietal cell. They can also inhibit parietal cell HCl se-
cretion indirectly by actions on other mucosal cell types
(see later).

Regulation of Histamine Release
from ECL Cells

Since it was discovered that ECL cells are distinct
from classical mast cells, it has become clear that ECL
cells play a central role in the regulation of gastric acid
secretion. Thus far, experiments with isolated ECL cells
have been performed mainly in rat and, to a lesser ex-
tent, rabbit models. Results to date indicate that ECL
cells from rats secrete histamine in response to stimu-
lation by gastrin (CCK-2 receptor subtype) and PACAP
(PAC1 receptor subtype), but not by acetylcholine. PYY
and the neurotransmitter galanin inhibit ECL cell
histamine release by binding to PYY type 1 and galanin
type 1 receptors, respectively. Somatostatin inhibits

FIGURE 2 Overview of mechanisms of receptor-mediated se-

cretory responses involving D, G, and parietal cells (PC) in the

gastric mucosa and small intestine. CCK, Cholecystokinin; GRP,

gastrin-releasing peptide; Ach, acetylcholine; PACAP, pituitary

adenylate cyclase-activating peptide; PYY, peptide YY; VIP, vaso-

active intestinal peptide; M3, muscarinic type 3; H2, histamine-2.
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histamine release by ECL cells by binding to a type 2
somatostatin (SST2) receptor; prostaglandin E2 inhibits
by binding to an EP3-type receptor. Although both
CGRP and g-aminobutyric acid (GABA) stimulate his-
tamine release in the intact stomach, they have no direct
effect on ECL cells in vitro. Thus, these effectors must act
indirectly to stimulate histamine release.

In contrast to its weak effect on the parietal cell,
gastrin is a potent stimulant of ECL cell secretion.
The differences in response patterns in these two cell
types may be the result of gastrin-induced activation of
mutually independent signaling pathways. For
example, gastrin induces a signi®cant rise in intra-
cellular calcium concentrations and activates the
Rasÿmitogen-activated protein (MAP) kinase signaling
pathway in ECL cells. In contrast, gastrin does not ac-
tivate the RasÿMAP kinase pathway in isolated parietal
cells and elevates [Ca2�]i in only � one-third of these
cells. Another important difference between parietal
and ECL cells that may or may not be relevant to
their differential responses to gastrin is that, unlike pa-
rietal cells, ECL cells possess excitable, voltage-depen-
dent calcium channels. These differences in calcium
channels may explain why the in vivo administration
of classical calcium channel blockers partially inhibits
acid secretion, although these inhibitors have no spe-
ci®c effect on isolated parietal cells.

The recent ®nding that PACAP induces histamine
release from ECL cells con¯icts with the in vivo obser-
vation that peripherally injected PACAP inhibits gas-
trin-stimulated acid secretion. This con¯ict appears to
have been resolved by the ®ndings that PACAP can also
stimulate the release of inhibitors of gastric acid secre-
tion, including somatostatin, PGE2, and secretin. Thus,
PACAP probably acts on multiple cell types, with the
local release of PACAP serving to sway secretion toward
a stimulated or inhibited state. The observations that
ECL cells are not stimulated in vitro by the muscarinic
cholinergic agonist, acetylcholine, also con¯ict with
®ndings that the in vivo administration of M1 muscarinic
receptor antagonists suppresses histamine release. The
release of PACAP from nerve terminals impinging
on ECL cells in response to cholinergic activation of
the PACAP-containing neurons may explain these
con¯icting ®ndings. However, it is more dif®cult to rec-
oncile the absence of cholinergic receptors on ECL cells
with earlier observations that the cholinergic agonist,
carbachol, induces histamine release in isolated gastric
gland preparations. As yet, it is not clear whether
there are species differences in the cholinergic response,
or whether the cholinergic release of histamine is me-
diated indirectly through the release of an unknown
intermediate.

Synthesis and Release of Gastrin from
G Cells and Gastrin Functions

The concept that gastrin regulates acid secretion at
multiple levels is gaining acceptance. As discussed in the
preceding section, gastrin acutely stimulates the release
of histamine from ECL cells. However, from the early
work of Leonard Johnson and others, it has been rec-
ognized for over 30 years that gastrin also regulates
gastric mucosal growth. Disruption of gastrin gene ex-
pression in mice by targeted deletion suppresses the
maturation of parietal cells and reduces their numbers.
In contrast, overexpression of the gastrin gene is asso-
ciated with an increased proliferation of the gastric ep-
ithelium that is accompanied by an increase in the
number of parietal cells and an increase in secretion.
This initial proliferative response is followed by a pro-
gressive decline in the number of parietal cells and acid
secretion as the mice age. Because parietal cells do not
undergo cell division, and the proliferating stem cells
may or may not express gastrin receptors, the effects of
gastrin on cell proliferation may be mediated either di-
rectly via a gastrin receptor or indirectly through the
release of growth factors such as TGF-a, amphiregulin,
and heparin-binding EGF, possibly from parietal cells.
Gastrin may also release Reg-1-a from chief cells.

There are many different forms of gastrin. The major
secretory product of G cells is amidated gastrin, which is
one of several different peptides formed from progastrin
by posttranslational modi®cation. Although there are
species differences in G cell processing of progastrin,
the major initial cleavage product is G34-Gly, which is
converted to G34 (34 amino acids). After the Gly-
gastrins are produced, they are amidated by peptidyl-
a-amidating monooxygenase. Cleavage of G34-Gly and
G34 generates the respective G17 products (17 amino
acids). In humans, G17 is the predominant product.
Amidated gastrins appear to be to major stimulants of
HCl secretion. The Gly-gastrins do not stimulate acid
secretion directly; however, studies with gastrin knock-
out mice suggests that these forms of gastrin may serve
to regulate the capacity of the parietal cell to respond to
stimulation.

Studies with acutely isolated and cultured G cells
have identi®ed several potential regulatory pathways.
Both GRP and the amphibian neurotransmitter
bombesin (which has structural similarity to GRP) re-
lease gastrin. Acetylcholine also releases gastrin by
binding to M3-type muscarinic receptors. Luminal fac-
tors, including calcium and the aromatic amino acids
phenylalanine, tryptophan, and tyrosine, may stimulate
gastrin release by a direct action on luminal G cell
receptors.
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Until recently, the consensus was that the main stim-
ulatory pathway for gastrin release was mediated by
GRP that was released near G cells in response to
vagal activation. However, recent studies with a GRP
receptor antagonist have raised some disturbing ques-
tions. In essence, the GRP inhibitor was found to sup-
press acid secretion that was induced by test meals and
sham feeding in human subjects, but was not found to
inhibit the rise in plasma gastrin levels. In contrast,
when GRP was infused, plasma gastrin levels did rise,
and the GRP inhibitor blocked this response. These
results suggest that although GRP is involved in medi-
ating vagally stimulated HCl secretion, it is not the phys-
iological mediator of vagally stimulated gastrin release.
If these ®ndings are validated, a new search will be
necessary to identify the neurotransmitter involved in
this response.

As in ECL cells, activation of SST2 receptors inhibits
gastrin release from G cells. A low pH inhibits gastrin
release whereas an elevated pH stimulates release. The
pH effect appears to be indirect, possibly mediated by
capsaicin-sensitive afferent neurons.

Regulation of Somatostatin
Release from D Cells

Somatostatin released from D cells in both the
oxyntic and the antral mucosa negatively regulates
acid secretion. The inhibitory effect is tonic, and so-
matostatin can act in both a paracrine and endocrine
fashion to suppresses the release of gastrin from G cells
and histamine from ECL cells. Interestingly, uro-
guanylin, which is a peptide that appears to play a
role in regulating water and electrolyte balance, has
also been detected in gastric D cells. Thus, this peptide
may also play a role in regulating acid secretion.

Although fundic D cells can currently be enriched to
� 90%, D cells in general are not yet as well character-
ized as ECL cells and parietal cells. The D cells in the
fundus and antrum have different morphologies and
differing responses to acidity and food, and, thus,
may be differentially regulated. There may also be spe-
cies differences associated with D cell regulation. To
date, most data suggest that both fundic and antral D
cells possess CCK-1 but not CCK-2 type receptors, the
latter of which are present on parietal cells. In terms of
the in vivo response, this appears to be logical because
gastrin is a potent activator of the CCK-2, but not the
CCK-1, receptor subtype, whereas the reverse is true
for sulfated CCK. The presence of the CCK-1 receptor
subtype on D cells provides an explanation for the
mechanism through which CCK released from the in-
testine inhibits acid secretion. Thus, CCK stimulates

somatostatin release from D cells via an action on
CCK-1 receptors and gastrin stimulates acid secretion
by acting on CCK-2 receptors present on both parietal
and ECL cells.

Fundic D cells may also possess receptors for secre-
tin, epinephrine, VIP, GRP and/or CGRP and the struc-
turally similar peptide amylin, and acetylcholine. With
the exception of acetylcholine, all of these agents stim-
ulate the release of somatostatin in isolated D cells.
Amylin may be released from D cells to act on the
cells in an autocrine fashion. CGRP also stimulates so-
matostatin synthesis, which can indirectly regulate
gastrin release. Acetylcholine appears to inhibit somato-
statin release by acting through the heterotrimeric
G protein, Gi.

EPILOGUE

From this brief discussion, it is apparent that the stom-
ach is a highly complex organ that is controlled at mul-
tiple levels, ranging from the CNS, to the intestines, to
local neuronal and cellular interactions. Over the past
20 years or so, work with isolated enriched populations
of different gastric mucosal cell types has provided con-
siderable information on the speci®c functions of these
cells. The use of transgenic and knockout mice models
has begun to open new avenues of exploration. The role
that species differences will play in de®ning the mech-
anisms controlling gastric acid secretion in these new
models is a question for the future.
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dysplasia An unequivocally neoplastic proliferation of

epithelium.

early gastric cancer Cancer involving the mucosa or

submucosa (� lymph node involvement).

metaplasia Conversion of tissue into a form that is not

normally present in that area.

Gastric cancer is the second most common cause of

cancer-related deaths worldwide. Most cases present at

advanced stages. Surgical resection remains the only

curative therapy. The goal in reducing mortality from

gastric cancer is via diagnosis at a treatable stage. The

490% 5-year survival for early cancer and the dismal

prognosis for advanced cancer (510% 5-year survival)

make surveillance a necessary mission. The aim is to iden-

tify dysplasia and early cancer. In Japan, a decline in the

mortality from gastric cancer in those that have undergone

screening has con®rmed the value of screening in geo-

graphic areas of very high incidence.

RECOMMENDATIONS

Currently there is no role for screening of the general
population for gastric cancer in the United States and

other developed countries, apart from areas with an
exceptional rate. There are, however, subpopulations
at increased risk.

Familial Adenomatous Polyposis

Familial adenomatous polyposis (FAP) carries an
increased risk of upper gastrointestinal cancer, ac-
counting for most of the mortality in patients who
have undergone prophylactic total colectomy. These
malignancies arise in adenomas of the duodenum
and stomach. Most gastric polyps in FAP patients
are of the fundic gland type, a subset of polyp without
malignant potential in non-FAP patients. Adenomas
occur mainly in the antrum. All polyps in FAP should
be biopsied and larger polyps should be removed. All
FAP patients should be surveyed endoscopically and
those with a large number of polyps and proven
dysplasia should be followed more often.

Helicobacter pylori

Many studies have found an association between
Helicobacter pylori positivity, the development of
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atrophic gastritis, and risk for the development of gastric
cancer. Although H. pylori should be eradicated in pa-
tients with peptic ulcer disease, the extremely high
worldwide infection rate (450%) makes endoscopic
surveillance for gastric cancer impractical.

Gastric Polyps in Non-FAP Patients

Adenomatous gastric polyps are unequivocally
neoplastic and have an increased incidence of carci-
noma. Polyps with the greatest malignant potential are
larger, are sessile, or have a villous component. Ade-
nomas should be removed and the patient followed
with surveillance endoscopy every 1 to 3 years to
detect recurrent polyps or interval development of a
carcinoma. Nonpolypoid mucosa should be biopsied
to detect dysplasia and the degree of risk for sub-
sequent malignancy. Flat adenomas are dif®cult to
detect but are more likely to be dysplastic.

Postgastrectomy (`̀ Gastric Stump Carcinoma'')

Gastric carcinoma is a late complication of partial
gastrectomy for benign ulcer disease. The relative risk of
gastric cancer mortality in these patients is small and
in some studies is associated with other risk factors
such as smoking. Screening of this population is not
recommended.

Chronic Atrophic Gastritis with
Intestinal Metaplasia

Gastric cancer usually arises in a background of
chronic atrophic gastritis. Population-based studies in-
dicate that the risk of gastric cancer is increased in those
with chronic atrophic gastritis, intestinal metaplasia (es-
pecially type III), and pernicious anemia. The overall

risk is, however, small compared to the general popu-
lation. For this reason, periodic endoscopic surveillance
is not recommended. Pathology laboratories do not rou-
tinely type intestinal metaplasia. As a result, those with
intestinal metaplasia at greatest risk for progressing to
carcinoma cannot be identi®ed.

FUTURE DIRECTIONS

The most effective approach to decreasing mortality
from gastric cancer is early detection. The identi®cation
of genetic markers in high-risk families will facilitate
screening. A major reduction in gastric cancer mortality
on a worldwide basis will, however, require changes in
nutrition and H. pylori eradication.
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Gastric Emptying
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chyme Mass of partially digested food that moves from the

stomach to the duodenum.

gastroparesis Stasis of food in the stomach in the absence of

mechanical obstruction.

Gastric emptying is a complex process designed to deliver

chyme into the small intestine at a rate that optimizes

digestion and absorption. This process is controlled by

complex neurohormonal mechanisms, the most impor-

tant of which result from the interaction of nutrients

with small intestinal receptors. Historically, disordered

gastric emptying, especially delayed gastric emptying or

gastroparesis, was considered a rare disorder. However,

advances in radioisotopic gastric emptying techniques

have established that it is a common clinical problem,

especially among patients with diabetes mellitus.

INTRODUCTION

This article reviews the motor mechanisms involved in
gastric emptying, patterns of gastric emptying for both
liquids and solids, factors that regulate gastric emptying,
methods that are available to quantify gastric emptying,
and approaches to the investigation and treatment of
disordered gastric emptying.

PATTERNS AND DETERMINANTS OF
GASTRIC EMPTYING

Cannon, in 1911, was the ®rst to describe in animal
studies that transpyloric ¯ow was pulsatile rather
than continuous. Thus, most lique®ed chyme is
delivered into the duodenum in a series of small gushes
rather than on a continuous basis. The mechanical
determinants of individual ¯ow episodes are poorly de-
®ned; however, recent advances in techniques to
quantify gastric emptying have provided an increased
understanding of emptying patterns on a second-by-
second basis. With these advances in technology, it is
now clear that transpyloric ¯ow is bidirectional, so that
both antegrade and retrograde ¯ow occurs.

Meal Composition and Volume

Overall patterns of gastric emptying are dependent
on several characteristics of the ingested material, in-
cluding nutritive and physical properties, so that solids,
nutrient liquids, and nonnutrient liquids empty from
the stomach at different rates. A fundamental property
of the stomach is its ability to discriminate between
liquid and solid meal components. Although liquid
emptying occurs with relative mechanical ease, solid
emptying is dependent on an initial process of `̀ tritura-
tion,'' or grinding, of solid particles in the antrum before
emptying proceeds.

Liquids

Liquid emptying is critically dependent on volume
ingested as well as on osmolarity and nutrient content
(Fig. 1). Nonnutrient and low-nutrient liquids empty
relatively rapidly from the stomach, with an overall
monoexponential pattern; the volume of liquid that
is emptied into the duodenum in a given time period
is proportional to the volume left in the stomach. Con-
sequently, the rate of emptying is in¯uenced by intra-
gastric volume; posture is also important. In contrast,
high-nutrient liquids are retained in the distal stomach
for longer periods and empty more slowly as a result of
feedback from small intestinal nutrient receptors. Pos-
ture and intragastric volume contribute minimally in
the latter case. Gastric emptying of a nutrient liquid
consists of an initial rapid phase, followed by a slower
phase during which 2ÿ3 kcal /minute will be delivered
into the duodenum, essentially irrespective of the
source of those calories. In addition to caloric density,
characteristics of the nutrient may be important in the
rate of liquid emptyingÐe.g., fructose is a less potent
inhibitor of gastric emptying compared to an isocaloric
load of glucose.

Solids

The emptying of digestible solids from the stomach
proceeds at a much slower pace compared to nutrient
and non-nutrient liquid emptying. The overall empty-
ing rate of digestible solids is characterized by a
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so-called lag phase during which little or no emptying
occurs. The lag phase, which lasts from 20 to 60
minutes, is accounted for by an initial retention of the
solid in the proximal stomach, followed by redistribution
to the antrum, where, in most cases, solid particles un-
dergo trituration before any emptying occurs. If the vis-
cosity of the meal is increased suf®ciently, the ability of the
stomach to discriminate between large and small particles
is impaired and much larger particles may be delivered
into the duodenum. Following the lag phase, an emptying
phase occurs that approximates a linear pattern with a
relatively constant rate of emptying for at least the ®rst
2ÿ3 postprandial hours. The rate of emptying is to some
extent load dependent; larger solid meals are delivered
slightly more rapidly into the small intestine when com-
pared with smaller meals. Larger indigestible solids have
been thought not to empty until the return of migrating
motor complex, during phase III, but a recent study has
shown that theymay empty earlier than this andduring the
postprandial period. The amount of liquid consumed with
the solid can affect the rate of solid emptying. In a mixed
meal of solid and liquids, up to 80% of the liquid phase
empties before the solid, suggesting that the stomach is
capable of discriminating between solids and liquids when
presented simultaneously. Furthermore, the presence of
liquid in the stomach, particularly if the liquid contains
nutrient, prolongs the emptying of solids.

Fat

Foods high in fat are handled differently by the stom-
ach and, therefore, are considered separately from liq-
uids and solids. Fat represents a challenge to the

stomach, because it is liquid at room temperature and
coalesces to form large globules in the stomach. In
the erect posture, fat is retained in the uppermost
part of the stomach, ¯oating on other gastric contents,
and it is therefore not surprising that the gastric emp-
tying of fat may be dependent on posture; due to the high
nutrient density of fat, it can markedly delay the emp-
tying of a low-nutrient liquid.

Small Intestinal Feedback

The major factor regulating gastric emptying of nu-
trients is feedback inhibition; this is triggered by recep-
tors that are distributed throughout the small intestine
and is mediated by both neural and hormonal mecha-
nisms. The extent of small intestinal feedback is depen-
dent on both the number and the site of the small
intestinal receptors that are exposed, and is in¯uenced
by patterns of prior nutrient exposure; ingestion of a diet
high in carbohydrate or fat accelerates subsequent emp-
tying of glucose or fat. Fat and other nutrient-mediated
slowing of gastric emptying is dependent on digestion
taking place, e.g., hydrolysis of triglycerides to fatty
acids, and therefore their effects on gastric emptying
cannot proceed in the setting of impaired digestion,
such as pancreatic exocrine insuf®ciency (Fig. 2).
Cecoileal re¯ux of short-chain fatty acids and the pres-
ence of fat in the ileum, the so-called ileal brake, also
contribute to the regulation of gastric emptying. Other
factors that in¯uence gastric emptying via a duodenal
feedback loop include duodenal acidi®cation and
distension.
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FIGURE 1 Gastric emptying for a meal consisting of both a solid (100 g of minced beef) and a liquid

(150 ml of 10% dextrose), consumed in the sitting position, measured radioisotopically in a normal

subject. The normal range (mean� 2 SD) is shown in the shaded areas.
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Extrinsic Factors

A number of external factors in¯uence the rate of
gastric emptying in humans, including emotional state
(anger, pain, and nausea may all slow gastric emptying).
Chronic smoking is also associated with slower gastric
emptying. Male gender and younger age are associated
with slightly more rapid gastric emptying.

MEASUREMENT OF GASTRIC EMPTYING

During the past 25 years, the development and appli-
cation of new techniques to quantify gastric emptying
have greatly increased understanding of diagnosis and
treatment of gastric emptying disorders in humans.

Scintigraphy

Scintigraphy remains the gold standard for the
quantitative assessment of gastric emptying; it is
relatively easy to perform and is noninvasive. The radi-
ation dose approximates that received from a single
abdominal radiograph. The technique involves the in-
gestion of a meal in which one (solid phase) or prefer-
ably two (solid and liquid phases) meal components
have been labeled with a radiopharmaceutical, com-
monly gallium-67-labeled ethylenediaminetetra acetic
acid (67Ga-labeled EDTA) or indium-111-labeled diethyl-
enetriaminepentaacetic acid (111In-labeled DTPA) for the
liquid phase and sulfur colloid labeled with technetium-
99m (99mTc) for the solid phase (Fig. 3). An external
gamma camera quanti®es the disappearance of each

isotope from the `̀ region of interest,'' and from these
data various parameters can be derived to describe gastric
emptying. For both solids and liquids, the time taken for
half of the meal to empty (T1/2) is a frequently used pa-
rameter. In addition, intragastric meal distribution can
also be assessed. Unfortunately, there is a lack of standard-
ization of scintigraphic techniques, with substantial vari-
ation between different centers, particularly in relation to
thevolumeandcomposition of the test meal, the posture of
the subject during the gastric emptying measurement, the
duration and mode of data acquisition, correction factors,
and the calculation of gastric emptying rates. This renders
comparisons between studies performed in different cen-
ters dif®cult, although there have been recent attempts to
rectify this situation.

Carbon Breath Tests

Carbon breath tests (e.g., [13C]octanoic acid) have
recently been used to quantify solid and /or liquid gas-
tric emptying. The [13C]octanoic acid breath test in-
volves ingestion of a test meal containing labeled
octanoic acid, which, after emptying from the stomach,
is absorbed in the small intestine and oxidized to CO2,
which is excreted by the lungs. Although these tests are

Normal Cystic Fibrosis

FIGURE 2 Scintigraphic images in a normal volunteer and

a patient with cystic ®brosis, in the sitting position, showing

the oil phase of a labeled liquid meal (60 ml of olive oil and

290 ml of low-nutrient beef consommeÂ soup) 60 minutes postin-

gestion. The total stomach region of interest is divided into prox-

imal and distal regions. In the normal subject, most of the oil is in

the proximal stomach, whereas in the cystic ®brosis patient, most

of the oil has emptied from the stomach and most of the remainder

is in the distal stomach.

(dextrose )

FIGURE 3 Scintigraphic images showing abdominal distribu-

tion of radioactivity at 30 and 100 minutes following a meal of

100 g of minced beef tagged with 99mTc-labeled sulfur colloid and

150 ml of 10% dextrose tagged with 67Ga-labeled EDTA in a

healthy volunteer. Total, proximal, and distal stomach regions

of interest are illustrated.
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cheaper and simpler than scintigraphy and, with the use
of stable isotopes, avoid the use of irradiation, there is
considerable debate as to the appropriate method of data
analysis. Additional validation of these methods in pa-
tients with disordered gastric emptying, particularly
those in whom gastric emptying is markedly delayed,
is required before their use can be advocated. However,
it seems likely that carbon breath tests will prove to be
useful as a screening test for gastroparesis and in large
epidemiological studies.

Ultrasound

High-resolution real-time ultrasound equipment
has been used to measure gastric emptying and has
the advantage of being noninvasive and does not involve
radiation. Hence, it can potentially be repeated on many
occasions. The development of Doppler techniques
and three-dimensional ultrasound has also allowed
more accurate assessment of transpyloric ¯ow and
intragastric volumes. The widespread application of
ultrasound is limited by the high level of expertise
required to perform and interpret the studies and the
dif®culty of performing the study in obese subjects or in
the presence of excessive bowel gas. Ultrasound is,
therefore, not recommended at present as a useful
alternative to scintigraphy.

Radiological Measurement

Contrast studies with liquid barium sulfate have
limited usefulness in the assessment of gastric emptying
because of their nonphysiological nature, the high
radiation exposure, and the inability to measure frac-
tional stomach emptying. An abdominal X ray taken
6 hours after ingestion of radio-opaque markers has,
however, been reported as a sensitive technique for as-
sessing gastric emptying of nondigestible solids. This
method probably assesses whether phase III of the
interdigestive myoelectric complex is present in the
stomach.

Electrical Impedance

Changes in electric impedance can be used to mea-
sure the volume of liquid meals remaining in the stom-
ach. A large-volume liquid meal is administered and the
impedance recorded at regular intervals. The values
obtained over time represent the emptying of the
meal. The technique is noninvasive and does not use
radiation. Gastric emptying of solid meals, however,
cannot be evaluated reliably. Acid secretion must be
inhibited pharmacologically during measurements be-
cause the sensitivity of gastric contents changes when

acid is secreted in the stomach. Impedance techniques
are not suitable for measuring the rapid gastric emptying
that may occur after gastric resections.

Magnetic Resonance Imaging

Magnetic resonance imaging (MRI) allows detailed
evaluation of gastric emptying (both total and regional)
and intragastric distribution of a meal. However, its
role in clinical practice is limited particularly as a result
of its high cost and lack of accessibility.

Absorption Kinetics of Orally
Administered Drugs

In humans, there is minimal gastric absorption of
many orally administered drugs; the rate of absorption
of a drug is therefore a measure of the rate of gastric
emptying. Correct determination of the rate of gastric
emptying by measurement of blood (or salivary) con-
centrations of intestinally absorbed solutes, such as
paracetamol, is, however, fairly inaccurate and unsatis-
factory for most circumstances in which there is a need
to measure gastric emptying. However, there are recent
developments with these techniques.

ETIOLOGY AND SEQUELAE OF
DISORDERED GASTRIC EMPTYING

Many disorders are associated with abnormalities of
gastric emptying and, potentially, with upper gastroin-
testinal symptoms, changes in oral drug absorption,
and, in patients with diabetes, alterations in glycemic
control. The causes of disordered gastric emptying are
varied (Table I). Delayed gastric emptying, or gastropa-
resis, essentially describes stasis of food in the stomach
in the absence of obstruction and represents the most
common disorder of gastric emptying. Delayed gastric
emptying can be divided into acute, and often reversible,
and chronic (arbitrarily de®ned as lasting longer than
3 months) cases, and usually irreversible. It should be
recognized that the magnitude of the delay in gastric
emptying may be relatively modest and it has been
suggested that a distinction should be made between
`̀ gastroparesis'' and `̀ delayed gastric emptying''; i.e., a
diagnosis of gastroparesis should be reserved for
those with grossly delayed gastric emptying. Patients
with gastroparesis may present with symptoms such
as nausea, vomiting, abdominal fullness, and early sa-
tiation, but patients also may be asymptomatic. Al-
though historically it was assumed that symptoms
were a result of delay in gastric emptying, it is now
recognized that the relationship between severity of
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symptoms, at least when assessed as a total score, and
the rate of gastric emptying is relatively weak. Certain
symptoms, such as postprandial fullness and severe
vomiting, may be potentially more sensitive. The causes
of upper gastrointestinal symptoms in patients with gas-
troparesis are likely to be multifactorial; in patients with
functional dyspepsia, symptoms may result from vis-
ceral hypersensitivity and impaired postprandial gastric
relaxation. In patients with diabetes, symptoms may be
modulated by the blood glucose concentration.

Acute Gastroparesis

Gastric emptying may be affected during generalized
ileus due to surgery, severe infection, or metabolic de-
rangementÐe.g., in patients with diabetes mellitus, gas-
tric emptying is slower during hyperglycemia and
accelerated during hypoglycemia. In these situations,
restoration of normal gastric function usually follows
correction of the underlying problem. A number of
drugs, such as levodopa and nicotine, may lead to de-
layed gastric emptying. In addition to delaying gastric
emptying of other gastric contents, these drugs may
affect their own absorption by delaying emptying of
the remaining drug from the stomach. These effects
are generally reversible on cessation of the drug.

Chronically Delayed Gastric Emptying

The most common causes of chronically delayed
gastric emptying include diabetes mellitus, functional
dyspepsia, gastroesophageal re¯ux disease, and post-
surgical delayed gastric emptying, with prevalence
rates between 30 and 50%. The main pathogenic factors
involved in diabetes are autonomic neuropathy and
acute changes in blood glucose concentrations. Even re-
latively minor changes in blood glucose concentrations

within the physiological range affect gastric emptying;
e.g., gastric emptying of a meal will be slower at a blood
glucose concentration of 8 mmol /liter compared with
4 mmol /liter. There is evidence in patients with func-
tional dyspepsia that the rate of emptying may also be
associated with demographic factors, including gender
and body weight. It is also well recognized that delayed
gastric emptying may be a complication of malignancy
in the absence of gastric or intestinal obstruction, par-
ticularly associated with carcinomas of the breast, lung,
and pancreas. Gastric surgery, involving vagal interrup-
tion, gastric resection, and /or a drainage procedure
(performed now much less frequently than before),
may be associated with either delayed or more rapid
gastric emptying; these cannot be discriminated on
the basis of symptoms. Delayed gastric emptying
occurs frequently in patients with anorexia nervosa,
but often improves with recommencement of a signif-
icant nutritional intake and precedes signi®cant
weight gain.

Investigation of Disordered Gastric Emptying

Because of the poor correlation between symptoms
and disordered gastric emptying, it is not always clear
who should undergo clinical investigation and, if so,
when. A general approach to investigation follows.

History and Physical Examination

Investigation of a patient with symptoms suggestive
of disordered gastric emptying should start with a com-
prehensive history focusing on the course of symptoms
and their relationship to the composition, volume, and
timing of meals. Symptoms may follow a relapsing and
remitting pattern. Anorexia, early satiation, weight loss,
excessive abdominal bloating, nausea with food inges-
tion with or without vomiting, and vomiting of food

TABLE I Causes of Gastroparesis and Rapid Gastric Emptying

Disorder Cause

Transient delayed gastric emptying Drugs (e.g., morphine, anticholinergics, nicotine, dopaminergics), postoperative ileus, viral

gastroenteritis, electrolyte abnormalities (hyperglycemia, hypokalemia, hypomagnese-

mia), hypothyroidism, hyperthyroidism, hypopituitarism, Addison's disease, herpes

zoster, critical illness, pregnancy

Chronic gastric stasis Diabetes mellitus, idiopathic/functional dyspepsia, postsurgical (e.g., vagotomy), gastro-

esophageal re¯ux, atrophic gastritis, progressive systemic sclerosis, chronic idiopathic

intestinal pseudo-obstruction, myotonia dystrophica, dermatomyositis/polymyositis,

systemic lupus erythematosus, Duchenne's muscular dystrophy, amyloidosis, autonomic

degeneration, spinal cord disease, tumor associated, anorexia nervosa and bulimia

nervosa, central nervous system disease, brain stem lesions, Parkinson's disease,

postirradiation, HIV infection, porphyria, liver disease

Rapid gastric emptying Postsurgical, pancreatic insuf®ciency (fat), `̀ early'' type 2 diabetes, ZollingerÿEllison

syndrome, duodenal ulcer disease
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ingested more than 8 hours earlier may all be suggestive
of delayed gastric emptying. Unfortunately, there is a
poor correlation with symptoms (Fig. 4) and the pres-
ence of delayed gastric emptying, making assessment of
the problem dif®cult. Physical examination is often un-
remarkable, but a succussion splash, suggestive of gas-
tric dilatation, may be detected.

Further Investigations

Biochemical, hematologic, and urine analyses may
reveal previously undetected metabolic disorders, in-
cluding diabetes, hypothyroidism, hypokalemia, Addi-
son's disease, and potential drug side effects. Following
that assessment, conditions causing mechanical ob-
struction need to be excluded, usually by means of
upper endoscopy. If negative, gastric emptying should
ideally be measured, preferably by scintigraphy.

Approach to Treatment

Because the motor dysfunctions that contribute to
delayed gastric emptying are poorly de®ned, targeted
treatment to accelerate gastric emptying is often dif®-
cult. As a result, treatment is primarily aimed at
symptom resolution or improvement. When symptoms
are mild or absent, treatment may not be indicated, but
many patients complain of persistent symptoms such as
nausea, vomiting, and weight loss. It should be remem-
bered that psychiatric abnormalities can contribute

to symptom severity and should be addressed when
appropriate.

Diet No formal evaluation of dietary modi®ca-
tion has been performed. However, a stepwise approach
is recommended, beginning with reducing the size and
fat content of meals, aimed at decreasing the gastric
load. Of vital importance is the maintenance of
adequate nutrition. Supplemental calories can be
supplied by liquid formula, and in severe cases, it
may be necessary to start with liquid nutrition, either
orally or intragastrically, because emptying of liquid is
often less affected than that of solid. Parenteral nutrition
should be avoided, if at all possible. However, dietary
modi®cation is successful alone in only a minority of
patients and most will require drug treatment.

Prokinetic agents The use of prokinetic drugs
currently forms the mainstay of treatment; these include
cisapride, domperidone, metoclopramide, and erythro-
mycin. In general, these drugs all provide dose-related
improvements in gastric emptying, although their phar-
macological mechanisms of action differ (Table II); the
response to prokinetic therapy tends to be greater when
gastric emptying is more delayed. With the exception of
erythromycin, all of these drugs have been shown to
improve symptoms and quality of life, but there is ev-
idence that tolerance may develop to the gastrokinetic
effects of erythromycin. However, erythromycin is the
most potent drug when given intravenously (in doses
53 mg/kg) and may be particularly useful in the early
phase of treatment. It is worth noting that the response
to erythromycin is attenuated during hyperglycemia;
this effect probably applies to other prokinetic agents.
The drug of choice for oral administration is probably
cisapride, which acts by a 5-hydroxytryptamine isotype
4 (5-HT4) receptor-mediated effect. However, recent
reports of adverse events, including serious cardiac ar-
rhythmias (as a result of QÿT interval prolongation),
have resulted in restrictions being placed on the use of
cisapride in the United States and in many other coun-
tries. Alternative agents that act through a 5-HT4 effect,
e.g., tegaserod, are now under development. At present,
prolonged oral therapy can be achieved with the use of
metoclopramide or domperidone (this latter drug is not
available in the United States); the former has the ad-
vantage of being available as a subcutaneous prepara-
tion, which may be of use in those patients with
intractable vomiting, but the possibility of potential cen-
tral nervous system side effects with metoclopramide
should be borne in mind. If symptoms are refractory to
prokinetic therapy, placement of a feeding jejunostomy
may be required to maintain nutrition.

Surgery In most cases, surgery is not
recommended, and may be associated with clinical
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deterioration. However, with patients for whom medical
treatment has failed and persisting weight loss is
present, surgical treatment should be considered in
specialist centers only, with a partial gastrectomy
with Billroth I reconstruction being the procedure of
choice. In patients with diabetes, there is evidence
that pancreatic transplantation may improve both gas-
tric emptying and symptoms.

Experimental approaches There has been re-
newed interest in gastric electrical stimulation as a ther-
apy, whether using neural electrical stimulation at a
high frequency, which probably stimulates vagal sen-
sory nerves and may suppress the vomiting center, or
gastric electrical pacing, in which the electrical stimu-
lation of cholinergic motor neurones approximates the
physiological frequency (� 3 cycles/minute). Although
the precise mode of action remains unclear, this method
deserves further study. Preliminary results from ongo-
ing trials suggest that the therapy provides signi®cant
relief of symptoms, including nausea and vomiting;
however, its effects on gastric emptying are as yet un-
con®rmed.
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TABLE II Prokinetic Drugs Used in the Treatment of Gastroparesisa

Drug Mechanism of action Route of administration Oral dose

Cisapride 5-HT4 receptor agonist po 10ÿ20 mg tid

Domperidone Dopamine D2 receptor antagonist po 10ÿ20 mg bidÿqid

Metoclopramide 5-HT4 receptor agonist, D2 antagonist po, sc, im, iv 10 mg tid

Erythromycin Motilin receptor agonist po or iv 250ÿ500 mg tid

a Abbreviations: po, periorbital; sc, subcutaneous; im, intramuscular; iv, intravenous; tid, ter in die (three times/day); bid, bis in die (twice/day).
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gastric H�,K�-ATPase A P2-type ion-motive ATPase enzyme

that carries out an electroneutral exchange of cytoplas-

mic protons for extracytoplasmic potassium.

parietal cell The cell type in the gastric mucosa that contains

H�,K�-ATPase enzyme and secretes HCl.

sarcoplasmic reticulum (SR) Ca2�-ATPase A P2-type ion-

motive ATPase found in muscle sarcoplasmic reticulum

that transports Ca2� into the SR lumen.

Gastric H�,K�-ATPase is the enzyme responsible for the

elaboration of HCl by the parietal cell of the gastric mu-

cosa. It is a P2-type ion-motive ATPase and allows the

exchange of H� for K�. This is an electroneutral exchange

of cytoplasmic protons for extracytoplasmic potassium.

INTRODUCTION

Gastric H�,K�-ATPase consists of an a-subunit, which
is composed of approximately 1034 amino acids, and a
b-subunit, which is a glycoprotein composed of approx-
imately 290 amino acids. The primary sequences of the
a-subunits, as deduced from their cDNAs, have been
reported. The pig gastric H�,K�-ATPase a-subunit se-
quence as deduced from its cDNA consists of 1034
amino acids and has a Mr of 114,285, the rat gastric
H�,K�-ATPase consists of 1033 amino acids, and the
rabbit and human gastric H�,K�-ATPases consist of
1035 amino acids. The degree of conservation among
the a-subunits is extremely high (over 97% identity)
among species. In addition, the gene sequence for the
human H�,K�-ATPase a-subunit and the 50 part of the
rat H�,K�-ATPase a-subunit have been determined
and indicate that the human gastric H�,K� ATPase
gene has 22 exons.

These H�,K�-ATPase a-subunits show a high level
of homology (� 60% identity) with the Na�,K�-ATPase
catalytic a-subunit. The putative distal colon H�,K�-
ATPase a-subunit has also been sequenced and shares
75% homology with both the H�,K�-ATPase and the
Na�,K�-ATPase. The primary sequences of the H�,K�-
ATPase b-subunits have been reported for rabbit, pig,
rat, mouse, and human. The hydropathy analysis
predicts that there is one membrane-spanning region,

located at the region between amino acid sequence
positions 38 and 63 near the N-terminus, and six or
seven N-linked glycosylation sites. The function of
the b-subunit is not clearly known, but this subunit
appears to be required for the assembly and targeting
of the catalytic subunit. The b-subunit plays a role in
maintaining the structure of the a-subunit to enable
effective binding of K� ions to the outside face of the
a-subunit.

PHYSIOLOGY

The parietal cell generates acid secretion across the mu-
cosal surface. These cells have histamine type 2, and
muscarinic cholinergic receptors in the basolateral
membranes. Histamine, is the major stimulant for
acid secretion. Stimulation triggers dramatic morpho-
logical changes in the parietal cell from the resting state
to the stimulating state. In the resting parietal cell, the
gastric H�,K�-ATPase is present in smooth-surfaced
cytoplasmic membrane tubules. On stimulation of
acid secretion, the pump is found on the microvilli of
the secretory canaliculus of the parietal cell. This mor-
phological change results in a several-fold expansion of
the canaliculus. In addition to this transition, there is
activation of K� and Clÿ channels in the secretory mem-
brane, which allows K� to access the extracytoplasmic
face of the pump.

The gastric H�,K�-ATPase proton pump secretes
gastric acid from the cytoplasmic region to the
lumen, utilizing ATP. Activity of the gastric H�,K�-
ATPase results in a primary secretion of 160 mM HCl
into the secretory canaliculus. Since the pump is elec-
troneutral, it is necessary to transfer the same amount of
K� ions into the cytoplasmic region of the parietal cell
during H� secretion. The K� is recycled from the cyto-
plasmic region to the lumen through a potassium chan-
nel in the apical membranes.

Gastric H�,K�-ATPase synthesis takes place in the
endoplasmic reticulum of the parietal cell. Activation of
the histamine-2 (H2) receptors by histamine results in
a transient increase of mRNA of the H�,K�-ATPase
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a-subunit, and H2 receptor antagonists suppress mRNA
levels to slightly below basal levels. The a-subunit itself
is not stable. The b-subunit is necessary to stabilize
the a-subunit and to target it to the apical canalicular
membrane. The half-life of the gastric H�,K�-ATPase is
approximately 54 h in rats. However, H2 receptor an-
tagonist treatment increases the half-life to 125 h.
It seems that the resting state, when the gastric
H�,K�-ATPase is located in tubular vesicles, enhances
the enzyme stability dramatically compared to that of
the stimulated state.

STRUCTURE AND ION TRANSPORT

The H�,K�-ATPase a-subunit has 10 transmembrane
segments and the b-subunit has 1 transmembrane seg-
ment. The H�,K�-ATPase a-subunit has a strong asso-
ciation with the b-subunit. The lumenal loop between
the seventh transmembrane segment (M7) and the
eighth transmembrane segment (M8) of the a-subunit
is associated with the b-subunit. The H�,K�-ATPase
exists as an (ab)2 heterodimeric dimer. The cytoplasmic
loop between the fourth and the ®fth transmembrane
segments is in close proximity to the two a-subunits.
Structurally, based on the X-ray crystal structure of sar-
coplasmic reticulum (SR) Ca2�-ATPase, this enzyme
can be divided into three domains, the cytoplasmic,
membrane, and extracytoplasmic domains. The cyto-
plasmic domain contains four subdomains: a stalk do-
main, the N-domain, the P-domain, and the A-domain.
The N-domain is a large cytoplasmic domain between
M4 and M5 where ATP binds, the P-domain is a cyto-
plasmic domain near M4 where phosphorylation and
dephosphorylation occur, the A-domain is a cytoplas-
mic domain between M2 and M3, which moves depend-
ing on conformational changes, and the stalk domain
contains the extension of the transmembrane segments
into the cytoplasmic region and forms a link for the
passage of ions into the membranes. A proposed struc-
ture for the gastric a-subunit, based on the SR Ca2�-
ATPase structure, is shown in Fig. 1.

The H�,K�-ATPase catalyzes transport by means of
conformational changes driven by cyclic phosphoryla-
tion and dephosphorylation of the catalytic subunit of
the ATPase. The H� ion is transported from the cyto-
plasmic region to the lumen by a conformational change
induced by phosphorylation and dephosphorylation.
The H�,K�-ATPase initially binds hydronium ion
(H3O). On phosphorylation, the conformation changes
from E1P �H3O� to the E2P �H3O� form. After H3O� is
released and K� is bound on the extracytoplasmic sur-
face of the enzyme, the E2P �K� conformation is
adopted. The E2P �K� conformation can be easily

converted to the E1K� conformation with dephosphor-
ylation. The E1K� conformation releases K� to the cy-
toplasmic side, allowing the new binding of H3O�.

The structural organization and changes in the
cytoplasmic domains associated with the E1, E2 con-
formational transitions involve several domain move-
ments. The N-domain docks onto the P-domain with the
A-domain displaced to one side in the E1 or E1P con-
formations, whereas the A-domain docks onto the
P-domain and the N-domain is displaced from the
P-domain in the E2(K) and E2P conformations. Disrup-
tion of the interaction between the P-domain and the
N-domain and formation of an A-domain to P-domain
interaction during the E1 , E1P , E2P steps is asso-
ciated with a change in ligation of Mg2� ions from res-
idues in the sequences TGDGVNDS (P-domain major)
and near VAGDA (N-domain minor) in E1 or E1P to
TGESE (A-domain major) and TGDGVNDS (P-domain
minor) in E2P. This change in ligation may be crucial in
the change of reactivity of the phosphoenzymes,
switching from ADP-sensitive in E1P to water-sensitive
in E2P. Presumably, the cytoplasmic domain inter-
actions accompanying E1 , E2 transitions are then
relayed via the extended stalk helices of M4 and M5
to the transmembrane segments in which the transpor-
ted cations are occluded. Changes in tilt, turn, or posi-
tion of the transmembrane helices, driven by changes in
the N-, P-, and A-domains, may allow the cations to
dissociate at the opposite surface from that at which

[Cytosolic region]

[Lumen]

MEMBRANEMEMBRANE

FIGURE 1 Proposed structure of the gastric H�,K�-ATPase a-

subunit. The gastric H�,K�-ATPase a-subunit has 10 transmem-

brane segments (right represents 1st transmembrane segment,

M1, and left shows 10th transmembrane segment, M10). A-, P-,

and N-domains are proposed based on SR Ca2+-ATPase crystal

structure (E1-Ca). ATP approaches the N-domain and

phosphorylates Asp-386 in the P-domain and the N-domain

tilts and docks on A-domain to form E2-P.
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they were occluded. The similarity of structural orga-
nization and conformational changes of the cytoplasmic
domains of H�,K�-ATPase and Na�,K�-ATPase sug-
gests that these features are common to other P-type
pumps.

Many biochemical and mutagenesis studies pro-
vided evidence of a close association between M4 and
M6 and between M5 and M7. This also indicates that
M4, M5, and M6 are involved in the pathway transport-
ing H3O� outward and K� inward. When the Ca2�-oc-
cluded E1 conformation of the Ca2�-ATPase is
compared to the Ca2�-free E2 conformation, the disso-
ciation of Ca2� ions shows a dramatic rearrangement of
6 of 10 transmembrane segments (M1 to M6). M1 and
M2 move upward to the cytoplasmic domain with a
dramatic tilt of the region near the cytoplasmic domain
(stalk domain). M3 and M4 shift downward to the
lumen with a strong curve of M3. As the Ca2� ion dis-
sociates, helical bundles of M3, M4, M5, and M6 seem to
be loose. The E2 conformation shows more compact
space for easy chelating of Ca2� ion in the lumenal

surface than the Ca2�-occluded E1 conformation. It
is likely that the gastric H�,K�-ATPase has a structural
conformation very similar to that of Ca2�-ATPase.
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gastritis In¯ammatory condition of the stomach, acute or

chronic, that is sometimes due to an infectious pathogen.

gastropathy Disorder of the stomach that includes gastritis

and other nonin¯ammatory conditions.

A variety of pathogens other than Helicobacter pylori
cause gastric disease by direct infection of the gastric

mucosa and subsequent acute and/or chronic in¯amma-

tion. Most pathogens involve other organs and other parts

of the gastrointestinal tract primarily, and only occasion-

ally produce gastric pathology, even less often with signs

or symptoms of gastric disease. A few, such as cytomeg-

alovirus, Histoplasma, and the nematodes that cause

anisakiasis, produce gastric manifestations frequently

in their risk groups. Increasing numbers of immunocom-

promised patients, particularly those undergoing immu-

nosuppressive therapy or infected with human

immunode®ciency virus, have an increased incidence of

gastric infections overall. Most of these clinical

syndromes have been described rarely in apparently im-

munocompetent hosts. Multiple gastric malignancies

have also been associated to varying degrees with infec-

tious agents. These include Kaposi's sarcoma (human her-

pesvirus-6), lymphoma (EpsteinÿBarr virus, H. pylori),

gastric adenocarcinoma (H. pylori, EpsteinÿBarr virus,

Mycoplasma, Streptococcus, Rhizopus), and anisakiasis

polyadenoma (nematodes). These tumors are not discus-

sed further here, and the focus is instead on the most

common infectious causes of gastritis and gastropathy.

BACTERIA

Phlegmonous gastritis is a rare infection involving the
submucosal layer of the gastric wall. A subset of
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phlegmonous gastritis cases develop emphysematous
gastritis, and diagnosis is based on the clinical presen-
tation of an acute abdomen with systemic toxicity, and
on radiographs demonstrating gas bubbles within the
stomach wall. Risk factors include recent abdominal
surgery, gastroenteritis, ingestion of corrosive sub-
stances, and alcohol binge drinking. Patients present
with acute abdominal pain, nausea, vomiting, melena,
and/or hematemesis. Symptoms may be more subacute
in immunocompromised patients. Endoscopy shows
edematous, darkened gastric mucosa. In a case series
of 28 patients, the organisms most commonly involved
were Escherichia coli (six cases), Streptococcus species
(six cases), Enterobacter species (®ve cases), and Pseu-
domonas aeruginosa (three cases). The mortality rate was
61%. Long-term morbidity due to gastric strictures was
reported in 21% of cases. Other reports have implicated
Clostridium perfringens, Clostridium welchii, other En-
terobacteriaceae, and Staphylococcus spp. Computed
tomography may be useful both in establishing the
diagnosis and for following the resolution of emphyse-
matous gastritis. Therapy includes broad-spectrum
antibiotics directed against enteric pathogens and sur-
gery with drainage of pus or resection of necrotic tissue.

Mycobacterium tuberculosis infection involves the
stomach in less than 1% of cases, particularly in chil-
dren, and produces nonspeci®c symptoms such as nau-
sea, vomiting, abdominal pain, and dyspepsia. Half of
patients have evidence of tuberculosis involving other
organ systems. Gastric tuberculosis may arise from pri-
mary invasion after ingestion of the organism or from
dissemination during reactivation disease. Appearance
at endoscopy is variable, and may include gastritis, ul-
cerations (single or multiple), nodules, or larger masses.
Endoscopic brush cytology may demonstrate the organ-
ism, and standard histopathology reveals granuloma-
tous in¯ammation. Treatment involves prolonged
therapy with multiple agents, and prognosis is favorable
assuming proper adherence to the medical regimen and
attention to nutrition.

Mycobacterium avium-intracellulare complex
(MAC), a common opportunistic infection in advanced
autoimmune de®ciency syndrome (AIDS), presents
with ®ndings of mesenteric lymphadenopathy, bacter-
emia, and involvement of multiple organs. The site of
inoculation is the gastric or respiratory mucosa, and the
organism is then taken up by macrophages and reaches
the bloodstream via lymphatic channels. Presenting
symptoms include fever, weight loss, diarrhea, abdom-
inal pain, and malabsorption. Gastrointestinal obstruc-
tion due to massive lymphadenopathy has been
reported. Disease manifestations directly involving

the gastric mucosa, however, are much less common
than those of the small intestine. Clinical presentation
may be nonspeci®c abdominal complaints or upper gas-
trointestinal (GI) bleeding. Endoscopic ®ndings include
gastric ulceration, and histopathology reveals foamy
macrophages loaded with mycobacteria. Treatment,
as with tuberculosis, involves prolonged therapy with
multiple agents.

Actinomycosis is a chronic suppurative infection
due to a number of gram-positive, non-spore-forming,
anaerobic bacterial species. Abdominal actinomycosis
most commonly involves the appendix, terminal ileum,
and cecum. Gastric involvement is usually caused by
Actinomyces israelii, a mouth commensal. In the setting
of defects in gastric mucosal integrity, such as peptic
ulcer disease or gastric surgery, perigastric actinomy-
cotic masses may form. Intramural gastric actinomyco-
sis has also been described rarely, and the portal of entry
may not be apparent. The presentation is characterized
by a subacute development of epigastric pain, upper GI
bleeding, and occasionally fever, weight loss, and de-
velopment of a ®stulous tract through the skin or into
the lumen of the stomach. Radiographic and endoscopic
evaluation reveals a mass lesion with or without
ulcer, and the mass may in®ltrate surrounding struc-
tures. Unless a ®stulous tract draining in¯ammatory
material containing organisms is present, diagnosis re-
lies on histopathology with characteristic sulfur gran-
ules, which are clumps of the branched gram-positive
®lamentous organisms. Occasionally culture is helpful.
Treatment options include surgical resection and pen-
icillin or other active antibiotics for at least 3 months.

Syphilis is a complex multisystem infection that has
experienced a resurgence during the ®rst years of the
twenty-®rst century. Secondary syphilis is characterized
by early and late manifestations, and the stomach may be
involved in either phase. Overall, gastric syphilis occurs
in51% of syphilis cases. Symptoms are nonspeci®c and
include abdominal pain, vomiting, and weight loss, in
addition to symptoms related to nongastric manifesta-
tions such as generalized lymphadenopathy and rash.
Complications reported include upper GI bleeding, per-
foration, and obstruction. Endoscopic ®ndings may in-
clude diffuse enlargement of gastric rugae, mucosal
nodularity, erosive gastritis, and gastric ulceration,
most commonly involving the antrum. These ®ndings
may mimic gastric lymphoma, linitis plastica, and hy-
pertrophic lymphocytic gastritis. The classic radiologic
®nding on contrast radiographs (found in 525% of
patients) is `̀ hourglass stomach,'' produced by multiple
ulcerations and prepyloric narrowing. Histologic
specimens reveal ulceration and gastritis with an
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atypical polyclonal plasma cell in®ltrate. Diagnosis is
con®rmed by speci®c treponemal serologic testing and
demonstration of spirochetes on WarthinÿStarry and
immuno¯uorescent stains of gastric mucosal biopsy
specimens speci®c for Treponema pallidum. Gastric
syphilis responds completely to penicillin therapy,
often promptly, and some clinicians recommend anti-
secretory therapy as well to promote healing.

Gastrointestinal anthrax may involve the gastric mu-
cosa. Herbivores, the usual human source for anthrax,
become infected in rural parts of the world from ingest-
ing spores in the soil. Humans ingest or inhale spores
found on hides or hair of such exposed animals. When
swallowed, anthrax spores may cause lesions from the
oral cavity to the cecum. This underreported manifes-
tation of anthrax may be rapidly fatal. Nausea, vomiting,
abdominal distension, and severe abdominal pain are
presenting symptoms of gastric involvement. The ulcer-
ative lesions may bleed; hemorrhaging in severe cases
may be massive. Based on limited reports of GI anthrax,
the disease spectrum ranges from the asymptomatic
to the fatal, by shock or sepsis. Diagnosis is based on
culture or histopathology. Treatment includes effective
antibiotics and supportive measures.

FUNGI

Gastric involvement by Candida spp. is dif®cult to de®ne
in terms of pathogenicity. Colonization of preexisting
lesions with Candida is common, and invasion by this
route may result in disseminated infection, particularly
in immunosuppressed hosts. However, these same hosts
may also develop primary mucosal candidiasis of the
stomach, with shallow ulcerations and plaques of exu-
date noted at endoscopy. Oropharyngeal and esopha-
geal candidiasis cases are much more common.
Treatment with ¯uconazole is highly effective, although
resistance may develop in immunosuppressed patients
on long-term ¯uconazole maintenance for other inva-
sive candidal infections. These patients may require am-
photericin. The ®nding of Candida in a gastric lesion,
particularly in an immunocompetent host, may not
warrant speci®c therapy.

Disseminated histoplasmosis often involves the gas-
trointestinal tract, and presentation with symptoms of
such involvement occurs in about 20% of cases. How-
ever, presentation with predominantly GI symptoms is
rare, and these symptoms are nonspeci®c. Gastric ulcers
and in®ltrative lesions have been described due to both
Histoplasma capsulatum and Histoplasma duboisii. His-
tological analysis reveals granulomatous in¯ammation
with intra- and extracellular yeast forms. Treatment

involves systemic antifungal therapy with or without
surgical resection.

Gastrointestinal Pneumocystis carinii (PCP) has
been reported in AIDS patients maintained on aerosol-
ized pentamidine for PCP prophylaxis. Organisms have
been detected in ascites ¯uid, and biopsy specimens
from erosive gastritis and duodenitis with multiple
small scattered nodules have noted massive in®ltration
of foamy granular exudates of P. carinii. Patients may
present with fever, anorexia, upper abdominal pain, or
ascites plus symptoms attributable to nongastro-
intestinal organ involvement. Treatment is as for
PCP pneumonia, with trimethoprimÿsulfamethoxazole
or second-line regimens if there is intolerance to
sulfonamides.

Mucormycosis, caused by fungi of the order
Mucorales in the class Zygomycetes, may involve the
stomach and has been reported in diabetics (particularly
with acidosis) as well as renal, liver, heart, and heartÿ
lung transplant recipients, the severely malnourished,
and patients with AIDS, uremia, and hematologic
malignancies. Corticosteroid use in particular appears
to be a major contributing factor. Direct ingestion of
spores is the presumed portal of entry. Less than 10% of
invasive mucormycosis cases present as gastrointestinal
involvement, and of these, at least 60% involve the stom-
ach. The disease is rapidly progressive, and mortality
remains high, although early diagnosis improves out-
come. Postmortem diagnosis is common in reported
case series. Patients may present with upper abdominal
pain, anorexia, nausea, vomiting, and gastrointestinal
bleeding. Emphysematous gastritis and perforation
have been reported, and may occur early posttransplan-
tation. Large, deep, gastric ulcers with a grayÿblack
eschar have been described, with histological appear-
ance of extensive necrosis, vascular invasion, thrombo-
sis, and nonseptate right-angular branching hyphae and
cultures of tissue that grow mucormycetes. Coloniza-
tion of ulcer surfaces without tissue invasion has a less
clear signi®cance and much better prognosis. Standard
therapy involves an amphotericin formulation with or
without surgery.

Gastric involvement in basidiobolomycosis, caused
by a fungus in the Entomophthorales order of the class
Zygomycetes, which usually produces cutaneous dis-
ease, was recently reported in a case series of seven
patients from Arizona. The presenting complaint was
abdominal pain, and less often fever. Diabetes, pica, and
use of histamine-2 (H2) blockers have been associated
with this slowly progressive infection, and therapy in-
cludes surgical resection and itraconazole. Amphoteri-
cin resistance has been documented. Diagnosis was
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based on histopathology demonstrating the fungal
morphology and surrounding eosinophilic in¯amma-
tion, but all patients in this series demonstrated periph-
eral eosinophilia as well.

VIRUSES

Gastropathy is an uncommon presentation of cytomeg-
alovirus (CMV) disease but can manifest as gastric ul-
cers, acute gastritis, chronic persistent gastritis, and
protein-losing hypertrophic gastropathy. In patients
with human immunode®ciency virus (HIV) speci®cally,
gastritis ranks in incidence only behind retinitis, esoph-
agitis, and colitis. One study of 497 HIV-infected pa-
tients who underwent esophagogastroduodenoscopy
(EGD) for upper GI symptoms noted CMV infection
in 8 of 16 patients with gastroduodenal ulcers who
had evaluable histology specimens, and in 1 of 20 pa-
tients without ulceration. CMV gastropathy has also
been well described in patients with hematologic
malignancies, and in both bone marrow and solid
organ transplant patients. Gastric involvement is a
more common manifestation of CMV disease in trans-
plant populations. Recently, an association between
Menetrier's disease and CMV infection has been more
fully described. Diagnosis of invasive CMV infection of
the stomach requires demonstration of characteristic
cytomegalic inclusions and/or positive immunostaining
in tissue specimens of CMV virus antigens. Treatment of
CMV gastric infection is similar to other presentations of
invasive CMV infection, and includes valganciclovir,
ganciclovir, or foscarnet for 21 days. Data regarding
maintenance therapy speci®cally for gastric infection
are lacking, although some researchers extrapolate
from data for other types of CMV disease. (Indications
for prophylaxis in speci®c groups of immunocompro-
mised patients differ, and full discussion is beyond the
scope of this discussion.)

Non-CMV herpesviruses documented to cause gas-
tropathy include varicella zoster virus (VZV) and herpes
simplex virus (HSV). Esophageal involvement is far
more common with HSV, but gastric lesions have
been reported in predominantly immunocompromised
patients. Histologic ®ndings include the typical inclu-
sion bodies and ground glass nuclei, and differentiation
between viruses requires culture, molecular, or sero-
logic techniques. Radiologically, a cobblestone pattern
is described due to the super®cial interconnecting of
linear ulcers alternating with bleblike edema. VZV gas-
tritis may present with abdominal pain, nausea, and
vomiting before the skin lesions of disseminated zoster
become visible. Endoscopic and histologic appear-
ance may be nonspeci®c, although diagnosis may be

con®rmed using molecular techniques. Treatment for
HSV and VZV gastritis is intravenous acyclovir.

PARASITES

Strongyloides stercoralis is a soil-borne intestinal nem-
atode with worldwide distribution. Strongyloides
®lariform larvae are ingested or penetrate human
skin. After penetration, the invasive ®lariform larvae
migrate to the lungs. Larvae in the lungs penetrate
the bronchioles and are expectorated and swallowed.
The larvae in the upper gastrointestinal tract then ma-
ture into adult females that produce eggs through
parthenogenesis (the direct production of viable off-
spring from the female without fertilization by the
male). Adults and thin-shelled eggs are con®ned to
the mucosa and are not present in stool. Eggs that em-
bryonate and hatch release rhabditiform larvae, which
may be detected in stool. Rhaditiform larvae become
infective ®lariform larvae either in stool or in the soil
after excretion, completing the life cycle. Alternatively,
if infection does not occur, Strongyloides rhabditiform
larvae in the soil are able to mature into male and female
adult worms. Adult worms exist in the soil as sapro-
phytes, mate, and produce eggs. These eggs release
rhabditiform larvae, which may differentiate into infec-
tive ®lariform larvae.

Strongyloides has been reported to involve almost
every organ system and can disseminate to cause fatal
illness in an immunosuppressed host. Strongyloides may
involve the stomach and present with nausea, vomiting,
anorexia, diarrhea, weight loss, and postprandial epi-
gastric pain. Hematemesis and gastrointestinal obstruc-
tion have been reported as well. Diagnosis is made by
stool examination, small bowel biopsy, or duodenal
drainage. Examination of multiple stool samples in-
creases sensitivity. Peripheral eosinophilia may be a
diagnostic clue. Literature reports describe gastritis
and numerous serpiginous, white, very super®cial le-
sions that appeared to be exudates about 5 to 6 mm in
size in the body and antrum of the stomach. Histologic
examination con®rms the presence of Strongyloides lar-
vae and shows dense eosinophilic in®ltrates, focal atro-
phy, and in¯ammation and destruction of glands,
especially in the vicinity of the parasites. The mucosa
is intact. Treatment is thiabendazole.

Recent evidence suggests that gastric involvement in
AIDS-related cryptosporidiosis can be demonstrated in
up to 90% of AIDS patients with cryptosporidium diar-
rhea,butisolatedgastricsymptomsarerare.Gastriculcer,
gastritis, and partial pyloric obstruction with thickened,
in¯amed antral folds have been described endoscopi-
cally, and gastric histology has noted cryptosporidial
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macrogametes and trophozoites attached to the luminal
surface of gastric epithelial cells. Treatment is dif®cult,
but options include nitazoxanide or paromomycin with
or without azithromycin.

Gastric anisakiasis is caused by ingestion of raw ®sh,
particularly salmon and herring, containing third-stage
nematodal larvae. The larvae invade the gastric mucosa,
causing acute upper abdominal pain with or without
bleeding. Symptoms usually occur within 7 days of in-
gestion. Endoscopy reveals a submucosal mass with a
protruding larval form. Removal by forceps is com-
monly practiced, although patients may pass the larva
spontaneously. Histologic examination reveals an
intense eosinophilic in®ltrate. Recurrent episodes are
associated with more severe symptoms, and chronic
gastritis may occur if the parasite is not recognized
and removed. Cooking and freezing are adequate
methods of killing the larvae.
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Gastric Motility
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gastric accommodation Relaxation of the proximal stomach

to `̀ accommodate'' food without a major increase in

intragastric pressure.

migrating motor complex Cyclical motor pattern that occurs

in the fasting gastrointestinal tract; consists of three

phases (IÿIII) with distinct differences in activity.

motility Contractile activity of the wall of the gastrointestinal

tract.

The fasting and postprandial motility patterns of the

stomach, pylorus, and proximal small intestine are regu-

lated by neural and humoral mechanisms, including those

triggered by small intestinal nutrients. Various methods

can be used to quantify gastric motility. The pathophys-

iology of disordered gastric motility is complex and

poorly understood.

INTRODUCTION

In the early 1820s, Alexis St. Martin, a patient suffering
from an abdominal gunshot wound, afforded his phy-
sician, William Beaumont, the opportunity to be the ®rst
to observe through an open gastric ®stula that food,
whether ingested or placed directly into the stomach
through the ®stula, induced gastric wall contractions
that facilitated the breakdown of food into smaller par-
ticles. Two gastric regions with distinct motor activity
were later identi®ed by Walter Cannon, using roentgen-
ography to investigate gastric motor function in his
studies in dogs and cats.

The various compartments of the gastroduodenal
region serve different functions. The proximal stomach
has the capacity to relax, so that ingested food can be
accommodated with minimal increase in intragastric
pressure; distal stomach phasic contractions then mix
and grind solid food and propel `̀ lique®ed'' solids toward
the pylorus. Tonic and phasic pyloric contractions reg-
ulate transpyloric ¯ow, and the duodenum can modu-
late transit of chyme and, hence, the exposure of small
intestinal receptors to nutrients. However, it is essential
to recognize that the intragastric processing and
subsequent delivery of nutrient into the small intestine
at a rate that optimizes digestion and absorption are

dependent on the integration of motility between
these different regions.

PATTERNS OF FASTING AND
POSTPRANDIAL GASTRIC MOTILITY

The motility of the stomach, as in other areas of the
upper gastrointestinal tract, is organized into two
basic patternsÐfasting and fedÐwhich have funda-
mental differences. In the fasted state, the proximal
stomach is in a continuous state of partial contraction,
maintained by a vagally mediated cholinergic input. In
contrast, the contractile activity of the distal stomach is
characterized by a pattern of cyclical activity, the so-
called migrating motor complex (MMC) (Fig. 1), which
consists of three distinct phases (IÿIII) and, in humans,
has a cycle length of approximately 100 minutes. Ap-
proximately 80% of the cycles originate in the antrum,

PHASE II

Antrum

Proximal
duodenum

Distal
duodenum

PHASE III PHASE I

FIGURE 1 Motility patterns in the fasting gastrointestinal

tract. The pattern of the fasting stomach and small intestine is

characterized by cyclical activity, the so-called migrating motor

complex, which consists of three distinct phases (IÿIII); in hu-

mans, the cycle length of the three phases is approximately

100 min. Reproduced with permission from Rao and Schulze-

Delrieu (1993).
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the remainder in the small intestine. Phase I is charac-
terized by a period of quiescence in the antrum, lasting
for � 40ÿ60 minutes; phase II is a period of increasing,
but irregular, phasic contractions and lasts for � 30ÿ
40 minutes; phase III consists of a short period of intense
contractile activity for � 5ÿ10 minutes. During phase
III, the contractions are characterized by a high ampli-
tude and occur at maximum frequencyÐthat is, at the
frequency of the electric pacemaker, which in the stom-
ach is 3/minute. Phase III of the MMC is propulsive and,
as it migrates from the stomach through the small in-
testine into the ileum, it `̀ sweeps'' undigested or indi-
gestible food particles, dead cells, secretions, and
bacteria, hence the terminology of the `̀ gastrointestinal
housekeeper.''

Meal ingestion interrupts the cyclical motor pattern
of the MMC and causes distinct changes in gastric mo-
tility, characterized by a relaxation of the proximal
stomach, irregular, phasic contractile activity in the an-
trum, an increase in tonic and phasic pyloric pressures,
and irregular contractile activity in the duodenum. The
motor response to food is dependent on its physical state
(solid or liquid) and nutrient content. Ingestion of water
does not affect fasting motility, unless ingested in
volumes 4400 ml. Ingestion of a solid meal induces
strong contractions in the antrum, whereas the same
meal in homogenized form or nutrient-containing liq-
uid meals induce less pronounced antral contractions.
Hence, a solid meal is traditionally used for the clinical
assessment of antral motor function.

The proximal gastric motor response to food inges-
tion may be divided temporarily into two phases. The
®rst phase occurs during, and shortly after, the ingestion
of a meal and consists of two relaxatory re¯exes; `̀ rece-
ptive relaxation'' describes the relaxation of the fundus
in response to swallowing, and this is followed by `̀ gas-
tric accommodation,'' whereby the proximal stomach
relaxes so that a progressive increase in meal volume
is not associated with a major increase in intragastric
pressure. The second phase of postprandial proximal
gastric motility consists of a continuous tonic contrac-
tion that gradually squeezes gastric content toward the
distal stomach. However, because this tonic contractile
activity is associated with little change in intragastric
pressure, it cannot be recorded by standard manometric
techniques. Changes in gastric tone can indirectly be
quanti®ed as a change in gastric volume using the elec-
tronic barostat (see later).

The functions of the distal stomach are accom-
plished by coordinated antral and pyloric contractile
activity. In contrast to the proximal stomach, the mo-
tility of the antrum consists of phasic contractions that
propagate toward the pylorus and serve to mix and grind

food (Fig. 2). The pylorus exhibits both tonic and phasic
pressures, with a narrow zone of contraction of approx-
imately 2 mm. Stimuli that increase antral contractions
include gastric distension; the physical consistency of
gastric chyme (i.e., particulate vs. homogenized) also
affects the depth of contractions. Each peristaltic wave
originates in the midstomach, or corpus, as a shallow
indentation and deepens as it moves more distally,
but does not always entirely occlude the lumen,
compressing liquids and solids within the distal antrum.

FIGURE 2 Relationship between antropyloroduodenal con-

tractions (tracings, left) and movement of gastric content (dia-

grams, right) as recorded concurrently with ¯uoroscopy and

strain gauge transducers (recording motility). The tracings

show the progression of a peristaltic wave moving over the prox-

imal (PA), the middle (MA), and the terminal (TA) antrum to the

pylorus (P) and duodenum (D). (1) The wave moves over the

proximal antrum. The terminal antrum and the pylorus relax.

Gastric content is forced into the terminal antrum. (2) The

wave travels over the middle antrum. Gastric content is evacuated

through the pylorus and also retropelled into the proximal an-

trum. A subsequent wave moves over the gastric body, driving

digesta into the proximal antrum. (3) The wave moves over the

terminal antrum with increasing velocity. Contractions of the

terminal antrum and pylorus enhance retropulsion and grinding.

The subsequent wave advances the antrum. A propagative wave

starts on the duodenal bulb. Reproduced from Ehrlein, H. J. and

Schemann, M. (1990). In¯uence of food constituents. In `̀ Gastro-

pyloro-duodenal Coordination'' ( J. M. Van Nueten et al., eds.).

Wrightson Biomedical Publishing, with permission from

H.-J. Ehrlein.
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As the antral wave advances toward the pylorus, the
pylorus is open, allowing some ¯uid and solid particles
less than 1 mm in diameter to pass into the duodenum.
Just before the antral wave reaches the pylorus, the latter
closes, ceasing transpyloric ¯ow. Pyloric closure is fol-
lowed immediately by occlusion of the terminal antrum,
generating pressures of more than 100 mmHg, and
producing a forceful retropulsion of solid particles,
which both grinds and mixes them with gastric juice.
Relaxation of the terminal antrum is followed by pyloric
opening and emptying of liquid and suspended parti-
cles, whereas the subsequent peristaltic wave is at the
proximal antrum (Fig. 2).

Phasic and tonic pyloric contractions occur either in
isolation or are coordinated with antral contractions
and appear to control transpyloric ¯ow by acting pri-
marily as a brake, allowing ¯ow to occur in a series of
small gushes only when the pylorus is open. The me-
chanical determinants of individual ¯ow episodes are
still poorly de®ned. Flow could potentially re¯ect a local
increase in antroduodenal pressure differences due to
peristaltic antral contractions, or may be associated with
a common-cavity pressure difference between the distal
antrum and proximal duodenum during periods of
relative antral motor quiescence, when either antegrade
or retrograde ¯ows could occur.

As already described, postprandial duodenal motil-
ity is characterized by a pattern of irregular contractile
activity, consisting of isolated pressure waves that mix
chyme with intestinal secretions, and some pressure
wave sequences that move the chyme slowly more dis-
tally. In this way, absorption and the interaction be-
tween nutrients and small intestinal receptors are
optimized.

NEURAL INNERVATION OF
THE STOMACH

Digestive functions, including gastric motility, are con-
trolled by a number of neural networks that are located
in the wall of the gastrointestinal tract, prevertebral
ganglia, spinal cord, and brain. These neural networks
are fundamental to the integration of the functions of
the proximal and distal stomach and the pylorus.

Gastric Electrical Pacemaker

The electrical stimulus for gastric (as well as small
intestinal) smooth muscle contraction is provided by
cells recently identi®ed as a subtype of interstitial
cells of Cajal. The latter generate so-called slow waves,
or pacemaker potentials, and are located in the
myenteric plexus (i.e., between the longitudinal and

circular muscle layers) in the upper body. Slow
waves, continuous, rhythmic changes in the membrane
potential occurring in the human stomach at a maxi-
mum frequency of 3/minute, do not per se initiate con-
tractions. The latter are generated by action potentials
(as a result of rapid membrane depolarization), super-
imposed on the partial depolarization of the slow wave.
Accordingly, phasic contractions in the antrum and py-
lorus are associated temporarily with the rhythm and
propagation of the gastric pacemaker potential when
stimuli enhance contractility above the basal level;
the maximum contraction frequency is limited by the
frequency of the slow wave, i.e., 3/minute in the stom-
ach. Both neural and hormonal inputs can modulate the
duration and the amplitude of the action potential, i.e.,
increase it above, or maintain it below, the threshold
required for the triggering of a contraction.

Intrinsic Innervation of the Stomach

The enteric nervous system (ENS), also termed the
`̀ brain of the gut,'' because it is able to function without
input from the central nervous system, is located within
the walls of the stomach and small intestine. It consists
of two systems of nerve plexusÐthe myenteric (or
Auerbach) plexus, located between the circular and lon-
gitudinal muscles, and the submucosal (or Meissner)
plexus, located beneath the mucosa. Within the ENS,
there are three major types of neurons. Sensory neurons
contain specialized receptors that detect changes in the
environment (tension, contraction, chemical stimuli),
which are then transformed into electrical signals, so-
called action potentials, and transmitted along sensory
nerve ®bers to other parts of the nervous system. Inter-
neurones form networks that process sensory informa-
tion and control the behaviour of motor neurones,
which are the ®nal common pathway for the transmis-
sion of signals to the effector systems. Both excitatory
(i.e., stimulating muscle contraction) and inhibitory
(i.e., suppressing muscle contractions/stimulating mus-
cle relaxation) exist. The major excitatory transmitters
are acetylcholine and substance P, and the major inhib-
itory neurotransmitters are vasoactive intestinal peptide
(VIP) and nitric oxide (NO). The enteric nervous
system, thus, comprises local circuitries for the perfor-
mance of integrative functions independent of extrinsic
innervation.

Extrinsic Innervation of the Stomach

The stomach, like other parts of the gastrointestinal
tract, is innervated by extrinsic nervesÐthe sympa-
thetic and parasympathetic parts of the autonomic
nervous system and sensory nerves that project to the

134 GASTRIC MOTILITY



spinal cord (splanchnic and sacral afferents) and to the
brain stem (vagal afferents). Gastric motility is con-
trolled predominantly by the vagus nerve. Vagal affer-
ents project to the nucleus tractus solitarius (nTS),
where they form synapses with interneurons that proj-
ect to the dorsal motor nucleus of the vagus (DMNV)
and to higher brain centers. From the DMNV, efferent
projections return to the stomach, modulating the ac-
tivity of the muscle cells (`̀ effector system'') through
activation of either inhibitory or excitatory motor neu-
rons. This circuit is termed a `̀ vago-vagal re¯ex.'' Vago-
vagal re¯exes are also modulated by input from other
brain regions, including the forebrain and the area
postrema (AP).

SMALL INTESTINAL REGULATION OF
GASTRIC MOTILITY

Both nutrients and hormones, released in response to
the presence of nutrients in the small intestine, modu-
late gastric motility.

Effects of Nutrients

The presence of dietary nutrients and osmotically
active substances in the small intestine has pronounced
effects on gastric and pyloric motility; the effect of nu-
trients is related to their energy content and the length /
region of small intestine that is exposed to the nutrients.
Direct infusion of nutrients into the small intestine is
associated with relaxation of the proximal stomach,
suppression of antral pressure waves, stimulation of
tonic and phasic pyloric pressures, and slowing of gas-
tric emptying (Fig. 3).

Humoral Mechanisms

Food ingestion stimulates the secretion of a large
number of gastrointestinal hormones, which have
modulatory effects on gastric motility. For example,
fat and protein ingestion predominantly stimulates
cholecystokinin (CCK) secretion and carbohydrate
and fat ingestion stimulates glucagon-like peptide-1
(GLP-1) secretion. Exogenous administration of these
peptides in apparently `̀ physiological'' concentrations
induces relaxation of the proximal stomach, suppres-
sion of antral pressure waves, and stimulation of tonic
and phasic pyloric pressures. Receptor antagonists for
some of these peptides are available for use in humans.
For example, the CCK-A receptor antagonist,
loxiglumide, attenuates the effects of duodenal fat on
the stomach and pylorus, suggesting that CCK mediates,
at least in part, the effects of fat on gastric motility.

METHODS FOR THE ASSESSMENT OF
GASTRIC MOTILITY

A number of techniques are available for the assessment
of different aspects of gastric motility. According to their
applications, they can be divided into techniques to
assess gastric electrical activity (not discussed further
here), gastric wall motion, proximal gastric relaxation,
and intraluminal phasic pressures (Table I). In research
studies, a number of techniques are frequently used
concurrently. However, in contrast to the assessment
of gastric emptying, a number of these techniques,
including magnetic resonance imaging (MRI), single-
photon emission computed tomography (SPECT), and
three-dimensional ultrasound, are currently too expen-
sive and labor intensive to be used in the clinical setting.

Assessment of Gastric Wall Motion

Techniques to assess gastric wall motion include
scintigraphy, ultrasound, and magnetic resonance im-
aging (Fig. 4). Scintigraphy, the `̀ gold standard'' tech-
nique to quantify gastric emptying, also allows an
assessment of intragastric meal distribution and antral
contractile activity. The clinical utility of this latter tech-
nique remains to be established. Ultrasonography is well
suited to evaluate gastric wall motion and intragastric
volume. The recent development of three-dimensional
ultrasound techniques has advanced the capacity to
evaluate relationships between antral area /volume
and contractile activity, transpyloric ¯ow, and duodenal
contractile activity concurrently. MRI has recently been
used to detect peristaltic occlusive and nonocclusive
movements of the gastric wall. However, due to its lim-
ited accessibility and high cost, it is unlikely that MRI

FIGURE 3 The effect on antropyloroduodenal motility of a

duodenal lipid infusion. Duodenal lipid is associated with sup-

pression of antral and duodenal pressure waves and stimulation of

tonic and phasic pyloric pressures.
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will be used clinically for this purpose in the foreseeable
future.

Assessment of Gastric Relaxation

Until the advent of the barostat, no technique
was available to quantify relaxation of the proximal
stomach. The barostat consists of a pressure transducer
linked by an electronic relay to an air injection system.
An in®nitely compliant bag, located in the proximal
stomach, is then connected via a double-lumen tube
to the barostat. Once a pressure is set in the system
(frequently 2 mmHg above basal intragastric pressure),
the barostat can indirectly measure gastric relaxation by
monitoring changes in intrabag volume at that pressure.
Thus, when the stomach relaxes, air is injected into
the gastric bag to maintain the pressure, while air is
withdrawn when the stomach contracts. The barostat
has signi®cant limitations, because the air-®lled bag in
the proximal stomach disturbs normal physiologyÐfor

example, the presence of the bag affects antral
motility. More recently, other techniques, such as
single-photon emission computed tomography imag-
ing, three-dimensional ultrasound, and MRI have
been used to quantify proximal gastric motility in
research studies.

Measurement of Antropyloroduodenal
Phasic Contractions

Manometry assesses intraluminal pressure changes
due to contractile activity of the antropyloroduodenal
region. In order to measure pressures over a segment of
stomach or small intestine, a multilumen catheter with
multiple, closely spaced side holes is used. Although
both solid-state and water-perfused manometric cathe-
ters are potentially applicable, in most cases perfused
systems are used; the system is connected to a pump
with a water reservoir and perfused continuously. In
order to be reliably detected, contractions must be
lumen occlusive and occur at the site of a side hole.
It is important to recognize that patterns of muscular
contractions are not synonymous with patterns of
lumen occlusion due to the variation in luminal diam-
eters. For example, a recent study demonstrated that
only 54% of contractile events, as recorded by MRI,
were associated with a detectable pressure event, as as-
sessed by manometry. It is impossible to position a re-
cording side hole in the pylorus accurately, because it is
a narrow and mobile structure, hence the so-called
sleeve sensor or multiple closely spaced side holes are
required to record pyloric pressures accurately. The
sleeve sensor is a perfused channel in the manometric
catheter that records the highest pressure point along its
length. By spanning the length of the sphincter, the
sleeve sensor is able to maintain contact to sense the
maximum pressure reliably even if the catheter moves
slightly.

TABLE I Techniques for Assessment of Gastrointestinal Motility

Technique Parameters assessed

Electrogastrography Myoelectrical activity

Scintigraphy Gastric emptying, intragastric distribution, and antral contractions

Ultrasonography Antral area (two dimensional), volume (three dimensional), antropyloric

contractions, and pyloric ¯ow

Magnetic resonance imaging Gastric emptying, intragastric distribution, and antral contractions

Single-photon emission

computed tomography

Gastric volume (relaxation)

Barostat Proximal gastric volume (relaxation) and gastric pressureÿvolume

relationship

Intraluminal manometry Lumen-occlusive contractions

Antral
contraction

Duodenal bulb

Pylorus

FIGURE 4 Magnetic resonance imaging scan of the

antropyloroduodenal region. Wall motion in the antrum, re¯ec-

ting an antral contraction, is clearly visible.
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PATHOPHYSIOLOGY OF
GASTRIC MOTILITY

A number of acute and chronic conditions of
diverse etiology are associated with disordered gastric
emptying/gastroduodenal motility. The underlying pa-
thology may potentially involve the gastric musculature,
its extrinsic or intrinsic nervous innervation, or the
interstitial cells of Cajal, although the number of histo-
pathological studies has been limited. Increased small
intestinal feedback could potentially also lead to slow
gastric emptying.

Motor Dysfunctions Responsible for
Slow Gastric Emptying

Abnormally slow gastric emptying, or gastroparesis,
may theoretically result from defective mechanical
breakdown of food, ineffective propulsion of
intragastric content, and /or an abnormally high resis-
tance to emptying. Postsurgical gastroparesis is associ-
ated with a reduction in gastric motility, particularly
contractile activity of the antrum. The motor dysfunc-
tions responsible for gastroparesis are poorly character-
ized; in part, this re¯ects the substantial technical
dif®culties associated with measurement of gastric mo-
tilityÐin most studies, only one or two motor compo-
nents (most frequently the antrum) have been
evaluated. It is, however, clear that, in many cases,
the motor abnormalities are heterogeneous and that
the organization of gastroduodenal contractile activity
is frequently impaired. Proximal gastric motility is ab-
normal in many patients with impairment of gastric
relaxation induced by a meal. Both fasting and postpran-
dial antral hypomotility occur frequently, particularly a
reduction in the number of antral pressure waves that
are temporarily associated with duodenal waves. In-
creased pyloric motility does not appear to be a
major factor contributing to gastroparesis. Abnormal
proximal small intestinal motor function also occurs
frequently, but has been poorly characterized. A knowl-
edge of the motor dysfunctions responsible for disor-
dered gastric emptying has potential implications for
the ef®cacy of pharmacotherapy.

CONCLUSION

The motor activity of the stomach is characterized by
two distinct motor patterns, fasting and fed, with
markedly differing functions. Gastric motor patterns
are governed by both extrinsic and intrinsic innervation
and modulated by a number of factors, including nutri-

ents and humoral factors. Abnormal gastric emptying is
associated with a number of gastric motor dysfunctions.
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gastric outlet obstruction A mechanical obstruction of the

stomach as it empties into the duodenum or through a

surgically created stoma.

proximal gastric vagotomy Also known as highly selective

vagotomy or parietal cell vagotomy; an operation in

which the vagal branches of the nerves of Laterjet are

divided as they enter the lesser curvature of the stomach.

This ameliorates vagally mediated gastric acid secretion

from the parietal cell mass while preserving the motor

branches to the antrum and the pylorus.

Gastric outlet obstruction occurs due to obstruction at or

near the pylorus or a surgically created gastroenteros-

tomy. By far, the most common causes of gastric outlet

obstruction are peptic ulcer disease and adenocarcinoma

of the gastric antrum. This article discusses the causes of

this condition, its clinical manifestations, and the diag-

nostic strategies and potential therapeutic modalities in-

volved in treating these patients.

ETIOLOGY

Since the 1970s, gastric adenocarcinoma has supplanted
peptic ulcer disease as the most common cause of gastric

outlet obstruction. Unusual causes of gastric outlet ob-
struction include benign neoplasms of the pylorus and
stomach, Crohn's disease of the stomach or duodenum,
adult hypertrophy of the pylorus, heterotopic
pancreatic tissue at the pylorus, and ®brous intra-ab-
dominal adhesions. Peptic ulcer disease associated with
gastric outlet obstruction is usually localized to the du-
odenum, but pyloric channel and gastric antral ulcers
may also cause obstruction. In these instances, an active
ulcer crater is associated with acute edema, in¯amma-
tion, and pylorospasm. Rarely is the obstruction due
solely to the presence of a ®xed ®brous scar. This ex-
plains those occasions in which medical management of
the ulcer results in resolution of obstructive symptoms.
Pyloric channel ulcers are often associated with gastric
retention; in one early study, nearly 50% of the patients
with ulcers within the pyloric channel had symptoms of
gastric outlet obstruction.

Adenocarcinoma, as well as other gastric malignan-
cies such as lymphoma, may present with signs and
symptoms of gastric outlet obstruction. Differentiation
of a benign ulcer from a malignant gastric ulcer may be
dif®cult on endoscopic (or radiographic) inspection and
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is dependent on histologic examination of biopsy
specimens of the margins of the ulcer.

CLINICAL PRESENTATION

The principal symptoms of gastric outlet obstruction are
nausea and vomiting, which often develop over a period
of weeks to months. The vomiting is often copious in
nature and consists of poorly digested food. Many pa-
tients with gastric outlet obstruction from ulcer disease
have a long history of ulcer-related pain; in several early
studies, patients had symptoms of ulcer disease for
nearly 10 years. Recent onset of upper abdominal
pain or obstruction in the absence of abdominal pain
should raise the possibility of a malignant etiology.
Weight loss and malnutrition are common ®ndings in
patients presenting with either benign or malignant ob-
struction. Physical examination may identify a gastric
succussion splash, upper abdominal distension (from a
markedly dilated stomach), and perhaps visible gastric
peristalsis. Physical evidence of poor nutrition and in-
travascular volume depletion may also be apparent. In-
tubation of the stomach with a nasogastric tube will
yield at least 500 ml, and often signi®cantly greater
quantities, of ¯uid and undigested particulate matter.

Patients with gastric outlet obstruction will often
be depleted of intravascular volume and have electro-
lyte disturbances associated with the loss of large
volumes of gastric juice. Gastric juice in patients
with gastric outlet obstruction contains approximately
100 mEq per liter of chloride, 45 mEq per liter of
sodium, and 10 mEq per liter of potassium. The elec-
trolyte disturbance associated with gastric outlet ob-
struction consists initially of a decrease in plasma
chloride and an increase in bicarbonate. Over time,
a sodium de®cit develops (due to sodium losses in the
vomitus and its enhanced excretion into the urine)
and on depletion of the sodium reserves, hydrogen
and potassium ions are excreted with the bicarbonate
as sodium is preserved. This results in the paradoxical
excretion of acidic urine in the setting of a metabolic
alkalosis. The classic electrolyte disorder of patients
with long-standing gastric outlet obstruction is a
hypochloremic, hypokalemic metabolic alkalosis.

DIAGNOSTIC STRATEGY

Aspiration of gastric contents through a nasogastric tube
will reveal substantial quantities of retained ¯uid. A
gastric aspirate volume of more than 300 ml 4 h after
a meal or greater than 200 ml after an overnight fast
suggests impaired gastric emptying. In the past, the
diagnosis was suspected based on a saline load test in

which 750 ml of saline was placed into the stomach
through a nasogastric tube; aspiration of more than
300 ml of ¯uid 30 min after instillation suggests delayed
gastric emptying.

Mechanical obstruction of the gastric outlet may
be con®rmed with endoscopy and/or barium contrast
radiographs. Endoscopy will allow visualization of the
site of obstruction and often provide evidence of its
etiology. This procedure may be helpful in differentiat-
ing a mechanical outlet obstruction from a functional
obstruction (e.g., postvagotomy or postresection gas-
tric stasis or diabetic gastroparesis). The importance
of biopsy cannot be overestimated in differentiating be-
nign from malignant gastric ulcers. Prior to this proce-
dure, retained gastric contents should be evacuated with
a large-bore gastric tube (e.g., an Ewald tube) to allow
visualization of the gastric mucosa.

A plain abdominal radiograph may suggest gastric
stasis by demonstrating a large gastric shadow with re-
tained food particles that appear as patchy translucen-
cies. An upright roentgenogram will show a high gastric
airÿ¯uid level. A barium contrast study of the stomach
also may con®rm the presence of outlet obstruction and
provide evidence of its etiology. For example, the nor-
mal stomach will largely empty in approximately 2 h
with a small residual amount of barium present after
4 to 6 h. In instances of gastric outlet obstruction, more
than 50% of the barium will be retained within the
stomach 4 to 6 h after the barium is swallowed. A barium
contrast study may elucidate postoperative anatomy in
patients who previously have undergone gastric opera-
tions for ulcer disease. Barium studies are occasionally
helpful in differentiating a benign from a malignant
ulcer or in demonstrating ulcer disease in the presence
of postoperative gastric deformities.

TREATMENT

Many patients with gastric outlet obstruction require
operative management. In general, this is preceded by
a period of meticulous medical preparation, the aims of
which are decompression of the dilated stomach, heal-
ing of the ulcer, correction of ¯uid and electrolyte ab-
normalities, and improvement in the general condition
of the patient. A nasogastric tube is placed at the time of
admission to decompress the stomach; a large-bore gas-
tric tube may be necessary to remove large particulate
matter prior to diagnostic studies. Intravenous ¯uid re-
suscitation with normal saline and potassium chloride
will correct the intravascular volume de®cit and replete
the total body sodium, chloride, and potassium pools.
Patients should receive appropriate medical treatment
for peptic ulcer disease with either a proton pump
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inhibitor or a histamine-2 receptor antagonist, given
intravenously until the nasogastric tube is removed.
Those patients with evidence of Helicobacter pylori in-
fection should receive appropriate antibiotic therapy.
Most clinicians will begin parenteral nutrition given
the incidence of malnutrition in these patients and
the often prolonged period of time prior to the patient
again being able to tolerate oral feedings. Within a few
days of this treatment, most patients will demonstrate
signi®cant improvement in their gastric emptying with a
reduction in the volume of aspirate from their nasogas-
tric tube. This will allow diagnostic studies and planning
of de®nitive treatment.

Patients suffering gastric outlet obstruction from a
distal gastric cancer should undergo operative treat-
ment. The only chance for cure comes from total resec-
tion with or without adjuvant chemoradiation therapy
(depending on the stage of the disease). Patients with
more advanced disease may be palliated by the endo-
scopic placement of a stent across the obstruction or by
the performance of a gastrojejunostomy at a site well
proximal to the malignancy.

Some patients with gastric outlet obstruction from
benign ulcer disease will respond to medical manage-
ment of the ulcer alone. The long-term ef®cacy of med-
ical management combined with endoscopic dilation of
the stricture is unclear. Two recent reports suggest that
nearly 70% of patients with gastric outlet obstruction
due to peptic ulcer disease could be successfully man-
aged medically along with endoscopic dilation. Kozarek
reported that 16 of 23 patients undergoing balloon di-
lation of gastric outlet obstruction were asymptomatic
up to 2.5 years later. However, medical management
alone has a very high failure rate on long-term
follow-up. Jaf®n, for example, reported that 92% of
patients with gastric outlet obstruction who were trea-
ted medically required operative management for recur-
rent or persistent symptoms within 3 years.

If surgery is required due to failure of medical/dila-
tion therapy, the best operation for gastric outlet ob-
struction from benign ulcer disease is debated. Several

papers, including one prospective randomized trial,
demonstrated that proximal gastric vagotomy and
gastrojejunostomy was superior to vagotomy and
antrectomy or proximal gastric vagotomy and gastrodu-
odenostomy. Others have reached similar conclusions,
based on retrospective comparisons, that proximal gas-
tric vagotomy and pyloroplasty is superior to vagotomy
and antrectomy or truncal vagotomy and pyloroplasty.
Donahue et al. reported that 93% of their patients un-
dergoing proximal gastric vagotomy with drainage did
well with no recurrent ulcers, no signi®cant gastric
atony, and minimal postoperative symptoms for as
long as 4.6 years following surgery. Of note, there is
signi®cant experience to suggest that proximal gastric
vagotomy with intraoperative dilation of the stricture
alone is associated with an extremely high incidence of
recurrent obstruction.
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gastric polyp Benign or malignant lesion in the stomach that

is elevated above the surrounding gastric mucosa.

polyposis Condition in which numerous polyps are present,

usually due to a genetic defect.

Recommendations for diagnosis and treatment of gastric

polyps remain controversial; no consensus exists regard-

ing their malignant potential or the reliability of endo-

scopic forceps biopsy. According to the classi®cation of

gastric tumors and polyps established by the World

Health Organization, the frequency of malignant transfor-

mation depends on histologic type. The cancer risk has

been reported to range from 0 to 8.6% (average 2.1%) for

hyperplastic polyps, to be approximately 5% for tubular

adenomas, and to range from 28.5 to 40% for villous ad-

enomas and pyloric gland adenomas. Therefore, a precise

histologic classi®cation is essential to therapeutic action.

Especially important is the reliability of the histologic

rating of forceps biopsy sampling with regard to the

total polyp.

EPIDEMIOLOGY

Gastrointestinal polyps are by de®nition lesions ele-
vated above the surrounding mucosa. In the stomach,
they are found in 1ÿ5% of all gastroscopic examina-
tions. The reported incidence varies because fundic
gland polyps, which comprise of about 50% of all
polyps, have been only inconsistently included in the
surveys. More than one polyp can be found in around
25% of the patients. One of the largest histopathologic
series evaluated almost 3600 gastric polyps. The abso-
lute numbers and relative percentages of the various
types of gastric polyps, excluding fundic gland polyps,
are shown in Table I. Concerning the location of gastric
polyps, it has been shown that pancreatic and Brunner's
gland heterotopia as well as in¯ammatory ®broid polyps
arise mainly in the antrum, whereas carcinoid tumors
are predominantly found in the corpus. Hyperplastic
polyps and adenomas distribute rather equally between
antrum and corpus.

The age distribution of patients with gastric polyps
differs according to the histologic type. PeutzÿJeghers
polyps, juvenile polyps, and pancreatic heterotopias are
usually diagnosed in patients younger than 50 years, and
fundic gland polyps occur most commonly in the age
range between 40 and 69 years; all other histologic types
are found mainly in the age group 60 years and older.

PATHOLOGY

Polyps in the stomach are a heterogeneous group of
tumors that comprise nonneoplastic polyps (such as
fundic gland polyps), neoplastic polyps (such as adeno-
mas or adenocarcinomas), `̀ reactive'' polypoid lesions
(such as foveolar hyperplasia), and polypoid intramural
masses. In contrast to the situation in the colon, most
gastric polyps are nonneoplastic.

TABLE I Incidence of Various Gastric Polypsa

Type Number Incidence

Neoplasias

Tubular adenoma 600 (16.7%)

Tubulopapillary adenoma 77 (2.2%)

Papillary adenoma 7 (0.2%)

Pyloric gland adenoma 13 (0.4%)

Adenocarcinoma 423 (11.8%)

Carcinoid tumor 95 (2.6%)

Total 1215 (33.9%)

Tumorlike lesions

Hyperplastic polyp 2036 (56.7%)

In¯ammatory ®broid polyp 192 (5.4%)

Heterotopia 111 (3.1%)

PeutzÿJeghers polyp 21 (0.6%)

Juvenile polyp 11 (0.3%)

CronkhiteÿCanada polyp 2 (0.1%)

Total 2373 (66.1%)

a n� 3588; includes polyps seen in patients at the Institute of

Pathology, Bayreuth, in the period 1969ÿ1992, excluding fundic

gland polyps, mesenchymal tumors, and polypous lymphomas.
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Fundic gland polyps are the most frequent types of
polyps in the stomach (Fig. 1). They can develop after a
shift of the proliferation zone into the gland area. Fundic
gland polyps are multiple in most cases, are potentially
reversible, and carry no neoplastic risk. The additional
development of adenomatous changes and dysplasia in
fundic gland polyps has been found in 1% of sporadic
cases and in 25ÿ44% of patients with familial adeno-
matous polyposis. Although fundic gland polyps are
nonneoplastic, it can be shown that they signal an in-
creased risk in a patient of harboring a colorectal ade-
noma or carcinoma.

Histologically, hyperplastic polyps are character-
ized by an elongation, twisting, branching, and cystic
dilatation of the foveolae (Fig. 2). The surface is often
eroded and the epithelium may show regeneration that

can be misinterpreted as adenomatous or dysplastic
changes. They are usually solitary, sessile lesions less
than 1.5 cm in size. Focal foveolar hyperplasia is con-
sidered a potential precursor of hyperplastic polyps by
the World health Organization (WHO). However, this is
still a matter of debate. Although some pathologists
claim to recognize differences on the basis of architec-
tural and cytological criteria in forceps biopsy material,
this does not hold true in common practice. Although
the hyperplastic polyp is nonneoplastic, dysplastic
changes and/or gastric adenocarcinoma may develop
within the lesion. The risk of developing an adenocar-
cinoma within a hyperplastic polyp ranges from 0 to 8%
(mean 2.1%). It has been recently demonstrated that
hyperplastic polyps may disappear after Helicobacter

B

FIGURE 1 Fundic gland polyp. The diagnostic histological

®nding is the occurrence of cysts within the fundic glands. In

this case, most of them are lined by columnar epithelium. (A)

Magni®cation endoscopy (�115). (B) Hematoxylin and eosin

stain, original magni®cation �400.

A

B

FIGURE 2 Hyperplastic polyp. In the center of the polyp,

bordering the luminal area, the epithelial cells show strati®cation

of the nuclei. The glands are cribriform in appearance, suggesting

the development of a highly differentiated adenocarcinoma. (A)

Hyperplastic polyp with erosions. (B) Hematoxylin and eosin

stain, original magni®cation �400.
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pylori eradication. Helicobacter pylori eradication ther-
apy may, therefore, be a therapeutic option for hyper-
plastic polyps occurring in association with H. pylori
gastritis. Hyperplastic polyps develop in atrophic gastric
mucosa in 40ÿ75% of cases and may thus re¯ect the
presence of atrophic gastritis. The risk of patients
with multiple hyperplastic polyps of developing a
gastric carcinoma appears to be increased and may be
as high as 3.6%.

Histologically, adenomas are characterized by co-
lumnar epithelium that is pseudostrati®ed and shows
elongated atypical nuclei and increased mitotic activity
(Fig. 3). Adenomas represent approximately 10% of
gastric polyps. Adenomas appear in tubular, tubulo-
villous, and villous forms or as pyloric gland adenomas.

Adenomas are precancerous lesions, comparable to
colonic adenomas. Therefore, high-grade dysplasia
and frank carcinoma may develop in adenomas. The
risk of developing adenocarcinoma in an adenoma cor-
relates with its size and structure. Polyps more than
2 cm in diameter may harbor a focal adenocarcinoma
in 40% of cases. Gastric adenomas are also a marker for
an increased risk to develop a gastric carcinoma in the
remainder of the stomach. According to the literature,
coincident gastric carcinomas occur at a rate of 8ÿ59%.

Mesenchymal polypoid tumors are characterized by
a spindle cell or epitheloid appearance. Most of them are
classi®ed as gastrointestinal stroma tumors (GISTs).
Generally, tumors with a diameter less than 5 cm,
fewer than two mitoses/10 high-power microscope
®elds, and a lack of necrosis are held to have no or
only a low malignant potential. The remainder are con-
sidered high-risk GISTs. Leiomyomas can be observed
in 0.9% of gastric resection specimens. Rarely,
leiomyosarcomas may develop in lesions greater than
2ÿ3 cm in diameter. When 10 mitotic ®gures are found
per 50 high-power microscope ®elds, the lesion is
considered to be a leiomyosarcoma.

CLINICAL
MANIFESTATIONSÿDIAGNOSIS

In most cases, polyps are an incidental ®nding during
routine endoscopy, because they only rarely produce
symptoms, such as gastrointestinal bleeding with or
without anemia or delayed gastric emptying. Bleeding
is the consequence of an eroded surface of the polyp.
Hyperplastic polyps, in¯ammatory ®broid polyps, ade-
nocarcinoma, and leiomyomas are predisposed to
bleeding. Obstruction of the gastric outlet caused by
gastric polyps is a rare event. The symptoms are usually
intermittent in case the polyp is pedunculated.

On endoscopy, some polyps can be differentiated by
macroscopic characteristics. Fundic gland polyps pres-
ent as multiple 2- to 3-mm sessile lesions coating the
body and fundus; these can be plucked like grapes with
the biopsy forceps. They may be dif®cult to differentiate
from carcinoid tumors, which display similar character-
istics but have a ®rm consistency. The presumptive en-
doscopic diagnosis of gastric tubular adenoma is
relatively certain, because this lesion is mainly found
in the form of a ¯at, only slightly elevated, polyp. Hy-
perplastic polyps are usually softer and more `̀ shiny''
compared to other polyps, and their surface is almost
always eroded. Although the endoscopic appearance
of some polyps may already be diagnostic, the ®nal
diagnosis must be based on a histological examination.

A

B

FIGURE 3 A pyloric gland adenoma composed of small tu-

bules lined by gastric-type epithelium. (A) Adenoma in the

cardia. (B) Adenoma; hematoxylin and eosin stain, original

magni®cation �400.
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MANAGEMENTÿTREATMENT

With the introduction of endoscopic polypectomy in the
stomach in the early 1970s, an alternative to surgical
ablation became available. Because forceps biopsies had
been considered unreliable, the procedure enjoyed
widespread use. However, complications soon led to
a reconsideration of clearing the stomach of all polyps
and to the use of forceps biopsy for decision-making.

Because most gastric polyps are not pedunculated,
endoscopic mucosal resection techniques must be
applied. The most widespread technique is the `̀ strip-
off biopsy,'' which consists of injection of saline in the
submucosal layer to form a bleb, with the polyp on top,
which is then cut by snare strangulation. Another
important technique is endoscopic mucosal resection
(EMR) using a transparent plastic cap (EMRC proce-
dure). After a suf®cient volume of saline has been
injected, the mucosa, including the target lesion, is
sucked into a cap attached to the tip of the endoscope,
strangulated by a snare wire, and resected by electro-
cauterization. Endoscopic mucosal resection can
generally be performed safely in the stomach because
it has a relatively thick muscle layer. But at the lesser
curvature in the upper and middle thirds, special atten-
tion should be paid to avoid muscle involvement,
because stretching of the mucosa is primarily limited.
Low-concentration epinephrine saline solution is
effective in the control of bleeding during EMR in
most cases. However, in case of a spurting bleeding
in the stomach, placing a hemostatic clip is the most
reliable and safe therapeutic modality to control the
bleeding.

In many cases, a meticulous examination of forceps
biopsy samples by an experienced pathologist leads to a
correct histologic diagnosis without a complete poly-
pectomy. However, foci of carcinoma are present in a
small percentage of hyperplastic polyps and may be
missed with biopsy sampling. In a recent survey, four
such polyps (3.1%) were found in a total of 131 hyper-
plastic polyps, ranging from 10 to 50 mm (median
15 mm). In only one of these, the malignant focus
was detected by forceps biopsy. Since the ®rst descrip-
tion in 1978 of a hyperplastic polyp containing a
carcinoma, several case reports have been published.
Although at ®rst it was thought that only hyperplastic
polyps larger than 20 mm could contain malignant foci,
this ®nding has more recently been observed in polyps
of 5 mm.

A recommendation based on these data to remove all
stomach polyps completely with the snare classi®ed as
hyperplastic on biopsy must be weighed against the
possible risks of polypectomy, which seem to be higher

than risks of polypectomy in the colon. In a recent pro-
spective study, bleeding occurred in 7.2% of the proce-
dures, but the bleeding could usually be managed
endoscopically. This underscores the importance of
pro®ciency in endoscopic hemostatic techniques by
the endoscopic team as a prerequisite for performing
polypectomy in the stomach. In view of the riskÿbene®t
pro®le, complete endoscopic removal of even smaller
polyps rated as hyperplastic on biopsy must be
considered.

An alternative therapeutic option in patients with
multiple small hyperplastic polyps or risk factors for
polypectomy seems to be the eradication of H. pylori.
In one study, 35 patients who had hyperplastic polyps
at least 3 mm in diameter and evidence of infection
with H. pylori were randomized to no treatment or to
antibiotic therapy aimed at eradicating H. pylori. After
12 to 15 months, complete regression of polyps was
observed more often in patients in the treated group
in whom H. pylori was cured.

Regarding focal foveolar hyperplasia, this recom-
mendation should be adapted to the endoscopic appear-
ance of the polyp. For polyps with characteristic
macroscopic features, i.e., size 55 mm, multiple occu-
rrence, and location in the antrum, no further action
seems to be justi®ed. For all other polyps rated as focal
foveolar hyperplasia on biopsy, endoscopic poly-
pectomy should be considered also, because, in the
clinical, setting no unequivocal differentiation from
other histological polyp types ,based on forceps biopsy
specimens, seems to be possible at present. Of course,
the patient's general condition (especially age and con-
comitant illnesses that might be exacerbated by possible
complications) should also be a factor.

No controversy exists for the indication to remove
adenomatous polyps, because the adenomaÿcarcinoma
sequence holds true in gastric as well as in colorectal
polyps. In one series, the concomitant presence of
adenomatous and carcinomatous portions in a single
polyp was observed in two specimens. HereÐin con-
trast to carcinomatous foci in hyperplastic polypsÐan
underestimation on biopsy is not an issue, because all
adenomas must be removed completely. Because the
malignant potential of mesenchymal tumors is dif®cult
to assess and most of them are not suitable for endo-
scopic resection, local surgical excision of tumors larger
than 3ÿ5 cm, with a margin of approximately 2 cm, is
recommended.

Surveillance endoscopy 1 year after removing ade-
nomatous gastric polyps is reasonable to assess recur-
rence at a prior excision site, new or previously missed
polyps, and /or supervening early carcinoma in gastric
mucosa apart from the site of coincident polyps. If
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this examination is negative, surveillance endoscopy
should be repeated no more frequently than 3- to 5-
year intervals. No surveillance endoscopy is necessary
after removal of nonadenomatous gastric polyps.
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dyspepsia Symptoms originating in the upper gastrointest-

inal tract, including upper abdominal pain/discomfort,

early satiety, postprandial abdominal bloating/disten-

sion, and nausea with or without vomiting.

functional dyspepsia Dyspeptic symptoms with no de®nable

organic cause after evaluation usually consisting of

history and physical examination, blood tests, and upper

endoscopy.

nitric oxide A gas produced by cells of the brain, blood

vessels, and immune system.

vasoactive intestinal polypeptide A polypeptide from the

small intestine; it induces systemic vasodilation, hypo-

tension, increased cardiac output, respiratory stimula-

tion, and hyperglycemia.

During fasting, muscle ®bers of the proximal stomach

maintain a vagally mediated tonic contractile activity,

which generates gastric fundus tone. During and after

ingestion of a meal, relaxation of the proximal stomach

occurs, which provides the meal with a reservoir and en-

ables a gastric volume increase without a rise in pressure.

This also allows the stomach to retain food and to allow

passage to the duodenum at a rate that matches the

duodenal absorptive capacity. Tone in the gastric antrum

and its ability to function as a reservoir have not been

established; the antrum seems to act predominantly

as a muscular pump that grinds the food and promotes

evacuation.

CONTROL OF THE
ACCOMMODATION REFLEX

Studies in animals have demonstrated that the gastric
accommodation re¯ex, which provides the meal with a
reservoir and enables a gastric volume increase without
a rise in pressure (Fig. 1), is mediated via a vagovagal
re¯ex pathway that activates nonadrenergic non-
cholinergic neurons in the gastric wall. Several lines
of evidence suggest a role for nitric oxide and vasoactive
intestinal polypeptide as inhibitory neurotransmitters
mediating gastric relaxation.
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CONTROL OF THE
ACCOMMODATION REFLEX

Studies in animals have demonstrated that the gastric
accommodation re¯ex, which provides the meal with a
reservoir and enables a gastric volume increase without
a rise in pressure (Fig. 1), is mediated via a vagovagal
re¯ex pathway that activates nonadrenergic non-
cholinergic neurons in the gastric wall. Several lines
of evidence suggest a role for nitric oxide and vasoactive
intestinal polypeptide as inhibitory neurotransmitters
mediating gastric relaxation.
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In the mouse and in the guinea pig, involvement of
5-hydroxytryptamine (5-HT) receptors on intrinsic
neurons in vagally mediated gastric relaxation has
been demonstrated. More recently, it was demonstrated
that 5-HT-induced relaxation of the guinea pig stomach
is mediated via the release of nitric oxide through acti-
vation of a 5-HT1-like receptor.

In humans, it is unknown whether the accommoda-
tion re¯ex also involves serotonergic activation of
nitrergic neurons. The lack of suitable selective 5-HT
ligands for in vivo use in humans hampers the investi-
gation of this issue. However, the role of 5-HT in the
control of gastric motility can be investigated in an al-
ternative way. As in the central nervous system, a sero-
tonin reuptake system is present in the enteric nervous
system (ENS). The serotonin reuptake system in the
ENS is also inhibited by selective serotonin reuptake
inhibitors. Therefore, 5-HT reuptake inhibitors may
increase the availability of synaptically released 5-HT,
not only in the central nervous system, but also in the
enteric nervous system. Physiological processes involv-
ing the release of 5-HT in the ENS are enhanced shortly
after pretreatment with a selective serotonin reuptake
inhibitor. This property has been used to investigate the
role of 5-HT in the control of gastric motility in humans.

Twelve healthy volunteers underwent a gastric
barostat study on two occasions, after pretreatment
with placebo or the selective serotonin reuptake inhib-
itor paroxetine at 20 mg/day. Paroxetine signi®cantly
enhanced the amplitude of the meal-induced fundus
relaxation. This observation suggests involvement of
5-HT in the gastric accommodation re¯ex in humans
also. The 5-HT receptor involved and its localization
cannot be determined from the present study. Selective
serotonin reuptake inhibitors may act on neurons that
are located centrally as well as peripherally. It was
observed, however, that peripherally acting 5-HT1P

agonists or 5-HT4 agonists are also able to enhance gas-
tric accommodation to a meal, supporting involvement
of one or both of these peripheral 5-HT receptors.

NG-monomethyl-L-arginine (L-NMMA) is an inhib-
itor of nitric oxide synthase, suitable for use in humans.
Recent studies using this agent have been able to dem-
onstrate the involvement of nitric oxide in the control of
interdigestive motility and in mediating transient lower
esophageal sphincter relaxations in humans. These
properties were used to test the hypothesis that nitric
oxide is involved in the control of postprandial gastric
tone in humans. Pretreatment with L-NMMA decreased
the gastric accommodation to a meal in a dose-depen-
dent manner, thereby establishing that the gastric ac-
commodation re¯ex in humans involves activation of
nitrergic neurons.

Taken together, these studies suggest that release of
5-HT, probably at the level of the enteric nervous
system, with subsequent activation of nitrergic motor
neurons, is involved in the control of the accommoda-
tion re¯ex in humans (Fig. 2). Animal studies have
shown that intrinsic neurons in the stomach can be
activated through a 5-HT1-like receptor.

In the guinea pig, a 5-HT1P receptor was shown to be
present on nitrergic neurons in the myenteric plexus of
the stomach, where it mediates a prolonged depolar-
ization in response to the application of 5-HT. Recently,
it was demonstrated that sumatriptan, a 5-HT1 receptor
agonist that is used in the treatment of migraine in hu-
mans, is an agonist at 5-HT1P receptors on nitrergic
myenteric neurons in the stomach. It was therefore in-
vestigated whether sumatriptan is able to induce relax-
ation of the proximal stomach in human and whether
this relaxation is mediated through the activation of
nitrergic neurons.

 

Fasting Accommodation Emptying

FIGURE 1 Schematic illustration of the role of accommoda-

tion to a meal. The accommodation re¯ex consists of relaxation of

the proximal stomach, providing the meal with a reservoir and

enabling a volume increase without a rise in pressure.

Subsequently, the meal is emptied from the stomach at a rate

that matches the absorbtive capacity of the duodenum.

NO

+ +

FIGURE 2 Neural control pathway of the accommodation re-

¯ex, based on animal studies. The accommodation re¯ex is me-

diated via a vagovagal re¯ex pathway that activates inhibitory

motor neurons in the gastric wall to release nitric oxide and

vasoactive intestinal polypeptide. Involvement of a 5-hydroxy-

tryptamine receptor on intrinsic inhibitory neurons has been

demonstrated.

146 GASTRIC RESERVOIRS

Inhibitory
motor
neuron

NO
VIP

+ +

Interneuron

5-HT

Vagal
efferent

ACh
5-HT ?

CNS

Vagal
afferent

Gl tract

Nicotinic acid



Using a gastric barostat, it was demonstrated that the
administration of sumatriptan induces relaxation of the
gastric fundus in human. Pretreatment with L-NMMA
decreased the gastric relaxatory response to sumatriptan
in a dose-dependent manner, thereby establishing that
the drug relaxes the proximal stomach in humans
through a nitrergic pathway.

PATHOPHYSIOLOGICAL ROLE OF
IMPAIRED ACCOMMODATION

Scintigraphic and ultrasonographic studies have dem-
onstrated an abnormal intragastric distribution of food
in patients with functional dyspepsia, with preferential
accumulation in the distal stomach. This ®nding sug-
gests defective postprandial accommodation of the
proximal stomach. Consistently, studies using a gastric
barostat have shown reduced proximal gastric relaxa-
tion in response to a meal in patients with functional
dyspepsia. In view of the role of gastric accommodation
in providing a reservoir during meal intake, it was hy-
pothesized that the absence of normal accommodation
might lead to early satiety.

Using a gastric barostat in 40 consecutive dyspeptic
patients, it was shown that impaired gastric accommo-
dation was present in 40% of these patients and this
impairment was independently associated with early
satiety. The relationship between impaired gastric ac-
commodation and early satiety is also apparent from the
correlation between the amplitude of the meal-induced
relaxation and the number of calories ingested at max-
imum satiety in patients with early satiety.

These data suggest that impaired accommodation is
the mechanism underlying the symptom of early satiety.
According to this hypothesis, causing impaired accom-
modation in healthy subjects should induce symptoms
of early satiety. Previously, it was reported that gastric
accommodation is inhibited by pretreatment with
L-NMMA. Administration of the motilin agonist eryth-
romycin was shown to cause a contraction of the prox-
imal stomach in the postprandial phase, thereby
reducing the accommodation to a meal. These proper-
ties were used to investigate the hypothesis that inhibi-
tion of accommodation or administration of a fundus-
contracting drug might enhance meal-induced satiety
in humans.

Eight healthy subjects underwent a standardized
satiety drinking test twice, after pretreatment with
placebo or erythromycin at the start of the meal in
a double-blind randomized cross-over fashion.
Erythromycin signi®cantly decreased the amount of
food ingested and signi®cantly increased the average

satiety scores for the same number of kilocalories in-
gested (see Fig. 3). In 11 healthy subjects, the in¯uence
of L-NMMA on meal-induced satiety was tested using
the satiety drinking test. Compared to placebo, L-
NMMA signi®cantly decreased the amount of food
ingested to reach maximum satiety and signi®cantly
increased the average satiety scores for the same number
of kilocalories ingested. These observations are in sup-
port of the hypothesis that impaired accommodation is a
mechanism underlying the symptom of early satiety.

The mechanism underlying impaired postprandial
relaxation of the proximal stomach is unknown. Several
possible pathways may be involved. Theoretically, im-
paired relaxation can result from a disorder at the level
of the sensory apparatus, the vagal re¯ex pathway, or the
intrinsic inhibitory innervation. Recently, it was dem-
onstrated that patients with presumed postinfectious
dyspepsia (acute-onset dyspepsia accompanied by in-
fectious symptoms) have a high prevalence of impaired
accommodation. It was also observed that these patients
had an impaired relaxatory response to sumatriptan,
whereas the stomach relaxed adequately in response
to administration of the nitric oxide donor amylnitrite.
This ®nding suggests a defect at the level of gastric in-
trinsic nitrergic neurons.

CONCLUSIONS

Gastric accommodation provides the meal with a res-
ervoir and enables a gastric volume increase without a
rise in pressure. Gastric accommodation in humans is
controlled by a vagal re¯ex pathway that involves the
release of serotonin and the activation of a nitrergic
motor neuron. This is mimicked by administration of

FIGURE 3 In¯uence of erythromycin on meal-induced satiety

in eight healthy controls. Satiety scores for the same number of

calories were signi®cantly higher after pretreatment with eryth-

romycin. Data are shown up to the highest number of ingested

calories reached by all subjects.

GASTRIC RESERVOIRS 147

0

1

2

3

4

5

Meal ingested (kcal)

Placebo
Erythromycin

S
at

ie
ty

 s
co

re

0 500 1000 1500 2000



the 5-HT1P receptor agonist sumatriptan, which causes a
relaxation of the proximal stomach in humans through a
nitrergic pathway.

Almost half of the patients with functional dyspepsia
have an impaired accommodation re¯ex and this is as-
sociated with early satiety and weight loss. Drug-
induced inhibition of the accommodation re¯ex is
able to induce early satiety in healthy subjects, thereby
supporting the hypothesis that impaired accommoda-
tion is the mechanism underlying the symptom of early
satiety. In a subset of patients, impaired accommodation
seems to occur as a prolonged sequela1 of an acute gas-
trointestinal infection. In these patients, the defect
seems to occur at the level of gastric intrinsic nitrergic
neurons.
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MALCOLM K. ROBINSON

Harvard Medical School

abdomen Portion of the body that lies between the chest and

the pelvis and contains several organs, including the

stomach, intestines, liver, spleen, pancreas, kidneys, and

bladder.

bariatric Field of medicine or surgery that encompasses the

study and prevention of obesity, as well as the evaluation

and treatment of obese individuals. It is derived from the

Greek `̀ baros,'' meaning weight, and `̀ iatrike,'' meaning

medicine or surgery.

body mass index Formulation that describes relative weight

for height; used to de®ne weight categories (e.g.,

underweight, normal, overweight, or obese).

bypass Procedure in which one structure is arti®cially

connected to another so as to circumvent a normally

intervening segment of tissue. For example, in a gastric

bypass procedure, the stomach is connected to the

second portion of small intestine such that food

circumvents or `̀ bypasses'' the main part of the stomach

and the ®rst portion of the small intestine.

equilibrium State of balance in which opposing forces or

processes exactly counteract each other.

gastric Pertaining to, affecting, or originating in the

stomach. Derived from the Latin `̀ gastricus,'' meaning

stomach.

gastroplasty Surgical procedure in which the stomach is

reshaped, recon®gured, or reconstructed with sutures or

surgical staples.

morbid obesity Severe form of obesity that is frequently

associated with a variety of conditions such as diabetes,

heart disease, and high blood pressure. Any person with

a body mass index equal to or greater than 40 kg/m2 is

considered morbidly obese.

stomach Part of the gastrointestinal tract that lies between

the esophagus and ®rst part of the small intestine; serves

as a reservoir for swallowed food and is where food

digestion is initiated. Although the terms `̀ stomach'' and

`̀ abdomen'' are frequently used interchangeably, they are

distinct entities and should not be confused.

Gastric stapling is the name used for a variety of surgical

procedures that produce weight loss in obese people. As

part of these procedures, surgical staples are used to par-

tition the stomach so that the capacity of the stomach is

drastically reduced. The amount of food consumed can be

limited to 2ÿ3 ounces per meal, resulting in signi®cant

weight loss over 12 to 15 months.

INTRODUCTION

Gastric stapling is most frequently used to refer to a
speci®c procedure called `̀ vertical banded gastroplasty''
(VBG). Gastric stapling has recently been described in
a more general way to include all types of weight loss
surgery procedures, even though some of the proce-
dures are quite different from a VBG.

Gastric stapling is used in reference to the medical
®eld of `̀ bariatric surgery,'' which encompasses the
evaluation, surgical treatment, and management of mor-
bidly obese individuals who have had or who are con-
templating surgical treatment of their obesity. Bariatric
surgeons perform a variety of bariatric surgical proce-
dures, which are speci®cally designed to promote
weight loss. It is estimated that 40,000 of these proce-
dures were performed in the year 2000 in the United
States alone. It is anticipated that this number will con-
tinue to increase rapidly given the dramatic increase in
obese adults in the United States.

OBESITY AND ITS TREATMENT

The National Institutes of Health recommends using the
body mass index (BMI) to determine weight category as
the ®rst step in determining what, if any, intervention
is necessary to promote weight loss. The BMI generally
correlates with total body fat content, although this
index may be less useful in highly trained athletes,
who have an unusually large proportion of muscle.
The BMI is calculated by taking weight measured in
kilograms and dividing by the square of height
measured in meters (i.e., BMI� kilograms/meters2).1 A
BMI of less than 18.5 kg/m2 is considered underweight;
18.5ÿ25 kg/m2 is normal weight, 25.0ÿ29.9 kg/m2

is overweight, and greater than 30 kg/m2 is considered
obese. Extreme or morbid obesity is de®ned as a BMI
greater than or equal to 40 kg/m2. For the individual of

1Pounds can be converted to kilograms by dividing by 2.2 (e.g.,

220 lb equals 100 kg). Inches can be converted to meters by

multiplying by 0.0254 (e.g., 60 inches equals 1.524 m). Thus, a

220-lb person who is 5 feet tall has a BMI of 43.1 kg/m
2.
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average height, a BMI of 30 kg/m2 is approximately
30ÿ35 pounds over normal weight and a BMI of
40 kg/m2 is 100 pounds over normal weight. It is esti-
mated that 97 million adults in the United States, or
approximately 55%, are overweight or obese.

Weightgain or lossdependsonthenumberofcalories
(i.e., food) consumed by a person relative to the number
of calories that their body uses to fuel its many functions.
When caloric consumption exceeds caloric utilization
on a long-term basis, weight gain occurs. Conversely,
when caloric utilization exceeds caloric consumption,
weight loss occurs. When caloric consumption equals
caloric utilization, a state of equilibrium is achieved
and weight is neither gained nor lost.

The treatment of an overweight or obese person can
include diet, behavior modi®cation, exercise, prescrip-
tion drugs, and/or surgery. All of these modalities, with
the exception of exercise, result in decreased calorie
intake. Exercise increases calorie utilization. Treatment
recommendations depend not only on how overweight a
person is but also on whether they have weight-related
health problems. These conditionsÐsuch as high blood
pressure, heart disease, and diabetesÐsigni®cantly in-
crease the risk of death and the development of other
diseases.

People with a BMI of 35ÿ39.9 kg/m2 with weight-
related health problems and those with a BMI of
40 kg/m2 even without weight-related health problems
are considered at extremely high risk for developing or
exacerbating a variety of diseases. Not surprisingly,
these individuals are also at extremely high risk of
dying earlier compared to people of normal weight.
Because of these risks, bariatric surgical procedures
may be appropriate for those who are in the highest
weight categories and fail to lose weight with other
methods. Although surgery is the most aggressive and
invasive form of obesity therapy, such therapy has a high
success rate and low complications in the appropriately
selected individual. In addition, surgery in these groups
of people results in the most durable and greatest aver-
age weight loss compared to any other weight loss strat-
egy. However, it is imperative to assess surgical risk, as
well as patient motivation and psychological suitability,
on a case by case basis before recommending surgery,
because serious and life-threatening complications may
occur with this intervention.

GASTRIC STAPLING AND
GASTRIC BYPASS

Although several techniques are used to reconstruct
the digestive system in a way that promotes weight

loss, all bariatric procedures work by limiting food
intake, limiting food absorption, or both, thus reducing
calorie intake. As a person loses weight, the number of
calories absorbed by their body will eventually equal
the number of calories burned up by their body,
at which point weight loss will stop. For patients
undergoing bariatric surgery, this equilibrium gener-
ally occurs when they lose 50ÿ80% of their excess
body weight.

Gastric stapling is one major prototype of bariatric
surgical procedures. The medical procedure for gastric
stapling, vertical banded gastroplasty, involves a proce-
dure in which the front of the stomach is stapled to the
back of the stomach, so as to create a small stomach
pouch, which is partitioned from the remainder of the
stomach. The pouch is oriented vertically relative to the
side of the stomach and only holds 2ÿ3 ounces of food.
The passageway or outlet leading out of this pouch is
encircled with a plastic band to prevent the outlet
from dilating over time. This is done to improve the
durability of weight loss (see Fig. 1). Food absorption
from the intestines is not altered because the rest of the
intestinal tract is not manipulated in this procedure.
Thus, a VBG promotes weight loss purely by limiting
food intake.

Stomach pouch

Staples

Pathway of food

Main
body of

stomach

Band

First
part of
small intestine

FIGURE 1 Gastric stapling, or vertical banded gastroplasty.
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The gastric bypass is another major prototype
of bariatric surgical procedures. In this procedure, a
small stomach pouch is constructed. A section of

small intestine is attached directly to this pouch
such that food goes from the mouth into the pouch
and directly into the small intestine, `̀ bypassing'' the
majority of the stomach and a signi®cant portion of
the beginning of the small intestines (see Fig. 2).
Food intake is limited due to the small stomach
pouch. In addition, any food that is consumed is not
completely absorbed because it bypasses a signi®cant
portion of the stomach and intestines, which ordinarily
would aid in complete food digestion and absorption.
There are many ways to perform gastric bypass proce-
dures, with variations in how the stomach pouch is
constructed and the amount of intestine that is by-
passed. However, all of the techniques share the prin-
ciple of a small stomach pouch attached to a section of
small intestine, which limits both food intake and food
absorption. Currently, the gastric bypass is the most
frequently performed type of bariatric surgical proce-
dure in the United States.

See Also the Following Articles

Gastric Surgery � Obesity, Treatment of
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FIGURE 2 Gastric bypass.
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Gastric Surgery
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gastric bypass Operative procedure performed for the

treatment of morbid obesity; the stomach is divided

proximally into a small gastric pouch, which is drained

into a Roux-en-Y jejunal limb.

morbid obesity De®ned by having a body mass index greater

than 40 kg/m2; this condition is associated with a

number of metabolic and cardiopulmonary complica-

tions, including diabetes mellitus, hyperlipidemia, hy-

pertension, sleep apnea, cardiomyopathy, coronary

artery disease, and joint disease.

proximal gastric vagotomy Also called highly selective

vagotomy and parietal cell vagotomy; speci®c division

of the vagal nerve ®bers as they innervate the lesser

curvature of the stomach from the esophageal hiatus to

the gastric incisura; commonly performed to prevent

vagally mediated gastric acid secretion without inter-

rupting the antral and pyloric motor function.

truncal vagotomy Division and resection of part of the vagus

nerves as they exit the esophageal hiatus; commonly

performed to prevent vagally mediated gastric acid

secretion.

Gastric surgery is indicated for benign and malignant

diseases of the stomach as well as to assist in the man-

agement of morbid obesity. The indications for operation,

the types of commonly used operative procedures, and the

results of surgical therapy for the management of patients

with peptic ulcer disease, morbid obesity, and gastric

malignancy are all important considerations.

OPERATIONS FOR PEPTIC
ULCER DISEASE

Indications for Operation

The principal indications for operation in patients
with peptic ulcer disease are the treatment of medically
intractable symptoms and the management of acute
life-threatening ulcer-related complications. In the
1960s and 1970s, nearly 50% of the operations for du-
odenal ulcer disease were performed to relieve chronic
symptoms, principally intractable ulcer pain. Now,
nearly all operative procedures for peptic ulcer are

performed to treat an acute life-threatening ulcer com-
plication, i.e., bleeding, perforation, or gastric outlet
obstruction. Many factors are undoubtedly important
in producing this change. Of particular note, a better
understanding of the pathophysiology of peptic ulcer
disease has led to re®nements in medical management,
such as the development of potent inhibitors of gastric
acid secretion and effective antibiotic regimens for
Helicobacter pylori. Recently, these re®nements in med-
ical management have become incorporated into the
perioperative strategies for managing acute complica-
tions of ulcer disease, such as the eradication of H. pylori
in patients undergoing omental patching of a perforated
duodenal ulcer.

Operative Procedures

The most appropriate operation for patients with
peptic ulcer disease depends on the location of the
ulcer (gastric versus duodenal), the presence of ulcer-
related complications, and the condition of the patient
at operation. Patients undergoing operation for the elec-
tive management of gastric ulcer generally require
partial gastrectomy (to include the ulcer) with either
a Billroth I gastroduodenostomy (less commonly) or
a Billroth II gastrojejunostomy (more commonly).
Patients with duodenal ulcer disease requiring opera-
tion for intractable ulcer symptoms may be treated with
truncal vagotomy and antrectomy, truncal vagotomy
and drainage (either pyloroplasty or gastrojejuno-
stomy), or proximal gastric vagotomy. The results of
these procedures are summarized in Table I.

Truncal vagotomy denervates the parietal cell mass,
thereby diminishing vagally mediated acid secretion,
whereas antrectomy removes the antral G cells, the
source of the potent gastric acid secretogogue, gastrin.
Combination of truncal vagotomy and antrectomy
reduces gastric acid secretion by 80ÿ90% and is asso-
ciated with a very low incidence of recurrent ulcer
formation (1ÿ2%). However, this more extensive
procedure is also associated with higher rates of
perioperative and postoperative morbidity (15ÿ30%)
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and mortality (1ÿ2%) compared to lesser procedures,
particularly in medically compromised patients.

The proximal gastric vagotomy (also called parietal
cell vagotomy or highly selective vagotomy) selectively
denervates the parietal cell mass while preserving in-
nervation of the antral pump and pylorus as well as the
hepatic and celiac branches of the vagus. This procedure
preserves normal (or near-normal) gastric emptying
and hence no gastric emptying procedure is necessary.
The ulcer recurrence rate associated with this procedure
is higher than that associated with resectional therapies;
in Jordan and Thornby's prospective study, the risk of
recurrence after this procedure was 14% in 102 patients
followed for up to 20 years. Prospective trials have dem-
onstrated that the ulcer recurrence rates associated with
a truncal vagotomy and drainage procedure vary from 7
to 28% with followup from 4 to 12 years. The periop-
erative risks and long-term complications are certainly
greater than that associated with a proximal gastric va-
gotomy and in some series approximate that of vagot-
omy and antrectomy.

Truncal vagotomy and pyloroplasty are particularly
well suited for the management of patients who are
bleeding from erosion of a duodenal ulcer into the gas-
troduodenal artery. In this setting, the ®rst portion of the
duodenum and the pylorus are incised longitudinally
and the bleeding vessel is oversewn through the poste-
rior wall of the duodenum with a `̀ U-stitch.'' Truncal
vagotomy is performed to reduce the risk of ulcer re-
currence and the duodenal and pyloric incision is closed
transversely (HeinekeÿMikulicz pyloroplasty). The
longer operative times required for a truncal vagotomy
and antrectomy or a proximal gastric vagotomy dis-
suade most surgeons from performing these procedures
in patients suffering massive hemorrhage from a duo-
denal ulcer. Patients presenting with perforation of a
duodenal ulcer require, at the very least, operative
patching of the ulcer (Graham patch) with omentum
or falciform ligament. Failure to treat underlying
H. pylori infection is associated with an ulcer recurrence
rate of 38% within 1 year, compared with 5% when

treated with appropriate antibiotics. Patients with a
long history of complicated ulcer disease may also ben-
e®t from a proximal gastric vagotomy, provided that the
patient is able to tolerate a longer operative procedure
and there is relatively limited soiling of the peritoneal
cavity. The operative options for managing patients with
gastric outlet obstruction from ulcer disease include
truncal vagotomy and antrectomy (or partial gastrec-
tomy) with a Billroth II gastrojejunostomy or truncal
vagotomy and gastrojejunostomy.

Perioperative mortality is dramatically increased by
the presence of acute ulcer-related complications. At the
Massachusetts General Hospital, the death rate after
elective ulcer procedures has been reported to be 1 in
200; the mortality rates associated with emergent oper-
ations for ulcer bleeding and perforation have been 1 in
5 or greater.

Complications of Operative Management

The complications of operations for ulcer disease
include ulcer recurrence, mechanical obstructions,
functional disorders of gastric emptying, and metabolic
sequelae (see Table II).

TABLE I Results of Elective Operations for the Treatment of Duodenal Ulcer Diseasea

Procedure

Ulcer recurrence

rate (%)

Perioperative morbidity

rate (%)

Perioperative mortality

rate (%)

Visick

grades I�II (%)b

Truncal vagotomy and antrectomy 2 10ÿ30 1ÿ2 60ÿ80

Truncal vagotomy and pyloroplasty 10ÿ15 10 0.5ÿ1 75

Proximal gastric vagotomy 10ÿ20 5ÿ10 0.2ÿ0.7 80ÿ95

a Morbidity and mortality rates are much higher for emergency operations performed for ulcer complications.
b Visick grades I and II indicate patients who are asymptomatic and require no medication (grade I) or asymptomatic and require over-the-

counter medications occasionally (grade II).

TABLE II Long-Term Complications of Operations for

Peptic Ulcer Disease

Ulcer recurrence

Incomplete vagotomy

Retained, excluded antrum

Mechanical obstructions

Afferent limb obstruction

Efferent limb obstruction

Gastric outlet obstruction

Disorders of gastrointestinal

motility

Gastric stasis with poor

gastric emptying

Early satiety

Dumping

Chronic diarrhea

Other Metabolic sequelae

Weight loss/anorexia

Bile re¯ux gastritis

Iron de®ciency

Calcium malabsorption

with osteopenia

Cholelithiasis
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OPERATIONS FOR MORBID OBESITY

Indications for Operation

Individuals with morbid obesity are those with
a body mass index (BMI) greater than 40 kg/m2 or
who weigh more than 100 pounds over their ideal
body weight (IBW). These persons have a reduced
life expectancy due to the severe metabolic and car-
diovascular disorders associated with this degree of obe-
sity. A National Institutes of Health (NIH) Consensus
Development Conference held in March 1991 recom-
mended that patients whose BMI exceeded 40 kg/m2 are
candidates for weight reduction procedures if they
strongly desired substantial weight loss because of its
impact on the quality of their lives. Furthermore, pa-
tients whose BMI was 35ÿ40 kg/m2 were also consid-
ered candidates for operative management if they had
signi®cant obesity-related comorbid medical condi-
tions, such as severe sleep apnea, obesity-related car-
diomyopathy, severe joint disease, and diabetes
mellitus. This conference noted that these patients
should ®rst be treated with nonsurgical therapies, in-
cluding dietary regimens, exercise routines, behavior
modi®cation, and psychologic support modalities asso-
ciated with extremely high failure rates in this particular
patient group.

Operative Procedures

The two principal gastric operations performed to
facilitate weight loss in morbidly obese individuals, and
the only two operations endorsed by the NIH Consensus
Conference, are the vertical banded gastroplasty and the
gastric bypass. The vertical banded gastroplasty (VBG)
creates a 20-ml vertical gastric pouch with the outlet
restricted to 32-French (around 1 cm) by a 1.5-�
5.0-cm strip of polypropylene mesh sutured to itself.
The gastric bypass (GB) is characterized by a 15- to
20-milliliter gastric pouch, a vertical staple line dividing
the stomach from the pouch, and reconstruction of gas-
trointestinal continuity with a Roux-en-Y gastrojejuno-
stomy. These procedures have been found to improve
weight-associated comorbid medical conditions, in-
cluding sleep apnea, obesity-related hypoventilation,
diabetes mellitus, hypertension, and hyperlipidemia.
It is not yet known whether these bene®cial effects are
maintained long enough to prevent renal disease, stroke,
myocardial infarction, and congestive heart failure.
Multiple trials have demonstrated superior early and
late weight loss in patients undergoing GB when com-
pared with VBG. In one collected review, the average

loss of excess weight was 53 and 69% at 1 year and 46 and
60% at 5 years for VBG and GB, respectively.

Complications of Operative Management

The immediate perioperative mortality rate is rela-
tively low for both VBG and GB (� 1%). Early postop-
erative morbidity has been reported to occur in as many
as 10% of patients, with most complications due to
wound infections and wound dehiscence, staple line
dehiscence, stomal stenosis, marginal ulceration, vari-
ous pulmonary complications (including pulmonary
embolism and pneumonia), and deep venous thrombo-
sis. Later complications include pouch and distal esoph-
ageal dilation, persistent vomiting (with or without
stomal obstruction), cholecystitis due to preexisting
gallstones or stones that develop due to rapid weight
loss, incisional hernias, and, most importantly, failure to
lose weight or maintain weight loss.

OPERATIONS FOR GASTRIC
MALIGNANCY

The most common primary gastric malignancy is
adenocarcinoma, representing 90% of gastric malignan-
cies. At present, cure is possible only with resection.
Chemotherapy and radiation therapy have been shown
to extend survival when given in an adjuvant setting but
have no such effect as primary therapy. The principal
objectives of operations for gastric malignancies are to
cure the patient of their disease or to ameliorate com-
plications of advanced disease, speci®cally hemorrhage,
obstruction, perforation, and/or intractable pain. The
principal determinant of survival following resection
for gastric cancer is the stage of the disease. Wanebo
and colleagues reviewed the American College of Sur-
geons (ACS) Patient Care Evaluations and reported a 5-
year survival of 60% for patients who had Stage I tumors,
approximately 35% for patients with Stage II disease,
16ÿ18% for Stage III disease, and less than 10% for
patients with Stage IV disease.

Preoperative Evaluation and
Indications for Operation

Preoperative assessment should attempt to detect
local complications of the malignancy and evidence
of advanced disease. The patient's performance status
may be assessed using the Eastern Cooperative
Oncology Group (ECOG) performance score. Physical
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examination may provide evidence of advanced disease
with supraclavicular lymphadenopathy (Virchow's
node), a mass at the umbilicus (Sister Mary Joseph's
node), and/or pelvic peritoneal metastases palpable
on rectal examination (Blumer's shelf). Radiologic
examination should include a chest X ray, abdominal
and pelvic computed tomography (CT) scans, and, in
selected cases, an endoscopic ultrasound exam of the
tumor. Preoperative endoscopic ultrasonography
will accurately determine the T stage of the tumor in
70ÿ80% of cases. Staging laparoscopy has been shown
to be more sensitive in detecting hepatic, nodal, and
peritoneal metastases as compared to ultrasound and
CT in one series, but has been considered to be of limited
clinical utility in other studies.

Operative Procedures

Adequate surgical resection of gastric cancer re-
quires a wide gastric resection to achieve margins free
of tumor and an en bloc resection of regional lymph
nodes. The extent of resection is determined by the
location and extent of the tumor and involvement of
adjacent organs. The two most common operations
for the curative resection of gastric cancer are subtotal
gastrectomy for tumors located in the distal third of the
stomach and total gastrectomy for tumors of the prox-
imal and middle third as well as for gastric cancers of the

diffuse type (linitus plastica). Tumors of the cardia and
gastroesophageal junction are generally treated as distal
esophageal tumors, with an esophagogastrectomy and
gastric tube reconstruction with the gastric remnant
based on the gastroepiploic artery. Gross resection
margins of 6 cm are necessary to achieve reproducibly
negative histologic margins and to minimize local re-
currence. Frozen section examinations of the resection
margins are obtained to ensure that the margins are free
of microscopic disease.

The involvement of adjacent organs by the tumor is
not a contraindication to resection, but such involve-
ment clearly affects the likelihood of cure. A curative en
bloc resection of (T4) lesions may be achieved if there is
no more than one organ involved, there is less than or
equal to N2 lymph node involvement, there is no diffuse
carcinoma, and there are no distant metastases. In cases
meeting these criteria, 5-year survival rates of 25ÿ30%
have been reported. Unless directly involved with
tumor, there is no survival advantage afforded by sple-
nectomy and/or distal pancreatectomy in patients un-
dergoing curative gastric resections; there is substantial
evidence to suggest that these procedures signi®cantly
enhance the risks of perioperative morbidity and
mortality.

The extent of lymph node dissection performed in
patients with gastric adenocarcinoma is debated. The
Japanese Classi®cation for Gastric Carcinoma (JCGC)
has de®ned the extent of lymphadenectomy according
to the levels of lymph node stations or echelons removed
(Table III). Results from several European randomized
trials have failed to demonstrate a survival bene®t
with more extensive lymph node dissections and
hence most centers in the United States and Europe
perform a D1 or lesser lymph node dissection (D0) as
part of their gastric resection. In one of these studies,
patients undergoing D2 dissection had signi®cantly
higher rates of complications, perioperative mortality,
and longer hospital stays than did those undergoing
lesser lymphadenectomies (D1). Proponents for a D2
lymphadenectomy argue that 30% of the patients un-
dergoing a curative D2 dissection are found to have
disease outside of area encompassed by a D1 resection.
Furthermore, they suggest that the higher rate of
complications associated with more extensive lympha-
denectomies may be decreased as the surgeons gain
experience with these techniques.

A recent multiinstitutional randomized trial per-
formed by the Southwest Oncology Group (SWOG)
suggests that patients receiving adjuvant chemoradia-
tion therapy may have a modest survival advantage over
patients not receiving adjuvant therapy. Patients

TABLE III Lymph Node Stations According to the

Japanese Gastric Cancer Association

Dissection

Levels of lymph node stations or

echelons removed

D1 Resection of stations 1ÿ6: Nodes of

the right (1) and left cardial (2),

lesser curvature (3), gastroepiploic (4),

suprapyloric (5), and infrapyloric

(6) regions

D2 Resection of stations 1ÿ11: D1�nodes

along the left gastric artery (7),

common hepatic artery (8),

celiac axis (9), splenic hilum (10),

and splenic artery (11)

D3 Resection of stations 1ÿ14: D2�nodes

of the hepatoduodenal ligament (12),

the retropancreatic region (13), and

the root of the mesentery (14)

D4 Resection of Stations 1ÿ16: D3�nodes

in the transverse mesocolon (15) and

paraaortic regions (16)
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randomized to undergo resection with adjuvant chemo-
radiation therapy (5-¯uorouracil and leukovorin plus
4500 cGY) had a median survival of 36 months com-
pared with 27 months in patients undergoing surgery
alone.
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Gastric Ulcer
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biopsy urease test Provides indirect evidence, in gastric

mucosal biopsies, of the presence of Helicobacter pylori,

which produces the urease that metabolizes urea to

ammonia and changes the pH indicator color.

cyclooxygenase Enzyme that exists in two isoforms,

cyclooxygenase-1 and cyclooxygenase-2. Cyclooxygen-

ase-1 is constitutive and regulates normal function in

many organs. Cyclooxygenase-2 is inducible and is

expressed by in¯ammatory cells to mediate in¯ammatory

responses. A variant of cyclooxygenase-1 has been found

in the central nervous system.

erosion Histologically de®ned as a defect that does not

penetrate the muscularis mucosae; endoscopically,

super®cial mucosal breaks with a diameter less than

3ÿ5 mm and with no perceptible depth.

Helicobacter pylori Spiral-shaped gram-negative bacilli with

four to seven ¯agella at one pole; produce large amounts

of urease.

nonsteroidal antiin¯ammatory drugs Compounds that

nonselectively inhibit the cyclooxygenase enzyme and

are potent antiin¯ammatory and antipyretic agents.

ulcer De®ned histologically as a defect that penetrates the

muscularis mucosa; the exact endoscopic de®nition

remains controversial, with disagreement on the lesion

size (usually 3ÿ5 mm), but most agree perception of

lesion depth is necessary.

Peptic ulcer formation in either the stomach or duodenum

is due to an imbalance between erosive factors such as

hydrochloricacidandpepsinandtheprotectivemechanisms

of the mucosa. Unlike duodenal ulcers, in which the impor-

tance of acid secretion is indisputable, gastric (stomach)

ulcers can develop despite only minimal amounts of acid.

Indeed, past studies have shown that the basal and maximal

acid outputs in patients with gastric ulcers are no different

than those in normal controls. The gastric mucosa has

evolved to tolerate the high acidity of the stomach lumen

via an intricate equilibrium of protective mechanisms.

Thegastricprotectivemechanisms(preepithelial, epithelial,

and subepithelial factors) act in concert.

PHYSIOLOGY

Preepithelial protective gastric factors include the
mucusÿbicarbonate coating produced by the surface epi-
thelial cells. This layer of mucus, which varies in thickness

from 50 to 400 mm in humans, is composed of 95% water
and 5% phospholipids and is effective in maintaining a
near normal pH at the epithelial cell surface. Epithelial
cells also secrete bicarbonate into the mucus layer, which
creates a pH gradient from the lumen to the epithelial
cell. Mucosal bicarbonate secretion is stimulated by lumi-
nal acid and prostaglandins and is dependent on an ade-
quate vascular supply. Prostaglandins promote secretion
of mucin from the epithelial cells and have an inhibitory
role in the regulation of acid secretion.

Epithelial factors are the second line of defense. The
surface epithelial cells are bound by tight junctional
complexes to maintain a barrier to the luminal contents.
Even if the mucusÿbicarbonate layer is breached, the
epithelial cells can still maintain a normal intracellular
pH via Na�/H� and Clÿ/HCO3

ÿ exchangers on the cell
membrane. These transport mechanisms are also depen-
dent on adequate HCO3

ÿ from the blood. When minor
mucosal damage occurs, the epithelial cells can rapidly
repair the damage by a process known as mucosal res-
titution. A mucoid cap formed over the breach provides
an alkaline microenvironment that enables epithelial
cells to migrate and repair the breach. This process
does not require cell replication and is dependent on
an adequate vascular supply. The repair of larger defects
necessitates cell proliferation, which is dependent on
endogenous prostaglandin and growth factors.

Subepithelial factors also contribute to mucosal de-
fense against the luminal acid, pepsin. For each molecule
of H� secreted by parietal cells, one molecule of HCO3

ÿ

is transported across the basolateral membrane, creating
(at least transiently) a `̀ reservoir'' of HCO3

ÿ in the sub-
mucosa. This reserve of HCO3

ÿ is transported by the
rich submucosal vascular supply to the surface epithelial
cells and is critical in providing an adequate quantity of
HCO3

ÿ to maintain epithelial intracellular pH.

CAUSATIVE FACTORS IN GASTRIC
ULCER FORMATION

Nonsteroidal Antiin¯ammatory Drugs

On a regular basis worldwide, more than 30 million
people consume nonsteroidal antiin¯ammatory drugs
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(NSAIDs), including low-dose aspirin. Low-dose aspi-
rin is widely used because of its ef®cacy in reducing
cardiovascular events. This has lead to an epidemic of
ulcer complications. In the United States, NSAID use
accounts for over 25% of all reported adverse drug re-
actions, with an estimated 16,500 arthritic patients
dying every year from gastrointestinal toxicity. The
mechanisms of NSAID-induced mucosal injury are in-
completely understood but include both topical and
systemic components.

NSAID users with negative baseline endoscopies
who then have followup endoscopies 2ÿ3 months
after starting NSAIDs have a gastric ulcer incidence of
6ÿ12%. In cross-sectional studies on chronic NSAID
users, the prevalence of gastric ulcers range from 9 to
31%. In case-control studies in which NSAID users are
compared with the matched control population, the
relative risk of gastric ulceration is 4.0.

Topical Effects

NSAIDs can accumulate to very high levels within
the surface epithelial cells by a phenomenon called `̀ ion-
trapping.'' Aspirin and many NSAIDs are weak organic
acids that remain in the nonionized form in the strong
acidic environment of the gastric lumen and can freely
diffuse across the cell membrane. Once across the mem-
brane, the high intracellular pH causes the H� to dis-
sociate, trapping the negatively charged organic
compound in the cell. As the nonionized form of the
NSAID/aspirin remains in equilibrium across the cell
membrane, more of the drug diffuses into the cell, lead-
ing to a much higher total drug concentration than
outside the cell. The exact mechanism of NSAID-in-
duced cellular toxicity is uncertain but may involve
uncoupling of the oxidative phosphorylation necessary
for energy metabolism, inhibition of ion transport, or
alteration of membrane permeability.

NSAIDs also decrease mucusÿbicarbonate secre-
tion, compromise the hydrophobic properties of
the mucus coat, and inhibit mucosal prostaglandin se-
cretion. Some NSAIDs enter the enterohepatic circula-
tion, leading to repeated exposure of the gastrointestinal
mucosa to high intestinal NSAID concentrations. How-
ever, there is good evidence to suggest that these topical
effects are not the major cause of NSAID-mediated in-
jury. Previous attempts to minimize topical injury, such
as the use of prodrugs, enteric-coated preparations, or
parenteral administration, have failed to reduce the risk
of ulcer.

Systemic Effects

The nonselective inhibition of cyclooxygenase
(COX) by NSAIDs leading to depletion of endogenous

prostaglandins is the most important cause of ulcer
formation. Prostaglandins regulate mucosal blood
¯ow, epithelial cell proliferation, epithelial restitution,
mucosal immunocyte function, mucus and bicarbonate
secretion, and basal acid secretion. Inhibition of pros-
taglandin synthesis probably weakens the gastric mu-
cosal defense to resist luminal irritants. Animal studies
involving immunization against prostaglandins (PGE2,
PGI2, and PGF-2a), leading to their depletion, have
produced gastric ulcers that macroscopically and histo-
logically resemble NSAID-induced ulcers. Large-scale,
placebo-controlled trials have shown that coadministra-
tion of the prostaglandin E1 analogue (misoprostol)
with NSAIDs signi®cantly reduces the incidence of gas-
tric ulcer and its complications.

NSAIDs probably also damage the gastric mucosa via
other mechanisms. Acute animal experiments have
shown that neutrophil adherence to the endothelium
of gastric microcirculation is critical in initiating
NSAID injury. Neutrophil adherence damages the mu-
cosa by liberating oxygen free radicals, releasing
proteases, and obstructing capillary blood ¯ow.

Role of Luminal Acid

Gastric acid plays a secondary role in the pathogen-
esis of NSAID-induced ulcer. Acid exacerbates NSAID
injury by disrupting the basement membrane, produc-
ing deeper injury, interfering with platelet aggregation,
and impairing ulcer healing. Concomitant use of high-
dose histamine-2 (H2) antagonists or proton pump in-
hibitors has been shown to reduce the incidence of
NSAID ulcers.

Helicobacter pylori

Helicobacter pylori accounts for about 70% of gastric
ulcers. Helicobacter pylori infection induces mucosal
injury not by direct invasion, but instead by the bacterial
release of enzymes that destroy the surface mucin and
phospholipids. Helicobacter pylori infection causes
chronic in¯ammation through the release of cytokines
and chemokines. Further injury is mediated by the pro-
duction of ammonia, release of virulence factors, and
induction of a hyperacidic state in some patients.

The patterns of gastritis associated with gastric and
duodenal ulcers may differ. Duodenal ulcers are asso-
ciated with an antrum-predominant gastritis whereas
gastric ulcers are associated with a diffuse gastritis. Dif-
fuse gastritis is associated with low acid output, gastric
atrophy, and adenocarcinoma. Gastric acid appears to
be an important factor in the distribution of H. pylori
colonization. Despite being one of the most ef®cient
producers of urease, which generates ammonia to
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neutralize acid, H. pylori often colonizes the antrum
because of the high acidity in the corpus. It has been
demonstrated that acid suppression with proton pump
inhibitors results in a proximal shift of H. pylori in the
stomach, with increased colonization of the corpus.
This leads to increased mucosal in¯ammation and fur-
ther reduction in acid secretion. It is therefore postu-
lated that the type of gastritis acquired may be
dependent on various environmental factors, such as
age of exposure, concurrent infection, and malnutrition,
all of which may affect the parietal cell mass and acid-
secreting capability.

Stress

Patients suffering from severe stress, such as criti-
cally ill patients in intensive care units, may develop
stress ulcers. Stress-induced gastric mucosal injury
has been reproduced in animal studies. Presence of
coagulopathy, hypotension, and respiratory failure
are key risk factors to development of ulcer bleeding.
The mechanism of injury is unrelated to H. pylori and
no in¯ammatory response is noted on biopsy of such
ulcers. Although certain conditions may lead to acid
hypersecretion, such as head injury or burns, it is be-
lieved that mucosal ischemia and reperfusion injury,
with impairment of mucosal defense, are the main
causative factors. Current evidence indicates that pro-
phylaxis with proton pump inhibitors is effective in
preventing bleeding from stress ulcers.

Other Causative Factors

Smoking

Cigarette smokers have a twofold increase in risk of
developing ulcers compared to nonsmokers and there is
a dose-dependent relationship between the amount of
smoking and ulcer incidence. Risk of ulcer complica-
tions, such as perforation, has also been shown to be
related to smoking in a dose-dependent relationship.
Epidemiological studies have shown a strong associa-
tion between H. pylori infection and smoking. Smoking
may have an additive effect on the ulcer risk in chronic
NSAID users. The exact mechanism of injury is un-
known, but smoking reduces prostaglandin synthesis
and increases generation of free radicals.

Genetic Predisposition

Patients who possess the blood group O antigen, the
Lewis phenotype (aÿbÿ), and the ABH nonsecretor
trait have increased risk of peptic ulcers. However, it
is believed that genetics plays only a minor role in the
pathogenesis of peptic ulcers.

Other Factors

Alcohol intake, psychological factors, and diet have
all been previously implicated as possible risk factors
for ulcerogenesis. However, there is no compelling
evidence to support a major role for these factors in
ulcer formation.

EPIDEMIOLOGY

Gastric ulcers were the main form of ulcer disease until
the early 1900s, when there was a marked increase in the
incidence of duodenal ulcers. The incidence of gastric
ulcers has remained relatively stable; a modest decrease
in gastric ulcer mortality occurred from 1976 to 1986,
but the mortality rate from gastric ulcer decreased from
3.5 per 100,000 in 1962 to 1 per 100,000 in 1979.

Epidemiological surveys conducted in the United
States have demonstrated a signi®cant increase in the
hospitalizations of elderly patients for complicated ul-
cers that present with bleeding or perforation. This has
been associated with an increase in mortality from ulcer
disease in patients older than 75 years (despite the over-
all mortality being relatively static). This rise has been
attributed to the widespread use of NSAIDs in the ge-
riatric population. The aging of the population in de-
veloped countries and with the increased usage of
NSAIDs in older patients have led to a marked increase
in hospitalization rates for peptic ulcers in patients older
than 65 years. The availability of H2 receptor antago-
nists, prostaglandin analogues, and proton pump inhib-
itors has not decreased the rate of ulcer complications.

Risk Factors for NSAID-Associated
Ulcer Complications

The risk of developing ulcer complication in chronic
NSAID users is about 2% annually. Epidemiological
studies have identi®ed a number of risk factors for
NSAID-associated ulcer complications:

Past History of Ulcer Disease
or Gastrointestinal Bleeding

A history of ulcer complications is the most impor-
tant risk factor for recurrent ulcer complications asso-
ciated with NSAID use. Ulcers tend to recur at the site of
previous ulceration. This may be due to NSAID-related
inhibition of ulcer healing, leading to more scarring and
less reconstitution of normal gastric mucosa.

Elderly Population

Studies on age-related changes in gastric mucosal
defenses have shown that prostaglandin synthesis,
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mucosal blood ¯ow, and bicarbonate secretion all
decrease with age.

Dosage of NSAIDs

The risk of ulcer complications increases with
higher doses of NSAIDs or use of multiple NSAIDs.

Concomitant Use of Anticoagulants
or Corticosteroids

Although the use of corticosteroids alone does not
increase ulcer risk, concomitant use of corticosteroids
and NSAIDs substantially increases the risk of ulcer
complications compared with the use of NSAIDs
alone. The mechanism for this phenomenon is not cur-
rently understood. Use of anticoagulants in NSAID users
increases the incidence of gastrointestinal bleeding,
presumably by the NSAID antihemostatic properties.

DIAGNOSIS OF GASTRIC ULCERS

Clinical Features

Gastric ulcer disease is characterized by chronic
relapsing and remitting epigastric pain that is dull in
nature. However, at least 10% of ulcers are clinically
silent, particularly in elderly patients and with the
use of NSAIDs/aspirin. Many patients describe a non-
speci®c type of upper abdominal pain with no de®nite
relation to food. The differential diagnosis of epigastric
pain includes gastroesophageal re¯ux, gastric or pan-
creatic neoplasms, mesenteric ischemia (abdominal an-
gina), or pancreatic or biliary disease. Pain may radiate
from other areas (cardiac ischemia or aortic aneurysms/
dissection). Ulceration of the stomach may be secondary
to other systemic illness. Other presentations of gastric
ulcer are the development of ulcer complications,
such as hemorrhage, perforation, or gastric outlet
obstruction. Examination of the patient may reveal
nonspeci®c tenderness, but often the abdomen is
normal to palpation.

Diagnosis

Endoscopy is currently the investigation of choice
for the diagnosis of gastric ulcers. Although previous
studies have shown that double-contrast studies per-
formed by experienced radiologists have an equal accu-
racy in diagnosing gastric ulcers, use of endoscopy
allows for biopsies or cytological brushings of any le-
sions detected. This is important because ulcerating
carcinomas cannot be reliably distinguished from be-
nign ulcers radiographically or endoscopically. Biopsies
do not always exclude malignancy; 4% of ulcers initially
labeled as benign eventually turn out to be malignant on

repeated examinations. Hence, followup endoscopy
is recommended to con®rm ulcer healing for patients
with gastric ulcers.

Complications of Gastric Ulcers

Hemorrhage

Ulcer bleeding is the most common complication of
gastric ulcer and is more common in the elderly and in
those on anti-platelet agents or anticoagulants. Mild
cases may present only with iron de®ciency or anemia,
and in more severe cases present with coffee ground
vomiting, melena, hematemesis, fresh rectal bleeding
and hemodynamic compromise.

Perforation

Ulcer perforation is increasing in frequency in the
elderly population, probably due to the increase in
NSAID use. Chest radiographs may show free gas
under the diaphragm but it should be stressed that
absence of free gas does not exclude perforation. The
ulcer can penetrate into adjacent organs or may be spon-
taneously sealed off, which may not give rise to signs
of peritoneal irritation.

Gastric Outlet Obstruction

Ulcers near the gastroduodenal junction may lead to
gastric outlet obstruction, either by inducing local in-
¯ammation and swelling or by mechanical obstruction
from scarring. Gastric outlet obstruction may present
with weight loss, poor appetite, abdominal pain, and
vomiting. In severe obstruction, patients may have pro-
jectile vomiting and may not tolerate oral intake.

MANAGEMENT

Acute Management of Ulcers

Acid Suppressive Agents

Despite the fact that most gastric ulcer patients have
a normal or reduced level of acid secretion, acid sup-
pressive therapy is the mainstay of treatment. Gastric
ulcer healing is related to the degree and duration of acid
suppression. Antacids in large doses improve the heal-
ing of ulcers but have a high incidence of side effects.
H2 receptor antagonists and proton pump inhibitors
are currently the drugs of choice for the promotion of
gastric ulcer healing. Gastric ulcers tend to heal more
slowly than duodenal ulcers and smoking is known
to retard the healing of ulcers. The ulcer healing
rate with the use of H2 receptor antagonists is around
88% in 8 weeks. Proton pump inhibitors heal ulcers
faster, and their ulcer healing rate is over 90%. Both
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H2 receptor antagonists and proton pump inhibitors
have excellent safety pro®les.

Drugs Promoting Mucosal Defense

Sucralfate is a complex aluminum salt that forms an
insoluble coating over the gastric and duodenal mucosa.
The main mechanism of action of sucralfate is likely to
be a barrier function against harsh luminal factors such
as acid, pepsinogen, and bile salts. Sucralfate also has
tropic effects on the gastric mucosa and stimulates
secretion of prostaglandin and mucin. Studies have
shown that sucralfate is as effective as H2 receptor an-
tagonists, with an average ulcer healing rate of 88% in
8 weeks. Because sucralfate is only minimally absorbed,
it has an excellent safety pro®le; the most common side-
effect is constipation.

Misoprostol is a PGE1 analogue that has been ap-
proved in the United States. The main action of
misoprostol is a local topical effect on the gastric mu-
cosa; it acts by reducing acid secretion and stimulating
the various mucosal defense mechanisms. Prostaglan-
din analogues also stimulate mucosal blood ¯ow, which
is important in ulcer healing. Misoprostol is very effec-
tive in the prophylaxis of gastroduodenal ulcers in pa-
tients taking NSAIDs. However, diarrhea is a common
side effect, occurring in up to 30% of patients, and
its effects on uterine pressure contraindicate its use in
pregnancy.

Surgery

The development of effective and safe acid suppres-
sive agents has relegated surgery to a secondary role in
the management of benign gastric ulcer. Surgery is cur-
rently primarily used in gastric ulcer complications.

Management of Ulcer Complications

Hemorrhage

The ®rst-line management of bleeding gastric ulcer
is therapeutic endoscopy. Visible blood vessels are often
visualized at the ulcer base during endoscopy. Treat-
ment modalities include epinephrine injection (which
creates a local tamponade effect and vasoconstriction),
thermocoagulation with heater probe to coagulate the
blood vessel, and application of endoclips to clamp the
blood vessel. Intravenous acid suppressive agents alone
cannot replace the role of endoscopy in hemostasis.
However, use of intravenous proton pump inhibitors
as an adjuvant therapy can reduce the risk of rebleeding
after endoscopy in high-risk patients. In refractory
bleeding that cannot be controlled with endoscopic
therapy or after iatrogenic perforation of the ulcer

during hemostasis, surgery is required. The ulcer is
most often plicated, but in severe bleeding, a partial
gastrectomy may be necessary.

Perforation

In spontaneous or iatrogenic perforation of peptic
ulcers, surgery is required to lavage the peritoneal cavity
and to repair the perforation. There have been reports of
endoscopic closing of perforations with endoclips at
specialist endoscopic centers, but the safety and ef®cacy
of such procedures are still not established.

Gastric Outlet Obstruction

Gastric outlet obstruction can often be treated con-
servatively with acid suppressive therapy to allow
ulcer healing and gradual reduction of in¯ammation
and swelling around the pylorus. In refractory cases,
endoscopic dilatation or surgical pyloroplasty may be
necessary.

Prevention of Gastric Ulcer Recurrence in
Helicobacter pylori-Infected Patients

Eradication of H. pylori has been shown to reduce
recurrence of ulcers and is more cost-effective than pro-
viding long-term maintenance therapy. Effective and
safe drug regimes for H. pylori eradication are available.

Prevention of Gastric Ulcer Recurrence
in NSAID Users

Antiulcer Therapy

NSAID-induced gastric ulcers heal rapidly with con-
ventional ulcer therapy once the NSAID is discontinued.
By removing the causative factor, risk for ulcer recur-
rence is also low, provided there are no other causative
factors, such as H. pylori infection. However, in patients
who require long-term use of NSAIDs or aspirin, main-
tenance antiulcer therapy is necessary. A meta-analysis
of 33 randomized controlled trials assessing the role of
misoprostol, H2 receptor antagonist, and proton pump
inhibitors in ulcer prophylaxis in chronic NSAID users
showed that high-dose misoprostol (800 mg daily) is the
only prophylactic agent to reduce ulcer complications.
Standard doses of H2 receptor antagonists do not reduce
the risk of gastric ulcers. Double doses of H2 receptor
antagonist or proton pump inhibitors are effective in
reducing gastric ulcers. High-dose misoprostol is likely
the most effective prophylactic agent because it corrects
NSAID-induced prostaglandin depletion and restores
the normal gastric physiology. In patients with good
drug compliance, it has been shown that 93% of patients
on high-dose misoprostol do not develop ulcers at
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12 weeks, in comparison to 82% of patients on proton
pump inhibitors. However, the high incidence of side
effects and drug noncompliance of misoprostol makes
its ef®cacy comparable to proton pump inhibitors in the
clinical setting.

COX-2 Inhibitors

Cyclooxygenase, the key enzyme in the production
of prostaglandin, exists in three isoforms. COX-1 is con-
stitutively expressed and is found in many organ
systems, including the gastric mucosa, and is important
in the maintenance of normal gastric function, COX-2 is
proin¯ammatory and is up-regulated only during
in¯ammation. COX-3 is a variant of COX-1 that has
recently been identi®ed in the brain. NSAIDs nonselec-
tively inhibit all isoforms and hence have both bene®cial
antiin¯ammatory effects and harmful side effects (in-
cluding gastrointestinal toxicity). Different NSAIDs
have been observed to confer different risks of ulcer
formation and ulcer complication. NSAIDs that are
relatively selective for COX-2 produce a lower relative
risk of ulcer complications.

Highly selective COX-2 inhibitors have been rapidly
developed and marketed as effective antiin¯ammatory
agents with reduced gastrointestinal side effects. Two
large-scale studies (the CLASS study and the VIGOR
study) have demonstrated that use of COX-2-selective
inhibitors such as celecoxib and rofecoxib reduce the
risk of ulcer complication compared to nonselective
NSAIDs. These studies were largely based on average-
risk patients and there are insuf®cient data on the gas-
tric safety of COX-2 inhibitors in high-risk cases (i.e.,
patients with a history of peptic ulcer disease). The
gastrointestinal protective effect of COX-2-selective in-
hibitors is offset by the use of low-dose aspirin and
hence maintenance acid suppressive therapy may still
be necessary for patients who require these agents for
cardiovascular prophylaxis. Finally, in the VIGOR

study, patients receiving rofecoxib had a signi®cant
increase in the incidence of acute myocardial infarc-
tion compared with patients receiving naproxen. It
remains unclear whether this ®nding is due to the
lack of antiplatelet effect or to unopposed inhibition
of COX-2.

The use of selective COX-2 inhibitors is an exciting
development in the management of chronic NSAID
users who are at risk of ulcer disease. However, the
safety pro®le of these drugs and the determination of
which population of patients will actually bene®t from
COX-2 inhibitors are still under investigation.

Nitric Oxide-Releasing NSAIDs

There is currently much interest in the effective-
ness of nitric oxide (NO) to reduce NSAID-induced
gastric mucosal damage. Studies comparing the inci-
dence of complications in NO plus NSAIDs versus con-
ventional NSAIDs are currently underway.
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Gastric Volvulus

WILLIAM HARFORD

University of Texas Southwestern Medical Center, Dallas

Borchardt's triad The combination of pain, unproductive

vomiting, and the inability to pass a nasogastric tube in a

case of acute gastric volvulus.

gastric volvulus Condition in which the stomach twists upon

itself.

mesenteroaxial gastric volvulus Condition in which the

stomach folds upon itself along its short axis.

organoaxial gastric volvulus Condition in which the

stomach twists along its long axis.

Gastric volvulus occurs when the stomach twists upon

itself. Such an event may be transient and produce few

symptoms or it may lead to chronic or acute obstruction. If

the vascular supply is compromised, acute gastric ische-

mia may occur.

ETIOLOGY AND PATHOGENESIS

In approximately two-thirds of cases, gastric volvulus is
associated with a large diaphragmatic hernia. Sliding
hiatal hernias do not lead to gastric volvulus.

Gastric volvulus may be organoaxial or
mesenteroaxial (Fig. 1). Organoaxial volvulus is the
most common type. The stomach twists along its long
axis, which usually passes through the gastroesophageal
and gastropyloric junctions. The antrum rotates anteri-
orly and superiorly and the fundus rotates posteriorly
and inferiorly, twisting the greater curvature at some
point along its length (Fig. 1, parts 3A and 3B). Less
commonly, the long axis passes through the body of the
stomach itself. In these cases, the greater curvatures of
both the antrum and the fundus rotate anteriorly and
superiorly (Fig. 1, parts 2A and 2B). Organoaxial vol-
vulus is usually acute and vascular compromise with
gastric ischemia may occur.

In mesenteroaxial gastric volvulus, the stomach
folds on its short axis running across from the lesser
curvature to the greater curvature. The antrum twists
anteriorly and superiorly (Fig. 1, parts 1A and 1B). In
rare cases, the antrum and pylorus rotate posteriorly.
Mesenteroaxial volvulus is more likely than organoaxial
volvulus to be chronic, with symptoms of incomplete
and intermittent obstruction.

FIGURE 1 Gastric volvulus. (1A) Axis for potential

mesenteroaxial volvulus bisecting the lesser and greater curva-

tures. (1B) Mesenteroaxial volvulus resulting from anterior rota-

tion of the antrum along this axis. (2A) Axis for potential

organoaxial volvulus passing through the body of the stomach.

(2B) Organoaxial volvulus resulting from anterior superior rota-

tion of the antrum along this axis. (3A) Axis for potential

organoaxial volvulus passing through the gastroesophageal junc-

tion and the pylorus. (3B) Organoaxial volvulus resulting from

anterior superior rotation of the antrum and posterior inferior

rotation of the fundus along this axis. Redrawn from Carter, R.,

Brewer, L. A., and Hinshaw, D. B. (1980). Acute gastric volvulus.

Am. J. Surgery 140, 101ÿ102, with permission.
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INCIDENCE AND PREVALENCE

Since many cases of gastric volvulus present with
chronic, intermittent, and nonspeci®c symptoms, it is
likely that many go undiagnosed and thus the incidence
and prevalence are unknown. Approximately 15 to 20%
of reported cases occur in young children with a con-
genital diaphragmatic defect. Among adults, men and
women are equally affected and the peak incidence is in
the ®fth decade.

CLINICAL MANIFESTATIONS
AND DIAGNOSIS

The presentation of acute gastric volvulus includes sud-
den severe pain in the upper abdomen or lower chest
and persistent but unproductive vomiting. Because the
volvulus causes gastric obstruction, it is often impossi-
ble to pass a nasogastric tube into the stomach. This
combination of pain, unproductive vomiting, and in-
ability to pass a nasogastric tube is termed Borchardt's
triad. The differential diagnosis includes myocardial
infarction, biliary obstruction, and acute pancreatitis.
Physical examination may reveal evidence that the
stomach is in the left chest. A large gas-®lled structure
may be seen in the chest on X ray. A barium upper
gastrointestinal X ray or computerized tomography
with oral contrast will con®rm the diagnosis. If upper
endoscopy is performed, it may show twisting of the
gastric folds, but endoscopy is not prudent if gastric
ischemia is suspected.

In contrast to acute gastric volvulus, chronic
gastric volvulus is often associated with mild and non-
speci®c symptoms. These may include dysphagia,

epigastric discomfort or fullness, bloating, and heart-
burn, particularly after meals. Symptoms may be pres-
ent for months to years and it is likely that many cases
are never diagnosed. Since the volvulus may be inter-
mittent and transient, the diagnosis should be suspected
if an upper gastrointestinal X ray shows a large diaphrag-
matic hernia, even if the stomach is not twisted at the
time of the X ray.

TREATMENT AND PROGNOSIS

Acute gastric volvulus is an emergency and should gen-
erally be treated surgically once the diagnosis is con-
®rmed. Surgery for gastric volvulus may be performed
by open or laparoscopic techniques. Elective surgical
repair is commonly performed with laparoscopic tech-
niques. Once gastric torsion is reduced, the stomach
must be ®xed by gastropexy or tube gastrostomy and
any associated diaphragmatic hernia must be repaired.
Acute gastric volvulus has been associated with a high
mortality in the past, but the prognosis has markedly
improved in recent years.

See Also the Following Articles

Diaphragmatic Hernia � Hernias � Volvulus
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Gastrin

CHRIS J. DICKINSON
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cholecystokinin Peptide hormone produced by endocrine

cells of the upper small intestine; secreted on ingestion

of a meal; the major hormone responsible for pancreatic

enzyme secretion and gallbladder contraction.

gastric development How the stomach grows and develops

in a fetus.

gastrin Peptide hormone produced in the stomach; secreted

into the bloodstream, enhances gastric acid secretion.

gastrointestinal cancers Tumors that arise from the gut

tissues.

Helicobacter pylori Bacterium that lives in the stomach of

humans; can cause peptic ulcers in some infected

individuals.

H�,K�-ATPase Protein that pumps protons across the cell

membrane in a 1 : 1 exchange for potassium ions.

parietal cell Acid-secreting cell of the stomach.

peptic ulcer disease Disorder caused by ulcers in the

stomach or upper intestine (usually the duodenum);

can arise from the action of gastric juices that contain

acid and digestive enzymes such as pepsin.

signal transduction mechanisms Chemicals and other

mechanisms by which a peptide binding to its receptor

on the cell membrane results in some physiologic effect

within a cell.

somatostatin Peptide hormone produced in the stomach;

inhibits gastric acid secretion and gastrin secretion.

After the discovery of secretin by Bayliss and Starling in

1902, they surmised that a similar hormone might exert

control over gastric acid secretion. Edkins then reported

the identi®cation of a substance, `̀ gastrin,'' found in antral

but not fundic mucosal extracts that stimulated gastric

acid secretion. In 1962, Gregory and Tracy, puri®ed an

amidated heptadecapeptide now referred to as gastrin.

Shortly thereafter, a gastrin peptide was synthesized,

allowing investigators to examine the physiological

actions of gastrin. The subsequent development of a

gastrin radioimmunoassay helped researchers examine

its secretion in physiologic and pathophysiologic states.

It quickly became apparent that the regulation of gastric

acid secretion was quite complex and that to elucidate

those mechanisms, it would be necessary to examine

all of the regulatory cells in isolation to determine the

precise biological actions of gastrin and other gut

peptides. Isolation of acid-secreting parietal cells,

gastrin-producing G cells, and somatostatin-producing

D cells from the stomach in primary culture became an

important step in understanding gastrin secretion and

biological actions. To explore the mechanisms of gastrin

biosynthesis, investigators initially tried to identify larger

molecular forms of gastrin that were presumed to be

precursors of the mature peptide. Isolation of a comple-

mentary DNA encoding gastrin allowed investigators to

hypothesize the presence of various precursors and then

develop antisera to con®rm the existence of the precur-

sors in tissues and their relationship to the mature

peptide. Finally, characterization and isolation of the re-

ceptor(s) for gastrin on various cells have allowed re-

searchers to elucidate the mechanisms of gastrin's

biological actions on target cells.

GASTRIN DURING DEVELOPMENT

Gastrin is transiently expressed in the neonatal
pancreatic islets. However, the physiologic role of
gastrin in the developing islet is unclear and gastrin-
de®cient mice do not have a known defect in islet
function. Gastrin appears later in the stomach of the
developing rat, as pancreatic gastrin diminishes. Gastrin-
producing G cells can be detected in the human fetus
as early as 12 weeks of gestation and increase to reach
a maximum between 26 and 36 weeks of gestation.

Neonatal human plasma gastrin levels are approxi-
mately three times higher than those found in adults.
Unfortunately, the physiological signi®cance of neona-
tal hypergastrinemia is not known. It has been suggested
that these elevated levels may play a role in the growth
and development of the gastrointestinal (GI) tract. To
explore the role of gastrin in gut development, two
groups have developed gastrin-de®cient mice. These
mice are viable and develop normally with normal
weight gain, suggesting that gastrin is not a vital hor-
mone. However, both basal and stimulated gastric acid
secretions are severely impaired in homozygous
animals. Furthermore, there is a reduction in gastric
mucosal thickness. Although cholecystokinin (CCK)
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can bind to the gastrin receptor, CCK does not
substitute for gastrin in knockout animals because
gastrin-de®cient and gastrin receptor-de®cient mice
share a similar gastric phenotype.

Antral gastrin content increases in the developing
rat until the time of weaning. Early weaning or admin-
istration of corticosteroids or thyroid hormone in-
creases antral gastrin content and promotes the
maturation of the gastric mucosal gastrin receptors. It
is unknown whether a similar phenomenon also occurs
in the human stomach with a change in diet, but human
plasma gastrin levels do remain elevated for several
months after birth, when infants are primarily milk
fed. The cause of neonatal hypergastrinemia is multi-
factorial and the rat seems to provide a suitable model
for study. A milk-based diet that is high in known gastrin
secretagogues such as amino acids and calcium may
account in part for the hypergastrinemia. In both rats
and humans, there is diminished gastric acid secretion
due to a diminished number of functional acid-secreting
parietal cells. In mature humans, this inhibits somato-
statin secretion, which increases gastrin secretion. Con-
sistent with this is the ®nding that the somatostatin
content of the rat gastric antrum is low at birth and
increases gradually until weaning, at around day 21.
Moreover, infusion of somatostatin does not inhibit
gastrin release in newborn rat pups until day 18 of
life, suggesting that somatostatin receptor or postre-
ceptor mechanisms are functionally mature until wean-
ing. The combined effect of low somatostatin content
and diminished response to exogenous somatostatin
prior to weaning suggests that somatostatin plays a
major role in neonatal hypergastrinemia.

GASTRIN RECEPTOR AND SIGNALING

Gastrin requires its carboxyl-terminal amide moiety
for full biological activity. Thus, the isolation of a
cDNA encoding the receptor that recognizes this
motif represented a major advance in the understanding
of gastrin physiology. This discovery allowed investiga-
tors to more fully elucidate the signal transduction
mechanisms, structure/activity relationships, tissue
distribution, and biological signi®cance of gastrin.
The gastrin/CCK-B, or CCK-2, receptor is a seven-
transmembrane `̀ heptahelical'' receptor that is similar
to the CCK-A, or CCK-1, receptor. The amino acid
sequences of gastrin and CCK are quite similar and
they share four identical amino acids at the amidated,
C terminus of the mature peptide. CCK can bind to
both the CCK-1 and CCK-2 receptors whereas
gastrin binds to only the CCK-2 receptor at physiologic

concentrations. Under normal physiologic circum-
stances, the serum concentration of CCK is far less
than that of gastrin and thus CCK exerts almost no
physiologic effects via CCK-2 receptors.

On ligand binding, the gastrin /CCK-B receptor
binds to a G protein, which leads to the activation of
phospholipase C (PLC); PLC in turn catalyzes the
formation of inositol 1,4,5-trisphosphate (IP3) and
diacylglycerol (DAG). IP3 effects the release of intracel-
lular calcium, and DAG activates protein kinase C
(PKC). Unlike CCK binding to the CCK-A receptor,
gastrin binding to its receptor does not result in the
accumulation of cyclic adenosine monophosphate
(cAMP). This binding initiates a complex signaling cas-
cade, as shown in Fig. 1. Several studies have shown that
gastrin can stimulate the proliferation of gut cells as
measured by an increase in either cell number, [3H]thy-
midine incorporation, ornithine decarboxylase (ODC)
activity, or expression of two genes known to regulate
cell proliferation (c-fos and c-jun). Clinical examples of
this effect can be seen with the overproduction of
gastrin in tumors in the ZollingerÿEllison syndrome,
which produces signi®cant gastric hyperplasia. Many of
these tropic effects can be blocked by gastrin /CCK-B
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FIGURE 1 Model of gastrin signal transduction mechanisms.
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receptor antagonists, suggesting that they are mediated
by this receptor.

Although much work remains, progress has been
made at characterizing the intracellular events that
occur between the initial events at the cell membrane
and the resultant actions in the nucleus (Fig. 1). It ap-
pears that in addition to activating the serine /
threonine kinase (PKC) at the cell membrane, gastrin
also activates tyrosine kinases (TKs; e.g., Src), which
phosphorylate an adapter protein (Shc). Phosphory-
lated Shc then associates with two other proteins
(Grb2 and a Ras activator, Sos). This complex can
then stimulate the Ras-dependent activation of the
mitogen-activated protein (MAP) kinase as well as
the upstream activator of MAP kinase, a MAP and
ERK kinase (MEK). ERK then phosphorylates a nuclear
transcription factor (Elk-1) that enhances c-fos
expression, after which c-fos combines with c-jun to
induce transcription of other genes that regulate growth.
Although gastrin receptor antagonists completely
reverse the effects of c-fos expression, PKC inhibitors
result in only a 40ÿ50% reduction in gastrin-induced c-
fos expression. This suggests that the tropic effects of
gastrin are mediated by PKC-dependent and -indepen-
dent pathways. The IP3-mediated release of intracellular
calcium induces tyrosine phosphorylation of the focal
adhesion kinase Pyk-2 and Src. PKC can also activate
protein kinase D, although the mechanisms by which
PKD stimulates growth remain unknown. Other inves-
tigators have identi®ed gastrin-mediated activation of
the GTP-binding protein, Rho, which can stimulate
growth via PKC- and MEK-independent pathways, pre-
sumably via changes in the cytoskeleton. It is antici-
pated that these and other mechanisms will soon be
elucidated and will aid in understanding gastrin's
potentially important growth-promoting effects.

GASTRIN PROCESSING AND
PHYSIOLOGICAL RELEVANCE OF OTHER
PROGASTRIN-PROCESSING PRODUCTS

Gastrin, as is the case with other regulatory neuropep-
tides, is initially synthesized as a large, biologically
inactive precursor, progastrin (Fig. 2). Endoproteolytic
processing of progastrin within G cells results in the
formation of a glycine-extended form of gastrin
(G-Gly) that is found in high concentrations in the
developing rat gastric antrum. G-Gly serves as a sub-
strate for the amidation enzyme, peptidylglycine
a-amidating monooxygenase (PAM), that catalyzes
the formation of fully processed mature, amidated

gastrin. Gastrin (G-NH2) requires its carboxyl-terminal
amide moiety for full biological activity mediated by
gastrin/CCK-B receptors. Indeed, removal of the
carboxyl-terminal amide in gastrin completely abol-
ishes its acid stimulatory effects mediated by standard
gastrin/CCK-B receptors, and the immediate precursor
of amidated gastrins, G-Gly, is at least four orders of
magnitude less potent than G-NH2 in stimulating acid
secretion from gastric parietal cells. Nevertheless, inter-
est in the physiologic effects of G-Gly has been fueled by
the observations that G-Gly is stored in brain and gut
tissues, secreted with G-NH2 from antral G-cells into
the circulation, and achieves concentrations in plasma
roughly equivalent to those of G-NH2. Moreover,
G-Gly is seen in greater concentrations than is G-NH2

during development and in some malignant tissues that
express gastrin, such as ZollingerÿEllison tumors and
colon cancers. Finally, biosynthetic studies suggest that
G-Gly may be a distinct end product of progastrin
processing. Thus, the evidence points to a role for
G-Gly as a growth factor but not as a direct acid
secretagogue.

To further characterize the potential tropic effects of
G-Gly, a study examined whether G-Gly might function
as a growth factor in a fashion that could be distin-
guished from its relatively weak effects on the standard
gastrin/CCK-B receptor. The abilities of G-NH2 and
G-Gly to stimulate DNA synthesis were compared.
Both G-NH2 and G-Gly stimulated [3H]thymidine
incorporation in a dose-dependent fashion. As expec-
ted, the stimulation induced by G-NH2 was completely
reversed by selective gastrin/CCK-B receptor antago-
nists. Further studies characterized a distinct receptor
and signaling cascade for G-Gly that resulted in

Progastrin

Gly

GlyG-Gly

G-NH2 NH2

(PAM ) Amidating Enzyme

FIGURE 2 Progastrin posttranslational processing. Progastrin

is sequentially processed to a glycine-extended form of gastrin

(G-Gly). G-Gly then serves as a substrate for the amidation en-

zyme peptidylglycine a-amidating monooxygenase (PAM), which

catalyzes the formation of amidated gastrin (G-NH2). The C-ter-

minal amide moiety is necessary for G-NH2 binding to the gastrin/

CCK-B receptor.
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phosphorylation and activation of jun kinase but no
changes in c-fos expression (Fig. 3).

The inability of investigators to isolate a cDNA
encoding the putative G-Gly receptor has hampered
further study in this area. Other data help to con®rm
the role that G-Gly may play in gastrointestinal physi-
ology. G-Gly can stimulate growth in an autocrine fash-
ion. Although acute administration of G-Gly has no
effect on gastric acid secretion, chronic administration
of G-Gly markedly enhances stimulated but not basal
acid secretion from isolated parietal cells and in vivo via
an increase in the expression of H�,K�t-ATPase within
gastric parietal cells. G-Gly may play a role in the growth
of the colon. Indeed, gastrin-de®cient mice have a di-
minished colonic proliferative index and transgenic
mice overexpressing G-Gly have enhanced colonic pro-
liferation. Taken as a whole, these observations suggest
that growth-related receptors for G-Gly work in concert
with G-NH2 to enhance the functional development
of the gut.

GASTRIN, PEPTIC ULCER DISEASE,
AND CANCER

Overview

The studies just described greatly expanded knowl-
edge of the mechanisms of gastrin biosynthesis, release,
and receptor/ligand interactions. However, the central
clinical issue that initially drove these studies was elu-
cidation of the mechanisms of peptic ulcer formation.
For many years, peptic ulcer disease was a major cause
of morbidity and mortality, and early studies seemed to
con®rm the notion that gastric acid was requisite to the
formation of duodenal ulcers. Thus, it was hoped that
a more thorough understanding of the regulation of
gastric acid secretion would elucidate the pathogenesis
of peptic ulcer disease. Early investigators identi®ed
gastrin as the primary postprandial regulator of gastric
acid secretion.

The G cell is a classic gut endocrine cell, organized
with microvilli on a luminal surface that allow the G cell
to detect the presence of food within the stomach. Gas-
trin released from G cells into the circulation has three
major effects mediated by gastrin/CCK-B receptors.
First, gastrin can stimulate the release of acid directly
from the parietal cell. Second, gastrin can also stimulate
acid secretion by enhancing the release of histamine
from enterochromaf®n-like (ECL) cells, which then
bind to histamine-2 (H2) receptors on the parietal cell
(see Fig. 4). Third, gastrin also stimulates the release of
somatostatin from gastric D cells. Somatostatin is a
potent inhibitor of gastric acid secretion, acting directly
on the parietal cell or blocking the continued release of
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FIGURE 3 Mechanisms of G-NH2 and G-Gly tropic effects.

Amidated gastrin (G-NH2) and its glycine-extended precursor

(G-Gly) are released from G cells in the gastric antrum into the

circulation. G-NH2 acts through gastrin/CCK-B receptors to en-

hance the expression of c-fos and c-jun. G-Gly, via another distinct

receptor and jun kinase, phosphorylates and thus bioactivates c-
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gastrin from G cells and histamine release from
ECL cells. Detailed reviews on the regulation of gastrin
release have been published; a summary is provided
herein.

Neural Control of Gastrin Secretion

During the cephalic and oropharyngeal phases of a
meal, gastrin release is directly stimulated by acetyl-
choline (ACh) released from vagal ®bers via muscarinic
receptors. ACh released from other vagal ®bers also
inhibits the release of somatostatin from antral
D cells, which indirectly enhances gastrin secretion.
In addition to ACh, gastrin-releasing peptide (GRP) is
also secreted from postganglionic vagal nerve ®bers
and directly stimulates gastrin release via GRP receptors
on G cells.

During the gastric phase of a meal, antral distension
evokes low levels of gastrin release; this is inhibited by
low doses of atropine but is enhanced by atropine at
higher doses. Because the gastrin release in response to
antral distension is depressed by the b-adrenergic an-
tagonists, an adrenergic sympathetic re¯ex may be in-
volved. Antral distension in humans also activates
inhibitory pathways of gastrin release because it inhibits
GRP-stimulated release by an unknown mechanism.

Hormonal Control of Gastrin Secretion

A variety of peptide hormones also regulate gastrin
release (detailed discussions of all of the mechanisms
can be found elsewhere). Somatostatin is released from
bulbous swellings at the end of cytoplasmic extensions
of antral D cells onto G cells in many species. This
intimate relationship of the D cell with the G cell pro-
vides a tonic inhibition to gastrin release and makes
somatostatin the primary hormonal regulator of gastrin
release. It also provides the mechanism for many of the
indirect effects of other hormones on gastrin release.

Chemical Control of Gastrin Secretion

In accord with the presence of G cell microvilli
extending into the lumen of the stomach, the G cell
does respond to the presence of food within the
stomach. In the perfused rat stomach or in antral mu-
cosal segments, peptone stimulates gastrin and inhibits
somatostatin release. Neurotoxins, such as tetrodo-
toxin, GRP antagonists, and atropine, abolish both
stimulation of gastrin release and inhibition of somato-
statin release, indicating that peptone-induced gastrin
release is mediated, in part, by both cholinergic and GRP
neurons. However, other groups have shown that amino
acids and amines also stimulate gastrin release from

isolated canine G cells. Other chemical stimuli, such
as an increase in gastric acid production, completely
suppress gastrin release. However, this is not a direct
effect on the G cell, but is rather mediated by an increase
in somatostatin secretion.

Helicobacter pylori, Ulcers, and Gastrin

Studies on the regulation of gastric acid secretion led
to the discovery of H2 receptor antagonists that blocked
the actions of histamine on the parietal cell. Although
these and other gastric-acid-suppressive agents could
heal the majority of duodenal ulcers with 6ÿ8 weeks
of therapy, the ulcer would generally reappear with
cessation of therapy. Thus, the search for the cause of
peptic ulcers continued. The discovery of a spiral
bacterium (Helicobacter pylori) in the in¯amed stom-
achs of patients with duodenal ulcers has led to a rev-
olution in our understanding of ulcer pathogenesis and
therapy. Because so many people are af¯icted with pep-
tic complaints, this discovery received a great deal of
attention from scientists and the lay press. Although
there was some initial skepticism regarding the rele-
vance of this discovery, it is now widely accepted that
the majority of patients with duodenal ulcers and
60ÿ70% of those gastric ulcers are infected with
H. pylori. Moreover, failure to eradicate the infection
often results in recurrence of the ulcers, even with op-
timal antisecretory therapy. In contrast, eradication
of H. pylori results in complete healing and a very
low recurrence rate in the absence of reinfection.

Initially, these observations were dif®cult to mesh
with our long-standing view that ulcers were secondary
to a disorder in the regulation of gastric acid secretion.
Not surprisingly, the view today is that both infection
and alterations in gastric acid secretion appear to play a
role in peptic ulcer pathogenesis. One observation that
leads to this view is that although H. pylori is almost
always present in patients with duodenal ulcers, the
bacterium is more likely to be found in an in¯amed
gastric antrum than in the duodenum. Although initial
infection with H. pylori is associated with gastritis and
hyposecretion of acid, chronic infection leads to a mod-
erate hypersecretion of gastric acid. It is believed that
this chronic hypersecretion of acid results in ulcer for-
mation in some patients. Patients infected with H. pylori
have higher serum gastrins and decreased levels of
antral somatostatin compared to noninfected controls,
suggesting that H. pylori has some effect on the
cells regulating gastrin release and acid secretion.
Thus, recent investigations have focused on the mech-
anisms by which chronic H. pylori infection alters the
regulation of gastric acid secretion.
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When compared with H. pylori-negative subjects,
patients with duodenal ulcers and H. pylori infection
have several abnormalities in the regulation of gastric
acid secretion. These include a two- to fourfold increase
in basal acid secretion, an increased maximal response
to exogenous gastrin, a marked increase in acid secre-
tion to GRP, and an increased ratio of basal acid output
to maximal gastrin-stimulated acid output. Interest-
ingly, although H. pylori-infected patients have in-
creased acid secretion and moderate hypergastrinemia,
the level of hypergastrinemia cannot fully account for
the increase in acid secretion. Helicobacter pylori-positive
duodenal ulcer patients also have impaired acid inhibitory
mechanisms. Because somatostatin-producing D cells me-
diate many of the gastric acid inhibitory pathways, the
reduced amounts of antral somatostatin seen with chronic
infection can contribute to the reduced acid. All of these
abnormalities resolve within 1 year after eradication of
infection except for the increased acid response to exoge-
nous gastrin. It is doubtful that this response is due to an
up-regulated acid secretory mechanism due to prolonged
hypergastrinemia, because the H. pylori-induced hyper-
gastrinemia resolves completelywithin 1month after erad-
ication. Furthermore, in patients with hypergastrinemia
secondary to a gastrinoma, the enhancement of parietal
cell mass fully resolves within 6 months after tumor re-
section. Thus, it is felt that patients who develop duodenal
ulcers with H. pylori infection may have factors that
increase their gastrin-stimulated acid secretory response.

To determine how H. pylori produces these effects in
infected gastric mucosa, investigators have focused on
the effects of bacterial products or in¯ammatory medi-
ators on acid secretion. Because H. pylori infection is
associated with an underlying gastritis, investigators
have examined the effects of in¯ammatory mediators
on the regulation of acid secretion. Interleukin-1b,
interleukin-8, and tumor necrosis factor a augment
gastrin release from G cells. These and other cytokines
are elevated in infected gastric mucosa. Other recent
investigations have suggested that in¯ammation, in
general, rather than that speci®c to H. pylori infection,
can elevate gastrin production and gastric acid secretion.

Cancer

The role of gastrin in gut tumors has been contro-
versial for some time. Thus, it is useful to review the
clinical conditions associated with hypergastrinemia.
Hypergastrinemia produced by G cell neoplasms
leads to the ZollingerÿEllison syndrome. In af¯icted
patients, serum gastrin concentrations exceed physio-
logic levels by severalfold. These slow-growing tumors
are often found in the pancreas or duodenum and may

not prove fatal for 20 or more years. Patients do exhibit
markedly elevated gastric acid secretion and hypertro-
phy of the histamine-producing ECL cells, but rarely a
frank ECL or carcinoid tumor, compatible with a model
that gastrin alone is not a carcinogen.

Proton pump inhibitors are now widely prescribed
because of their ability to block gastric acid secretion
by virtue of their ability to bind to H�,K�-ATPase.
Although treated patients do develop a mild hyper-
gastrinemia while on medication, there seems to be little
evidence of an increased cancer risk, even with long-
term administration. In an analogous situation, patients
with prolonged gastric in¯ammation (usually from
H. pylori infection) often develop hypergastrinemia. A
higher percentage of infected patients will develop gut
tumors compared to noninfected controls. However,
only a small minority (51%) of infected patients develop
gastric cancer, again suggesting that other factors must
be involved.

Transgenic mice overexpressing fully processed,
amidated gastrin have an early increased in parietal
cell mass and ECL cell numbers similar to that found
in human models of hypergastrinemia. Unlike the
human condition, transgenic mice develop a late gastri-
tis, and many succumb to gastric cancer. The progres-
sion to cancer can be signi®cantly accelerated by
concomitant infection with a mouse form of H. pylori,
i.e., Helicobacter felis. Conversely, transgenic mice over-
expressing G-Gly, but not amidated gastrin, have no
alteration in gastric function, but rather develop an
increased colonic proliferative index.

The role of gastrin in the development of colorectal
cancer has been controversial for many years. Several
studies have demonstrated a growth-stimulatory effect
of gastrin or pentagastrin on colon cancers in vivo and
in vitro, whereas others have failed to con®rm this effect.
Other human studies have been performed with
con¯icting results, but a recent epidemiological study
suggests that prolonged hypergastrinemia associated
with H. pylori infection may play a role in the develop-
ment of some human colonic tumors. Because progas-
trin is often poorly processed in nonendocrine cells such
as those found in the colon, it explains why `̀ gastrin''
antisera fail to detect signi®cant quantities of amidated
peptide. Consistent with this notion is that colon can-
cers contain large amounts of progastrin and other pro-
gastrin processing intermediates such as G-Gly, but
little fully processed peptide, suggesting a role for
G-Gly in colon cancer. In published phase II studies,
investigators have developed a method of inducing anti-
gastrin antibodies in patients with colon and pancreatic
cancer. The antibody recognizes both amidated gastrin
and G-Gly. Preliminary data suggest prolonged survival
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of treated patients, furthering the claim that gastrin
plays a role in gut cancers. However, many more data
are needed to con®rm this ®nding and to elucidate the
mechanisms and circumstances under which gastrin
exhibits these actions.
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Gastrin-Releasing Peptide
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bombesin-related peptides Peptides related to the 14-amino-

acid peptide, bombesin, which was originally isolated

from the skin of the frog, Bombina bombina. Many of

these peptides (ranatensin, phyllolitorin, litorin) were

isolated from the skin of other frogs.

gastrin-releasing peptide A 27-amino-acid mammalian pep-

tide that is closely related to bombesin and was isolated

from porcine stomach.

neuromedin B A 10-amino-acid mammalian peptide isolated

from porcine spinal cord that resembles the frog

peptides, ranatensin and litorin.

Gastrin-releasing peptide (GRP) is a 27-amino-acid pep-

tide that was isolated in 1978 from porcine nonantral

gastric tissue. It is named GRP for its ability to stimulate

gastrin release, which was used to monitor its activity

during puri®cation. GRP and a 10-amino-acid peptide,

neuromedinB (NMB), isolated in 1983 from porcine spinal

cord, are now known to be the mammalian members of the

bombesin family of peptides previously described in inver-

tebrates. Beginning in 1970 when the 14-amino-acid pep-

tide bombesin was isolated from the skin of two European

frogs, Bombina bombina and Bombina variegata, a number

of related peptides were discovered and were named

after the frog from which they were isolated. GRP closely

resembles bombesin, differing in only 1 amino acid in its

last 10 carboxyl-terminal residues, which explains their

similar biological activities. NMB more closely resembles

the 11-amino-acid peptide ranatensin, which was origi-

nally isolated from the skin of the North American frog,

Rana pipiens, in 1970 and the nonapeptide, litorin, isolated

from an Australian frog. NMB differs from the last 10

carboxyl-terminal amino acids of GRP (GRP-10) by 3

amino acid substitutions. A third subfamily of bombesin-

related peptides exists: the phyllolitorins, which have no

mammalian equivalents at present. Phyllolitorins are non-

apeptides isolated from a South American frog and differ

from GRP and NMB by having a serine instead of a histi-

dine, 3 amino acids from the carboxyl terminus. These

small structural differences between GRP and NMB are

important because both a GRP-preferring receptor and

an NMB-preferring receptor (NMB-R) have been identi®ed

in mammals. This article will concentrate on GRP and

discuss NMB/NMB-R only brie¯y.

GASTRIN-RELATED PEPTIDE
STRUCTURE AND GENE SEQUENCE

Gastrin-releasing peptide (GRP), like all bombesin
(Bn)-related peptides, is amidated at its carboxyl-
terminus (Fig. 1), which is the biologically active por-
tion of the peptide. The carboxyl-terminal decapeptide
(GRP-10) in most assays has biologic activity equal
to that of the native GRP. Structureÿfunction studies
of GRP demonstrate that the Trp-21, His-25, and the
carboxyl-terminal amidation are particularly important
for high-af®nity receptor interaction. The sequence for
the precursor of human GRP has been cloned. The
mRNA is approximately 850 bases in length with a
300-base 30-untranslated region, a 100-base 50-untrans-
lated region, a 148-amino-acid precursor containing a
signal peptide, a single copy of GRP-27, and a carboxyl-
amino extension peptide. The gene is located on chro-
mosome 18 and comprises three exons and two introns,
which, because of alternate splicing at the second
intron, produces three mRNAs that encode an identical
GRP, but with variable carboxyl-terminal extension
peptides present. The importance of the alternate
splicing is unknown. GRP is produced from the
148-amino-acid precursor by proteolytic cleavage at
both the amino- and carboxyl-termini and removal of
the carboxyl-terminal Met-Gly extension by an amida-
tion enzyme.

GASTRIN-RELATED PEPTIDE
RECEPTORS, PHARMACOLOGY, AND
THEIR CELL TRANSDUCTION
MECHANISMS

A GRP-preferring receptor (GRP-R; also called the BB2
receptor) has been characterized in human and a num-
ber of other species (Table I). The human GRP-R
(hGRP-R) is a 384-amino-acid protein with a predicted
molecular weight of 43 kDa (Table I). It is a member of a
G-protein-coupled receptor superfamily with hydropa-
thy plots predicting the characteristic 7-transmembrane
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domains. The GRP-R shows 55% amino acid identity
with the neuromedin B-preferring receptor (NMB-R).
The native hGRP-R has two potential glycosylation sites
and in cells is 35% glycosylated with a molecular weight
of 60 kDa. Studies of the murine GRP-R (mGRP-R),
which has four potential glycosylation sites, demon-
strate that all four sites are glycosylated and the glyco-
sylation consists of four tri-antenary and/or tetra-
antenary complex oligosaccharide chains containing
no sialic acid. GRP-R glycosylation is necessary for
receptor expression, ligand af®nity, and G-protein
coupling.

The hGRP-R has a higher af®nity for GRP than
for NMB, whereas the converse is true for the NMB-R
(Table I). Recent studies demonstrate that the GRP-R's

selectivity for GRP is primarily determined by amino
acid differences between the third extracellular domains
of GRP-R and NMB-R. Of the 20 amino acid differences
between the GRP-R and NMB-R in the third extracel-
lular domain, 2 differences are particularly important:
the substitution in NMB-R of isoleucine for phenylala-
nine at position 185 of the GRP-R and, to a lesser extent,
the substitution of isoleucine for alanine at position 198
of the GRP-R. Mutagenesis studies show the presence of
an aromatic ring on the amino acid at GRP-R position
185 (mGRP-R) and, to a lesser extent, the size of the
backbone substitution on the amino acid at position 198
are likely the important factors contributing to the dif-
ferent GRP af®nities for these two receptors. It has been
proposed that cationÿp or pÿp ligand receptor inter-
actions may be important for mediating the marked
effect of the aromatic amino acid at position 185 of
GRP-R.

Five different classes of receptor antagonists have
been described, two of which have a high degree of
selectivity for the GRP-R over the NMB-R. These ®ve
classes include substituted substance P analogues,
[D-Phe-12]Bn analogues, 13- to 14-amino-acid pseudo-
peptide analogues of GRP or bombesin (the CONH of
Leu-13 is replaced by CH2NH), des-Met-14 analogues of
bombesin (or des-Met-27 GRP), and peptoids such as
PD168368, which are nonpeptide analogues based on a
single amino acid template. Some of the pseudopeptide
analogues and des-Met-14 Bn analogues (Table I) have a
greater than 1000-fold selectivity for the GRP-R over the
NMB-R. These antagonists have proved useful for ex-
ploring the role of GRP-R in both physiological proces-
ses and pathological processes. For example, in human
volunteers using the GRP-R antagonist, BIM26226

FIGURE 1 Amino acid sequences of gastrin-releasing peptide, neuromedin B, and phyllolitorin

family of bombesin-related peptides. Sequence in boldface indicates differences from GRP sequence.

Numbers at the top denote the position in GRP starting from the amino-terminus. f, frog; h, human; p,

porcine.

TABLE I Comparison of Characteristics of the Two

Mammalian Bombesin (Bn) Receptors (GRP-R and

NMB-R)

hGRP-R

(BB2)

hNMB-R

(BB1)

Natural ligand GRP NMB

Gene location Xp22 6q21

Amino acids 384 390

Pharmacology (af®nity)

Agonists

GRP 0.3 nM 450 nM

NMB 290 nM 7 nM

Bn 0.5 nM 44 nM

Antagonists

[D-Phe6]Bn(6-14)methyl

ester

3 nM 410,000 nM

PD 168368 630 nM 15 nM
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([D-F5-Phe-6, D-Ala-11]Bn(6ÿ13)methyl ester), GRP
was shown to be a physiological regulator of gastric
acid secretion; however, gastrin release was not under
the control of GRP in human. The role of these antag-
onists in the possible treatment of various disorders,
especially cancer growth, will be discussed in a later
section.

GRP primarily couples to Gq/11 and its activation
results in the stimulation of phospholipase C with the
generation of inositol phosphates, mobilization of cel-
lular calcium, and release of diacylglycerol with acti-
vation of protein kinase C (PKC). GRP-R activation
also results in the activation of phospholipase D, pro-
tein kinase D, mitogen-activated protein kinases,
Src kinases, and stimulation of tyrosine phosphoryla-
tion of a number of intracellular proteins including
p125 focal adhesion kinase, p130Cas, and paxillin.
Studies demonstrate that bombesin-induced tyrosine
phosphorylation of these proteins occurs through a
PKC- and Ca2�-independent pathway and this path-
way depends on the integrity of the actin cytoskeleton
and participation of the small GTP-binding protein,
Rho. GRP-R activation results in increased expression
of c-fos, c-jun, and jun-B with increased activator pro-
tein-1 expression and DNA synthesis. In addition to
G-proteins, studies support the conclusion that a
number of low-molecular-weight GTP-binding pro-
teins play an important role in GRP-R-induced stim-
ulation of intracellular pathways including Rho,
p21ras, and Rac.

DISTRIBUTION OF GASTRIN-RELATED
PEPTIDE AND ITS RECEPTOR

GRP immunoreactivity (GRP-IR) exists widely in the
alimentary tract in nerve ®bers and cell bodies. In the
stomach, GRP-IR is found in cell bodies and nerve ®bers
of both the oxyntic and antral mucosa and the circular
muscle layer. Similarly, in both the small and large in-
testine, GRP-IR is found in nerve ®bers and cell bodies of
the myenteric plexus. In the colon, GRP-IR is found in
myenteric neurons projecting to both the circular mus-
cle and caudad. Both nerve ®bers and cell bodies in the
pancreas contain GRP-IR and the ®bers project to both
the acini and ducts, with a spare projection to islets.
Sympathetic prevertebral ganglia have a dense innerva-
tion of ®bers containing GRP-IR.

GRP-IR is also widespread in the central nervous
system (CNS). It is present in a subset of spinal sen-
sory ganglia, in layers 1 and 11 of the posterior horn,
and in nerve terminals surrounded by large motor
neurons in the anterior horn. Cell bodies in the

brain containing GRP-IR are found in the pons (dor-
solateral tegmental nucleus), hypothalamus (paraven-
tricular nucleus), nucleus of the solitary tract, dorsal
parabrachial nucleus, superior olivary nucleus, mesen-
cephalic central gray matter, and anterior aspect of the
interpeduncular nucleus. Nerve ®bers in the brain
containing GRP-IR in high density are found in the
thalamic periventricular nucleus, hypothalamic nu-
clei, amygdala, dorsolateral tegmental nucleus, trigem-
inal complex, dorsal vagal nucleus, and nucleus of the
tractus solitarius.

GRP-R receptors and (or) GRP-R mRNA have been
shown to be widely distributed in the CNS, the gastro-
intestinal (GI) tract, and the urogenital tract. In the
CNS, high densities of GRP-R mRNA are found in iso-
cortex (layer 11), dentate gyrus, N-lateral olfactory
tract, magnocellular preoptic nucleus, numerous hypo-
thalamic nuclei (suprachiasmatic, supraoptic, paraven-
tricular, medial preoptic, lateral mammillary), and the
nucleus ambiguus. In the urogenital system, GRP-R has
been identi®ed in the bladder, seminal vesicles, uterus,
and oviduct. In the GI tract, the highest density of GRP-
Rs occurs over gastric antral endocrine cells. GRP-Rs
also occurred on circular smooth muscle cells of the
gastric fundus, gastric antrum, ileum, and the longitu-
dinal smooth muscle of the gastric fundus and gastric
antrum as well as on neural elements in the myenteric
plexus in the stomach, antrum, and small intestine. In
the colon, GRP-Rs are found in submucous plexi and
the circular smooth muscle.

GASTRIN-RELATED PEPTIDE RELEASE
AND METABOLISM

GRP is a neuropeptide that is primarily localized in
neural structures; therefore, its plasma levels may not
be an accurate re¯ection of its local release in tissues.
Splanchnic nerve stimulation in the calf, but not the
pig, results in the release of GRP-IR into plasma and
interstitial lymph. GRP-IR is also released by vagal stim-
ulation of the isolated perfused pig stomach and pan-
creas. Electrical stimulation of gallbladder nerves in the
pig results in the release of GRP-IR and contraction of
the gallbladder, which is inhibited by tetrodotoxin.

GRP-IR is rapidly removed from the plasma with a
half-life of 1.4 min in the pig. The clearance of fragments
of GRP, such as GRP-10, is faster than that of GRP-27.
Neutral endopeptidase [NEP, EC3ÿ4-24ÿ11 (also
called endopeptidase-24ÿ11, enkephalinase)] is the
major peptidase responsible for GRP degradation.
GRP-10 is degraded by hydrolysis of the His8Leu9
peptide bond, which results in its inactivation. NEP is
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expressed on the cell surface of many cells that are
regulated by GRP including CNS neurons, pancreatic
acinar cells, gastrointestinal smooth muscle cells, and
gastric mucosal cells.

PHYSIOLOGICAL/PHARMACOLOGICAL
ROLES OF GASTRIN-RELATED PEPTIDE

A brief list of the effects of GRP is given in Table II.
Many of the reported effects are limited by two factors.
First, which effects are physiological and which are
pharmacological has, in general, not been addressed
because only recently have potent speci®c antagonists
been described or the use of immunoneutralizing
antibodies applied. Second, many of the older studies
were performed with bombesin, which has only limited
selectivity for GRP-R over NMB-R (see Table I) and
therefore, in some cases, activation of NMB-Rs could
be contributing to the described responses. Two recent
studies in human volunteers using a highly selective
GRP-R antagonist demonstrate that GRP is a physio-
logical regulator involved in meal-stimulated acid
secretion and gallbladder contraction as well as gastric
emptying and decreasing small bowel transit time.
However, GRP was not a physiological regulator of
gastrin release in humans as suggested by extensive
studies in animals. GRP functions as a neurotransmitter
and neuromodulator.

GRP is a potent contractant of almost all gastroin-
testinal and urogenital smooth muscle (Table II) and is
also a potent stimulant of the release of many hormones
and neurotransmitters such as gastric inhibitory pep-
tide, cholecystokinin (CCK), pancreatic polypeptide,
glucagon, insulin, prolactin, and growth hormone
(Table II). GRP has a potent stimulatory effect on pan-
creatic secretion in all species examined. GRP can stim-
ulate CCK release; however, GRP's pancreatic
stimulatory effect in rats is not blocked by a CCK-A
receptor antagonist and in almost all species examined
including humans, the pancreatic acini possess GRP
receptors, leading to the conclusion that GRP's pancre-
atic stimulatory action is due to a direct interaction with
pancreatic acinar cells.

GRP has numerous effects in the CNS and the most
well-studied is its ability to stimulate a decrease in body
temperature. It also is involved in the regulation of
circadian rhythm and in the regulation of feeding. Ex-
tensive studies in both animals and humans provide
strong support for GRP as a satiety factor. Furthermore,
GRP-R knockout mice not only no longer respond to the
satiety effects of GRP, these mice eat signi®cantly more
at each meal than normal littermates and show a signif-
icant elevation in body weight.

TABLE II Physiological and Pharmacological

Effects of GRP

CNS effects

Regulation of circadian rhythm

Thermoregulation (# body temperature)

Food intake (#)
Behavioral effects (" grooming)

Sleep (#); memory (")
CNSÿgut effects (gastric antisecretory effect, stimulates

gastrin and mucus release, inhibits gastric emptying

and motility)

Gastrointestinal tract

Gastric

" Acid secretion

" Gastrin somatostatin, GIP release

Alter gastric antral ("), corpus (", #) motility

" Gastric emptying

Intestinal

" CCK, motilin, neurotensin, VIP, enteroglucagon release

# Intestinal transit time

" Contraction isolated muscle

Colon

" Contraction of isolated muscle

" Na�, K� secretion in distal colonic epithelium

Pancreatic

" Enzyme secretion

" PP, insulin, glucagon release

" Pancreatic growth

Gallbladder

" Contraction of GB/isolated muscle

Liver

" Fluid and bicarbonate secretion from cholangiocytes

Urogenital tract

" Contraction of urinary bladder

" Contraction isolated muscle of uterus, urinary bladder

Endocrine

Adrenal

" Corticosterone release

" ACTH release

Pituitary

" Prolactin, growth hormone, LH release

# TSH release

Other endocrine

" Calcitonin, renin release

Respiratory

" Growth of bronchial epithelial cells

Involved in lung development (" branching morphogenesis,

cell proliferation, differentiation)

CVS effects

Blood pressure (")

Note. ACTH, adrenocorticotropic hormone; CCK, cholecysto-

kinin; CNS, central nervous system; CUS, cardiovascular system;

GIP, gastric inhibitory peptide; LH, luteinizing hormone; PP,

pancreatic polypeptide; TSH, thyroid-stimulating hormone; VIP,

vasoactive intestinal peptide.
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One of the most important effects of GRP-R activa-
tion is the stimulation of growth of normal cells and in
pathologic conditions. The latter will be discussed fully
in the next section. GRP has been shown to have a
growth stimulatory effect on normal pancreatic acinar
cells (increase in pancreatic weight, DNA content),
stomach mucosa, colonic mucosa, bronchial endothe-
lial cells, growth plate chondrocytes, keratinocytes, and
melanocytes. Results from detailed studies of Swiss 3T3
®broblasts and other tissues show that the growth stim-
ulatory effect is due to a direct activation of the GRP-R
by GRP and not an indirect effect due to the release of
another stimulatory agent.

GASTRIN-RELATED PEPTIDE IN
PATHOLOGIC CONDITIONS

The most important pathologic conditions in which
GRP may be involved are listed in Table III. There is
considerable experimental data supporting its possible
role in cancer growth and lung diseases, whereas a single
study suggests that GRP release may play a decisive role
in the maintenance of intestinal microvascular integrity
after ischemia and with reperfusion. No studies have
established that alterations of GRP are clearly involved
in human feeding, obesity, or body weight disorders, but
animal studies as well as studies on humans have ®rmly
established GRP as an important satiety factor. It has
been proposed that GRP may play a role in various
ingestive disruptions associated with anorexia (an-
orexia nervosa, acquired immunode®ciency syndrome,
cancer anorexia), bulimia, obesity, and depression. This
proposal has received some support recently from a

study of cerebrospinal ¯uid (CSF) GRP concentrations
in normal females and patients recovered from anorexia
nervosa or bulimia nervosa. CSF GRP-IR levels were
signi®cantly lower in recovered bulimia patients than
either normal controls or recovered anorexia nervosa
patients. It was proposed that this persistent GRP ab-
normality in recovered bulimia nervosa patients could
be contributing to their episodic hyperphagia.

In 1985, GRP-related peptides were shown to be an
autocrine growth factor in human small cell lung cancer.
Not only did small cell lung cancer secrete GRP-related
peptides, the tumors possess GRP-R and its activation
stimulated the growth of the tumor cells, which could
be blocked by a neutralizing antibody to bombesin or
GRP's carboxyl-terminus, the biologically active por-
tion. Subsequent studies demonstrated that a large num-
ber of different tumors possess GRP-R or GRP/bombesin
and these could be a growth stimulant for prostate can-
cer, neuroblastomas, astrocyticÿglial brain tumors,
squamous cell carcinoma of the head and neck, some
renal cell carcinomas, breast cancers, gastric adenocar-
cinomas, and some pancreatic adenocarcinomas
(Table III). In one recent study of 161 human tumors,
100% of the prostate cancers (n� 12), 100% of
gastrinomas (n� 5), 72% of breast cancers (n� 57),
38% of renal cell cancers (n� 16), 33% of small cell
lung cancers (n� 9), and 0% of intestinal carcinoid tu-
mors (n� 24) expressed GRP-R that could be detected
by autoradiographic studies. In vitro GRP-R antagonists
or GRP neutralizing antibodies inhibit the growth of
many of these tumors and have raised the possibility
that such treatment might be effective in patients with
these malignancies; however, few studies have been car-
ried out to date. In one study, 13 patients with small cell
lung cancer were treated with a monoclonal antibody
(2All) that neutralizes GRP's action over 1 h, three times
a week for 4 weeks. One of 12 (8%) evaluable patients
had a complete resolution of radiographically detectable
tumor lasting 4 months and 4/12 (33%) had stable dis-
ease. Whether this approach, which requires large
amounts of GRP antibody or the use of GRP receptor
antagonists, will be a useful therapeutic approach for
these tumors is at present unclear.

The exact role of GRP-R in tumor growth has re-
cently been raised from studies primarily of human
colonic adenocarcinomas. Colon cancers ectopically ex-
press GRP-Rs and GRP has been shown in some studies
to stimulate their growth. In one study, 84% of human
colon cancers aberrantly expressed GRP or GRP-R with
62% expressing both the ligand and receptor, whereas
expression was not observed in adjacent normal mu-
cosa. However, GRP/GRP-R co-expression was seen
equally frequently in stage A or D cancers and was rarely

TABLE III Pathological Conditions in Which GRP

May Be Involved

Cancer autocrine growth factor

Small cell and non-small-cell lung cancer

Prostate cancer

Neuroblastomas

Squamous cell carcinoma of head and neck

Renal cell carcinomas

Breast cancer

Gastric adenocarcinomas

Pancreatic adenocarcinomas

Astrocyteÿglial brain tumors

Colon cancerÐ? Growth factor or morphogen

Feeding/body weight abnormalities

Lung diseases

Hyperoxic lung injury

Bronchopulmonary dysplasia

Tobacco-related injury

Intestinal microcirculation after ischemiaÿreperfusion
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detected in metastases. Furthermore, no difference in
survival occurred in patients expressing or not express-
ing cancers with GRP/GRP-R. In fact, GRP/GRP-R was
found exclusively in well-differentiated regions of the
colon cancers. From these observations, it has been
proposed that GRP is unlikely to be a clinically signif-
icant growth factor in human colon cancer but instead
functions as a differentiation factor or morphogen.
From these studies and a review of GRP/GRP-R express-
ion in a variety of tumors, it has been proposed that
GRP and GRP-R are likely onco-fetal antigens whose
reexpression in these tumors re¯ects a recapitulation
of their normal role in regulatory organogenesis.

Because many tumors overexpress GRP-R, the
possibility of imaging tumors using radiolabeled GRP
analogues or using cytotoxic GRP conjugates to target
an antitumor treatment is receiving considerable
attention. Cytotoxic GRP analogues such as AN-215,
which consists of a GRP analogue (20ÿ27) linked to
2 pyrrolino-doxorubicin-14ÿ0-hemiglutarate, have
been shown in vitro to inhibit growth of pancreatic can-
cers, lung cancers, prostate cancers, and gastric cancers.
In a study of pancreatic cancers in golden hamsters, the
cytotoxic GRP analogue AN-215 had signi®cant anti-
tumor activity and lower toxicity than the unconjugated
cytotoxic radical. Recent studies have also reported
the development of 99m techneticum (Tc)-labeled
GRP analogues that can be used to image GRP-R-over-
expressing tumors. In two phase 1 studies, 99m Tc-GRP
analogues are reported to image small cell lung cancer,
prostate cancer, and breast cancer in patients. In addi-
tion, biologically active GRP analogues have recently
been reported with an attached chelator group that
can bind various radionuclides with high af®nity.
This strategy to develop analogues that can image
tumors overexpressing receptors as well as deliver
receptor-targeted radionuclide therapy has been exten-
sively investigated with analogues of somatostatin for
the treatment of human neuroendocrine tumors. Using
a similar approach, diethylenetriaminepentaacetic acid
GRP conjugates that ef®ciently couple 111In have been
reported. 111In is a g and auger electron emitter and can
be used for imaging tumors as well as for cytotoxicity.
Also, dodecanetretraacetic acid GRP analogues that
couple more ef®ciently b-emitters such as 90Y and
may be more effective for GRP-targeted radiotherapy
have been synthesized. At present, the usefulness
of these GRP analogues for imaging tumors or for
delivering receptorÿtarget cytotoxicity has not been
established.

GRP is the major endogenous peptide implicated
in promoting growth and maturation during fetal
lung development in humans, rats, and mice. Not

only does administration of GRP-related peptides in
fetal mice increase cell proliferation and differentiation,
administration of GRP-R neutralizing antibodies inhib-
its lung differentiation. During lung development,
GRP is found in pulmonary neuroendocrine cells
(PNECs). Numerous studies have demonstrated that
lung injury in adult animals, whether it is caused by
smoke inhalation, asbestos, or other causes, leads to
hyperplasia of PNEC with resultant increases in the
levels of GRP-related peptides. Using a baboon model
of bronchopulmonary dysplasia (BPD), GRP-related
peptides were shown to mediate the lung injury. In
this postnatal model, GRP-like peptides acted as pro-
in¯ammatory mediators of BPD and the use of GRP
neutralizing antibodies markedly decreased the severity
of the chronic lung disease. It has been proposed that
one of the important differences between smokers who
develop lung disease and those who do not develop lung
disease may be the response of their PNECs in releasing
GRP-like peptides and other growth factors when
exposed to cigarette smoke.
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Gastritis
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achlorhydria The inability of the stomach to produce any

hydrochloric acid.

gastritis A disorder of the stomach characterized by acute

and/or chronic in¯ammation of the mucosal lining.

The term gastritis refers to a group of diseases that have

in common the symptom of in¯ammation of the stomach.

In most cases, the in¯ammation exclusively or predomi-

nately involves the gastric mucosal lining. By de®nition, a

gastric biopsy is required to diagnose gastritis.

CLASSIFICATION AND ETIOLOGY

There is only a modest correlation between gastritis and
symptoms such as pain and nausea. In fact, many pa-
tients with gastritis have no symptoms referable to the
stomach. A classi®cation of gastritis is presented in
Table I.

By far, the most common category worldwide is
infectious gastritis. Helicobacter pylori infection ac-
counts for the majority of cases of gastritis. Cytomega-
lovirus (CMV) gastritis is most typically seen in
immunocompromised patients, such as patients with

the acquired immunode®ciency syndrome, patients
with organ transplants receiving immunosuppressive
drugs, and patients with hematologic malignancies,
many of whom receive chemotherapy agents.

ASSOCIATIONS WITH OTHER DISEASES

Certain types of chronic gastritis are associated with an
increased risk of cancer. For example, H. pylori gastritis
is a risk factor for both gastric adenocarcinoma and
B-cell gastric mucosa-associated lymphoid tissue lym-
phoma. Lymphocytic gastritis, which can be associated
with H. pylori infection or with celiac sprue, may be a
precursor of gastric lymphoma. Autoimmune atrophic
gastritis is associated with an increased risk of gastric
adenocarcinoma, possibly as a consequence of gastric
achlorhydria and bacterial overgrowth of the stomach.
Patients with autoimmune atrophic gastritis also fre-
quently have reduced intrinsic factor secretion and
may develop cobalamin (vitamin B12) de®ciency,
with hematological sequelae (pernicious anemia) and
neurological consequences (optic neuropathy, demen-
tia, subacute combined degeneration of the spinal cord).
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Gastrinoma
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enterochromaf®n-like cells Gastric fundic mucosa cells that

release histamine in response to gastrin and other

stimuli.

multiple endocrine neoplasia type 1 Autosomal dominant

condition that is characterized by the development of

hyperparathyroidism and pancreatic and pituitary endo-

crine tumors.

neuroendocrine tumors Growths that may occur in many

tissues throughout the body; produce a variety of

peptides and other agents, some of which are biologically

active and produce distinctive hormonal syndromes.

octreotide Synthetic peptide that is related to the naturally

occurring peptide somatostatin; has therapeutic uses and

can be radiolabeled for use as a diagnostic agent.

secretin Naturally occurring peptide that is found in the

duodenum; useful as a diagnostic test in gastrinoma.

ZollingerÿEllison syndrome Clinical syndrome de®ned by

two physicians in 1995; described symptoms of two

patients with severe ulcer disease, massive gastric acid

hypersecretion, and islet cell tumors. This term has

become synonymous with the clinical features of all

gastrinomas.

Gastrinomas are tumors that produce and secrete a pep-

tide, gastrin. Gastrinomas are a type of neuroendocrine

tumor and usually arise near the pancreas. They may be

benign or malignant; tumor growth and spread my cause

direct effects, but the clinical effects are primarily due to

the release of gastrin, which stimulates the production of

large amounts of acid by the stomach. The de®nition of

gastrinomas is restricted here to tumors that release gas-

trin into the circulation. Other neuroendocrine tumors

may contain immunoreactive gastrin but release no

biologically active peptide.

TUMOR BIOLOGY

Secretion of Gastrin

Gastrin is released into the circulation in normal
individuals. Physiologically, gastrin is a mixture of
two peptides, one of 17 amino acid residues and the
other of 34 amino acid residues, with similar actions.
Gastrin is released from the gastrin-producing cells

(G cells) of the gastric antral and duodenal mucosa
by various physiological stimuli, mainly the ingestion
of food. In normal individuals, gastrin is carried in the
circulation to the enterochromaf®n-like (ECL) cells in
the gastric body. Stimulated by gastrin, ECL cells release
histamine, which acts on the parietal cells (the acid-
producing cells) to stimulate acid secretion. The acid
released into the gastric lumen subsequently comes into
contact with the G cells in the gastric glands of the
antrum and switches off gastrin release. There is thus
a negative feed back control on gastrin release such that
gastrin release is phasic and limited.

Gastrinomas are not subject to physiological control
and thus patients with gastrinomas suffer the effects of
continuously high circulating concentrations of gastrin.
Gastrins secreted by gastrinomas are more heteroge-
neous compared to the physiological forms. Neverthe-
less, those that contain the C-terminal tetrapeptide
sequence can interact with the gastrin receptor and
are fully biologically active. These forms are also mea-
sured in the generally used gastrin radioimmunoassays.
The main short-term effect of gastrin is to stimulate
gastric acid secretion, and patients with gastrinomas
have markedly increased acid output. Normal basal
acid outputs are up to 4 mEq/hour in women and up
to 7 mEq/hour in men. Patients with gastrinomas typi-
cally secrete more than 15 mEq/hour and often much
more. This increased acid secretion in these patients
initiates many of the clinical manifestations that result
in the ZollingerÿEllison syndrome. This syndrome was
described in 1955 as a triad of severe peptic ulcer dis-
ease, massive acid hypersecretion, and an islet cell
tumor of the pancreas. Although it is now known
that none of these is necessarily part of the syndrome
of gastrinomas, the term has been retained.

Gastric acid hypersecretion can result in ulcer dis-
ease in the absence of gastric infection with Helicobacter
pylori or ingestion of nonsteroidal antiin¯ammatory
drugs. The ulcer disease may be extremely severe. Initial
descriptions included multiple ulcers in unusual sites
such as the distal duodenum, jejunum, and esophagus.
Furthermore, bleeding and perforation are frequent.
Indeed, in the years between the ®rst description of
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the syndrome and the advent of histamine-2 (H2) re-
ceptor antagonists, the complications of ulcer disease
were responsible for 60ÿ80% of the deaths due to
gastrinomas. Probably due in part to the availability
of anti-secretory drugs, ulcer disease even at presenta-
tion is typically less severe now, and patients are likely
to have a single typical bulbar ulcer.

Increased gastric acid secretion has other effects
within the gastrointestinal tract. The increase in acid
secretion, accompanied by a corresponding increase
in ¯uid secretion, may result in a secretory diarrhea.
Indeed, some 25% of patients with gastrinomas present
with diarrhea and never have any ulcer disease. The
large amounts of acid may overcome the buffering ca-
pacity of the upper intestine and may inactivate pancre-
atic enzymes, resulting in malabsorption. Likewise, bile
acids (particularly the glycine conjugates) may be pre-
cipitated, contributing to the steatorrhea. Gastric acid
may also directly damage the intestinal mucosa and
interfere with absorption. Patients have been described
with vitamin B12 malabsorption, suggesting that even
the terminal ileum may be damaged in some cases.

Gastrin has other long-term effects that are res-
ponsible for some of the clinical manifestations of
ZollingerÿEllison syndrome. Gastrin is trophic to the
gastric mucosa. There is an increase in the number of
parietal cells, resulting in an increase in the maximal
acid output, up to three or more times the upper limit of
normal (20ÿ50 mEq/hour). Gastrin also has marked
trophic effects on the gastric ECL cells, causing ECL
cell hypertrophy. This can progress to the development
of ECL cell carcinoid tumors in some cases.

Although gastrin does not cause increase in num-
bers of cells in other gastrointestinal or extraintestinal
tissues, it can cause increased cell turnover as mea-
sured by increased DNA synthesis. The mucosa of
the colon is in¯uenced in this way. This has led to
the investigation of hypergastrinemia as an increased
the risk for colon polyps and colon cancer. The
studies suggest that there is no large effect, but a
modest effect cannot be excluded.

Cell of Origin

Although gastrinomas were originally classed as islet
cell tumors, normal G cells occur in the human pancreas
only in embryonic life. A majority of the G cells occur in
the gastric antrum and duodenum. In the antrum, they
are found in the deeper parts of the gastric glands. In the
duodenum, they occur in the crypts and Brunner's
glands. If G cells are in sites where acid cannot reach
the membrane of the cell, then those cells are not subject
to physiological control. Thus, a nest of normal G cells

protected from acid by an embryological accident or
surgery could in theory give rise to the Zollingerÿ
Ellison syndrome. However, studies suggest that at
least in sporadic ZollingerÿEllison syndrome there is
always a distinct gastrin-producing tumor.

For many years it was thought that most gastrinomas
arose within the pancreas. However, it has become clear
that in fact only a minority are pancreatic. This knowl-
edge has come about in part through increasingly de-
tailed prospective imaging studies, but mainly through
the extremely detailed exploratory surgery performed
by a small number of surgeons. Such studies have shown
that patients may be cured of their disease by resection
of extrapancreatic gastrinomas.

It had been known for many years that Zollingerÿ
Ellison syndrome (and thus gastrinomas) occurred
in two circumstances. In the majority of patients,
ZollingerÿEllison syndrome occurs as an isolated dis-
ease. These patients have no family history and no
other endocrine diseases. However, about 20ÿ30%
of patients with ZollingerÿEllison syndrome come
from families in which a variety of endocrine diseases
occur in each generation. These families have multiple
endocrine neoplasia type 1 (MEN 1), an autosomal
dominant disease in which 490% of affected individ-
uals develop hyperparathyroidism, 66% develop
ZollingerÿEllison syndrome, and smaller percentages
develop other pancreatic endocrine tumors and
pituitary tumors. Studies around 1990 demonstrated
differences in site of origin in gastrinomas in
patients with MEN 1 compared to gastrinomas in
sporadic ZollingerÿEllison syndrome, and it was
shown that these differences have implications for
management.

In patients with sporadic gastrinomas, the tumors
are nearly always solitary. About 40% occur in the mu-
cosa of the duodenum, another 40% arise in the pan-
creas, 10ÿ20% arise in peripancreatic lymph nodes,
and 5% arise in other sites. Primary gastrinomas have
been described in the liver, the bile duct, the jejunum,
the kidney, the ovary, the heart, and the lung. Despite
the fact that most G cells are in the stomach, gastric
gastrinomas do not seem to occur.

In patients with ZollingerÿEllison syndrome and
MEN 1, about 50% of gastrinomas are found in the
mucosa of the duodenum. However, in contrast to spo-
radic duodenal gastrinomas, those in patients with
MEN 1 are nearly always multiple and are distributed
throughout the duodenum. In about 20% of cases the
primary tumor is in peripancreatic lymph nodes, and in
only 10% are primary tumors found in the pancreas. In
20% of patients with MEN 1 and ZollingerÿEllison
syndrome, no gastrinoma can be found.
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DNA Abnormalities in Gastrinomas

In recent years, much has been learned about abnor-
malities in DNA and the possible genesis of gastrinomas.
Many of these insights have arisen from studies of
patients with MEN 1. The genetic defect in MEN 1 is
the loss of function of a single tumor suppressor gene on
chromosome 11 at the 11q13 locus. In affected individ-
uals, all cells are heterogeneous for this gene, with one
functional copy and one defective copy. Different
defects occur in different families.

In patients with MEN 1, analysis of the DNA of
gastrinomas has demonstrated that in some, but not
all, tumors, there is a loss of heterozygosity at the
11q13 gene locus, indicating that the sole functioning
copy of the tumor suppressor gene has been rendered
nonfunctional. In MEN 1 gastrinomas, mutations are
found throughout the nine exons of the gene. Further-
more, not only do mutations differ in different individ-
uals, but they also differ in different gastrinomas from
the same individual.

Similar but different ®ndings have been noted in
sporadic gastrinomas. Deletions of the 11q13 locus
are found in some but not all sporadic gastrinomas.
Mutations include truncating, missense, and in-frame
types. Unlike MEN 1 gastrinomas, most mutations in
sporadic tumors occur between amino acid residues 66
and 163. In pancreatic and nodal gastrinomas, the mu-
tations are commonly in exon 2, but mutations at this
site are rare in duodenal tumors. In patients with spo-
radic tumors at more than one site, all the tumors have
the same mutations, indicating that unlike MEN 1, the
tumors in any one individual are monoclonal.

However, factors other than defects in the MEN 1
gene are important in gastrinoma development. In both
sporadic and MEN 1 gastrinomas, only about 40% have
abnormalities of the MEN 1 gene. Other defects have
been found on chromosome 1, including aneuploidy
and microsatellite instability, and in a study of various
types of pancreatic endocrine tumors, defects were
found on chromosomes 3, 11, 16, and 22. As yet no
clinical correlations with allelic loss have been identi-
®ed in gastrinomas or other pancreatic endocrine
tumors.

Pathology

Gastrinomas may behave in a benign fashion or may
be malignant and metastasize. In large series, approxi-
mately 30ÿ50% metastasize. In some cases, the patient
has had ZollingerÿEllison syndrome for many years and
at surgery a single small tumor is found and resection
results in cure. In other patients, there is a short history
of 52 years and at presentation patients have disease

metastatic to the liver. Initial metastases are to the
lymph nodes, with subsequent spread to the liver
and bone.

Gastrinomas that occur as part of MEN 1 appear to
be malignant less often, compared to sporadic gastri-
nomas. However, malignant gastrinomas do occur in
patients with MEN 1. In a recent study, 57 patients
were followed for a mean period of 8 years. Hepatic
metastases developed in 24%, with aggressive tumor
growth in 13%. In general, liver metastases in patients
with MEN 1 are associated with a long history of
ZollingerÿEllison syndrome.

Histology

Histology of gastrinomas is typical for neuroendo-
crine tumors. Uniform cuboidal cells can be arranged in
a solid nest of cells or in focal glandular, trabecular, or
gyriform patterns. Histological features do not predict
tumor behavior. Likewise, ultrastructural ®ndings have
not proved helpful. Gastrinomas usually, but not
always, stain for gastrin. They generally also stain for
neuron-speci®c enolase and for chromogranin A. In
20ÿ50%, staining may also be positive for pancreatic
polypeptide, glucagon, somatostatin, or ACTH.

Secretion of Other Products

At least 50% of sporadic gastrinomas contain other
peptides as detected by immunoreactive staining. How-
ever, release of other peptides is less common and sec-
ond endocrine syndromes are rare. The most frequently
identi®ed second peptides are chromogranins. The a
and b chains of FSH are also released by some
gastrinomas, as are motilin and pancreatic polypeptide.
None of these peptides produces a second endocrine
syndrome. About 4% of all sporadic gastrinomas and
17% of those with hepatic metastases secrete adreno-
corticotropic hormone (ACTH), leading to the develop-
ment of ectopic Cushing's syndrome. This is associated
with a poor prognosis. Other peptides, including insulin
and vasoactive intestinal peptide (VIP), are secreted
much more rarely.

Gastrinomas may be only one type of endocrine
tumor among many in a patient with MEN 1. It may
thus be impossible in a patient with MEN 1 to be certain
if the gastrinoma is secreting multiple peptides. These
patients may have pancreatic tumors that secrete insu-
lin, glucagon, pancreatic polypeptide, growth hormone-
releasing hormone, or somatostatin. Furthermore,
patients with MEN 1 may have circulating parathyroid
hormone, or growth hormone, prolactin, follicle-
stimulating hormone/luteinizing hormone (FSH/LH),
or ACTH released from a pituitary tumor. Indeed,
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Cushing's syndrome in a patient with ZollingerÿEllison
syndrome and MEN 1 is more likely to be due to
pituitary Cushing's than to ectopic ACTH production.

DIAGNOSIS OF
ZOLLINGERÿELLISON SYNDROME

There are several steps in the diagnosis of a patient with
ZollingerÿEllison syndrome. The most important step
is to recognize that the patient may have the syndrome.
Second, the diagnosis must be con®rmed. Third, it is
important to determine whether the patient has a spo-
radic gastrinoma or whether they have a gastrinoma as
part of MEN 1. Finally, the site and extent of the
gastrinoma need to be de®ned.

Clinical Features Suggesting Gastric Acid
Hypersecretion and ZollingerÿEllison Syndrome

The features that suggest gastric acid hypersecre-
tion are shown in Table I. Hypersecretion of acid
gives rise to all the symptoms and clinical features in
a patient with a gastrinoma unless the tumor is ad-
vanced. A duodenal ulcer is the commonest ®nding.
Gastric ulcers do not occur in patients with gastrinoma.
About 75% of patients present with abdominal pain with
or without other symptoms. About 75% have diarrhea,
45% have heartburn, 17% experience weight loss, and
only 5ÿ10% have scarring of the esophagus or duo-
denum. About 25% have had gastrointestinal bleeding.

All members of families with MEN 1 are potentially
at risk for gastrinoma. In most families, it is now possible
to screen for the MEN 1 gene to determine whether
an individual is affected. Most affected individuals

will develop hyperparathyroidism ®rst, but some de-
velop ZollingerÿEllison syndrome or pituitary prob-
lems as the ®rst manifestation. About 66% of patients
with MEN 1 will develop gastrinoma at some stage.

Once the diagnosis of ZollingerÿEllison syndrome
has been seriously entertained, the patient should have a
fasting serum gastrin drawn and then be given
60ÿ80 mg of a proton pump inhibitor per day while
the rest of the work up is being performed.

Con®rming the Diagnosis of
ZollingerÿEllison Syndrome

To meet the criteria for ZollingerÿEllison
syndrome, the patient should have hypergastrinemia
and acid hypersecretion. A fasting measurement of
serum gastrin is normally 5100 pg/ml in the most com-
monly used immunoassay. The patient should be off all
antisecretory medication, but care needs to be taken in
doing this because a patient with ZollingerÿEllison
syndrome can develop bleeding or a perforation in
less than 48 hours off medication. Causes of
hypergastrinemia are shown in Table II. If the gastrin
concentration is>1000 pg/ml and gastric pH measured
at endoscopy or by nasogastric aspiration is 52, then
the diagnosis of ZollingerÿEllison syndrome is certain
(if the patient does not have one of the very rare surgical
causes of this combinationÐsee later). In many patients
with gastrinoma, however, the gastrin concentration is
51000 pg/ml, in which case gastric acid secretion must
be measured. A nasogastric tube is placed in the depen-
dent part of the stomach and the position is checked
by recovery of >90% of 20 ml of water. Then gastric
juice is aspirated in four 15-minute aliquots. Acid
secretion is calculated from the titratable acidity
(measured by back titration or calculated from standard
tables) multiplied by the volume. Secretion of>15 mEq/
hour (or>5 mEq/hour in a patient who has had a partial
gastrectomy or a vagotomy) indicates gastric acid
hypersecretion. Causes of gastric acid hypersecretion
are shown in Table III. Mean acid outputs in a recent
large series of patients with gastrinomas were 41 mEq/
hour in patients with intact stomachs and 28 mEq/hour
in patients with prior gastric surgery.

The only conditions that produce hypergastrinemia
and hypersecretion of acid other than ZollingerÿEllison
syndrome due to a gastrinoma are the retained gastric
antrum syndrome, chronic partial gastric outlet obstruc-
tion, and, transiently, after massive small bowel resec-
tion. These conditions are generally easy to differentiate
from gastrinoma.

The secretin test has been used in the past to help
make the diagnosis of ZollingerÿEllison syndrome. The

TABLE I Clinical Features That Suggest Gastric

Acid Hypersecretion

Recurrent or multiple duodenal ulcers

Helicobacter pylori negative?

No intake of nonsteroidal antin¯ammatory drugs?

Ulcers in unusual sites

Complicated ulcer disease with bleeding, perforation, or

obstruction

Any patient who needs ulcer surgery

Large-volume nasogastric tube output after gastric surgery

Recurrent ulcers after surgery

Secretory diarrhea

Malabsorption

Family history of kidney stones, ulcers, and/or

endocrinopathies

Ulcers and kidney stones

Thickened gastric mucosa seen on computer tomography

scans or at endoscopy

GASTRINOMA 175



test involved administering a bolus of 2 IU/kg body
weight of secretin in one arm and drawing blood
from the other arm for serum gastrin assay at 15, 1,
2, 5, 10, and 20 minutes after injection. An increase
in gastrin concentration of >200 pg/ml indicates
ZollingerÿEllison syndrome. However, there is a 15%
false negative rate, and false positives can also occur.

Diagnosis of the Type of Gastrinoma

Only about 25% of patients with gastrinoma will
have MEN 1, and often this will be obvious. Most
will have a family history or will have hyperparathyroid-
ism or both (Table IV). However, sometimes Zollin-
gerÿEllison syndrome may be the ®rst manifestation,
and occasionally there may be no family history. If there
is any question as to whether the patient has MEN 1,
plasma calcium and parathyroid hormone levels
should be determined and imaging of the pituitary
fossa should be done with magnetic resonance imaging
(MRI). Plasma concentrations of prolactin, growth
hormone, and LH/FSH should be measured.

Determination of Gastrinoma Localization
and Spread

Many studies have examined the usefulness of a
variety of imaging modalities for identifying the primary

tumor and metastases. These include ultrasound,
computer tomography (CT) scan, MRI scan, angiogra-
phy, and portal venous sampling. Endoscopic ultra-
sound has not been subjected to a formal blinded
trial. However, it is now clear that the single most use-
ful imaging study is octreotide scanning. This is
more sensitive and more speci®c than all the other
modalities for detection of the primary tumor. Sensitiv-
ity is around 66% (less with smaller tumors and greater
with larger tumors) and selectivity is 85%, with 12%
false positives. Extraabdominal false positives can
occur with thyroid disease, breast disease, and granu-
lomatous disease. Within the abdomen, accessory
spleens, previous operation sites, and renal parapelvic
cysts may cause false positives. However, the only pro-
cedure more sensitive and speci®c than octreotide scan-
ning is a very detailed laparotomy by an experienced
surgeon (using Kocherization of the duodenum,
intraoperative ultrasound, duodenal transillumination,
and a duodenotomy).

For detection of metastases, octreotide scanning is
also the best modality. Scanning detects more than 90%
of hepatic metastases, whereas CT detects about 40%
and MRI detects about 70%. Furthermore, octreotide is
more speci®c than other modalities. In addition,
octreotide scanning is the best modality for detection
of bone metastases.

MANAGEMENT OF GASTRINOMA

In a patient with a gastrinoma, there are two man-
agement considerations. The ®rst and most important
is to control the acid hypersecretion. Once that has
been achieved, treatment of the tumor should be
considered.

Management of Gastric Acid Hypersecretion

Proton pump inhibitors have made the management
of acid hypersecretion quite simple. Treatment with
60 mg/day of omeprazole or lansoprazole has been

TABLE II Causes of Hypergastrinemia

With hypochlorhydria With normochlorhydria With hyperchlorhydria

Gastric atrophy Chronic renal failure ZollingerÿEllison syndrome

Autoimmune (pernicious anemia) Helicobacter pylori gastritis Sporadic

Nonautoimmune (atrophic gastritis) Vagotomy As part of MEN 1

Helicobacter pylori-induced gastritis Pheochromocytoma Retained antrum syndrome

Chronic renal failure Chronic gastric outlet obstruction

Proton pump therapy Massive resection of small intestine (transient)

Helicobacter pylori gastritis

G cell hyperfunction

TABLE III Causes of Gastric Acid Hypersecretion

Idiopathic

ZollingerÿEllison syndrome

Sporadic

As part of MEN 1

Systemic mastocytosis

Retained antrum syndrome

Gastric outlet obstruction

Massive small bowel resection (transient)

Gastric carcinoid

Basophilic leukemia

Non-gastrin-producing ulcerogenic tumors
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shown to be a safe initial approach in virtually every
patient with a gastrinoma. Fewer data are available for
the other proton pump inhibitors, but 40ÿ160 mg of
pantoprazole or 60ÿ120 mg of rabeprazole is suf®cient,
and 80 mg of esomeprazole will certainly be effective.
However, the adequacy of acid control should be
checked by the measurement of gastric acid output in
the last hour before the next dose of drug. Output should
be 510 mEq/hour in patients who have not had previ-
ous gastric surgery, 55 mEq/hour in patients who have
had a vagotomy, and51 mEq/hour in patients who have
had a partial gastrectomy. In the latter patients, ade-
quacy of therapy should also be con®rmed by endo-
scopy. In patients with normal anatomy, drug dose
can probably be slowly reduced over weeks or months
if acid output is monitored carefully.

For patients who are unable to take oral medication,
intravenous pantoprazole (80 mg every 12 hours, or
occasionally every 8 hours) will control acid hypersec-
retion safely in all patients. This is therefore the best
option in the perioperative period or if patients are
vomiting.

The role of surgery to control acid hypersecretion is
now mainly of historic interest. A total gastrectomy is
rarely indicated and a partial gastrectomy is dangerous
in these patients and should never be performed. A
highly selective vagotomy has been shown to reduce
drug requirements in patients for whom a surgical
cure is not possible. A parathyroidectomy is very useful
for patients with a gastrinoma and hyperparathyroid-
ism. If such patients are rendered normocalcemic, acid
output and serum gastrin will fall, sometimes to within
normal limits.

Management of Tumor Growth and Spread

Localized Sporadic Gastrinomas

Patients with sporadic gastrinomas that are localized
are potential candidates for surgical cure. Sporadic
gastrinomas are usually single and experienced sur-
geons can now expect to ®nd gastrinomas even when
imaging studies are negative. In a recent series, tumors
were found in the last 83 patients that were operated on.
Patients with sporadic gastrinoma that has metastasized
to local lymph nodes are also candidates for surgery. Life
table analysis of such patients shows that such patients
have a life expectancy of 480% over 10 years, which is
not different from those who are cured by surgery.

Localized Gastrinoma in Patients with MEN 1

Patients with MEN 1 and localized gastrinomas are
not generally candidates for surgery. These patients
have multiple tumors and are not curable. Furthermore,
they may have other types of neuroendocrine tumors
that may produce peptides or be nonfunctioning. Thus,
it may not be clear at surgery whether the tumors re-
moved are indeed gastrinomas. At one major center,
patients with MEN 1 were operated on if there were
no hepatic metastases and one or more tumors were
42.5 cm in diameter. The rationale was that in other
neuroendocrine tumors the propensity to metastasize
is related to the size of the primary. At surgery, most of
these patients had multiple tumors and 70% had tumors
in lymph nodes. A small percentage of those operated on
were found unexpectedly to have a tumor in the liver.
None of the patients operated on was cured, and the
15-year survival in those patients with liver tumor was
52%. However, the 90% survival rate in the others was
similar survival of patients with no tumor identi®ed or
withsmall tumors. Itwasconcludedthatsurgerywasuse-
ful in patients with MEN 1 and large localized tumors.

Metastatic Gastrinoma

Patients with metastatic gastrinoma have a reduced
life expectancy. In one large survey, the 15-year survival
rate in patients with localized tumor was 93%, the sur-
vival rate in those who developed hepatic metastases
after diagnosis was 68%, and in those who presented
with hepatic metastases the 10-year survival was 26%.
Patients with metastases beyond the liver had a shorter
survival rate. Overall, 10-year survival in those with
liver metastases alone was 82% and in those with
liver and bony metastases 20%. Some of these patients
have undergone resection of localized hepatic metasta-
ses. Others have received chemotherapy, interferon a,
or octreotide or had embolization of the liver or a com-
bination of these. None of these approaches has proved

TABLE IV Clinical Features That Suggest MEN 1

Family history of ulcer, kidney stones, and/or endocrinopathies

Past history of ulcers kidney stones and/or endocrinopathies

Hyperparathyroidism (>90%)

Islet cell tumors

Gastrinoma (66%)

Insulinoma

Nonfunctioning

Others

Pituitary tumors

Nonfunctioning

Acromegaly

Cushing's disease

Prolactinoma

Tumors producing follicle-stimulating hormone/

luteinizing hormone

Adrenal hyperplasia (usually nonfunctioning)

Multiple lipomas
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ef®cacious. Clearly, it is important to identify patients
with gastrinomas before they metastasize to the liver.
The recent report suggesting that the widespread use of
proton pump inhibitors has led to delay in the diagnosis
of ZollingerÿEllison syndrome is cause for concern.

MANAGEMENT OF OTHER ISSUES
IN PATIENTS WITH GASTRINOMAS
AND MEN 1

Patients with MEN 1 may have complex problems
concerning pituitary tumors that may be functioning
or non-functioning. They may also have a variety of
problems related to the different types of pancreatic
islet cell tumors that may occur. Although these issues
are outside the scope of this article, two problems are of
concern with respect to the gastrinoma.

As mentioned above, hyperparathyroidism exagge-
rates the hypergastrinemia and hyperacidity, and cor-
rection of the hyperparathyroidism lowers both acid
and gastrin. These patients require either a subtotal
parathyroidectomy or total parathyroidectomy with
an implant placed in the forearm. Otherwise, recurrent
hyperparathyroidism is almost universal.

Gastric ECL cell carcinoid tumors occur in up to
30% of patients with gastrinomas and MEN 1, but are
much rarer in patients with sporadic gastrinomas. Gas-
trin is trophic to the ECL cells, and ECL cell carcinoids
occur in other hypergastrinemic states, including per-
nicious anemia. However, in patients with MEN 1, the
ECL cell carcinoids demonstrate loss of heterozygosity
of the tumor suppressor gene at the 11q locus and thus
share this abnormality with other neuroendocrine tu-
mors in patients with MEN 1. Gastric ECL cell carcinoid
tumors may be multiple but are usually benign and
generally require no therapy. Antral carcinoids also
occur in patients with ZollingerÿEllison syndrome
and MEN 1, but these have the characteristics of
sporadic carcinoids.
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Gastritis
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achlorhydria The inability of the stomach to produce any

hydrochloric acid.

gastritis A disorder of the stomach characterized by acute

and/or chronic in¯ammation of the mucosal lining.

The term gastritis refers to a group of diseases that have

in common the symptom of in¯ammation of the stomach.

In most cases, the in¯ammation exclusively or predomi-

nately involves the gastric mucosal lining. By de®nition, a

gastric biopsy is required to diagnose gastritis.

CLASSIFICATION AND ETIOLOGY

There is only a modest correlation between gastritis and
symptoms such as pain and nausea. In fact, many pa-
tients with gastritis have no symptoms referable to the
stomach. A classi®cation of gastritis is presented in
Table I.

By far, the most common category worldwide is
infectious gastritis. Helicobacter pylori infection ac-
counts for the majority of cases of gastritis. Cytomega-
lovirus (CMV) gastritis is most typically seen in
immunocompromised patients, such as patients with

the acquired immunode®ciency syndrome, patients
with organ transplants receiving immunosuppressive
drugs, and patients with hematologic malignancies,
many of whom receive chemotherapy agents.

ASSOCIATIONS WITH OTHER DISEASES

Certain types of chronic gastritis are associated with an
increased risk of cancer. For example, H. pylori gastritis
is a risk factor for both gastric adenocarcinoma and
B-cell gastric mucosa-associated lymphoid tissue lym-
phoma. Lymphocytic gastritis, which can be associated
with H. pylori infection or with celiac sprue, may be a
precursor of gastric lymphoma. Autoimmune atrophic
gastritis is associated with an increased risk of gastric
adenocarcinoma, possibly as a consequence of gastric
achlorhydria and bacterial overgrowth of the stomach.
Patients with autoimmune atrophic gastritis also fre-
quently have reduced intrinsic factor secretion and
may develop cobalamin (vitamin B12) de®ciency,
with hematological sequelae (pernicious anemia) and
neurological consequences (optic neuropathy, demen-
tia, subacute combined degeneration of the spinal cord).
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EOSINOPHILIC GASTRITIS

Eosinophilic gastritis is a relatively uncommon condi-
tion of uncertain etiology characterized by peripheral
eosinophilia, eosinophilic in®ltration of the gastrointes-
tinal tract, and upper gastrointestinal symptomatology.
Eosinophilic gastritis is classi®ed according to the layer
of gastrointestinal tract involved (i.e., mucosal disease,

muscle layer disease, and subserosal disease). Patients
with mucosal involvement present symptoms similar to
those of other patients with gastritis. Patients with mus-
cle layer disease generally have pyloric obstruction and
related symptoms such as nausea, vomiting, and early
satiety. Patients with subserosal eosinophilic in®ltration
develop eosinophilic ascites. Individuals with eosino-
philic gastritis often have food allergies and other aller-
gic manifestations. Other parts of the gastrointestinal
tract can be involved, such as the small intestine or
colon. Eosinophilic gastritis typically responds to ther-
apy with oral glucocorticoids.

THERAPY

Treatment of other forms of gastritis depends upon the
underlying etiology (e.g., broad-spectrum antibiotics
plus a proton pump inhibitor for H. pylori gastritis,
gancyclovir for CMV gastritis, penicillin for syphilitic
gastritis, and corticosteroids and/or other anti-
in¯ammatory drugs for Crohn's disease or sarcoidosis).
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TABLE I Classi®cation of Gastritis

Infectious gastritis

Bacterial

Helicobacter pylori
Mycobacterium tuberculosis or M. avium/

M. intracellulare complex

Treponema pallidum (syphilis)

Others (rare)

Viral

Cytomegalovirus

Herpes simplex virus (rare)

Varicella/zoster virus (rare)

Others (rare)

Fungi

Candida albicans and other Candida species

Others (rare)

Parasites (rare)

Granulomatous gastritis (noninfectious)

Crohn's disease

Sarcoidosis

Others (rare)

Idiopathic (rare)

Distinctive forms of gastritis (based on microscopic

appearance)

Eosinophilic

Collagenous (rare)

Lymphocytic

Graft-versus-host disease

Gastritis cystica profunda (rare)

Autoimmune gastritis

Atrophic

Others

Note. Common forms of gastritis are shown in boldface type.
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gastritis In¯ammation of the mucous membrane of the

stomach.

Helicobacter pylori A bacterium that can cause a transmis-

sible infection of the gastric mucosal surface.

ulcer A break in the lining of the stomach, duodenum, or

esophagus, where hydrochloric acid and pepsin are

present is known as a peptic ulcer. Ulcers formed in the

stomach are known as gastric or stomach ulcers.

Peptic ulcer disease affects 5 million Americans yearly

and is a signi®cant cause of morbidity in the United States.

The economic cost of this disease now exceeds $4 billion

annually. The recent literature suggests that Helicobacter
pylori plays a major role in the pathogenesis of this disease

and a signi®cant correlation between the presence of H.
pylori and histologic gastritis, duodenal ulcers, and gas-

tric cancer has now been established. Since its ®rst iso-

lation 22 years ago, H. pylori infection continues to

generate considerable interest in the medical and scien-

ti®c community. Today, H. pylori is considered one of the

most common bacterial infections of mankind, infecting

nearly one-half of the world's population. Despite this

worldwide distribution, the pathogenesis of H. pylori-as-

sociated gastroduodenal disease remains poorly under-

stood. What is clear is that H. pylori infection rarely

resolves spontaneously and that the chronic gastritis

that accompanies infection plays an etiologic role in the

development of peptic ulcer disease and gastric cancer.

Evidence con®rming that H. pylori infection plays a role in

the pathogenesis of peptic ulcers comes from clinical

studies demonstrating a signi®cant reduction in ulcer re-

lapse rates if the affected patient is cured of the H. pylori
infection. Similarly, a number of epidemiological studies

have demonstrated that chronic H. pylori infection can

ultimately predispose an individual to a signi®cantly in-

creased risk of developing gastric cancer. These studies

were so compelling that the World Health Organization

has classi®ed H. pylori as a type I human carcinogen.

INTRODUCTION

Effective antimicrobial therapies to treat Helicobacter
pylori have been developed and, with proper compli-
ance, are over 85% successful. However, individual
and population-based problems with pharmaceutical

treatment support a role for vaccination in the control
of H. pylori infection. Current therapies require the pa-
tient to ingest multiple agents several times a day for at
least 1 week. Treatment can be accompanied by nausea,
diarrhea, abdominal pain, and pseudomembranous
colitis. These adverse effects contribute to patient non-
compliance and reduce the ef®cacy of the therapy. Ad-
ditionally, these therapies are prohibitively expensive in
developing nations where H. pylori infection is endemic,
with rates of infection as high as 80ÿ90%. Widespread
treatment of H. pylori could also result in the develop-
ment of antibiotic-resistant strains, which has already
been observed in patients treated with triple therapy
who failed to be cured of infection. Recent research has
focused on preventing or curing the infection as well as
identifying the mechanisms by which chronic H. pylori
infection promotes the development of gastroduodenal
disease; these ®ndings will be summarized below.

Prior to the discovery of H. pylori by Marshall and
Warren, a number of investigators identi®ed `̀ spiroche-
tal'' bacteria in the gastric mucosa of animal species and
similar microorganisms were identi®ed in human gastric
tissue. Despite occasional reports documenting the pres-
ence of spiral microorganisms in association with the
gastric mucosa, skepticism by the medical community
was fueled by studies that were unable to con®rm the
presence of spiral organisms in human gastric tissue. In
1982, Marshall and Warren demonstrated an association
between these microorganisms and gastroduodenal dis-
ease by culturing spiral Campylobacter-like organisms
(later renamed H. pylori) from human gastric tissue.
H. pylori is now routinely isolated from both adults
and children with gastritis and peptic ulcer disease.

Support for a pathogenic role for H. pylori in humans
initially came from independent studies performed by
Marshall and Morris, who satis®ed Koch's postulates by
creating histologically con®rmed gastritis following the
ingestion of a suspension of viable organisms.

MICROBIOLOGY

Morphologically, H. pylori resemble the Campylobacter
species and were initially called Campylobacter-like
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organisms. The organism underwent a number of name
changes including Campylobacter pyloridis and ®nally
Campylobacter pylori. However, morphologic, biochem-
ical, and genetic differences between these spiral organ-
isms and other Campylobacter species were noted,
indicating that these organisms were unique. Unlike
most Campylobacter organisms, H. pylori has a smooth
cell wall with multiple unipolar sheathed ¯agella. In
addition to these morphological differences, H. pylori
contains a number of enzymes, including a high con-
centration of urease, that are not present in other Cam-
pylobacter species. Accordingly, C. pylori was given a
new genus and species name, H. pylori. Helicobacter
organisms do not stain well with common histologic
stains, such as hematoxylin and eosin, but can be dem-
onstrated using silver containing stains, such as
Warthin-Starry or Steiner stain.

CLINICAL FEATURES AND
EPIDEMIOLOGY OF H. PYLORI DISEASE

H. pylori are most abundant in the mucus coat over-
lying the gastric epithelium and are rarely observed
intracellularly. Thus, H. pylori infection is always asso-
ciated with histologic gastritis, which is characterized
by the presence of acute and chronic in¯ammation lo-
calized within the gastric antrum. Since the isolation
and culture of H. pylori 22 years ago, the terms diffuse
antral gastritis and multifocal atrophic gastritis have
been introduced in an effort to explain the fundamental
role that this organism plays in the development of
gastroduodenal disease. According to the Sydney system
for grading gastritis, individuals at risk for developing
peptic ulcers (particularly duodenal ulcers) will develop
diffuse antral gastritis, which is characterized by min-
imal in¯ammation within the fundus and little or no
evidence of intestinal metaplasia within the antrum.
In this situation, H. pylori can often be found in the
duodenum, colonizing islands of gastric metaplasia
that are present within the duodenum. Epidemiological
studies have suggested that an individual with both
H. pylori gastritis and gastric metaplasia of the duode-
num has a 50-fold increased risk of developing a duo-
denal ulcer. The majority of patients diagnosed with
peptic ulcer disease have evidence of H. pylori infection.
Finally, combinations of acid-suppressive drugs and
antimicrobial agents not only eradicate H. pylori and
heal duodenal ulcers, but markedly decrease the recur-
rence rate of duodenal ulcers. Twelve-month recurrence
rates of 510% have been reported in patients success-
fully treated for H. pylori infection.

A number of epidemiological studies have also dem-
onstrated that chronic long-lasting H. pylori infection,

particularly when acquired in childhood, can signi®-
cantly increase the risk of developing gastric cancer
and/or mucosa-associated lymphoid tissue lymphoma.
H. pylori-infected individuals at risk for the develop-
ment of gastric adenocarcinoma usually develop mul-
tifocal atrophic gastritis, which is characterized by pan-
gastritis and the presence of signi®cant intestinal meta-
plasia. These studies were so compelling that the World
Health Organization has recently classi®ed H. pylori as a
human carcinogen.

Most epidemiological studies of H. pylori infection
have been performed in adults, who likely had been
infected for decades before diagnosis. Studies from
all continents have documented that the acquisition
of H. pylori infection occurs primarily during childhood.
It is now well established that the overwhelming ma-
jority of individuals in developing countries are infected
with H. pylori during childhood. Data to support the
early acquisition of H. pylori infection come from ret-
rospective studies that estimate the incidence of new
H. pylori infections to be 0.37% per patient year. At
present, it is known that H. pylori infection clusters
within families and that the acquisition of this infection
is strongly linked to conditions associated with lower
socioeconomic status during childhood, such as resi-
dential crowding. Observations such as these support
the hypothesis of person-to-person transmission of
H. pylori either via the oralÿoral route or via the
fecalÿoral route. The oralÿoral route of transmission
is supported by isolated reports con®rming the trans-
mission of H. pylori from the use of contaminated en-
doscopes and pH probes. Furthermore, there have been
reports con®rming the presence of viable H. pylori or-
ganisms recovered from the oropharynx and dental
plaque. Arguments for a fecalÿoral route of transmis-
sion are based on studies con®rming that viable H. pylori
can be cultured from human feces. Water and pets have
also been suggested to be environmental sources of H.
pylori infection. Additional studies to determine the
route of transmission of H. pylori are under way so
that adequate preventive strategies for this extremely
common infection of mankind can be developed.

ROLE OF H. PYLORI INFECTION
IN CHILDREN WITH ULCERS
AND GASTRITIS

Although all children infected with H. pylori appear to
develop chronic active gastritis, the majority of these
children are asymptomatic and never have clinically
evident disease. Only a minority of children develop
peptic ulceration or gastric cancer, the more severe
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manifestations of Helicobacter infection. The only
known risk factors for the acquisition of H. pylori in
childhood are minimal education and low socioeco-
nomic status. The association of H. pylori infection
and recurrent abdominal pain in children is controver-
sial. With the exception of one study by Chong and Lou
in 1995, there does not appear to be an association
between H. pylori infection and an increased prevalence
of recurrent abdominal pain. Therefore, routine evalu-
ation for H. pylori in patients without symptoms of
peptic ulcer disease is not warranted. There is no
clear evidence that treatment of H. pylori will alleviate
symptoms in children who have H. pylori gastritis and
recurrent abdominal pain.2

BACTERIAL PATHOGENESIS

The entire H. pylori genome has now been sequenced.
Analysis of the genome has lent support to previously
described biochemical and physiological observations
that led to the designation of the new Helicobacter genus.
The genome sequence has also suggested the presence
of several characteristics common to other mucosal
pathogens, including systems for motility, iron scaveng-
ing, complex adhesin systems for hostÿpathogen inter-
actions, and regulatory networks. Additionally, the
genetic machinery is present not only for DNA restric-
tion and modi®cation but most probably to provide
mechanisms of antigenic variation.

Several virulence factors of H. pylori that either play a
direct role in the ability of the bacteria to colonize the
gastric mucosa or may contribute to the pathogenesis of
disease have now been identi®ed. The enzyme urease,
which gastric Helicobacter species produce in large
quantities, is located on the bacterial surface and was
one of the ®rst colonization/virulence factors described.
It has been suggested that urease, which hydrolyzes urea
into CO2 and NH4OH, may allow H. pylori to survive in
the highly acidic environment of the gastric lumen by
surrounding itself with a `̀ cloud'' of ammonia. Studies in
gnotobiotic pigs using a chemically induced urease-neg-
ative mutant of H. pylori demonstrated that urease is
essential for the colonization of the gastric mucosa by
H. pylori. The ammonia produced by the hydrolysis of
urea may also have direct toxic effects on the gastric
epithelium. Additionally, some strains of H. pylori pro-
duce a potent cytotoxin, VacA, which causes vacuoliza-
tion of tissue culture cells and most likely causes
epithelial damage in vivo. It is also likely that motility
is important in allowing the organism to penetrate the
gastric mucus and localize to the gastric epithelium. Re-
cent studies in the pig model using isogenic ¯agellin
knockout strains of H. pylori indicated that motility is

involved in the virulence and pathogenesis of H. pylori.
Although H. pylori is not generally considered to be an
invasivepathogen, itdoesbindtogastricepitheliumboth
in vitro and in vivo. There is growing evidence that one or
more of a relatively large number of putative adhesins
may be important in the pathogenesis of H. pylori
infections.

In addition to the colonization factors listed above, it
has been suggested that phenotypic or genotypic
differences among bacterial isolates may be important
in the progression of disease. Studies investigating
differences among bacterial strains were prompted by
observations indicating that although approximately
50% of the world's population is infected with H. pylori,
less than 10% of the infected population appears to
exhibit any disease symptoms. A 120 kDa protein
originally identi®ed by gastric immunoglobulin A
(IgA) antibodies in infected subjects was found to be co-
expressed in bacterial strains expressing large amounts
of VacA and was subsequently named CagA (for cyto-
toxin-associated gene A). There is accumulating evi-
dence that individuals infected with strains of H. pylori
that express VacA and/or CagA are more likely to de-
velop peptic ulcers or gastric cancer than are individuals
who are infected with VacA- or CagA-negative strains.
Studies examining the relationship between the pres-
ence of CagA and the expression of interleukin-8 (IL-8)
by epithelial cells suggest that the CagA protein is a
marker for a series of genes within an H. pylori `̀ path-
ogenicity island.'' Other putative virulence genes have
also been identi®ed. IceA, an H. pylori gene induced by
contact with the epithelium, is selectively up-regulated
following contact with the gastric epithelium. Two dis-
tinct allelic families have been identi®ed (IceA1, IceA2),
with IceA1 being the predominant allele in H. pylori
strains recovered from patients with peptic ulcer dis-
ease; it is also associated with increased mucosal con-
centrations of IL-8. Although these bacterial factors
probably play important roles in the diseases associated
with H. pylori infection, by themselves they cannot ex-
plain the observed variations in clinical outcome. Fifty
percent or more of all H. pylori strains fall into the `̀ type
I'' designation yet only a small minority of individuals
infected with type I strains develop serious disease.
Some researchers believe that the host response to
infection also plays an important role in determining
H. pylori disease outcome.

IMMUNE RESPONSES TO H. PYLORI
INFECTION ARE NOT PROTECTIVE

The in¯ammatory in®ltrate associated with H. pylori
infection primarily affects the antral region of the
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stomach and is accompanied by epithelial degenerative
changes. Ultimately, the in¯ammation associated with
H. pylori infection is characterized by the in®ltration of
polymorphonuclear cells and mononuclear cells into
the gastric lamina propria and hyperproliferation of
the gastric epithelium. The mononuclear cells consist
primarily of IgA plasma cells, B cells, and CD4� T cells.
Interestingly, organized lymphoid aggregates not gen-
erally seen in the normal stomach are also present in the
submucosa and may in part explain the nodularity noted
in the gastric antrum of children infected with H. pylori.

Since H. pylori is a noninvasive bacterium that
resides in the gastric mucus, its exposure to immune
effector mechanisms is minimal. However, it is able to
induce an in¯ammatory response that cannot eliminate
it. A prominent feature of this frustrated in¯ammatory
response is the enhanced presence of IL-8, a neutrophil-
activating chemokine, in the gastric mucosa of infected
individuals. The recruitment of neutrophils to the lam-
ina propria initiates a cascade of pro-in¯ammatory
events that eventually results in chronic active gastritis.
As mentioned above, H. pylori strains carrying a path-
ogenicity island that encodes factors that increase IL-8
production tend to be more in¯ammatory than those
strains that lack the pathogenicity island.

In addition to initiating pro-in¯ammatory events in
the gastric mucosa, H. pylori itself is somehow `̀ seen'' by
the host immune system, which results in H. pylori-spe-
ci®c antibody and T-cell responses. It is well docu-
mented that infection with H. pylori is accompanied
by both gastric and serum antibody responses and, as
discussed below, the presence of H. pylori-speci®c
serum antibodies is often used as an indicator of infec-
tion. Local, gastric antibodies have been observed to
bind to H. pylori in immunohistochemical staining anal-
ysis yet the response does not clear the infection.

In 1990, it was demonstrated that the T cells from
H. pylori-infected patients speci®cally proliferate in re-
sponse to H. pylori antigens. However, subsequent
studies have yielded con¯icting results regarding the
role of cell-mediated immune responses in Helicobacter
infections. Although some investigators have detected a
Helicobacter-speci®c cellular immune response in in-
fected patients, other investigators have found that lym-
phocytes from both H. pylori seropositive and H. pylori
seronegative individuals will proliferate in vitro in
response to Helicobacter antigens. In the latter case,
H. pylori seropositive patients sometimes actually
show a decrease in responsiveness compared to H. pylori
seronegative individuals. This had led to the suggestion
that H. pylori may down-regulate the cellular immune
response toward itself. Until recently, the T cells used in
these proliferation studies have employed peripheral

blood mononuclear cells. However, several investigators
have now examined the local gastric T-cell responses
from H. pylori-infected patients. The T cells isolated
from gastric biopsies are predominantly interferon-g
(IFN-g)-secreting cells. Since IFN-g is a pro-in¯amma-
tory T helper 1 (TH1)-type cytokine, it has been sug-
gested that T-cell responses may actually play a role in
the gastritis associated with Helicobacter infections.

The authors' laboratory has used murine models of
Helicobacter infection to demonstrate that the host re-
sponse plays a role in Helicobacter-associated pathogen-
esis. One murine model that has been used extensively
to study host responses is the H. felis model described
by Lee and colleagues. Despite the fact that H. felis ap-
parently lacks the cag pathogenicity island, it does yield
a vigorous in¯ammatory response in several strains of
mice. A series of inbred strains of mice (BALB/c, C3H,
C57BL/6, and MHC congenic partners on the BALB/c
and C57BL/6 backgrounds) infected with a single strain
of H. felis were studied. Following infection, these
strains of mice exhibited differences in both the extent
and magnitude of infection and the nature of the in¯am-
mation. The BALB/c background had minimal in¯am-
matory responses after Helicobacter infection, but
mice with a C57BL/6 background had more severe in-
¯ammation. In addition, C57BL/6 mice, like humans
infected with H. pylori, also exhibited an in¯ammatory
response that increased in severity over time. Additional
studies examining the host in¯ammatory response to
Helicobacter infection using congenic partners on the
BALB/c and C57BL/6 backgrounds suggest that non-
major histocompatibility complex (MHC) background
genes play the major role in determining disease char-
acter. These results have been con®rmed by others who
have shown similar results with H. pylori. These results
suggest that the nature of the host immune or in¯am-
matory response is also important in determining dis-
ease outcome after H. pylori infection of humans.

Participation of both innate and adaptive immune
mechanisms in the H. felis-associated gastritis model
was shown by experiments performed in severe com-
bined immunode®ciency (SCID) mice. The magnitude
of the in¯ammatory response in SCID mice and that of
wild-type immunocompetent control mice on a BALB/c
background (a low in¯ammatory mouse strain) were
comparable but low.3 However, when SCID mice on a
C57BL/6 background were infected with H. felis, they
demonstrated a much lower in¯ammatory response
than the wild-type immunocompetent C57BL/6 mice
(a high in¯ammatory mouse strain). In fact, the in¯am-
mation in the C57BL/6 SCID mice was equivalent to
that in the BALB/c wild-type mice and the BALB/c
SCID mice. These results demonstrate that the immune
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response contributes to the observed differences in dis-
ease outcome among various strains of mice infected
with H. felis and strongly suggest that the immune
response contributes to the different clinical disease
outcomes seen in humans chronically infected with
H. pylori.

Either antibodies or cell-mediated immune re-
sponses could play a role in the disease process.
A role for antibodies in exacerbating Helicobacter-
associated gastritis was suggested by the discovery of
anti-Helicobacter antibodies in H. pylori-positive pa-
tients and mice that were cross-reactive for antigens
in the gastric mucosa. Recently, the autoantibody theory
of Helicobacter pathogenesis has fallen out of favor.
Studies using mMt mice infected with H. felis that dem-
onstrated no reduction in gastric in¯ammation also
tends to rule out a role for antibodies in the pathogenesis
of this infectious disease.

As mentioned above, the T cells present in the in-
¯ammation associated with an H. pylori infection are
primarily IFN-g producers. These cells are generally
believed to be pro-in¯ammatory in nature. The authors'
experiments using the H. felis mouse model are consis-
tent with these observations. Adoptive transfer of
Helicobacter-speci®c TH1 cells into mice results in
increased in¯ammatory responses in the gastric mucosa
following challenge with H. felis. The extent of the
T-cell-mediated in¯ammation seems to be dictated by
the genetics of the host. When Balb/c mice (TH2 biased)
and C57BL/6 mice (TH1 biased) are infected with
Helicobacter simultaneously, only the C57BL/6 mice
will develop signi®cant in¯ammation of the gastric
mucosa. This difference is not due to MHC usage; by
treating infected Balb/c mice with IL-12, a TH1 regula-
tory cytokine, in¯ammation levels rise to those observed
in C57BL/6 mice.4

The authors' laboratory has also used the H. felis
mouse model to further explore the role of T cells in
Helicobacter immunity. It has been observed that, as in
humans, splenic lymphocytes from both infected and
naive mice exhibited signi®cant proliferation in re-
sponse to heat-killed antigens and that the T cells
from these mice are predominantly IFN-g secretors.
When C57BL/6 mice (TH1 bias) were infected with
H. felis, the resulting Helicobacter-speci®c T cells were
IFN-g producers. The levels of IFN-g produced corre-
lated with the level of in¯ammation in individual mice.
The magnitude of the in¯ammation was reduced if mice
were treated with anti-IFN-g antibodies. Additionally,
when H. felis-speci®c TH1-cell lines were adoptively
transferred into recipient mice that were then infected
with H. felis, the recipient animals demonstrated en-
hanced gastric in¯ammation. Thus, the mouse model

supports the data from human studies indicating that an
in¯ammatory TH1 cellular immune response plays a role
in the gastric in¯ammation observed in Helicobacter-
infected individuals.

DIAGNOSTIC METHODS

Diagnosis of H. pylori infection can be accomplished by
several different methods. Although H. pylori infection
appears to be a chronic lifelong infection, there is a
robust host systemic and mucosal humoral immune
response to this organism. Therefore, serologic tests
have now become the mainstay for noninvasive screen-
ing diagnosis of this infection. Commercially available
serologic tests can now be performed in a central lab-
oratory, on whole blood using a rapid of®ce-based test,
and there are even suggestions that the serologic diag-
nosis can be made by screening saliva. All of these tests
appear to be capable of initially diagnosing an H. pylori
infection but have limited ability to con®rm a cure.
Histologic demonstration of H. pylori initially was
dependent on silver staining (Warthin-Starry) tech-
niques. Using this time-consuming, expensive, and
technically dif®cult technique, spiral microorganisms
can be seen clearly in the mucus coat overlying the
gastric epithelium. Although the Gram stain is a simple
and rapid technique, it is not recommended for H. pylori
since these gram-negative rods stain poorly and are dif-
®cult to visualize. A number of other stains have been
evaluated, including Giemsa, phase contrast, acridine
orange, Brown-Hopps, and Genta stain, in an effort
to develop a cost-effective and reproducible stain to
identify H. pylori in human tissue.

Since H. pylori produces a large amount of urease,
the immediate placement of biopsy material into urea-
containing broth or agar yields an immediate (within
2 h) color change from yellow to pink, allowing rapid
identi®cation. Additional diagnostic techniques have
been developed in an attempt to eliminate the need
for endoscopy and biopsy. The stable isotopic 13C non-
radioactive urea breath test has been used diagnostically
since urease is not present in mammalian gastric cells.
The recovery of labeled 13CO2 in exhaled air following
the ingestion of stably labeled urea indicates H. pylori
infection. The breath test is a useful, noninvasive, non-
radioactive means of diagnosing H. pylori gastroduode-
nal disease.

As noted above, several enzyme-linked immunosor-
bent assay-based commercial kits that measure anti-
H. pylori serum IgG antibody titers in adults. When
used in children, the sensitivity and speci®city of
these tests is quite variable and seems to depend a
great deal on the test used. Children under the age of

GASTRITIS AND HELICOBACTER PYLORI, PEDIATRIC 191



12 years also seem to have more false-negative sero-
logies. Therefore, a negative serology does not rule
out infection in young children. In children, the
[28C]urea breath test may offer some important advan-
tages over the serologic tests. It is noninvasive, easily
performed, and easily repeated in order to evaluate
response to treatment. This test measures the actual
bacterial colonization in gastric mucosa. However,
this test is currently not validated or approved by the
Food and Drug Administration (FDA) for use in chil-
dren. Recently, guidelines for the diagnosis and treat-
ment of H. pylori infection in children were endorsed by
the Academy of Pediatrics and published. Based on the
current available data, the use of serology or a urea
breath test for the diagnosis of H. pylori infection in
children is not recommended. These guidelines recom-
mend endoscopy with biopsy for the evaluation of
children with symptoms consistent with peptic ulcer
disease. The purpose of the endoscopy is to identify
organic etiologies for the dyspepsia, not simply to
screen for H. pylori.

TREATMENT

Despite the fact that the National Institutes of Health
consensus conference and numerous authorities all
agree that patients with H. pylori infection and peptic
ulcers should receive therapy targeted at eradicating
the H. pylori infection, no therapeutic combinations
were of®cially approved by the FDA until recently.
However, the FDA has now of®cially approved a num-
ber of therapies for the treatment of H. pylori-associated
peptic ulcer disease in adults. Speci®cally, a combina-
tion of clarithromycin 500 mg tid and omeprazole
40 mg qid for 2 weeks followed by 2 additional weeks
of omeprazole therapy or a second combination of
clarithromycin 500 mg tid and ranitidine/bismuth cit-
rate6 400 mg bid for 4 weeks has received approval.
Finally, a PeptoBismol/metronidazole/tetracycline tri-
ple therapy has also been approved by the FDA for
the eradication of H. pylori infection. Despite these
approvals, numerous research groups continue to
search for therapies giving better eradication rates.
The addition of metronidazole to the omeprazole/
claritromycin dual therapy appears to be superior and
may allow physicians to shorten the length of therapy.

Compliance is a very important factor in achieving
eradication of H. pylori in children. Several regimens
were published, including 1-week therapy with
colloidal bismuth subcitrate, clarithromycin, and
metronidazole (eradication in 21 of 22 subjects) or
1-week treatment with lansoprazole, amoxicillin, and
clarithromycin. The latter study had an eradication

rate of 87%. Treatment for a 2-week period with
metronidazole, clarithromycin, and omeprazole was
successful in 93% of the children treated. Although
concerns about the use of bismuth salts in children
have been expressed, none of the potential side effects
have been reported when used for the treatment of
H. pylori in children. Table I summarizes the recom-
mended eradication therapies for H. pylori-associated
disease in children.

Unfortunately, attempts to cure large populations
of individuals infected with H. pylori has led to the
acquisition of antimicrobial resistance. A large number
of H. pylori clinical isolates have acquired resistance to
clarithromycin and metronidiazole. Drug therapies for
eradication of H. pylori from the gastrointestinal tract
continue to have a number of limitations, including
poor compliance, adverse side effects, and antimicrobial
resistance. Therefore, a number of laboratories began to
investigate the possibility of developing a vaccine to
prevent H. pylori infection. The results of this work
have not only demonstrated the feasibility of a prophy-
lactic vaccine, but have also demonstrated the feasibility
of a therapeutic vaccine that is capable of curing patients
already infected with H. pylori.

VACCINES FOR THE PREVENTION OF
H. PYLORI INFECTION

In addition to its role in pathogenesis, there is potential
for the immune response to play a role in controlling
Helicobacter infection. The authors initially used the
H. felis/mouse model to develop an oral immunization
protocol that is capable of inducing protective immunity
against infectious challenge. This protocol, which em-
ploys Helicobacter antigens in combination with the mu-
cosal adjuvant cholera toxin (CT), has now also been
applied to the H. pylori model by the authors' laboratory
and other laboratories. Surprisingly, not only can

TABLE I Recommended Eradication Therapies for

Helicobacter pylori-Associated Disease in Children

Medication Dose

mg/kg/day bid

Duration

of treatment

Amoxicillin 50 14 days

Clarithromycin 15 14 days

Proton pump inhibitor 1 1 month

Amoxicillin 50 14 days

Metronidazole 20 14 days

Proton pump inhibitor 1 1 month

Clarithromycin 15 14 days

Metronidazole 20 14 days

Proton pump inhibitor 1 1 month
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protective immunity be induced by prophylactic immu-
nization of healthy mice, but in both mouse and ferret
models of Helicobacter infection, immunization appears
to be an effective immunotherapy to eradicate the or-
ganism from infected hosts.

One major question relating to Helicobacter immu-
nity concerns why it is that both immunization and
infection induce local immune responses but only the
immunized animals are protected. It has been previously
demonstrated that Helicobacter-speci®c antibodies are
suf®cient to provide passive protection in mice when
applied directly to the stomach. Additionally, distinct
differences in the antigenic speci®cities between mice
that are infected with Helicobacter and those that are
protectively immunized have been described. However,
a recent study employing IgA knockout mice showed
that they could be protected in the absence of secretory
IgA. Additionally, when kMT knockout antibody-de®-
cient mice were used to further investigate the role of
antibodies in protective immunity, it was demonstrated
that antibodies are not required for protection. Thus, it
appears that the primary difference in the immune re-
sponses between protected and infected groups is prob-
ably in the T-cell response.

A role for T cells in protective immunity against
Helicobacter is supported by experiments in which
adoptively transferred CD4� T cells from Helicobacter-
immunized mice, but not those from infected mice, were
suf®cient to provide protection from challenge. A role
for the TH2-type immune response was suggested by the
®nding that adoptively transferring a TH2-cell line could
reduce the bacterial load but using a TH1-cell line could
not. Furthermore, a switch from TH1 to TH2 cytokine
production following successful therapeutic vaccina-
tion also supports a role for TH2 cells in immune pro-
tection from Helicobacter infection. All of these data
have been generated from immunization studies using
CT or Escherichia coli heat-labile toxin (LT) as mucosal
adjuvants for oral immunization and the observations
supporting a role for TH2-based immunity are consistent
with the known activities of mucosal adjuvants such as
CT or LT. Therefore, it appears that immunization to
prevent and/or cure chronic H. pylori infection may be
the ideal therapeutic approach.

VACCINE STUDIES IN HUMANS

Since greater than half of the world's population is
chronically infected with H. pylori, an effective vaccine
regimen is a realistic goal. Successful eradication of
chronic Helicobacter infections in the three animal mod-
els discussed in this article is an encouraging ®nding. A
therapeutic vaccine would be more cost-effective and

result in fewer potential complications than the admin-
istration of multiple antimicrobial agents to affected
populations. Recently, a clinical trial was performed
on volunteers to test an oral therapeutic vaccine con-
sisting of recombinant H. pylori urease apoenzyme in
combination with the mucosal adjuvant E. coli LT. The
results were encouraging as subjects receiving the test
vaccine had signi®cant reductions in gastric H. pylori
density compared to those receiving placebo controls.
Additionally, anti-H. pylori urease IgA-producing cells
from the circulation were signi®cantly elevated in those
patients receiving the vaccine compared to controls.
Although a signi®cant number of patients experienced
diarrhea due to the LT, and complete bacterial eradica-
tion was not observed in any of the subjects, this study
was an important ®rst step in suggesting that improved
vaccine formulations and safer adjuvants may achieve
satisfactory outcomes.

SUMMARY

There is now considerable evidence that H. pylori is a
human pathogen. The strong association between
H. pylori and gastroduodenal disease is well docu-
mented. A number of hypotheses have been suggested
for the pathogenic mechanisms of H. pylori-induced
gastroduodenal disease including the presence of bac-
terial virulence factors, the production of in¯ammatory
mediators, dysregulation of acid secretion, and the host
immune response. Although animal models in which
protective immunity can be induced by oral vaccination
have been developed, the technology has not been ad-
vanced for use in humans. At present, treatment with a
combination of antimicrobial agents and proton pump
inhibitors continues to be recommended for the
treatment of H. pylori-associated peptic ulcer disease
in children.
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Gastro-colic Re¯ex
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chemoreceptors Molecules on sensory neurons that recog-

nize speci®c chemical substances in the extracellular

milieu and signal changes in the concentration of the

speci®c substance.

colonic motility Patterned activity of the musculature of the

colon responsible for propulsion and mixing of the

luminal contents.

enteric nervous system Division of the autonomic nervous

system that behaves like an independent integrative

nervous system within the wall of the digestive tract.

gastro-colic re¯ex Meal-induced change in motility of the

large intestine.

irritable bowel syndrome Persistent symptoms of abdominal

pain and alterations of bowel habit not explainable by

any apparent physical or biochemical abnormality.

mechanoreceptors Molecules on sensory neurons that detect

and signal mechanical energy changes such as contractile

tension or stretch of a muscle.

As early as 1909, A. F. Hertz reported that ingestion of a

meal is the most powerful of all stimuli for motor activity

of the colon in humans. Hertz did a ¯uoroscopic exami-

nation of an individual who had eaten a supper of porridge

containing bismuth oxychloride on the previous evening;

¯uoroscopy before breakfast showed the cecum and as-

cending colon and most of the transverse colon, and the

terminal ileum was also faintly visible. By 45 minutes

after breakfast, the ileum was no longer visible and the

shadow of the whole colon, as far as the junction of

the iliac with the pelvic colon, was clearly seen. The break-

fast clearly acted as a powerful stimulant for forward

propulsion of the contents of the colon and of the terminal

ileum. Hertz believed that the effect of food entering

the stomach on the terminal ileum and large intestine

was a re¯ex action, which he called the `̀ gastro-colic

re¯ex.''
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INTRODUCTION

As described by Hertz in 1909, there is a propulsive
response of the bowels following ingestion of food
(Fig. 1). Normally, the desire for defecation is felt fol-
lowing a meal, and most often after breakfast. Stimu-
lation of the gastro-colic re¯ex by food entering an
empty stomach after a fast of 12 hours is greater than
that produced by food taken in the middle of the day or
in the evening at a comparatively short interval after a
noon-day meal. Investigators during the early 20th Cen-
tury observed that under natural conditions, the passage
of feces along the colon was mainly due to a rapid mass
movement, repeated three or four times a day, in the
direction of the anus along a considerable length of
bowel. It was thought that these movements were pro-
duced by a powerful peristaltic propulsive wave. The
propulsive wave was characterized by manometric
studies of the human colon several decades later. Man-
ometric studies found that a high-amplitude propagat-
ing contraction (HAPC) of the colonic musculature
accounted for the mass movements of feces.

The increased colonic motility in response to a meal
occurs even in patients who have had their stomach
removed. Occurrence of meal-evoked movements in the

colon of these individuals suggests that the gastro-colic
re¯ex can be evoked both by entry of food into the sto-
mach and by entry of food into the upper small intestine.

CLINICAL SIGNIFICANCE

Exaggeration of the stimulating action of a meal on
colonic motility appears to be the cause of the symptoms
frequently observed in patients with the irritable bowel
syndrome (IBS); these patients experience abdominal
pain, diarrhea, and urgency of defecation following in-
gestion of a meal. Ingestion of a meal, particularly one
rich in fat, results in powerful contractions of the left
colon that propagate rapidly to the sigmoid colon. Mo-
tility studies show that the powerful contractions that
propagate from the proximal colon to the distal colon,
including the sigmoid colon, are HAPCs. The luminal
pressure in the colon can increase to a level as high as
500 mmHg during the HAPCs in IBS patients (Fig. 2).

When HAPCs occur in the left colon, the IBS patients
often experience sensations of urgency to defecate.
These observations imply that the sensation of urgency
followed by defecation after breakfast is due to a move-
ment of colon contents caused by powerful propulsive
HAPCs. On the contrary, in patients with severe
constipation associated with thoracic spinal injury,
multiple sclerosis, or diabetes mellitus, the colonic
motor response to a meal is absent.

NEURONAL MECHANISMS

Understanding of detailed mechanisms of meal-induced
changes in colonic motility is still in its infancy; never-
theless, the evidence suggests that neurohormonal
mechanisms are the underlying factors responsible for
the gastro-colic re¯ex. The nervous system extrinsic
to the stomach and colon has been suggested to be
involved in the mechanisms that evoke colonic motor
response to ingestion of a meal. In patients with thoracic
spinal injury and multiple sclerosis, the colonic motor
response to eating is either absent or impaired. In dia-
betic patients with severe constipation, there is no post-
prandial increase in colonic motor activity. In diabetic
patients, an autonomic neuropathy (i.e., malfunction of
the extrinsic innervation of the colon) may be responsi-
ble for absence of the postprandial gastro-colic response.

Involvement of the extrinsic nervous system in the
control of colonic motility has been demonstrated in
experimental animal models. In the monkey, reversible
cooling of the vagus nerves signi®cantly decreases
colonic motility both in fasting and in the postprandial
state. Reversible vagal cooling also reduces spontane-
ously occurring colonic motility in the ferret. Moreover,

FIGURE 1 An early radiographic study by A. F. Hertz, with

bismuth as the contrast material, illustrating the gastro-colic re-

¯ex. (A) Prior to the morning meal, contrast material ingested the

previous evening was localized to the terminal ileum, ascending

colon, and proximal region of the transverse colon. (B) Postpran-

dial motility moved the contrast material into most of the trans-

verse colon and emptied the terminal ileum 25 minutes after

the morning meal. (C) The contrast material appears throughout

the transverse colon and in the descending colon down to the

recto-sigmoid colon 45 minutes after the meal. (D) By 60 minutes

after the meal, defecation emptied the left colon.
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in anesthetized ferrets, electric stimulation of either the
cut central or peripheral end of a branch of the abdom-
inal vagus nerve evokes a large-amplitude contraction of
the colon. The response is not blocked by atropine or
atropine plus adrenergic blockers, suggesting that nei-
ther acetylcholine nor norepinephrine is involved. Two
separate vagal motor pathways to the colon in¯uence
colonic motility. One pathway releases the neurotrans-
mitter acetylcholine and is referred to as cholinergic.
The second pathway involves neither acetylcholine
nor norepinephrine and is therefore referred to as a
noncholinergicÿnonadrenergic pathway.

John Wiley et al., have demonstrated the presence of
mechanoreceptors in the human stomach that respond
to gastric distension and that appear to be the starting
point for a re¯ex increase in rectosigmoid motility. The
response to gastric distension is abolished by atropine,
indicating that it is mediated via a cholinergic pathway.
A recent ®nding in IBS patients is that the colonic motor
response with HAPCs to ingestion of a meal or to
administration of the hormone cholecystokinin is abol-
ished by a drug that blocks the 5-hydroxytryptamine
subtype 3 (5-HT3) receptor for serotonin. Thus,
both cholinergic and serotonergic receptors appear to
be involved in gastro-colonic responses, probably via
the enteric nervous system.

HORMONAL MECHANISMS

In as few as 5 minutes after ingested liquids and solids
enter the stomach, the lique®ed component of the
contents leaves the stomach and enters the duodenum.
Thus, the colonic motor response that occurs in a half
hour after a meal is probably due not only to disten-
sion of the stomach with food and signaling of gastric
distension by mechanoreceptors, but also to gastric
contents entering the upper small intestine. Of the
nutrients that enter the duodenum, fat and its diges-
tive products are the most potent stimulants for trig-
gering increases in colonic motor activity, particularly
that of the left colon, to produce mass movements that
lead to defecation. The action of fat is mediated via
chemoreceptors in the upper small intestinal mucosa
and is partially atropine sensitive. Atropine blocks
the muscarinic type receptor for acetylcholine, and
the action of atropine in this case suggests the involve-
ment of neural pathways that release the neurotrans-
mitter acetylcholine.

Cholecystokinin (CCK) is an important gut hor-
mone that is released by fat. Although intravenous ad-
ministration of CCK has long been known to stimulate
contractile activity of the human sigmoid colon and
rectum, it was initially unknown whether fat-induced
colonic motility was mediated by release of CCK as a
hormonal signal. This was clari®ed by observations that
fat-induced elevation of CCK in the blood was incapable
of increasing rectosigmoid motility in healthy volun-
teers. Moreover, a drug that blocks receptors for CCK
does not affect postprandial colonic motility in healthy
subjects or in patients with IBS. That release of CCK as a
hormonal signal in normal conditions cannot account
for the increased rectosigmoid motility that occurs after
a fat-containing meal is now clear. Aside from CCK,
other hormones are released in response to normal
and fat-rich meals. These meal-stimulated hormones
include peptide YY and motilin. Whether these hor-
mones are involved in the signaling of the gastro-
colic re¯ex remains as an open question.
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been learned about their important role in causing
epidemic and sporadic gastroenteritis. The noroviruses
have been especially challenging to study, because they
cannot be cultivated in cell culture, infected individuals
may not shed large quantities of the virus, and there
is no small animal model that can be infected. Mole-
cular characterization of the viral genome has greatly
improved diagnostic capability and epidemiological
surveillance. Noroviruses are now considered to be a
major cause of acute gastroenteritis globally. Although
viral gastroenteritis is generally self-limiting, with a
benign course, dehydration may be a complication
requiring prompt medical attention, particularly in
infants and the elderly.

VIRAL PATHOGENS

The viral pathogens that cause acute gastroenteritis
represent four distinct viral families. Rotaviruses are
members of the family Reoviridae and have a
segmented, double-stranded RNA genome enclosed in
a triple-layered capsid. Noroviruses and sapoviruses
constitute two genera of the family Caliciviridae, with
a positive-sense RNA genome inside a capsid composed
of a single structural protein. Astroviruses, of the family
Astroviridae, are also nonenveloped viruses with a
positive-sense RNA genome, but their capsid is com-
posed of several structural protein subunits. Enteric
adenoviruses represent a unique subgroup of the family
Adenoviridae and have a double-stranded DNA genome
enclosed in a characteristic icosahedral capsid. Each
of these viruses also can be distinguished by electron
microscopy by their characteristic morphologic
features.

Rotaviruses

Group A rotaviruses are the most important cause
of severe dehydrating diarrhea in children. On a global
scale, it is estimated that there are 125 million cases of
rotavirus diarrhea, including 8 million cases of severe
diarrhea and 600,000 deaths. In the United States, it is
estimated that there are 1 million cases of rotavirus
diarrhea annually, with 65,000 requiring hospitalization
and less than 20 deaths.

Children between the ages of 3 months and 3 years
are most susceptible to infection. Because immunity to
reinfection is not complete, rotavirus disease can also
occur in otherwise healthy adults, as well as in patients
who are elderly or immunosuppressed. Infection in
children living in temperate climates usually occurs
in the cooler months. In the United States and Europe,
a wave of illness has been observed to spread from the

Southwest to Northeast, starting in the autumn. In
tropical climates and among adults, there does not
appear to be seasonal variation.

Infection is transmitted primarily through the
fecalÿoral route in a highly ef®cient manner that
owes to the large amount of viruses shed in feces.
Food- and waterborne transmission is not common,
but has also been reported. The incubation period
ranges from 1 to 3 days and is followed by the abrupt
onset of fever, malaise, vomiting, and watery diarrhea.
Duration of illness varies from 3 to 8 days. Severely
immunocompromised children may have a protracted
course. Dehydration, with associated mild elevation of
blood urea nitrogen (BUN) and mild metabolic acidosis,
may require treatment with oral rehydration solutions.

If speci®c diagnosis of rotavirus infection is needed,
enzyme immunoassays, with 490% sensitivity and
speci®city, are commercially available. Other diagnostic
methods, including immune electron microscopy,
nucleic acid hybridization with or without reverse
transcriptase and polymerase chain reaction (RT-
PCR), RNA electrophoresis, and cell culture isolation,
are not as widely available.

Caliciviruses

Norovirus

Norovirus is the new name for a genus of the family
Caliciviridae that includes a genetically diverse, but re-
lated, group of nonenveloped, single-stranded RNA vir-
uses that are a major cause of acute gastroenteritis
in humans. This group of viruses had previously been
called `̀ Norwalk-like viruses'' (NLVs), after the proto-
type Norwalk virus that was isolated from a 1968 out-
break in Norwalk, Ohio, or `̀ small round structured
viruses'' (SRSVs), a name based on their ultrastructural
appearance. It is estimated that 23 million people be-
come ill with noroviruses each year in the United States.

In 1972, the Norwalk virus was identi®ed by im-
mune electron microscopy, providing the ®rst proof
that a virus was the cause of a syndrome that had
been called `̀ winter vomiting disease.'' It was not until
the early 1990s that the viral genome was cloned and
sequenced, and the virus could be classi®ed as a
calicivirus. Sequence information also provided a
basis for diagnosis by RT-PCR. The discovery that ex-
pression of the capsid protein spontaneously yields re-
combinant virus-like particles (VLPs) further enhanced
studies of virus structure and immunity.

Between the early 1970s and the early 1990s, human
volunteer studies were the main research tool to
study viral pathogenesis. Norwalk virus infection was
associated with broadening and blunting of villi in the
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jejunum, crypt cell hyperplasia, cytoplasmic vacuoles,
and polymorphonuclear and mononuclear cell in®l-
trates in the lamina propria. Intestinal brush border
enzyme activity was decreased. Delayed gastric empty-
ing was also documented and may have contributed to
the symptoms of nausea and vomiting. Both structural
and functional abnormalities returned to normal after
resolution of the infection.

Immunity to infection with noroviruses is not com-
pletely understood. Studies have shown that only about
half the people who are exposed to noroviruses develop
illness, although asymptomatic infection can be docu-
mented in an additional 30%. Short-term immunity
(a few weeks to a few months) can be demonstrated
in infected individuals who mount an immune response,
but the level of serum antibody does not predict whether
the individual will be protected from reinfection or ill-
ness when challenged with the same norovirus in the
long term. Some studies ®nd no evidence for long-term
immunity; those individuals who become ill with the
initial exposure to the virus paradoxically become ill
with repeated challenges several months to years later.
Recent studies have suggested the possible role of blood
group antigens in viral pathogenesis and determining
susceptibility to infection. Persons belonging to blood
group O may be most susceptible to severe norovirus
infections. Recombinant Norwalk VLPs also show
promise in further investigations of viral immune re-
sponse and vaccine development.

Recent epidemics of gastroenteritis on cruise ships
have sharply focused attention on the noroviruses, but it
is well known that outbreaks can occur in many differ-
ent settings and can be associated with the ingestion of
contaminated food or water (less common). Raw or
inadequately cooked shell®sh pose a higher than aver-
age risk because viruses can be concentrated in these
®lter feeders. Uncooked or previously cooked foods that
require extensive preparation and handling by food
workers have also been associated with outbreaks. In
most outbreaks, primary attack rates are 50% or more
and secondary attack rates are 30% or more. Transmis-
sion occurs primarily through the fecalÿoral route,
but transmission through the airborne route and by
fomites may also contribute. It has been estimated
that infection can occur with the ingestion of as few
as 10 viral particles.

Typically, after an incubation period of 12 to 48
hours, patients will experience the acute onset of nau-
sea, abdominal cramping, diarrhea, and vomiting,
frequently associated with headache, body aches, and
low-grade fever. The symptoms last for 12 to 60 hours,
after which there is complete resolution of the illness,
although viral shedding may persist for up to 2 more

weeks. Children tend to have more vomiting and less
diarrhea; the reverse is observed for most adults. Severe
dehydration is rarely encountered, but elderly patients
with severe chronic diseases should be monitored
for this potential complication and treated as clinically
indicated.

The most widely used assay at present for diagnosing
norovirus infection is RT-PCR, which can detect 102 to
104 viral particles/ml of stool. Because of the high level
of sensitivity of this assay, care must be taken to avoid
contamination of samples. The genetic diversity of the
noroviruses has made it dif®cult to design primer sets
that are capable of detecting all strains of virus, but
current assays based on sequences from conserved
regions of the genome encoding the viral RNA-
dependent RNA polymerase are capable of detecting
multiple strains. Sequence analysis of successfully am-
pli®ed segments can help to determine the genogroup or
genetic cluster of a particular norovirus, trace outbreaks
to their source vehicle(s), and establish links between
outbreaks.

Sapovirus

Sapporo virus, a calicivirus with classic morphology,
is the prototype of the newly named genus Sapovirus.
The genome organization of this group of viruses is
more like those of animal caliciviruses, such as rabbit
hemorrhagic disease virus, than that of the noroviruses.
Sapovirus infection has different epidemiologic features,
compared to noroviruses. Sapoviruses cause acute gas-
troenteritis primarily in infants and young children, but
infection involving elderly adults has also been re-
ported. Sapovirus outbreaks have also been reported
to occur in institutional settings, although not as
frequently as noroviruses.

Seroprevalence studies indicate that nearly all chil-
dren have acquired Sapovirus antibodies by the age of
12 years, and these antibodies seem to confer long-term
resistance to reinfection. Infection is most likely trans-
mitted through the fecalÿoral route. Oysters and cold
foods have also been implicated as vectors of transmis-
sion. Following an incubation period of 24 to 72 hours,
patients develop vomiting and diarrhea acutely, with
associated abdominal pain, fever, and respiratory
symptoms. The symptoms, which resemble those of a
mild rotavirus infection, last for 24 to 48 hours. The
infection can be diagnosed by direct electron micros-
copy, given the large quantities of viruses shed in feces
and their distinctive appearance. There is no commer-
cially available enzyme immunoassay, and tests based
on viral nucleic acid sequence are not as far along as for
the noroviruses.
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Astroviruses

Human astroviruses primarily cause acute gastroen-
teritis in children, but illness has been reported to occur
among elderly patients residing in institutions and in
immunocompromised individuals (HIV-infected indi-
viduals and bone marrow transplant recipients). Most
adults who are otherwise healthy do not tend to become
infected or to develop symptoms. Similar to the sapo-
viruses, astrovirus antibodies are acquired early in
childhood, with antibody prevalence rates in the
range of 70% by school age. Astrovirus antibodies are
also detected in gamma globulin pools from the United
States and Japan.

The medical importance of astrovirus infection has
been demonstrated by epidemiological surveys that
show astrovirus to be second only to rotavirus as a
cause of viral gastroenteritis among children attending
outpatient clinics in Thailand. An Australian study
has shown that among children hospitalized for diar-
rhea, rotaviruses are the most common etiology (as
expected), followed by astroviruses. A typical case of
astrovirus gastroenteritis in an immunocompetent child
consists of a mild, watery diarrhea, vomiting, fever, and
abdominal pain, which begin after an incubation period
of 1 to 4 days. The symptoms last 2 to 3 days. In some
immunocompromised patients, protracted and severe
illness may occur.

Normal individuals are protected from repeated
astrovirus infections by serum antibodies and CD4�
T cells in the gut lamina propria that recognize
astrovirus antigens in an human leukocyte antigen
(HLA)-restricted manner. When CD4� T cells are de-
pleted by the use of chemotherapeutic agents, such as
¯udarabine, patients may develop a prolonged course of
astrovirus infection. In such patients, treatment with
immunoglobulin (intravenously and/or orally) has
been attempted in a small number of cases and has
shown variable success rates. This type of treatment
requires further study in controlled clinical trials.

Because astroviruses are shed in large quantities
during infection and because at least 10% of the viruses
display a distinctive surface star, diagnosis can be made
by direct electron microscopy. Because astroviruses
have been erroneously identi®ed, the caveat is that
accurate identi®cation of astroviruses may require an
experienced microscopist; a monoclonal antibody that
can detect all eight serotypes of the human astrovirus
is available.

Enteric Adenoviruses

Enteric adenoviruses are members of the
Adenoviridae, a large family of DNA viruses that are

associated with a wide spectrum of illnesses. Enteric
adenoviruses that consistently cause gastrointestinal
illness in infants and young children have been assigned
to subgroup F, serotypes 40 and 41. Nonenteric types
of adenoviruses have been identi®ed in the stools of
HIV-infected patients with acute or chronic diarrhea,
but it has not been clearly demonstrated that these
types of adenoviruses have an etiologic role.

Enteric adenovirus infections have a worldwide
distribution, primarily infecting children under the
age of 2 years. They are, in general, a less common
cause of acute gastroenteritis, compared to astroviruses
or noroviruses. However, in one study from Guatemala,
enteric adenovirus infection was found to be more
common than rotavirus infection (14 vs. 4.7%, respec-
tively). There is no seasonal variation associated with
enteric adenovirus infection.

After an incubation period of about 7 days, patients
develop watery diarrhea and vomiting (less commonly).
Respiratory symptoms and low-grade fever may also
develop during the course of illness. Infection can
range from mild to severe, but the majority of cases
are mild. Viral shedding in stool lasts for up to
2 weeks, substantially longer than for rotavirus. The
clinical course may be complicated by prolonged lactose
intoleration and malabsorption. Whether adenovirus
infection has any relationship to the development of
celiac disease has not been resolved. The preferred
method to detect the presence of enteric adenovirus
in stool is the enzyme immunoassay, which is based
on monoclonal antibodies to each type of enteric ade-
novirus. The assay is highly sensitive and speci®c and
is commercially available.

TREATMENT AND PREVENTION

There are no speci®c antiviral therapies at the present
time. Treatment is aimed at rehydration and supportive
care, including early refeeding. Nonspeci®c treatment
such as bismuth subsalicylate may decrease the severity
of abdominal cramping in norovirus infection. For
patients who develop dehydration, oral rehydration
therapy, as recommended by the World Health Organi-
zation, is usually successful. In rare cases of severe
vomiting or shock, parenteral hydration may be
required. Once rehydration is accomplished, resump-
tion of a regular diet is encouraged, even though some
degree of infection-associated lactase de®ciency may
be present.

Prevention of foodborne infections begins with good
handwashing and safe practices for food preparation.
Public education about the risks associated with eating
certain foods and transmission of viruses is essential.
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Improved methods to decontaminate food or for rapid
detection of gastroenteric viruses in food should also be
helpful. Given the magnitude of the problem, a major
approach to prevention of rotavirus illness has focused
on vaccine development. Although several live attenu-
ated vaccine candidates have yielded promising results,
no vaccine is currently available for widespread use.
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stomach is connected to the jejunum. Gastrojejuno-
stomy is the most frequently used type of gastroenter-
ostomy (see Figs. 1 and 2).

SURGICAL INDICATIONS FOR
GASTROENTEROSTOMY

There are two main indications or situations in which a
surgeon may use a gastroenterostomy. The ®rst reason is
to reestablish continuity between the stomach and the
small intestine following partial removal of the stomach.
For example, a patient may have a large benign (i.e.,
non-cancer-containing) mass of the stomach near the
duodenum. The surgeon may choose to remove the part
of the stomach with the mass plus a piece of the duo-
denum to ensure that the entire mass has been removed.
The surgeon must now reconnect the remaining part
of the stomach to the small intestine so that food and

juices can pass from the stomach to the intestine as
before. This is accomplished using a gastroenterostomy.
The surgeon may choose to connect the stomach to the
remaining duodenum (i.e., a gastroduodenostomy; see
Fig. 1A) or to the side of the jejunum (i.e., a gastroje-
junostomy; see Fig. 1B).

A gastroenterostomy may also be used to circumvent
an area of the stomach that is blocked. This may occur
for a variety of reasons. For example, a patient may have
a cancer that blocks the passage of food from the stom-
ach into the duodenum. If the cancer has grown too
large to be removed safely, one option is for a surgeon
to connect the stomach to the side of the jejunum (i.e., a
gastrojejunostomy) without the necessity of removing
the mass or any part of the intestinal tract. This allows
food to travel directly from the stomach to the jejunum,
bypassing the blockage in the duodenum (see Fig. 2).

There are a large number of techniques for con-
structing gastroenterostomies and the versatility of
this procedure makes it useful in a wide variety of cir-
cumstances.

See Also the Following Articles
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FIGURE 1 (A) Gastroduodenostomy. (B) Gastrojejunostomy.

FIGURE 2 Gastrojejunostomy.
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Gastroesophageal Re¯ux Disease (GERD)

J. PATRICK WARING

Digestive Healthcare of Georgia, Atlanta

Barrett's esophagus A condition that develops when the

normal squamous tissue in the esophagus is repopulated

by intestinal epithelium.

fundoplication Surgical procedure in which the fundus of

the stomach is mobilized and wrapped around the distal

esophagus.

gastroesophageal re¯ux disease Mucosal injury or persistent

symptoms that develop in response to re¯ux of gastric

contents into the esophagus.

proton pump inhibitors Medications that block the produc-

tion of gastric acid secretion by inhibiting the H�,K�-

ATPase pump.

Gastroesophageal re¯ux disease (GERD) is a very com-

mon problem. As many as 7% of adult Americans have

daily heartburn. Patients with GERD may present with

a variety of symptoms, ranging from typical symptoms,

such as heartburn or regurgitation, to atypical symptoms,

such as chest pain, asthma, laryngitis, or chronic cough.

GERD may cause complications, such as esophagitis,

esophageal ulceration, esophageal strictures, or Barrett's

esophagus. Most patients with GERD will have a chronic

problem requiring long-term therapy. Seventy-®ve per-

cent of patients with chronic heartburn have moderate

to severe symptoms. Many patients with GERD have an

impaired quality of life, as assessed by the Gastrointesti-

nal Symptom Rating Scale, the Health-Related Quality of

Life scale, and the Psychological General Well-Being

scale. Interestingly, there is little correlation between

quality of life scoring and severity of esophagitis. Even

patients without esophagitis have a markedly impaired

quality of life. Quality of life scores improve to the

normal range with successful medical or surgical therapy.

The goals of modern medical therapy for GER are three-

fold: ®rst, eliminate symptoms; second, heal injured

esophageal mucosa; and third, manage and/or prevent

complications.

PATHOPHYSIOLOGY

Gastroesophageal re¯ux disease (GERD) occurs as a
consequence of gastric contents, predominantly acid,
re¯uxing into the distal esophagus. The complicated
pathophysiology includes competence of the lower

esophageal sphincter (LES), the ability to clear re¯uxed
gastric acid from the esophagus, esophageal mucosal
defenses, and abnormalities of gastric function. The
most important aspect of the pathophysiology of
GERD is the competency of the anti-re¯ux barrier. Fac-
tors contributing to its integrity include the LES pres-
sure, the presence or absence of a hiatal hernia, and the
occurrence of transient lower esophageal sphincter re-
laxations. LES pressure less than 6 mm Hg, LES length
less than 2 cm, and intra-abdominal length less than
1 cm are strongly associated with GERD. The crural
diaphragm contributes substantially to the integrity of
the LES. When patients have a hiatal hernia, the crural
diaphragm and the LES are displaced from each other
and consequently the sphincter is less competent. The
most common pathophysiologic event at the time of a
re¯ux episode is a transient lower esophageal sphincter
relaxation. Poor esophageal clearance may lead to pro-
longation of the acid re¯ux events. Abnormalities of
gastric function, such as hyperacidity, delayed gastric
emptying, or duodenogastric re¯ux, may contribute to
the severity of GERD by making the re¯uxate more
noxious. It is important to remember that severe dis-
comfort from acid re¯ux does not require severe injury
to the esophageal mucosa. Acid exposure in the distal
esophagus causes destruction of the tight junctions be-
tween the epithelial cells. This leads to penetration of
the acid deeper into the epithelial lining. Sensory neu-
rons are only two to three layers deep and when exposed
to the acid may create a painful stimulus that may last for
several hours. These histopathologic ®ndings are found
on electron microscopy in patients with and without
esophagitis. Attempts to withdraw gastroesophageal re-
¯ux (GER) therapy are frequently unsuccessful because
medical therapy offers no permanent resolution of
pathophysiologic abnormalities.

SYMPTOMS

Most physicians are well acquainted with the typical
manifestations of gastroesophageal re¯ux disease,
such as heartburn and regurgitation. Heartburn is
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de®ned as a burning retrosternal discomfort. Regurgi-
tation is the effortless movement of food or ¯uid from
the stomach to the esophagus. At least 10% of patients
with GERD have what are known as extra-esophageal
manifestations. The more common complaints include
chest pain, laryngitis, chronic cough, and asthma. Other
complaints that are postulated to be associated with
GERD, although not as well proven, include laryngeal
cancer, otitis media, globus sensation, vocal cord gran-
ulomas, halitosis, and dental erosions. Interestingly,
these extra-esophageal manifestations may be present
with or without typical re¯ux symptoms. As such, man-
agement of the extra-esophageal manifestations of
GERD can be rather challenging.

As many as 30% of patients undergoing cardiac
evaluation for chest pain have no cardiac lesions. Un-
explained chest pain has been linked to microvascular
angina and esophageal, pulmonary, musculoskeletal,
and psychological causes. For years, it was thought
that esophageal spasm or another esophageal motility
disorder was the most common cause of unexplained
chest pain. However, evidence of gastroesophageal
re¯ux is seen in 50ÿ70% of patients with unexplained
chest pain. Esophageal pain from GERD may or may not
respond to antacids or nitroglycerin. Neither a rapid
response nor the lack of a response to symptomatic
therapy is a reliable indicator of the cause of the
chest pain. Patients with GERD-related chest pain
frequently have typical re¯ux symptoms as well. It is
important to have the patient describe exactly what he
or she is feeling. Some patients use the words heartburn,
indigestion, and chest pain interchangeably. Most
patients are able to distinguish between the burning
sensation and pressure sensations very nicely. Others
may be unable to tell whether they have one or two
painful sensations. Patients should be asked about
heartburn, a separate burning sensation in the midchest.
Some patients may experience this for years prior to
developing the chest pain. Many patients do not have
heartburn and chest pain at the same time. This does not
exclude gastroesophageal re¯ux as the cause of the chest
discomfort.

GERD and asthma commonly coexist. GERD may
worsen asthma either by direct acid injury to the lungs
or by a vagally mediated re¯ex bronchospasm. Asthma
may worsen GERD by altering dynamics at the LES or
promoting re¯ux episodes by coughing and wheezing.
Efforts to identify asthmatics that will respond to anti-
re¯ux therapy may be very dif®cult. Since many intrinsic
and extrinsic factors can exacerbate bronchospasm, the
cause and effect relationship between GERD and asthma
is not obvious. Furthermore, GERD and asthma may
occur in the same patient with no apparent association.

Acid and peptic injury to laryngeal strictures can
lead to persistent symptoms of throat discomfort,
throat clearing, hoarseness, voice loss, and chronic
cough. The pathophysiologic abnormality in this situ-
ation may actually be at the upper esophageal sphincter.
Gastric acid must travel all the way up the esophagus,
past the upper esophageal sphincter, and onto the vocal
cords. The majority of these patients actually have mild
re¯ux, but even small amounts of acidic gastric juice
may be quite injurious to the vocal cords. More contro-
versial symptoms that may be re¯ux related are chronic
sore throat and neck pain. True dysphagia is rare, but an
uncomfortable sensation during swallowing is not. This
should be distinguished from the globus sensation, the
feeling that something is stuck in the throat, when there
is obviously nothing there. The most common laryngeal
®nding in these patients is posterior laryngitis; however,
it is not speci®c. Other causes of laryngeal irritation,
such as voice abuse, heavy smoking, endotracheal
intubation, and exposure to toxic fumes, should be
considered. Approximately half of patients with poste-
rior laryngitis will not have typical symptoms of heart-
burn to suggest the presence of GERD. Studies from the
late 1980s suggested that laryngeal cancer occurs in
patients with re¯ux disease in the absence of smoking
or alcohol. However, there have been only limited data
published since then. At this point, it does not
seem likely that re¯ux predisposes patients to laryngeal
carcinoma.

GERD is the third most common cause of chronic
unexplained cough following postnasal drip and
asthma, occurring in 10 to 21% of patients. Typical
symptoms, such as heartburn, are frequently absent.
Ambulatory pH monitoring may be the only abnormal
test. It should be considered in patients refractory to
antihistamineÿdecongestant therapy, in patients with-
out typical re¯ux symptoms, and in patients who fail an
empiric trial of anti-re¯ux therapy.

COMPLICATIONS

Barrett's esophagus is a premalignant condition in
which specialized intestinal metaplasia replaces the nor-
mal squamous esophageal mucosa. This occurs almost
always in response to chronic gastroesophageal re¯ux.
Barrett's esophagus is the only known risk factor for
esophageal adenocarcinoma. The reported incidence
of esophageal adenocarcinoma for these patients has
ranged from 0.2% to as high as 2.1% per year. Over
the past two decades, the incidence of adenocarcinoma
of the esophagus and gastric cardia has increased at a
rate exceeding that of any other cancer in several devel-
oped countries, including the United States. Patients
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with Barrett's esophagus are 30 to 40 times more likely to
develop adenocarcinoma of the esophagus than the
general population. Nearly all studies on Barrett's
esophagus show a strong correlation between that
condition and the presence of chronic re¯ux symptoms
for greater than 5 years. The incidence of Barrett's esoph-
agus inpatientswithchronicGERDsymptomsis thought
to be approximately 10ÿ12%, although several studies
suggest rates near 20%, particularly if male Caucasians
with chronic re¯ux symptoms are targeted.

Patients with chronic GERD symptoms, such as
heartburn or regurgitation, should have an endoscopy
to look for evidence of columnar epithelium. Identifying
patients with Barrett's esophagus is the major role of
endoscopy in GERD. Patients with columnar epithelium
should have a biopsy to look for evidence of specialized
intestinal metaplasia. These patients are at greatest risk
for the development of esophageal adenocarcinoma. Pa-
tients with Barrett's esophagus should be enrolled in a
surveillance program to look for signs of dysplasia.

GERD is the most common cause of a benign esoph-
ageal stricture. Historically, nearly 10% of patients with
GERD seeking medical attention have esophageal stric-
tures, although this number is probably much smaller
now. This condition is related to chronic ®brosis
and scarring in response to prolonged esophageal
acid exposure. Patients often complain of heartburn
and regurgitation, as well as dysphagia. Re¯ux strictures
are almost always located at the gastroesophageal junc-
tion. Rarely, the strictures may be long and have a ringed
appearance. Strictures in patients with Barrett's esoph-
agus usually occur at the squamocolumnar junction.
Pill-induced esophageal injury may be confused with
GERD. Up to 20% of patients with suspected re¯ux
strictures may actually have pill-induced strictures.
All pills have the potential to produce esophageal injury,
but tetracycline, doxycycline, potassium chloride, quin-
idine, nonsteroidal anti-in¯ammatory drugs (NSAIDs),
and alendronate are the most recognized for causing
esophageal strictures. Medications may also be a cofac-
tor with GERD, leading to esophageal stricture forma-
tion. Patients who have GERD and a stricture are far
more likely to be taking aspirin or NSAIDs than patients
who have GERD but no stricture.

DIAGNOSTIC TESTING

There is no ideal diagnostic test for gastroesophageal
re¯ux disease. Most patients with GERD will have a
normal endoscopy, esophageal manometry, or upper
gastrointestinal X ray. History alone is good, but not
perfect, with an accuracy of approximately 80%.
Other problems, such as cardiac, biliary, gastric, or

psychological abnormalities, may cause symptoms
that are confused with chronic heartburn. Many physi-
cians are offering patients an empiric trial of therapy
prior to diagnostic testing if the history is consistent
with GERD. In fact, a response to empiric therapy
could be considered a positive diagnostic test. In one
study, the sensitivity of a 7-day course of omeprazole
40 mg daily was 27%, but increased to 83% with a 7-day
course of omeprazole 40 mg bid. An empiric trial of
therapy may reduce diagnostic testing costs by
53ÿ65% compared to endoscopy or pH monitoring.
Indeed, recent guidelines have advocated empiric ther-
apy as the initial approach for patients with chronic
heartburn symptoms.

The role of endoscopy in patients with GERD has
changed over the past few years. There appears to be
little difference in symptom severity or treatment out-
comes between patients with esophagitis and those
without esophagitis. Consequently, the value of early
endoscopy has been questioned. The degree of esoph-
agitis no longer appears to be helpful in guiding therapy.
Endoscopy should be considered in two situations. In
patients with bothersome symptoms, such as weight
loss, intestinal bleeding, nausea, vomiting, dysphagia,
or odynophagia, an endoscopy should be performed to
rule out more serious causes of these problems. Endo-
scopy is also indicated for patients with long-standing
re¯ux symptoms to exclude Barrett's esophagus. Cur-
rent guidelines recommend an endoscopy in anyone
who has had heartburn at least twice a week for at
least 5 years.

For many patients, ambulatory esophageal pH mon-
itoring of the esophagus is the only test that will be
abnormal. Here, a catheter with an antimony pH elec-
trode is passed nasally into the distal esophagus, 5 cm
above the lower esophageal sphincter. The pH can be
recorded every few seconds over a prolonged period of
time. Some investigators have demonstrated that an ac-
curate reading may be obtained in as little as 3 h; how-
ever, the standard length of time remains 24 h. A re¯ux
episode is de®ned as beginning when the esophageal pH
drops below 4.0. Patients at the author's clinic are asked
to eat normally and be active during the study period.
There have been several `̀ normal'' values published, but
in general, a study is considered abnormal if the pH in
the distal esophagus is 54 at least 4.2% of the time. It
is important to review the pH tracing to exclude arti-
facts. This may include drifting of the pH value to acidic
levels, rather than an abrupt drop of a pH value that
occurs with a re¯ux episode. Additionally, lead-posi-
tioning problems may create a deceptively abnormal
study; for example, when the pH value is always in
the range of 1ÿ2, the pH probe is likely in the stomach.
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The pH value may abruptly become 0 or 9 if there are
reference electrode problems. Most computerized pro-
grams allow the physician to exclude these artifacts and
obtain an accurate study.

Ambulatory esophageal pH monitoring should be
performed in two major circumstances. The ®rst is
when the physician does not know whether the patient
has GERD, but must determine this. For example, for
patients with non-erosive or atypical re¯ux who are
considering anti-re¯ux surgery, it is imperative to
document an abnormal amount of acid exposure in
the distal esophagus prior to anti-re¯ux surgery. In
general, patients with erosive esophagitis considering
anti-re¯ux surgery do not need a pH study. Second, it
may be useful to follow a patient's response to therapy.
Many patients with atypical re¯ux symptoms, such as
chest pain, asthma, laryngitis, or chronic cough, will
have an incomplete response to treatment. Document-
ing whether or not there is adequate acid suppres-
sion with medical therapy may help determine
whether the refractory symptoms are related to
continued acid re¯ux.

There are a variety of ways to alter this study to obtain
more information. It can be performed on or off medical
therapy.ThepHstudyshouldbeperformed `̀ off-therapy''
simply todocumentwhetherornotacid re¯ux is present,
for example, in a patient considering anti-re¯ux surgery.
Occasionally, a patient will present with such unusual
symptoms that they are probably not related to acid
re¯ux. A normal pH test off-therapy would be helpful
to exclude re¯ux as a possibility. The study should be
performed `̀ on-therapy'' in patients with an incomplete
response to treatment. It is reasonable to offer patients
double-dose proton pump inhibitor (PPI) therapy for a
couple of months before investigating with a pH study.
This is more likely to occur in patients with atypical
GERD symptoms. This may help determine whether
the refractory symptoms are related to continued acid
re¯ux or to some other medical problem. Placing the pH
probe 1 cm above the upper esophageal sphincter is an
intriguing way to look for problems in patients with
laryngeal symptoms. Several papers suggest that this is
far more sensitive for identifying re¯ux into the hypo-
pharynx than traditional ambulatory esophageal pH
monitoring. However, there are no established normal
values. Gastric pH monitoring may be useful for identi-
fying patients who will respond to advancing treatment
to very high doses of PPIs or anti-re¯ux surgery. Many
patients with refractory GERD symptoms simply do not
demonstrate a suppression of gastric acid with PPI
therapy. An attachable pH probe has just recently
been developed. Preliminary data suggest that it is
well tolerated and at least as accurate as traditional pH

monitoring.This technologycouldcausearevisioninthe
role of ambulatory esophageal pH monitoring. If a safe,
simple, accurate, and well-tolerated pH test becomes
available, clinicians may be inclined to use it earlier in
the course of the patient's illness.

One theoretical advantage of ambulatory pH mon-
itoring is the ability to correlate symptoms with re¯ux
episodes. Several authors have created scoring systems,
such as the symptom index, the symptom sensitivity
index, or the symptom association probability. The
last system may be the most accurate. It calculates the
probability of a re¯ux event being associated with a
given symptom by creating a 2� 2 table comparing
2 min intervals with and without symptoms versus re-
¯ux episodes. The number of re¯ux-associated
symptomatic periods should be greater than that expec-
ted by chance. Unfortunately, there are no clinical trials
to prove that any of the symptom association scores
actually predict a true cause and effect relationship.
As with most aspects of ambulatory pH monitoring,
symptom association often requires a good deal of clin-
ical judgment.

The barium swallow is of limited bene®t in patients
with GERD, because of its poor sensitivity and speci®c-
ity. It is very useful in the evaluation of dysphagia, but in
general is not helpful in patients with GERD.

Provocative tests, such as the acid perfusion test or
tensilon challenge, were popular in the 1980s for the
evaluation of unexplained chest pain, although they are
of limited usefulness now that ambulatory pH monitor-
ing is available.

MEDICAL THERAPY

The selection of a particular medical regimen depends
on the severity of disease, the effectiveness of the ther-
apy, and the cost and convenience of the medical reg-
imen. Historically, physicians have used the step-up
approach, which involves using the least effective reg-
imen and intensifying therapy only if necessary. How-
ever, in patients with frequent or severe symptoms or
those with signs of GERD complications, beginning the
regimen with intensive PPI therapy is a reasonable
choice. Unlike healing of peptic ulcers, healing of
esophagitis requires more aggressive acid suppression.
Patients with atypical symptoms of GERD also may re-
quire more aggressive therapy.

Five PPIs, omeprazole, lansoprazole, rabeprazole,
pantoprazole, and esomeprazole, are currently available
in the United States. These medications profoundly in-
hibit the secretion of acid into the gastric lumen, but
rarely eliminate gastric acid secretion. All ®ve PPIs
have comparable ability to control symptoms and
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heal esophagitis. Their effectiveness is dose-dependent.
Most studies have shown that the PPIs heal esophagitis
in 85ÿ96% of patients. PPIs are far superior to all other
forms of medical therapy. Long-term safety and effec-
tiveness have been demonstrated.

PPI therapy improves heartburn symptoms in
60ÿ80% of patients without esophagitis. Again, PPIs
are vastly superior to other medical therapies for control
of heartburn symptoms for patients with and without
esophagitis. PPI therapy can normalize Health-Related
Quality of Life, Gastrointestinal Symptom Rating Scale,
and the Psychological General Well-Being scores.

Four histamine-2 receptor antagonists (H2RAs),
cimetidine, ranitidine, famotidine, and nizatidine, are
available in the United States in prescription and over-
the-counter formulations. H2RAs inhibit gastric acid
secretion to a lesser extent than PPIs. H2RAs provide
successful symptomatic relief in 60ÿ70% of patients
who are treated for 6ÿ8 weeks. Only 25ÿ45% of
patients with esophagitis will remain free of mucosal
injury after 1 year of H2RAs, perhaps because of devel-
oping tolerance to their effects. One study found that
only 41% of patients had improvement in heartburn
symptoms after 8 weeks with ranitidine 150 mg bid.
Patients were then randomized to continue the standard
dose (150 mg) bid or to use a higher dose (300 mg bid).
Interestingly, complete heartburn resolution was
observed in less than 20% of the patients after an addi-
tional 8 weeks in either group. This ®nding suggests that
standard-dose H2RAs are moderately successful at im-
proving heartburn symptoms, but the common practice
of doubling the dose of ranitidine is not particularly
helpful. With the exception of patients with mild dis-
ease, standard doses of H2RAs probably have a limited
role in the management of GER complications.

Metoclopramide, a prokinetic agent, may improve
symptoms of GER but does not heal esophagitis. It also
does not improve esophageal peristalsis or acid clear-
ance. Furthermore, it also has frequent side effects.
Metoclopramide has virtually no role as the sole therapy
in the management of GER. Cisapride and domperidone
are not available in the United States. Antacids are very
useful in symptomatic relief in patients with mild inter-
mittent heartburn. They are no better than a placebo for
the healing of esophagitis. They may be used with other
medical therapy as an adjunct for breakthrough GER
symptoms. There are con¯icting data regarding the ef-
fectiveness of sucralfate therapy in GER. Considering
that there are other more superior and more convenient
treatment options, sucralfate has a limited role, if any, in
the modern medical therapy of GER.

Lifestyle modi®cations may help patients with mild
or intermittent symptoms of GERD. However, lifestyle

modi®cations alone will be effective in less than 30% of
patients with esophagitis. Consequently, it is not appro-
priate as the sole initial therapy for patients with fre-
quent or severe symptoms of GERD. Diet alteration is
perhaps the most useful of the lifestyle modi®cations. A
variety of foods, such as chocolate, peppermint, raw
onions, and fatty foods, decrease LES pressure. Certain
liquids, such as coffee, colas, and beer, increase gastric
acid secretion. The effect of coffee is greater in patients
with LES dysfunction. Coffee and citrus juices are di-
rectly irritating to the esophageal mucosa. Patients are
advised to avoid eating 2ÿ3 h before bedtime, to elevate
the head of the bed 6ÿ10 in. during sleep, and to stop
smoking cigarettes.

Weight loss is commonly associated with improve-
ment in symptoms of GER, although there are no control
studies regarding this observation. In fact, obesity has
not been shown to be associated with LES or esophageal
acid exposure. It is possible that the observed improve-
ment with weight loss may be due to the dietary mod-
i®cations implemented to produce the weight loss.
Medications, such as theophylline and calcium channel
blockers, can inhibit the LES pressure. Theophylline
worsens esophageal acid exposure in asthmatics with
GERD. If possible, these medications should be stopped
or another medication should be prescribed.

It seems easy to lump the extra-esophageal
symptoms into one category, but these symptoms can
be quite different. Patients with chest pain usually have
esophageal symptoms such as heartburn, regurgitation,
or dysphagia. They tend to respond over a 2- to 4-week
period with PPI therapy. Patients who fail PPI therapy
often improve with an empiric trial of a low-dose tricy-
clic antidepressant. Asthmatics also frequently have
other esophageal symptoms. It may be more dif®cult
to determine whether gastroesophageal re¯ux is the
cause of these symptoms, because asthma often im-
proves or worsens indepent of GERD. Three to 4 months
of therapy is probably indicated before deciding
whether or not the asthma is truly re¯ux-related. Pa-
tients with re¯ux-related chronic cough usually re-
spond promptly; however, profound acid suppression
is often required. Patients with re¯ux-related laryngitis
often require therapy with high-dose PPIs for 2 months
or more before they experience improvement.

Intensive medical therapy is a very important
adjunct to dilation in the management of re¯ux stric-
tures, especially in those who also have erosive esoph-
agitis. Two studies have shown that patients who
received omeprazole have greater relief of dysphagia
and required fewer re-dilations than patients who
received ranitidine. Successful anti-re¯ux surgery de-
creases the need for further dilation as well. Patients
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who already present with dysphagia are at greater
risk for pill-induced injury by worsening an existing
esophageal stricture.

SURGICAL MANAGEMENT

Since its introduction approximately 10 years ago,
laparoscopic surgery for gastroesophageal re¯ux disease
has become one of the more common operations per-
formed in the United States. It is interesting that there is
still no consensus among physicians as to the proper
role of this procedure in the management of GERD.
In most published series, the average patient having
anti-re¯ux surgery has nearly complete relief of symp-
toms and a markedly improved quality of life. In fact,
most comparative studies demonstrate the superiority
of surgical therapy compared to medical therapy. How-
ever, individual complications have prompted some
gastroenterologists to be cautious about recommending
anti-re¯ux surgery.

The classic operation is a Nissen fundoplication.
Here the fundus is fully mobilized; speci®cally; the
short gastric blood vessels are disconnected or `̀ taken
down'' from the fundus. A 1.0 to 1.5 cm plication is made
using the fundus to wrap around the distal esophagus.
Three sutures are usually placed, securing the wrap to
the stomach and the esophagus. The hiatal hernia is
reduced and the diaphragmatic crurae are closed.
Many surgeons will sew the fundoplication to the dia-
phragm to prevent it from moving postoperatively. This
is often performed over a large dilator to prevent the
wrap from being too tight. However, there have been
reports of perforations, which have led some experi-
enced surgeons to abandon this part of the procedure.

The success rate with anti-re¯ux surgery, de®ned by
Visick I or II, is over 90%. In one study, 100 patients
were followed for an average of 21 months. Ninety-six
percent of patients had a good outcome and 71% were
completely free of symptoms. Only 3 patients were back
on medical therapy. Two patients experienced worsen-
ing of symptoms after the procedure. Dysphagia was
present in only 2 patients up to a year after surgery.
Clinically signi®cant complications occurred in 4 pa-
tients. The study was limited to patients with positive
24 h pH studies and `̀ typical'' symptoms of GERD. This
study is noteworthy because these patients are ideal
candidates for anti-re¯ux surgery. Additionally, the sur-
geons in this study were highly skilled and very expe-
rienced. Consequently, these are probably the best
results that one could hope for.

The opinions of the author regarding the long-term
durability of laparoscopic anti-re¯ux surgery come from
a handful of studies with at least 5 years of follow-up.

Long-term data from centers of excellence suggest a 96%
satisfaction rate between 5 and 8 years after surgery.
However, 6% of patients have symptoms of chest
pain, 6% have heartburn, 6% have regurgitation, 20%
have abdominal bloating, 12% have diarrhea, 27% have
some dif®culty swallowing, and 7% require an esopha-
geal dilation. The same results may not apply to less
experienced centers. A recently published study from
the Veterans Administration (VA) showed that 62% of
patients having surgery required medications for heart-
burn after 10ÿ13 years. Another study showed only a
57% satisfaction rate, with 67% of the patients devel-
oping new symptoms, such as dif®culty swallowing or
bloating. Additionally, 6.7% of the patients needed a
repeat operation rate in less than 1 year.

There are two large published studies comparing
medical and surgical therapy: the VA Cooperative
Study and the Nordic study. The VA study enrolled
patients with complicated GERD in the mid-1980s. It
showed that surgical therapy was markedly superior to
medical therapy of the era, H2-receptor blockers and
metoclopramide. The Nordic trial enrolled 310 patients
with erosive esophagitis; 155 patients were randomized
to continuous omeprazole therapy and 155 patients
were randomized to open anti-re¯ux surgery. At both
3 and 5 years of follow-up, there were far more treatment
failures in patients who were randomized to omeprazole
treatment. However, the protocol also allowed dose
adjustment to either 40 or 60 mg daily in case of
symptom recurrence in patients randomized to
omeprazole therapy. If this fact is considered, the failure
rates still remained in favor of surgery, although the
difference was not quite statistically signi®cant. Quality
of life assessment revealed values within normal ranges
in both therapy arms during the 5 years of follow-up.

Numerous studies show that medical or surgical
therapy improves but does not always relieve the
symptoms of chest pain, asthma, chronic cough, and
hoarseness. In one study, heartburn was relieved by
fundoplication in 93% of patients compared to only
56% of patients with atypical symptoms. Success with
medical therapy was the only factor that predicted a
successful surgical outcome. The success of anti-re¯ux
surgery will parallel that of intensive medical treatment
with high-dose PPIs. The only possible exception is in
asthmatics. There are no comparative trials, but several
studies on anti-re¯ux surgery in asthmatics are pretty
impressive. Seven of nine patients who required daily
oral corticosteroids for asthma were able to discontinue
this treatment entirely after successful anti-re¯ux sur-
gery. In patients with a partial response to medical ther-
apy, repeated ambulatory pH monitoring may be of
bene®t in separating the true medical failures from
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those patients with refractory atypical symptoms due to
other causes.

The approach to postfundoplication symptoms is
not dif®cult. Postoperative symptoms can be divided
into two categories: recurrent or new. Recurrent
symptoms after surgery suggest that the surgery simply
did not work. New postoperative symptoms suggest a
complication at the time of surgery. On the other hand,
the surgical management of these problems is very com-
plex. The success rates for repeat operations are in the
range of 75ÿ85%, with a morbidity rate in the range of
20ÿ30% and a mortality rate of over 1%. Conservative
management, if successful, is always preferable to a
repeat operation. The decision to redo a fundoplication
should not be taken lightly and the surgery should prob-
ably be performed at a center with vast experience in
these matters.

There are two reasons for a patient to have the same
symptoms postoperatively: either the surgery was inef-
fective or the original diagnosis was incorrect. If the
surgery simply did not work, the postoperative
symptoms would be the same. Alternatively, there is
no reason to believe that a patient will improve if the
preoperative symptoms were not related to re¯ux in the
®rst place. An incorrect original diagnosis is much more
likely in patients who had no response to medical ther-
apy preoperatively, especially those with atypical re¯ux
symptoms. The initial approach to a patient with the
same postoperative symptoms would be an empiric trial
with a PPI for 1 or 2 months and this is frequently
helpful. If the patient cannot stop the PPI without re-
lapse of symptoms, it may be reasonable to simply con-
tinue the medical therapy. One may consider a surgical
revision if chronic PPI therapy is required. However,
given the high morbidity and mortality associated with
second operations, this course of action should be dis-
couraged. If there is no improvement with this empiric
therapy, further evaluation will be needed. These
patients should have assessment of the fundoplication
with a barium swallow and/or an endoscopy. Certainly,
if a second surgery is contemplated, a pH study
must be performed to document the presence of re¯ux,
especially if the patient has atypical GERD or if the
fundoplication appears satisfactory.

The major new postoperative symptom is dysphagia.
Dysphagia in the early postoperative period is very com-
mon. In fact, most patients are on soft diets for the ®rst
few weeks. Patients who are unable to drink liquids
after 2 weeks or who are unable to eat solid foods
after 6 weeks should be evaluated. The most important
predictive factor in the management of postoperative
dysphagia is the integrity of the fundoplication. A bar-
ium swallow and an endoscopy are complementary in

the assessment of the integrity of the wrap. A barium
swallow is better for examining the length of the
fundoplication, whereas an endoscopy is better for as-
sessing the location and orientation of the fundoplica-
tion. If the fundoplication is short (1ÿ2 cm), parallel to
the diaphragm, and at the top of the stomach, dilation
therapy followed by watchful waiting will help the great
majority of patients. The use of large dilators, i.e., 46 to
54 French, is very safe. There are con¯icting reports on
the use of the 3.0 cm pneumatic balloons. If the
fundoplication is not intact, if it is too long, if it is
twisted, or if gastric folds are seen above or alongside
the wrap, surgical revision is usually necessary.

Surgical therapy is associated with serious, albeit
infrequent complications. There is little doubt that suc-
cessful anti-re¯ux surgery corrects the underlying path-
ophysiology, improves symptoms, normalizes quality of
life scores, reduces health care utilization, and appears
as good as or better than medical therapy in large com-
parative trials. Given the safety of PPI therapy, one must
wonder if even the small risk of surgery is worthwhile in
patients with uncomplicated GERD that responds to
medical therapy. The decision to have anti-re¯ux sur-
gery must be individualized. All patients undergoing
long-term medical therapy for GERD should receive
advice on the safety and wisdom of staying on that ther-
apy, as well as information on anti-re¯ux surgery.
Fundoplication should be considered in three circum-
stances: (1) It should be considered for individuals who
are intolerant of proton pump inhibitor therapy because
of side effects. However, this circumstance will be
less common now that there are ®ve PPIs available.
(2) Fundoplication may be warranted for patients
who are poorly responsive to proton pump inhibitor
therapy. This outcome is probably not that common,
given the effectiveness of the currently available PPIs.
Such an outcome will be more common in patients with
atypical GERD. The gastroenterologist should be as cer-
tain as possible that the patient not only has GERD,
but that the patient's symptoms are re¯ux related.
(3) Fundoplication may also be considered when a pa-
tient desires a permanent solution in order to be free of
the need to take medications. These patients must be
warned about potential suboptimal results, including
the frequent need for medication within a few years
of having the procedure, as well as the small, but real
possibility of becoming worse after the operation. Even
in experienced hands, 1ÿ2% of patients are worse after
the procedure.

Gastroesophageal re¯ux is a common, chronic prob-
lem that has great in¯uence on the quality of life of
patients. Excellent medical and surgical therapies
are available. Diagnostic testing is largely reserved for
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excluding complications such as Barrett's esophagus
and evaluating those few patients who do poorly with
therapy.
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Barrett's esophagus Intestinal metaplasia of the esophageal

mucosal lining.

esophageal stricture A narrowing of the esophageal lumen.

esophageal web A membrane obstructing the esophageal

lumen.

gastroesophageal re¯ux The passage of stomach contents

into the esophagus.

gastroesophageal re¯ux disease The disease that occurs

when gastroesophageal re¯ux results in symptoms or

signs, such as chest pain, esophagitis, chronic cough, or

recurrent pneumonia.

histamine-2-receptor antagonists Medications that decrease

gastric acid secretion by blocking the histamine-2

receptor.

Plummer-Vinson syndrome A disorder characterized by

dysphagia, iron de®ciency anemia, and a proximal

esophageal web.

proton pump inhibitors Medications that decrease gastric

acid secretion by inactivating the gastric proton pump

that secretes acid from the parietal cells.

Schatzki ring A ®brous ring of tissue at the esophago-gastric

mucosal junction that can cause dysphagia.

transient lower esophageal sphincter relaxation An episode

of relaxation of the lower esophageal sphincter that is

not associated with a swallow event.

Gastroesophageal re¯ux (GER) is a physiological event

that occurs in normal infants, children, and adults. In

the child and adult, re¯uxed gastric contents enter the

esophagus and return to the stomach following transient

episodes of relaxation of the lower esophageal sphinc-

ter. In the infant, the re¯uxed material often passes

through the esophagus and mouth, resulting in regurgi-

tation or vomiting of gastric contents. Gastroesophageal

re¯ux can result in gastroesophageal re¯ux disease

(GERD) when normal protective mechanisms fail. Inad-

equate esophageal clearance of the re¯uxed material

results in esophageal in¯ammation and complications,

such as stricture formation or Barrett's esophagus. Ab-

normalities of airway protective mechanisms may result

in respiratory symptoms, such as pneumonia, apnea,

laryngitis, and exacerbations of reactive airway disease.

The ®rst challenge in diagnosis and management of

GERD is to determine whether GER is causing a speci®c

symptom or sign since a variety of different pathogenic

factors other than GER may present similarly in each

case. Once the diagnosis is established, appropriate

therapies need to be selected to balance risks of the

disease versus the risks associated with each therapeutic

option.

EPIDEMIOLOGY

During infancy, recurrent regurgitation or vomiting
of gastric contents is frequent, occurring at least
once per day in 50% of infants in the ®rst 3 months
of life, in 67% of infants who are 4 months old, and in
5% of infants who are 10 to 12 months old. Very
few infants develop symptoms or signs of gastroesoph-
ageal re¯ux disease (GERD), which include feeding
dif®culties, irritability, hematemasis, anemia, failure
to thrive, or respiratory disorders, such as apnea,
stridor, chronic cough, or recurrent pneumonias. Little
is known about the prevalence of GERD in children
and adolescents. Preschool children may have prob-
lems, such as intermittent vomiting or vague com-
plaints of abdominal pain. Older children and
adolescents have presenting symptoms more similar
to those of adults, such as complaints of heartburn.
The incidence of supraesophageal complications of
GERD in childhood is not known.

Although one study suggests that adults with GERD
symptoms recall symptoms of gastroesophageal re¯ux
(GER) during childhood more frequently than adults
without GERD symptoms, there are very limited data
regarding the natural history of GERD in infants and
children. One retrospective study reports that in Finn-
ish children diagnosed with GERD but without severe
esophagitis, there was no progression of disease severity
for 2 years after diagnosis but no longer term follow-up
studies are available. Despite this lack of data, it is clear
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that medical therapy for possible GER is frequently pre-
scribed in adolescents. Pharmaceutical industry data
from the United States indicate that 2% of adolescents
and 3% of children are prescribed some form of anti-
re¯ux therapy each year.

Families with multiple affected individuals
with GERD have been described and it appears that
there may be a genetic predisposition for GERD
but no clear pattern of inheritance or genetic
locus has yet been identi®ed. A genetic locus
associated with GERD was proposed to exist on chro-
mosome 13q14 but these ®ndings have not been
replicated.

PATHOPHYSIOLOGY OF
GASTROESOPHAGEAL REFLUX DISEASE

As in adults, most episodes of GER occur during tran-
sient lower esophageal sphincter relaxation (TLESR)
episodes. These episodes are stimulated by gastric dis-
tension and allow venting of the stomach. Following
the TLESR, secondary peristaltic contractions propel
the re¯uxed gastric contents back into the stomach.
Subsequent swallowing of saliva further neutralizes
residual acid, returning the esophageal pH to normal
and preventing in¯ammation. In normal infants, chil-
dren, and adults, episodes of GER occur several times
following meals and the esophageal pH returns to
normal within minutes. Prolonged exposure to acid
results in esophageal in¯ammation that may lead to
scarring (stricture formation) or mucosal metaplasia
(Barrett's esophagus).

Most episodes of GER do not reach the pharynx in
normal adults or children. As re¯uxed material enters
the upper esophagus, distension of the esophagus re-
sults in an initial re¯ex increase of the upper esoph-
ageal sphincter pressure, which tends to prevent most
episodes of GER from reaching the pharynx. However,
if the upper esophagus is rapidly distended, the upper
esophageal sphincter relaxes and allows re¯uxed ma-
terial to enter the pharynx. Simultaneously, airway
protection mechanisms are invoked, including apnea
and laryngeal closure to protect the airway from the
re¯uxed gastric contents. Re¯uxed gastric contents
can be vomited out of the mouth or may be reswal-
lowed, clearing the pharynx before breathing resumes.
Defects in esophageal clearance or airway protective
mechanisms result in the diverse presentations of
GERD outlined below (see Approach to the Gastro-
esophageal Re¯ux Disease Symptoms in Infants and
Children).

DIAGNOSTIC EVALUATION FOR
GASTROESOPHAGEAL REFLUX DISEASE

No single test can reliably differentiate whether GER is
the cause of a speci®c symptom and sign. All of the tests
have limitations and must be interpreted in the context
of the speci®c clinical scenario.

Clinical History and Physical Exam

In infants and children, the clinical history and ex-
amination alone are often adequate to allow a diagnosis
of uncomplicated GER. If warning signs (see Table I)
suggest potential complications of GER, further diag-
nostic testing is indicated.

Radiographic Upper Gastrointestinal Series

Radiographic upper gastrointestinal series are used
to evaluate the anatomy of the esophagus and upper
gastrointestinal (GI) tract. This test is useful to exclude
disorders that may present in a fashion similar to GER,
such as an obstruction due to an esophageal stricture,
achalasia causing dysphagia, aspiration during swallow-
ing or a tracheoesophageal ®stula causing recurrent
pneumonia, or an anatomic disorder causing vomiting,
such as pyloric stenosis or a malrotation. Findings of
GER noted during the upper GI series are not a reliable
predictor for GERD but often the evaluation of possible
GER symptoms requires an upper GI series to exclude
other disorders.

Esophageal pH Monitoring

Esophageal pH monitoring records the pH in the
esophagus for 24 h using one or more pH electrodes.

TABLE I Warning Signals in the Vomiting Infant

Bilious vomiting

GI bleeding: hematemesis, hematochezia

Forceful vomiting

Onset of vomiting after 6 months of life

Failure to thrive

Diarrhea

Constipation

Fever

Lethargy

Hepatosplenomegaly

Bulging fontanelle

Macrocephaly/microcephaly

Seizures

Abdominal tenderness, distension

Genetic disorders
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Traditional systems connect the sensor sites to an
external recording device via a transnasal catheter. Re-
cently, a system using telemetry connections was intro-
duced such that in adults and older children the catheter
may not be required. Normal values for the percentage
of the 24 h recording time with esophageal pH being less
than 4 (re¯ux index) vary depending on the site of the
sensor in the esophagus and the age of the patient.
Prolonged acid exposure correlates with an increased
risk of esophagitis and it may be help determine whether
GER is exacerbating asthma symptoms. Routine esoph-
ageal pH monitoring does not exclude GER as the cause
of awake apnea in infants, recurrent pneumonia, or
other supra-esophageal complications of GER. Esoph-
ageal pH monitoring may help clarify whether there is a
temporal association between GER and the occurrence
of a particular symptom, such as apnea, chest pain, or
irritability. Calculation of the `̀ symptom index'' (the
number of episodes of a symptom associated with GER
divided by the number of episodes of a symptom) may
help to determine the likelihood that GER is causing a
speci®c symptom. Esophageal pH monitoring may be
most useful to determine whether adequate GER ther-
apy is being administered in a patient with persistent
symptoms or signs despite aggressive medical therapy.

Esophagastroduodenoscopy and Biopsy

Esophagastroduodenoscopy (EGD) and biopsy in-
volve the use of ¯exible ®ber endoscopes to visualize
and biopsy the esophageal mucosa. Small endoscopes
with diameters as small as 5 mm allow endoscopy in
infants and children with minimal morbidity. Sedation
or anesthesia is usually necessary. Endoscopy and bi-
opsy are useful to determine whether esophagitis is
present and to con®rm that GER is the most likely
cause of esophagitis. Other causes of esophagitis,
such as infection, Crohn's disease, eosinophilic esoph-
agitis, or pill esophagitis, can also be identi®ed. The
stomach and small intestine can also be visualized dur-
ing the same procedure so that EGD is useful for the
evaluation of patients with symptoms including abdom-
inal or chest pain, hematemasis, dysphagia, or odyno-
phagia. EGD will also identify complications of GER,
such as stricture or Barrett's esophagus.

Nuclear Scintigraphy

Nuclear scintigraphy is performed by the oral inges-
tion or instillation of technetium-labeled formula or
food into the stomach. The areas of interest, the stom-
ach, esophagus, and lungs, are scanned for evidence of
GER and aspiration. The predictive value of this test for
any complication of GER has not been established.

Esophageal Impedance Monitoring

Esophageal impedance monitoring measures both
acid and nonacid episodes of GER. This new technology
measures the electrical impedance between sequential
sites in the esophagus. GER episodes are detected by
changes in impedance. The use of this method remains
experimental but it may be particularly useful for the
diagnosis of airway-related complications of GER.

TREATMENT OPTIONS FOR
GASTROESOPHAGEAL REFLUX DISEASE
IN INFANTS AND CHILDREN

Treatment options for GERD are listed in Table II.

Conservative Therapy

Dietary changes may be useful in the treatment of
infant GER. The number of episodes of vomiting and the
amount of GER can be reduced by thickening infant

TABLE II Treatment of Gastroesophageal Re¯ux in

Infants and Children

Conservative therapy

Infants

Thickening of formula with rice cereal or

commerically available anti-re¯ux formula

Consider time-limited trial of protein hydrolysate

formula

Rarely, consider prone positioning

Children

Sleep with head of bed elevated

Avoid caffeine, chocolate, spicy foods

Lose weight if obese

Pharmacologic Therapy

Antacids (use only for symptomatic relief in

children and adolescents)

Magnesium hydroxide

Aluminum hydroxide

H2 blockers

Cimetidine

Ranitidine

Nazitidine

Famotidine

Proton pump inhibitors

Omeprazole

Lanzoprazole

Pantoprazole

Rabeprazole

Esomeprazole

Prokinetics

Surgical therapy
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formula with up to 1 tablespoon of infant cereal
per ounce. This very thick formula can be dif®cult to
suck so that it is necessary to slit the nipple to allow
easier ¯ow. New formulas with starch solutions that
thicken on contact with gastric acid are available.
These formulas are easier for the infant to ingest and
are effective in decreasing GER. Since cow's milk allergy
can cause vomiting that is indistinguishable from GER
in the infant, it is reasonable to consider a 2-week trial of
a protein hydrolysate formula as treatment for an infant
with recurrent vomiting. If there is a marked reduction
in GER symptoms, it is reasonable to suspect that allergy
may have caused the infant's vomiting.

Prone positioning decreases GER but infants that
sleep in the prone position are at substantially increased
risk of sudden infant death syndrome. Therefore, prone
positioning during sleep is not recommended unless
there is a substantial risk of possible aspiration with
GER such as occurs in a child with an upper
aerodigestive tract anomaly prior to surgical correction.

In children and adolescents, there is some evidence
that avoidance of caffeine, chocolate, and spicy foods
that provoke symptoms is useful for the treatment of
GERD. There is also limited evidence that weight loss if
obese and the avoidance of tobacco and alcohol may
reduce GER. It is not known whether lifestyle changes
have an additive bene®t in patients receiving pharma-
cological therapy.

Pharmacologic Therapy

Themedicationscurrentlyavailable for thetreatment
ofGERDinchildrenareclassi®edintothosethatdecrease
gastric acid secretion (anti-secretory agents) and those
that decrease the number of GER episodes by improv-
ing gastrointestinal and/or esophageal motility (proki-
netics). The anti-secretory agents include histamine-2
receptor antagonists (H2RAs) and proton pump
inhibitors (PPIs). Both provide effective treatment for
esophagitis but the PPIs are far more potent and result
in more rapid healing. Long-term use of PPIs appears to
be safe in infants and children. Hyperplastic and glandu-
lar gastric nodules and polyps may develop in children
but this does not appear to be associated with an
increased risk of gastric dysplasia or cancer. No effective
prokineticagents for the treatmentofGERDareavailable
in the United States. Metoclopramide does not decrease
GER. Bethanechol is inadequately studied and has
substantial side effects. Sucralfate has been used for
the treatment of esophagitis in adults but there are
inadequate data to support its use in children.

Surgical Therapy

As in adults, several approaches are available for
surgical therapy of GERD in children. The Nissen
fundoplication and modi®cations of this procedure
are the most commonly performed operations. All
of these procedures alter the anatomy at the diaphrag-
matic hiatus and increase the length of the intra-ab-
dominal esophagus. Signi®cant complications of the
surgery include breakdown of the wrap, small
bowel obstruction, gas bloat syndrome, dumping
syndrome, infection, atelectasis or pneumonia, perfo-
ration, persistent esophageal stricture, and esophageal
obstruction. These procedures are now frequently per-
formed laparascopically, even in premature infants,
which decreases the immediate postoperative morbid-
ity. Alteration of the integrity of the fundoplication is
more likely to occur in children who have neurolog-
ical disease or in those with robust coughing (cystic
®brosis, asthma) and/or retching. Surgical therapy is
usually not indicated for the treatment of infants with
GERD unless the risks of complications of GERD out-
weigh the risks of surgery, since a combination of
medical therapy and maturation often prevents the
need for surgery. Surgical therapy may be more effec-
tive than medical therapy for the treatment of airway
complications of GER, such as asthma or recurrent
aspiration. In children and adolescents, growth and
development are unlikely to alleviate symptoms.
The decision to consider surgical therapy versus
prolonged medical therapy requires balancing the
risks and bene®ts of surgery with those of medical
therapy. Recent studies indicate that despite surgical
therapy, a large proportion of adults with GERD still
receive PPIs when evaluated 5 years after surgery,
indicating that surgery often does not lead to complete
lifelong symptom resolution of GERD.

APPROACH TO GASTROESOPHAGEAL
REFLUX DISEASE SYMPTOMS IN
CHILDREN

The evaluation of each symptom presentation of GERD
varies because the differential diagnosis, relative utility
of different diagnostic tests, and consequences of mak-
ing an incorrect diagnosis differ depending on the pre-
senting symptom. The discussion below provides a
brief overview of each symptom presentation and
outlines symptom-directed diagnostic and therapeutic
approaches.
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Uncomplicated Gastroesophageal Re¯ux in
an Infant

Normal infants have frequent episodes of GER with
effortless, painless regurgitation. Simple `̀ spitting up''
must be distinguished from true vomiting, as each
has different clinical implications. A large number of
disorders can present with vomiting in infants but in the
absence of warning symptoms and signs (Table I), pa-
rental education, reassurance, and anticipatory guid-
ance are all that is required for management of
simple GERD. No treatment is necessary if there are
no symptoms in an otherwise well-appearing child
but therapies including a time-limited trial of a hypoal-
lergenic formula or use of thickened formulas may be
used if desired. Recurrent GER generally decreases in
frequency over the ®rst year of life and resolves by 12 to
18 months of age. If symptoms worsen or do not im-
prove by 18 to 24 months of age or are unresponsive to
therapy much earlier, further evaluation including an
upper GI series may be indicated.

Inadequate Weight Gain in an Infant

Attempts to curb the vomiting associated with un-
complicated infant GER by limiting the quantity of for-
mula ingested can cause iatrogenic weight loss. If an
infant is ingesting adequate calories without restrictions
and weight loss persists, it is important that other causes
of failure to thrive be considered before it is assumed
that GERD is the cause. Vomiting due to allergy is in-
distinguishable from that due to GER so a time-limited
(2 weeks) trial of administration of a hypoallergenic
formula may be considered. Rarely, infants are unable
to gain adequate weight due to problems of vomiting
resulting from gastroesophageal re¯ux. If no other cause
of vomiting or poor weight gain is identi®ed, alternative
management strategies include the administration of
higher caloric density feedings (24 to 30 cal/oz),
nasogastric tube feedings, or nasojejunal tube feeding.
Pharmacologic therapy with a prokinetic would poten-
tially be useful but no prokinetic agents that aid in man-
agement of GER are available. If the infant has
concomitant delayed gastric emptying, metoclopramide
or domperidone therapy may be helpful.

Excessive Irritability in an Infant

GER is rarely the cause of excessive irritability or
colic in infants. Normal infants fuss or cry for an average
of 2 h daily, with many normal infants crying for up to
6 h per day. Crying peaks at 6 weeks of age. There is no
strong evidence demonstrating a relationship between
excessive crying and GER; however, GERD is frequently

invoked as a cause of irritability based on the frequency
of vomiting in infants and extrapolations from the adult
experience with heartburn. No good controlled studies
demonstrate a response of irritability to GER therapy. In
infants with severe irritability, other causes, such as
neurologic disorders, urinary tract infection, allergy,
or small intestinal disorders, need to be ruled out before
a trial of empiric therapy for GERD is considered. A clear
relationship between GER and episodes of irritability
can be established by obtaining an esophageal pH mon-
itoring study and determining the symptom index (see
Diagnostic Evaluation for Gastroesophageal Re¯ux Dis-
ease). A trial of therapy of GER can be considered if
other causes of irritability are excluded and episodes
of irritability are associated with GER documented by
vomiting or by esophageal pH monitoring.

Heartburn or Chest Pain in the Older Child

GER may cause symptoms of heartburn or chest pain
in children. Some children have dif®culty localizing
pain and complain of `̀ tummy'' pain. In children with
intermittent symptoms, initial empiric therapy with ant-
acids, H2RAs, or PPIs can be considered. If symptoms
recur following cessation of therapy or do not improve
with empiric therapy, then diagnostic upper endoscopy
with biopsy should be considered. Other disorders that
cause esophagitis, including eosinophilic esophagitis or
in¯ammatory bowel disease, and infectious esophagitis
can present with similar symptoms. Some patients with-
out esophagitis experience pain during physiologic re-
¯ux episodes. In these patients, it is reasonable to
continue treatment with either H2RAs or PPIs to relieve
symptoms despite the absence of esophagitis.

Feeding and Swallowing Dif®culties

Feeding dif®culties are associated with the presence
of GER in infants and children but it is unclear whether
GER (even in the presence of esophagitis) actually
causes feeding problems in infants. Adults with rela-
tively severe esophagitis rarely complain of signi®cant
dysphagia unless they develop stricture. No study has
demonstrated that treatment of GER improves feeding
in infants. Because a large variety of disorders may con-
tribute to feeding dif®culties or dysphagia in the infant
and older child, empirical therapy for GER is generally
not recommended. However, if there are other signs or
symptoms suggestive of GERD, then a time-limited
course of medical therapy can be considered. Usually,
a diagnostic evaluation with a radiographic contrast
study should ®rst be performed to identify anatomic
abnormalities, such as strictures or vascular rings,
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and motility disorders, such as achalasia. Upper endo-
scopy with biopsy is also usually performed to rule out
other causes of esophagitis.

Other Esophageal Symptoms and Signs

Esophagitis causes other symptoms including hema-
temasis and atypical seizure-like movements with tor-
sion of the neck known as Sandifer's syndrome,
esophageal stricture, and Barrett's esophagus. When
erosive esophagitis is demonstrated during endoscopic
evaluation, treatment with H2RAs or PPIs is usually
indicated. PPI therapy is highly effective for treatment
of esophagitis resulting from GER. Biopsy is mandatory
to rule out other causes of esophagitis. Typical biopsies
in GERD reveal thickening of the basal cell layer (425%
of mucosal thickness), increases in papillary height
(450% of mucosal thickness), and in®ltration with neu-
trophils (41 per HPF) or eosinophils (41 and 515 per
HPF). Barrett's esophagus is presumed to result from
esophagitis. It is characterized by intestinal metaplasia
of the mucosa and is associated with an increased risk of
adenocarcinoma of the esophagus. Other causes of
esophagitis include eosinophilic esophagitis, allergy,
in¯ammatory bowel disease, infections, caustic esoph-
agitis, and pill esophagitis, all of which are characterized
by different ®ndings on biopsy. The best approach to
management of erosive esophagitis and Barrett's esoph-
agus in children remains controversial. Due to the long-
term risk of adenocarcinoma, many experts recommend
that children with this diagnosis should undergo sur-
veillance esophagoscopy and biopsy every 3 to 5 years.
Treatment of GER-induced esophagitis should focus on
reducing the acid exposure of the esophagus. No studies
show a bene®t of surgical anti-re¯ux therapy compared
to long-term PPI therapy for prevention of GER com-
plications including stricture or adenocarcinoma. The
relative long-term risks and bene®ts of medical versus
surgical therapeutic approaches are unclear.

Apnea

Cessation of breathing when gastric contents re¯ux
into the pharynx is a normal physiologic protective
mechanism that prevents aspiration. This re¯ex
response appears to be somewhat more robust in the
infant than in the adult such that laryngeal stimulation is
more apt to cause cough in the child or adult but will
cause apnea in early infancy. This relationship has led to
a widely held belief that GER is a common cause of
apnea of prematurity and of acute life-threatening
events (ALTEs) in infancy. There is no good evidence
to support a relationship between GER and the central

apnea observed in premature infants. ALTEs are
episodes in infants characterized by a combination of
apnea, change in color (cyanosis, pallor, rubor, pleth-
ora), change in muscle tone (limpness, stiffness), and
choking and gagging that requires intervention by the
caretaker. GER is only one of many potential causes of
an ALTE and those due to GER generally occur while the
infant is awake, supine, and usually within 1 h of feed-
ing. Prior to invoking GER as the cause of ALTE, it is
essential to rule out other potential causes including
anatomic airway obstructive disorders, central apnea,
cardiac, central nervous system and infectious disor-
ders, and possible intentional suffocation observed
with Munchausen-by-proxy syndrome. De®nitive dem-
onstration that apnea is caused by GER in an individual
patient is often dif®cult because the episodes occur spo-
radically. Thus, even during 24 h of monitoring, an ep-
isode often does not occur. Furthermore, it is impossible
to determine whether GER is causing the episode or
whether it results from the respiratory effort associated
with obstructive apnea. Therefore, if esophageal pH
monitoring is being performed to document a relation-
ship between the apneic episodes and GER, it is useful
only if combined with simultaneous recording of heart
rate, chest wall impedance, nasal air¯ow, and oxygen
saturation to detect obstructive apnea. Esophageal im-
pedance recording may be more useful because it will
detect acid and nonacid GER episodes, both of which
could cause awake apneic episodes. Generally, it is rea-
sonable to initiate therapy for presumed GER-related
apnea without any diagnostic testing if there is a char-
acteristic history combined with appropriate testing to
exclude other causes of ALTEs. Conservative medical
therapy for GER and possibly the administration of anti-
secretory agents decreases the frequency of episodes.
Surgical therapy is usually not required since the fre-
quency of episodes almost always decreases as the infant
matures and the risk of morbidity from surgery gener-
ally exceeds the risk from the awake apneic episodes.

Asthma

Although the prevalence of GER in children with
asthma is approximately 50%, GER exacerbates but
does not cause asthma. Animal studies suggest that
esophageal acid exposure may increase the reactivity
of the airway through vagal re¯ex mechanisms. Micro-
aspiration of re¯uxed gastric contents may also alter
airway reactivity. Vigorous anti-re¯ux therapy (high-
dose proton pump inhibitors) may decrease the severity
of symptoms in some patients, especially those with
coexisting symptoms of esophagitis. In patients without
any symptoms suggestive of GER, esophageal pH
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monitoring should be considered in those with asthma
and recurrent pneumonia, those with nocturnal asthma
more than once a week, those requiring either con-
tinuous oral corticosteroids or high-dose inhaled
corticosteroids (more than two courses per year of cor-
ticosteroids), and those with persistent asthma unable
to wean medical management. If esophageal pH moni-
toring demonstrates an increased frequency or duration
of esophageal acid exposure, a trial of prolonged med-
ical therapy for GER should be considered. In patients
who respond to therapy, a decision to consider surgical
management must balance the risks of long-term med-
ical therapy versus surgical therapy. Some studies sug-
gest that surgical therapy may be more effective than
medical therapy, but these studies did not treat patients
with high doses of PPIs.

Recurrent Pneumonia

In children with abnormal airway protective mech-
anisms, such as those with neurologic disease or with
laryngeal anatomic defects, GER may cause recurrent
pneumonia. Pulmonary ®brosis and chronic lung dis-
ease can result. Unfortunately, it is dif®cult to prove that
GER is the cause of chronic lung disease. Normal esoph-
ageal pH monitoring does not exclude GER as a cause of
recurrent aspiration. Bronchoalveolar lavage with large
numbers of lipid-laden macrophages suggests that aspi-
ration may be present, but it may be dif®cult to deter-
mine whether aspiration occurs during swallowing or
only during episodes of GER. Regardless, treatment of
GER is often indicated once other causes of recurrent
pneumonia are ruled out, such as an immunode®ciency,
cystic ®brosis, or anatomic defects, such as a tracheo-
esophageal ®stula. Medical therapy may be tried in
children with only moderate pulmonary disease, but
in children with more severe pulmonary disease, anti-
re¯ux surgery should be considered.

Hoarseness and Recurrent Croup

Hoarseness and recurrent croup have been associ-
ated with GER. The approach to diagnosis and treat-
ment of GER-related laryngeal disease is at present
unde®ned but a trial of aggressive anti-re¯ux therapy
with a high-dose proton pump inhibitor is reasonable. If
symptoms resolve and then recur with the cessation of
therapy, GER is likely responsible. Decisions regarding
long-term therapy must balance the risks of long term
medical or surgical therapy versus the severity of
underlying symptoms.

Other disorders, such as sinusitus, otitis media, and
dental erosions, have been suggested to be related to

GER but there is little evidence to support these con-
tentions at this time.

CONGENITAL ESOPHAGEAL
OBSTRUCTIVE LESIONS

Congenital Esophageal Stenosis and
Web Diaphragms

Congenital esophageal stenosis and web diaphragms
rarely occur (i.e., 1 in 25,000 live births) and usually
present with dysphagia when feeds are advanced to
pureÂed or solid consistencies. Diagnosis is made by ra-
diographic contrast studies or endoscopy. Webs and
®bromuscular stenosis usually can be successfully di-
lated using endoscopy- and/or ¯uoroscopy-guided bal-
loon or bougie-type dilators. However, dilation of a
stenosis resulting from ectopic cartilage (i.e., tracheo-
bronchial remnant), which on endoscopy is more irreg-
ular and ®rmer than the ®bromuscular type, seems
somewhat more likely to result in perforation, leading
some experts to recommend primary surgical resection
of these lesions.

Acquired Esophageal Webs

Acquired esophageal webs are very uncommon in
children. Plummer-Vinson syndrome, characterized by
dysphagia, iron de®ciency anemia, and an esophageal
web in the upper esophagus, has only rarely been re-
ported in childhood. Treatment of the iron de®ciency
and dilation of the web is therapeutic. An association
with celiac disease has been reported and probably
resulted from the severe iron de®ciency sometimes
observed in celiac disease.

Schatzki Rings

Schatzki rings are ®brous mucosal thickenings at the
esophagealÿgastric junction and are also very un-
common in children, presenting with progressive dys-
phagia of solids or acute food impaction. Although
uncommon, this lesion can be seen in children with
esophagitis and is treated with dilation.

Esophageal Duplications

Esophageal duplications are rare lesions that present
as a tubular mass in the posterior mediastinum. Secre-
tions cause distension with pressure on contiguous
structures that can cause dysphagia or respiratory
symptoms. Simple surgical excision is curative.
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Congenital Esophageal Diverticulae

Congenital esophageal diverticulae are rare lesions
that occur through the muscle layer located just above
the cricopharyngeus muscle. They may present with
symptoms of choking, coughing, and dysphagia in an
older child. More commonly, acquired diverticulae
without a muscle layer occur in neonates after traumatic
efforts at airway intubation. Perforation results in infec-
tion and edema, which may cause obstruction. Antibi-
otic therapy and the cessation of oral feedings usually
allow resolution of perforation if it is recognized early.

Vascular Rings

Vascular rings may also present with dysphagia or
airway obstruction. Diagnosis is usually made by radio-
graphic contrast esophagrams. The most common
anomaly is that of an aberrant right subclavian artery,
which crosses behind the upper esophagus and is seen in
approximately 1% of the population. It usually is asymp-
tomatic but in some children it may cause obstruction
(dysphagia lusorum). If this occurs, other causes of dys-
phagia should be ruled out before surgical therapy is
considered. The other most common vascular obstruc-
tion of the esophagus is a double aortic arch, which
usually results in dysphagia and respiratory symptoms.

See Also the Following Articles

Barrett's Esophagus � Esophagus, Development � H2-Recep-

tor Antagonists � Neonatal Tracheoesophageal Anomalies �
Proton Pump Inhibitors � Webs
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Gastrointestinal Matrix, Organization
and Signi®cance
RICHARD C. BATES

Beth Israel Deaconess Medical Center and Harvard University

basement membrane A specialized, sheet-like, extracellular

matrix structure that separates the connective tissue

from the epithelia, blood vessels, muscle ®bers, and

nerves.

lamina propria The connective tissue compartment located

just below the epithelium consisting of interstitial matrix

as well as various cell types (®broblasts and immune

cells).

mucosa The most highly differentiated layer of the gastro-

intestinal tract, comprising the epithelium, basement

membrane, lamina propria, and layer of smooth muscle

known as muscularis mucosae. Tissue specialization and

surface shape are correlated with functional differentia-

tion along the tract.

restitution The process that repairs damage to the epithe-

lium above the lamina propria, involving epithelial cell

migration and spreading across the site of injury in order

to resurface it.

The mucosal layers of the stomach, intestine, and colon

are well-differentiated tissues that display variations in

cell type and structure, re¯ecting the functional speciali-

zation of the gastrointestinal tract. However, these mu-

cosa share a common anatomy comprising epithelial cells,

underlying connective tissue regions rich in extracellular

matrix components and mesenchymal cells, and also

smooth muscle. The biochemical components of the

matrix form supramolecular complexes that provide

physical support for the overlying epithelium and inter-

act, via speci®c domains, with cellular receptors capable

of in¯uencing signal transduction pathways and gene

transcription. Thus, the gastrointestinal matrix forms a

regulatory network that directs such fundamental cellular

processes as proliferation, differentiation, and migration

to in¯uence organ function.

INTRODUCTION

The extracellular matrix (ECM) network supporting the
gastrointestinal tract is a rich milieu of structural pro-
teins, proteoglycans, growth factors, and matricellular
proteins. This stromal compartment also contains cells
of mesenchymal origin, such as ®broblasts and immune

cells, that are responsible for the maintenance of mu-
cosal integrity. This article describes the major struc-
tural components of the matrix, which in general tend to
be multifunction, multidomain molecules whose inter-
actions are mediated through speci®c modules. Local-
ization of these proteins into distinct subepithelial
structures and/or regions suggests that functional spe-
cialization accompanies differentiation in the gastric
mucosa. In addition to providing architectural support,
it is now known that the matrix itself promotes signaling
that is critical for cellular function, primarily via the
integrin family of adhesion receptors. Indeed, matrix-
derived signals direct such fundamental processes as
proliferation,differentiation,maturation,andsurvivalÐ
which in turn affect tissue homeostasis, organ topogra-
phy, and, ultimately, gastrointestinal function.

STRUCTURE AND COMPOSITION

Basement Membrane

Along the gastrointestinal tract, a simple columnar
epithelium resides upon a basement membrane that also
provides an interface with the lamina propria beneath it
(Fig. 1). At the electron microscope level, the basement
membrane appears as a continuous sheet of electron-
dense material and is composed primarily of laminins,
type IV collagen, nidogen, and heparin sulfate proteo-
glycans (HSPGs) integrated into a common structure,
instead of simply being layered. Additional ECM com-
ponents, such as ®bronectin and tenascin, as well as
associated proteins, such as SPARC (secreted protein,
acidic and rich in cysteine), are also present in the base-
ment membranes of the gastrointestinal tract. It is now
appreciated that the interactions between components
of the basement membrane are regulated through mul-
tiple, mostly domain-speci®c mechanisms.

Laminins, Nidogen, and Type IV Collagen

Laminins are a major component of the basement
membrane. All laminins are large heterotrimeric
glycoproteins composed of a, b, and g subunits that
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associate to form a cross-like structure. Five distinct a,
three b, and two g chains associate to form at least 11
currently known laminin isoforms, of which laminins-1,
-2, -5, and -10 are most abundantly expressed in the
intestinal matrix. Furthermore, these laminin proteins
are often expressed in a developmental- and tissue-spe-
ci®c manner, suggesting a functional diversity of the
individual variants. For example, laminin-1 and -2
show a complementary pattern of expression along
the cryptÿvillus axis in the adult human intestine:
laminin-1 presents a decreasing gradient of intensity
from the tip of the villus to the crypt mouth, whereas
laminin-2 is exclusively present in the basement mem-
brane that surrounds the bottom of the crypts. At the C-
terminal region of the heterotrimer, all laminins possess
a large globular domain that contains modules via which
laminin molecules interact with cells as well as other
matrix molecules. In addition to self-assembly, laminins
do associate with other laminin isoforms and other ECM
molecules. Indeed, the ECM glycoprotein nidogen func-
tions as a lamininÿcollagen IV bridge that is essential
for the structural integrity of the basement membrane.
Nidogen forms a link between the laminin and type IV
collagen networks and, similarly, mediates the
formation of a tertiary complex between laminin and

the core protein of the proteoglycans. Because nidogen
appears to play such an important role in basement
membrane formation, it is not surprising that isoforms
of this protein have now been discovered.

Collagens, which represent the most abundant pro-
teins of the body and function as extracellular building
blocks, are encoded by a family of at least 30 genes. Each
gene encodes a precursor chain, known as a pro a chain;
these chains assemble together in a tight triple-helix
composed of three chains both as homotrimers and as
heterotrimers. Of this family, type IV collagen is the
major structural component of the basement mem-
brane. It is composed of three of six genetically distinct
a (IV) chains. The distribution of the a (IV) chains
varies with tissues:a1 (IV) and a2 (IV) chains are widely
distributed, whereas a3ÿ6 (IV) chains are restricted to
certain basement membranes. The presence of these
multiple chains that give rise to at least ®ve distinct
type IV isoforms adds to the complexity of the basement
membrane organization. Not surprisingly, during de-
velopment and in the adult organs, type IV collagen
expression parallels that of laminin-1 in the gut.

Proteoglycans

Proteoglycans are large proteins that carry sulfated
polysaccharides (glycosaminoglycans) as side chains
and are ubiquitously expressed in virtually all mamma-
lian tissues. Heparin sulfated proteoglycans (HSPGs)
are typical constituents of basement membranes, with
the most prominent HSPG in the gastrointestinal tract
being perlecan, which consists of a 400 to 500 kDa core
protein with three heparin side chains. Incorporation of
proteoglycans into the basement membrane involves
heparin binding to laminin and type IV collagen, as
well as core protein binding to nidogen.

Fibronectin and Tenascin

Additional ECM components ®bronectin and tenas-
cin are also present in the basement membranes of gas-
trointestinal tissues. Fibronectin is a large, multidomain
adhesive glycoprotein that is an essential constituent of
many extracellular matrices found throughout the body
and also occurs as a soluble form in plasma. The amino
acid sequence of ®bronectin reveals three types of in-
ternally homologous repeats separated by short
connecting sequences. There are 12 type I, 2 type II,
and 15 type III modules and homologous domains are
also found in other proteins, especially the type III re-
peat. Fibronectin is synthesized by cells as a soluble
protomer and then converted into an insoluble form
that becomes incorporated into the ®brillar meshwork

FIGURE 1 Schematic overview of an intestinal villus demon-

strating the ultrastructural arrangement of the gastrointestinal

mucosa layer. A columnar epithelium sits upon a basement mem-

brane, which also provides an interface with the underlying loose

connective tissue, the lamina propria. A smooth muscle layer

de®nes the extent of the mucosa proper.
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of the lamina propria (see below) or included into the
basement membrane itself.

Tenascin-C (Tenascin-cytoactin) is the prototype
member of a family of glycoproteins that arise from
alternative splicing of a single gene. Their molecular
structure is that of a hexameric oligomer with a striking
symmetrical appearance. Six polypeptide chains
emanate from a central core where the amino-termini
are linked via a tenascin assembly domain; each arm
contains a row of epidermal growth factor-like as well
as ®bronectin type III repeats and the terminal knob is
composed of a globular domain resembling the carboxy-
terminal region of the b and g chains of ®brinogen.
During embryogenesis, tenascin is broadly expressed,
but its expression in adult tissues is far more restricted.

Interestingly, tenascin and ®bronectin exhibit
opposing gradients of expression in the basement mem-
brane of the cryptÿvillus axis, consistent with a pro-
posed ®bronectin-antagonizing role for tenascin.
Tenascin shows a gradient of increasing immunoreac-
tivity toward the tip of the villus and it has been
suggested that tenascin promotes the sloughing of in-
testinal epithelia into the gut lumen, which occurs at the
top of the villi in the small intestines and on the surface
of the colonic mucosa. Conversely, ®bronectin reactiv-
ity is strongest in the lower regions of the crypts, with
decreased staining intensity in basement membranes
toward the surface of the villus.

SPARC

SPARC is a multifunctional glycoprotein that be-
longs to the group of matricellular proteins that mediate
cellÿmatrix interactions, but do not serve primarily
structural roles, as opposed to ®bronectin, laminin,
and the collagens. Other members of this group of pro-
teins include thrombospondin and tenascin, as outlined
above. SPARC modulates cellular interactions with the
ECM by binding to structural matrix proteins, in par-
ticular collagen, as well as exerting a counteradhesive
effect on cells. It has a broad tissue distribution, but in
the adult appears to be most highly expressed in remod-
eling tissues and those with high rates of epithelial turn-
over, such as the gut, bone, and tissues undergoing
repair.

Lamina Propria

The lamina propria constitutes the layer of loose
connective tissue and interstitial matrix located just
below the epithelium. In the stomach, the lamina
propria tends to be relatively inconspicuous, ®lling
the interstitial spaces between the tubular gastric
glands. It is more expansive in the small intestine,
where it occupies the cores of the villi and envelops

the crypts. In the colon, it again becomes more retracted
based on morphology, restricted largely to the regions
between crypts. The structural composition of this zone
differs fundamentally from that of the basement mem-
brane in terms of its high content of ®brillar collagens
and proteoglycans. However, as shown in Fig. 2, there is
some overlap in terms of content with basement mem-
brane-associated proteins. Notably, in addition to their
reciprocal expression pattern seen in the basement
membrane, both tenascin and ®bronectin are found
as part of the meshwork of the lamina propria interstitial
matrix. Functionally, this region provides the structural
support for the lymphatics and vasculature. Further-
more, the lamina propria of the stomach and intestine
is also particularly cell-rich, including ®broblasts, lym-
phocytes, macrophages, plasma cells, and mast cells.
This large proportion of cells with immune function
provides an effective secondary line of defense against
potential invading microorganisms and aggregations of
lymphoid nodules within the lamina propria of the small
intestine give rise to the specialized areas known as
Peyer's patches. The lamina propria extends to the
thin layer of smooth muscle, or muscularis mucosae,
which together with the epithelium and basement mem-
brane constitutes the mucosa of the gastrointestinal
tract.

DERIVATION OF THE MATRIX

Both basement membrane assembly and lamina propria
synthesis result from a complex interplay between epi-
thelial and mesenchymal cells. Clearly, basement mem-
brane assembly must occur in the extracellular
environment at the interface of these two layers. With
regard to the laminin family of proteins, evidence sug-
gests that individual epithelial or mesenchymal cells are
capable of producing several laminin chains and iso-
forms simultaneously, before depositing them together
into the adjacent basement membrane. For example,
epithelial cells produce laminin-1 and mesenchymal
cells produce laminin-2. The mesenchymal compart-
ment is thought to be the principal source of endoge-
nous type IV collagen. Similarly, nidogen, whose crucial

FIGURE 2 Summary of the major extracellular matrix protein

components and their distribution within the basement mem-

brane and lamina propria.
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role as a intermolecular cross-linker is required for base-
ment membrane assembly, has been shown to be a
mesenchymal product. In contrast, HSPG molecules
located in the basement membrane of the developing
intestine appear to be produced by the epithelial cells
exclusively. Fibronectin is produced by epithelial cells,
but is also synthesized by cells within the lamina
propria, such as ®broblasts. Taken together, these ®nd-
ings reinforce the concept that epithelialÿmesenchymal
interactions play an important role in the formation of a
complete basement membrane.

SIGNALING FROM THE MATRIX

Far from merely providing a static architectural role, it is
now established that the matrix composition of the gas-
trointestinal tract de®nes the necessary microenviron-
ment essential for multiple cellular functions including
differentiation, proliferation, migration, and even sur-
vival. The best characterized ECM adhesion receptors
are the integrins, which constitute a diverse family of
integral membrane glycoproteins. Integrins function as
noncovalently linked ab heterodimers and, in addition
to their ability to support cell adhesion, they activate
signal transduction pathways via their cytoplasmic do-
mains. The dual ability of these receptors to promote
adhesion and in¯uence signal pathways and gene ex-
pression in response to matrix proteins has established
them as the principal mediators of speci®c signaling
from the matrix. As demonstrated by the complemen-
tary gradients of laminin-1 and -2 expression, and the
opposing expression pro®les of ®bronectin and tenascin
in the basement membrane, speci®c regional differences
in the biochemical composition of the matrix would be
expected to in¯uence epithelial cell behavior. Addition-
ally, changes in integrin receptor expression by the
epithelial cells themselves dictate their functional
responses to the underlying matrix.

The complexity of integrin expression and function
is highlighted by studies of the laminin-binding
integrins in the gastrointestinal tract. Expression is
complex and exhibits variations, for example, during
development and even along the cryptÿvillus axis in the
adult intestine. Here, it has been shown that two poten-
tial laminin-binding receptors exhibit complementary
staining patterns along the cryptÿvillus axis, with a2b1
predominant in the crypts and a3b1 more highly ex-
pressed along the villus. Although a2b1 expression ap-
pears to correlate with that of laminin-2 in the crypts,
this integrin actually has a higher af®nity for laminin-1
binding than laminin-2. Since the crypt basement
membrane is devoid of laminin-1, and a2b1 can also
bind to collagen, it appears that this integrin is actually

functioning as a collagen receptor in the intestine. Ad-
ditional complexity arises when it is considered that
a3b1 is further capable of binding multiple ligands in-
cluding ®bronectin, type IV collagen, and nidogen; thus,
any of these components could in¯uence gene express-
ion in the epithelial cells by activating this receptor.
Furthermore, other integrins such as a6b1, a7b1, and
a6b4, all of which function exclusively as laminin re-
ceptors, are also co-expressed by these same cells and
appear to have more uniform distributions. This appar-
ent redundancy suggests that these different receptors
must serve distinct signaling functions when binding to
the same matrix protein.

MATRIX REGULATION OF RESTITUTION
AND MUCOSAL HEALING

The mucosal epithelium of the gastrointestinal tract
serves as an important barrier to a wide variety of nox-
ious and potentially harmful agents. It is essential, there-
fore, that the epithelial layer is rapidly resealed
following injury, for example, as the result of gastric
ulceration, bacterial infection, in¯ammatory bowel con-
ditions, ischemia, or radiation. This is accomplished by
a process known as restitution, whereby viable epithel-
ial cells migrate from regions proximal to the site of
injury to cover the denuded surface. This response re-
establishes epithelial continuity more rapidly than can
be achieved by cell proliferation and helps prevent
deeper mucosal damage. In order to do so, the epithelial
cells temporarily and reversibly lose their polarized ap-
pearance and assume a more squamous morphology,
best described not as dedifferentiation but rather as
redifferentiation toward a motile phenotype. Restitu-
tion is subject to strict regulatory controls, directed
in part by soluble mediators such as growth factors
and bioactive peptides, as well as nonsoluble factors,
including the extracellular matrix itself. The molecular
architecture of the matrix, with its adhesive protein
constituents, provides a physical substrate permitting
traction and the generation of forces needed for migra-
tion and thus directly in¯uences the rate of cellular
motility. Furthermore, the matrix can also directly
and speci®cally modulate signal transduction pathways
within the epithelial cells themselves, at the level of
protein activation, synthesis, and localization. The
same adhesive components, including the collagens
and ®bronectin, have been shown to in¯uence cell
morphogenesis and differentiation, mediated largely
through integrin activation and signaling. These signal-
ing pathways direct the cytoskeletal changes and adhe-
sive responses seen in migrating cells. Moreover, it
is emerging that matrix-dependent motility-related
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signaling is likely to be involved in cross talk with sig-
nals provided by other stimuli, such as growth factors,
adding yet another level of complexity in the regulation
of this critical homeostatic process.
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celiac disease Autoimmune disorder affecting the small

intestine; caused by abnormal responses to certain

grains, leads to small intestinal mucosal damage and

nutrient malabsorption.

gastroesophageal re¯ux Retrograde movement of gastric

contents into the esophagus, resulting in esophageal

damage and in¯ammation (esophagitis).

pernicious anemia Form of anemia (red blood cell

de®ciency) caused by vitamin B12 de®ciency; occurs

secondary to an absence of gastric intrinsic factor, which

is necessary for B12 absorption in the terminal ileum.

volvulus Twisting of intestinal loops, with subsequent

obstruction of the vascular supply and/or lumen.

The gastrointestinal tract is a tubular conduit; it is respon-

sible for processing food into an absorbable form, absorp-

tion of nutrients and electrolytes from the lumen, delivery

of these nutrients to the body, and excretion of waste prod-

ucts. With the largest surface area of any organ in the body,

the gastrointestinal tract is also exposed to a diverse

assortment of foreign materials. Sampling of these mate-

rials and generation of appropriately directed immune re-

sponses, e.g., to pathogens but not to food products, are an

essential part of gastrointestinal function.

ESOPHAGUS

The esophagus is a 20- to 25-cm-long tube (see Fig. 1)
that transports food from the oral cavity to the stomach.
It is composed of three primary segments; cervical, tho-
racic, and abdominal. Accordingly, the vascular supply
is also segmental. The upper esophagus is supplied
by the thyroid arteries, the midesophagus is supplied
by branches of the aorta, and the lower esophagus is
supplied primarily by the left gastric artery. Venous
drainage is similar, with the upper third of the esoph-
agus draining into the superior vena cava, the middle
third draining into the azygous veins, and the lower
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third draining into the portal vein (via the gastric veins).
With this rich vasculature, ischemia of the esophagus is
uncommon. Unfortunately, this also makes the vascular
network accessible to esophageal tumors and vulnerable
to early local metastasis.

The esophagus begins in the pharynx, at the cricoid
cartilage, and passes through the posterior mediastinum
behind the aortic arch and left main stem bronchus. The
esophagus then courses anterior to the aorta as it passes
through the diaphragm, to the gastroesophageal junc-
tion. From the lumen outward, the esophageal wall
is composed of the mucosa, submucosa, muscularis
propria, and adventitia, respectively.

The principal esophageal function, transport of
substances from the oral cavity to the stomach, is

accomplished by coordinated contraction of the mus-
cular layers. Like the entire gastrointestinal tract, the
muscularis propria is composed of inner circular and
outer longitudinal layers. Unlike the remainder of the
gastrointestinal tract, the muscle layers include both
skeletal (voluntary) and smooth (involuntary) muscle.
Muscle in the upper third of the esophagus is composed
primarily of skeletal muscle, while muscle in the
middle third of the esophagus is a mixture of skeletal
and smooth muscle, and that in the distal third is en-
tirely smooth muscle. Thus, when food or liquid is in-
gested, a swallow is initiated voluntarily by coordinated
relaxation and contraction of upper esophageal skeletal
muscle. This continues involuntarily, as food is pro-
pelled via waves of contraction into the distal esophagus

FIGURE 1 Endoscopic survey of the gastrointestinal tract. Endoscopic views of the esophagus,

stomach, duodenum, and colon. The squamous mucosa of the esophagus is smooth and pink, without

folds. In contrast, the gastric rugae are prominent. These stretch and ¯atten when the stomach is

distended. In the duodenum, the plicae circularis are circumferential. The villi are appreciated as a

velvety mucosal surface. The colonic mucosal folds are not circumferential and are tethered at sites

corresponding to the teniae coli, resulting in a triangular pro®le.
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and stomach. Auerbach's plexus lies between the circu-
lar and longitudinal muscles and generates the neural
signals that control these contractions.

Entry into and exit from the esophagus is restricted by
contractile muscle bundles termed the upper and lower
esophageal sphincters, respectively. At rest, both sphinc-
ters are contracted, or closed; the upper esophageal
sphincter closes to prevent air entry and the lower esoph-
ageal sphincter closes to prevent re¯ux of gastric con-
tents. Relaxation of each sphincter must occur in
coordination with a swallow to allow the appropriate
passage of food and liquids. Failure of lower esophageal
sphincter relaxation prevents passage of food from the
esophagus into the stomach, resulting in the disease
known as achalasia. In contrast, insuf®cient contraction

of the lower esophageal sphincter results in gastroesoph-
ageal re¯ux and esophagitis. Commonly used substances,
such as caffeine, alcohol, and nicotine, can prevent
complete closure of the lower esophageal sphincter
and cause or aggravate gastroesophageal re¯ux disease
(GERD).

The esophageal lining is normally pink, moist, and
covered by strati®ed squamous epithelium, much like
the skin (Fig. 2). This ends abruptly at the Z-line, which
marks the transition to the columnar epithelium of the
stomach. The submucosa of the esophagus contains
modi®ed salivary glands that secrete mucus (for lubri-
cation), growth factors (to augment epithelial cell
growth and aid in repair), and, in the distal esophagus,
bicarbonate (to neutralize acids).

Esophagus

Ileum Colon

Stomach

FIGURE 2 Histology of the esophagus, stomach, ileum, and colon. The esophagus is lined by a

multilayered squamous epithelium, with the basal proliferative zone represented by the darker region

at the bottom of the epithelium. The gastric body is lined super®cially by mucus cells. Specialized

parietal and chief cells are seen in deeper layers of the mucosa, in the glandular compartment. The

ileum of the small intestine is distinguished by the presence of villi. These are absent in the colonic

mucosa, which is dominated by crypts that are normally arranged in a uniform array.
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STOMACH

The stomach is a distensible saccular portion of the
gastrointestinal tract between the esophagus and the
small intestine. Food enters the stomach through
the gastroesophageal junction. While in the stomach,
food is mixed with gastric acid and digestive enzymes to
form chyme. Thus, the stomach serves, in part, as a
reservoir, holding ingested food and chyme and deliv-
ering the latter to the small intestine at a controlled rate.
As chyme exits the stomach, the narrow pyloric channel
acts as a sieve, preventing large food particles from en-
tering the duodenum until they are adequately
processed.

The stomach is located in the left upper quadrant of
the abdomen. In general, the stomach is J1 -shaped, but
there is considerable variation based on the volume of the
gastric contents. Sites within the stomach are commonly
described based on two curvatures; the lesser curvature
of the stomach forms the right upper border and the
greater curvature forms the left lower border. The stom-
ach receives arterial circulation from branches of the
celiac artery.

The mucosal surface of the stomach forms promi-
nent folds, or rugae, in an empty state (see Fig. 1). The
gastric wall consists of four layers: mucosa, submucosa,
muscularis propria, and serosa. The mucosa contains
the secretory glands. The submucosa is mainly connec-
tive tissue containing lymphocytes, plasma cells, and
neurovascular elements. The muscularis propria con-
tains three layers: longitudinal ®bers, circular ®bers,
and oblique ®bers. The circular ®bers course around
the body of the stomach and thicken at the exit from
the stomach, forming the pyloric sphincter.

The stomach can be divided into cardia, fundus,
body, antrum, and pylorus. The cardia is a small section
of the stomach located next to the gastroesophageal
(GE) junction, just left of the midline. The Z-line
marks the abrupt mucosal transition from the esopha-
gus to the cardia. The fundus is a dome-shaped region
projecting upward and to the left of the GE junction. The
body is the largest section, beginning below the fundus
and extending to the incisura angulus, a notch in the
lesser curvature. The glands of the body and fundus are
composed of parietal, chief, mucus, and endocrine cells
(Fig. 2). Parietal cells secrete acid as well as intrinsic
factor, which is necessary for the absorption of vitamin
B12 in the terminal ileum. Lack of intrinsic factor causes
an inability to absorb vitamin B12 in the ileum, resulting
in pernicious anemia. The antrum extends from the
incisura angulus and its border with the body to the
pylorus. The pylorus contains the pyloric sphincter, a
thick ring of muscle that regulates release of gastric

contents into the duodenum. Hypertrophy of this mus-
cle results in the inability of food to pass, resulting in
projectile vomiting, and is most commonly seen in in-
fants. The antrum, similar to the cardia, contains mainly
mucus-secreting cells, but also includes endocrine and
gastrin-secreting cells. The vagus nerve is one source
that stimulates this secretion.

SMALL INTESTINE

The small intestine receives the contents of the stomach
and is the primary site of nutrient absorption. It consists
of three parts, duodenum, jejunum, and ileum, for a
total length of about 6 m in the adult. The celiac trunk
provides the arterial supply to the proximal duodenum
and the superior mesenteric artery supplies the distal
duodenum, jejunum, and ileum.

From the lumen outward, the small intestinal wall
consists of four layers: mucosa, submucosa, muscularis
propria, and serosa. Like the other sections of the gas-
trointestinal tract, the muscularis propria contains outer
longitudinal and inner circular muscle layers, with the
ganglion cells of Auerbach's plexus between the layers.
The submucosa contains lymphatics, connective tissue,
and Meissner's plexus. The submucosa also contains
Brunner's glands in the duodenum and Peyer's patches
in the ileum.

The duodenum is 25ÿ30 cm in length and makes a
C2 -shape to curve around the head of the pancreas. At
the proximal end of the duodenum is the duodenal bulb,
which has a smooth, featureless mucosal surface. The
duodenum can be distinguished histologically by the
presence of Brunner's glands, which secrete mucus. Dis-
tal to the duodenal bulb, the small intestinal mucosa is
thrown into circular folds, termed plicae circulares,
which decrease in number distally (Fig. 1). The ampulla
of Vater, which drains secretions from the pancreatic
and biliary ducts, is located in the second portion of the
duodenum. Ampullary obstruction, as occurs with im-
pacted gallstones or tumors, can result in pancreatitis.

The ligament of Treitz ®xes the junction of the du-
odenum to the jejunum and marks the division of the
upper and lower gastrointestinal tracts. Lymphoid fol-
licles, present throughout the small intestinal mucosa,
are most prominent in the ileum, where they form
aggregates known as Peyer's patches. Intestinal infec-
tion may result in signi®cant hyperplasia of these lym-
phoid nodules. The small intestine ends at the terminal
ileum, where the ileocecal valve, made of two mucosal
folds, forms the entrance into the colon.

The epithelium of the small intestine, consisting
of crypts and villi (Fig. 2), is specialized to maximize
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absorption. Villi are ®ngerlike projections into the
lumen, where absorption occurs. They are covered by
absorptive enterocytes (intestinal cells) and amplify
their surface area further with a microvillus brush bor-
der. Blunting of villi, as occurs in celiac disease, results
in signi®cant malabsorption. Similarly, small intestinal
infections can cause malabsorption and diarrhea. The
brush border contains digestive enzymes and the
transporters and ion channels necessary for ef®cient
nutrient absorption. The crypts contain Paneth and en-
docrine cells as well as stem cells that differentiate as
they migrate toward the villus. The majority of nutrient
absorption takes place in the duodenum and jejunum.
However, as noted previously, the ileum is essential for
absorption of vitamin B12 and bile salts.

COLON

The colon begins at the ileocecal valve and continues
through the rectum. It is approximately 1ÿ1.5 m in
length and is divided into cecum, ascending colon,
transverse colon, descending colon, sigmoid colon, and
rectum. Although the small intestine is mobile, the
colon is relatively ®xed. Signi®cant landmarks include
the hepatic ¯exure (adjacent to the liver), where the
ascending colon joins the transverse colon, and the
splenic ¯exure (adjacent to the spleen), where the trans-
verse colon joins the descending colon. The main
functions of the colon are absorption of water and elec-
trolytes and storage of waste products before excretion.

The layers of the colonic wall are similar to those of
the small intestine. Unlike the small intestine, however,
the longitudinal muscle is organized into three separate
bands, the teniae coli. These run from the appendix to
the rectum. The outpouchings between the teniae are
called haustra (Fig. 1). The superior mesenteric artery
supplies the colon from the cecum to the proximal trans-
verse colon. The inferior mesenteric artery supplies the
remainder of the colon, excluding the rectum, which is
supplied by rectal, or hemorrhoidal, vessels.

The cecum is the ®rst section of the colon and is
dilated relative to the remainder of the colon. It contains
the appendix, a small, blind pouch enriched in mucosal
lymphoid tissue. In¯ammation of this tissue, resulting
from retained material, results in appendicitis, a surgical
emergency. The cecum is relatively mobile and there-
fore is more susceptible to volvulus, or twisting upon
itself. Because it is dilated, a mass lesion or tumor in the
cecum may go undetected for a long period of time.

The ascending colon extends from the cecum up-
ward toward the liver, along the right side of the abdo-
men. At the hepatic ¯exure, it joins the transverse colon,
which can be mobile as it drapes across the abdominal
cavity toward the splenic ¯exure. Here the transverse
colon joins the descending colon that courses along the
left abdominal cavity to join the sigmoid colon in the
lower abdomen. The sigmoid colon is S-shaped. It is
the narrowest region of the colon, thus mass lesions in
this area are generally symptomatic early.

The epithelium of the colon, unlike that of the small
intestine, lacks villi. The mucosa consists of crypts con-
taining goblet cells and absorptive enterocytes. Because
the small intestine, rather than the colon, is responsible
for the bulk of ¯uid absorption, the diarrhea associated
with colonic disease is not as dramatic as that seen with
small intestinal disease.

During development, ganglion cells of both Auer-
bach's and Meissner's plexi migrate in a proximal to
distal direction. Failure of this migration results in
Hirschprung's disease. The distal, aganglionic, segment
of colon lacks inhibitory input and is tonically con-
tracted, without normal peristaltic contractions. This
results in obstruction and requires surgical removal
of the aganglionic segment.
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Gastrostomy

ZARA COOPER AND MALCOLM K. ROBINSON

Harvard Medical School

abdomen Portion of the body that lies between the chest and

the pelvis and contains several organs, including the

stomach, intestines, liver, spleen, pancreas, kidneys, and

bladder.

gastrostomy Arti®cial opening in the stomach wall, usually

created by surgical means.

gastrostomy tube Flexible, rubberlike tube that is inserted

through a gastrostomy into the stomach.

stomach Part of the gastrointestinal tract that lies between

the esophagus and ®rst part of the small intestine; serves

as a reservoir for swallowed food and is where food

digestion is initiated. Although the terms `̀ stomach'' and

`̀ abdomen'' are frequently used interchangeably, they are

distinct entities and should not be confused.

volvulus Twisting or knotting of the stomach or intestines;

obstructs passage of ¯uid and food.

A gastrostomy is a surgical procedure that creates an ar-

ti®cial opening in the stomach wall. Insertion of ¯exible

tubing into the opening provides a means to introduce

nutrients directly into the stomach, to drain stomach ¯u-

ids, and to repair gastric volvulus.

GASTROSTOMY AND
GASTROSTOMY TUBES

The medical procedure known as gastrostomy involves
cutting a hole cut into the stomach wall with surgical
instruments or a needle. An arti®cial opening is thus

obtained. A ¯exible, rubberlike tube known as a `̀ gastro-
stomy tube'' (g-tube) can be inserted through this open-
ing such that one end of the tube lies within the stomach
cavity. This end is usually enlarged and shaped like a
mushroom to prevent the tube from coming out of the
stomach inadvertently. The other end of the g-tube is
narrower and is pulled through another surgical open-
ing that is made in the wall of the abdomen. This proce-
dure thus creates a conduit between the stomach and the
outside of a person's abdomen (see Fig. 1). Gastrostomy
and insertion of a gastrostomy tube go hand in hand, and
thus these terms are frequently used interchangeably.

MEDICAL INDICATIONS
FOR GASTROSTOMY

There are three major medical indications or reasons for
insertion of a gastrostomy tube. First, gastrostomy tubes
are used in people who have a normal stomach and
intestines but are unable to take food and medications
by mouth for a prolonged period of time (e.g., 6 or more
weeks). This is the most common reason for a gastro-
stomy. Insertion of a g-tube for this indication may be
appropriate, for example, in persons who are in the
intensive care unit and sedated, in those with dementia
who refuse to eat, and in patients who have cancer of the
throat. In such people, liquid food and medications are
infused via the g-tube directly into the stomach for
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FIGURE 1 Gastrostomy tube.
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digestion and subsequent passage into the intestines,
where further digestion and absorption occur.

Second, gastrostomy tubes are used to drain ¯uid
from the stomachs of those patients whose stomachs
cannot propel food and secretions into the intestines.
This may occur if the stomach or intestines are blocked
(e.g., by a cancerous mass) or if the stomach and intes-
tines stop contracting. Buildup of ¯uid and food in the
stomach due to blockage or poor contraction eventually
leads to vomiting. This may be avoided by draining ¯uid
from the stomach via a g-tube. Fluid can accumulate in
the stomach under these abnormal conditions even
without eating. This is because ¯uid is constantly se-
creted into the stomach and intestines regardless of food
consumption.

Finally, g-tube insertion may be indicated as part of
treatment for a gastric volvulus. In the treatment of this
condition, the stomach is untwisted and is then `̀ ®xed'' in

an untwisted position by inserting a g-tube through the
abdominal wall and into the stomach via a gastrostomy.
Recurrent volvulus is prevented because the stomach is
no longer mobile enough to twist on itself. Volvulus of
the stomach is a rare condition, and therefore this is an
uncommon indication for g-tube insertion.
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Genetic Counseling and Testing
ERIC ROSENTHAL

University of California, San Diego

genetic counselor Professional with master's-level training in

medical genetics, counseling, and the psychosocial/legal

issues associated with inherited disorders and genetic

testing. Most practicing genetic counselors are board

certi®ed by the American Board of Genetic Counseling.

genetic testing Analysis of chromosomes, genes, and/or gene

products (e.g., proteins or enzymes) to determine

whether a genetic alteration related to a speci®c disease

or condition is present in an individual.

hereditary cancer syndrome Collection of clinical features,

including cancers, attributable to an alteration in a single

gene that can be passed from parents to their children.

Genetic counseling is a communications process dealing

with the medical and psychosocial problems associated

with the presence of, or the risk for, a genetic disorder.

Genetic counseling is an essential element in the manage-

ment of patients with hereditary cancer syndromes, par-

ticularly when genetic testing is offered. Genetic

counseling and testing for hereditary cancer syndromes

are best provided by genetic counselors, genetics nurses,

and physicians with specialized expertise and experience

in dealing with the unique issues and challenges associ-

ated with this rapidly evolving area of medicine.

INTRODUCTION

Recent years have seen an explosion of knowledge
concerning the genetic basis of hereditary cancer
syndromes (HCSs). An ever-increasing number of ge-
netic tests are available to identify gene alterations that
can increase lifetime risks for gastrointestinal tumors to
as high as 100%. Utilization of these tests can identify
patients who will bene®t from increased surveillance,
prophylactic surgery, chemoprevention, lifestyle and
diet modi®cations, or other targeted interventions
with the potential to reduce morbidity and mortality
from cancer. However, the decision to utilize gene-
tic testing should not be made without careful
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genetic counselor Professional with master's-level training in

medical genetics, counseling, and the psychosocial/legal

issues associated with inherited disorders and genetic

testing. Most practicing genetic counselors are board

certi®ed by the American Board of Genetic Counseling.

genetic testing Analysis of chromosomes, genes, and/or gene

products (e.g., proteins or enzymes) to determine

whether a genetic alteration related to a speci®c disease

or condition is present in an individual.

hereditary cancer syndrome Collection of clinical features,

including cancers, attributable to an alteration in a single

gene that can be passed from parents to their children.
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with the presence of, or the risk for, a genetic disorder.

Genetic counseling is an essential element in the manage-

ment of patients with hereditary cancer syndromes, par-

ticularly when genetic testing is offered. Genetic
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are best provided by genetic counselors, genetics nurses,

and physicians with specialized expertise and experience

in dealing with the unique issues and challenges associ-

ated with this rapidly evolving area of medicine.

INTRODUCTION

Recent years have seen an explosion of knowledge
concerning the genetic basis of hereditary cancer
syndromes (HCSs). An ever-increasing number of ge-
netic tests are available to identify gene alterations that
can increase lifetime risks for gastrointestinal tumors to
as high as 100%. Utilization of these tests can identify
patients who will bene®t from increased surveillance,
prophylactic surgery, chemoprevention, lifestyle and
diet modi®cations, or other targeted interventions
with the potential to reduce morbidity and mortality
from cancer. However, the decision to utilize gene-
tic testing should not be made without careful
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consideration. This process is time consuming and re-
quires the participation of professionals with speciali-
zed knowledge and skills.

HEREDITARY CANCER SYNDROMES

A partial list of HCSs with gastrointestinal (GI) involve-
ment is presented in Table I. HCSs are caused by mu-
tations in genes that play a role in preventing cells from
becoming malignant. These genes are often involved in
DNA repair and/or the regulation of cell division. When
a person inherits an altered version of one of these
genes, from either parent, certain tissues in their
body are more susceptible to the random events that
cause cells to become cancerous. Lifetime risks for var-
ious malignancies vary dramatically depending on the
gene involved. The exact form of the mutation within
the gene may also have an effect. Some mutations confer
a risk for a speci®c cancer that is only slightly increased
over that for the average population. Other mutations in
the same gene may generate lifetime risks for certain
cancers that approach 100%, as is the case for colon
cancer and certain adenomatous polyposis APC gene
mutations.

HCSs are usually inherited in a dominant fashion,
which means that an individual is affected when they
inherit an altered gene from only one of their parents.
Each child of an affected parent has a 50% chance of
inheriting the syndrome. New mutations arise period-
ically, which accounts for affected individuals who seem
to be the ®rst in their family to display signs of the
syndrome. Other explanations, such as inaccuracies
in the family history, or misattributed parentage, should
also be considered in these cases.

RECOGNIZING SIGNS OF A HEREDITARY
CANCER SYNDROME

The presence of a hereditary cancer syndrome is
suspected when one or more of the following factors
present in a family:

1. Cancer at unusually young ages.
2. Similar cancers, or cancers known to be related, oc-

curring in several relatives, across more than one
generation.

3. Individuals with multiple primary cancers in the
same or different organs.

TABLE I Representative Hereditary Cancer Syndromes with GI Involvement

Name Major features Incidence Gene(s) responsible

Hereditary nonpolyposis

colon cancer

Colorectal cancer, endometrial

cancer, ovarian cancer,

gastric cancer, transitional

cell cancer of the ureter and

renal pelvis, other cancers,

sebaceous adenomas

Estimates vary; �5% of

colorectal cancer

MLH1, MSH2, MSH6,

PMS1, PMS2, others?

Familial adenomatous

polyposis

4100 adenomatous colorectal polyps,

colorectal cancer, cancer of the

ampulla of Vater, duodenal cancer,

epidermoid cysts, desmoid

tumors, osteomas, congenital

hypertrophy of the retinal

pigment epithelium

1 : 10,000; �1% of

colorectal cancer

APC

Cowden syndrome, or

PTEN hamartoma

tumor syndrome

Hamartous polyps of the colon and

stomach, breast cancer, papillary

or follicular thyroid cancer,

mucocutaneous lesions, endometrial

®broids, macrocephaly

1 : 300,000 PTEN

PeutzÿJeghers syndrome Hamartous gastrointestinal polyps;

cancer of the colon, stomach,

small intestine, and pancreas;

ovarian sex cord tumors;

adenoma malignum of the

cervix; pigmented skin lesions

1 : 200,000 LKB1, others not

yet identi®ed

Familial atypical

moleÿmalignant

melanoma

Dysplastic nevi, melanoma,

pancreatic cancer

Unknown p16 (CDKN2), others

not yet identi®ed
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4. The presence of rare or unusual cancers.
5. The presence of precancerous lesions (i.e., adeno-

matous polyps) at unusually young ages or in
unusually large numbers.

6. The presence of other clinical ®ndings consistent
with known HCSs (i.e., desmoid tumors and
congenital hypertrophy of the retinal pigment
epithelium in familial adenomatous polyposis).

ELEMENTS OF A GENETIC COUNSELING
ASSESSMENT FOR A HEREDITARY
CANCER SYNDROME

The genetic counseling process should begin with an
exploration of the patient's concerns, goals, and cancer
risk perception. Many patients grossly over- or under-
estimate their cancer risks and this can impact their
compliance with screening recommendations. Even
when no testing is performed, genetic counseling can
have a signi®cant impact by providing reassurance or
raising awareness.

The value of the risk assessment is dependent on the
accuracy and completeness of the medical and family
history information provided by the patient, and when-
ever possible, veri®ed by medical records. Construction
of at least a three-generation pedigree is the standard of
care, including information about types of primary can-
cers, age of diagnosis for all primary cancers, and cur-
rent age or age at death for all unaffected as well as
affected relatives. Information about clinical features
other than malignancy is essential, so patients must
be queried about surgeries, hospitalizations, unusual
skin features, and chronic use of medications. Patients
evaluated for GI cancer syndromes should always be
asked about the results of sigmoidoscopies, colono-
scopies, or other examinations of the colon. Ethnic
background is also important, because certain condi-
tions are more common in some groups.

Family history information is used to predict the
likelihood that the pattern of cancers in a family is
due to a HCS, and the probability that genetic testing
will ®nd a mutation in one of the known genes. These
analyses are based on data that are being updated at a
rapid pace, which is one of the reasons why profession-
als engaging in genetic counseling for HCSs must devote
a heroic effort to keep up with current information.

MAKING DECISIONS ABOUT
GENETIC TESTING

A positive genetic test result, indicating that a patient
has a high risk for certain malignancies, can provide

valuable information to guide management. A negative
test result can reduce anxiety and obviate the need for
expensive and uncomfortable screening in family mem-
bers whose risk is not elevated. Nevertheless, genetic
testing is not feasible for many patients referred for
genetic counseling. The family history may not be con-
sistent with any of the known HCSs. Many patients lack
insurance coverage for genetic testing, especially those
in Medicare and Medicaid programs. Clinical testing is
not yet available for genes, i.e., the PMS1 and PMS2
genes involved in hereditary non-polyposis colon can-
cer. Testing through research protocols is sometimes
possible, but this approach requires that patients under-
stand the limitations of investigational testing.

Patients may decline testing because of concerns
that positive results will adversely impact their access
to health and life insurance, or employment. State and
federal laws provide some protection, but the situation
remains unsettled, and these are legitimate concerns
that often require lengthy discussion. Patients who
wish to have their test results remain con®dential
may chose to pay laboratory costs `̀ out of pocket'' and
request that no record be placed in their medical charts.

The value of genetic testing is equivocal in situations
in which results will not alter medical management. For
example, there are no proved effective interventions to
reduce mortality in people with a hereditary risk for
pancreatic cancer. Some individuals who have already
had a colectomy following a diagnosis of colon cancer
have little interest in establishing that they inherited a
risk for this malignancy.

LIMITATIONS TO GENETIC
TESTING TECHNOLOGY

It is imperative that patients and health professio-
nals understand certain limitations and caveats of
current genetic testing, including the following consid-
erations:

1. Many genes responsible for HCSs have not yet been
identi®ed.

2. The testing technology used in clinical laboratories
is not able to detect all of the clinically signi®cant
alterations in those genes that have been identi®ed.

3. The testing often identi®es gene changes of uncertain
clinical signi®cance, i.e., amino acid substitutions
that may or may not affect protein function.
The affect of these `̀ variants'' on cancer risk is
often unknown.

4. Genetic test results can provide information only
about the probability that an individual will develop
certain cancers. There is enormous variability in the
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clinical manifestations of HCSs between families
and between members of the same family.

5. It is vital that patients understand that even
those individuals who do not have a mutation in
one of the genes that cause a HCS still have same
risk for malignancy as others in the general
population.

GENETIC TESTING AND THE FAMILY

Genetic testing is distinguished from other areas of
medicine in the extent to which family involvement
impacts care of the patient. This is immediately apparent
when patients have dif®culty providing a complete and
accurate family history. Medical issues are not discussed
in some families, and the absence of an accessible `̀ fam-
ily historian'' can stymie efforts to gather the necessary
information. It is not uncommon for some family mem-
bers to regard the investigation of genetic cancer risks as
`̀ a can of worms.'' They may be uncooperative or actively
hostile toward a relative seeking detailed health infor-
mation, and they are unlikely to permit the release of
necessary medical records over which they have control.
Professionals providing genetic counseling for HCSs
must be prepared to help patients deal with this issue.

The importance of family involvement is even more
pronounced when the patient seeking information is an
`̀ at-risk'' family member who has not yet manifested
clinical features of the suspected syndrome. A negative
genetic test result in such an individual is of limited
value unless the family history of cancers has already
been traced to a gene mutation in a relative who has had
cancer or other signs of the syndrome. Otherwise, the
patient must be counseled that the family history could
be due to a mutation in a different gene (including those

that have not yet been discovered), or a mutation that is
not identi®able with current technology.

Following testing, there may be issues about com-
municating results within the family. Occasionally, pa-
tients refuse to share information about hereditary risks
with relatives, and some affected parents may even balk
at telling their own children that they are at a 50% risk
of having inherited a HCS. The physician's moral and
legal responsibilities in such situations are still under
debate. It is best to discuss plans for sharing information
within the family prior to initiating genetic testing.
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Giardiasis
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excystation Emergence of trophozoites from cysts.

trophozoites Metabolically active, proliferating forms of

protozoa.

Giardiasis, caused by the protozoan parasite Giardia
lamblia, is one of the most important waterborne diarrheal

diseases, worldwide. Although its life cycle can be repro-

duced in vitro and its small (�12 Mb) genome has been

sequenced, neither the basic biology of G. lamblia nor the

pathophysiology of giardiasis is completely understood.

PARASITE BIOLOGY

Since Giardia lamblia neither invades nor secretes any
known toxin, its adaptations to survival in hostile en-
vironments and ability to differentiate are key virulence
factors. The dormant ovoid cyst form of G. lamblia,
which is responsible for transmission of giardiasis, per-
sists in fresh cold water for weeks and is relatively re-
sistant to common disinfectants. Infection is initiated by
ingestion of as few as 10 cysts in fecally contaminated
water or occasionally food. Exposure of the quadri-
nucleate cysts to gastric acid initiates excystation. In
the small intestine, the parasite emerges and divides
into two binucleate trophozoites that attach to the apical
surface of the epithelium. In humans, G. lamblia gen-
erally colonize below the entrance of the common bile
duct. When trophozoites are carried downstream by the
¯ow of intestinal ¯uid, they differentiate into infectious
cysts that are passed in the feces. Trophozoites are
�10 mm long and shaped like a half pear, with an at-
tachment disc on their ventral surface. Trophozoites
also use their eight ¯agella to `̀ swim'' in the lumenal
¯uid and remain in the small intestine. G. lamblia
lacks many de novo biosynthetic pathways and sca-
venges most of its purines, pyrimidines, amino acids,
and lipids from the host. This parasite is amitochondri-
ate, with a microaerophilic metabolism, using glucose
and arginine for energy. Giardia belongs to one of the
earliest lineages to branch from the eukaryotic line of
descent, which makes it a valuable model for elucidating

the biological innovations associated with the evolu-
tionary appearance of nucleated cells.

EPIDEMIOLOGY, DISEASE,
AND TREATMENT

In the United States and other developed countries,
hikers and campers, families with children in day care,
and travelers are at particular risk for giardiasis. In-
fections are much more common in most developing
countries. In some areas, nearly 100% of children may
be infected before the age of 2 years. Both the duration
and the severity of giardiasis are highly variable. Ap-
proximately half of infected people are asymptomatic
and the infection frequently resolves spontaneously
within �2 weeks. However, G. lamblia can cause se-
vere and protracted diarrhea, which may lead to villus
blunting and malabsorption, resulting in malnutrition
and weight loss, especially in children. Importantly,
trophozoites do not invade or secrete any known toxin
or cause a mucosal in¯ammatory response. Tropho-
zoites are covered with a dense layer of a cysteine-rich
protein that is immunogenic, but also highly variable.
Since the genome encodes >150 of these variable sur-
face proteins, they are poor vaccine candidates. More-
over, antigenic variation is likely important for
chronicity of infections and susceptibility to re-infec-
tion. A crude veterinary vaccine is available for cats,
but the relevant antigens are not known. Repeated
infections appear to confer some immune protection
in humans. In endemic areas, adults are less frequently
infected than children or than visiting adults from
non-endemic areas. Experimental studies suggest
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these pathways to a toxic form that likely acts by
binding to and damaging parasite DNA. Clinically rel-
evant drug resistance has not been documented.
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tutes a link between the nucleus and the cell surface.

lymphocytic in®ltration Depending on the underlying

immunopathology, lymphocytesÐi.e., a subpopulation

of leukocytesÐmay be the predominant cell type in

in¯amed tissue; the presence of lymphocytes is sugges-

tive of viral infection and autoimmune and /or chronic

in¯ammation.

nestin Intermediate ®lament protein characteristic of un-

differentiated cells during cortical and enteric nervous

system development.

neural crest Ectodermal embryonic structure that arises from

the neural primordium lateral borders when they form

the neural tube; source of virtually all neurons and glial

cells of the peripheral nervous system.

T cells Thymus-derived immune cells that are essential for

cell-mediated immune responses.

Glial cells found in the enteric nervous system differ from

glial cells found in other compartments of the central and

peripheral nervous system. Although within the popula-

tion of enteric glial cells there is a relative homogeneity,

there is evidence to suggest some subsets have diverse

functions. Enteric glia serve as a supportive metabolic and

structural framework, but also play a role in information

transfer and in¯ammation.

STRUCTURE, GROWTH,
AND DEVELOPMENT

Morphology

The enteric nervous system (ENS) has unique
structural and functional properties that have led to
the concept of a `̀ little brain'' in the gut, serving as an
independent center of integrative neural activity. It is
organized as two ganglionated plexuses, the myenteric
plexus and the submucous plexus, which contain
no connective tissue or blood vessels but consist exclu-
sively of densely packed neurons, glial cells, and their
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processes. Enteric glial cells have unique ultrastructural
features clearly different from satellite cells of the
autonomic ganglia and Schwann cells of peripheral
nerves. They do not form basal laminae, they ensheathe
axons not individually but in groups, they are exten-
sively coupled by gap junctions, and they make numer-
ous synaptoid contacts with vesicle-containing nerve
varicosities.

Enteric glial cells are recognized as being similar to
central nervous system astrocytes. This is con®rmed by
their expression of glial ®brillary acidic protein and
vimentin, the calcium-binding protein S-100, glutamine
synthetase, and Ran-2. Additionally, enteric glial cells
transiently express the intermediate ®lament nestin dur-
ing development. Primarily, enteric glial cells have been
regarded as a relatively homogeneous cell population.
Nevertheless, there is evidence to suggest morpholog-
ical and functional heterogeneity among these cells,
even though distinct subsets have not yet been consis-
tently identi®ed in the mature ENS.

Development and Differentiation

Enteric glia, like enteric neurons, develop from mul-
tipotential precursor cells in the neural crest. Enteric
neurons evolve from vagal neural crest cells colonizing
the entire length of the gut in a proximodistal direction
and from sacral neural crest cells migrating in a distalÿ
proximal direction, and most enteric glia also originate
from these initial waves of crest-derived cells. However,
enteric glia may also arise from glial precursors that
enter the gut along with the extrinsic innervation
later in development.

During the course of ontogeny of the ENS, nestin-
immunoreactive neural crest cells emerge and give rise
to both enteric glia and neurons. These cells proliferate
in response to two neurotrophic factors, glial cell line-
derived neurotrophic factor (GDNF; most likely pro-
duced by mesenchymal cells) and neurturin, but not to
persephin or endothelin-3. Later on, nestin-positive
precursors are replaced by separate lineages of neuronal
and glial progenitors and the speci®ed progenitors lose
nestin, which is replaced by type-speci®c cytosolic and
intermediate ®lament proteins. At this stage, GDNF acts
as a neurotrophic factor and maintains cells in the neu-
ronal lineage, but does not promote the development of
glia. The factor required for further glial development
may be a neuregulin, such as glial growth factor (GGF).
Glial development in the ENS is also promoted by neu-
rotrophin-3 (NT-3), through its high-af®nity receptor
TrkC, and the neuropoietic cytokines ciliary neuro-
trophic factor (CNTF) and leukemia inhibitory factor
(LIF), through the a (CNTFRa) and b subunits (gp130

and LIFRb) of the tripartite CNTF receptor, respec-
tively. In contrast, neural growth factor (NGF) appears
not to affect the development of enteric glia.

Postnatally, ®broblast growth factor and GGF seem
to increase the division rate of enteric glia. In addition,
high GDNF levels in the adult intestine imply an im-
portant role for this neurotrophic factor in the mainte-
nance of the adult ENS. Finally, neurotrophins have
been implicated in intestinal in¯ammation and repair
processes and it is conceivable that enteric glia may
mediate such effects. The high-af®nity neurotrophin
receptors (NTRs) TrkA (for NGF) and TrkB (for
brain-derived neurotrophic factor and the neurotropins
4 and 5) have been found on enteric glial cells from all
sections of the adult human gut, and p75NTR receptor
immunoreactivity has been demonstrated on enteric
glial cells of adult human and rat gut.

Proliferation

Cultured enteric glial cells have been used in in vitro
studies to understand the functional properties of
these cells. Enteric glial cells proliferate in response
to compounds that increase intracellular cyclic adeno-
sine monophosphate (cAMP), such as cholera toxin,
dibutyryl cAMP, 8-bromo-cAMP, and forskolin, as
well as to laminin and ®bronectin, but not to epidermal
growth factor. Furthermore, it has been suggested that
enteric neurons inhibit the proliferation of enteric glia
and Schwann cells and that enteric glial cells may de-
pend to some degree on neuronal signals for terminal
differentiation. The molecular nature of these signals is
as yet unknown.

In¯ammatory mediators appear to modulate the
proliferation rate of enteric glial cells. Reactive prolif-
eration of enteric glia is documented in animal models of
intestinal in¯ammation. The identity of the in¯amma-
tory mediators is unclear. Nevertheless, evidence from
in vitro studies suggests that the proin¯ammatory cyto-
kine interleukin-1b (IL-1b) suppresses enteric glial
cell proliferation, in contrast to the immunosuppressive
cytokine IL-10.

FUNCTION

Electrophysiological Properties and
Neuroglial Interactions

Historically, enteric glia have been viewed as
a supportive frameworkÐboth structurally and
metabolicallyÐof the neuronal elements in the ENS.
Evidence for a functional role of enteric glial cells in
information transfer is now emerging. Enteric glia have
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cell-to-cell coupling, suggesting the formation of enteric
glial networks in which neuroligand signal transduction
systems are linked to increases in cytosolic Ca2� levels.
Enteric glial cells respond to endothelins, vasopressin,
adenosine and uridine triphosphate (ATP, UTP), epi-
nephrine, serotonin, histamine, and prostaglandins.
The presence of purinoceptors of the P2Y2 subtype
has been reported, and it has been proposed that enteric
glia possess an endothelin (ETB) receptor linked to
phospholipase C as well as intracellular inositol
1,4,5-trisphosphate (IP3) receptors. IP3-sensitive Ca2�

stores appear to predominate in enteric glia. Depletion
of internal Ca2� stores induces capacitative Ca2� entry
via a Ca2� channel that is not voltage gated, but may be
lanthanum sensitive. Aside from capacitative Ca2�

entry, there is evidence from patch-clamp studies that
enteric glial cells possess a number of voltage-gated
ion channels, including inward-recti®er and delayed-
recti®er K� channels as well as voltage-activated Na�

channels. Enteric glia also display large `̀ passive'' octa-
nol-sensitive ionic currents, consistent with coupling
by gap junctions among these cells.

Enteric Glia and In¯ammation

Astrocytes in the central nervous system participate
in in¯ammatory and immune responses. Because of the
marked similarities between astrocytes and enteric glial
cells, enteric glia are believed also to be involved in
in¯ammatory processes. There is emerging evidence
that enteric glia respond to in¯ammation and are
speci®cally activated in the course of intestinal in¯am-
mation. The proliferation rate of enteric glial cells is
enhanced in animal models of intestinal in¯ammation,
and there is evidence for the expression of major histo-
compatibility complex class II (MHC II) antigen on
enteric glia in patients with Crohn's disease, which is
associated with lymphocytic in®ltration of the ENS.
This suggests a role for enteric glial cells as antigen-
presenting cells that attract immune cells to the ENS.
This concept is strengthened by the established capacity
of cultured enteric glial cells for phagocytosis and
cytokine-inducible MHC II and intercellular adhesion
molecule (ICAM-1) expression, which is fully func-
tional for antigen-speci®c T cell activation. Addition-
ally, enteric glial cells appear to possess functional
receptors for IL-1b and IL-6; activation of enteric
glial cells by IL-1b via the IL-1 receptor has been
shown to stimulate the synthesis and release of IL-6,
which displays feedback inhibition of its own secretion.
Enteric glial cells appear also to produce IL-1b. Little is
presently known about the regulatory mechanisms un-
derlying the production of IL-1b. Evidence suggests that

tumor necrosis factor a is not synthesized by enteric
glial cells and does not affect cytokine production.

Support for the concept that enteric glial cells
produce and are regulated by cytokines is growing.
Enteric glial cells appear to possess neurotransmitter
receptors, and a preliminary report about stimulated
release of IL-6 from enteric glial cells by the neurotrans-
mitter noradrenaline has been published. Thus, enteric
glial cells may be an integral part of the in¯ammatory
process in the intestine through the generation of cyto-
kines that regulate the in¯ammatory response. Simul-
taneously, enteric glia may serve as an essential link
between the nervous and immune systems in the gut
by enabling neurotransmitters to modulate in¯amma-
tion via the release of proin¯ammatory cytokines from
the enteric glia.

A study in adult transgenic mice has implicated
enteric glia in maintaining the integrity of bowel func-
tion, because ablation of these cells in the small intestine
is followed by fulminant jejuno-ileitis and partial
degeneration of enteric nerves. This suggests that en-
teric glia possess factors that are immunosuppressive
and antiin¯ammatory under physiological conditions.

Overall, the cross-talk occurring among the various
cell populations in the gut is an area of growing research,
and future studies that further examine the role of
enteric glia are likely to yield important information
in this regard.
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Glucose-dependent insulinotropic polypeptide (GIP),

originally named `̀ gastric inhibitory peptide'' for its ability

to inhibit acid secretion in dog, is a 42-amino-acid poly-

peptide and is structurally related to the secretin family

of gastrointestinal regulatory polypeptides. GIP is

expressed in cells of the upper small intestine and has

been shown to be released into the circulation after

ingestion of carbohydrate and fat. The full range of

biological activity of GIP has yet to be completely

elucidated.

STRUCTURE

Glucose-dependent insulinotropic polypeptide (GIP)
was ®rst isolated by Brown et al. from porcine small
intestine in 1969 and was originally named `̀ gastric
inhibitory peptide'' on the basis of its ability to inhibit
acid secretion in dog. Its primary structure was ®rst
described in 1971 and revised in 1981. GIP contains
42 amino acid residues and is structurally related to
the secretin family of gastrointestinal regulatory poly-
peptides, which includes secretin, glucagon, glucagon-
like peptides (GLP-1 and GLP-2), vasoactive intestinal
peptide (VIP), peptide histidine isoleucine, growth
hormone-releasing factor, and pituitary adenylate
cyclase-activating polypeptide. The amino acid se-
quences of porcine, human, bovine and rat GIP peptides
are shown in Fig. 1.

The human GIP gene, which is located on chromo-
some 17q, spans approximately 10 kb; the rat GIP gene

is slightly smaller, spanning approximately 8.2 kb
(Fig. 2). Immediately upstream of the GIP gene is a
promoter believed to control tissue-speci®c and glu-
cose-regulated expression of GIP mRNA. Both the
human and rat GIP promoters contain a TATA-box,
located 28 and 27 bp upstream of the putative transcrip-
tional start site, respectively. The GIP promoter also
contains consensus sequences for activator protein-1
and the cyclic AMP (cAMP)-responsive element, and
these elements may be involved in the regulation of
GIP gene expression by exogenous factors such as glu-
cose and lipids.

Sequence analysis of the GIP cDNA clones revealed
a 459 bp open reading frame encoding a 153-amino-
acid polypeptide in the human cDNA and a 432 bp
open reading frame encoding a 144-amino-acid
polypeptide in the rat cDNA (Fig. 3). The predicted
amino acid sequences indicate that both human and
rat GIP are derived by proteolytic processing of a pre-
prohormone. Recently, GIP(3ÿ42) was puri®ed from
the upper part of the porcine intestine and was shown to
have antibacterial activity. It is presumed that this
peptide is also derived by proteolytic processing of
prepro-GIP.

LOCALIZATION AND DEVELOPMENT

Immunoreactive GIP (IRGIP) cells have been localized
to the upper small intestine of ruminants, humans, pigs,
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dogs, and rats. In the gastrointestinal tract of dog and
human, IRGIP is present in cells predominantly in the
midzone of the duodenal villi and to a lesser extent in the
jejunum. Other studies have detected some IRGIP cells

in the terminal ileum of rats and humans, as well as GIP
transcripts in the ileal mucosa of rats. Surprisingly, ex-
pression of the GIP gene was detected in human and
mouse stomach, as well as in the rat submandibular

FIGURE 1 Amino acid sequences of porcine, human, bovine, and rat gastric inhibitory polypep-

tide (GIP). Adapted from Greeley, G. (1999). `̀ Gastrointestinal Endocrinology.'' With permission

from Humana Press.

FIGURE 2 Spatial organization of the human and rat GIP gene exons. The location of the exons within the genomic

sequence are indicated by solid bars, the location of introns are indicated by arrows. The regions within the cDNAs encoding

the various domains of the preprohormone as well as the 50 and 30 untranslated sequences are also shown. Adapted from

Greeley, G. (1999). `̀ Gastrointestinal Endocrinology.'' With permission from Humana Press.
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salivary gland. Ultrastructural studies of human IRGIP
cells have demonstrated a characteristic appearance of
the K cell: intracellular secretory granules having a small
electron-densecoresurroundedbyaconcentricelectron-
lucent halo. In the dog, however, IRGIP cells identi®ed
in the duodenum contained uniformly electron-dense
secretory granules consistent with the cell type recog-
nized as the I cell of the endocrine cell classi®cation.

During fetal development, immunoreactive GIP cells
appeared during the 14th week of gestation in
humans, initially in the duodenal region and then
emerging distally with age. An ontogenic study in
rats reported that GIP mRNA was present between
days 18 and 20 of embryonic development, and mRNA
levels markedly increased between days 3 and 5 of post-
natal life, followed by a gradual increase toward adult
levels. GIP transcripts in the submandibular gland,
however, were not detected until day 10 postnatally.

METABOLISM

The kidney is the major site of GIP clearance. Several
recent studies have demonstrated that intact GIP(1ÿ42)
was hydrolyzed into GIP(3ÿ42) by a ubiquitous en-

zyme dipeptidyl peptidase IV by cleavage at the penul-
timate alanine residue. This observation was signi®cant
since GIP(3ÿ42) was previously shown to be biologi-
cally inactive, yet likely immunoreactive with most GIP
antisera. Using a speci®c GIP antiserum against the N-
terminus of the intact GIP, GIP(3ÿ42) was found to
account for 73.8� 2.9% of total GIP measured in
healthy individuals during the fasting state. An hour
after a mixed meal, GIP(1ÿ42) and GIP(3ÿ42) consti-
tute 35.7� 4.2% and 58.1� 2.7%, respectively, of total
immunoreactive GIP detected in the serum. It was con-
cluded that dipeptidyl peptidase IV is the primary en-
zyme responsible for GIP inactivation and that the true
biological half-life for GIP is more likely approximately
2ÿ7 min. Interestingly, the half-life of GIP appears to be
shorter in the diabetic than in the normal individuals, a
mechanism that may partly account for the diminished
GIP effect observed in many diabetic patients.

GIP RECEPTOR

The GIP receptor is a member of the secretinÿVIP
family of G-protein-coupled receptors with seven

FIGURE 3 Comparison of the predicted amino acid sequences of the rat and the human GIP precursors. Dashes in the

NH2-and COOH-terminal peptides indicate gaps introduced to maximize alignment between the two sequences. Homol-

ogous amino acid residues are designated by boldface lettering. Adapted from Greeley, G. (1999). `̀ Gastrointestinal Endo-

crinology.'' With permission from Humana Press.
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transmembrane-spanning domains. The gene encoding
the human GIP receptor (GIPR) spans approximately
13.8 kb and has been assigned to chromosome bands
19q13.2ÿq13.3. The human GIPR gene consists of 14
exons, with 13 containing protein-coding sequences
and one, exon 1, containing 50-untranslated sequences.
The rat GIPR gene is approximately 10.2 kb in length
and contains an additional intronic sequence, resulting
in 15 exons. When spliced, these exons produce mature
transcripts that contain a 1389 bp open reading frame
(ORF), encoding a 466-amino-acid protein, and a
1365 bp ORF encoding a 455 bp protein in humans
and rats, respectively. Northern analysis has demon-
strated GIPR transcripts of approximately 5.5 kb in
human and rat insulinoma cell lines. In addition, GIPR
transcripts that are 3.8 kb in length have been detected
in rat pancreatic islets and a hamster islet tumor cell line
(HIT-T15). RNA encoding the GIPR has been identi®ed
not only in the rat pancreas and stomach, but also in
adipose tissue, heart, pituitary, adrenal cortex, cerebral
cortex, bone, hippocampus, and olfactory bulb. In situ
hybridization has also detected GIPR-speci®c tran-
scripts in some major blood vessels and within some
of the cells lining bronchioles in the lung of rat embryos.
The wide- spread distribution of GIP receptor suggests
much broader physiological function than has been
reported previously.

BIOLOGICAL FUNCTIONS

GIP as Enterogastrone

Earlier observation had demonstrated that gastric
acid secretion and emptying could be inhibited by the
intravenous infusion of a crude extract from small in-
testinal mucosa. The substance in the extract was later
named `̀ enterogastrone,'' representing a hormone lo-
cated in the mucosa of the proximal small intestine
that was released into the circulation upon the ingestion
of fat. Although the full spectrum of biological activity of
GIP has yet to be completely elucidated, GIP appears to
ful®ll the requirements of an enterogastrone. Puri®ed
GIP was shown to be a potent inhibitor of gastric acid
and pepsin secretion in dogs with denervated pouches.
These effects were, however, much attenuated in the
intact, innervated stomach, suggesting that cholinergic
innervation might antagonize the inhibitory properties
of GIP in the stomach. Using a different approach, Wolfe
et al. infused GIP antiserum into conscious dogs pre-
pared with gastric ®stulas. With the binding of 98% of
plasma GIP, peptone meal-stimulated gastric acid out-
put increased from 17.2 to 27.2 mmol/h (Fig. 4) and
the integrated gastrin response increased from 2.27

to 3.71 ng �min/ml. Moreover, recent studies have dem-
onstrated that GIP stimulated somatostatin release
from the isolated perfused rat stomach and inhibited
carbachol-stimulated gastrin release. These results
suggest that GIP inhibition of rat antral gastrin cells
appears to be mediated by the local release of antral
somatostatin. Therefore, although the precise physio-
logical relationship between GIP and gastric function
has not been determined, it is possible that the effects are
species-speci®c and that GIP may act synergistically
with other candidate enterogastrones to inhibit antral
gastrin release and acid secretion under physiological
conditions.

GIP as Incretin

The existence of a chemical stimulant of the endo-
crine pancreas had been suggested earlier and the term
`̀ incretin'' was proposed as the insulin-stimulatory sub-
stance released from small intestine following food.
Although several gastrointestinal regulatory peptides
have been proposed as incretins, only GIP and GLP-1
appear to ful®ll the requirements to be considered

FIGURE 4 Gastric acid secretion compared before and after

the intravenous infusion of control rabbit serum or anti-GIP

antiserum in dogs. A 10% peptone meal was administered

at time 0 minutes. No differences were detected in basal

acid output, however the 60-minute meal-stimulated gastric

acid secretory response after the infusion of control serum

(17.2� 5.3 mmol H�) was signi®cantly less than after the infusion

of the GIP antiserum (27.2� 6.1 mmol H�). Data from Greeley, G.

(1999). `̀ Gastrointestinal Endocrinology.'' With permission from

Humana Press.
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physiological stimulants of postprandial insulin release.
Many recent studies have demonstrated that, when ad-
ministered in physiological doses and in the presence of
glucose, GIP is a potent stimulator of insulin release by
pancreatic islet beta cells. Subsequent studies have also
demonstrated the insulinotropic properties of GIP in
several experimental models, including the isolated
perfused pancreas, isolated pancreatic islet prepara-
tions, and in vivo. GIP was found to increase intracel-
lular cAMP levels and calcium in¯ux that paralleled the
stimulation of insulin release. Furthermore, GIP-stim-
ulated insulin release appeared to be dependent on
serum glucose concentration in both the human and
rat, with a concentration of 4.4ÿ 5.5 mM essential for
its insulinotropic action. The observed glucose-depen-
dency of GIP-stimulated insulin secretion appeared to
provide an important safeguard against hypoglycemia
by preventing the inappropriate stimulation of insulin
release during a high-fat, low-carbohydrate meal.

GIP Stimulates GLP-1 Secretion

GLP-1 is a product of intestinal posttranslational
processing of preproglucagon and is synthesized in en-
docrine L cells of the distal small intestine and colon. In
humans, GLP-1 infusion has been found to increase
plasma insulin concentrations and decrease glucose
levels and it has thus been proposed as one of the
incretins. Despite all the available data, controversy ex-
ists regarding the relative physiological importance of
GIP and GLP-1 in stimulating insulin secretion. Re-
cently, studies have demonstrated that GIP stimulated
GLP-1 release in vitro in rat mucosal cells, but similar
results have not been observed in human studies.
However, using immunohistochemical studies, immu-
noreactive GIP and GLP-1 cells were found to be adja-
cent to each other in the human small intestine,
suggesting the existence of a paracrine interaction
between K and L cells in this area.

GIP in Adipose Tissue

As stated above, the ®nding that the GIP receptor
is widely distributed in peripheral organs suggests
that GIP may have functions in addition to the well-
documented enterogastrone and insulinotropic actions.
GIP receptor mRNA is expressed in adipose tissue and
GIP has been shown to increase lipoprotein lipase ac-
tivity in a concentration-dependent manner in cultured
3T3-L1 preadipocytes and in explants of rat adipose
tissue, suggesting that GIP may play a role in the clear-
ance of chylomicron triglyceride after feeding. How-
ever, exogenous porcine GIP and endogenous GIP

released by a test meal was without effect on the elim-
ination rate of intravenously injected soy oil in human.

GIP also appears to have action on lipid metabolism
within adipocytes. GIP has been reported to stimulate
fatty acid synthesis in adipose tissue and to enhance
insulin-stimulated incorporation of fatty acids into tri-
glycerides in rat epididymal fat pads. In addition, rat
adipocytes incubated with GIP developed increased in-
sulin receptor af®nity and showed an increased sensi-
tivity of insulin-stimulated glucose transport. Although
still controversial, these results suggest that GIP may
play a role in fat metabolism.

GIP in Brain

Although GIP mRNA has not been detected in the
brain, GIP receptor mRNA was identi®ed in many re-
gions of the brain, including the olfactory bulb, cerebral
cortex, hippocampus, the mammillary bodies, and part
of the inferior colliculus. Pharmacological doses of GIP
injected into the third ventricle resulted in lower plasma
levels of follicle-stimulating hormone without altering
levels of luteinizing hormone. GIP also stimulated
growth hormone secretion, but was without effect on
prolactin and thyroid-stimulating hormone. It remains
to be determined whether circulating GIP can gain ac-
cess to areas in the brain where the receptor is located.

Miscellaneous GIP Biological Properties

In addition to the above putative biological
properties of GIP, other actions have been reported in
sites where the receptor appears to be present. In the
gastrointestinal tract, GIP has been observed to lower
esophageal sphincter pressure, to decrease motility of
the small intestine, and to reduce intestinal water and
electrolyte transport. Receptor mRNA was also detected
in the endothelium of major blood vessels where GIP
has been reported to increase mesenteric and portal
blood ¯ow. Moreover, speci®c binding sites for GIP
have been detected in skeletal muscle and bone, sug-
gesting that GIP may play a role in exercise-induced
improvement of peripheral glucose utilization and the
function of osteoblasts. Finally, recent studies have
shown that GIP may function physiologically as a
growth factor for insulin-producing islet beta cells.

REGULATION OF EXPRESSION

The release of GIP into the circulation has been dem-
onstrated primarily after the ingestion of two major
nutrient stimuli, carbohydrate and fat. However, the
release of GIP in response to oral carbohydrates differs
in both magnitude and timing from that following fat
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ingestion. Following oral glucose, GIP release is rapid,
preceding insulin release, and reaches a peak in periph-
eral venous blood in approximately 15ÿ30 min, re-
turning to basal values by 3 h in the human and dog.
In the rat, plasma GIP levels following a glucose meal do
not increase signi®cantly until 60 min and the incre-
ment found in rats is much smaller in magnitude
when compared to human and dogs. Moreover, only
glucose, galactose, and sucrose stimulated GIP release
into the circulation, whereas no effect was observed in
response to small intestinal perfusion with fructose,
mannose, or lactose.

Intralumenal lipid also provides a potent stimulus
for the release of GIP into the circulation in humans,
dogs, and rats. However, after the ingestion of 100 ml of
a triglyceride suspension, the peripheral blood GIP re-
sponse does not reach a peak until 120ÿ150 min and
does not return to baseline by 3 h. In addition to the
prolonged response, the amount of GIP released in re-
sponse to fat is greater than that which follows glucose
ingestion. These differences may be due, at least in part,
to the effects of lipid-containing meals on gastric emp-
tying. Furthermore, long-chain, but not medium-chain,
fatty acids have been found to stimulate GIP release.

In addition to glucose- and fat-stimulated GIP re-
lease, some studies have reported the release of GIP after
the administration of protein and speci®c amino acids.
An amino acid mixture containing arginine, histidine,
isoleucine, leucine, lysine, and threonine provided a
potent stimulus for both GIP and insulin release in
humans. In contrast, a mixture known to stimulate cho-
lecystokinin release, containing methionine, phenylal-
anine, tryptophan, and valine, produced only small
increases in serum GIP and insulin concentrations. Fol-
lowing intragastric infusion of 10% peptone, a 10-fold
increase in serum GIP concentrations was observed in
dogs within 15 min. However, the release of GIP was not
seen in rats until 120 min after ingestion of a peptone
meal. This increment in rats was attenuated by
omeprazole, suggesting that protein stimulated GIP re-
lease by enhancing gastric acid secretion. Furthermore,
some investigators have failed to detect an increase in
GIP release in humans after the ingestion of protein
meals consisting of cod or steak. These different re-
sponses to protein meals may thus be due to interspecies
variation.

Prior to the release of any peptide, several intracel-
lular events must occur, among them the stimulation or
inhibition of expression of the gene encoding that pro-
tein. Because hormonal gene expression can be regu-
lated at several different steps along the biosynthetic
pathway, nutrient-regulated GIP gene expression has
recently been examined in rats. In animals that ingested

a 10% glucose solution orally, duodenal GIP mRNA
increased steadily over a 4 h period, at which time a
fourfold increase in GIP mRNA levels in the small in-
testine was detected (Fig. 5). In contrast to the effects of
glucose, duodenal GIP mRNA following intestinal per-
fusion with a 20% lipid emulsion was increased, but to a
lesser degree when compared with oral glucose inges-
tion. Moreover, whereas an increase in duodenal GIP
mRNA occurred primarily during the latter portion of
the meal, the increase in lipid-stimulated GIP gene ex-
pression occurred at earlier time points, between 30 and
60 min after the perfusion, and GIP mRNA levels ap-
peared to decline thereafter (Fig. 5). These studies in-
dicate that both glucose- and lipid-containing meals
increase GIP gene expression at the pretranslational
level. In contrast to glucose and lipid, peptone infusion
increased duodenal and plasma GIP concentrations, but
failed to induce a signi®cant change in duodenal GIP
mRNA levels, suggesting that peptone-stimulated GIP
expression might occur only at the posttranslational
phase.

CONTRIBUTION TO DISEASES

The precise contribution of GIP to diabetes mellitus is
unclear as no de®nite and consistent abnormalities in
GIP release in diabetic patients have been found. Al-
though newly diagnosed type I diabetic patients have
been reported to have decreased circulating concentra-
tions of GIP, enhanced and normal GIP release into the

FIGURE 5 Steady state levels of duodenal GIP mRNA in glu-

cose- (top) and Lipomul-fed (bottom) rats. GIP mRNA concen-

trations are compared to water-fed rats and are expressed as the

mean (� SE) ratio of GIP mRNA to 28S ribosomal RNA to correct

for gel loading. Each time point consists of 4ÿ6 rats for each

group. *P5 0.05. Data from Greeley, G. (1999). `̀ Gastrointestinal

Endocrinology.'' With permission from Humana Press.
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circulation has also been reported in patients with type 2
diabetes mellitus. Furthermore, studies in patients with
type 2 diabetes have demonstrated that although the
incretin activity of GLP-1 is normal, the insulinotropic
properties of GIP appear to be greatly diminished.
Although the mechanisms remain unknown, a decrease
in GIP receptor number on the pancreatic islet beta cells,
a shorter GIP half-life, and chronic desensitization of the
GIP receptor due to elevated serum GIP levels might
account for impaired insulin secretion seen in diabetic
patients.

Recently, corticotropin-independent, food-depen-
dent nodular adrenal hyperplasia has been identi®ed
as a rare cause of Cushing's syndrome. In these patients,
the serum cortisol levels were signi®cantly elevated after
the ingestion of glucose or a mixed meal, and elevated
postprandial cortisol levels were not suppressed by a
large dose of dexamethasone. Further investigation has
demonstrated aberrant expression of the GIP receptor
on the steroid-producing adrenal tumors and the
infusion of GIP signi®cantly increased plasma cortisol
levels. It was concluded that this type of nodular adrenal
hyperplasia and Cushing's syndrome may be food-
dependent and may result from abnormal responsive-
ness of GIP receptors on the adrenal cells to the physio-
logical secretion of GIP. Whether GIP plays any
signi®cant role in regulating adrenal gland secretion
under physiological conditions is currently unknown.

Although GIP is one of the candidate enterogas-
trones, no evidence has suggested that GIP plays a
role in the pathogenesis of duodenal ulcer, as no signif-
icant changes in serum GIP levels were detected in a
group of duodenal ulcer patients. Furthermore, fasting
and food-stimulated GIP levels were signi®cantly ele-
vated in duodenal ulcer patients, indicating that
hyposecretion of GIP did not account for hypersecretion
of gastric acid seen in this group of patients.
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Glycogen Storage Disease
DAVID A. WEINSTEIN AND JOSEPH I. WOLFSDORF
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gluconeogenesis Formation of new glucose from noncarbo-

hydrate substrates, including various amino acids,

lactate, pyruvate, and glycerol.

glycogen Complex, hydrated polymer of glucose with a very

large molecular weight (ranging over several million

Daltons), consisting of many glucose molecules joined

together to form a compact, highly branched spherical

structure with a large number of exposed terminal

glucose molecules that are accessible to the enzymes

involved in glycogen breakdown (glycogenolysis).

glycogenolysis Intracellular breakdown of glycogen to

glucose.

glycogen storage diseases (glycogenoses) Several inherited

diseases caused by abnormalities of the enzymes that

regulate glycogen synthesis and degradation.

Glucose in excess of cellular energy needs is stored in both

liver and muscle as glycogen. The formation of glycogen

(glycogenesis) enables storage of glucose without the

osmotic consequences of free glucose molecules. Defects

in the enzymatic reactions involved in converting glucose

to glycogen result in various types of glycogen storage

diseases (glycogenoses). Hypoglycemia is the primary

manifestation of the hepatic glycogenoses; weakness

and muscle cramps are the predominant features of the

muscle glycogenoses.

INTRODUCTION

The average well-fed man on a diet rich in carbohydrate
stores about 70 g of glycogen in his liver and 200 g in his
muscles. The liver is freely permeable to glucose, which
is rapidly phosphorylated by glucokinase to form
glucose-6-phosphate, which is then converted to glu-
cose-1-phosphate, the starting point for glycogen
synthesis (Fig. 1). Hepatic glycogen synthase catalyzes
the formation of a-1,4-linkages that elongate the chains
of glucose molecules. A branching enzyme leads to for-
mation of a-1,6-linkages at branch points, on average,
every 10 glucose units along the chain. In the intervals
between meals and during the overnight fast, a
cascade of enzymatic reactions activates hepatic glyco-
gen phosphorylase, the rate-limiting enzyme in

glycogenolysis, which removes glucose from the outer
branches of glycogen, leading, ultimately, to the forma-
tion of glucose-6-phosphate. Glucose-6-phosphatase
catalyzes the terminal reaction of glycogenolysis and
gluconeogenesis, the hydrolysis of glucose-6-phos-
phate, allowing glucose to be released from the liver
into the systemic circulation, a process that is critically
important for the maintenance of glucose homeostasis.
Although glycogen storage diseases involve both the

FIGURE 1 Simpli®ed scheme of glycogen synthesis and break-

down, indicating the enzymes at each step: 1, hexokinase/gluco-

kinase; 2, glucose-6-phosphatase; 3, phosphoglucomutase; 4,

glycogen synthase; 5, branching enzyme; 6, glycogen phosphor-

ylase; 7, debranching enzyme. UDP-glucose, uridine diphospho-

glucose. Reproduced with permission from Wolfsdorf et al.

(1999).
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muscles and the liver, only the glycogenoses with he-
patic involvement are discussed in this article.

GLYCOGEN STORAGE DISEASE TYPE 0

Glycogen storage disease type 0 (GSD0) is caused by a
de®ciency of hepatic glycogen synthase, leading to a
marked decrease in glycogen stores. The inability to
store glucose as glycogen causes postprandial hyper-
glycemia, and increased conversion of dietary glucose
to lactate resulting in postprandial hyperlactatemia.

Clinical Features

Individuals with GSD0 are usually asymptomatic
early in infancy. Fasting ketotic hypoglycemia develops
on cessation of nighttime feeding, and weaning from
overnight feeds is dif®cult. During gastrointestinal ill-
ness or periods of poor feeding for any reason, children
may become lethargic; hypoglycemia usually is an in-
cidental ®nding. Childhood growth may be mildly de-
layed, but most children continue to develop normally.
The physical examination is usually normal and there is
no hepatomegaly. Hyperglycemia and hyperlactatemia
occur after meals, particularly after breakfast, and may
be confused with early diabetes.

Epidemiology

GSD0 is inherited in an autosomal recessive manner.
It is caused by mutations in the GYS2 gene located on
chromosome 12p12.2. Only 18 cases have been de-
scribed in the literature, but there is evidence that
this disease may be underdiagnosed. GSD0 affects
both genders equally and cases from Eastern Europe,
Western Europe, North America, and South America
have been described.

Diagnosis

Frequent measurements of blood glucose, lactate,
and ketones in both the fed and fasting states demon-
strate the unique biochemical pattern of postprandial
hyperglycemia and hyperlactatemia alternating with
fasting ketotic hypoglycemia. Despite the decrease in
hepatic glycogen content, the glycemic response to glu-
cagon is variable. A liver biopsy shows hepatocytes that
contain only small amounts of glycogen (approximately
0.5% of wet liver weight) and moderate steatosis. The
diagnosis can now be made noninvasively by mutational
analysis.

Treatment

The goal of treatment is to prevent hypoglycemia.
Fasting must be avoided. Frequent high-protein meals

and snacks are given every 3ÿ4 hours during the day.
Uncooked cornstarch (0.5ÿ1 g/kg) at bedtime prevents
overnight hypoglycemia. Because surplus glucose
cannot be stored as glycogen and is converted to lactic
acid, the diet should contain an increased amount of
protein to provide substrate for gluconeogenesis and
decreased carbohydrate to minimize postprandial
hyperglycemia and hyperlactatemia.

GLYCOGEN STORAGE DISEASE TYPE I

Glycogen storage disease type I (GSDI), also known as
Von Gierke disease, is caused by de®cient glucose-6-
phosphatase activity. Glucose-6-phosphatase is a mul-
ticomponent enzyme system located in the membrane of
the endoplasmic reticulum; the system consists of the
enzyme, a calcium-binding protein, and three proteins
that facilitate transport of glucose-6-phosphate (T1),
phosphate (T2), and glucose (T3) across the endoplas-
mic reticulum membrane. More than 80% of patients
with GSDI have mutations that cause de®cient catalytic
activity of the glucose-6-phosphatase system (type Ia
GSD). Mutations in the G6PT1 gene cause de®ciency
of the glucose-6-phosphate transporter (type Ib GSD),
which also results in inability to convert glucose-6-
phosphate to glucose.

Clinical Features

Symptomatic hypoglycemia may occur soon after
birth, but most children do not present with symptoms
until 3ÿ6 months of age, when they begin to sleep
through the night, or when an intercurrent illness dis-
rupts the normal pattern of frequent feeding. GSDI is
occasionally diagnosed in an asymptomatic infant after
hepatomegaly and a protuberant abdomen are detected
on a routine physical examination. It is more usual,
however, for affected infants to present with tachypnea,
seizures, lethargy, developmental delay, or failure to
thrive. Impaired production of glucose via glycogenol-
ysis and gluconeogenesis causes severe hypoglycemia
and increased hepatic production of lactate, triglycer-
ides, and uric acid. Activation of glucose counterregula-
tion as a result of hypoglycemia increases the plasma
levels of glucagon, epinephrine, and cortisol and can
rapidly lead to severe lactic acidosis. Surgical stress,
intercurrent illness, and administration of pharma-
cologic doses of glucocorticoids can, similarly, cause
lactic acidosis without hypoglycemia. There is no
effect on social and cognitive development unless the
infant suffers cerebral damage from recurrent severe
hypoglycemia.
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Long-term complications may include hepatic ade-
nomas, focal segmental glomerulosclerosis, renal tubu-
lar dysfunction, nephrocalcinosis, nephrolithiasis, gout,
anemia, and osteoporosis. Poor metabolic control con-
tributes to the pathogenesis of these complications.
More than 60% of patients with GSDI develop hepatic
adenomas, which are usually ®rst detected during ado-
lescence (occasionally seen in childhood) and may
cause serious morbidity. Adenomas may remain stable
or gradually enlarge over time. They may, however,
undergo malignant transformation into hepatocellular
carcinoma, or may hemorrhage into the abdomen, caus-
ing fatal hemoperitoneum. The serum alkaline phos-
phatase concentration and erythrocyte sedimentation
rate are often increased in patients with adenomas.
Ultrasonography is the preferred method for screening.
When malignancy is suspected because of a change in
the sonographic appearance, magnetic resonance imag-
ing provides greater de®nition. Serum a-fetoprotein is
normal in patients with adenomas, but may be increased
in some cases of hepatocellular carcinoma. Large he-
patic adenomas (47 cm in diameter) have been associ-
ated with an unremitting, iron-resistant anemia, and a
peptide (hepcidin) that blocks intestinal absorption of
iron and macrophage recycling of iron is inappropri-
ately expressed in the adenomas. In addition to all of
these clinical features, patients with type Ib GSD have
neutropenia, recurrent bacterial infections, and may
develop in¯ammatory bowel disease.

Epidemiology

GSDI is inherited in an autosomal recessive manner.
It is caused by mutations in the G6PC gene located on
chromosome 17q21. More than 70 mutations have been
identi®ed worldwide. The overall incidence is estimated
to be 1 in 200,000 births and the highest incidence
appears to be in Ashkenazi Jews.

Diagnosis

The simplest means of determining the probable
enzymatic defect in a child suspected of having a gly-
cogenosis is to obtain serial blood measurements of
metabolites (glucose, lactate, and ketones) during a
fast of 3ÿ4 hours duration, performed under close ob-
servation. In a child with GSDI, fasting rapidly leads to
hypoglycemia and progressive lactic acidosis. Adminis-
tration of glucagon (30 mg/kg) fails to elicit a glycemic
response and may exacerbate the acidosis.

A liver biopsy and assay of hepatic glucose-6-phos-
phatase activity has, until recently, been the primary
method of con®rming the diagnosis. Differentiation
between the types of GSDI requires an analysis of

glucose-6-phosphatase activity in both intact and
fully disrupted microsomes. In type Ib GSD, glucose-
6-phosphatase activity is normal when the assay is per-
formed on previously frozen tissue (freezing disrupts
the microsomal membrane). The diagnosis can now be
con®rmed by mutational analysis.

Treatment

Treatment consists of providing a continuous die-
tary source of glucose to prevent blood glucose from
falling below the threshold for glucose counterregula-
tion (approximately 70 mg/dl). In infants, continuous
glucose can be provided with frequent (every 2ÿ
3 hours) feeds during the day and continuous intragas-
tric feeds at night via a nasogastric or gastrostomy tube.
From about 6ÿ12 months of age, uncooked cornstarch
can be used as an alternative method of glucose delivery.
Uncooked cornstarch is slowly absorbed into the circu-
lation and allows the interval between feeds to be
increased. The amount of cornstarch and the interval
between feeds have to be individualized based on results
of blood glucose monitoring and periodic metabolic
evaluations. An estimate of glucose requirements can
be obtained by calculating the basal glucose production
rate using the following formula: y� 0.0014x3ÿ
0.214x2�10.411xÿ 9.084, where y�milligrams of
glucose/minute and x� body weight (kilograms). If
the patient has to fast for any reason or if gastrointestinal
illness does not allow adequate intake of glucose, intra-
venous glucose must be administered at 125ÿ150%
of the estimated glucose production rate to ensure
euglycemia and to minimize lactic acidosis.

Foods that contain galactose and fructose must be
restricted because these sugars cannot be converted to
glucose and large quantities may exacerbate the bio-
chemical derangements. Oral citrate supplementation
may prevent renal calci®cation in patients with
hypercalciuria and hypocitraturia. If optimal dietary
management fails to lower serum uric acid and triglyc-
erides to acceptable levels, treatment with allopurinol
and gem®brozil, respectively, is indicated. Neutropenia
in type Ib GSD responds well to granulocyte colony-
stimulating factor (G-CSF) therapy, which is also ef®-
cacious for in¯ammatory bowel disease.

GLYCOGEN STORAGE
DISEASE TYPE III

Glycogen storage disease type III (GSDIII), also known
as Cori disease or Forbes disease, is caused by de®ciency
of glycogen debrancher enzyme (GDE). Release of
glucose from glycogen stores requires the sequential
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actions of both glycogen phosphorylase and GDE. After
phosphorylase has acted on the outer branches of
glycogen, GDE hydrolyzes the branch points. Lack of
GDE activity causes glycogenolysis to stop when the
outermost branch points are reached, resulting in the
accumulation of an abnormal form of glycogen (limit
dextrin) in affected tissues. The two main subtypes are
de®ned by the location of the enzyme de®ciency. Type
IIIa GSD accounts for 85% patients in the United States,
and results from lack of GDE activity in both liver and
muscle. Only the liver is affected in type IIIb.

Clinical Features

Patients with hepatic involvement have hepatomeg-
aly and ketotic hypoglycemia. In infancy and early
childhood it may be indistinguishable from children
with GSDI. Because the outer segments of glycogen
are accessible and gluconeogenesis can occur normally,
the hypoglycemia typically improves with age. In type
IIIA, muscle weakness is usually minimal in childhood.
Clinically signi®cant myopathy affecting principally the
large proximal muscles of the shoulders and hips usu-
ally becomes prominent in adulthood. Biochemical
abnormalities include increases in aspartate transami-
nase (AST), alanine transaminase (ALT), and creatine
kinase concentrations, and hyperlipidemia. Long-term
complications include short stature, cardiomyopathy,
and hepatic adenomas in 25% of patients.

Epidemiology

The incidence of GSDIII is about 1 in 100,000 live
births and is unusually frequent in Israeli Jews of North
African descent (prevalence, 1 in 5400; carrier preva-
lence, 1 in 35). GSDIII is inherited in an autosomal
recessive manner and is caused by mutations in the
debrancher gene on chromosome 1p21.

Diagnosis

Fasting causes ketotic hypoglycemia without the
hyperlactatemia characteristic of GSDI. Glucagon
does not elicit a glycemic response when given after
an overnight fast, but does elicit a glycemic response
when given 2 hours after a carbohydrate-rich meal. A
de®nitive diagnosis is obtained by demonstrating abnor-
mal glycogen (limit dextrin with short outer branches)
in liver and/or muscle and de®cient debranching en-
zyme activity. De®nitive subtyping of GSDIII requires
biopsies of both liver and muscle, because a normal
serum creatine kinase concentration does not rule out
muscle involvement. Measurement of enzyme activity
in skin ®broblasts or lymphocytes can be used to screen

for GSDIII, but results may not be de®nitive and cannot
be used for subtyping.

Treatment

As in GSDI, the goal is to provide a continuous
source of glucose to maintain blood glucose above
70 mg/dl. After infancy, uncooked cornstarch (1.75 g/
kg at 6-hour intervals) can be used to maintain normo-
glycemia. Cornstarch has been shown to improve growth
and ameliorate the biochemical abnormalities. Milk
products and fruit should not be restricted because fruc-
tose and galactose can be normally converted to glucose.
Amino acids can be used as a substrate for gluconeogen-
esis, and there is some evidence that a high-protein diet
may be bene®cial.

GLYCOGEN STORAGE
DISEASE TYPE IV

Glycogen storage disease type IV (GSDIV), also known
as amylopectinosis or Anderson disease, is caused by
de®cient branching enzyme (amylo-1,4 ! 1,6-trans-
glucosidase) activity, which causes accumulation in
the liver of an abnormal unbranched glycogen molecule
with long outer branches, resembling amylopectin. The
abnormal glycogen acts as a foreign body that induces
cirrhosis.

Clinical Features

GSDIV typically presents in early infancy with
hepatosplenomegaly and failure to thrive. Because non-
branched glycogen is available for glycogenolysis, hy-
poglycemia is unusual in GSDIV until late in the disease,
when cirrhosis is advanced. The usual clinical course
is progressive liver cirrhosis with portal hypertension,
esophageal varices, and ascites, culminating in death
from liver failure by 5 years of age. Accumulation of
amylopectin-like polysaccharide in cardiac muscle
can result in a fatal cardiomyopathy. A childhood-
onset variant presents as myopathy or cardiomyopathy,
and a milder adult-onset variant may present with cen-
tral and peripheral nervous system involvement result-
ing from accumulation of unbranched glycogen in
neuronal tissue (polyglucosan body disease).

Epidemiology

GSDIV is inherited as an autosomal recessive trait
and accounts for about 3% of all cases of GSD. Mutations
in one glycogen-branching enzyme (GBE) gene, located
on chromosome 3p14, are responsible for both the he-
patic and the neuromuscular forms of the disease. All
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three forms of GSDIV are caused by mutations in the
same gene; signi®cant retention of GBE activity ac-
counts for mild disease.

Diagnosis

The diagnosis of GSDIV is established by demon-
strating abnormal glycogen (an amylopectin-like abnor-
mal polysaccharide with long outer chains) that stains
with periodic acid Schiff reagent but is partially resistant
to diastase digestion. Branching enzyme is de®cient in
liver, muscle, leukocytes, erythrocytes, and ®broblasts.
In adult polyglucosan body disease, the branching
enzyme de®ciency can be detected only in leukocytes
or in a nerve biopsy.

Treatment

There is no speci®c treatment for GSDIV. Trans-
plantation has been an effective treatment for progres-
sive liver failure.

GLYCOGEN STORAGE DISEASE
TYPES VI AND IX

Glycogen storage disease types VI and IX [glycogen
phosphorylase de®ciency (Hers disease) and phosphor-
ylase kinase de®ciency, respectively] are considered
together because both impair activity of liver phosphor-
ylase, which catalyzes the rate-limiting step in glyco-
genolysis. GSDVI is caused by de®ciency of glycogen
phosphorylase, whereas GSDIX is caused by de®ciency
of phosphorylase b kinase, which results in failure to
activate hepatic phosphorylase.

Clinical Features

Presentation is usually with hepatomegaly and vary-
ing degrees of growth retardation. Prolonged fasting or
strenuous physical exercise can cause ketotic hypogly-
cemia. Mild hyperlipidemia and elevations in serum
transaminase concentrations are common. Lactic acid
and uric acid concentrations are normal and metabolic
acidosis is rare. Motor development may be delayed as
a consequence of muscular hypotonia and weakness.
Uncommon clinical phenotypes have been described,
including proximal renal tubular acidosis, neurologic
abnormalities, and cirrhosis. A rare severe cardiac-
speci®c phosphorylase kinase variant that can lead to
cardiac failure has been reported.

Epidemiology

GSDVI is rare except in the Mennonite community
(estimated disease frequency 1 in 1000 in that

population). It is inherited as an autosomal recessive
trait. PYGL, the gene encoding glycogen phosphorylase,
is located on chromosome 14q21ÿq22. GSDIX is
inherited either as an X-linked or an autosomal reces-
sive trait, occurs in approximately 1 in 100,000 births,
and accounts for approximately 25% of all patients
with GSD.

Diagnosis

Glycogen phosphorylase de®ciency can be diag-
nosed by assaying activity of the enzyme in leukocytes
and erythrocytes. A de®nitive diagnosis requires dem-
onstration of the enzyme defect in a liver biopsy. Phos-
phorylase b kinase can also be assayed in leukocytes
and erythrocytes. Because the enzyme has several iso-
enzymes, the diagnosis can be missed without studies of
liver and muscle. De®nitive diagnosis of phosphorylase
b kinase de®ciency, therefore, requires demonstration
of the enzyme defect in affected tissues. Subtyping of the
disease requires molecular genetic analyses. Mutation
analysis is likely to become the standard method for
diagnosing both GSDVI and the X-linked variant of
GSDIX. It is unlikely, however, to be able to rule-out
all forms of GSDIX, because multiple genes are involved
in synthesizing the phosphorylase kinase protein.

Treatment

Most patients do not require speci®c treatment.
They should routinely have a bedtime snack and
avoid prolonged fasting. In the unusual patient with
nocturnal hypoglycemia and ketosis, uncooked corn-
starch (2 g/kg) at bedtime prevents hypoglycemia and
ketosis. These disorders have an excellent prognosis.

See Also the Following Articles

Carbohydrate and Lactose Malabsorption � Galactosemia �
Hepatic Adenomas �Hereditary Fructose Intolerance � Liver

Biopsy
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lumenal surveillance peptides Molecules that are constantly

present within the gut lumen; their predominant role is

to stimulate repair at sites of injury, acting in a

`̀ surveillance'' fashion.

mucosal integrity peptides Molecules that are constitutively

expressed in the mucosa and which function to maintain

normal mucosal integrity.

rapid response peptides Molecules produced rapidly at sites

of injury and which function to stimulate the repair

process.

redundancy State that occurs when two or more factors have

similar overlapping functions; removal of one of the

factors therefore has much less effect on the system than

if it was the sole controlling agent.

restitution The process by which surviving cells at the edge

of a wound migrate across the denuded area to

reestablish epithelial continuity. This process is not

dependent on cell proliferation.

Growth factors are generally considered to be peptides

that act via speci®c receptors, triggering intracellular sec-

ondary messengers, resulting in cell proliferation. How-

ever, it is important to appreciate that when complex

interactions are considered, such as the control of growth

and differentiation of gut cells, ascribing somewhat arbi-

trarily an individual function to a molecule, e.g., to con-

sider `̀ epidermal growth factor'' simply a stimulant of

proliferation, can be misleading as it is now clear that

such factors have multiple effects. For example, although

they are often considered separately, the distinctions be-

tween cytokines and growth factors are sometimes

blurred as the `̀ cytokine'' interleukin-8 has been shown

to stimulate the migration of human colonic epithelial

cells, a process normally associated with `̀ growth factors,''

and peptides normally considered to be growth factors

can in¯uence immunological function. Similarly, mole-

cules such as glutamine or butyrate, which have been

generally considered simple energy providers, and vita-

mins, such as vitamins A and D, which at one time were

thought to have limited biological functions, are now

known to in¯uence multiple other activities of the cell,

such as development, differentiation, and proliferation.

To complicate matters even further, peptides that stimu-

late repair are usually thought of as growth factors. Al-

though this is true in the majority of cases, certain

peptides appear to stimulate the repair process without

in¯uencing proliferation, the trefoil peptides being a no-

table example. These peptides are therefore not growth

factors as such but may, nevertheless, play an important

physiological role and offer potential as a therapeutic

strategy. This article therefore focuses on peptide factors

that in¯uence gut proliferation and /or repair.

INTRODUCTION

Gut Mucosal Integrity

The gastrointestinal tract possesses the remarkable
ability to remain intact despite being constantly bathed
in acid and proteolytic enzymes that can digest virtually
any form of food that is eaten. When a super®cial mu-
cosal injury occurs, such as following direct physical
trauma or ingestion of noxious agents such as aspirin or
alcohol, the gastrointestinal tract is rapidly healed. The
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The gastrointestinal tract possesses the remarkable
ability to remain intact despite being constantly bathed
in acid and proteolytic enzymes that can digest virtually
any form of food that is eaten. When a super®cial mu-
cosal injury occurs, such as following direct physical
trauma or ingestion of noxious agents such as aspirin or
alcohol, the gastrointestinal tract is rapidly healed. The
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gut therefore possesses powerful mucosal defense and
repair mechanisms. These mechanisms include a high
rate of cellular turnover (second only to the hematopoi-
etic system), an ef®cient mucosal blood ¯ow, a contin-
uous adherent mucus layer (which, in combination with
gastric bicarbonate secretion, allows the formation of a
pH gradient so that the apical surface of gastric epithelial
cells is at a neutral pH, despite gastric juice having a pH
of 2ÿ3), and the presence of regulatory peptides that
can directly stimulate repair and also in¯uence all of
the other protective factors.

Ulceration occurs when this balance is disrupted
due to additional aggressive factors [mainly Helicobacter
pylori colonization or ingestion of nonsteroidal anti-
in¯ammatory drugs (NSAIDs)], decreased mucosal
defense such as an abnormal mucus layer or reduced
production of growth regulatory peptides, or more
likely, when there is a combination of the two. This
idea would explain why only a minority of patients
colonized with H. pylori go on to develop ulceration,
a ®nding that cannot be explained at present by
differences in the toxigenicity of H. pylori strains
alone. It is also important to note that aggressive factors
and defense mechanisms are not independent since a
weakened mucosal defense might be due, in part, to a
hyperimmune response from the host damaging the
mucosa, a bystander effect, thereby reducing the pro-
duction of growth regulatory peptides.

Mechanisms of Healing

When an injury occurs, the healing process can be
considered in three phases. There is an initial rapid
response involving the migration of surviving cells
from the wound edge to cover the denuded area. This
begins to occur within the ®rst hour following injury
and is termed restitution. This is followed by a much
slower increase in proliferation and differentiation that
only begins 1 to 2 days after the injury has occurred. An
additional factor that is often overlooked is the ®nal
stage of remodeling, in which the mucosa slowly re-
establishes an essentially normal-looking mucosa. Fail-
ure to achieve this ®nal stage can leave a weakened
mucosal defense against further damage and emphasizes
the importance of the quality of healing.

FUNCTIONS OF PEPTIDES IN
MUCOSAL INTEGRITY

There are at least 30 different peptides produced within
the gut that are involved in mucosal integrity and
repair. Although there have been many papers examin-
ing the effect of individual peptides on gastrointestinal

function, there are little data regarding their function as
part of an integrated defense mechanism in vivo. Differ-
ent aspects of their pathophysiological role can there-
fore be inferred from considering them in isolation,
belonging to broad groups based on their overall role
in maintaining gut growth or in stimulating repair, and
by examining the distribution of their sites of produc-
tion compared with their sites of action (based on re-
ceptor distribution). It is also important to remember
that modulation of tissue mass is not simply dependent
on the rate of proliferation, but is dependent on the
equilibrium established among cell production, migra-
tion, and loss (including apoptosis). Peptide growth
factors can in¯uence all of these aspects; for example,
epidermal growth factor (EGF) stimulates cell prolifer-
ation and migration and also in¯uences crypt ®ssion, a
recently identi®ed mechanism by which new crypts are
produced. Other peptides have also been shown to in-
¯uence the rate of programmed cell death (apoptosis)
within the gut, acting, for example, via the Fas/Fas
ligand (FasL) signaling system. Fas is a member of
the tumor necrosis factor a /nerve growth factor recep-
tor family and is expressed in various cells including
gastrointestinal mucosal cells. Binding of its ligand,
FasL, triggers apoptosis.

CONSIDERATION OF REPRESENTATIVE
INDIVIDUAL GROWTH FACTORS

EGF Receptor Ligand Family

This group of polypeptides, with the common prop-
erty of binding to the EGF receptor (also known as the
c-erb-1 receptor), includes EGF itself, transforming
growth factor-a (TGF-a), amphiregulin, betacellulin,
and heparin-binding EGF. Factors that probably also
bind to this receptor but are less well identi®ed
include mammary-derived growth factor II and
human milk growth factor III (which might be the
same molecule as EGF). EGF receptor activation re-
quires receptorÿligand interaction followed by dimer-
ization with a subsequent intracellular signaling
cascade involving pathways such as tyrosine kinase
activity. The realization that heterodimerization with
other members of the erb receptor family may also
occur adds to the complexity of the situation and is
an area that is poorly understood.

Epidermal Growth Factor

EGF is a 53-amino-acid peptide produced by the
adult salivary glands and the Brunner's glands of
the duodenum. Although there is no doubt that
systemically administered EGF has multiple effects on
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gastrointestinal and other structures (Table I), there is
continuing controversy regarding the physiological
role of lumenal EGF. One reason for this controversy
is that EGF, along with other ingested products, is sus-
ceptible to digestion. When EGF1ÿ53 comes into contact
with adult acidic gastric juice, it is rapidly digested to an
EGF1ÿ49 form that only has 25% of the biological ac-
tivity of the intact EGF molecule. Once EGF enters the
small intestine, it is susceptible to further proteolytic
digestion under fasting conditions, but may be
preserved in the presence of ingested food proteins.
Lumenal concentrations of EGF (and other peptide
growth factors) are therefore not just modulated only
by the amount of production and secretion but are also
highly dependent on the intralumenal milieu, particu-
larly with regard to pH and proteolytic activity.

Most recent studies examining the distribution of
the EGF receptor in the normal adult human gastro-
intestinal tract have found it to be present only on
basolateral membranes and not on the apical (lumenal)
surfaces. The distribution of the EGF receptors might,
however, vary between species; for example, autoradio-
graphic studies have been reported to show apical re-
ceptors in the pig intestine. If EGF receptors are
distributed only on the basolateral membranes of the
normal adult human gut, the EGF present within the
intestinal lumen is unlikely to exert any biological ac-
tivity except at sites of injury. Evidence in favor of this
role for EGF includes the ®nding that rats that have had
their salivary glands removed do not develop spontane-
ous ulcers or atrophy of the gut, but do develop in-
creased ulceration and diminished repair if arti®cial
ulcers are induced. This has led to the suggestion that
EGF acts as a `̀ lumenal surveillance peptide'' in the adult

gut, having little activity under basal (nondamaged)
conditions but being readily available to stimulate the
repair process at sites of injury. It is important to note,
however, that lumenal EGF might gain access to
basolateral receptors in the immature neonate gut be-
cause of its increased permeability.

Transforming Growth Factor-�

TGF-a is a 50-amino-acid molecule that is present in
the mucosa throughout the gastrointestinal tract.
Systemic administration of TGF-a stimulates gastroin-
testinal growth and repair, inhibits acid secretion, stim-
ulates mucosal restitution after injury, and increases
gastric mucin levels.

Within the small intestine and colon, TGF-a ex-
pression occurs mainly in the upper (nonproliferative)
zones, which suggests that its major physiological role
may be to in¯uence differentiation and cell migration
rather than cell proliferation. TGF-a may therefore play
a complementary role with TGF-a to control the balance
between proliferation and differentiation in the intesti-
nal epithelium. Up-regulation of TGF-a expression has
been shown to occur in the gastrointestinal mucosa at
sites of injury as well as in the liver following partial
hepatectomy, supporting a role for TGF-a in mucosal
growth and repair. Further evidence for this role comes
from research on mice that have had the TGF-a gene
`̀ knocked out'' using homologous recombination. They
have a relatively normal phenotype under control con-
ditions but an increased sensitivity to colonic, although
not small intestinal, injury. These ®ndings support the
role of TGF-a in maintaining epithelial continuity but
suggest that the relative importance of peptides such as
this might vary from one region of the gut to another.

TABLE I Actions of the Growth Factor EGF

Action Effect Possible secondary message

Proliferation "
Acid secretion " Protein kinase C, cyclic AMP

Bicarbonate " Prostaglandins

NaCl and glucose uptake " Brush border area, Na+ÿglucose co-transporter, lipids

Chloride secretion "/# Phosphatidylinositol 3-kinase

Amylase secretionÐpancreas "&# Cyclic AMP, phospholipase C

Mucus secretion " Prostaglandins

Gastrointestinal blood ¯ow " b-adrenergic, nitric oxide, prostaglandins

Smooth muscle contraction longit " Prostaglandins

Smooth muscle contraction circular " (densensitizes) not prostaglandins

Gastric emptying #
Restitution " Cell migration, prostaglandins

Permeability "
Muscosal protection " Proliferation, polyamines, mucus, trefoil peptides

Note. Adapted from Uribe et al. (1997).
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Taken together, most studies suggest that the major
physiological role of TGF-a is to act as a `̀ mucosal in-
tegrity peptide'' maintaining normal epithelial function
in the nondamaged mucosa.

The Transforming Growth Factor-b Family

This family of molecules is structurally distinct from
TGF-b and, in most systems, actually inhibits prolifer-
ation. There are at least ®ve different isoforms of TGF-b
and their major site of expression in the normal gastro-
intestinal tract is in the super®cial zones where they may
function to inhibit proliferation once the cells have left
the crypt region. TGF-b has many diverse functions,
which include being a potent chemoattractant for neu-
trophils and stimulating epithelial cell migration at sites
of wounds. It is therefore likely to be a key player in
stimulating restitution.

Insulin-like Growth Factors and
Their Binding Proteins

Insulin-like growth factor-I (IGF-I) and IGF-II
promote cell proliferation and differentiation. They
are similar in structure to pro-insulin and it is possible
that they also exert insulin-like effects at high concen-
trations. The liver is a major site of IGF synthesis. IGF-I
is known to promote protein accretion; i.e., it is an
anabolic agent and is at least partly responsible for me-
diating the growth-promoting activity of growth hor-
mone. IGF-II also has anabolic activity and has been
shown to reduce the catabolic state in starved animals.

Most of the biological activity of IGF is dependent on
it being in a free form rather than being bound to one of
its binding proteins. The physiological relevance of
growth regulatory factors such as these can therefore
not be understood without also considering their rele-
vant binding factors. Six IGF-binding proteins (IGFBPs)
have been identi®ed and cloned. It was initially thought
that their main function was to act as carrier proteins,
reducing the proteolytic digestion of IGF and limiting its
biological activity. Additional roles for IGFBPs have
been suggested as a result of the fact that the different
IGFBPs show distinct patterns of distribution in differ-
ent tissues and their levels are altered in response to
hormone or nutrient status. Examples include the
®ndings that administration of dexamethasone to rats
increases hepatic production of IGFBP-1 and that mal-
nutrition of neonatal rats resulted in reduced serum
IGF-I and IGF-II but caused an elevation in serum
IGFBP-2. The detailed functions of the IGFBPs are un-
clear although it is probable that one of the roles of
secreted or soluble IGFBP is to inhibit IGF-mediated
proliferation or amino acid uptake by limiting the

availability of free IGF to bind to its receptors.
Conversely, cell surface/matrix-associated IGFBPs
may potentiate the actions of IGF by increasing
local concentrations of IGF-I and IGF-II next to their
receptors.

Platelet-Derived Growth Factor

Platelet-derived growth factor (PDGF) is an acid-
stable molecule that was originally identi®ed from
platelets but is also synthesized and secreted by
macrophages. It consists of two disul®de-linked poly-
peptides: chain A (14 kDa) and chain B (17 kDa). The
dimer therefore exists in three isoforms (AA, AB, and
BB), which bind to tyrosine kinase-type receptors.
PDGF is a potent mitogen for ®broblasts and arterial
smooth muscle cells and oral administration of exo-
genous PDGF has been shown to facilitate ulcer healing
in animals.

Vascular Endothelial Growth Factor

Vascular endothelial growth factor (VEGF) is a
homodimeric 34 to 42 kDa heparin-binding glycopro-
tein with potent angiogenic, mitogenic, and vascular
permeability-enhancing factors and it is related to
PDGF. Speci®c receptors for VEGF have been identi®ed
on the apical membranes of the human colonic cell line
Caco-2 and also the human cell line H-4. Although
VEGF bound to these cell lines, it did not induce a
proliferative response. The pathophysiological role of
VEGF is therefore unclear although its angiogenic ac-
tivity may play an important role in the healing of con-
ditions such as peptic ulceration. In addition, there is
currently interest in the use of anti-angiogenic factors,
such as blockers of VEGF, for the treatment of malignant
disorders.

Hepatocyte Growth Factor

Hepatocyte growth factor (HGF), one of the hepa-
rin-binding growth factors, is a potent mitogen for gas-
tric cells in vitro and also acts as a morphogen.
Expression of both the HGF gene and its receptor,
c-met, is increased after induction of injury in various
animal models. The timing of the response varies
according to the method used but suggests that this
signaling system may well have relevance in both the
early and late phases of ulcer repair. HGF mRNA is
located in stromal cells between the regenerative glands
and in the arterial vessels in the submucosa and met
mRNA is located in the epithelial cells of the regener-
ative glands. This system therefore provides an example
of epithelialÿmesenchymal cross talk (Table II) and is
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further complicated by the fact that HGF is secreted
from stromal ®broblasts as a single-chain, biologically
inactive precursor (pro-HGF). This precursor is con-
verted to an active heterodimeric protein by a novel
serine protease (HGF activator). This proteolytic pro-
cess is probably essential for HGF to exert its mitogenic
activity. Interestingly, HGF is converted to its active
heterodimeric form only in injured tissue, suggesting
that selective activation of HGF by the HGF activator
is a mechanism by which HGF action is localized to
damaged tissues.

HGF has also been implicated in mediating abnor-
mal gastric mucosal growth, resulting in a condition
called large-fold gastritis, in some patients whose gas-
trointestinal tracts are colonized with H. pylori. Eradi-
cation of H. pylori resulted in a reduction in fold
thickness and a parallel fall in HGF levels, suggesting
that HGF is important in this trophic response. The
molecular link between H. pylori, HGF, and abnormal
mucosal growth may be mediated by the cytokine in-
terleukin-b (IL-b), since administration of an IL-1b
antagonist reduces the production of HGF in these
patients. This situation therefore provides some insight
into the link between the presence of H. pylori, cytokine
and growth factor production, and abnormal mucosal
growth. Similar mechanisms may also come into play to
explain the relationship between H. pylori colonization
and the development of gastric cancer.

Basic Fibroblast Growth Factor

Basic ®broblast growth factor (bFGF) is normally
present in the human gastric mucosa and is a potent
stimulant of angiogenesis. It accelerates the healing of
experimental gastric and duodenal ulcers in rats and in
patients with NSAID-associated gastric ulcers. In ulcer-
ated human gastric mucosa, immunoactive bFGF is un-
regulated in the granulation tissue, endothelial cells,
mononuclear cells, and epithelial cells at the ulcer
rim. Taken together, it seems likely that this peptide

plays an important role in reestablishing mucosal
homeostasis following injury.

Keratinocyte Growth Factor

Keratinocyte growth factor (KGF), a member of the
®broblast growth factor family (FGF7), is a potent stim-
ulant of keratinocyte proliferation, binding to a splice
variant of FGF receptor 2. KGF has been shown to
ameliorate damage in an experimental model of
colitis in rats but KGF mRNA expression was not in-
creased after indomethacin- or acetic acid-induced
gastric injury in rats and was ineffective in reducing
indomethacin-induced gastric damage. Current data
are therefore insuf®cient to judge whether KGF plays
an important role in gastric ulcer healing.

Trefoil Peptides

The trefoil motif consists of a unique `̀ three-loop''
structure formed by intrachain disul®de bonds. Three
members of this family have been identi®ed in humans
and various nomenclatures have been used to describe
them in the past. The current accepted practice is
to term them all as trefoil factor family members
1ÿ3 (TFF1ÿ3). TFF1 (previously pS2) and TFF2
(previously spasmolytic polypeptide) are present
mainly in the mucus-producing cells of the stomach;
TFF1 is produced by the super®cial epithelial cells
throughout the stomach and TFF2 is produced by the
deeper glandular elements within the gastric antrum. In
contrast, TFF3 (previously intestinal trefoil factor) is
predominantly produced by goblet cells of the small
and large intestine. All three peptides are also produced
at sites of injury, such as those that occur with gastric
ulceration or Crohn's disease. Recent evidence suggests
that the trefoil peptides have two roles in the gastroin-
testinal tract: (1) under basal conditions, they may play
a role in mucus stabilization and (2) when an acute
injury occurs, their rapid up-regulation is important

TABLE II Production versus Receptor Distribution

Peptide Source of peptide Receptor distribution /effects

Transforming growth factor-a Epithelial cells c-erb-B1 receptor on epithelial cells

Transforming growth factor-b Epithelial cells Suppresses proliferation of enterocytes,

stimulates restitution

Hepatocyte growth factor Cells of mesodermal origin,

e.g., ®broblasts

c-met receptor on epithelial cells

Basic ®broblast growth factor Fibroblasts, activated macrophages Fibroblasts and epithelial cells, stimulate

restitution and angiogenesis

Trefoil factor family peptides Mucus cells, epithelial cells

at sites of injury

Poorly de®ned receptor present on epithelial cells,

stimulates restitution not proliferation;

mucus stabilization

GROWTH FACTORS 253



in stimulating the repair process, particularly that of
epithelial restitution, acting as an example of a rapid
response peptide.

The trefoil peptides possess the unusual property of
decreasing injury and stimulating repair by processes
independent of proliferation. This aspect seems partic-
ularly attractive when considering using them for treat-
ing patients because the pro-mitogenic activity of some
of the other peptides could potentially stimulate pre-
malignant lesions elsewhere in the body.

Gut Hormones as Growth Factors

The bowel shows a remarkable ability to respond to
changes in dietary intake. Cross-circulation experi-
ments support the concept of circulating trophic factors
in¯uencing gut growth although the identity of such a
factor(s) remains unclear. Gastrin probably plays a role
as a trophic factor for mucosal growth within the stom-
ach and there is currently much interest in the role of
glucagon-like peptide-2 (GLP-2), as systemic infusion
of GLP-2 resulted in a general trophic response within
the gut. This has led to the possibility that GLP-2 ligands
may be useful in stimulating growth of the bowel in
conditions such as short bowel syndrome. In contrast,
early enthusiasm for a major trophic role for the gut
hormones peptide YY and cholecystokinin within the
gastrointestinal tract has diminished due to the absent
or weak response in gut growth when recombinant
forms of the hormones have been infused.

REDUNDANCY AND
COMPLEX INTERACTIONS

Genomic removal of growth factor expression (produc-
ing knockout mice) has provided important insights
into the pathophysiological role of several peptides.
At ®rst sight, the ®nding that deletion of factors with
potent biological activity such as EGF or TGF-a results
in an essentially minimal alteration in mucosal homeo-
stasis seems surprising. However, it has subsequently
been shown that much more extreme phenotypes can be
generated by cross-breeding to produce double or triple
knockouts for EGF receptor ligands. When these ani-
mals are produced, much more serious phenotypical
abnormalities are caused and deletion of the EGF re-
ceptor itself results in multiple problems in the gastro-
intestinal tract and elsewhere, with fatal consequences.
The most likely explanation for these ®ndings is that
there is redundancy within the system, allowing muco-
sal homeostasis to be maintained even if an individual
peptide is lost for whatever reason. A further important
®nding from these studies is that the phenotypes

resulting from such experiments are often strain depen-
dent. The fact that major variations can occur within a
single species therefore requires that caution be exer-
cised in extrapolating ®ndings from mice to humans.

The cooperative effects of peptides involved in the
healing process can be mediated via distinct receptors
(e.g., trefoil peptides and EGF) or by the same receptor
(e.g., EGF and TGF-a, which both bind to the EGF or
c-erb-B1 receptor). In addition, a number of growth
factors, such as EGF, are monomeric in solution yet
have been shown to activate their cognate receptors
by inducing dimerization. It is therefore important to
realize that, in vivo, EGF may signal to the cell through
the formation of receptor homodimers (where two
c-erb-B1 receptors link together) or through the forma-
tion of heterodimers (where one c-erb-B1 receptor
binds to another activated member of the c-erb-B recep-
tor family, such as c-erb-B4, which binds heregulin).
This ability to form heterodimers increases markedly
the repertoire of ligandÿreceptor interactions and is
an area that can be overlooked if the effects of adding
a single growth factor to cell lines in vitro are being
examined.

A much greater understanding of the physiological
roles of peptides can be achieved by considering the
epithelium not in isolation but as part of an integrated
cross-talking mechanism involving the epithelium and
its underlying mesenchyme (see Table II). Control of
growth and differentiation of a cell is in¯uenced by
factors secreted into the local microenvironment and
may be mediated in a paracrine (cell to cell) manner
or indirectly by in¯uencing the extracellular matrix
composition. A further example of potential cross talk
between various systems is demonstrated by the rela-
tionship between EGF and trefoil peptides. In the nor-
mal mucosa, lumenal EGF is unable to reach its receptor
because of its basolateral distribution. However, at sites
of injury, EGF can bind to its receptor and, in addition to
direct proliferative stimulation, may induce expression
of trefoil peptide production (as at least one member of
the family has an EGF-responsive enhancer region) as
well as that of its own receptor. When produced, the
trefoil peptides can act in a synergistic manner with EGF
to stimulate the repair process.

CLINICAL APPLICATIONS OF
GROWTH FACTORS

General Considerations

Advances in recombinant peptide technology now
allow virtually pure peptide to be produced at moderate
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cost. This removes the concern of contamination with
infectious agents (as seen in some patients treated with
puri®ed growth hormone who develop Creutzfeldtÿ
Jakob disease) and the development of antibodies to
puri®ed peptides from other species (as seen with por-
cine insulin). The most widely prescribed recombinant
peptide used by gastroenterologists is probably inter-
feron-a for the treatment of infectious liver disease. The
use of growth factors for hollow organ gastroenterology
is, however, at a much earlier stage. One of the major
areas of concern regarding the use of peptides such as
EGF in the clinical setting is the worry that systemic
administration of growth factors may act to promote
tumor growth elsewhere in the body. Oral, as opposed
to systemic, administration of growth factors provides
one possible approach to this problem. However, for
EGF and the trefoil peptides, the oral doses required
to treat gastrointestinal damage may be up to 1000 times
greater than when the peptide is given systemically,
making oral therapy economically unrealistic. Stabiliz-
ing molecules against digestion in the small intestine is
likely to be more dif®cult due to the many different
proteolytic enzymes produced by the pancreas. Possible
strategies include administering the peptide along with
nonspeci®c serine protease inhibitors or administering
the peptide in a site-speci®c release formulation to
overcome these problems.

Speci®c Disease Considerations

Recombinant peptides are unlikely to be of value for
the treatment of esophagitis or peptic ulceration due to
the high ef®cacy of acid suppressants and H. pylori erad-
ication regimens. There are, however, a number of
serious gastrointestinal pathologies for which novel
therapies might prove useful. Some examples are
given below.

Short Bowel Syndrome

Patients usually acquire this condition as a result of
massive intestinal resection for vascular insuf®ciency or
following repeated operations for in¯ammatory bowel
disease. Current therapeutic options consist of long-
term parenteral (intravenous) feeding or, in a few
selected cases, small bowel transplantation. However,
both of these options are associated with high cost and
morbidity. Systemic administration of individual
growth factors such as EGF has been shown to stimulate
bowel growth in animal models of short bowel
syndrome and parenteral administration of trophic
gut hormones such as GLP-II also show promise.
Clinical trials are ongoing.

Chemotherapy-Induced Mucositis

In recent years, high-dose chemotherapy protocols
are being increasingly used in an attempt to improve
cancer cure rates. As a result of this escalation in dosing,
toxic side effects on the bone marrow or gastrointestinal
tract can be the factor limiting the dose or duration of
treatment. The breakdown in mucosal integrity may
range from oral stomatitis to massive intestinal ulcera-
tion. Strategies to protect these tissues and encourage
their recovery may therefore facilitate the use of higher
dosage with greater potential for cure. Several peptide
growth factors, such as EGF, KGF, and TGF-b, are cur-
rently under examination, although it is important to
realize that the great initial promise seen in animal mod-
els has yet to be con®rmed in clinical trials. For example,
in a phase I clinical study of patients undergoing che-
motherapy, EGF had only a minor bene®cial effect in
reducing mouth ulceration. If peptides with growth
stimulatory or inhibitory effects are to be used, the tim-
ing of administration is likely to be critical; growth-
arresting factors might protect bone marrow or gut
from the damaging effects of chemotherapy (which
tends to affect areas with the highest cell turnover) if
given prior to chemotherapy. In contrast, growth-stim-
ulating factors might `̀ rescue'' the recovery of injured
areas if administered following chemotherapy. This
latter approach is already being used clinically as col-
ony-stimulating growth factor is used to stimulate bone
marrow recovery following chemotherapy.

In¯ammatory Bowel Disease and
Necrotizing Enterocolitis

The etiology of ulcerative colitis and Crohn's disease
is unknown and current treatment of these severe, in-
capacitating conditions therefore must be on an empiric
basis. Several peptide growth factors are at various
stages of investigation. These include EGF, PDGF,
TGF-a, IGF-I, KGF, and trefoil peptides. Most are
still at a very early (animal model) stage and are unlikely
to be in standard clinical usage for many years although
a preliminary report of the use of EGF in the treatment of
patients with left-sided colitis seems encouraging and
provides proof of concept.

Necrotizing enterocolitis is a severe life-threatening
illness of young children that causes severe ulceration of
the small and large bowel. Its etiology is unclear and
initial treatment consists of general supportive mea-
sures consisting of ¯uid replacement and antibiotic
therapy, although intestinal resection is often required.
A recent case report indicated that a continuous infusion
of EGF had a remarkable restorative effect on gut
histology and larger clinical trials are ongoing.
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Liver Disease

The use of growth factors in the area of hepatology is
at an early stage but may be of value in stimulating
hepatic regeneration following major surgical resec-
tions or for reducing injury and stimulating repair of
liver function following exposure to hepatotoxins. For
example, EGF has been shown to reduce the amount of
hepatotoxicity induced by the toxin carbon tetrachlo-
ride in rats. The mechanisms underlying this protective
effect are unclear but may be related to the induction of
free-radical scavengers as well as growth stimulatory
effects.

Multiple-Organ Failure

Multiple-organ failure (MOF) is a severe, life-
threatening condition that usually occurs as a result
of major trauma, burns, or fulminant infections. What-
ever the initiating event, once established, MOF has a
high mortality (up to 80%). The pathophysiological
mechanisms underlying this condition are unclear
although important contributory factors probably
include hypoxia, increased intestinal permeability,
bacterial translocation, endotoxemia, and uncontrolled
systemic in¯ammatory responses. Several factors,
including EGF, are currently under examination as
potential therapeutic agents to prevent or reduce the
severity of this condition.

SUMMARY

It is now clear that multiple peptides are involved
in maintaining gut mucosal homeostasis and in stimu-
lating the repair process. Important information has
been obtained by considering the individual factors
in isolation but additional insight can be obtained by

considering them as belonging to broad groups depen-
dent on their pathophysiological role. Knockout mice
studies have con®rmed the importance of many of these
peptides but also demonstrated that there is redundancy
in the system. The advent of recombinant peptide tech-
nology offers the potential to use one or several (to elicit
synergistic responses) peptides to treat a variety of gas-
trointestinal conditions. It is important to note, how-
ever, that although cell culture and animal models have
shown proof of concept, the process of translating their
use to standard clinical practice is still at a relatively
early stage.
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Growth Hormone
DOUGLAS W. WILMORE

Brigham and Women's Hospital and Harvard Medical School

acromegaly State of increased growth in adults due to the

oversecretion of GH. The patient is unusually tall, with

an enlarged jaw, and large hands and feet. Because this is

most commonly related to a pituitary tumor, with tumor

enlargement the patient experiences headaches and often

visual disturbances.

binding proteins Large molecules that circulate in the

bloodstream and attach to smaller molecules such as

hormones. These proteins tend to prolong the life of the

bound hormones by keeping them in the bloodstream.

endocrine Secretion of a hormone from a gland and

transportation of the hormone in the bloodstream to

distant sites, where the hormone exerts its action.

insulin resistance Glucose uptake, primarily by adipose

tissue and skeletal muscle, is enhanced by the hormone

insulin. A resistant state occurs when the same quantity

of insulin fails to cause normal uptake of glucose by

these tissues.

paracrine Secretion of a hormone from a cell, with the

hormonal effect exerted on an adjacent cell.

pituitary gland Small endocrine organ located at the base of

the brain; governs growth, metabolism, and reproduc-

tion through the secretion of a variety of hormones.

Growth hormone, a protein composed of 191 amino acids,

is secreted by the somatotroph cells of the anterior pitu-

itary gland. In children, this hormone is responsible for

linear growth and enhancement of lean body mass

through the stimulation of protein synthesis. In adults,

growth hormone is directly or indirectly responsible for

normalization of body composition, improved skeletal

muscle and cardiac function, and maintenance of normal

serum lipids. In all age groups, the hormone appears to

have an effect on the central nervous system, improving

cognitive function and life quality.

INTRODUCTION

Growth hormone (GH) elaboration increases in the ®rst
10 years of life, achieves its maximum secretory levels at
the time of puberty, and then secretion and blood levels
gradually decrease with age. De®ciencies of GH in
children result in stunted growth, and excesses due
to pituitary tumors result in acromegaly (or gigantism

in a child). More subtle are de®ciencies that occur
with aging, and these have only recently being diag-
nosed and reversed by exogenous administration of
the hormone.

ENDOCRINOLOGY

GH, like some other pituitary hormones, is released
from the somatotroph cells of the anterior pituitary
gland in a pulsatile or episodic manner, with the
greatest pulses coming at night. Secretion of GH is con-
trolled by two antagonistic systems, growth hormone-
releasing hormone (GHRH) and somatostatin. GHRH
has a marked stimulatory effect whereas somatostatin,
which is released from neurons in the median eminence
of the brain, inhibits GH secretion. Both of these con-
trolling factors are secreted into the hypophyseal portal
system and transported to the anterior pituitary
gland, where their interaction with the somatotroph
cells accounts for the quantity of hormone secreted.

When GH is released into the bloodstream, about
50% of the hormone is attached to a binding protein. It is
transported to various tissues, where it binds to two
receptors, leading to homodimerization, which gener-
ates a biological response. Signal transduction then pro-
ceeds via tyrosine phosphorylation of Janus kinase
(JAK) proteins, a common step for substances stimulat-
ing cells via the cytokine receptor superfamily, which
includes the GH receptor. Once the target cell is stim-
ulated, there are a variety of responses, but the most
apparent is the generation of a second hormone, insulin-
like growth factor-1 (IGF-1). Although this substance
can be synthesized and secreted by multiple cell types,
the greatest expression occurs in the liver. Here elabo-
ration is clearly under GH control, and IGF-1 is released
into the bloodstream and effects other tissues. In addi-
tion to the elaboration of IGF-1, GH also induces the
synthesis of binding proteins, the most prominent one
being insulin-like growth factor binding protein-3
(IGFBP-3). This binding protein greatly prolongs the
half-life of IGF-1, and thus hormonal binding and trans-
port within the bloodstream are regulatory steps in con-
trolling anabolic action (Table I).
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IGF-1 actions are mediated via its receptor, although
it can also be bound to the insulin receptor, but at a
much lower af®nity. IGF-1 stimulates cell proliferation
and differentiation. In addition, it can cause hypogly-
cemia, stimulate protein synthesis, and enhance wound
healing. IGF-1, although having a longer half-life than
GH, is responsive to dietary perturbations. With fasting
or reduction in carbohydrate ingestion, IGF-1 levels
decrease, and then return to normal with refeeding.
Thus, there appears to be an important regulatory in-
teraction between substrate availability and this
anabolic growth factorÐe.g., if no nutrients are avail-
able, there is no need for a hormone to stimulate cell
growth. In addition, IGF-1 elaboration is attenuated
during states of selective nutrient de®ciency, such as
lack of zinc and manganese, and during diseases asso-
ciated with in¯ammation. The interactions between GH
and IGF-1 are shown in Fig. 1.

PHYSIOLOGY

GH and IGF-1 (the latter working through both endo-
crine and paracrine mechanisms) work alone or in con-
cert to exert a variety of metabolic effects on an organism
(Fig. 2). IGF-1 causes hypoglycemia by decreasing glu-
cose production and enhancing peripheral glucose
clearance. In contrast, GH causes insulin resistance,
thereby counteracting this undesirable effect of
IGF-1. In addition to this antiinsulin effect, GH causes
sodium and water retention (probably the most com-
mon side effect associated with the administration of
GH) and stimulates the mobilization and utilization
of adipose tissue. In the whole organism, this results
in the loss of body fat and a lowering of blood lipids.
This lipolytic effect is countered in part by the actions of
IGF-1. Both hormones have pronounced effects on pro-
tein synthesis and epiphyseal (bone) growth. GH causes
growth of all organs, and studies in both animals and
humans have documented that excess GH treatment
results in visceromegaly, with enlargement of the
liver, kidneys, spleen, and gastrointestinal tract.

The net effect of GH, in conjunction with the secre-
tion of IGF-1, is to produce a marked anabolic state. GH
administered to animals or humans accelerates or nor-
malizes growth. This is most easily observed in young
children, but changes also occur in the adult. There
is enhanced bone growth, a greater lean body mass
(characterized by more muscle), and less fat (Fig. 3).
If biochemical tests are performed, treated subjects are
more resistant to insulin (more diabetic-like) and have
lower lipid levels. Performance of cognitive and physical
tasks is improved, especially when compared to GH-
de®cient subjects.

PATHOLOGIC CONDITIONS

GH De®ciency

Children

Congenital growth hormone de®ciency can occur
as a result of some type of anatomic developmental

TABLE I Comparison of GH, IGF-1, and Insulin

Parameter GH IGF-1 Insulin

Molecular mass (Daltons) 22,000 7649 5734

Structure Folded chain with disul®de bridges One chain Two chains

Origin Anterior pituitary gland Mostly liver; all tissues Pancreatic beta cells

Secretion Pulsatile Constant, slow release Pulsatile

Circulating form About 50% bound Mainly bound Free

Production rate 0.2ÿ1 mg/day in adults 10 mg/day 2 mg/day

Half-life 6ÿ20 minutes 12ÿ15 hours 10 minutes

± 1, ± 2, ± 4, ± ± 6)

FIGURE 1 Growth hormone (GH) is secreted by the pituitary

gland following stimulation by growth hormone-releasing hor-

mone (GHRH). GH travels in the bloodstream, either in the

free state or loosely bound to a binding protein (BP). It attaches

to cell surface receptors and stimulates changes in metabolism.

In the liver, it stimulates the production of insulin-like growth

factor-1 (IGF-1) and its binding proteins. During disease states,

there is also release of proteases that cleave IGF-1 from BP-3, and

this reduces IGF-1 activity. Both GH and IGF-1 have mechanisms

that control feedback to the brain, regulating GH elaboration.
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abnormality or is associated with a genetic defect. Chil-
dren may also acquire a growth hormone-de®cient
state as a result of radiation for tumors of the central
nervous system or associated with resection of hypotha-
lamic, pituitary, or other tumors in the adjacent areas of

the brain. Trauma to the area and some in®ltrating
diseases have also been associated with the de®ciency
state.

Relative GH de®ciency has been described in con-
junction with chronic renal failure in children who fail
to grow, and in those who receive steroid therapy as
immunosuppressive therapy following organ trans-
plantation. Turner's syndrome, a congenital abnormal-
ity in girls, is associated with short stature and is
responsive to GH therapy.

Adults

The great majority of adults with GH de®ciency have
diseases associated with the pituitary gland (tumors,
adenomas, infarction, or in®ltrative diseases), most of
which are treated surgically and/or with irradiation.
However, GH de®ciency is now being recognized in
older adults, and when diagnosed, is often treated by
replacement therapy.

GH Excess

GH excess is associated with pituitary tumors that
secrete excessive amounts of GH. The result is enhanced
growth (referred to as gigantism in the child or acro-
megaly in the adult). Such tumors are also associated
with headaches, visual disturbances, abnormal sweat-
ing, and, eventually, weakness and fatigue. There is
gradual and unexplained swelling of the feet and
hands and thickening of the lips and tongue. Removal
of the tumor (almost always a pituitary adenoma)
necessitates GH replacement, but often resolves many
of the unpleasant symptoms.

GH THERAPY

GH was the ®rst hormone to be produced by recombi-
nant DNA technology and has been abundantly avail-
able for clinical use and study since the mid-1980s.
Before that time, GH was extracted from pituitary
glands obtained from cadavers, and only a limited
quantity of GH was available for therapeutic and
investigative use.

FIGURE 2 Multiple effects of growth hormone (GH) and insulin-like growth factor-1 (IGF-1).

FIGURE 3 In adults, lean body mass (LBM) and adipose mass

(AM) change with human growth hormone (hGH) administra-

tion, compared with controls who received placebo injections

(each point is the mean ISEM for 16ÿ21 individuals). Reproduced

with permission from Cohn, L., Feller, A. G., Rudman, I. W., and

Rudman, D. (1993). Further observations of the effects of human

growth hormone in elderly hyposomatomedinemic men. In

`̀ Growth Hormone Replacement Therapy in Adults: Pros and

Cons'' (Z. Laron and O. Butenandt, eds.). Freund Publishing

House, London.
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Testing for De®ciency

GH is rapidly secreted in response to hypoglycemia
(rapidly falling blood glucose). Therefore, one standard
test is to administer a small dose of insulin to induce
hypoglycemia, and then draw serial blood samples for
GH determination. An increase of less than 10 mg/liter
from baseline is considered diagnostic of de®ciency in
children. In adults, the increase must be 53ÿ5 mg/liter
to diagnose the de®ciency state (the value used depends
on the method of blood testing). Other stimulation tests
are available [e.g., administration of L-dihydroxy-
phenylalanine (L-DOPA), arginine, and GHRH] and
similar guidelines are generally followed if these
alternate stimulatory tests are used.

Results in Children

In cases of classic growth hormone de®ciency, the
administration of GH has resulted in a marked increase
in linear growth (Fig. 4) that continues until puberty. In
one study, GH-de®cient children treated for an average
of 8 years had a ®nal height of 171.6 cm (5 ft. 7 in., boys)
and 158.5 cm (5 ft. 2 in., girls). The average dose of GH
given to children is 0.3 mg/kg/week. This is injected
subcutaneously daily or every other day in divided
doses. The recommended GH doses for children with
renal failure and for Turner's syndrome are slightly
higher (0.35 and 0.375 mg/kg/week, respectively) due
to the resistance states associated with these disorders.

Results in Adults

In adult individuals who have documented GH
de®ciency due to pituitary diseases or associated with
aging, replacement doses range from 3 to 25 mg/kg/day
(about 0.3ÿ2 mg/day for the average adult). However, a
recent consensus conference suggests that the starting
dose should be 0.15ÿ0.3 mg/day regardless of body
weight. The dose is then adjusted to administer ade-
quate quantities of GH so that IGF-1 levels are elevated
to the midnormal range.

The responses to this therapy have been dramatic,
especially when compared to the de®cient state. In one
study, treatment for 26 weeks resulted in a 13% decrease
in subcutaneous fat mass and a 30% decrease in intra-
abdominal fat mass. Muscle mass and strength were also
characteristically increased.

Quality-of-life studies, which include energy levels,
mood, and measures of emotional liability, all show
general improvement with GH replacement. Long-
term outcome studies are lacking, and it is not known
at this time if GH therapy is associated with a reduction
in cardiovascular risk or with an enhancement in cancer
risk. Data from followup studies of patients receiving
GH replacement therapy following excision of brain
(pituitary) tumors show that, to date, concerns about
GH stimulating tumor growth or recurrence are un-
founded. Longer term studies of large groups of indi-
viduals are needed, however, to answer this question.

Other Uses

GH has been administered to small groups of pa-
tients with catabolic conditions, including respiratory
failure, burn injury, recovery from surgical procedures,
congestive heart failure, liver transplantation, and renal
failure. These diseases process are associated with the
accelerated breakdown of body tissues, particularly
skeletal muscle, and this results in weakness, malnutri-
tion, and poor wound healing, all of which prolong
recovery. It is hoped that GH therapy will enhance pro-
tein synthesis and thus limit mortality, morbidity, and
convalescence time.

The most consistent bene®t of high-dose short-term
GH therapy has been observed in children following
thermal injury. Herndon and associates have shown
that such therapy has accelerated wound healing and
reduced hospitalization by approximately 2 weeks
(Table II). In another large randomized trial in critically
ill adults, high-dose growth hormone was associated
with increased mortality. This observation has not
been made in other studies, but enthusiasm for treat-
ment of the critically ill has been tempered and few trials
evaluating GH in this group are ongoing.
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FIGURE 4 The growth rate in GH-de®cient children after 6

and 12 months of treatment. Reproduced with permission from

Takano, K., Shizume, K., Hizuka, N., et al. (1987). Therapeutic

bene®t of the treatment of GH-de®cient children with growth

hormone. In `̀ Growth HormoneÐBasic and Clinical Aspects''
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The anabolic effects of GH have also been utilized to
support patients with HIV infection and associated
wasting. Studies in such populations show that such
GH therapy is effective in supporting lean tissue (muscle
mass) during associated catabolic states.

Side Effects of GH

The most common side effects of GH administra-
tion are ¯uid retention, swelling of the hands and feet,
and the occurrence of joint pain and myalgesias.
Hyperglycemia may also occur, especially in an individ-
ual prone to having diabetes. Other side effects are listed
in Table III.

See Also the Following Articles
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TABLE II GH Therapy in Thermally Injured Children

Factor Control GH

Wound healing rate (days / % burn) 0.8� 0.1 0.54� 0.04*

Length of hospitalization 46� 6 32� 4*

*p5 0.05

TABLE III Side Effects of GH

Weight gain Headaches

Dependent edema

Sensation of tightness

Benign intracranial

hypertension

Carpal tunnel

syndrome

Hyperglycemia

Hyperphosphatemia

Arthralgia Cardiomegaly

Myalgia Cardiac arrhythmias

Hypertension
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Guanylin

LEONARD RALPH FORTE

Harry S. Truman Memorial Veteran's Administration Hospital and University of Missouri

cyclic GMP Intracellular signaling molecule that is produced

by the cell surface receptors for guanylin and uroguany-

lin in target cells. Responsible for mediating cellular

responses to these peptide hormones.

epithelial cell balance Physiological process that controls the

birth and death rates of cells to maintain the morphology

and function of epithelia in organs of the body.

guanylin/uroguanylin Small peptide hormones produced in

the intestine, where they act locally to regulate intestinal

functions, including the secretion of electrolytes and

¯uid into the intestinal lumen.

intestineÿkidney endocrine axis Hormonal connection

between the intestine and kidney formed by enteric

guanylin and/or uroguanylin peptides that are secreted

into the bloodstream following the ingestion of dietary

sodium chloride (i.e., table salt).

Guanylin and uroguanylin are small, heat-stable peptides

that are produced throughout the body, but are most

abundant in the intestinal tract, where they are secreted

locally to regulate epithelial cell functions through the

intracellular second-messenger molecule, cyclic 3050-
guanosine monophosphate (cyclic GMP). Apical plasma

membranes of epithelial cells lining the intestinal

lumen express high levels of a guanylin/uroguanylin re-

ceptor. When the receptor is activated by uroguanylin/

guanylin binding to an extracellular portion of this sig-

naling molecule, cyclic GMP is produced to regulate cel-

lular functions. Certain strains of enteric bacteria produce

heat-stable enterotoxin peptides that are molecular mim-

ics of uroguanylin. The toxin peptides secreted by some

enteric microbes produce an unregulated stimulation of

uroguanylin/guanylin receptors, causing a cholera-like

disease, often called `̀ traveler's'' diarrhea. The high inci-

dence of this disorder in people in developing nations may

be linked to the markedly lower incidence of colon cancer

found in the developing world, attributed to a protec-

tive effect of the guanylin peptide family of cyclic GMP-

regulating hormones, as well as to their molecular mimics.

INTRODUCTION

Guanylin and uroguanylin, peptide hormones that are
produced in all tissues of placental (i.e., eutherian)
mammals, are found most abundantly within epithelial

cells of the gastrointestinal tract. In a representative
metatherian mammal, the opossum, and in some species
of bony ®sh, three different guanylin-like peptides
have also been identi®ed. The biologically active forms
of guanylin peptides are highly conserved throughout
vertebrate evolution. Most of the guanylin peptides are
15ÿ16 amino acids long and contain two intramolecu-
lar disul®de bonds formed between speci®c cysteine
pairs, which provide for a heat- and acid-stable molecule
that is biologically active (Fig. 1). Enteric bacteria
produce heat-stable toxin (ST) peptides, which serve
as molecular mimics of uroguanylin and induce a chol-
era-like form of diarrhea. The ST peptides secreted by
diarrhea-inducing strains of Escherichia coli, Vibrio
cholerae, and Yersinia enterocolitica have variable struc-
tures, but all of these ST molecules contain a highly
conserved core peptide region consisting of 13 residues
with three disul®de bonds that are essential for full
biological activity. This bioactivity domain of ST pep-
tides is most closely related to a similar region within the
biologically active forms of uroguanylin. Bacterial ST
peptides have a greater af®nity for the intestinal recep-
tors compared to that of uroguanylin, which contributes
to the toxicity of STs in vivo (Fig. 1). Piscine (i.e., fugu)
forms of uroguanylin and bioactive ST peptides secreted
by enterotoxigenic strains of bacteria have the closest
sequence similarity. A novel bioactive peptide, lympho-
guanylin, has been identi®ed in the opossum, and this
peptide has only three cysteine residues and one intra-
molecular disul®de (Fig. 1).

In the intestinal tract, locally secreted guanylin and
uroguanylin peptides participate in regulating the phys-
iological process of ¯uid secretion during digestion.
Biological actions have also been demonstrated in the
kidney, as demonstrated by increases in urinary sodium
chloride (salt), potassium, and water excretion follow-
ing administration of either guanylin or uroguanylin.
Because guanylin and uroguanylin were discovered only
10 years ago, it is likely that other physiological roles
will be elucidated for these peptide hormones in
the future. The widespread distribution of guanylin/
uroguanylin-producing tissues and the broad distribu-
tion of their cognate cyclic GMP-producing receptor,
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clearly suggest that these peptide hormones in¯uence
cell and organ function throughout the body.

CELLULAR MECHANISM OF GUANYLIN
AND UROGUANYLIN ACTION

Uroguanylin and guanylin bind to and activate a speci®c
cell surface receptor that has an intrinsic catalytic ac-
tivity that produces the intracellular second messenger,
cyclic GMP. These receptor enzymes, guanylate
cyclases, are localized to plasma membranes of various
cells in the body. Thus, guanylin and uroguanylin bind
to a receptor guanylate cyclase (R-GC) found on the
surface of target cells and regulate cellular functions
by stimulating the enzymatic portion of R-GCs to pro-
duce cyclic GMP from guanosine triphosphate (GTP).
Cyclic GMP inside the cell then binds to speci®c recep-
tor proteins, which can be either cyclic GMP-dependent
protein kinases, cyclic GMP-regulated ion channels, or
cyclic GMP-modulated phosphodiesterases.

One physiological mechanism that has been rela-
tively well studied involves the robust stimulation of
intestinal ¯uid and electrolyte secretion produced by
guanylin, uroguanylin, and ST peptides mediated by
intracellular cyclic GMP. In this example, cyclic GMP
binds to and activates one or more protein kinases in
certain specialized cells within the intestinal epithelium
that are capable of secreting chloride and/or bicarbonate
anions. Activated protein kinases catalyze the transfer
of phosphate from adenosine triphosphate (ATP) to
serine residues on the cystic ®brosis transmembrane

conductance regulator (CFTR) protein, which is inti-
mately involved in controlling the secretion of chloride
and bicarbonate anions into the intestinal lumen. Phos-
phorylated CFTR is also associated with a reduction in
the intestinal absorption of sodium into the body. The
net physiological effect of either guanylin or uroguany-
lin is the stimulation of intestinal secretions containing
the electrolytes sodium, chloride, and bicarbonate. The
resulting ¯uid secretion permits the digestion and ab-
sorption of nutrients and other dietary factors.

REGULATION OF SODIUM
CHLORIDE HOMEOSTASIS

Both guanylin and uroguanylin are produced in the in-
testine and then are released into the bloodstream when
sodium chloride (salt) is ingested in food and drink.
Secretion of these peptides into the bloodstream
forms a novel endocrine axis linking the intestine
with the kidney via guanylin and/or uroguanylin hor-
mones. A fundamental response to the ingestion of salt
in our diets is a marked increase in the excretion of
urinary sodium chloride, which helps balance renal
salt excretion and dietary salt intake, thus maintaining
salt homeostasis in the body. Guanylin peptides stim-
ulate the excretion of sodium, chloride, and potassium
in the urine and also increase urinary volume. Kidney
tubules express the R-GC type of receptor, but renal
tubular cells also appear to have another form of recep-
tor and signal transduction pathway that may be inde-
pendent of R-GC and cyclic GMP. In fact, kidney cell
responses to the peptides appear to be, at least in part,
mediated by a G-protein-coupled receptor and pertussis
toxin-sensitive mechanism of signaling. This novel sig-
naling mechanism appears to regulate potassium chan-
nel activities in kidney cells and therefore may
contribute to the observed effects of guanylin and uro-
guanylin to markedly increase urinary potassium excre-
tion. High-salt diets also enhance the expression of both
guanylin and uroguanylin messenger RNA transcripts in
the intestine and lead to increases in the urinary excre-
tion of uroguanylin. Both ®ndings are consistent with a
novel physiological role for guanylin peptides as regu-
lators of salt balance in the body.

UROGUANYLIN, GUANYLIN, AND
COLON CANCER

Tumors begin in the colorectal epithelium as small
benign adenomas (polyps), which slowly grow over
the course of many years. Many adenomas arise in
the colonic mucosa secondary to mutations in the

GUANYLIN 
Opossum 
Human 
Zebrafish 
Fugu 

UROGUANYLIN 
Opossum 
Human 
Eel 
Fugu 

LYMPHOGUANYLIN 
Opossum 

ST PEPTIDES 
E. coli  SThuman

FIGURE 1 Primary structures of guanylin peptides. Amino

acids are abbreviated using the single-letter code. Disul®de

bonds connect the ®rst to third and second to fourth cysteines

in the linear peptide chain of guanylin and uroguanylin. Fugu

(puffer ®sh) and zebra®sh peptide sequences were derived

from genome sequencing projects; other peptide sequences

have been previously published. Heat-stable toxin (ST) peptides

also have a third disul®de bond connecting their unique cysteine

residues. Escherichia coli ST has three additional amino acids

(i.e., NSS) on the N terminus, forming a 19-residue peptide.
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adenomatous polyposis coli (APC) gene. Adenoma cells
can acquire additional gene mutations that accumulate
over time and culminate in the formation of malignant
adenocarcinomas that may spread to other organs. In
both polyp and adenocarcinoma cells, the expression of
guanylin and uroguanylin genes is turned off, resulting
in a hormone-de®cient state within the tumors. How-
ever, the R-GC form of receptor for these peptides con-
tinues to be expressed at normal levels. In a mouse
model of human colon cancer, the oral administration
of uroguanylin had a profound effect of reducing both
the number and the size of tumors that appeared within
the intestinal tract, thus markedly reducing tumor bur-
den. Moreover, when human colon cancer cells were
treated with uroguanylin or related peptides, the cells
responded by undergoing programmed cell death
(apoptosis). Other agents that elevate intracellular
cyclic GMP levels also elicit apoptosis of colon cancer
cells. Based on these new ®ndings, it may be postulated
that a primary physiological role of the guanylin pep-
tides is to regulate epithelial cell turnover by in¯uencing
cellular lifetimes. In this manner, guanylin and uro-
guanylin can participate in the complex cellular mech-
anisms that regulate birth and death rates of the
epithelial cells that populate the intestinal mucosa in
order to maintain both the morphology and the function
of the intestinal epithelium.

The antitumor actions of uroguanylin in both animal
and cell models of colon cancer have stimulated addi-
tional investigations of this peptide hormone for poten-
tial use in the prevention and/or therapy of colon cancer.
In addition, chemical analogues of uroguanylin-like
peptides have been synthesized; the analogues contain
a radioactive atom that can be detected at the surface
of the body using the noninvasive imaging method
of single photon-emitting computed tomography
(SPECT). Preclinical studies have demonstrated that
these uroguanylin-like agents can be used to locate
colon adenocarcinomas that have spread to other organs
in the body. This diagnostic approach is very promising
for the early detection of metastatic forms of colon tu-
mors because the tumor cells have very high levels of
uroguanylin/guanylin receptors. The radioactive forms
of these uroguanylin-like peptides bind to cell surface
receptors, and the macromolecular complexes are then
internalized and concentrated within the tumors.
SPECT imaging can then be used to detect and locate
one or more secondary colorectal tumors that have

spread to other organs. It is clear that discovery of
the guanylin family of cyclic GMP-regulating
peptides has provided new insights into colon tumor
biology per se. Moreover, the uroguanylin-like peptides
offer new therapeutic approaches to prevent, detect, or
treat colon cancer.

See Also the Following Articles
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erosion A shallow ulcer con®ned to the mucosal layer.

gastric H�,K�-ATPase An ATP-hydrolyzing enzyme respon-

sible for catalyzing the exchange of lumenal K� for

cytoplasmic H� by parietal cells, bringing about gastric

lumenal acidi®cation.

gastroesophageal re¯ux Back¯ow of acidic gastric contents

into the esophagus, producing a spectrum of clinical

symptoms and manifestations ranging from mild episo-

dic heartburn and regurgitation without macroscopic

esophagitis to chronic in¯ammation and ulceration;

severe cases may involve stricture and hemorrhage.

gynecomastia Excessive development of the male mammary

glands.

Helicobacter pylori A gram-negative urease-producing bac-

terium that causes an active chronic gastritis and is an

important etiological factor in the development of gastric

and duodenal ulcers.

nonsteroidal anti-in¯ammatory drugs Medications that

reduce in¯ammation by inhibiting the enzymatic activity

of cyclooxygenase, a key enzyme in the biosynthetic

pathway leading to the formation of prostaglandins.

Examples include aspirin, ibuprofen, naproxen, and

diclofenac.

peptic ulcer A loss of tissue, extending through the mucosa

into the submucosa, in the esophagus, stomach, or

duodenum, due to acidic gastric secretions.

pharmacokinetics The disposition of drugs within the body

in relation to their absorption, distribution, metabolism,

and elimination.

Histamine receptors have been classi®ed into four major

subclasses: H1, H2, H3, and H4. H1 receptors are widely

distributed and mediate the actions of histamine in the

allergic response and as a bronchial constrictor. H2 re-

ceptors are present primarily in the stomach, where they

regulate gastric acid secretion, and to a lesser extent in the

heart, central nervous system, reproductive system, and

on lymphocytes. Histamine-2 (H2)-receptor antagonists

are drugs that competitively block the ability of histamine

to interact with H2-receptors. H3-receptors were orig-

inally identi®ed as inhibitory autoreceptors on hista-

mine-containing nerve terminals in the central nervous

system. In the stomach, H3-receptors augment acid secre-

tion by suppressing somatostatin secretion. In the an-

trum, suppression of somatostatin leads to stimulation

of gastrin, the main hormonal stimulant of acid secretion,

whereas in the fundus, it leads to stimulation of histamine

and acid secretion. Most recently, an H4-receptor has

been identi®ed in intestine, spleen, thymus, and immune

cells. The H4-receptor shares 40% homology and over-

lapping pharmacology with the H3 receptor; its physio-

logic function is not known. This article focuses on

the role of blocking H2 receptors in the stomach. The

identi®cation of the H2 receptor on the basolateral mem-

brane of the parietal cell by Black in 1972 and the

subsequent development of safe and effective H2-receptor

antagonists have revolutionized the treatment of gastro-

intestinal acid-related disorders.

INTRODUCTION

Until the development of histamine-2 (H2)-receptor
antagonists, the only treatments available for patients
with acid-related disorders were bed rest, bland diets,
milk drips, antacids, and surgery. Ulcers and ulcer pain

Encyclopedia of Gastroenterology Copyright 2004, Elsevier (USA). All rights reserved.
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recurred and complications such as bleeding, perfora-
tion, and obstruction were frequent. Surgery, mainly
vagotomy (to denervate the acid-producing area of
the stomach) with antrectomy (to remove the hormone
gastrin), became the `̀ gold standard'' for the treatment of
recurrent, recalcitrant, or complicated disease. Unfor-
tunately, surgery proved not to be de®nitive (1ÿ10%
recurrence rate) and produced its own set of problems,
including gastric stasis, bile re¯ux gastritis and esoph-
agitis, and gastric remnant carcinoma.

The introduction of cimetidine, the ®rst commer-
cially available H2-receptor antagonist, and the subse-
quent introduction of ranitidine, famotidine, nizatidine,
and roxatidine revolutionized the management of acid-
related diseases and improved the quality of life for a
large number of patients. For the ®rst time, peptic ulcer
disease and gastroesophageal re¯ux disease could be
treated and prevented pharmacologically.

MECHANISM OF ACTION

The main secretagogues active at the level of the parietal
cell are acetylcholine, histamine, and gastrin (Fig. 1).
Acetylcholine, released from intramural postganglionic
nerve terminals, binds to parietal cell muscarinic sub-
type 3 (M3) receptors that are coupled to an increase in
intracellular calcium. Histamine, released from entero-
chromaf®n-like (ECL) cells, which reside in the basal
half of the oxyntic gland in the vicinity of parietal
cells, binds to parietal cell H2 receptors that are coupled
to an increase in intracellular concentrations of
adenosine 30,50-cyclic monophosphate (cAMP). Hista-
mine-containing ECL cells are the predominant endo-
crine/paracrine cell type in the oxyntic mucosa and
constitute 65ÿ75% of the endocrine cells in rat and
30ÿ35% of the endocrine cells in humans. Gastrin, re-
leased from antral G cells in the distal stomach, travels
through the bloodstream to activate cholecystokinin
subtype 2 (CCK2; previously termed CCK-B) receptors
present on both parietal and ECL cells that are coupled
to an increase in intracellular calcium. The increase in
parietal cell levels of cAMP and calcium synergistically
activates the parietal cell proton pump, an H�,K�-
ATPase, that catalyzes the exchange of lumenal K�

for cytoplasmic H� and is responsible for gastric lu-
menal acidi®cation (Fig. 1).

Gastrin, the main stimulant for acid secretion during
ingestion of a meal, activates the parietal cell directly
and, more importantly, indirectly by increasing the pro-
duction and release of histamine from ECL cells (Fig. 1).
In H2-receptor-de®cient mice, gastrin is an ineffective
secretagogue, con®rming the notion that, although
CCK2 receptors are present on the parietal cell, gastrin

stimulates acid secretion primarily by binding to CCK2

receptors on ECL cells that are coupled to histamine
release.

The structure of H2-receptor antagonists is pat-
terned after that of histamine (Fig. 2). The initial com-
pounds (e.g., cimetidine) share histamine's imidazole
ring. Subsequent compounds (ranitidine, famotidine,
and nizatidine) use other ®ve-membered rings (i.e.,
furan and thiazole rings). Roxatidine, which is available
in Europe, differs from previous compounds in that
the ®ve-membered ring has been replaced with a phenyl
ring. Unlike the other H2-receptor antagonists, roxa-
tidine is a prodrug that is rapidly metabolized to
yield the active compound.

H2-receptor antagonists competitively and selec-
tively inhibit the binding of histamine to H2 receptors
on the basolateral membrane of the parietal cell, thereby
reducing intracellular concentrations of the signaling
molecule cAMP and, as a result, the secretion of acid
by the parietal cell. As discussed above, the H2-receptor

FIGURE 1 Model illustrating the action of the main secreta-

gogues at the level of the parietal cell, the transduction pathways

to which they are coupled, and the site of action of H2-receptor

antagonists. Acetylcholine (ACh), released from intramural neu-

rons, binds to M3 receptors that are coupled to an increase in

intracellular calcium (Ca2�). Histamine, released from entero-

chromaf®n-like (ECL) cells, binds to H2 receptors that are

coupled to an increase in cellular adenosine 30,50-cyclic mono-

phosphate (cAMP). Gastrin, released from G cells in the antrum

into the bloodstream, binds to CCK2 receptors on the parietal cell

that are coupled to an increase in Ca2� and more importantly

binds to CCK2 receptors on ECL cells that are coupled to the

release of histamine. The two transduction pathways in the pari-

etal cell, i.e., cAMP and Ca2�, converge on and activate the H�,K�-

ATPase, the hydrogen pump of the parietal cell. H2-receptor an-

tagonists competitively block the H2 receptor on the parietal cell,

thus blocking both histamine-driven acid secretion and that elic-

ited by gastrin, whose action is mediated primarily by the release

of histamine from ECL cells.
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antagonists are effective at blocking both histamine-
driven acid secretion and that elicited by gastrin,
whose action is mediated primarily by the release of
histamine from ECL cells. The relative potencies
of the H2-receptor antagonists clinically available

are as follows: famotidine4 ranitidine� nizatidine�
roxatidine4 cimetidine (Table I).

PHARMACOKINETICS

The absorption of H2-receptor antagonists from the
gastrointestinal tract varies considerably; their mean
bioavailability after oral administration is as follows
(Table I): famotidine 45%, ranitidine 50%, cimetidine
60%, nizatidine 95%, and roxatidine 95%. Peak plasma
concentrations occur 1ÿ3.5 h after oral administration,
although wide interindividual variations are observed.
Concomitant administration of antacids or sucralfate
may decrease the absorption of H2-receptor antagonists
by up to 30%.

The H2-receptor antagonists are widely distributed
throughout the body, with a mean volume of distribu-
tion of 1.5 liter/kg (Table I). Protein binding is low, in
the range of 8% for roxatidine to 30% for nizatidine.
Although all the H2-receptor antagonists cross the
bloodÿbrain barrier, cimetidine achieves the highest
cerebrospinal ¯uid levels. All cross the placenta and
are secreted into breast milk.

After oral administration, cimetidine, ranitidine,
and famotidine are extensively metabolized by the
liver. By contrast, 65% of nizatidine or roxatidine is
excreted unchanged in the urine. Nizatidine produces
an active metabolite, N-2-monodesmethylnizatidine,
which exhibits 60% of the H2-receptor-blocking activ-
ities of the parent compound. After intravenous admin-
istration, 65ÿ85% of each H2-receptor antagonist is
excreted unchanged in the urine.

The elimination half-life varies considerably, aver-
aging 1.5 h for cimetidine, ranitidine, and nizatidine; 4 h
for famotidine; and up to 6 h for roxatidine (Table I).
Because the half-life of H2-receptor antagonists is in-
creased up to 10-fold in patients with renal insuf®-
ciency, it has been suggested that one-half the
therapeutic dose be given to patients with creatinine
clearances below 30 ml/min. No dosing adjustment is
required for patients with hepatic dysfunction.

EFFICACY

Although a number of factors may contribute to the
pathogenesis of peptic ulcer disease and re¯ux esoph-
agitis, gastric acid secretion plays a pivotal role and
reduction in acid secretion is the cornerstone of treat-
ment for these diseases. Maximal healing rates for peptic
ulcer are achieved when intralumenal pH is maintained
at or above 3 for 16 h out of a 24 h period. In contrast,
optimal healing of re¯ux esophagitis requires greater
acid inhibition, a target pH at or above 4 for 16 h out

FIGURE 2 Chemical structure of histamine and H2-receptor

antagonists.
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of a 24 h period. Treatment for as little as 2ÿ7 days with
H2-receptor antagonists may induce tachyphylaxis, i.e.,
progressive loss of ef®cacy, with time. The precise
mechanism is not known.

Duodenal and Gastric Ulcers

Approximately 60ÿ80% of duodenal and gastric ul-
cers can be healed by 4-week treatment and 80ÿ90% by
6- to 8-week treatment with therapeutic doses of any of
the H2-receptor antagonists. Ulcers can be successfully
treated with either a twice-a-day dose or a single bed-
time dose (cimetidine, 800 mg; ranitidine, 300 mg;
famotidine, 20 mg; nizatidine, 300 mg; or roxatidine,
150 mg). Once healed, however, cure is not permanent
and 80% of patients will have a relapse of their ulcer
within 1 year. Maintenance therapy with one-half the
standard therapeutic dose administered at bedtime (i.e.,
cimetidine, 400 mg; ranitidine, 150 mg; famotidine,
10 mg; nizatidine 150 mg; or roxatidine, 75 mg) can
decrease the 1-year relapse rate to 10ÿ20%.

In the vast majority of cases, duodenal and gastric
ulcers are associated with either Helicobacter pylori
infection of the stomach or the use of nonsteroidal
anti-in¯ammatory drugs (NSAIDs); Zollinger-Ellison
syndrome caused by a gastrin-secreting tumor (gastri-
noma) is a rare cause of peptic ulcer disease. In patients
infected with H. pylori, additional therapy aimed at
eradicating the bacteria may accelerate the rate of
ulcer healing over that achieved using an H2-receptor
antagonist alone and prevents ulcer relapse. Ranitidine
bismuth citrate, 400 mg twice a day for 4 weeks, in
conjunction with clarithromycin, is an approved regi-
men for eradication of the bacteria.

NSAID-induced ulcers can be effectively treated
with H2-receptor antagonists, especially if the NSAID
can be discontinued. If the NSAID must be continued,
H2-receptor antagonists achieve only a 50% healing
rate at 8 weeks. For the prevention of NSAID-induced

ulcers in high-risk patients, concomitant administration
of H2-receptor antagonists is effective in preventing
duodenal but not gastric ulcers.

Zollinger-Ellison syndrome is characterized by
marked gastric acid hypersecretion. H2-receptor antag-
onists have been used successfully to control acid
secretion but high and frequent dosing is required
(e.g., ranitidine: 2700 mg per day in divided doses
every 4ÿ6 h) and this condition is now most often trea-
ted with proton pump inhibitors.

Re¯ux Esophagitis

Re¯ux esophagitis manifests as a spectrum of endo-
scopic and pathologic stages ranging in severity from
re¯ux symptoms without evidence of esophageal
damage to erosive and ulcerative esophagitis. Over-
the-counter formulations of H2-receptor antagonists
provide at best partial relief, with complete relief occur-
ring in only 15% of patients. In patients with erosive or
ulcerative esophagitis, standard doses of H2-receptor
antagonists provide complete symptom relief and
mucosal healing in only approximately 50ÿ75% of
patients at 8 weeks. Because healing of erosive esoph-
agitis requires greater acid suppression than that re-
quired to heal duodenal or gastric ulcers, ranitidine
150 mg qid or comparable doses of another H2-receptor
antagonist are recommended. After complete healing,
symptomatic recurrences occur in 80% of patients. In
contrast to duodenal and gastric ulcer, maintenance
therapy to prevent recurrence requires the use of the
same dose required to achieve healing.

Prophylaxis of Stress-Related
Gastric Hemorrhage

Patients admitted to intensive care units, partic-
ularly those with respiratory failure, coagulopathy, ex-
tensive burns, head injuries, or extensive trauma, are at
increased risk for stress-related gastric mucosal damage

TABLE I Comparison of H2-Receptor Antagonists

Characteristic Cimetidine Ranitidine Famotidine Nizatidine Roxatidine

Absorption

Bioavailability (%) 30ÿ80 39ÿ88 40ÿ50 75ÿ100 95

Time to peak concentration (h) 1ÿ2 1ÿ3 1ÿ3.5 1ÿ3 1ÿ3

Distribution

Volume (liter/kg) 0.8ÿ2.1 1.0ÿ1.9 1.1ÿ1.3 1.2ÿ1.6 0.9ÿ1.9

Protein binding (%) 20 15 16 30 8

Elimination

Serum half-life (h) 1.5ÿ2.5 1.6ÿ3.1 2.5ÿ4.0 1.1ÿ2.0 2.0ÿ6.0

Relative potency 1 4ÿ10 20ÿ50 4ÿ10 4ÿ6
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and subsequent upper gastrointestinal bleeding. Despite
controversy regarding the precise role of acid in the
development of stress-related gastric damage, data
show a strong relationship between mucosal damage,
bleeding, and low pH. H2-receptor antagonists, admin-
istered continuously intravenously, are effective in pre-
venting stress ulcer and stress ulcer bleeding.

Adjuvant Treatment of Cancer

H2-receptor antagonists, in particular, cimetidine,
have been shown to improve the survival of patients
with colorectal cancer, melanoma, and renal cell cancer.
It has been proposed that cimetidine enhances the host
immune response by increasing the cytotoxic activity of
mononuclear cells and tumor-in®ltrating lymphocytes
and prevents cancer metastasis by inhibiting cancer cell
adhesion to endothelial cells via down-regulation of the
cell surface expression of E-selectin, a ligand on endo-
thelial cells that binds tumor antigens.

ADVERSE EFFECTS

The H2-receptor antagonists are generally well tolerated
with adverse effects observed in 1.5% of treated patients
compared with 1.2% of placebo patients.

Central Nervous System

Cimetidine and ranitidine, but perhaps not nizati-
dine, cross the bloodÿbrain barrier and may interact
with H2 receptors present in the brain. A variety of
central nervous system (CNS) side effects, ranging
from headache, dizziness, anxiety, somnolence, and
depression, to confusion and delirium, have been re-
ported. It should be noted, however, that the overall
frequency of CNS effects is very low, less than 0.2%.
Advanced age and renal dysfunction may predispose
to CNS side effects.

Endocrine

Cimetidine possesses weak anti-androgenic activity
and may rarely cause gynecomastia, hyperprolactine-
mia, and impotence. Gynecomastia has been observed
in up to 4% of patients with Zollinger-Ellison syndrome
who were treated for prolonged periods with high doses
of cimetidine. Prolactin levels may rise acutely but usu-
ally return to normal with continued use. Sperm counts
may be depressed, but usually remain within normal
limits. Although ranitidine, famotidine, and nizatidine
do not possess anti-androgenic activity, nevertheless
they may rarely cause gynecomastia.

Renal

Cimetidine has rarely (1 in 100,000 patients ex-
posed) been associated with an idiosyncratic hypersen-
sitivity interstitial nephritis, which may manifest as
fever, rash, arthralgia, polymyositis, eosinophilia, and
sterile pyuria. Renal function usually returns to normal
once cimetidine is stopped. Cimetidine, but none of the
other H2-receptor antagonists, has been reported to in-
crease serum creatinine concentrations as a result of
competition for renal tubular excretion between cimet-
idine and creatinine.

Hematologic

Thrombocytopenia, anemia, and leukopenia have
been reported only rarely. In most circumstances, pa-
tients had serious underlying disease and/or were taking
multiple drugs, making it dif®cult to establish a direct
cause and effect. H2 receptors are present on the cell
surface of suppressor T lymphocytes and H2-receptor
antagonists have been reported to have mild immune-
modulating effects; they have induced tumor regression
in several studies and may cause false-negative imme-
diate skin tests.

Pregnancy and Breast-Feeding

The H2-receptor antagonists cross the placenta and
are also distributed in breast milk. Although data in
humans are limited, these drugs have been assigned
to Food and Drug Administration Pregnancy Category
B and should be used in pregnancy only if clearly
needed. Because of the potential for adverse reactions
in nursing infants, caution should be exercised in
administering these drugs to nursing mothers.

Other Effects

H2 receptors have been identi®ed in the human
atria and rare cases of dysrhythmia and atrioventricular
conduction defects have been reported. Asymptomatic
elevations in hepatic transaminases may occur. Studies
suggest that cimetidine delays gastric emptying,
whereas ranitidine and nizatidine accelerate it.

DRUG INTERACTIONS

Interference with Drug Absorption

H2-receptor antagonists may interfere with the
absorption of other drugs or themselves by altering
gastric emptying, binding directly to another drug, or
altering intragastric pH. Cimetidine has been reported
to delay gastric emptying, whereas ranitidine and
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nizatidine accelerate it. Antacids and sucralfate bind to
and inhibit the absorption of H2-receptor antagonists by
10ÿ25%. Certain drugs that are weak bases, such as the
antifungal medications ketoconazole and itraconazole,
require an acid environment for optimal absorption. As
the pH rises in response to H2-receptor antagonists, the
absorption of these drugs decreases.

Cytochrome P450 Interactions

The liver is a major site for drug biotransformation.
Many drugs are lipophilic and require conversion in the
liver to more polar, aqueous-soluble compounds for
elimination in bile or urine. Cytochrome P450, or the
mixed-function oxidative microsomal enzyme system,
refers to a group of heme-containing hepatic enzymes
that catalyze the oxidative biotransformation of lipo-
philic substrates to more polar hydrophilic compounds.
Cytochrome P450 is de®ned by its maximal absorption
of light at 450 nm. Multiple different cytochrome P450
enzymes are expressed in a given individual and
differences among individuals in their capacity to me-
tabolize drugs may re¯ect genetically determined
differences in the expression of these enzymes.

Imidazole-containing drugs, such as cimetidine, are
capable of inhibiting the catalytic activity of one or more
cytochrome P450 enzymes, in particular, CYP1A2 and
CYP2C19. Ranitidine, which lacks the imidazole ring,
interacts 5- to 10-fold less. Less information is available
regarding the other H2-receptor antagonists, but they
do not appear to have any signi®cant interaction. Al-
though cimetidine has the potential to interfere with
the hepatic metabolism of many therapeutic drugs,
only a few are of potential clinical signi®cance because
of their narrow therapeutic ranges: theophylline,
warfarin, quinidine, phenytoin, cyclosporin, and tricy-
clic antidepressants. The clinical importance of these
interactions depends on (1) how often cimetidine is
taken, (2) the initial serum concentration of the thera-
peutic drug, (3) the individual susceptibility of the
patient to the interaction, and (4) the individual sensi-
tivity of the patient to the therapeutic drug.

Warfarin exists as a mixture of S and R isomers;
(S)-warfarin is ®ve times more potent as a vitamin K
antagonist than (R)-warfarin. Cimetidine inhibits the
metabolic clearance of the R isomer only; thus, it causes
only a slight prolongation of the prothrombin time.

Many cardiac anti-arrhythmics, such as quinidine,
lidocaine, and ¯ecainide, are metabolized by cyto-
chrome P450 and elevated levels may occur during
co-administration with cimetidine. The elimination
half-life of beta-blockers, such as propranolol and
metoprolol, but not atenolol and nadolol, which are

primarily cleared through the kidney, may be prolonged
by cimetidine. Cimetidine may augment the blood
pressure-lowering effect of nifedipine and the delay in
atrioventricular conduction induced by verapamil.

Despite the potential for adverse interactions
between cimetidine and various drugs metabolized by
cytochrome P450, the reality is that serious compli-
cations only very rarely occur. Most problems can be
avoided by monitoring the plasma levels of a drug with
a narrow therapeutic window or by administering the
H2-receptor antagonist in a single nighttime dose.

Interference with Drug Elimination

Cimetidine can interfere with the renal clearance of
creatinine as well as cationic drugs that undergo active
renal proximal tubular secretion. By competing for the
transport mechanism, cimetidine may impair the elim-
ination of procainamide and cyclosporin.

Alcohol Dehydrogenase Interaction

A portion of ingested alcohol is metabolized
in the stomach by the enzyme alcohol dehydrogenase.
Cimetidine, ranitidine, and nizatidine have been re-
ported to inhibit gastric alcohol dehydrogenase. In ad-
dition, ranitidine and nizatidine have been reported to
accelerate gastric emptying, thus shortening the expo-
sure of alcohol to gastric alcohol dehydrogenase. Since
the initial reports that cimetidine, ranitidine, and
nizatidine, but not famotidine, increase blood alcohol
levels, the validity of these ®ndings and the clinical
implications have been the subject of considerable
controversy.
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Halitosis
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halitosis Abnormally foul or fetid breath/oral malodor or

simply bad breath.

organoleptic measurement and score Scoring odor intensity

by smelling a patient's breath. Observation conditions

must ensure that breath air is not diluted with room air.

volatile sul®de compounds Compounds such as hydrogen

sul®de, methyl mercaptan, and dimethyl sul®de that are

the main cause of halitosis and that are produced from

sulfur-containing amino acids by bacterial putrefaction.

Most cases (approximately 90%) of halitosis originate

within the oral cavity. Oral bacteria degrade sulfur-con-

taining amino acids to volatile sul®de compounds (VSCs).

Numerous compounds exist in human breath, but only

VSCs correlate well with organoleptic score. Approxi-

mately 10% of halitosis cases are related to conditions

outside the mouth. In general, people are not able to as-

sess their own malodor accurately and 30ÿ90% of the

patients visiting oral malodor clinics do not in fact exhibit

bad breath.

INTRODUCTION

Halitosis can be classi®ed into three main categories
(Table I): genuine halitosis, pseudo-halitosis, and hali-
tophobia. Genuine halitosis is subclassi®ed as physio-
logic halitosis and pathologic halitosis. Physiologic
halitosis is caused by physiologic factors, such as
tongue coating. Pathologic halitosis is further subdi-
vided into oral pathologic halitosis and extraoral path-
ologic halitosis. The principal causes of oral pathologic
halitosis are periodontal conditions and progressive
dental caries. Pseudo-halitosis and halitophobia are
psychological phenomena in which patients complain

of the presence of halitosis, but others do not perceive
their breath to be offensive. Improvement in the condi-
tion of pseudo-halitosis can be obtained by explanation
of examination results and simple treatment measures.
In contrast, halitophobic patients cannot believe, de-
spite evidence to the contrary, that they do not have
halitosis. Halitophobic patients are thus considered to
suffer from a social phobia.

EXTRAORAL PATHOLOGIC HALITOSIS

Gastrointestinal diseases, especially stomach condi-
tions, are popularly believed to cause halitosis. Since
the esophagus is collapsed, this does not happen unless
function of the esophagus is abnormal. It has been dem-
onstrated that gastric Helicobacter pylori infection may
cause halitosis. Pyloric stenosis and extrinsic duodenal
obstruction can also cause halitosis. Since malodorous
compounds, such as volatile sul®de compounds (VSCs),
are absorbed from the intestines into the bloodstream,
the compounds diffuse into lung air. However, as thiols,
such as H2S and CH3SH, immediately react irreversibly
with blood components, only dimethyl sul®de is trans-
ported from the blood into the air in the lung.. There-
fore, although hydrogen sul®de, methyl mercaptan, and
ethanethiol are found in the breath of patients with liver
conditions, fetor hepaticus is probably principally caused
by dimethyl sul®de. Furthermore, C-2ÿC-4 aliphatic
acids and lomonene have also been suggested as com-
ponents of fetor hepaticus. Some metabolic disorders can
result in halitosis. Trimethylaminuria causes a ®shy odor
in urine, sweat, and breath because an oxidative enzyme
that converts trimethylamine to trimethylamineoxide is
lacking. In patients with high blood cholesterol, iso-
prene with speci®c malodor can be detected in the breath
utilizing a simple laboratory device. Diabetes elevates
the acetone level in breath and is generally believed to be
the most plausible reason for halitosis. However, ace-
tone itself does not produce a fetid malodor; the foul
breath of diabetics may be linked to their periodontal
condition or other infections. Diabetes is an indirect
rather than a direct reason for halitosis. Nasal, sinus,
or pharyngeal conditions have also been assumed to be

TABLE I Classi®cation of Halitosis

Genuine halitosis

Physiologic halitosis

Pathologic halitosis

Oral pathologic halitosis

Extraoral pathologic halitosis

Pseudo-halitosis

Halitophobia

H
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frequent reasons for halitosis, but in fact this is seldom
the case. Conditions of the bronchi and the lung, how-
ever, can cause halitosis. Aniline, o-toluidine, n-
propanol, and methylethylketone have been found in
the breath of patients with lung carcinoma. Some med-
ications cause halitosis. Sulfur-containing drugs, such as
cysteine, cysteamine, or disul®ram, result in foul breath.
Psychopharmacologic, antirheumatic, or antihyperten-
sive drugs also causes halitosis. Anticholinergics, anti-
depressants, analgesics, and numerous other drugs that
suppress salivation may cause halitosis as they suppress
the natural cleansing action of saliva in the mouth.

PHYSIOLOGIC HALITOSIS

The majority of halitosis cases are physiologic and evi-
dence-based treatments of halitosis are necessary. To
carry out a rational treatment, the halitosis must be clas-
si®edandappropriate treatmentneeds(TN)determined.
The TN for physiologic halitosis comprise instructions
by the clinicians on oral hygiene and tooth brushing. The
most important oral hygiene procedure is tongue clean-
ing. Physiological halitosis mainly originates from the
dorso-posteriorregionofthetonguewhencoveredwitha
coating containing desquamated epithelial cells, blood
cells, and bacteria. Approximately 60% of total VSCs are
produced from such tongue coatings. Tongue brushing
has been found to be more effective and safer in reducing
oral malodor than tongue scraping. A tongue brush with
very soft and tiny bristles or a toothbrush for infants is
recommended to clean the tongue. The clinician should
instruct the patient that brushing must always be per-
formed fromtheterminal sulcus to the frontof the tongue
to avoid brushing the tongue tonsil.

DISCRIMINATIVE DIAGNOSIS OF
EXTRAORAL PATHOLOGIC HALITOSIS
FROM OTHER HALITOSIS

To perform organoleptic measurements, a translucent
tube (1 in. diameter, 4 in. length) is inserted through
a privacy screen (a translucent tube is inserted at the
center). The patient is asked to close his or her mouth
and breathe normally through the nose for 1 min and
then exhale his or her breath into the tube. For the
®rst 1ÿ2 s, the judge smells the patient's breath for

oral malodor and gives a score (Table II). Then, the pa-
tient is instructed to brush the tongue and to rinse the
mouthwith0.75ÿ1.50%H2O2or0.12ÿ0.20%chlorhex-
idine mouthwash. After these procedures that markedly
reduce oral malodor are performed, organoleptic mea-
surement is carried out again for odors originating in
the lung.
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TABLE II Organoleptic Score Scale

Category Description

0: Absence of odor Odor cannot be detected

1: Questionable odor Odor is detectable, although the

examiner could not recognize

it as malodor

2: Slight malodor Odor is deemed to exceed the

threshold of malodor recognition

3: Moderate malodor Malodor is de®nitely detected

4: Strong malodor Strong malodor is detected, but

can be tolerated by examiner

5: Severe malodor Overwhelming malodor is detected

and cannot be tolerated by

examiner (examiner instinctively

averts the nose)
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Hamartomatous Polyposis Syndromes
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bone morphogenetic protein receptor type 1A Mutated

receptor in some patients with juvenile polyposis

syndrome.

hamartoma Mature but disorganized normal tissue indigen-

ous to the site of origin.

phosphatase and tensin homologue Tumor suppressor gene

on chromosome 10; mutated in patients with Cowden

disease and in some patients with juvenile polyposis

syndrome and BannayanÿRileyÿRuvalcaba syndrome.

serine/threonine kinase 11 Gene that is mutated in patients

with PeutzÿJeghers syndrome.

Hamartomatous polyposis syndromes are a group of clin-

ically distinct disorders in which the predominant feature

is multiple hamartomatous polyps in the gastrointestinal

tract. These syndromes are transmitted in an autosomal

dominant fashion to offspring, but sporadic forms do

exist. Despite the nondysplastic histologic characteristics

of the polyps, each hamartomatous polyposis syndrome

carries speci®c cancer risks at different organ sites. Sev-

eral mutated genes have recently been identi®ed in the

different polyposis syndromes. These genes may provide

clues to the pathogenesis of the polyps and may play an

important role in classifying the hamartomatous poly-

posis syndromes prior to cancer formation. Pathways in-

volved in the hamartomatous syndromes include those of

vascular endothelial growth factor, the transforming

growth factor-b superfamily, and antagonizing the effects

of Akt/protein kinase B.

INTRODUCTION

The autosomal dominant inherited hamartomatous
polyposis syndromes consist of juvenile polyposis
syndrome ( JPS), BannayanÿRileyÿRuvalcaba syn-
drome (BRRS), Cowden syndrome (CS), PeutzÿJeghers
syndrome (PJS), and hereditary mixed polyposis
syndrome. Recently, these syndromes have been asso-
ciated with germ-line mutations in certain tumor sup-
pressor genes, but there remains some overlap in
manifestations of a mutated phenotype. Because
organ-speci®c cancer risks in each syndrome are differ-
ent (see Table I), it is important to arrive at a molecular
basis for classifying these syndromes. For instance,

patients with JPS are predisposed to colorectal cancers
with a 4- to 12-fold increase in incidence. Although in
BRRS the risk for colorectal carcinoma is not known,
carcinoma of the breast, endometrium, and thyroid has
been well described in CS. As such, medical and surgical
treatments of these syndromes differ based on the dif-
ferent disease phenotypes and subsequent malignant
potential. Genotyping these syndromes has been
important in classifying these diseases prior to cancer
formation.

PEUTZÿJEGHERS SYNDROME

Patients with PeutzÿJeghers syndrome have associated
characteristic mucocutaneous pigmentary spots along
with intestinal hamartomatous polyps. Classically, pig-
mentary macules (1ÿ5 mm) are often found in the peri-
oral region and cross the vermilion border. The PJS
polyps are distinct from those seen in the other
hamartomatous polyposis syndromes in that the polyps
demonstrate an arborizing pattern of growth of the
muscularis mucosae, with extension into branching
fronds of the polyp. These benign glands within the
polyp are often surrounded by smooth muscle, which
extends into the submucosa or muscularis propria
(pseudoinvasion).

The incidence of PJS has been described as 1 in
120,000 births and occurs in all races and skin types.
On biopsy, the mucocutaneous pigmentary macules
are characterized by increased melanocytes at the
epidermalÿdermal junction. No malignant transforma-
tion has been ascribed to the hyperpigmentation asso-
ciated with PJS. Young patients with PJS often present
with symptoms of the small intestine (intussusception
and abdominal pain), where the polyps occur most fre-
quently. As the PJS patient ages, the morbidity shifts to
malignancy. Patients with PJS have a 15-fold elevated
relative risk for developing cancer, with 93% of patients
developing cancer by age 64. The major sites of cancer
are small intestine, stomach, pancreas, colon, esopha-
gus, ovary, lung, uterus, and breast.

The genetic cause of PJS has been well described by
many groups and appears to be a germ-line mutation in
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the STK11/LKB1 gene, located on chromosome
19p13.3. The protein product of STK11/LKB1 is a
tumor suppressor found in a variety of adult and fetal
tissues. Genetic analysis of PJS polyps demonstrates that
both alleles of STK11/LKB1 are inactivated in most
polyps. In adenomatous tissues or adenocarcinomas
from patients with PJS, additional genetic lesions ap-
pear, suggesting the STK11/LKB may play a `̀ gatekeeper''
role for the development of malignancy in patients with
PJS. Diagnosis is based on the ®nding of typical melanin
pigment spots and characteristic gastrointestinal (GI)
polyps. Management involves screening to prevent
benign and malignant complications.

COWDEN SYNDROME

Cowden syndrome occurs in 1 of 200,000 individuals
and is autosomal dominantly inherited. It is character-
ized by multiple hamartomatous polyps in the colon and
throughout the GI tract. Juvenile-like polyps that con-
tain neural elements are the most common, but a num-
ber of other polyps may occur, including lipomas,
in¯ammatory polyps, ganglioneuromas, and lymphoid
hyperplasia. The hallmark of CS is facial trichilem-
momas, which most commonly occur around the
mouth, nose, and eyes.

Two-thirds of patients with CS have thyroid adeno-
mas and goiters, and as many as three-fourths will have
®brocystic breast disease and ®broadenomas. Excess
risk of GI cancers has not yet been described, although

the two most common cancers that develop in patients
with CS are thyroid cancer (10%) and breast cancers (as
many as 50% of patients). The genetic cause of CS has
been well described. It arises from mutations of the
phosphatase and tensin homologue (PTEN) gene on chro-
mosome 10q23, which encodes a 403-amino-acid dually
speci®c phosphatase. Other benign soft tissue and vis-
ceral tumors have been described, including hemangi-
omas, lipomas, lymphangiomas, neuro®bromas, uterine
leiomyomas, and meningiomas. Up to 85% of patients
who meet the diagnostic criteria of CS have a mutation
of the PTEN gene. Management centers on cancer
surveillance and prevention.

BANNAYANÿRILEYÿRUVALCABA
SYNDROME

BannayanÿRileyÿRuvalcaba syndrome is also known
as BannayanÿZonana syndrome, RuvalcabaÿMyhreÿ
Smith syndrome, and RileyÿSmith syndrome. BRRS
is a rare congenital syndrome with features of intes-
tinal juvenile polyps, macrocephaly, subcutaneous and
visceral lipomas and hemangiomas, cognitive and
motor developmental delay, lipid storage myopathy,
Hashimoto thyroiditis, and pigmentary spotting of the
penis in males. The prevalence of BRRS is unknown.
Approximately half of the patients with BRRS have
evidence of germ-line mutations in PTEN, the same
mutated gene that is associated with CS. BRRS and

TABLE I Cancer Risks and Screening in Hamartomatous Polyposis Syndromes

Syndrome Cancer Risk Screening recommendations

Juvenile polyposis

syndrome

Colon Up to 68% Initial colonoscopy in early teens (12ÿ15 years) in asymptomatic

patients; interval determined by symptoms, but every 3 years

thereafter

Gastric, duodenal Rare Upper GI endoscopy every 3 years to manage symptoms of polyps

Cowden syndrome Colon Minimal As needed to manage symptoms of polyposis

Thyroid 3ÿ10% Annual thyroid exam, start in teens

Breast 25ÿ50% Breast exam, start at 25 years; annual mammograms, start at age 30

PeutzÿJeghers

syndrome

Colon 35ÿ40% Initial colonoscopy in early teens in asymptomatic patients; interval

determined by symptoms, but every 3 years thereafter

Pancreas 35% Endoscopic or abdominal ultrasound every year, start at age 30

Stomach 25ÿ30% Upper GI endoscopy every 2 years, start at age 10

Small bowel 10ÿ15% Annual hemoglobin; small bowel barium study every 2 years, start

at age 10

Esophagus Rare None

Breast 50ÿ60% Annual breast exam; mammography every 2ÿ3 years, start at age 25

Ovarian 20% Annual pap smear, annual pelvic ultrasound, start at age 20

Uterine/cervical 8ÿ10% Annual pelvic exam, annual pelvic or vaginal ultrasound, start at

age 20

Testes 10% Annual testicular exam, start at age 10; testicular ultrasound if

feminizing features occur
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CS have been described in the same family, suggesting
that the two syndromes might be allelic. Analysis of
patients with BRRS and CS for germ-line PTEN muta-
tions indicates a similar mutational pattern. Some BRRS
patients do not have germ-line mutations in PTEN.
Rather, they have gross chromosome deletions or rear-
rangements involving the PTEN locus on chromosome
10, making the patient haploinsuf®cient. CS and BRRS
are sometimes referred to as the PTEN hamartoma
tumor syndrome (PHTS).

JUVENILE POLYPOSIS SYNDROME

Juvenile polyposis syndrome is a disease in which 10 or
more juvenile polyps are found in the gastrointestinal
tract without evidence of the extraintestinal manifesta-
tions that categorize the patient in the other
hamartomatous polyposis syndromes. Juvenile polyps
are hamartomas, which are mature but disorganized
tissues indigenous to the anatomical site of origin.
The cystic, in¯ammatory, nonneoplastic histological
appearance of juvenile polyps initially led most clini-
cians to feel there was no risk of malignant transforma-
tion, but the association between cancer and JPS is well
described. Several cases describing the presence of atyp-
ical, hyperplastic, or adenomatous and adenocarcino-
matous changes have been reported in the literature,
representing a potential progression of the histology
toward cancer. The dysplasia has been described as pre-
senting in two forms: the coexistence of adenomatous
changes in a juvenile polyp, and coexisting adenomas
lacking features of juvenile polyps found in patients
with JPS.

Patients with JPS are predisposed to gastrointestinal
malignancies, with a 16% risk of developing colorectal
carcinoma in young patients and a cumulative risk of
68% by 60 years of life. It is noteworthy that the mean
age at presentation is 34 years (range 15ÿ59 years) and
that the clinical outcome is usually poor, with a high
percentage of poorly differentiated or mucinous can-
cers. It is possible that the cancer risk in this group is
even higher given the large number of colectomies per-
formed to treat unmanageable symptoms. Also associ-
ated with JPS are pancreatic, gastric, and duodenal
cancers.

The PTEN gene has been implicated in a minority of
patient with JPS, whereas approximately half of the pa-
tients with JPS have germ-line mutations in the SMAD4
gene located on chromosome 18q21.1. This gene en-
codes a key intracellular signal transducer and tran-
scriptional regulator for the transforming growth
factor-b superfamily of ligands and receptors. Another
one-quarter to one-half of JPS patients have mutations

in the bone morphogenetic protein receptor type 1A
(BMPR1A), a receptor for the bone morphogenetic pro-
tein ligand, which is upstream in the SMAD4 signaling
cascade.

Management of JPS involves treatment of secondary
symptoms arising from the polyposis (bleeding, malab-
sorption). Surveillance for cancer formation is critical.

See Also the Following Articles
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Haustra
JACKIE D. WOOD

The Ohio State University College of Medicine and Public Health

taenia coli Three strips of longitudinal smooth muscle

spaced equidistantly around the circumference of the

colon.

Haustra appear as a prominent morphologic feature when

the colon is viewed radiographically after instillation of

barium contrast media in humans (Fig. 1). Haustra appear

as sacculations that are separated from one another by

constrictions of the colonic circular muscle coat; they are

repeated more or less uniformly along the length of colon.

The haustra are not permanently ®xed structures, and

sometimes appear to migrate along the length of the

colon. At other times, they may be absent. In their absence

(e.g., in certain disease states), the colonic wall appears on

radiographs to have a smooth pro®le.

ANATOMY AND PHYSIOLOGY

The circular muscle coat of the ascending, transverse,
and descending segments of the colon is overlaid on
the surface with three thin strips of longitudinal muscle
that are about 6 mm wide and spaced equidistantly
around the circumference. These three strips of longi-
tudinal muscle are the epiploic taenia, libera taenia,
and mesocolic taenia; as a group, these strips are called
the taenia coli. When the taenia coli reach the recto-
sigmoid region of the large intestine, they merge to
envelop the entire circumference of the bowel. An
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FIGURE 1 X-Ray ®lm showing haustrations in the ascending

and transverse colon of a human. Between the haustral `̀ pouches''

are segments of contracted circular muscle.
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earlier interpretation assumed that the taenia coli are
shorter than the length of the colon and that this pro-
duces circumferential wall distortion, giving the saccu-
lated appearance of haustra. Later discoveries of the role
of the enteric nervous system in the control of the
colonic musculature caused this concept to become
outmoded.

A segmental pattern of colonic motility programmed
by the enteric nervous system now accounts for the
ultraslow forward movement of feces in the colon.
The motility pattern is called `̀ haustration.'' Ringlike
contractions of the circular muscle divide the colon
into chambers, in which contraction of the autogenic
smooth muscle is maintained in a state of inhibition by
ongoing activity of inhibitory motor neurons. The ring-
like constrictions re¯ect autogenic muscle contractions
in segments in which the inhibitory motor innervation
has been inactivated by integrative functions in the
colon's enteric neural network.

The neurally programmed haustrations are dynamic
in that they form and reform at different sites. The most
common pattern in the fasting individual is for the con-
tracting segment to propel the contents in both
directions into relaxed receiving segments. This
mixes and compresses the semiliquid feces in the
haustral pockets and probably facilitates absorption
of water with minimal forward propulsion. Net forward
propulsion occurs when sequential migration of the
haustra occurs along the length of bowel. The contents
of one haustral pocket are propelled into the next re-
gion, where a second pocket is formed, and from there to
the next segment, where the same events occur. This
results in slow forward progression and is believed to be
a mechanism for compacting the feces in storage.

HAUSTRA AS MARKERS OF
DISEASE STATES

The radiographic appearance of abnormal haustrations
has been reported for patients diagnosed with irritable
bowel syndrome. Major hallmarks of irritable bowel
syndrome are abdominal pain and disordered defeca-
tion that cannot be ascribed to an organic or nonneu-
rogenic disorder. Modern investigative methods now
implicate neuropathy in the brainÿgut axis as a factor
in the etiology of the syndrome. Neuropathic alter-
ations, especially in the neural networks of the enteric
nervous system, are expected to underlie a motility com-
ponent of the `̀ irritable colon.''

Variabilities in the shape, size, and spacing of
colonic haustrations are reported for some cases of ir-
ritable bowel syndrome. One of the striking variations is
a complete absence of haustra coincident with exagger-
ated narrowing of the colonic lumen that produces an
appearance of shortening. The appearance of shorten-
ing, narrowing, and lack of haustration may also be
observed in patients with advanced ulcerative colitis.

See Also the Following Articles
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Helicobacter pylori
ZHANNAT Z. NURGALIEVA*, KAREN J. GOODMAN

y, AND DAVID Y. GRAHAM*,z
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B-cell gastric lymphoma A monoclonal proliferation of

cancerous B cells that have in®ltrated the gastric glands.

CagA A protein produced by the cag pathogenicity island of

Helicobacter pylori and encoded by cytotoxin-associated

gene A. The protein induces the production of CagA

antibodies and the CagA� strain of H. pylori is

responsible for a more severe in¯ammatory response in

the host than that produced by CagAÿ strains. CagA�

strains are associated with a higher likelihood of peptic

ulcer, atrophic changes in stomach, intestinal metaplasia,

and gastric cancer.

cag pathogenicity island (cag PAI) A group of approxi-

mately 40 genes present in the genomes of some

Helicobacter pylori strains. Strains with the cag PAI cause

more in¯ammation and the presence of this pathogeni-

city island is associated with an increased risk of

developing gastric cancer or peptic ulcer disease.

gram-negative A characteristic that refers to bacteria that do

not retain the violet stain used in Gram's method and

therefore appear pink instead of blue after being stained.

gastritis In¯ammation of the mucous membrane of the

stomach.

outer in¯ammatory protein A An outer in¯ammatory

protein of Helicobacter pylori that is involved in mucosal

in¯ammation. The protein is considered a virulence

factor of the bacterium and its presence is associated

with increased mucosal in¯ammation.

salvage therapy Antimicrobial regimens designed to be used

after failure of ®rst-line therapies.

ulcer A break in the lining of the stomach, duodenum, or

esophagus where hydrochloric acid and pepsin are

present. Ulcers formed in the stomach are known as

gastric or stomach ulcers and ulcers formed in the ®rst

part of the small intestine are known as duodenal ulcers.

urease An enzyme that breaks down urea to form ammonia

and carbon dioxide.

Helicobacter pylori is a transmissible bacterial infection of

the gastric mucosal surface. The infection results in pro-

gressive mucosal damage with eventual impairment of

gastric function. H. pylori infection is now established as

the most common cause of gastritis and is etiologically

related togastriculcerdisease,duodenalulcerdisease,pri-

mary gastric B-cell lymphoma, and gastric adenocarci-

noma. This unique bacterium, which resides in the acidic

environment of the human stomach, was identi®ed in

1982. Since that time, extensive research by health sci-

entists has resulted in considerable knowledge regarding

its role in disease. There has also been success in devel-

oping simple methods to identify the infection and anti-

biotic regimens for its eradication. Nonetheless, there are

still many avenues to explore with regard to the nature of

the bacterium and its interactions with the host. Victory

over H. pylori cannot be declared until it can be effectively

prevented from causing human disease. Current gaps in

knowledge regarding the natural history of the infection,

its mode of transmission, pathogenic mechanisms, cofac-

tors involved in disease pathways, and how to induce

immunity present obstacles to prevention.

MICROBIOLOGICAL PROPERTIES

Helicobacter pylori belongs to a family of gram-negative,
spiral-shaped bacteria. It measures 0.6� 3.5 mm in
size. It is highly motile due to the presence of unipolar
¯agella that allow the organism to swim with a darting
motion through the thick mucus lining the stomach
cavity. The bacterium is microaerophilic and growth
in vitro requires an enriched selective medium and an
atmosphere with reduced oxygen and increased CO2

concentrations. The optimum temperature for growth
is 37�C. Growth on agar plates typically appears within
3 to 4 days as tiny, smooth, and translucent colonies of
H. pylori. Initial growth may require a longer time and
culture plates are typically kept for 2 weeks to improve
the sensitivity of this method to diagnose infection.

BACTERIAL VIRULENCE FACTORS

Important characteristics of the bacterium that allow
colonization of the gastric mucosa include motility, ure-
ase production, and the ability to adhere to the surface
cells lining the stomach cavity. Motility allows the bac-
terium to escape the highly acidic surroundings in
the stomach lumen and reach the more alkaline surface
cells of the gastric mucosa. Urease produced by
the bacterium hydrolyzes urea to liberate ammonia,
which neutralizes gastric acid and provides a suitable
microenvironment for H. pylori while protecting it from
the acid in the stomach.

Colonization by the bacterium and production
of toxins induce the production of pro-in¯ammatory
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factors (cytokines) by the host. Evidence suggests
that the severity of the host's in¯ammatory response
is related to the presence of certain bacterial genetic
factors including the presence of the cag pathogenicity
island and the outer in¯ammatory protein, OipA. In
Asia, more than 90% of H. pylori strains possess the
cag pathogenicity island. In developed Western coun-
tries, the proportion is somewhat lower but is generally
60% or more. The presence of this pathogenicity island
is associated with more aggressive clinical outcomes
of H. pylori infection, including duodenal ulcer and
gastric cancer. However, H. pylori strains lacking
both the cag pathogenicity island and OipA have been
found in patients with peptic ulcer and with gastric
cancer, and therefore, there is no currently identi®able
`̀ safe'' H. pylori infection.

NATURAL HISTORY

Acute H. pylori infection has been observed in a few
cases of experimental and accidental inoculation as
well as in prospective studies, especially in Japan. In
these cases, H. pylori colonization led to in¯ammation
of the gastric mucosa and transient reduction in the
ability of the stomach to make acid (hypochlorhydria)
accompanied by a broad spectrum of symptoms. Two
voluntary inoculations produced distinct outcomes.
The ®rst resulted in gastritis accompanied by acute dys-
peptic symptoms and detectable H. pylori on histologic
examination of biopsies; the infection appeared to be
eliminated spontaneously by 14 days. A 1-week course
of tinidazole was also taken. No antibody response was
detected. The second experimental inoculation resulted
in a persistent infection, which resisted a series of trials
using single antibiotics. In this case, anti-H. pylori im-
munoglobulin M (IgM) levels rose and fell within weeks
following acute infection; IgG became detectable when
IgM levels fell. Acute infection is recognized by the
presence of new-onset upper gastrointestinal symptoms
and either the characteristic histologic features or the
presence of positive histology or urea breath test (see
below) and negative serum IgG antibody levels. Several
studies have followed IgG levels after H. pylori coloni-
zation is eliminated; titers generally decline following
elimination, often reaching seronegative levels within 1
or 2 years. The immune response to H. pylori does not
appear to confer immunity, given that previously in-
fected individuals are susceptible to re-infection. Fur-
thermore, co-infection with multiple strains, though
uncommon, has been reported. Because spontaneous
elimination is rarely observed when adults with preex-
isting H. pylori infection are followed over time, it
has been assumed that infection generally persists

once acquired. However, this assumption overlooks ob-
servations that suggest that exposure to H. pylori may
sometimes result in brief, self-limiting infection, partic-
ularly in young children. Given that infection is not
generally detected at onset, the proportion of acute in-
fections that persist is not known. Furthermore, cases of
infection detected in epidemiologic studies will tend to
be persistent, particularly when measurement of anti-
bodies is used for detection. Therefore, most of what is
known about the epidemiology of H. pylori infection
relates to persistent infection; little is known about
the epidemiology of acute H. pylori infection.

EPIDEMIOLOGY

Acquisition of H. pylori infection typically occurs in
childhood and in Western countries it is likely to result
commonly from intrafamilial spread. Age, socioeco-
nomic conditions (in particular, the stage of economic
development of the geographic region, residential
crowding, education level, and belonging to a socially
marginalized group), and migration from a high-prev-
alence region are major determinants of the prevalence
of the infection. Children from higher social strata in
developed nations typically acquire the infection at
a rate of less than 1% per year, except perhaps during
early childhood, whereas in developing countries, the
rate of acquisition among young children may exceed
10% per year. The prevalence of H. pylori infection in
adults is believed to re¯ect the rate of acquisition when
they were children and thus the social and economic
conditions of their families during that time period. In
developing countries, widespread acquisition of the in-
fection occurs early in life, such that by adolescence or
earlier, the prevalence is often in the range of 80ÿ90%
and remains constant across adult birth cohorts. In de-
veloped countries, the average rate of acquisition ap-
pears to have fallen as standards of living have
improved. This change manifests in an increase in prev-
alence with age, which is believed to represent a pro-
gressive fall in acquisition in successive birth cohorts,
rather than continued acquisition of infection during
adulthood. Longitudinal studies in developed countries
have shown that the prevalence of infection is declining
in all age groups. It has been suggested that this apparent
change in the epidemiology of H. pylori infection is
possibly related to the widespread use of antibiotics
for other infections.

TRANSMISSION

Because H. pylori is not easily isolated from extragastric
secretions, the usual portals of entry and exit to and
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from the human host are not known with certainty.
Perinatal transmission from mother to infant does not
appear to occur readily and blood-borne transmission is
implausible. Iatrogenic transmission by gastroentero-
logical procedures has been documented, but other spe-
ci®c modes of transmission have been neither con®rmed
de®nitively nor ruled out.

Given that residential crowding is a major risk factor
for infection and that the infection clusters within
families, person-to-person transmission is likely, al-
though the relative importance of fecalÿoral, oralÿoral,
and gastricÿoral (for example, through vomitus) path-
ways is not clear. Studies from a number of areas, es-
pecially Andean Latin America and Kazakhstan, have
suggested a role for waterborne transmission. Contra-
dictory ®ndings have been reported from other parts of
the world, although investigators from various regions
have reported the detection of H. pylori in water using
molecular techniques such as polymerase chain reac-
tion. The major route of transmission may well vary
among populations, with the organism being opportu-
nistic in the sense that any route that allows access to the
stomach may lead to infection. Evidence consistent with
each of these routes has been reported.

Studies in rural Andean children under 10 years of
age suggest that H. pylori infection is most readily trans-
mitted among siblings who are close in age, whereas
researchers in Germany, where the average family
size is smaller, believe that parent-to-child transmission
may be more important. Studies of the H. pylori strains
recovered from family members have generally shown
them to be similar or identical to the strain from one of
the parents, often the mother. Recently, H. pylori has
been isolated from vomitus as well as from natural and
cathartic stools, suggesting that transmission may be
enhanced during episodes of acute gastroenteritis.

Studies investigating the possibility of zoonotic
transmission have also had con¯icting ®ndings and re-
cent data suggest that it is more likely that animals in
close contact with humans may acquire human H. pylori
strains rather than animals being a reservoir for human
infection.

EFFECTS ON THE STOMACH

The stomach serves as a chamber for milling, disinfect-
ing, and delivering components of ingested substances
to the small intestine for absorption. Acid and pepsin
secreted in the stomach help to denature proteins and
prevent potential pathogens from colonizing the mu-
cosa. The stomach can be divided into three major
areas: one area, the body or corpus, where cells secrete
acid, and two areas, the cardia and the antrum, the most

proximal and distal parts of the stomach, respectively,
which do not make acid. The corpus, the largest area of
the stomach, contains glands that make acid and pepsin.
The antrum contains endocrine cells that produce gas-
trin (G cells) and somatostatin (D cells), which help to
control acid secretion in the corpus.

H. pylori-induced in¯ammation in the antrum can
produce an imbalance between gastrin and somatostatin
secretion, leading to a dysregulation of acid secretion,
which tends to produce more acid for longer time pe-
riods. In contrast, in¯ammation in the corpus can in-
hibit acid-secreting cells. Therefore, the physiologic
response to H. pylori infection depends on the site
and severity of the in¯ammation. When the infection
is primarily in the antrum (antral predominant gastri-
tis), the individual tends to make excessive amounts of
acid and is at increased risk of duodenal ulcer disease.
Severe corpus gastritis is associated with low-level acid
secretion and degeneration of the normal glandular ar-
chitecture of the stomach, leading to gastric atrophy.
Patients with severe corpus gastritis are at increased risk
of gastric ulcer and gastric cancer.

H. PYLORI-ASSOCIATED DISEASES

Gastritis

Almost all H. pylori-infected individuals develop
in¯ammation of the lining of the stomach (gastritis)
(Fig. 1). Typically, this in¯ammation does not cause
symptoms; thus, the infection has a long latent period.
Acute infection may be accompanied by nonspeci®c
transientabdominalpain,nausea,andvomiting.Chronic
infection is characterized by in®ltration of in¯ammatory
cells within the gastric mucosa. Eradication of H. pylori
generally results in healing of the gastric mucosa with
reduction or disappearance of the in¯ammation fol-
lowed by a normalization of gastric secretion. In some
individuals, persistent H. pylori gastritis leads to a loss of
the glandular components of the gastric mucosa, a pro-
cess known as atrophy. In such cases, H. pylori-induced
gastritis damages gastric structure and function, leading
to reduced acid secretion (hypochlorhydria or achlor-
hydria), with consequences such as increased enteric
infection or reduced absorption of iron and vitamin B12.

Peptic Ulcer Disease

The lifetime risk of developing peptic ulcer among
H. pylori-infected individuals is approximately 1 in
6. Peptic ulcer disease is a chronic disease that can
spontaneously heal and recur. The cure of H. pylori
infection leads to healing of active ulcers and prevention
of ulcer recurrence. Thus, discovery of effective
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methods to treat H. pylori infection resulted in changing
a major chronic disease into a curable condition.

Gastric Cancer

The World Health Organization's International
Agency for Research on Cancer classi®ed H. pylori as
a de®nite carcinogen in 1994. Gastric cancer was known
to be associated with atrophic gastritis before the dis-
covery of its association with H. pylori. The idea that
chronic H. pylori-induced gastritis could lead to cancer
®t coherently into previous theories regarding the role
of chronic in¯ammation in gastric carcinogenesis. The
lifetime risk of gastric adenocarcinoma varies greatly
across populations (e.g., 1ÿ3% in the United States
and 11ÿ12% in Japan). However, not all populations
with a high prevalence of H. pylori infection have a high
rate of gastric cancer; the type of associated gastritis is
the best predictor of the outcome. In the United States,
where gastric cancer rates are lower, antral predominant
gastritis and super®cial gastritis without atrophy are the
most common types. In contrast, in Japan, where gastric
cancer rates are higher, H. pylori-associated gastritis is
typically atrophic. The different cancer risks associated
with H. pylori infection across populations most likely
re¯ect differences in the distributions of cofactors, such
as dietary patterns involved in carcinogenesis, as well as
differences in the virulence of the dominant H. pylori

strains. Current knowledge suggests that widespread
prevention of H. pylori infection will yield dramatic
declines in gastric cancer rates.

B-Cell Gastric Lymphoma

Continuous lymphoid in®ltration of gastric mucosa
can lead to the development of tumors, called mucosa-
associated-lymphoid tissue lymphomas (MALT lym-
phomas), that arise in the lymphoid tissues of the
stomach. MALT lymphomas associated with H. pylori
infection are monoclonal proliferations of cancerous
B cells that have in®ltrated the gastric glands. The
malignancy is typically low-grade. Eradication of
H. pylori infection, if instituted early, leads to the
remission of MALT lymphomas in most cases.

DIAGNOSIS

Patients with a potentially curable clinical manifestation
of H. pylori should be tested. This group includes those
patients with known peptic ulcer disease or low-grade
gastric MALT lymphoma. Most clinicians agree that test-
ing patients with dyspepsia is worthwhile because that
population includes many patients with peptic ulcer
disease. The controversy concerns how to target patients
with latent H. pylori infection in order to prevent a clin-
ical manifestation. Current recommendations by the
Maastrich consensus conference also target those with
a known increased risk of a clinical manifestation and
include those with a family history of gastric cancer or
peptic ulcer. Long-term use of drugs that suppress gas-
tric acid secretion is now thought to promote the pro-
gression of H. pylori gastritis. Thus, many experts
recommend testing patients for whom long-term anti-
secretory therapy is planned (e.g., those with gastro-
esophageal re¯ux disease). Cost-effectiveness research
in the United States has shown that a population-based
test and treat approach may be a worthwhile disease
prevention effort, but the potential adverse effects asso-
ciated with such an approach have not yet been ade-
quately evaluated.

Active or current H. pylori infection can be diag-
nosed noninvasively using a urea breath test or a
stool antigen test. If endoscopy is needed, it is possible
to identify the infection in biopsies of the gastric mucosa
by histology, rapid urease test, or culture. Current in-
fection or past exposure to H. pylori can be diagnosed by
detecting antibodies in blood or urine.

Testing for Active H. pylori Infection

Urea Breath Testing

The urea breath test is a noninvasive method that
detects H. pylori urease activity. The organism produces

FIGURE 1 Scanning electron microscopic photograph of

Helicobacter pylori attached to the lining of the human stomach.

Courtesy of Professor Tatsuo Yamamoto, Niigata, Japan.
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the enzyme urease, which splits urea into carbon diox-
ide and ammonia. If one administers urea labeled with
the nonradioactive carbon isotope, 13C, or the radioac-
tive isotope, 14C, one can take breath samples before and
after administering the labeled urea and determine whe-
ther urease is present in the stomach (Fig. 2) by mea-
suring the excess labeled carbon in the expired breath
using isotope-ratio spectrometry. Urea breath testing is
considered the most accurate of the noninvasive meth-
ods for detecting active H. pylori infection. The use of
drugs that temporarily reduce the number of H. pylori in
the stomach can cause false-negative results. Thus, it is
important to withhold proton pump inhibitors, antibi-
otics, and bismuth for at least 1 week prior to testing.

Stool Antigen Testing

The stool antigen test is based on the detection of
H. pylori antigens in the stool. These antigens are
detected using an enzyme immunoassay. Stool antigen
testing is subject to the same limitations as the urea
breath test, with the added need to refrigerate or freeze
stool specimens that cannot be tested immediately. For
initial diagnosis, it is comparable in accuracy to the urea
breath test. It is less accurate when used to con®rm
successful eradication. Reliability is increased if testing
is delayed until 6 to 8 weeks after treatment.

Histology

Biopsy of the gastric mucosa is easily and safely per-
formed during examination of the stomach by endo-
scopy. Examination of the stained tissue under the
microscope reveals both in®ltration of the mucosa with
in¯ammatory cells and the presence of the bacterium

(Fig. 3). The accuracy is improved if special stains that
target the bacteria are used. Biopsy-based methods (his-
tology, culture, and rapid urease test) share the limita-
tion that biopsy sampling may miss colonized areas of
the stomach because the colonization may be patchy.

Culture

H. pylori can be cultured from gastric mucosal bi-
opsies. Culture is not routinely available, but is partic-
ularly valuable for patients with treatment-resistant
infections as one can test the recovered organism for
susceptibility to different antibiotics and thus choose a
therapy with an increased likelihood of success.

Rapid Urease Tests

The urea breath test detects one of the split products
of ingested urea (labeled CO2) and the rapid urease test
detects the other product (ammonia). A biopsy of gastric
tissue is placed into a medium containing urea and a pH
indicator. When the bacterial urease splits the urea, the
liberated ammonia will increase the pH; this is recog-
nized by a color change in the test indicator. Rapid
urease tests are fast, inexpensive, and easy to perform.
A limitation is that this method requires a high density of
bacteria in the specimen. Negative results could mean
that the level of bacteria in the specimen obtained is low.

Testing for Current H. pylori or Past
Exposure to the Infection

Antibody Testing

Detection of antibodies against H. pylori is widely
used to check the infection status. A variety of serum,

FIGURE 2 Urea breath test. This test is based on the measurement of labeled carbon dioxide

produced by the enzyme urease. The steps include ingestion of labeled urea, hydrolysis of the urea

into labeled CO2, collection of a breath sample, and measurement of enrichment of the level of

labeled CO2.
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whole-blood, and urine tests are available for use in the
laboratory and in the of®ce. The primary limitation is
that antibody tests cannot distinguish a past history of
the infection from an active infection. Antibody testing
is useful for screening of patients with a high pretest

probability of an active H. pylori infection, such as a
patient with a peptic ulcer. The antibody level falls
slowly after eradication of the infection and thus cannot
be used to con®rm successful therapy.

TREATMENT

The stomach is actually a very hostile place for antibi-
otics to work, as the contents are acidic and vary in
volume. Nonetheless, successful combination therapies
have been discovered. In general, therapy consists of a
drug to inhibit acid secretion and two or more drugs to
kill the bacterium. Two or more antibiotics are needed
to prevent the development of antibiotic resistance. The
antibiotics most widely used for anti-H. pylori therapy
include clarithromycin, amoxicillin, metronidazole, tet-
racycline, and furazolidone. Clarithromycin is a mem-
ber of the macrolide group of antibiotics that bind
speci®cally to bacterial ribosomes and lead to bacterial
death by disrupting protein synthesis. This drug is re-
sistant to the acidic environment of the stomach, but is
much more effective when acid secretion is suppressed.
Amoxicillin is an acid-stable semisynthetic penicillin
that is also a mainstay of H. pylori therapy and also
requires suppression of acid secretion. Metronidazole
is a pro-drug from the nitroimidazole group, which does
not require inhibition of acid secretion. Tetracycline
hydrochloride and oxytetracycline are both effective
and neither requires inhibition of acid secretion. Bis-
muth salts including the bismuth subsalicylate and the
colloid suspension of bismuth citrate are also commonly
used. These drugs are thought to act topically in the
stomach; they have the advantage of not requiring
drugs to reduce acid secretion and not generating bac-
terial resistance.

Treatment Regimens

The most effective therapies are triple or quadruple
therapies (based on the number of drugs used). Triple
therapies typically consist of a combination of
clarithromycin, amoxicillin, or metronidazole given
twice a day along with a drug to reduce acid secretion.
A commonly used triple or quadruple therapy consists
of a bismuth salt, metronidazole, and either tetracycline
or amoxicillin, with the optional addition of an antise-
cretory drug. The antisecretory drugs used are either
histamine-2 receptor antagonists or proton pump inhib-
itors, with the latter being more effective for pH control
(Table I). Rescue or salvage therapy is the name given to
regimens designed to be used after failure of ®rst-line
therapies; such failures re¯ect the possibility of bacterial
resistance to one or more of the drugs included in the

A

B

FIGURE 3 Photomicrographs of infected and normal stom-

achs. (A) A normal gastric mucosa essentially devoid of in¯am-

matory cells. (B) Gastric mucosa with an in¯ammatory in®ltrate

made up of acute and chronic in¯ammatory cells.
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regimen. The growing problem of antibiotic resistance
requires modi®cation of the treatment approach in such
cases. Culture of the organism and testing for antibiotic
resistance are recommended so that a more effective
new therapy can be selected.

Good compliance with the treatment regimen is
considered critical for success. In general, therapies
of longer duration (10 or 14 days) are more effective
than those of shorter duration (7 days). Other predic-
tors of treatment success include the prevalence of
H. pylori strains in the local population that are resis-
tant to antibiotics used in the treatment regimen
and also the prevalence of H. pylori infection in
children in the local population, which is an indi-
cator of current levels of transmission. Currently, there
is a need for more effective therapies in populations
where antibiotic resistance and transmission levels
are high.

Con®rmation of Successful Therapy

Because overall current therapy for H. pylori is ef-
fective in only approximately 70% of cases, it is impor-
tant to test for the presence of H. pylori posttherapy and
con®rm that the infection was cured. The availability of
noninvasive diagnostic methods such as the urea breath
test or stool antigen test enhances the feasibility of post-
therapy testing and eliminates the need for posttherapy
endoscopy to con®rm cure of the infection. Avoiding
endoscopy to verify elimination of H. pylori is particu-
larly important in settings where the invasive proce-
dure may serve as a source of re-infection. Testing
should be withheld until after approximately 4 weeks
of therapy cessation. With the stool antigen test, the
waiting period should be longer, 6ÿ8 weeks. The proton
pump inhibitors should be stopped at least 1 week
prior to testing.

PROSPECTS FOR PREVENTION

Prevention of H. pylori infection will require identi®ca-
tion of the weak links in the chain of transmission that
are amenable to modi®cations in behavior or in house-
hold sanitation. The prevalence of H. pylori infection
`̀ naturally'' falls in association with improved standards
of living, sanitation, and household hygiene. Thus,
H. pylori infection is one of a whole host of infectious
diseases that will decline and disappear as standards of
living improve. For the short term, there is considerable
interest in development of a vaccine to prevent infec-
tion. Work in experimental animals has provided proof
of principle, but early human trials have been disap-
pointing. As humans are the major reservoir of infec-
tion, cure of H. pylori infection reduces the pool of
potential `̀ transmitters.'' Studies are under way in devel-
oping countries to observe whether elimination of the
infection in a village will lead to long-term eradication of
the infection and whether it is necessary to treat the
entire family of infected children to prevent re-infec-
tion. Clearly, there is still much work to be done.
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Helminth Infections
RICHARD D. BUNGIRO AND MICHAEL CAPPELLO

Yale University

cestode A parasitic segmented ¯atworm of the class

Cestoidea in the phylum Platyhelminthes; also known

as a tapeworm.

de®nitive host The host in which a parasite reaches maturity.

helminth General term for a parasitic worm.

intermediate host An animal, vertebrate or invertebrate, that

serves as a host for an intermediate developmental stage

of a parasite. The intermediate host transmits the

parasite by releasing a form infectious to the de®nitive

host or by being consumed by the de®nitive host.

nematode A nonsegmented roundworm of the phylum

Nematoda; may be free-living or parasitic.

trematode A parasitic nonsegmented ¯atworm of the class

Trematoda in the phylum Platyhelminthes; also known

as a ¯uke.

Helminths are worms that parasitize humans and cause

varying degrees of pathology. The helminths that infect

humans may be broadly classi®ed as nematodes (also

known as roundworms), trematodes (¯ukes), and ces-

todes (tapeworms). Helminths collectively infect billions

of persons worldwide. They are exquisitely adapted to

exploit their human hosts, gaining entry through the in-

gestion of water or food or by penetrating the skin (di-

rectly or with the help of an insect vector). As they thrive

under conditions of poor sanitation and malnutrition,

helminth infections are common in those regions of the

globe most af¯icted by poverty; however, they may be

found to some degree in af¯uent industrialized nations

(an excellent example is the pinworm, a frequent un-

welcome guest in schools and day-care centers). Various

species of helminths reside in or migrate through almost

every tissue and organ and especially common sites of

infection are the gastrointestinal and hepatobiliary

systems. Many helminth infections are clinically silent

for years to decades, but in some hosts severe, even

fatal disease may occur.

NEMATODES

Nematodes are a highly diverse group of worms that
are found in almost every terrestrial and aquatic habi-
tat. Most are free-living (i.e., nonparasitic). Although
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parasitic nematodes make up a relatively small propor-
tion of the total, various species have evolved to exploit
almost all plants and animals (vertebrate and inverte-
brate). Dozens of nematode species parasitize humans
and many rank among the most common infections
known. In addition, parasitized persons frequently har-
bor more than one species simultaneously. Many species
of parasitic nematodes inhabit the human gastrointest-
inal tract and others reside in tissues (the latter are col-
lectivelyknownas®larialnematodes).Themajor species
of nematodes infecting humans are listed in Table I.

Parasitic nematodes are nonsegmented round-
worms of the phylum Nematoda. They possess an
outer covering, or cuticle, that is chemically complex
in structure and serves to protect the worm from attack
(e.g., by host antibodies or digestive enzymes). The
cuticle is shed each time the nematode molts during
development. A muscle layer under the cuticle allows
for active movement of larval and adult forms. Nema-
todes have a complete digestive system, with a mouth
(also known as a buccal cavity), muscular esophagus,
intestine, and anus. The buccal cavity of hookworms
contains teeth (Ancylostoma species) or cutting plates
(Necator americanus) that the worms use to attach to and
lacerate intestinal mucosal tissue. Following copulation
with the male, females of most intestinal nematode
species produce eggs that are voided from the host in
the feces. Nematode eggs hatch to release larvae
following their release into the external environment
(hookworms) or on ingestion by the host (pinworms,
whipworms, Ascaris lumbricoides). An exception is
Strongyloides stercoralis, whose eggs hatch in the
host intestine immediately after being released from
the female. Females of other nematode species (e.g.,
Trichinella spiralis, the tissue-dwelling ®lariae) are vi-
viparous, giving birth directly to larvae. All nematode
larvae undergo four molts as they develop to adults.
Nematode larvae that are infectious to humans have
generally undergone their ®rst two molts in the soil
(e.g., hookworms) or in an insect vector (®laria). S.
stercoralis is unique among parasitic nematodes in
that it may undergo all four molts outside the host
and exist as a free-living and sexually reproducing
adult. Adult parasitic nematodes vary considerably in
size, from 1 cm or smaller in length (e.g., pinworms,
hookworms, S. stercoralis) to over 1 m (Dracunculus
medinensis). Intermediate between these extremes is
the giant roundworm A. lumbricoides, whose size
(10ÿ30 cm) and general appearance are quite similar
to those of an earthworm. Male nematodes are generally
smaller than females of the same species.

Nematode infections are generally acquired through
three routes: by ingestion, by skin penetration, or

through the bite of an insect vector (see Table I). Several
intestinal nematode species infect through the oral
route, by direct ingestion of eggs (pinworms, whip-
worms, A. lumbricoides), larvae (Ancylostoma species
hookworms), or raw/undercooked meats contaminated
with larvae (Tr. spiralis). Intestinal nematodes (all
hookworm species, S. stercoralis) may also infect via
penetration of host skin by third-stage larvae (percuta-
neous infection). By contrast, the tissue-dwelling ®larial
nematodes are typically spread by insect vectors
such as mosquitoes (lymphatic ®lariae) or biting ¯ies
(Onchocerca volvulus, Loa loa). A notable exception is
the tissue-dwelling guinea worm (D. medinensis), which
is spread by drinking water contaminated with the in-
termediate host (a copepod, or `̀ water ¯ea''), which may
harbor infectious larvae.

The degree of pathology caused by nematodes is
dependent on many variables, such as the particular
species present, parasite burden, and various host fac-
tors such as immune status. Light infections with intes-
tinal nematodes generally cause little pathology and the
host is typically unaware of their presence. At higher
burdens, intestinal nematodes may cause clinical dis-
ease through various mechanisms, such as irritation
(pinworms, whipworms, S. stercoralis, and Tr. spiralis),
physical obstruction and/or perforation of the gastroin-
testinal tract (A. lumbricoides), or laceration of the
intestinalmucosawithsubsequentblood-feeding(hook-
worms). Intestinal nematode infections may lead to nu-
tritional de®ciencies that are especially harmful to
children; heavily parasitized children may suffer seri-
ous, often irreversible physical and cognitive develop-
mental delay. The larval stages of certain intestinal
nematodes (hookworms, S. stercoralis, and A. lumbri-
coides) may alsocause pathology as they migrate through
the skin and/or pulmonary system prior to taking up
residence in the gastrointestinal tract. Adult ®larial
worms often cause pathology in the tissues they inhabit,
which include the skin (L. loa, O. volvulus), the lymphat-
ics (Brugia malayi, Wuchereria bancrofti), the eye (L. loa,
O. volvulus), or subcutaneous tissues (D. medinensis).

TREMATODES

Trematodes, also known as ¯ukes, are parasitic non-
segmented ¯atworms belonging to the class Trematoda
in the phylum Platyhelminthes. The major species in-
fecting humans are listed in Table I. There are no free-
living trematodes and all species parasitic to humans
require at least one intermediate host, typically a snail,
to complete their life cycle. Some species also require a
second intermediate host, such as a ®sh (Clonorchis
sinensis) or crab (Paragonimus westermani). Trematodes
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TABLE I Major Helminth Species Infecting Humans

Species Intermediate host or vector

Infectious stage;

Mode of infection

Major

target organ(s)

Major

clinical featuresa

Nematodes

Ascaris lumbricoides

(giant roundworm)

None Egg; ingestion Small intestine Diarrhea, malnutrition,

intestinal obstruction

Hepatobiliary system Biliary obstruction

Dracunculus medinensis

(guinea worm)

Copepod Larva; ingestion of infected

copepod in drinking water

Subcutaneous tissues

of lower extremities

Cutaneous ulcers,

secondary bacterial

infections

Enterobius vermicularis (pinworm) None Egg; ingestion/inhalation Colon, rectum, anus Anal itching, behavioral

disturbances, appendicitis

Hookwormsb

Ancylostoma duodenale None Larva; percutaneous or oral Small intestine Anemia, malnutrition,

growth delay of children

Ancylostoma ceylanicum None Larva; percutaneous or oral Small intestine Anemia, malnutrition,

growth delay of children

Necator americanus None Larva; percutaneous Small intestine Anemia, malnutrition,

growth delay of children

Loa loa Mango ¯y Larva; bite of ¯y Subcutaneous tissues Angioedema (Calabar

swelling), adults in the eye

Lymphatic Filariae

Brugia malayi Mosquito Larva; bite of mosquito Lymphatic vessels Lymphadenitis, lymphedema

(elephantiasis)

Wuchereria bancrofti Mosquito Larva; bite of mosquito Lymphatic vessels Lymphadenitis, lymphedema

(elephantiasis)

Onchocerca volvulus

(`̀ river blindness'')

Black¯y Larva; bite of ¯y Subcutaneous tissues Adults: subcutaneous nodules

Micro®larial larvae: dermatitis,

ocular lesions

Strongyloides stercoralis

(threadworm)

None Larva; percutaneous Small intestine Diarrhea, malnutrition,

growth delay of children

Trichinella spiralis Pigs, cattle, etc. Larva; ingestion of raw

or undercooked meat

Small intestine Adults in intestine, diarrhea,

abdominal pain

Muscle, brain Larvae: cysts cause damage

to tissues and organs

Trichuris trichiura

(whipworm)

None Egg; ingestion Colon, rectum Dysentery, prolapsed rectum

Trematodes

Clonorchis sinensis

(Chinese liver ¯uke)

1st: snailc; 2nd: ®sh Metacercaria; ingestion

of contaminated raw ®sh

Liver (bile ducts) Liver enlargement, cholangitis

(bile duct in¯ammation),

gallstones, pancreatitis

Fasciola hepatica

(sheep liver ¯uke)

Snail Metacercaria; ingestion

of contaminated plants

Liver Liver damage and enlargement,

bile obstruction, secondary

bacterial infection

continues



TABLE I Major Helminth Species Infecting Humans (continued)

Species Intermediate host or vector

Infectious stage;

Mode of infection

Major

target organ(s)

Major

clinical featuresa

Fasciolopsis buski

(giant intestinal ¯uke)

Snail Metacercaria; ingestion

of contaminated plants

Small intestine Ulceration, diarrhea, malnutrition,

intestinal obstruction

Paragonimus westermani

(lung ¯uke)

1st: snailc; 2nd: crab Metacercaria; ingestion

of contaminated raw crabs

Lung Cough, shortness of breath,

bloody sputum, lung abscesses

Central nervous system Seizures, visual disturbances,

headache, weakness

Schistosomes (blood ¯ukes)

Schistosoma mansoni Snail Cercaria; percutaneous Liver Egg-induced ®brosis leads

to hepatosplenomegaly

Schistosoma japonicum Snail Cercaria; percutaneous Liver Egg-induced ®brosis leads

to hepatosplenomegaly

Schistosoma haematobium Snail Cercaria; percutaneous Bladder Egg-induced ®brosis leads

to hematuria, dysuria

Cestodes

Diphyllobothrium latum

(broad ®sh tapeworm)

1st: copepod; 2nd/3rd: ®sh Plerocercoid larva; ingestion

of contaminated raw ®sh

Small intestine Abdominal pain, diarrhea

vitamin B12 de®ciency

leading to anemia

Echinococcus granulosus

(hydatid tapeworm)

Dogd; sheep Egg (from dog feces);

ingestion

Liver, lungs, brain,

bone marrow

Organ damage by hydatid

cysts, potentially fatal

anaphylaxis following

rupture of cyst

Hymenolepis nana

(dwarf tapeworm)

None Egg; ingestion Small intestine Nausea, vomiting, diarrhea

Flea Cysticercoid; ingestion of ¯ea

Taenia saginata (beef tapeworm) Cow Cysticercus; ingestion of raw

or undercooked beef

Small intestine Abdominal pain,

nausea, vomiting, diarrhea

Taenia solium (pork tapeworm) Pig Cysticercus; ingestion of

raw or undercooked pork

Small intestine Adult: abdominal pain,

nausea, vomiting, diarrhea

None Egg (from human feces);

ingestion

Brain, eye, muscle `̀ Cysticercosis'': cysterci cause

organ damage leading to

seizures, hydrocephalus, visual

disturbances

a Caused by adult worms, unless otherwise noted.
b The dog and cat hookworms A. caninum, A. braziliense, and Uncinaria stenocephala cannot complete their life cycles in humans but larvae may cause cutaneous larval migrans (creeping

eruption of the skin). Juvenile A. caninum may also cause eosinophilic enteritis.
c The snail is a source of cercariae, which encyst in the second intermediate host.
d The dog is the de®nitive host and is infected by consuming infected sheep.



possess a cellular epithelial covering, or tegument, that
protects the parasite from host immune factors and
serves as an absorptive surface for the acquisition of
nutrients. A muscle layer under the tegument allows
for movement within the host. Trematodes have oral
and ventral suckers, which they employ for attachment
and migration. The digestive system originates at the
oral sucker and contains a pharynx, an esophagus,
and a bifurcated intestine. There is no anus; thus,
waste products must be regurgitated following diges-
tion. Aside from the schistosome species, which have
separate sexes, trematodes are hermaphroditic (having
both male and female reproductive organs). Reproduc-
tion of the hermaphroditic trematodes may occur
through self-fertilization (C. sinensis, Fasciola hepatica,
Fasciolopsis buski) or cross-fertilization between
two worms (P. westermani). The largest of the major
hermaphroditic trematode species is Fasciola hepatica
(approximately 35 mm by 15 mm) and the smallest is P.
westermani (10 mm by 5 mm). Adult schistosomes have
a somewhat greater length to width ratio, with males
measuring approximately 10 mm by 1 mm and females
15 mm by 0.2 mm. Schistosomes also exhibit marked
sexual dimorphism. Males have a prominent longitudi-
nal groove, or gynecophoral canal, that cradles the
female as they copulate.

The hermaphroditic trematode infections are ac-
quired orally through ingestion of the infectious meta-
cercarial stage. The metacercariae are found encysted on
water plants (Fasciola hepatica, Fasciolopsis buski), in
®sh (C. sinensis), or in crabs (P. westermani). Following
ingestion, the metacercaria hatches in the small intes-
tine to release a larva. The schistosome infectious stage
is the cercaria, which is released from the intermediate
snail host in great numbers on exposure to sunlight.
Schistosome cercariae have a forked tail and are highly
motile; unlike hermaphroditic metacercariae, they
actively seek out the host and penetrate intact skin.
Trematode eggs are typically voided from the host in
the feces; they may also be passed in the urine (Schis-
tosoma haematobium) or in the sputum (P. westermani).
After exiting the host, eggs produced by trematodes
hatch on contact with fresh water, releasing a ciliated
free-swimming form known as a miracidium. The
miracidium seeks out and penetrates the intermedi-
ate snail host, where it develops into a structure called
a sporocyst that undergoes asexual reproduction,
eventually giving rise to thousands of cercariae. As dis-
cussed above, schistosome cercariae are directly infec-
tious to humans, whereas those of the hermaphroditic
trematodes encyst on plants, ®sh, or crustaceans to
become metacercariae, which are then consumed by
the host.

As is the case for nematodes, trematode-induced
pathology in humans is dependent on many variables,
such as the infecting species, parasite burden, and host
factors. The major clinical features of trematode infec-
tions are summarized in Table I. Schistosomes are
unique among parasitic helminths in that their eggs
are the primary cause of clinical disease, whereas adults
residing in the veins cause little, if any, pathology. Many
(perhaps half) of the eggs produced by Schistosoma
mansoni and Schistosoma japonicum fail to penetrate
the intestinal wall to be excreted and are instead carried
via the portal circulation into the liver. Once lodged in
hepatic tissues, the eggs induce a hypersensitive im-
mune reaction that in chronic cases leads to ®brosis
(scarring) around the portal triads of the liver (also
known as `̀ pipe stem'' ®brosis). In contrast to the schis-
tosomes, pathology associated with the hermaphroditic
trematodes is primarily caused by the adult ¯ukes at the
site of infection. For example, Fasciola hepatica causes
trauma to the liver as it burrows through tissue while
migrating to the bile ducts, where in heavy infections the
parasites may cause bile obstruction. Bile duct pathol-
ogy may also be caused by C. sinensis. Other organs
affected by trematodes include the small intestine
(Fasciolopsis buski) and the lung (P. westermani). Fur-
thermore, Paragonimus ¯ukes may aberrantly migrate to
the central nervous system, causing seizures and other
serious neurological symptoms.

CESTODES

Cestodes, also known as tapeworms, are parasitic seg-
mented ¯atworms belonging to the class Cestoidea in
the phylum Platyhelminthes. The major species infect-
ing humans are listed in Table I. All cestode species
parasitic to humans (excepting the dwarf tapeworm,
Hymenolepis nana) require at least one intermediate
host to complete their life cycles. Like trematodes, ces-
todes possess a protective tegument. As cestodes do not
have a gut, all nutrient acquisition occurs through the
tegument using specialized submicroscopic structures
known as microtriches (similar to microvilli). The basic
structure of an adult tapeworm consists of a scolex
(head), a neck, and the strobila, which is a chain of
segments individually known as proglottids. The scolex
serves to attach the tapeworm to the host intestinal tis-
sue; in most species, it is out®tted with four suckers, and
spines may also be present. The proglottids grow from
the neck of the tapeworm; there may be as few as 3
(Echinococcus granulosus, a diminutive 5 mm in length)
or as many as 4000 (Diphyllobothrium latum, which
may reach an astounding 15 m). As the proglottids
mature, they develop male and female sex organs,
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with cross-fertilization generally occurring between ad-
jacent segments. After mating, the proglottids become
gravid with hundreds to thousands of eggs and detach
from the tapeworm, passing out of the host in the feces.
In Taenia species tapeworms, the eggs may then be con-
sumed by an intermediate host (e.g., a pig or cow),
where they hatch, releasing a structure called the
oncosphere, which penetrates the tissues and develops
into a cysticercus. Consumption of cysticerci-contami-
nated meat (in raw or undercooked form) by the de®n-
itive human host allows the larval tapeworm to be
released in the intestine, where it develops into the
adult parasite, measuring up to 10 m in length. D.
latum are acquired by humans through the ingestion
of an infected ®sh, which in many cases is the third
intermediate host (the ®rst being a copepod, which is
ingested by a minnow, which in turn is ingested by a
larger ®sh). H. nana tapeworms are unique in that adult
infections may result from the ingestion of the interme-
diate host (in this case, a ¯ea or beetle) or more com-
monly through direct consumption of eggs derived from
human feces. Eggs of E. granulosus and Taenia solium
may also be infectious to humans, leading to severe
pathology (see below).

The vast majority of adult tapeworm infections
cause little, if any, clinical disease, although passage
of proglottids (which are often capable of caterpillar-
like movement outside the host) may be quite
distressing. Much more serious disease is associated
with ingestion of the eggs of E. granulosus or T. solium,

in effect making the human an `̀ accidental'' interme-
diate host for disseminated larval cysts. In the case of
E. granulosus, ingestion of eggs shed in the feces of
dogs (the de®nitive host) leads to large ¯uid-®lled
`̀ hydatid'' cysts in the liver, lungs, brain, and bone
marrow. T. solium eggs are acquired from the feces
of humans infected with adult tapeworms. The cysti-
cerci (cysts) associated with T. solium are somewhat
smaller than those of Echinococcus but are more likely
to localize to the brain; neurocysticercosis may cause
various neurological symptoms such as seizures, hy-
drocephalus, and visual disturbances. T. solium cysti-
cerci may also cause damage to the eye and skeletal
muscle.

See Also the Following Articles

Cestodes � Nematodes � Parasitic Diseases, Overview �
Trematodes � Trichinella
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Hemobilia
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endoscopic retrograde cholangiopancreaticography A pro-

cedure in which a ®ber-optic endoscope is inserted into

the duodenum and dye is injected via the ampulla of

Vater to visualize the biliary and pancreatic ducts.

hemobilia Bleeding into the intra- or extrahepatic biliary

system.

percutaneous transhepatic cholangiography Procedure dur-

ing which a needle is inserted into the liver via the skin

and into a bile duct. Then dye is injected, outlining the

biliary system. Through the needle a catheter can be

placed to drain the biliary tract, which is known as

percutaneous transhepatic biliary drainage.

transarterial embolization Catheterization of the hepatic

artery via the femoral artery and using various modalities

to selectively embolize the bleeding vessel.

Hemobilia occurs when there is a communication be-

tween a vessel of the splanchnic circulation and the

intrahepatic or extrahepatic biliary system. It is a rare

entity, but nonetheless is an important differential diag-

nosis of gastrointestinal bleeding. It may occur in a variety

of settings and its clinical course may vary from absence of

symptoms to life-threatening hemorrhage.

INTRODUCTION

`̀ I believe that if the liver is injured by a contusion, it may
lead to blood leaving the body by way of vomit or the
stool; for there is no doubt that the biliary duct takes
unto itself (to the great good of the patient) some of the
blood issuing into the liver and leads it down to the
intestines; from there it is either impelled upwards
through reverse peristalsis or downwards the usual
way.'' This is the ®rst description of hemobilia found

in the medical literature and it appeared in Francis
Glisson's Anatomia Hepatis in 1694. It was based on
the clinical course of a young nobleman who had a
stab injury in the right upper quadrant and died follow-
ing upper gastrointestinal bleeding and on postmortem
was found to have signi®cant liver injury. In 1777,
Antoine Portal recognized the ®rst antemortem case
of hemobilia. Subsequently, Quincke described the clas-
sical clinical triad of hemobilia: right upper quadrant
pain, jaundice, and upper gastrointestinal tract bleed-
ing. However, it was not until 1948 that Philip Sandblom
coined the word hemobilia, while describing a few cases
of traumatic hemorrhage through the biliary tract. The
®rst successful operation for hemobilia was carried out
in 1903 by Kehr when he identi®ed and ligated an
aneurysm of the right hepatic artery that had ruptured
into the gallbladder neck. The ®rst successful hepatic
resection for hemobilia was reported in 1957. Finally,
in 1976 Walters and colleagues used transarterial
embolization (TAE) for the management of hemobilia.

ETIOLOGY AND PATHOGENESIS

Three reviews on this topic, by Sandblom, Yoshida et al.,
and Green et al., provide detailed descriptions of the
various etiologies of this condition as well as the chang-
ing trends in prevalence over the past three decades
(Table I). In the earliest review reported by Sandblom,
the commonest cause for hemobilia was accidental
trauma (mostly road traf®c accidents). In contrast,
the most recent series suggests that iatrogenic trauma
is the most frequent cause. This is mostly due to the

TABLE I Causes of Hemobilia

Cause

Sandblom (1973)

(n� 545)

Yoshida et al. (1987)

(n� 103)

Green et al. (2001)

(n� 222)

Iatrogenic trauma 15% 40% 66%

Accidental trauma 33% 19% 6%

In¯ammation 28% 9.7% 6.3%

Gallbladder disease 11% 8.7% 5.8%

Vascular 7% 14.6% 9%

Tumors 5% 6.8% 5%

Others 1% Ð Ð

Encyclopedia of Gastroenterology 285 Copyright 2004, Elsevier (USA). All rights reserved.



dramatic increase in the number of percutaneous liver
procedures. The risk is related to the size of the needle
used. Table II summarizes the incidence of hemobilia
after various procedures. Although percutaneous liver
biopsy (PLB) is the commonest procedure associated
with hemobilia, the overall risk is extremely low
(Table I). Ultrasound-guided biopsies or use of the
transjugular route does not reduce the risk. In a review
of 25 cases of post-PLB-related hemobilia, 10 of the 25
patients had more than one needle pass, raising the
possibility that multiple passes is a signi®cant risk fac-
tor. Percutaneous transhepatic cholangiography (PTC)
also carries risk of hemobilia because of the close rela-
tionship between the bile ducts and the blood vessels. If
indeed hemobilia does result after PTC, clots may form
in the bile ducts and this may cause diagnostic problems
as the clots can often be mistaken for stones. If percu-
taneous biliary drainage is performed, the risk of
hemobilia can be even greater (Table II). Other iatro-
genic causes include gallbladder surgery. This can result
in damage to the hepatic artery due to sutures or dis-
section, which may result in an arteriobilary ®stula or a
false aneurysm that erodes into the biliary system. The
vessel most often damaged is the hepatic artery or one of
its branches, especially the right artery when it lies an-
terior to the common bile duct. The risk is increased by
intraoperative explorations of the bile ducts. In 20% of
ducts explored for retained stones following cholecys-
tectomy, a clot rather than a stone was found to be the
cause of the ®lling defect seen on the operating cholan-
giogram. Despite some initial concerns, there is no ev-
idence to suggest that the incidence of hemobilia is
higher after laparoscopic cholecystectomy than after
conventional open cholecystectomy.

The other major cause of hemobilia remains acci-
dental trauma (although the number of cases has de-
clined dramatically over the years). This usually follows
blunt trauma in over 80% of cases, although it can also
occurafter abdominal stab injuries andgunshotwounds.
Approximately 2% of liver injuries result in hemobilia.
The commonest extrahepatic cause is laceration or
bruising of the hepatic artery at the porta hepatis.

This then leads to hemobilia by one of two mechanisms:
intrahepatic hematoma or arteriobiliary ®stula. In the
former, a cavity ®lled with blood and bile develops in-
side the liver, which enlarges, and eventually blood is
evacuated into the biliary system and the gastrointesti-
nal tract. The fact that bile retards wound healing fur-
ther facilitates this mechanism. The second mechanism
is by formation of a false aneurysm, which ruptures
directly into a bile duct. Such aneurysms develop espe-
cially on the branches of the hepatic artery in the hilar or
juxtahilar region.

Less frequent but noteworthy causes of hemobilia
include gallbladder disease, cholelithiasis (erosion of
the cystic artery by an impacted stone), acalculous cho-
lecystitis, and carcinoma. Liver tumors, both primary
(hepatocellular cancer, cholangiocarcinomas) and met-
astatic deposits, can also result in hemobilia, as can true
(mycotic) aneurysms of the hepatic artery. Finally, in
Asian countries such as China and Korea, hemobilia is
a frequent and serious complication of ascariasis and
hydatid infection.

The anatomic origin of hemobilia has been studied
in detail by many investigators, including Sandblom,
Yoshida et al., and Merrell et al. Their ®ndings are strik-
ingly consistent. In over 50% of cases the blood origi-
nates from the liver, in approximately 20% of cases it
originates from the extrahepatic ducts, in 9% of cases it
originates from the gallbladder, and in approximately
2% of cases it originates from the pancreas. The bleeding
is usually arterial in origin; a venobiliary communica-
tion is exceptional (the latter can occur in patients with
portal hypertension especially after a transjugular
portosystemic shunt placement). The fate of the blood
in the bile tract varies. In cases of severe bleeding, the
blood directly passes to the gastrointestinal tract and
manifests as hematemesis or melena. If the hemorrhage
is slow, clots can form as blood and bile do not mix due
to differences in speci®c gravities and surface tension.
Since bile is thrombolytic, if bile ¯ow is ensured, the
clots are lysed. However, in the presence of impaired
bile ¯ow, the clots persist and cause biliary obstruction,
which could lead to the development of cholangitis,
cholecystitis, and pancreatitis. In addition, clots that
remain in the bile ducts could serve as a nidus for
subsequent stone formation.

CLINICAL PRESENTATION

The clinical manifestations are protean, related to the
rate of blood loss and etiology of hemobilia. Fortunately,
the frequency of major hemobilia is considerably less
than that of minor hemobilia. Quincke ®rst described
the classical triad of symptoms of hemobilia: right upper

TABLE II Iatrogenic Risk of Hemobilia

Procedure Risk of hemobilia

Percutaneous liver biopsy 0.006ÿ1%

Laproscopic cholecystectomy 0.5%

Stenting of biliary stricture 2ÿ10%

Percutaneous transhepatic cholangiography 4ÿ10%

Stenting of biliary stricture 5ÿ10%

Percutaneous transhepatic biliary drainage 3ÿ14%
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quadrant pain, jaundice, and hematemesis. However, all
three symptoms are present in only 22% of patients
(especially if the etiology is traumatic) (Fig. 1). In ap-
proximately one-third of patients, the only symptom is
gastrointestinal bleeding, and hemobilia must be re-
membered as an important differential diagnosis. Bleed-
ing may be scanty or profuse, prolonged or brief, and
continuous or intermittent. If bleeding is signi®cant, it
may mimic a lower gastrointestinal bleed. Slow blood
loss with anemia is unusual, but three decades ago fecal
occult blood testing was a diagnostic test for gallstone-
induced biliary colic. In addition, patients may present
with cholangitis or pancreatitis. It is important to re-
member that after accidental injury, there may be a
delay before patients develop symptoms. The onset of
bleeding may be delayed for 4 days to 5 months (average
4 weeks). Rarely the bleeding may be recurrent,
with episodes of abdominal pain relieved by gastro-
intestinal bleeding. In contrast, after iatrogenic trauma,
hemobilia manifests soon after the procedure (mean
of 5 days after PLB).

Hemobilia occurs more frequently in men, except
that bleeding caused by gallstones occurs more com-
monly in women. The age distribution is fairly uniform,
from 10 to 70 years of age, with accidental trauma oc-
curring within the ®rst four decades and iatrogenic
trauma being concentrated in the ®fth to sixth decade.
Laboratory tests may be normal or reveal anemia, mod-
erate to marked elevations in serum alkaline phospha-
tase, and mild to moderate elevations in serum bilirubin
and transaminases.

INVESTIGATIONS

Early diagnosis is important because the mortality is
directly proportional to the delay in controlling the
hemorrhage. The de®nitive diagnosis is established by
angiography, which is the investigation of choice,
though most patients usually undergo an endoscopy
and/or an imaging modality beforehand. The exact
sequence of investigations must be individualized de-
pending upon the severity and etiology of the bleeding.
In cases of non-life-threatening hemobilia, a diagnostic
endoscopy may be reasonable followed by conservative
management. Although only 12% of cases are initially
diagnosed with endoscopy, it may con®rm the diagnosis
in an additional 30% of cases and help exclude other
causes of gastrointestinal bleeding. In cases of suspected
traumatic liver injury, a computerized tomography
(CT) scan is useful. Although it cannot demonstrate
the actual site of bleeding, and the CT grade of a liver
injury alone is not a good predictor of development of
hemobilia in the future, it may provide indirect evidence
of hemobilia by demonstrating cavitating lesions, aneu-
rysms, and pseudo-aneurysms. Ultrasound is probably
less sensitive than a CT scan, as immediately after a
bleed into the biliary tract, there may be high echo-
genicity similar to that of the liver, so that the bile
ducts may not be seen. Cholangiography is useful if
there is percutaneous access or if an ERCP has been
performed. Blood may be seen oozing from the ampulla
of Vater and contrast studies may show ®lling defects in
the bile ducts. These defects may be string-like or spher-
ical and impossible to differentiate from stones. In
addition, parasitic infections of the biliary tree may
be con®rmed.

Angiography is the gold standard in most cases of
signi®cant bleeding. Selective arteriography of the celiac
axis and the superior mesenteric artery is the ideal pro-
cedure. In addition to providing information about the
exact site of bleeding, it may reveal aneurysms (both
true and false) and damage to the hilar arteries. Occa-
sionally an arteriobiliary ®stula is diagnosed. In the rare
case where there is a high index of suspicion for
hemobilia and all investigations including angiography
are normal, there may be a role for 99mTc-RBC scanning.

TREATMENT

Management depends entirely on the severity of bleed-
ing. If the bleeding is not signi®cant, a conservative
approach is ideal. In cases of severe bleeding, the
aim is to stop the bleeding and prevent/relieve biliary
obstruction. Transarterial embolization is now the treat-
ment of choice to stop bleeding in hemobilia. Embolic

Jaundice
1%

Pain
10%

Bleeding
32%

3%

22%

4%

16%

FIGURE 1 Presentation of symptoms in 121 patients with

hemobilia. Reprinted from Green et al. (2001), with permission

from Blackwell Synergy.
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occlusion is achieved by various means: balloons, micro-
coils, gelfoam, or cyanoacrylate. The success rate of TAE
varies between 80 and 100%. It has a lower morbidity
and mortality than surgery. The most serious compli-
cation of TAE is ischemia or infarction of the liver (un-
common due to dual blood supply of the liver) and
inadvertent embolization of unintended organs such
as the gallbladder and the pancreas. Less serious side
effects include pain, fever, bacteremia, and transami-
nitis. As much as possible, the TAE should be super-
selective both to reduce the risk of ischemic liver injury
and to prevent recurrent bleeding that might develop
from collateral vascular channels.

If there is evidence of biliary obstruction, then drain-
age must be ensured either via an ERCP or through the
percutaneous route. Surgery is indicated if TAE fails, for
cholecystitis, for hepatic cavitating lesions, and occa-
sionally for biliary drainage. During surgery, the aim is
to ligate the offending bleeding vessel, and when this is
not possible, nonselective ligation of the right or left
hepatic artery and/or arterial reconstruction must be
performed. If the bleeding persists, more drastic mea-
sures, such as resection of the affected liver segment or
partial hepatectomy, are indicated. Other adjunctive
modalities used in the management of hemobilia in-
clude pharmacological agents such as vasopressin and
somatostatin.

In a recent review of 171 cases of hemobilia between
1996 and 1999, Green et al. reported that a conservative
approach (including correcting coagulopathy and ade-
quate drainage) successfully controlled bleeding in
43% of cases of hemobilia, TAE controlled bleeding
in 36% of cases, and surgery was required in 22% of
cases (including cholecystectomy in 12% and hepatic
artery ligation in 2% of patients in whom TAE was un-
successful).

PROGNOSIS

In Sandblom's initial review of hemobilia in 1972, the
overall mortality was 25%, but by the late 1980s the
mortality rate had been reduced by half. From 1996

to 1999, only ®ve deaths were reported from hemobilia.
This reduction in mortality rate over the past 30 years is
due to multiple factors: heightened awareness, an in-
creasing number of cases of mild hemobilia due to iat-
rogenic causes, and ®nally increasing use of and
re®nement in the technique of TAE.

CONCLUSIONS

Hemobilia is the phenomenon of bleeding into the bil-
iary tree, which in two-thirds of cases is related to iat-
rogenic trauma, notably percutaneous liver procedures.
The classical clinical presentation is with right upper
abdominal pain, jaundice, and gastrointestinal bleed-
ing. Diagnosis is established by angiography and TAE
is the treatment of choice, being successful in 80ÿ100%
of the cases. Both increasing awareness of this condition
and re®nement in TAE techniques have contributed to
the dramatic decline in the mortality resulting from this
condition over the past three decades.
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Hemorrhage
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coagulation The natural process by which blood clots to

reduce or prevent bleeding.

endoscopy The process of examining the lining of the

intestinal tract using a ¯exible device that can easily be

inserted into the mouth or anus and which allows

magni®cation and viewing of the lumen.

hemorrhage The loss of blood from blood vessels.

sclerotherapy The injection of a highly irritating substance

into a blood vessel, which causes a clot to form.

sympathetic nervous system A portion of the nervous

system that responds automatically to stresses on the

body, such as exercise, temperature changes, and

hemorrhage.

vasoconstriction The process of blood vessels closing down

or constricting, to limit the amount of blood ¯owing

through them.

Hemorrhage or bleeding is the loss of blood from blood

vessels that constitute the vascular compartment. The

vascular compartment is made up of arteries, veins, cap-

illaries, and the heart, and the size of this space is approx-

imately 7ÿ8% of the individual's body weight (in

kilograms). Thus, a 70 kg male would have approximately

5ÿ5.5 liters of blood in the body (70 kg� 0.07� � 5.0

liters and 70 kg� 0.08� � 5.5 liters). Blood is composed

of plasma, red blood cells, and white cells or leukocytes.

The blood plasma (the liquid phase of blood) carries co-

agulation factors that facilitate blood clotting mecha-

nisms. The red blood cells, or erythrocytes, constitute

30ÿ45% of the blood volume and primarily carry oxygen

from the lungs to tissues of the body. During acute hem-

orrhage, all blood components are lost in equal propor-

tions, but during a slow occult bleed, the plasma

component is rapidly replaced by the body and the pri-

mary de®cit is the red blood cells.

PHYSIOLOGY

Blood Pressure

The circulating blood is propelled by the pumping
action of the heart. The force of the heart and the resis-
tance created by small arterial vessels, called arterioles,
combine to cause pressure within the arterial tree
(which is measured as blood pressure). This head of
pressure ensures perfusion of vital organs, such as the

brain and kidneys, and of the coronary arteries of the
heart. As bleeding occurs, the pressure within the vas-
cular compartment is initially maintained as the volume
of blood ¯owing through large capacitance veins is re-
duced. These vessels include the superior and inferior
vena cava, the pulmonary veins, and the large veins
draining the extremities. With additional loss of
blood, blood pressure falls, oxygen delivery to vital
organs is impaired, and tissue damage or cell death
may occur. This stage of bleeding is referred to as hem-
orrhagic shock.

Response to Bleeding

During the initial phases of acute blood loss, little
initial change in blood pressure occurs. In fact, a
healthy individual can generally withstand loss of
20ÿ25% of his or her blood volume (1.0ÿ1.5 liters)
without experiencing signi®cant symptoms (Table I).
With greater degrees of acute hemorrhage, neurohor-
monal re¯ex responses are activated, in an attempt to
maintain blood pressure and ensure tissue perfusion.
These responses include activation of the sympathetic
nervous system, which stimulates vasoconstriction of
peripheral vessels and activation of the pituitary gland.
This last response results in the elaboration of hor-
mones that enhance contraction of the smooth muscles
of the vascular tree, thus enhancing vasoconstric-
tion, and stimulating salt and water retention by the
kidney. The elaboration of the stress hormone epi-
nephrine from the adrenal gland stimulates, among
other things, the heart, causing tachycardia and in-
creasing its pumping action. All of the autonomic re-
sponses re¯ect the body's attempt to maintain blood
volume and support blood pressure, which re¯ects
perfusion of vital tissue.

Signs Related to the Extent of Blood Loss

As acute hemorrhage progresses, the blood pressure
falls and tissue perfusion diminishes. The skin becomes
cool and clammy. Little urine is formed, re¯ecting di-
minished renal perfusion, and the patient may become
quite confused and agitated as the oxygen supplied to
the brain is reduced. Rapid restoration of blood pressure
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is essential at this point in order to prevent permanent
organ damage or death.

Treatment

The treatment of hemorrhage is twofold: (1) stop the
bleeding at its site and (2) replace the blood that has
been lost. Direct pressure on a super®cial vessel or a
large vessel in extremity is an ef®cient method to employ
while the patient is being transported to a medical fa-
cility for de®nitive treatment. A variation of this theme is
followed by many emergency medical units who apply
special in¯atable pressure pants to the lower torso in
patients with injuries to and blood loss from the lower
extremities. In contrast, internal bleeding represents
much more of a diagnostic and therapeutic challenge,
as discussed below.

Replacement of the lost blood requires insertion of
an intravenous line, usually in a vein in the extremity,
followed by the immediate administration of an appro-
priate volume of a salt-containing intravenous solution.
This solution serves as a plasma mimic and can be read-
ily stored at room temperature in ambulances and emer-
gency rooms. Blood pressure and urine volume are
monitored to ensure adequacy of therapy. If a large
volume of blood is lost, the patient's blood type is de-
termined at the hospital and type-speci®c red blood cells
(or occasionally whole blood or blood components,
such as platelets or fresh plasma) are administered to
ensure the adequacy of the oxygen-carrying capacity of
the blood or to enhance coagulation mechanisms. With
stabilization, further diagnostic and therapeutic meth-
ods are pursued so that a de®nitive treatment plan to
permanently arrest the hemorrhage can be followed.

CAUSES OF HEMORRHAGE

Trauma

One obvious cause of hemorrhage is tissue injury.
Falls, scrapes, and other accidents, particularly those
that occur while traveling in high-speed automobiles,

account for a variety of traumatic injuries associated
with bleeding. The hemorrhage may be external and
quite apparent or may be internal, such as that associ-
ated with a fracture of a long bone, which results in
bleeding into the surrounding soft tissue. Internal
bleeding may also occur in the thoracic or abdominal
cavity. With blunt abdominal injury (as occurs follow-
ing a fall or seat belt injury), organs such as the liver
or spleen may be damaged, causing intra-abdominal
hemorrhage. To aid diagnosis, a small tube is inserted
into the abdomen and sterile ¯uid is injected and then
withdrawn. The ¯uid is then examined for red blood
cells and if they are present, bleeding has occurred. In
addition to this technique of peritoneal gavage, modern
scanning techniques are utilized to determine sites of
tissue injury and to plan therapy.

Other causes of intracavitary hemorrhage are asso-
ciated with penetrating injuries, such as those that occur
when an individual falls on a pipe or rod. More common
are the injuries sustained during altercations involving
knives or guns. These injuries frequently require surgi-
cal exploration to stay the bleeding and repair damaged
tissue.

Upper Gastrointestinal Tract Hemorrhage

Patients frequently present with bloody vomitus,
which is a re¯ection of disease in the upper gastroin-
testinal tract. Fortunately, in approximately 80% of pa-
tients who present with this type of bleeding, the
hemorrhage is self-limiting and diagnostic measures
can proceed in a nonemergency fashion after appropri-
ate supportive therapy has been provided. In the re-
maining patients, combined emergency approaches
involve the gastroenterologist, who performs endo-
scopy, the radiologist, who performs additional diag-
nostic studies (and on occasion can embolize
bleeding vessels), and the surgeon, who may be called
upon to perform a life-saving operation.

The causes of upper gastrointestinal hemorrhage
include esophageal variceal bleeding, peptic ulcer dis-
ease, tears of the lower esophagus secondary to severe

TABLE I Signs and Symptoms Associated with Varying Degrees of Hemorrhage

Mild (20% blood loss) Moderate (20ÿ40% blood loss) Severe (40% blood loss)

Pallor Pallor Pallor

Coolÿcold extremities Coolÿcold extremities Coolÿcold extremities

Sweating Sweating Sweating

Collapsed subcutaneous veins Collapsed subcutaneous veins Collapsed subcutaneous veins

Tachycardia Tachycardia

Low urine output Low urine output

Postural hypotension Hypotension

Confusion Mental status changes
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vomiting (an entity called MalloryÿWeiss syndrome),
vascular malformations, erosive gastrointestinal muco-
sal lesions (caused by alcohol and drugs such as aspirin),
and tumors (Table II). Many of these localized lesions
can be diagnosed and treated by endoscopy and electri-
cal coagulation or sclerotherapy, and other lesions
(including tears and tumors) require operative repair.

Lower Gastrointestinal Hemorrhage

Patients frequently present with blood in their
stools. Alternatively, a physician may detect a low
red blood cell count and diagnose slow occult bleeding
from the colon. Diagnosis of lower gastrointestinal
bleeding is more dif®cult than the detection of upper
intestinal bleeding because of the presence of fecal
material in the colon, which requires removal before
endoscopic and radiographic testing can satisfactorily
be performed.

The causes of bleeding from the lower gastrointes-
tinal tract are multiple and include diverticulosis, vas-
cular anomalies, in¯ammatory or immune lesions of the
lower tract, such as Crohn's disease or ulcerative colitis,
benign or malignant tumors, or congenital anomalies,
such as a Meckel's diverticulum (Table II). If bleeding
is rapid, blood replacement therapy must be provided

and diagnostic measures initiated. Endoscopy and arter-
iographic studies are the most frequent examinations
performed and on occasion, in the unstable patient,
emergency operative intervention is required. If no
source of bleeding is discovered, a radionucleotide
scan, barium studies, or combined operative and endo-
scopic investigations are the next usual diagnostic steps.

With slower occult bleeding, bowel preparation
with the use of laxatives, enemas, and liquid diets greatly
facilitates diagnostic studies of the colon and rectum.
Bleeding also occurs from external hemorrhoids and
anal ®ssures, which can be treated by local means.

Other Sites of Hemorrhage

Hemorrhage also occurs from other organs, such as
the bladder, uterus, and lungs, as well as into the brain.
Appropriate diagnostic studies are necessary to deter-
mine appropriate therapy for bleeding from these
organs. Although hemorrhage from these or other
sites is usually associated with local tissue injury or
disease, patients who have abnormalities of blood co-
agulation mechanisms also present with episodes of
bleeding from these and other organs. This is particu-
larly true in individuals taking anticoagulant drugs (as-
pirin, heparin, or coumadin) or those with inherited
abnormalities in coagulation.
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TABLE II Causes of Gastrointestinal Bleeding

Cause % of total2

Upper gastrointestinal bleeding

Peptic ulcer 61

Mucosal erosive disease 15

Esophageal varices 6

MalloryÿWeiss tear 3

Malignancy 2

Other 13

Lower gastrointestinal bleeding

Diverticulosis 42

Malignancy 9

Ischemic colitis 9

Acute colitis 5

Hemorrhoids 5

Angiodysplasia 3

Crohn's disease 2

Other 25
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external hemorrhoids Those hemorrhoids that originate

below the dentate line.

hemorrhoid Symptomatic and pathologic, downward dis-

placement of normal vascular tissue of the anal canal.

internal hemorrhoids Those hemorrhoids that originate

above the dentate line. Differentiated as ®rst through

fourth degree: ®rst degree, slide below the dentate line

on straining; second degree, prolapse through the anus

on straining but reduce spontaneously; third degree,

prolapse through the anus on straining and require

manual replacement into the anal canal; fourth degree,

prolapse is not manually reducible.

Hemorrhoids constitute a condition that has been

recognized and treated for over 4000 years. The word

`̀ hemorrhoid'' is derived from the Greek adjective `̀ hai-

morrhoides,'' which means bleeding . Hemorrhoids orig-

inate in the anal canal as cushions of submucosal vascular

tissue that can undergo pathologic changes, producing

symptoms. Hemorrhoids can be classi®ed by their loca-

tion relative to the dentate line, the junction between the

rectal mucosa and the specialized epithelium of the anal

canal (anoderm). Hemorrhoids that originate below the

level of the dentate line are classi®ed as external hemor-

rhoids, and those that originate above the dentate line are

termed internal hemorrhoids. Internal hemorrhoids can

be further described as stage I, II, III, or IV.

INTRODUCTION

Hemorrhoids are one of the most common anorectal
complaints brought to physicians. Symptomatic hemor-
rhoids affect approximately 42 per 1000 persons, or
10.6 million persons per year in the United States. Of
those, only 2.5 million people present to a physician for
treatment. The incidence of hemorrhoids appears to
peak in middle age and declines after the age of 65.
An equal distribution of hemorrhoid disease is observed
between the sexes.

Hemorrhoids are composed of submucosal cushions
of vascular tissue found in the left lateral, right anterior,
and right posterior positions of the anal wall that are
devoid of muscle. Each cushion has a venous and arte-
rial supply, as well as multiple small arteriovenous anas-
tomoses between the two. The blood supply is derived

from the superior rectal artery arising from the inferior
mesenteric artery, the middle rectal arteries arising from
the internal iliac arteries, and the inferior rectal arteries
arising from the pudendal arteries. The venous drainage
is to the portal venous system above the dentate line and
to the systemic circulation below the dentate line.

The function of the hemorrhoidal cushions is to aid
in anal continence. The pathologic, downward displace-
ment of these cushions is probably caused by factors
such as constipation, prolonged straining, pregnancy,
aging, and increased intraabdominal pressure. This dis-
placement is thought to result in the distension of cush-
ion venules, which causes symptomatic hemorrhoids.

Treatment of symptomatic hemorrhoids typically
begins with conservative measures, including the mod-
eration of diet. If unsuccessful, however, more aggres-
sive nonoperative therapies can be utilized for both
external and internal hemorrhoids. Operative strategies
are indicated in circumstances of nonoperative treat-
ment failure or on presentation with acute thrombosis
or prolapse of hemorrhoids.

The various clinical presentations and diagnosis of
external and internal hemorrhoids are addressed in the
following discussions. In addition, available therapeutic
options for patients are reviewed and compared. Last,
the various complications that may ensue as a result of
hemorrhoid therapy are discussed.

CLINICAL PRESENTATION
AND DIAGNOSIS

The most common complaint of patients suffering from
hemorrhoids is painless rectal bleeding or bright red
blood associated with bowel movements. Patients
may also present complaining of a `̀ bulge'' from the
anus, mucus discharge, or a feeling of incomplete evac-
uation. Pain results when hemorrhoids undergo throm-
bosis, incarceration, or acute prolapse with edema. As a
general rule, internal hemorrhoids are typically non-
painful and present characteristically with rectal bleed-
ing. External hemorrhoids are more apt to present as a
mass protruding from the anus or irritation with con-
stipation, but may also cause bleeding.
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Examination of the patient using proper positioning
and instruments is essential to diagnose hemorrhoids.
The patient should be placed in the left lateral or prone
jackknife position or in a modi®ed left lateral (Sims')
position. Inspection, palpation, digital rectal examina-
tion, and anoscopy should be performed on all patients.
Internal hemorrhoids cannot be palpated, but prolapse
can best be observed if the patient is asked to strain on the
toilet. Anoscopy also permits clear visualization of the
internal hemorrhoidal cushions. In addition, either a
¯exible sigmoidoscopy or a rigid procotosigmoidoscopy
should be done to exclude coexisting colorectal path-
ology. A colonoscopy is indicated for those patients over
age 40 or those patients with additional symptoms or a
positive family history. Alternative etiologies for the pa-
tient's symptoms should be excluded, such as anal ®s-
sure, abscess, ®stula, polyps, malignancy, in¯ammatory
bowel disease, skin tags, anal warts, or rectal prolapse.

NONOPERATIVE MANAGEMENT

A multitude of treatment options for hemorrhoids ex-
ists, many of which have been in existence for thousands
of years. These modalities include ligation, cautery, sur-
gical excision, and possibly even the intervention of
St. Fiacre, the patron saint of hemorrhoid sufferers.
Treatment is reserved for symptomatic hemorrhoids
only, and amelioration of these symptoms and cure
are the aims to be sought. With the exception of ®ber
agents, hemorrhoid therapies work by ®xing the anal
cushions to their normal physiologic sites.

The ®rst-line treatment of hemorrhoid disease usu-
ally begins with bulking agents (e.g., psyllium or meth-
ylcellulose) and increased water intake. These dietary
modi®cations are thought to alleviate symptoms by soft-
ening bowel movements and reducing strain on defeca-
tion. One controlled trial has compared ®ber (psyllium)
with placebo in 52 patients with symptomatic hemor-
rhoids. These patients experienced a signi®cant 36%
reduction in bleeding when compared with placebo.
Pain with defecation was also reduced. Warm sitz baths
(60�C) are another effective local treatment used to
alleviate symptomatic hemorrhoids. Topical creams,
ointments, or foams have been shown to have minimal
ef®cacy in randomized clinical trials (RCTs), but may
reduce symptoms by exerting a local anesthetic effect.

If bleeding or other symptoms persist, other more
aggressive therapies are utilized. The most commonly
used nonsurgical method for treatment of ®rst-,
second-, and third-degree internal hemorrhoids is rub-
ber band ligation (RBL). In this technique, a hemorrhoid
ligator (e.g., McGown or McGivney ligator) is used to
apply a rubber band to the base of the hemorrhoid cush-

ion. This leads to strangulation, small ulcer formation,
and the eventual ®xation of the tissue to the underlying
sphincter. For this procedure, the patient should be
placed in the prone jackknife position. Typically, one
band is placed on each hemorrhoid bundle, and the
largest is banded ®rst. Banding in close approximation
to the dentate line or internal sphincter should be
avoided. Following the procedure, patients may resume
normal activities, but should be made aware of potential
complications, including pain, thrombosis, delayed
bleeding, or infection.

Infrared photocoagulation (IRC) is an alternative
treatment for ®rst- and second-degree hemorrhoids.
Through the application of heat via infrared radiation,
the hemorrhoid cushion becomes in¯amed and scars,
leading to its ®xation. The infrared coagulator is applied
three or four times near the apex of the hemorrhoid.
Patients should be aware of the possible complications
of pain or ®ssure due to inappropriate positioning of the
coagulator at the dentate line.

The oldest technique in use is injection sclerother-
apy, in which a sclerosing material (e.g., phenol, 5%
in cottonseed oil) is injected into the submucosa above
the hemorrhoid, resulting in ®brosis and ®xation of the
cushion. This technique is rarely used today due to high
rates of stricture formation and other complications.

Although the ef®cacy of these techniques has never
been compared to placebo in a controlled trial, there
have been several small RCTs comparing them to one
another. Ultimately, none has been proved superior to
the others. However, one meta-analysis of ®ve random-
ized trials revealed that RBL and IRC had similar ef®cacy
rates, but sclerotherapy was inferior. Although patients
with RBL had fewer symptomatic recurrences, they also
experienced a ®vefold greater incidence of pain com-
pared to patients who had IRC. Therefore, the choice
between RBL and IRC should be individualized based on
patient and provider preference.

OPERATIVE MANAGEMENT

Surgical treatment of hemorrhoids should be reserved
for those patients for whom nonoperative management
fails or in cases of acute emergency. Only 5ÿ10% of
patients with symptomatic hemorrhoids require sur-
gery. Although it has been shown in one meta-
analysis comparing hemorrhoidectomy with RBL that
hemorrhoidectomy was more effective, it was also as-
sociated with a signi®cantly greater risk of complica-
tions, postprocedure pain, and cost. The most common
indication for hemorrhoidectomy is the frequent,
symptomatic prolapse of internal hemorrhoids leading
to pain and/or anal seepage. Other indications include
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dif®culties in anal hygiene secondary to prolapsing
internal or external hemorrhoids, or acute prolapse,
thrombosis, or strangulation of hemorrhoids. Several
options are available for excisional hemorrhoidectomy,
including MilliganÿMorgan hemorrhoidectomy,
Ferguson closed hemorrhoidectomy, and Whitehead
hemorrhoidectomy.

Each hemorrhoidectomy procedure is performed
with the patient in the prone jackknife position with
buttocks taped laterally. In the MilliganÿMorgan
hemorrhoidectomy, ®rst described in 1937, the entire
involved hemorrhoid complex is ligated at its base and
the distal anoderm and skin are left open to heal by
secondary intention. Although proved a safe and ef®ca-
cious method, one obvious disadvantage to this tech-
nique is discomfort from the open wound.

In the closed Ferguson hemorrhoidectomy, an hour-
glass-shaped incision is made encompassing the entire
hemorrhoidal complex, taking care to preserve the anal
sphincters. In this technique, the entire wound is closed
primarily, and the anoderm between hemorrhoid pedi-
cles is preserved. The Whitehead hemorrhoidectomy is
more technically demanding because, in addition to
removing hemorrhoidal tissue, the prolapsed dentate
line must be relocated to its proper position. This tech-
nique is less frequently performed because some studies
have shown high complication rates of mucosal ectro-
pion and anal stricture.

A newer technique currently used is the circular
stapled hemorrhoidectomy. This procedure can be
used for patients with all grades of internal hemor-
rhoids, but is best reserved for patients with grade III
or IV hemorrhoids. It is not applicable to patients with
external hemorrhoids. First, a pursestring suture is
placed 4ÿ6 cm above the dentate line, above the en-
larged internal hemorrhoids. A 31-mm stapler is then
used to perform a circumferential mucosectomy at this
position, leading to the repositioning and ®xation of
the prolapsed anoderm on closure of the defect. Thus,
the hemorrhoidal cushions are preserved and returned
to their physiologic location. Although there are no
data yet documenting the long-term results of stapled
hemorrhoidectomy, preliminary studies of this ap-
proach show a decreased frequency of postprocedure
pain, shorter recovery time, and similar complication
rates compared to other types of hemorrhoidectomy.

Other forms of hemorrhoidectomy, such as laser
hemorrhoidectomy, not only add to cost and cause
increased pain, but also provide no advantage over tra-
ditional hemorrhoidectomy approaches. Anal stretch
and lateral sphincterotomy methods have also been
abandoned for the treatment of hemorrhoids due to
the high associated risk of anal incontinence.

COMPLICATIONS OF MANAGEMENT

Pain is the most frequent complication of hemorrhoid
surgery. The key to avoiding this complication lies in the
usage of a combination of oral and intravenous narcotics
as well as local analgesics such as bupivacaine in the
perianal incision. Nonsteroidal antiin¯ammatory med-
ications, including ketorolac, have also been shown ef-
fective in managing pain caused by hemorrhoidectomy.
In addition, preoperative and postoperative lactulose,
perioperative metronidazole, glyceryl trinitrate oint-
ment, and warm sitz baths are all used to reduce pain.

Postoperative bleeding occurs in approximately 1%
ofpatientswithin the®rst24hoursof treatment, atwhich
time it typically represents a technical failure of the
procedure. Bleeding may also occur 1ÿ2 weeks postop-
eratively in 0.5ÿ4.0% of cases due to separation of the
ligatedpediclebeforesuf®cientthrombosishasoccurred.
Bleeding at this time can be quite severe, and may require
either suture ligation or tamponade by anal packing.

Urinary retention is another problem that occurs
in 1ÿ52% of patients after hemorrhoidectomy. This is
best prevented by limiting ¯uid administration to
250 ml perioperatively, avoiding the use of spinal
anesthesia or anal packing, and by the liberal use of
aggressive analgesia.
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HenochÿSchoÈnlein Purpura
SALAHUDDIN KAZI
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immunoglobulin A nephropathy Immune-complex-mediated

glomerulonephritis de®ned immunohistologically by the

presence of glomerular immunoglobulin A.

palpable purpura Visible and often palpable discrete

cutaneous hemorrhage, typically in dependent areas. It

is occasionally con¯uent and extensive.

HenochÿSchoÈnlein purpura is a small-vessel vasculitis

with the classic clinical tetrad of purpura, arthritis,

abdominal pain, and glomerulonephritis. Histologically,

it is characterized by the deposition of immunoglobulin A

in and around blood vessels, including the glomeruli

of the kidneys. It is primarily a disease of children but

also occurs in adolescents and adults.

EPIDEMIOLOGY

HenochÿSchoÈnlein purpura (HSP) has a worldwide
prevalence in children of 1.5/1000 and an annual inci-
dence of 135/million. In children with familial Medi-
terranean fever, the prevalence is 130/1000. Upper
respiratory tract infection precedes onset of HSP in chil-
dren in up to 50% of cases. Girls and boys are affected
equally, with a median age of onset of 4 years. In adults,
the annual incidence is much lower and is estimated to
be 1.2/million, but this may be an underestimation.

ETIOLOGY AND PATHOGENESIS

HSP is characterized by the deposition of immunoglob-
ulin A (IgA)-containing immune complexes in the tis-
sues. The glomerular lesion is identical to that of IgA
nephropathy, a disease with which it likely shares a
common etiology. The disease often follows an upper
respiratory infection and occurs more commonly in the
winter months, suggesting that infection triggers an au-
toimmune response. Most patients will have elevated
serum levels of IgA. Of the two isotypes of IgA (IgA1
and IgA2), IgA1 is exclusively associated with IgA ne-
phropathy, suggesting that selective increase in IgA1
production and/or clearance plays an important role
in pathogenesis of this disorder. Once IgA immune
complexes are deposited, immune-mediated in¯amma-
tion ensues.

CLINICAL FEATURES

Cutaneous

The hallmark of HSP is the acute onset of palpable
purpura of the legs. Purpura may be extensive and con-
¯uent and may involve the buttocks, trunk, and upper
extremities. There may be associated edema.

Musculoskeletal

Arthritis is the second commonest feature of HSP. It
is typically acute and usually involves the large joints of
the legs. Arthritis may occasionally precede cutaneous
disease. The arthritis is not associated with serious
sequelae.

Renal

Renal involvement is very common in HSP, but is
frequently asymptomatic. The incidence of renal disease
increases in HSP with the patient's age. Overt disease
occurs in less than 50% of children, usually within 4
weeks of the onset of systemic symptoms. When the
kidneys are involved, hematuria is universal, whereas
proteinuria and renal insuf®ciency are less common.
The combination of hematuria and proteinuria is a
marker for progressive renal insuf®ciency. The progno-
sis is excellent, with less than 1% of children progressing
to end-stage renal disease; however, more than 10% of
adults with HSP progress to end-stage renal disease.

Gastrointestinal

The majority of children with HSP have gastrointes-
tinal symptoms and signs. These include colicky ab-
dominal pain, nausea, vomiting, and gastrointestinal
bleeding. These symptoms typically develop within
8 days of the ®rst sign of rash. Endoscopy reveals
hemorrhagic and erosive lesions, typically of the duo-
denum, although erosions have been documented in
other regions of the gastrointestinal tract. Histology
of mucosal biopsies may reveal IgA deposition. Clini-
cally obvious gastrointestinal bleeding occurs in
25% of patients, whereas occult blood loss is present
in 50%. Intussusception is a rare complication of HSP.
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Pancreatitis and protein-losing enteropathy have been
reported.

Other

Acute scrotal swelling has been reported in children.
Central nervous system involvement is very rare.
Asymptomatic pulmonary involvement is common,
but overt pulmonary hemorrhage is rare.

DIAGNOSIS

The diagnosis of HSP in children is usually obvious,
based on the classic tetrad of cutaneous, musculo-
skeletal, renal, and gastrointestinal symptoms. In adults,
other disorders that can cause similar symptoms and
signs include systemic lupus erythematosus, Wegener's
granulomatosis, antiglomerular basement membrane
(GBM) disease, and drug-induced cutaneous leuko-
cytoclastic vasculitis. Skin biopsy, although often not
needed for diagnosis of HSP, will show a leuko-
cytoclastic vasculitis of the postcapillary venules. IgA
deposition in vessels can be demonstrated in most cases.
An elevated serum IgA is present in 50% of patients.
Renal biopsy is generally reserved for patients with
overt renal disease. Renal histopathology ranges from
minimal change to severe crescentic glomeruloneph-
ritis. IgA deposition in the glomeruli can usually be
demonstrated.

THERAPY AND PROGNOSIS

HSP is a self-limited disease in the majority of
cases, especially in children, with complete recovery
occurring in 90% of cases. Recurrences are common,

occurring in one-third of cases. Therapy is largely sup-
portive and consists of adequate hydration and the use
of nonsteroidal antiin¯ammatory drugs to relieve pain-
ful edema and arthritis. Corticosteroids can hasten res-
olution of purpura and are also widely used to treat
abdominal symptoms. Treatment for renal disease is
indicated only in patients with marked proteinuria
and/or renal insuf®ciency. There are few data regarding
the ef®cacy of aggressive immunosuppression in ad-
vanced renal disease. Azathioprine, cyclophosphamide,
and plasmapheresis have all been employed in patients
with severe renal disease. Renal disease is more com-
mon and more extensive in adults. Renal transplanta-
tion may be performed in patients that progress to
end-stage renal disease.
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Hepatic Adenomas
ANNE M. LARSON

University of Washington, Seattle

glycogen storage diseases Disorders secondary to defects in

any of the proteins involved in the synthesis or

degradation of glycogen, leading to storage of quantita-

tively or qualitative abnormal glycogen.

oral contraceptive An oral agent containing estrogen or

estrogen and progesterone and used in the prevention of

pregnancy.

Hepatic adenomas were virtually unknown prior to 1960.

They are benign liver cell tumors resulting from the pro-

liferation of hepatocytes that are otherwise histologically

normal or near normal. In the older literature, they are

often referred to as `̀ benign hepatoma.''

EPIDEMIOLOGY

Hepatic adenomas (HA) are more often seen in women
(9 : 1), predominantly of childbearing age. Prior to the
introduction of oral contraceptives (OCPs) in the late
1950s, HA were rarely seen. The incidence began in-
creasing in about 1960, with the highest risk in older
women (430 years) who had taken high-dose OCPs for
5 years or more. In the United States, the reported in-
cidence is 1ÿ1.3 per million in non-OCP users and
30ÿ40 per 100,000 in long-term OCP users. There
has been some decrease in incidence with the reduction
of estrogen dosing in oral contraceptives.

HA have also been associated with the glycogen
storage diseases (GSDs). They are seen in 52% of
those with GSD type I and 25% of patients with GSD
type II. In this setting, the lesions are more likely to be
multiple, occur before the age of 20 years, and are more
common in males (2 : 1). Malignant transformation is
common at a mean age of 23 years.

Other less common associations include the use of
anabolic or androgenic steroids, diabetes mellitus, preg-
nancy, familial adenomatous polyposis, carbamazepine,
and severe combined immunode®ciency. Rarely, they
can occur sporadically in patients without risk factors.

ETIOLOGY AND PATHOGENESIS

The true etiology of HA development is uncertain.
Although it is postulated that they are responsive to

hormonal in¯uences, not all HA show evidence of
estrogen receptors. In patients with GSD, it is postulated
that there is a glucagon/insulin imbalance with glycogen
overload and possible proto-oncogene activation.
Diabetics may have a mechanism similar to GSD.

CLINICAL PRESENTATION

Most patients are young women (mean age 34 years)
with a history of OCP use (>90%). Although patients
may be asymptomatic (5ÿ10%), many present with
right upper quadrant pain or discomfort (50%) and
some with an abdominal mass (25ÿ35%). Pain may
be chronic or intermittent. Approximately 25ÿ40%
will present with `̀ classic'' symptoms of severe acute ab-
dominal pain and hemoperitoneum with subsequent
hypotension followed by shock (mortality rate of 6%).
The lesions are usually single, but can be multiple in
10ÿ20% of cases. Rarely are there more than 5 in
number. In the setting of GSD, multiple adenomas
are more common. At the time of presentation, HA are
usually 45 cm. Hepatic laboratory studies are normal
unless hemorrhage occurs. Rarely, the alkaline phos-
phatase and gamma-glutamyl transpeptidase (GGT)
can be slightly elevated.

HISTOPATHOLOGY

Grossly, HA are large, bulging, well-circumscribed tan-
yellow tumors, often 5 cm and up to 30 cm in size. There
are large blood vessels traversing the surface and there is
no true capsule. Central necrosis or hemorrhage may be
seen and they always occur within liver parenchyma
with normal architecture. Microscopically, the cells
closely resemble normal hepatocytes with the hallmark
feature of cells arranged in plates two to three cells thick
separated by sinusoids. The cells are larger than normal
hepatocytes and contain excess glycogen and fat. There
is a well-de®ned reticulin framework, but no portal
tracts or bile ducts. Bile plugs in distended canaliculi
may be seen. Dilated sinusoids with thin-walled capil-
laries may be present and the tumor is perfused solely by
the peripheral arterial feeding vessels.
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DIAGNOSIS

The differential diagnosis includes normal liver, other
liver tumors [focal nodular hyperplasia (FNH), ®bro-
lamellar hepatocellular carcinoma, hepatocellular car-
cinoma], and the regenerating nodules of cirrhosis.
Imaging studies all reveal a well-demarcated lesion,
but are generally nonspeci®c. Ultrasound shows a
smooth or nodular lesion with variable echogenicity.
Doppler shows venous signals; however, ultrasound is
not able to reliably distinguish HA from other lesions.
On a noncontrast computed tomography image, the le-
sions are either hypo- or isodense with the surrounding
liver. Irregular vascular enhancement occurs after con-
trast injection. The central portion of the lesion remains
hypodense if hemorrhage is present and can be dif®cult
to distinguish from FNH. On delayed images, HA is
hypodense. On magnetic resonance imaging, HA shows
a low signal to slightly hyperintense image on T1 with a
well-de®ned low-intensity capsule. The tumors hetero-
geneously enhance on T2 images and may be dif®cult to
distinguish from hepatocellular carcinoma.

Nuclear scintigraphy is rarely diagnostic; however,
compared with normal liver, there is decreased uptake
of 99m-Tc-sulcur colloid. This may be helpful differen-
tiating HA from FNH. With angiographic evaluation,
HA have a wide variety of appearances and the tumors
may appear either hypovascular or hypervascular. Blood
¯ow is from the periphery to the center with a homog-
enous blush during venous phase. Angiography can help
distinguish hepatocellular carcinoma or focal nodular
hyperplasia from HA. De®nitive diagnosis, however,
requires liver biopsy. This carries a small risk of bleed-
ing and may not be diagnostic if the biopsy specimen
is too small.

TREATMENT/MANAGEMENT

Management of HA is straightforward. Patients should
avoid estrogens. The adenomas may decrease in size
or disappear (520%). Women should be counseled
to avoid pregnancy due to the increased risk of HA
growth and rupture. Surgical resection, by either enu-
cleation or resection, is the recommendation of choice,
due to the risk of rupture, necrosis, and malignant trans-

formation. Elective surgical mortality is less than 1%;
however, if the surgery is performed urgently following
rupture, mortality increases to 5ÿ8%. If HA is OCP-
related, an observation period is recommended to see
if disappearance occurs or to `̀ down-size'' the lesion
prior to surgery. No lesion 45 cm should be expectan-
tly followed. If smaller lesions are followed, serial
scans and a-fetoprotein (AFP) measurements are
required. Liver transplantation should be considered
if HA are found in association with type I glycogen
storage disease or if the disease is multifocal or diffuse
(particularly with increasing AFP).

PROGNOSIS

Prognosis is not well established. HA may improve
after discontinuation of oral contraceptives (20%).
Adenomas may also evolve into malignant tumors
and most case reports are associated with OCP use.
The risk is higher when associated with anabolic and
androgenic steroids or GSD. HA may recur; therefore,
postoperative surveillance with ultrasound every 2
years is recommended.
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Hepatic Circulation
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autoregulation Process by which vascular in¯ow is regulated

to maintain total liver blood ¯ow at a relatively constant

level.

space of Disse Virtual space located between the sinusoidal

endothelial lining and the parenchymal hepatocyte

population.

Under normal physiologic conditions, the liver functions

as a low-resistance system, thereby enabling the accom-

modation of large volumes of portal blood in the absence

of signi®cant changes in pressure. Liver cells, which are

predominantly responsible for function of the hepatic

circulation, include endothelial cells within the sinusoids,

portal venules, hepatic arteries, and hepatic venules, and

contractile cells, which include hepatic stellate cells and

vascular smooth muscle cells. Pathologic perturbations

can impair the function of the hepatic circulation through

the actions of speci®c vascular mediators, most notably,

nitric oxide, endothelin, and perhaps carbon monoxide.

In liver cirrhosis, hepatic vascular compliance is lost and

portal pressure increases in response to small changes in

venous in¯ow, due predominantly to mechanical factors

as well as through imbalances in vascular factors, culmi-

nating in hepatic vascular constriction. Other clinically

relevant insults such as ischemiaÿreperfusion, alcohol,

and endotoxin impair hepatic vascular function in the

absence of structural changes, probably through the pro-

duction of injurious cytokines from Kupffer cells.

CELLULAR ANATOMY

Introduction

Hepatic vascular regulation occurs through the dy-
namic interplay of the vascular endothelium, which is
uniquely situated to transduce bloodborne and mechan-
ical stimuli onto its underlying contractile cells. How-
ever, in contradistinction to blood ¯ow regulation in
other regional vascular beds, the cells that are respon-
sible for these hemodynamic signaling functions in
liver maintain unique phenotypes (Table I).

Liver Endothelial Cell

The liver endothelial cell encompasses distinct
phenotypes determined by cell location. The hepatic

macrocirculation is composed of cells that maintain a
phenotype similar to that of endothelial cells through-
out other regional vascular beds. However, within the
liver sinusoids, which make up a microcirculatory unit
that provides an anastomosis between the portal venous
and hepatic venous circulation, the sinusoidal endothe-
lial cells contain fenestrae (Fig. 1). Fenestrae in these
cells are grouped into sieve plates, and these pores, in
conjunction with the lack of a basement membrane,
facilitate the transport of macromolecules from the vas-
cular channels to the space of Disse, the potential space
located between the abluminal portion of the endothe-
lial cell and the adjacent hepatocytes, and within which
Kupffer cells and hepatic stellate cells reside. These fe-
nestrae are dynamic structures; their diameter is mod-
ulated by pharmacologic agents as well as through
pathophysiological insults.

Hepatic Stellate Cells

Hepatic stellate cells are postulated to be a contract-
ile cell within the sinusoid, functioning as a liver-
speci®c pericyte, akin to the mesangial cell in the kid-
ney. These cells serve the function of vitamin A storage
under physiologic situations. However, on activation,
which occurs in response to a variety of antagonistic
stimuli and perhaps even in normal circumstances,
these cells develop a contractile phenotype and

TABLE I Major Sinusoidal Liver Cells

Cell type Putative function

Sinusoidal endothelial cell Vasoregulation

Scavenging/endocytosis/transport

Adhesion

Antigen presentation

Hepatic stellate cell Vitamin A storage

Collagen deposition

Contractility/relaxation

Kupffer cell Phagocytosis

Cytokine production

Vasoregulation

Immune functions
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maintain a function equivalent to a smooth muscle
effector cell. In support of this concept, hepatic stellate
cells have been demonstrated to possess a variety of
smooth muscle cell phenotypic characteristics on acti-
vation, in vitro and in vivo, including the ability to relax
in response to endothelium-derived vasodilators, most
notably nitric oxide (NO).

Kupffer Cells

Kupffer cells, as members of the reticuloendothelial
system, function as resident macrophages. Although
their vasoregulatory function is not prominent, these
cells may in¯uence hepatic hemodynamics in certain
circumstances, perhaps through the endotoxin-
dependent production of potentially vasoactive cyto-
kines such as tumor necrosis factor.

VASOREGULATORY
SIGNALING SYSTEMS

Vasoregulatory signaling within the liver occurs pre-
dominantly through paracrine mechanisms, but also,
in part, through neurohumoral mechanisms. Paracrine
signaling occurs through the endothelium-derived pro-
duction of vasoactive mediators (Table II), which
act abluminally on underlying contractile cells and
thereby promote alterations in vascular diameter and
perfusion. Over the past few decades, several key
paracrine vasoregulatory signaling systems have been

identi®ed and characterized, including nitric oxide, en-
dothelin (ET), and carbon monoxide (CO). Relevant
neurohumoral pathways include the reninÿangiotensin
system as well as the sympathetic adrenergic modulator
norepinephrine.

Nitric Oxide

NO is produced by the heme-binding P450-like NO
synthase (NOS) enzyme family, including the endothe-
lial, neuronal, and inducible isoforms of NOS (eNOS,
nNOS, and iNOS, respectively). eNOS appears to be the
most relevant isoform in the maintenance of normal
hepatic vascular function, and a number of experimen-
tal studies utilizing pharmacologic and molecular ap-
proaches have established the important role of this
enzyme in hepatic vasodilation. eNOS-derived NO
acts in a paracrine manner on adjacent contractile
cells, where it produces relaxation through a cyclic

B

FIGURE 1 Ultrastructural analysis of the liver microcirculation. (A) Transmission electron micrograph of a hepatic

sinusoid (from a study performed at the Mayo Electron Microscopy Core Facility). Note the lack of basement membrane

underlying the endothelial cell. S, Sinusoidal endothelial cell; H, hepatocyte; E, erythrocyte; D, space of Disse. (B) Trans-

mission electron micrograph of a freshly isolated sinusoidal endothelial cell. Note the presence of the spongelike fenestrae (F),

which facilitate the transport of macromolecules from the sinusoidal channel to abluminal hepatocytes. Reproduced with

permission from Shah et al., (1997). J. Clin. Invest. 100, 2923ÿ2930.

TABLE II Major Vascular Mediators in Liver

Mediator Putative function

Nitric oxide Vasodilation

Angiogenesis/remodeling

Cell injury/protection

Anti®brotic

Endothelin Vasoconstriction

Vascular remodeling
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guanosine monophosphate (cGMP)-dependent signal-
ing pathway (Fig. 2). Shear stress, caused by the fric-
tional force of blood within the vascular channels, is
one of the most potent physiologic stimuli of NO
production through eNOS. The roles of nNOS and
iNOS in regulation of vascular function in liver remain
less de®ned.

Endothelin

In normal circumstances, endothelin is also
synthesized and released by liver endothelial cells in
response to distinct stimuli. The G protein-coupled
ET-1 receptors are located on most liver cell popula-
tions. Interestingly, it appears that ligand binding with
the ET-A receptor on contractile liver cells promotes
hepatic constriction, whereas ligand binding on the ET-
B receptor localized to liver endothelial cells can par-
adoxically promote vasodilation in an NO-dependent
mechanism (Fig. 3). Based on studies examining portal
pressure and sinusoidal diameter in response to endo-
thelin infusion into the portal vein, the predominant

action of endothelin is to constrict veins and sinusoids
within the hepatic vasculature.

Carbon Monoxide

CO may also function to maintain sinusoidal
tone in a relaxed state, analogous to NO, although
the potency of activation of downstream guanylate
cyclase by CO is very low as compared to NO. CO is
synthesized by a family of enzymes termed heme
oxygenases (HOs). HO-2, which is abundantly ex-
pressed in liver endothelium, appears to be responsible
for basal CO production.

Neurohumoral Regulation

Both the sympathetic adrenergic agonist, nore-
pinephrine, and the renin-dependent vasoconstrictor,
angiotensin, have some vasoreactivity in the liver. The
hepatic vasculature is richly innervated with sympa-
thetic adrenergic nerves and infusion of norepinephrine
results in hepatic constriction. Angiotensin also has a
constrictive effect in experimental models as well as a
direct contractile effect on isolated hepatic stellate cells
in culture.

Ca2+

FIGURE 2 The nitric oxide (NO) signaling pathway. Endo-

thelial nitric oxide synthase (eNOS) is regulated at multiple cel-

lular levels, including transcription, subcellular targeting,

phosphorylation and proteinÿprotein interactions. NO activates

soluble guanylate cyclase in contractile cells to induce relaxation.

EC, Endothelial cell; Hsp, heat-shock protein; PKB, protein kinase

B; CC, contractile cell; SGC, soluble guanylate cyclase; PDE, phos-

phodiesterase; PKG, protein kinase G; CNG, cyclic nucleotide

gated channel. Reproduced from Shah (2001), Cellular and mo-

lecular basis of portal hypertension, Clinics in Liver Disease 5,

629ÿ644. With permission from Elsevier.

FIGURE 3 The endothelin (ET) signaling pathway. Regulation

of ET-1 production occurs at the transcriptional level in response

to mechanical forces, hormones, growth factors, and vasoactive

peptides such as prostacyclin. Although ET-1 can paradoxically

stimulate endothelial nitric oxide synthase (eNOS) activation

through ligand binding on the ET-B receptor of endothelial cells

(EC), the predominating action of ET-1 occurs on abluminal con-

tractile cells through the ET-A and ET-B receptors, culminating in

contraction. ECE, Endothelin-converting enzyme; PLC, phospho-

lipase C; CC, contractile cell; DAG, diacylglycerol; IP3, inositol

trisphosphate; PKC, protein kinase C. Reproduced from Shah

(2001), Cellular and molecular basis of portal hypertension, Clin-

ics in Liver Disease 5, 629ÿ644. With permission from Elsevier.
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PHYSIOLOGY OF THE
HEPATIC CIRCULATION

Introduction

The hepatic vascular bed is a low-pressure system
that is able to accommodate a large volume of blood;
indeed, total hepatic blood ¯ow constitutes nearly 30%
of total cardiac output. The liver receives a dual blood
supply (Fig. 4) from the portal vein as well as the hepatic
artery, similar to the pulmonary system, which is
perfused by the pulmonary artery as well as the bron-
chial artery. Portal venous blood comprises approxi-
mately 70ÿ90% of total hepatic blood ¯ow and is
derived from the mesenteric venous circulation,

including the digestive tract, spleen, and pancreas. Por-
tal blood ¯ow is determined primarily by the rate and
volume of blood in the mesenteric vessels, which is, in
turn, determined by dilation and constriction of the
mesenteric arterioles. Hepatic arterial blood ¯ow is
derived from the celiac plexus.

Sinusoidal Flow Regulation

Although the sinusoids are a high-compliance
system, hepatic perfusion and pressure regulation are
regulated, in part, through events within the hepatic
sinusoids, although probably in conjunction with pre-
and postsinusoidal sites, depending on the speci®c cir-
cumstance. Under normal physiologic circumstances,
sinusoidal ¯ow regulation occurs, in part, through
the recruitment and dropout of individual sinusoidal
vessels. The traditional paradigm of endothelium-de-
pendent regulation of smooth muscle tone in sinusoids
remains an area of investigation. For example, although
the sinusoidal endothelial cells can produce vasoactive
agents, the lack of a traditional underlying smooth mus-
cle puts into question the precise mechanism of sinu-
soidal channel tone modulation. In this regard, the
hepatic stellate cell may function as a sinusoidal effector
cell. However, its contractile function in normal phys-
iologic conditions remains circumspect, and the lack
of contractile mechanisms in normal sinusoid has led
some to believe that the site of maximal resistance
within the normal liver may lie distal to the sinusoid.
For example, terminal hepatic venules do possess a
modest smooth muscle contractile layer and may
serve as a resistance site.

Hepatic Artery and Autoregulation

Under normal physiologic conditions, the hepatic
artery supplies only 10ÿ25% of total hepatic blood ¯ow,
with the remainder of hepatic blood ¯ow derived from
the portal venous system. Although a portion of the
hepatic arterial ¯ow does eventually coalesce with por-
tal venous blood within the hepatic sinusoids, the he-
patic artery maintains a unique anatomical distribution
pattern that is distinct from that of the portal vein. The
major sites of primary hepatic arterial ¯ow appear to
include the peribiliary plexus, the vasa vasorum of he-
patic veins, the portal tract interstitium, and Glisson's
capsule, although the distribution does vary among spe-
cies. Although there may be bypass tracts directly to the
hepatic veins, much of the hepatic arterial ¯ow from
these sites does eventually reanastamose with portal
vein derived blood within the parenchymal sinusoids,
thereby providing highly oxygenated arterial blood
to the hepatocytes in conjunction with the poorly

FIGURE 4 Vascular architecture of the liver. Blood ¯ow enters

the liver via the portal vein (PVb) as well as the hepatic artery

(HAb). While portal blood enters directly into the sinusoids (S),

hepatic arterial blood perfuses into distinct anatomic locations

prior to reentering the sinusoids. Sinusoidal blood leaves the

liver via the central veins (CV). Sinusoidal endothelial cells

(En) form the fenestrated sinusoidal wall. Kupffer cells (K) are

located within the sinusoids, whereas hepatic stellate cells, also

termed fat-storing cells (FSC), lie within the space of Disse (DS),

adjacent to the single layer of hepatocytes (liver plate; LP). Bile

canaliculi (BC) drain bile into interlobular bile ducts (BDI) via the

caniliculoductular junction (CDJ) in the opposite direction to

¯ow in the vascular channels. Reproduced with permission

from Motta, P., Muto M., and Fujita, T. (1978). `̀ The Liver. An

Atlas of Scanning Electron Microscopy,'' pp. 129. Igaku-Shoin

Medical Publishers, Inc.
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oxygenated portal venous blood. Interestingly, the
high-pressure hepatic arterial ¯ow does not contribute
signi®cantly to the overall portal pressure, although the
mechanism of sinusoidal decompression of high-pres-
sure arterial ¯ow remains unclear. Although impair-
ment of hepatic arterial ¯ow has limited untoward
effects on the liver under normal physiologic condi-
tions, conditions associated with diminished portal
vein ¯ow, such as portal vein thrombosis and liver cir-
rhosis, result in a signi®cant dependence on hepatic
arterial ¯ow to maintain hepatic parenchymal perfu-
sion. Another interesting characteristic of hepatic arte-
rial ¯ow is its propensity to supply tumors with
perfusion, a characteristic that is exploited for selective
therapeutics through approaches such as hepatic artery
chemoembolization of hepatoma. Another important
function of the hepatic arterial blood ¯ow is to maintain
constant total hepatic blood ¯ow through a process
termed autoregulation. This requires compensatory ad-
justment of hepatic arterial ¯ow in response to changes
in portal blood ¯ow. Maintenance of total hepatic blood
¯ow at a constant level is important to maintain normal
portal pressure, as well as to maintain the homeostatic
balance of xenobiotics and endogenous peptides cleared
within the liver. Adenosine concentration in the space of
Mall is thought to mediate hepatic blood ¯ow autore-
gulation through a mechanism termed the hepatic
arterial buffer response.

PATHOPHYSIOLOGY OF
HEPATIC CIRCULATION

Hepatic Circulation in Liver Cirrhosis

Important changes occur in the hepatic circulation
in liver cirrhosis; the changes culminate in an increase in
intrahepatic vascular resistance, an important compo-
nent in the development of portal hypertension and its
clinical sequelae. Much of the increase in intrahepatic
resistance occurs through restrictive factors caused by
architectural remodeling of the parenchyma and vascu-
lar channels. For example, deposition of collagen within
the space of Disse and the development of regenerative
nodules both likely account for a signi®cant portion
of the increase in intrahepatic resistance that occurs
in cirrhosis. However, a smaller, yet important, compo-
nent of the increase in intrahepatic resistance occurs
through the dysfunction of hepatic vasoregulatory
cells and ensuing development of hepatic vasoconstric-
tion. Indeed, cumulative experimental evidence from
independent groups has demonstrated an imbalance
of vasoactive factors in liver cirrhosis, which is char-
acterized by enhanced production of the constrictor

endothelin and diminished production of the vasodila-
tor NO. In addition to phenotypic defects in the endo-
thelial cell production of these molecules, evidence also
suggests that the effector cell mediating hepatic con-
striction may be the activation and enhanced contract-
ility of the hepatic stellate cell. Elucidation of the
complex regulatory mechanisms that mediate NO and
ET-1 signaling in hepatic vasoregulatory cells may
provide opportunities for future experimental thera-
peutics for treatment of cirrhosis.

Hepatic Circulation in IschemiaÿReperfusion

Clinical scenarios such as orthotopic liver trans-
plantation are often associated with the pathophysio-
logic syndrome of ischemiaÿreperfusion, which causes
parenchymal liver injury, in part, through hepatic
microcirculatory dysfunction. Although the duration
of ischemia plays a role in this process, the reperfusion
process appears to be a particularly injurious event in the
ensuing microcirculatory injury process. Reperfusion
injury causes microcirculatory dysfunction through dif-
ferent mechanisms, including an imbalance of vaso-
active agents, which promotes sinusoidal constriction
and an increased production of reactive oxygen spe-
cies, which alters the oxidant/antioxidant status of
the vasculature in a detrimental way.

Hepatic Circulation in Response to Endotoxin

Clinical conditions such as alcoholic liver disease
and sepsis syndrome are associated with hepatic vascu-
lar dysfunction. Alcoholic liver disease results in the
development of increased intrahepatic resistance,
often in the absence of appreciable ®brosis. Sepsis
syndrome is commonly associated with liver enzyme
abnormalities with changes in the hepatic microcircu-
lation. Hepatic circulatory dysfunction in these
syndromes may have a common mechanistic link, be-
cause both are associated with elevated endotoxin de-
livery to the portal vein. Portal venous endotoxin
stimulates Kupffer cells in the sinusoids to produce
tumor necrosis factor, an in¯ammatory cytokine,
which, in turn, causes circulatory disturbances, includ-
ing sinusoidal vasoconstriction, leukocyte adherence to
vascular channels, and an ensuing reduction in sinusoi-
dal perfusion. These mechanisms may be relevant to the
syndromes of alcoholic liver injury and sepsis.
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Hepatic Encephalopathy
JAVIER VAQUERO AND ANDRES T. BLEI

Lakeside Veterans Administration Medical Center and Northwestern University Feinberg

School of Medicine

asterixis Motor disturbance consisting in the failure to

actively maintain posture or position; usually elicited by

dorsi¯exion of the patient's hand with the patient's arms

outstretched and ®ngers separated.

confusional syndrome Disturbed orientation in regard to

time, place, or person, sometimes accompanied by

disordered consciousness.

Hepatic encephalopathy can be de®ned as a potentially

reversible disturbance in central nervous system function

secondary to hepatic insuf®ciency or portalÿsystemic

shunting. This broad de®nition re¯ects a spectrum of

neurologic manifestations, ranging from subtle alter-

ations in neuropsychological tests to appearance of

deep coma, brain edema, and intracranial hypertension.

The signi®cance of the development of hepatic encepha-

lopathy in a patient with liver disease cannot be under-

emphasized. A ®rst episode in a patient with cirrhosis

carries a poor prognosis and should prompt consideration

of liver transplantation. Development of hepatic enceph-

alopathy in a patient with acute liver failure marks the

transition to a life-threatening disease; in this condition,

the degree of hepatic encephalopathy is a strong predictor

of outcome and an important criterion for performing

liver transplantation.

CLASSIFICATION

The nomenclature of hepatic encephalopathy (HE) has
been a source of confusion, with some terms implying
different meanings to different investigators. A new clas-
si®cation of HE takes into account both the type of
hepatic abnormality and the duration/characteris-
tics of HE symptoms, categorizing HE in groups and
subgroups:

a. Encephalopathy associated with acute liver failure
(type A, for acute).

b. Encephalopathy associated with portalÿsystemic
bypass and no intrinsic hepatocellular disease
(type B, for Br-pass).

c. Encephalopathy associated with cirrhosis and
portal hypertension and/or portalÿsystemic shunts
(type C, for cirrhosis).

We can divide type C further into:

c.1. Episodic HE. Subdivided into precipitated and
spontaneous, depending on the presence of pre-
cipitating factors. `̀ Recurrent encephalopathy''
refers to the occurrence of at least two episodes
of episodic HE within 1 year.
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lopathy in a patient with liver disease cannot be under-
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of liver transplantation. Development of hepatic enceph-

alopathy in a patient with acute liver failure marks the

transition to a life-threatening disease; in this condition,
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liver transplantation.
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c.2. Persistent HE. Includes cognitive de®cits that im-
pact negatively on social and occupational func-
tioning, and is subdivided into mild and severe.
Treatment-dependent persistent HE is a subgroup
in which overt symptoms develop promptly after
discontinuing medication.

c.3. Minimal HE. Refers to abnormalities of cognition,
affection/emotion, behavior, or bioregulation that
are not usually detected by regular clinical exam-
ination; diagnosis requires speci®c neuropsycho-
logical and neurophysiological tests.

PATHOGENESIS

A common pathogenic notion is that HE is caused by
substances that are ef®ciently metabolized by the liver.
In liver disease as well as in portal-systemic shunting,
these substances gain access to the systemic circulation.
Increased brain exposure to these substances leads to a
disturbance of normal neurotransmission and results in
the clinical symptoms that are characteristic of HE.

Neuropathology

With the exception of brain edema in acute
liver failure (ALF), no major anatomical alterations
are found in the brains of patients in hepatic coma.
However, ultrastructural studies point to the astrocyte
as the main cell affected in HE. A distinctive morpho-
logic alteration of astrocytesÐAlzheimer type II astro-
cytosisÐhas been described in the HE of chronic
liver disease, with cells exhibiting enlarged nuclei, pe-
ripheral margination of chromatin, prominent nucleoli,
and excessive accumulation of glycogen. These
morphological changes, however, are not speci®c to
HE. In addition, selective swelling of astrocytes is a
consistent ®nding in patients and experimental models
of ALF and HE. It is noteworthy that the magnetization
transfer ratio, a nuclear magnetic resonance index that
re¯ects the water content of the tissues, is altered in
patients with chronic liver disease and returns to normal
after performance of liver transplantation, suggesting
that low-grade brain edema may be present in the HE
of chronic liver disease.

Putative Toxins

Ammonia has been viewed as the most important
factor in the genesis of HE. Ammonia is detoxi®ed in the
brain through binding to glutamate, resulting in the
formation of glutamine. This reaction is catalyzed by
the astrocytic enzyme glutamine synthetase. An increase
in brain glutamine is a consistent ®nding in patients and

experimental models of HE. Because glutamine is an
organic osmolyte, its accumulation may play a major
role in astrocyte swelling. In recent years, abnormalities
in the normal concentrations of brain organic osmolytes
have become evident in HE, suggesting underlying dis-
turbances in cell volume homeostasis.

Increased availability of natural benzodiazepines,
which are agonist ligands of the g-aminobutyric acid
(GABA) receptor complex, has been also proposed as
the cause of HE. Even though several lines of evidence
point to an increased GABA-ergic tone in HE, the pres-
ence of such natural benzodiazepines has not been
totally con®rmed. Other compounds, such as manga-
nese, aromatic amino acids, mercaptans, phenols, or
short-chain fatty acids, have also been associated with
the development of HE. Hypermanganesemia has been
related to parkinsonian manifestations. The altered
ratio between aromatic amino acids and branched-
chain amino acids in plasma of patients with liver fail-
ure, in favor of the former, has been postulated to result
in the synthesis of false neurotransmitters. This hy-
pothesis, however, is still far from proven.

Altered Neurotransmission

Multiple neurotransmitter systems have been
found to be altered in patients with HE. It is conve-
nient to remember at this point that normal neuro-
transmission is highly dependent on adequate
astrocyte function, and there is a linkage between
astrocytic alterations and disturbed neurotransmis-
sion. Glutamate is the main excitatory neurotransmit-
ter of the brain and the system for which most
abnormalities have been shown, including decreases
in total brain glutamate, increases in extracellular glu-
tamate, and decreases in astrocytic glutamate trans-
porters and receptors. Alterations in the GABA
system, such as increased GABA-ergic tone, activation
of the peripheral-type benzodiazepine receptors, and
increased neurosteroids, have been also described. In-
creased metabolism of serotonin, decreases in dopa-
mine (DOPA) receptors and increased degradation of
DOPA, and increases in endogenous opioids and his-
tamine receptors are alterations in other neurotrans-
mitter systems that have been also described in HE.

CLINICAL PRESENTATION

Episode of Hepatic Encephalopathy

An acute confusional syndrome includes an im-
paired mental state, neuromuscular abnormalities,
fetor hepaticus, and hyperventilation. The symptoms
appear abruptly and develop over a period of hours
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to days, with oscillation of severity over time being an
important clinical feature. Initial subtle symptoms, such
as changes of personality or disturbances of sleep, may
progress to inappropriate behavior, confusion, stupor,
and coma if no therapeutic interventions are initiated.
Asterixis is very characteristic of mild and moderate
stages of HE. However, asterixis is not exclusive of
HE and disappears as HE progresses to coma.

Once an episode of HE has developed, relapses
are common. The patients usually respond well to treat-
ment, with reestablishment of cognitive function. Care-
ful neurologic and neuropsychological examinations
between episodes may, however, reveal abnormalities.

The clinical manifestations of an episode of HE oc-
curring in chronic liver disease are similar, though not
identical, to those seen in ALF. An episode of HE in
cirrhosis is characterized by a more insidious presenta-
tion, with ¯uctuations of mental state; a precipitating
factor is commonly identi®ed and patients usually re-
spond to treatment, with reversal to normal mental sta-
tus within hours or few days. In contrast, HE in ALF is
more progressive and less ¯uctuating; its evolution fol-
lows closely that of the underlying liver disease, patients
respond poorly to usual treatments, and brain edema
and intracranial hypertension may develop.

Persistent Hepatic Encephalopathy

Manifestations that do not reverse after adequate
treatment are considered to be severe when daily
activities are impaired. The most extreme manifesta-
tions include, severe parkinsonism and myelopathy,
in combination with other neurologic manifestations
such as ataxia, dysarthria, gait abnormalities, or tre-
mor. This stage of the disease is rarely seen nowdays
due to the availability of liver transplantation and
the small number of patients that undergo surgical
portalÿsystemic shunting.

DIAGNOSIS

Clinical history and physical examination are the most
valuable tools to make the diagnosis. A history of
chronic liver disease or the presence of altered liver
function tests in a patient with the described symptoms
and signs strongly suggests HE. However, the diagnosis
of HE is a diagnosis of exclusion. Other diagnostic pos-
sibilities to exclude are intracranial occupying lesions,
cerebrovascular events, infectious diseases, or other
metabolic disorders. Asterixis can also be seen in
patients with uremia, hypercapnia, phenytoin intoxica-
tion, or hypomagnesemia. Detailed physical examina-
tion, searching for signs of cirrhosis, and determination

of plasma ammonia or performance of speci®c neuro-
physiological or neuroimaging techniques may be use-
ful to make a positive diagnosis.

Grading of HE

Grading of HE is necessary to assess the evolution of
the condition and the response to treatment. The two
most useful and recommended methods of grading HE
are based on clinical ®ndings. The West Haven criteria
are a semiquantitative classi®cation that groups HE in
four stages, covering the whole spectrum of HE except
minimal HE. Thus, stage I includes trivial lack of aware-
ness, euphoria, anxiety, shortened attention span, and
impairment of skills such as addition or subtraction;
stage II is characterized by lethargy, time disorientation,
obvious personality change, and inappropriate behav-
ior; stage III includes somnolence to semistupor but
responsiveness to stimuli, confusion, gross disorienta-
tion, and bizarre behavior; and stage IV is coma and no
response to noxious stimuli.

The Glasgow coma scale, initially developed for pa-
tients with neurotrauma, is less subject to observer var-
iability, but its use has not been validated in metabolic
encephalopathies. It measures the response to eye open-
ing, verbal behavior, and motor responsiveness, and
quanti®es neurologic impairment in a continuous
numerical scale. It is mainly useful for evaluation of
advanced stages of HE.

The portalÿsystemic encephalopathy index, which
combines assessment of mental state, arterial ammonia,
electroencephalography, number connection test, and
estimation of degree of asterixis, is another method that
has been extensively used to grade HE. However, a
consensus has been recently reached indicating that
it is not adequate for clinical followup evaluation
and it is not recommended for clinical trials.

Neuropsychological Tests

Neuropsychological testing plays a primary role in
the diagnosis of minimal HE and in the assessment of
cognitive function in patients with chronic HE. The tests
are very sensitive, but may be in¯uenced by multiple
factors such as age, educational background, or re-
peated learning. An adequate degree of arousal is
necessary for administration of these tests. The psyco-
metric hepatic encephalopathy score (PHES) is a stan-
dardized test battery that includes number connection
tests A and B and the line-tracing, the serial-dotting, and
the digit-symbol tests. Its use was endorsed by a recent
consensus, due to its ability to discriminate minimal HE
from stage I HE.
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Neurophysiological Tests

Electroencephalogram shows characteristic changes
in patients with HE, including replacement of the
normal background waves of 9 to 12 cycles/second by
progressively slower waves and the appearance of high-
voltage, low-frequency triphasic waves. The latter have
been described, however, in other forms of metabolic
encephalopathies. External recording of the integrated
electrical response to visual, auditory, or somatosensory
stimuli is the basis of the use of evoked potentials. The
recordings re¯ect the function of the cerebral cortex and
neuronal networks that are involved in each corre-
sponding pathway. They are considered more sensitive
than the conventional electroencephalogram for the di-
agnosis of mild forms of HE.

Neuroimaging

Computed X-ray tomography plays an important
role in the differential diagnosis of the patient with
acute neurological symptoms. Brain atrophy is com-
monly seen in the setting of HE, but no speci®c abnor-
malities of HE are observed. In patients with ALF,
computed X-ray tomography is not sensitive enough
for early detection of brain edema.

Magnetic resonance imaging of the brain of patients
with cirrhosis characteristically shows hyperresonant
globus pallidus on T1-weighted images. These images
are thought to be secondary to deposition of manganese
in basal ganglia. Magnetic resonance spectroscopy al-
lows the in vivo measurement of common chemicals in
the human brain. The characteristic pattern of patients
with HE and cirrhosis in the proton spectra consists of
an increase in the glutamine/glutamate peak coupled
with a decrease in the myo-inositol and choline signals.

TREATMENT

Multiple therapeutic modalities have been used for
the treatment of HE. However, their ef®cacy has been
seldom assessed in well-designed clinical trials.

General Measures

The mental status of the patient with HE may
change rapidly and, thus, special attention by the
nursing staff and speci®c measures to avoid body
harm are required. For patients in stage III or IV of
HE, prophylactic tracheal intubation should be con-
sidered, especially in the setting of ALF. An adequate
hydration and nutritional state should be maintained
during the period of altered mental state. Identi®ca-
tion and removal of precipitating factors is a mainstay

of treatment in HE. Diagnosis of infection is particu-
larly important. Gastrointestinal hemorrhage, renal
and electrolyte abnormalities, use of psychoactive
medications, constipation, or excessive dietary protein
intake are also common precipitants. Adequate treat-
ment for each of these factors, if present, should be
promptly instituted.

Reduction of Nitrogenous Load
from the Gut

Current consensus exists that prolonged periods of
dietary protein restriction should be avoided. Patients
should receive the maximum tolerable protein intake,
preferably from vegetable and dairy sources rather
than animal protein, due to their high ®ber content
and favorable calorie-to-nitrogen ratio, respectively.

Colonic cleansing lowers blood ammonia levels
in cirrhosis. Nonabsorbable disaccharides, such as
lactulose and lactitol, remain the ®rst-line pharmaco-
logical treatment of HE. In addition to their cathartic
effect, they produce acidi®cation of the colon, which
favors nonionic diffusion of ammonia into the lumen
and increases fecal nitrogen excretion. Therapy is aimed
at obtaining two or three soft bowel movements a day.
When nonabsorbable disaccharides are taken for
prolonged periods, abdominal cramping and ¯atulence
are common, and hypernatremia can result from
excessive diarrhea. Lactitol and lactulose enemas
have been also shown effective, though the quality
of data from all clinical trials with these agents is
questionable.

Antibiotics are also a therapeutic alternative. They
can reduce ammonia-producing bacteria in the colon.
Neomycin, the most commonly used agent, may have
actions at the level of the intestinal mucosa, in addition
to its antibacterial effect. It is poorly absorbed in the
intestinal tract, but oto- and nephrotoxicity may occa-
sionally develop. Metronidazole, which affects a bacte-
rial population different from that targeted by
neomycin, can also improve HE. Dosing should be
done with care. Other poorly absorbable antibiotics,
such as vancomycin or rifaximin, have also shown ben-
e®cial effects.

Improvement of Extraintestinal Elimination
of Ammonia

Several agents have been used to enhance the
metabolism of ammonia in splanchnic and peripheral
tissues, with questionable ef®cacy. Patients with
cirrhosis are frequently zinc de®cient; zinc is a cofactor
in all enzymes of the urea cycle, thus administration of
zinc acetate to improve ureagenesis may be specially
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indicated in patients with associated malnutrition. Ad-
ministration of ornithine-aspartate provides substrates
for the urea cycle in the liver as well as for the synthesis
of glutamine via transamination, which is especially
relevant in the muscle. Preliminary experiences in
acute and chronic HE have been encouraging.

Counteracting Abnormalities of Central
Neurotransmission

Intravenous administration of ¯umazenil is effec-
tive in improving mental state in a limited group of
patients with cirrhosis and HE, being particularly help-
ful if benzodiazepine ingestion is suspected. However,
an oral preparation is not available and long-term ad-
ministration has not been evaluated. Bromocriptine has
been used to correct abnormalities of dopaminergic
neurotransmission, but at the present time, it is indi-
cated only for the treatment of chronic encephalopathy
unresponsive to other therapy. Administration of intra-
venous and oral solutions of branched-chain amino
acids has been evaluated in several clinical trials. How-
ever, there is no clear bene®t with respect to conven-
tional therapy, and administration of these solutions
should be reserved to patients with intolerance to
dietary protein.

Manipulation of Splanchnic Circulation

In HE caused by congenital portalÿsystemic shunts
and in those patients with severe HE after placement of
a transjugular intrahepatic portosystemic stent shunt,
occlusion or reduction of the shunt via surgery or via
interventional radiology should be considered. This
may be also an option in selected patients with cirrhosis
and large spontaneous portalÿsystemic shunts, if
they present with recurrent episodes of HE without
precipitating factors.

See Also the Following Articles
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Hepatic Granulomas
STACEY R. VLAHAKIS

Mayo Clinic and Foundation

caseating granuloma Aggregation of granulo®brillar necrotic

material, and sometimes eosinophilic granules.

®brin-ring granuloma Tissue mass with a central cavity

surrounded by a ring of ®brin and epitheloid macro-

phages.

lipogranuloma Tissue mass containing lipid vacuoles sur-

rounded by macrophages, lymphocytes, and collagen

®bers.

noncaseating granuloma Aggregation of epitheloid macro-

phages, lymphocytes, and multinucleated giant cells.

Granulomas of the liver can be found in a variety of dis-

eases; up to 10ÿ15% of liver biopsy specimens describe

granulomas on pathological review. The presence of a

granuloma signi®es chronic in¯ammation of the liver pa-

renchyma in reaction to a foreign agent. The inciting agent

induces a cell-mediated immune response that stimulates

and attracts macrophages and T cells. The macrophages

transform into epitheloid cells and accumulate, forming

the granuloma.

INTRODUCTION

Histologically, there are four types of granulomas; cat-
egorizing a granuloma by type can at times aid in de-
®ning the cause of the in¯ammation that produced the
granuloma. Noncaseating granulomas, the most com-
mon type found in liver biopsies, are found in a variety of
disease states, including sarcoidosis, vasculitis, primary
biliary cirrhosis (PBC), and infectious diseases. Case-
ating granulomas are commonly found in association
with mycobacterial or fungal infections. Lipogranulo-
mas are frequently associated with fatty liver or mineral
oil ingestion. Fibrin-ring granulomas result from a num-
ber of infectious diseases, such as Q fever, or hepatitis A.

CAUSES OF HEPATIC GRANULOMAS

In over half the cases of identi®ed hepatic granulomas,
the patient experiences nonspeci®c clinical symptoms
such as fever, weight loss, anorexia, or laboratory evi-
dence of in¯ammation. Hepatomegaly is reported in
about half the cases. Splenomegaly is rare, as is jaundice,

which occurs only when associated with bile duct in-
jury. Radiologic imaging of the liver is usually nonspe-
ci®c, but at times granulomas can coalesce into small
nodules that may be detectable by computer tomogra-
phy (CT) scan or ultrasound. Therefore, a liver biopsy is
needed to conclusively establish the presence of hepatic
granulomas.

A comprehensive list of potential causes of hepatic
granulomas is given in Table I. Essentially, the causes
can be separated into ®ve categories: systemic diseases,
infectious diseases, malignancies, reactions to chemi-
cals and drugs, and idiopathic.

Sarcoidosis is the most common systemic disease to
cause hepatic granulomas, accounting for up to 30% in
some case series. Most patients are asymptomatic; for
those who have constitutional symptoms, corticosteroid
therapy may improve symptoms, but improvement in
liver size or liver tests varies. Liver diseases such as PBC,
primary sclerosing cholangitis (PSC), and steatosis can
be associated with granulomas, but their presence has
variable prognostic signi®cance.

Infectious diseases comprise the most diverse causes
of hepatic granulomas. Many types of infectious organ-
isms, including mycobacteria, bacteria, fungi, trepo-
nemes, rickettsia, viruses, metazoa, and protozoa, can
result in hepatic granulomas. Many of these infectious
agents are intracellular and cause an in¯ammatory re-
sponse in the liver that results in granuloma formation.
The most common infectious cause of hepatic granulo-
mas worldwide is Mycobacteria tuberculosis. This usu-
ally occurs with the miliary form of tuberculosis, and
can be associated with caseating necrosis. Throughout
the developing world, secondary syphilis and schisto-
somiasis represent other common infectious diseases
causing hepatic granulomas.

Hodgkin's lymphoma is the most common malig-
nant disease associated with hepatic granulomas,
which can occur in up to 20% of affected patients. Gran-
ulomas, however, are not indicative of malignant
involvement of the liver. Chemical exposures, hyper-
sensitivity drug reactions, steatosis, cholestasis, and
hepatitis can also result in hepatic granulomas. Idio-
pathic granulomatous hepatitis, originally described
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to cause noncaseating granulomas associated with
constitutional symptoms and no extrahepatic involve-
ment, may respond to steroids and has a very favorable
prognosis.

DIAGNOSTIC APPROACH

Once hepatic granulomas have been con®rmed by path-
ologic review, the diagnosis can be established using a
combination of clinical and laboratory data. The re-
mainder of the biopsy specimen should be evaluated
for signs of malignancy or other liver disease, such as
PBC, PSC, or steatosis. Polymerase chain reaction
(PCR) can be performed to isolate infections involving
mycobacteria, Tropheryma whippelii, Bartonella henslae,
EpsteinÿBarr virus (EBV), or cytomegalovirus (CMV).
In addition, gram stains, fungal stains, and cultures
from the biopsy and serum can be used to determine
bacterial, mycobacterial, and fungal etiologies. The
patient should also be questioned about drug history
and chemical exposures and should be examined for

signs of extrahepatic involvement that may suggest
diseases such as systemic lupus, sarcoidosis, lymphoma,
or in¯ammatory bowel disease. Laboratory tests and
serologies should be performed to screen for liver dis-
eases and for infectious agents. If no cause is found for
the hepatic granuloma, the patient should be re-
evaluated 3 months later. The treatment of hepatic gran-
ulomas is directed at the cause of the liver in¯ammation.

See Also the Following Articles
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TABLE I Causes of Hepatic Granulomas

Cause Disease/example

Systemic

diseases

Sarcoidosis, Wegner's granulomatosis, temporal arteritis, polymyalgia rheumatica,

erythema nodosum, allergic granulomatosis, Crohn's disease, ulcerative colitis, idiopathic

hypogammaglobulinemia, chronic granulomatous disease, systemic lupus erythematosus

Liver diseases: primary biliary cirrhosis, primary sclerosing cholangitis,

hypersensitivity cholangitis, steatosis

Infectious

diseases

Mycobacteria: tuberculosis, Mycobacterium avium intracellulare, atypical mycobacteria, leprosy

Bacteria: brucellosis, tularemia, yersinosis, actinomycosis, Bartonella henslae (cat-scratch disease),

listeriosis, meliodosis, Tropheryma whippelii (Whipple's disease), typhoid, Rickettsia,

Coxiella burnetti (Q fever), boutonneuse fever, Treponema (syphilis)

Fungi: blastomycosis, histoplasmosis, coccidioidomycosis, cryptococcosis, candidiasis, aspergillosis

Viruses: EpsteinÿBarr virus, cytomegalovirus, hepatitis C virus, hepatitis A virus, Coxsackie

Metazoa: schistosomiasis, larva migrans viscerale, fascioliasis

Protozoa: leishmaniasis, toxoplasmosis

Malignancy Hodgkin's lymphoma, non-Hodgkin's lymphoma, carcinoma

Chemicals/drugs Hypersensitivity drug reaction, sulfonamides, isoniazid, allopurinol, beryllium, throrotrast,

copper sulfate

Idiopathic Idiopathic granulomatous hepatitis
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Hepatitis A

JOHN J. POTERUCHA

Mayo Clinic

fecalÿoral transmission Acquisition of an infection by

ingestion of fecally contaminated material that contains

the infectious agent.

parenteral transmission Acquisition of an infection by

exchange of the infectious agent via blood or blood-

contaminated body ¯uids.

prodrome Symptoms indicating the onset of a disease.

Hepatitis A virus is an RNA virus that is a frequent

cause of acute hepatitis. The virus is generally spread

by person-to-person contact although transmission from

contaminated food and water also occurs. The disease is

characterized by liver in¯ammation with increases in

liver enzymes and often jaundice. Children with an

acute infection have less severe disease manifestations

than do adults with acute hepatitis A. Supportive care

results in resolution in most patients. A safe and effec-

tive vaccine has been developed and is recommended for

certain individuals at high risk for the disease or its

complications.

INTRODUCTION

Hepatitis A virus (HAV) is the most frequent viral
cause of acute hepatitis in the United States. The
U. S. Centers for Disease Control and Prevention esti-
mates that hepatitis A causes 180,000 acute infections
per year. The average cost per acute hepatitis A case
ranges from $1817 to $2459. Because HAV does not
cause chronic liver disease and only rarely results in
death from acute liver disease, there has been less em-
phasis in the literature on hepatitis A than on hepatitis B
or C. However, HAV causes large outbreaks due to
person-to-person spread and may result in fulminant
hepatic failure.

VIROLOGY

HAV is a single-stranded RNA virus that is a member of
the genus Hepatovirus of the family Picornaviridae
(`̀ small RNA virus''). HAV is 27 nm and is a spherical,
nonenveloped virus with a capsid consisting of 32 sub-
units. The positive-stranded RNA is approximately
7.5 kb in length and includes a 50-untranslated segment,

a single open reading frame encoding a polyprotein of
2227 amino acids, and a 30 noncoding region with a
poly(A) terminus. The polyprotein is cleaved by a 3C
proteinase into 11 structural and nonstructural pro-
teins. Although different HAV strains can be determined
using molecular techniques, there are no signi®cant
antigenic differences and thus there is only one viral
serotype. Infection with one strain or vaccination im-
parts immunity to all strains of the virus. The ability to
detect different viral genotypes can be useful epidemi-
ologically to investigate outbreaks of hepatitis A.

Humans and certain nonhuman primates are the
only natural hosts of HAV, although only humans seem
to develop signi®cant hepatitis. HAV is usually trans-
mitted by the fecalÿoral route. It is postulated that the
virus is absorbed in the small intestine, passes via the
portal vein to the liver, and is taken up by the hepato-
cyte. HAV replicates in the hepatocyte cytoplasm where
antigen is detected 1 week after inoculation. Virions are
then secreted into the bile canaliculus or released into
the systemic circulation. Virus may also replicate in the
crypt cells of the small intestine, which helps account for
the large amount of virus present in feces within a few
weeks after exposure. Viremia occurs although HAV
concentrations are much lower in blood than in feces.
Viral concentrations in blood tend to be highest in the
prodromal and early clinical phases of the illness. Al-
though the amount of virus in the feces decreases dra-
matically soon after the onset of the clinical illness,
viral antigen can be found in the stool as long as 2 weeks
after the onset of symptoms. Reverse transcriptionÿ
polymerase chain reaction can detect viral RNA as
long as 2 months after the onset of clinical symptoms
although the signi®cance of this ®nding in terms of
transmission is not clear.

HAV likely induces hepatocyte injury by an immune
mechanism rather than by a cytopathic effect. Large
quantities of virus are produced in the liver before
the onset of clinical evidence of hepatitis, and HAV in
cell culture is not associated with hepatocyte damage.
Virus-speci®c cytotoxic T cells have been identi®ed and
these cells secrete cytokines that likely are involved in
the in¯ammatory response and in the resolution of the
infection.
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EPIDEMIOLOGY AND TRANSMISSION

Hepatitis A is a robust virus and the ability to persist in a
variety of unfavorable environments allows the virus to
have a high attack rate, with up to 90% of those exposed
becominginfected.HAVislargelytransmittedbyperson-
to-person contact although outbreaks due to ingestion of
contaminated food or water also occur. Close living
quarters, such as day-care centers, institutions for the
disabled, and military institutions, enhance the spread
of the virus. The secondary household attack rate is ap-
proximately 20%. Because of fecalÿoral transmission
and lack of clinical symptoms of hepatitis A, children
are most likely to spread the infection and numerous
outbreaks of hepatitis A in day-care centers have been
reported. A short duration of the viremia and the rela-
tively low concentration of HAV in blood help make
parenteral transmission of hepatitis A unusual although
there have been reported outbreaks in intravenous drug
users and recipients of contaminated blood products.

Risk factors for hepatitis A acquisition in the United
States are personal contact with an infected patient
(12ÿ26% of infections), day-care contact (11ÿ16%),
international travel (4ÿ6%), and recognized food- or
water-borne outbreaks (2ÿ3%). During recent out-
breaks, up to 10% of reported cases occurred in illegal
drug users and homosexual men. No risk factor can
be identi®ed in 50% of patients acquiring hepatitis A
infection.

The overall prevalence of prior hepatitis A infection
is determined by assaying for immunoglobulin G anti-
body against HAV (IgG anti-HAV). The seroprevalence
within a region depends on the age of the patient and on
living and sanitation conditions. Countries with lower
socioeconomic levels and crowded living conditions,
such as Ethiopia, are characterized by high transmission
rates of hepatitis A such that over 90% of the population
will have IgG anti-HAV by the age of 5 years. In the
United States, some of the southwestern states have
the highest seroprevalence rates of hepatitis A.

Improvements in sanitation, food handling, and
control of water supplies have changed the frequency
of IgG anti-HAV prevalence. The most recent data show
that approximately one-third of the U. S. population has
serologic evidence of a prior hepatitis A infection. The
highest prevalence rates, approximately 75%, are seen
in those >70 years of age. The higher prevalence of
infection in older individuals is likely due to a cohort
effect, re¯ecting the fact that the chance of infection
during childhood was greater years ago than it has
been more recently.

Food-borne outbreaks of HAV are relatively uncom-
mon but have been reported with frozen strawberries,

fresh produce, and seafood. Consumption of raw bi-
valves, such as oysters and clams, is an especially im-
portant source of transmission. HAV can survive for
extended periods of time in seawater, with viral nucleic
acids being detected months after being experimentally
seeded in salt water. Bivalves ®lter large volumes of
seawater, thereby concentrating the amount of ingested
virus. In addition, bivalves are often harvested from
shallow waters near populated areas where water is
more likely to be contaminated by sewage.

DIAGNOSIS

The typical clinical and serologic course of acute hep-
atitis A is shown in Fig. 1. Because there is only one
serotype of hepatitis A, one antibody test is suf®cient for
diagnosis. IgM anti-HAV has a sensitivity of 100%, a
speci®city of 99%, and a positive predictive value of
88%. Rarely, IgM anti-HAV may not be measurable
early in the disease course and repeat testing is advised
if clinical suspicion remains high. IgM anti-HAV usually
clears by 4 months although it persists for more than
6 months in 25% of patients. IgG anti-HAV generally
appears within a few months after infection and persists
for life, offering immunity against further infection.

Aminotransferases are the most sensitive markers of
hepatocyte injury in acute hepatitis A, initially becom-
ing abnormal during the prodromal phase. The peak
levels of aspartate aminotransferase and alanine amino-
transferase are generally 1000ÿ2000 IU/liter and fall
approximately 10% per day but can take weeks or
even months to return to normal. Bilirubin is often el-
evated, especially in older children and adults. Bilirubin
tends to fall at a rate of approximately 50% per week but
can remain elevated for months in patients with a
prolonged cholestatic phase. Alkaline phosphatase is
normal or only modestly elevated unless the patient
enters a prolonged cholestatic phase of the illness.

FIGURE 1 Clinical and serologic course of hepatitis A. ALT,

alanine aminotransferase.
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More severe episodes of hepatitis A are characterized by
increases in prothrombin time and decreases in serum
albumin and factor V. A mild polyclonal elevation in
gamma globulin may be seen, although the elevations
are less than would be seen in autoimmune hepatitis.
Low-titer autoantibodies are occasionally identi®ed in
acute hepatitis A.

Liver biopsy is not necessary for diagnosis and
should only rarely be performed in patients with hep-
atitis A. The typical features of acute hepatitis are he-
patocellular degeneration with apoptotic change and
variable degrees of portal and lobular in¯ammation.
Histologic ®ndings cannot differentiate between acute
hepatitis A and acute hepatitis B. Using in situ hybrid-
ization techniques, HAV RNA can be detected in hepa-
tocytes, sinusoidal cells, and in¯ammatory cells. The
detection of viral RNA in phagocytic cells suggests
that these cells are responsible for clearance of the
virus, probably due to the uptake of viralÿantibody
complexes.

CLINICAL MANIFESTATIONS

The clinical manifestations of hepatitis A are variable,
ranging from asymptomatic infection to life-threatening
fulminant hepatic failure. Age at acquisition is an im-
portant factor in the severity and nature of symptoms of
acute hepatitis A (see Fig. 2). Infection with hepatitis A
in children less than 6 years of age leads to jaundice in
fewer than 10% of cases although most patients have
nonspeci®c symptoms such as fever, arthralgias, and
diarrhea. Approximately 50% of individuals between
the ages of 6 and 14 years develop jaundice with
acute hepatitis A, whereas > 80% of patients greater
than 14 years of age develop jaundice. The nonspeci®c,
nonicteric nature of symptoms of acute hepatitis A in
children facilitates transmission of the virus because the
need to address contacts is not recognized. Because of
the decline in acquisition of hepatitis A during child-
hood, an increasing number of adults are less likely to

have immunity and therefore more likely to develop
severe disease at the time of infection. Pregnant
women acquiring hepatitis A do not have a more severe
disease course than other infected patients nor is there
an increase in fetal loss.

The incubation period of hepatitis A is 15ÿ49 days
with a mean of 30 days. There is a 5- to 7-day prodromal
period characterized by anorexia, nausea, malaise, and
occasionally fever, headache, and abdominal pain.
When jaundice occurs, it happens within 2 weeks
after the onset of the prodrome and is preceded by
dark urine. After jaundice appears, the nonspeci®c
symptoms often subside. The duration of jaundice is
generally 5ÿ30 days, with an average bilirubin level
of 7 mg/dl. Approximately 10ÿ15% of symptomatic per-
sons have a prolonged illness characterized by either
prolonged cholestasis or episodes of relapsing and re-
mitting disease. Prolonged cholestasis can result in
jaundice for up to 6 months. Relapsing hepatitis is as-
sociated with increases in aminotransferases and reap-
pearance of viral particles in the stool. HAV does not
cause chronic hepatitis although acute hepatitis A
infection has been reported to precipitate autoimmune
hepatitis.

Fulminant hepatitis A, by de®nition a severe
hepatitis with portal systemic encephalopathy, rarely
occurs. The frequency is dif®cult to quantify but it is
estimated that the fatality rate of all hepatitis A cases is
1% and most of this mortality is due to fulminant hep-
atitis A. As might be expected, fatality rates vary with
age. Infants and children have a fatality rate of 0.1% and
those over 40 years of age have a fatality rate of 1.1%. In
a recent U. S. study of fulminant hepatic failure, hepa-
titis A was the etiology in 7% of cases. The same inves-
tigators also suggested that the recovery from fulminant
hepatitis A is 69%, signi®cantly higher than previously
thought and higher than in patients with fulminant
hepatitis B.

Fulminant hepatitis A may be more common in pa-
tients who have chronic hepatitis C prior to the acqui-
sition of hepatitis A. One study showed than 7 of 17
(41%) chronic hepatitis C patients acquiring hepatitis A
developed fulminant hepatitis compared to 0 of 10
chronic hepatitis B patients developing acute HAV. It
is recommended that all patients with chronic liver dis-
ease be vaccinated against hepatitis A if not already
immune.

Extrahepatic manifestations of acute hepatitis A are
unusual. One study reported that hemolysis and
acalculous cholecystitis were the most common extra-
hepatic manifestations. Renal failure, pancreatitis, and
manifestations of circulating immune complexes may
also be seen.
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FIGURE 2 Prevalence of jaundice in acute hepatitis A varies

with age at infection.
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MANAGEMENT

The large majority of patients with acute hepatitis A
have a self-limited infection and therefore speci®c ther-
apy is not needed. Attention to supportive care, espe-
cially hydration, is most important. Bed rest is not
necessary although fatigue may limit certain activities.
Hospitalization should be reserved for those patients
who need intravenous ¯uids or show signs of developing
encephalopathy. Corticosteroids are not bene®cial and
should generally be avoided. Patients with fulminant
hepatic failure should be managed similar to any patient
with acute liver failure and occasionally liver transplant-
ation is necessary. The United States Fulminant Hepa-
titis Study Group data would suggest that most patients
with acute hepatitis A resolve and therefore a slightly
more conservative approach to liver transplantation
than other etiologies of FHF is suggested.

PREVENTION

Because of its mode of transmission, person-to-person
spread of HAV is common. Immune globulin is a prep-
aration of concentrated antibodies made from pooled
human plasma. Immune globulin provides protection
against hepatitis A by passive transfer of antibody. A
dose of 0.02 ml/kg provides preexposure protection
for up to 3 months; 0.06 ml/kg provides protection
for up to 5 months. Recently, IgG anti-HAV titers in
immune globulin have decreased due to the declining
prevalence in the donor population; however, there has
been no de®nite documentation of declining ef®cacy.
Postexposure immune globulin is useful to prevent in-
fection if used within 2 weeks after exposure. Admin-
istration of immune globulin more than 2 weeks after
exposure is ineffective. Immune serum globulin should
be given to household, sexual, and day-care contacts of
infected patients. If a common source food-borne out-
break is identi®ed, immune serum globulin is also rec-
ommended for those at risk. Despite being protective,
immune globulin administration does not achieve mea-
surable levels of anti-HAV. Simultaneous vaccination
with the hepatitis A vaccine is also recommended for
individuals requiring immune globulin. One study
suggested that the use of the hepatitis A vaccine only
was effective in preventing transmission although that
has not yet been accepted into clinical practice.

Hepatitis A vaccine became available in 1995 thanks
to the use of cell culture techniques. HAVRIX and
VAQTA, the two commercially available hepatitis A vac-
cines, are very effective and probably approximately
equivalent in immunogenicity. Both use a formalin-
inactivated, laboratory-attenuated strain of HAV and

are available in two different formulations, the choice
of which depends on age of the vaccinee. Both use a two-
dose schedule with the second dose at least 6 months
after the initial dose. The vaccines result in protective
anti-HAV antibodies (IgG type) in over 90% of adults 1
month after the ®rst dose. Approximately half of vacci-
nated patients are positive 14 days after the initial dose.
The second dose of the vaccine ensures that nearly all
patients will have protective levels of antibody. Re-
sponse rates in children are even higher than in adults.
Protective antibody levels seem to persist for at least 8
years after successful vaccination. The most common
side effects of HAV vaccine are soreness at the infection
site, headache, and malaise. Vaccination is recom-
mended for groups at high risk of hepatitis A acquisition
including intravenous drug users, day-care employees,
homosexual men, and frequent recipients of blood prod-
ucts. Vaccine is also recommended for those in whom
hepatitis A may cause a severe outcome, such as patients
with chronic liver disease. Immunogenicity of the vac-
cine appears to be slightly less in patients with chronic
liver disease than in the healthy population and, occa-
sionally, immunity may be lost after liver transplanta-
tion. Immunosuppressed patients, such as those who
have undergone organ transplantation or who have
been infected with human immunode®ciency virus,
also have lower immunogenicity with the HAV vaccine.

In large part due to the high response rates to the
HAV vaccine, the role of prevaccination testing for anti-
HAV has not yet been clari®ed. Some researchers have
suggested that prevaccination testing for individuals at
high risk of prior HAV infection is reasonable. Adults for
whom prevaccination serologic testing can be consid-
ered include adults who were born or lived for a long
time in areas with a high endemicity for hepatitis A,
persons with a history of infection drug use, and perhaps
individuals 440 years old. Because of the high rate of
immunogenicity with the hepatitis vaccine, postvaccine
testing is not recommended. Booster doses of the vac-
cine have not yet been recommended because of the long
duration of protective antibody after the vaccination
series.
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Hepatitis B
T. SHAW AND S. A. LOCARNINI

Victorian Infectious Diseases Reference Laboratory, Australia

anti-HBs, anti-HBc, anti-HBe Speci®c antibodies that are

produced in response to their respective antigenic

determinants.

hepatitis B core antigen The antigenic speci®city associated

with the 32 nm diameter core of hepatitis B virus.

hepatitis B e antigen The antigenic determinant that

circulates as a soluble protein in serum.

hepatitis B surface antigen The antigenic determinant found

on the surface of the hepatitis B virus and on the 22 nm

diameter particles and ®lamentous forms.

hepatitis B virus The 42 nm diameter double-shelled

particle, originally known as the Dane particle.

hepatitis B virus DNA The partially double-stranded circular

hepatitis B virus genome.

quasispecies Heterogeneous populations of genetic variants

of virus found in an infected individual.

Hepatitis B, which may be acute or chronic, is caused by

infection with human hepatitis B virus (HBV), a small

hepatotropic DNA virus that is distributed worldwide.

Infection with HBV occurs mainly as a consequence

of exposure to infected blood or body ¯uids. Up to 5%

of cases of chronic hepatitis B progress to fatal liver dis-

ease. Effective anti-HBV drugs and vaccines have been

developed, but economic and logistical obstacles prevent
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antigen. In 1970, Dane and colleagues identi®ed virus-
like particles that carried HBsAg on their surface in
sera from hepatitis patients. Three years later, these
`̀ Dane'' particles were shown to contain endogenous
DNA polymerase activity, con®rming their viral nature.
Similar viruses were found in other animals during the
next decade and have been grouped into a new virus
family, the Hepadnaviridae (hepatotropic DNA viruses).

TAXONOMY AND CLASSIFICATION

Inaddition tobeing found inhumans, rodents, andbirds,
hepatitis B viruses (HBVs) have recently been found
in apes and primates. HBVs that infect mammals
and birds are classi®ed in separate genera, Ortho-
hepadnavirus and Avihepadnavirus, respectively. All
share common features including tissue tropism,
restricted host range, virion ultrastructure, genetic or-
ganization, and replication strategy. The genome orga-
nization and replication strategy of hepadnaviruses are
similar to those of retroviruses of animals and cauli-
moviruses of plants, suggesting a possible ancient evo-
lutionary origin from a common ancestor. Replication of
these viruses requires host-cell-mediated transcription
and translation of a pregenomic viral RNA, which di-
rects the synthesis of circular double-stranded viral
DNA from which viral mRNA is transcribed.

PREVALENCE AND EPIDEMIOLOGY

Approximately 2 billion individualsÐapproximately
one-third of the global populationÐhave serologic evi-
dence of past or present infection with HBV. By the end
of the year 2000, nearly 400 million people were chron-
ically infected with HBV according to World Health
Organization (WHO) estimates. Chronic HBV infection
is associated with a 15ÿ25% chance of development of
fatal liver disease, including cirrhosis and hepatocellu-
lar carcinoma. HBV-related disease causes approxi-
mately 1 million deaths annually. Considering these
®gures and the availability of safe and effective vaccines,
the WHO has recommended that hepatitis B vaccination
be incorporated into routine infant and childhood im-
munization programs in all countries. Chronically and
acutely infected individuals are the only sources of HBV
for new infections. In most populations, males are more
likely to become chronic HBV carriers than females.

Transmission

HBV can be transmitted by sexual contact, percuta-
neously (for example, from contaminated needles

shared by intravenous drug users), by inoculation
with contaminated blood or blood products, by trans-
plant of organs from infected donors, and perinatally
from infected mothers. Infection of infants of infected
mothers in utero is rare. Serum HBsAg and HBV DNA are
considered reliable indicators of active infection, but the
risk of infection from infected carriers is extremely var-
iable because of large differences in HBV replicative
activity, which results in enormous differences in
viral loads in infected individuals. However, the pres-
ence of HBsAg is still regarded as a marker of infectivity
irrespective of viral load.

PATHOGENESIS

HBV is not directly cytopathic to hepatocytes in cell
culture systems or in vivo. Liver damage results mainly
from the direct attack of the host's immune system on
infected hepatocytes and indirect effects of the immune
response on uninfected cells. Although this has been
recognized for some time, concepts of the mechanisms
responsible have changed radically as a result of recent
studies. Noncytocidal effects of pro-oxidative cyto-
kines, in particular, interferons a, b, and g and tumor
necrosis factor a, have been implicated as major
contributors to viral clearance, whereas destruction
of infected hepatocytes by cytotoxic T cells contributes
to both viral clearance and the development of liver
disease. Immune complex-mediated responses are
believed to be responsible for extrahepatic damage
when it occurs.

DIAGNOSIS

Acute and chronic HBV infection can be diagnosed and
differentiated by simple serological tests that detect the
presence of HBV antigens and antibodies to HBV anti-
gens in blood. Interpretation of the results of these
tests is summarized in Table I. Fluctuations in serum
HBV DNA, which can be monitored by hybridization or
polymerase chain reaction assays, provides a direct
measurement of viral replicative activity. Leakage of
liver enzymes [usually aminotransferases, in particular,
alanine aminotransferase (ALT) and g-glutamyl trans-
ferase] and bilirubin into serum, which can be assayed
by biochemical tests, provides surrogate markers
of liver damage. Histological examination of liver biop-
sies may be used to determine the stage and severity
of tissue damage. More sophisticated assays may be
used to monitor disease progression and response to
treatment.
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Acute HBV Infection

In a typical case of acute hepatitis B, HBsAg is ®rst
detected 2ÿ3 months after initial infection, which is
1ÿ3 months before the serum ALT starts to rise and
3 to 5 weeks before the onset of symptoms such as
dark urine and jaundice. The serum HBsAg reaches a
peak concentration during the early acute stage of the
illness and then slowly declines to undetectable levels
within 4ÿ6 months. Viremia (HBV DNA) is detected
during and after the disappearance of HBsAg. Peak
levels of HBV DNA exceeding 109 genome equivalents
per milliliter are found in the late prodromal and early
acute phases, re¯ecting the highly infectious nature of
acute HBV infection. Serological markers HBeAg and
anti-HBe speci®c IgM are typically detected after the
appearance of HBsAg in blood. High levels of anti-
HB-speci®c IgM are a useful serological test in acute
hepatitis B. During early stages of convalescence and
before HBsAg disappears, anti-HBe replaces HBeAg, sig-
naling a reduction in viral replication and the beginning
of resolution of the disease. Termination of acute HBV
infection occurs with the disappearance of HBsAg and
the development of anti-HBs.

Chronic HBV Infection

Chronic HBV infection is de®ned as hepatic necro-
in¯ammation due to the persistence of active HBV rep-
lication. The WHO de®nes chronic HBV on the basis of
laboratory markers and requires the detection of HBsAg
in the patient's serum on two occasions over a 6-month
period. Typically, anti-HBc IgM titers are either low or
undetectable, whereas anti-HBc IgG titers are high.

NATURAL HISTORY OF INFECTION

The outcome of HBV infection varies enormously. In
areas of high endemicity (HBsAg prevalence >8%),
HBV infection occurs early in life, usually perinatally,
typically remains silent or subclinical, and frequently
becomes chronic. In general, chronic infection is only
established after maternal transmission of HBeAg�

HBV. Neonates infected from HBeAgÿmothers typically
develop acute hepatitis that resolves. Under these con-
ditions, chronic liver disease or liver cancer due to HBV
infection appears much later in life and is frequently
fatal. By contrast, in areas where the incidence of
HBV infection is low (HBsAg prevalence 52%), most
primary HBV infections occur in adults as a result of
sexual contact or percutaneous infection. Such infec-
tions are more likely to be associated with clinically
apparent acute hepatitis and less than 10% of cases
become chronic. The incubation period from infection
to onset of clinically apparent hepatitis is usually be-
tween 6 and 24 weeks.

HBeAgÿ Chronic Hepatitis B

HBeAgÿ chronic hepatitis B occurs as a result of the
selection of HBV mutants that are unable to secrete the
pre-core protein (HBeAg). It has become the most prev-
alent form of disease presentation in many parts of the
world, particularly in Asian and Mediterranean coun-
tries. The most common of several mutations that can
cause HBeAg negativity is a guanine to adenine transi-
tion at nucleotide position 1896 (G1896A), which
creates a TAG stop codon at codon 28 of the pre-core
protein. The phase of HBeAgÿ chronic hepatitis B

TABLE I Interpretation of Serological Markers in Patients with Viral Hepatitis B

Assay results

HBsAg Anti-HBs Anti-HBc Usual interpretation

� ÿ ÿ Early acute HBV infection

� �/ÿ � HBV infection, either acute or chronic. Differentiate with IgM

anti-HBc; determine amount of replicative activity (infectivity)

from HBV DNA assay

ÿ � � Indicates previous infection and immunity to hepatitis B in most

cases

ÿ ÿ � Possibilities include: HBV infection in the remote past; `̀ low-level''

HBV carrier; `̀ window'' between disappearance of HBsAg and

appearance of anti-HBs or false-positive or nonspeci®c reaction.

Investigate with IgM anti-HBc and/or challenge with HBsAg vaccine;

when present, anti-HBe helps validate the anti-HBc reactivity;

assay for HBV DNA by PCR can identify `̀ occult'' infection

ÿ � ÿ Vaccine-type response
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appears to be associated with rapid disease progression,
resulting in cirrhosis and hepatocellular carcinoma.

VIRION ULTRASTRUCTURE

The HBV virion is a 42 nm spherical particle within a
lipid envelope. The 32 nm diameter nucleocapsid con-
tains the core antigen (HBcAg), the genomic DNA, and
viral polymerase. During persistent infection, very high
concentrations of incomplete viral forms, mainly aggre-
gates of 22 nm diameter spherical particles and ®lamen-
tous forms of HBsAg, are found in the blood.

GENOME ORGANIZATION

The HBV genome is a circular, partly double-stranded
DNA molecule. The longer minus-sense strand is ap-
proximately 3200 nt long and is partly matched by a
complementary plus strand, which varies in length from
1700 to 2800 nt. The longer strand is nicked at a point
300 nt from the 50-end of the shorter strand. Circular
conformation is maintained by base pairing between the
50-ends of the strands, which overlap. The 50-end of the
shorter strand is capped with an oligoribonucleotide
and the terminal part of the viral polymerase protein
is covalently linked to the 50-terminus of the longer
strand.

Overlapping Reading Frames

HBVs encode only four genes and have evolved a
remarkable genetic economy by using gene overlap: the
HBV genome is only slightly longer than the longest of
its four open reading frames (ORFs). The longest ORF,
P, encodes a multifunctional protein that possesses
RNase H and RNA- and DNA-dependent DNA poly-
merase activities as well as the ability to prime reverse
transcription and coordinate virion assembly. The
envelope (S) gene ORF lies completely within the P
gene in a different reading frame and the remaining
two genes, C and X, also partially overlap the P gene.
Further economy is achieved by the use of alternative
starting codons for transcription: the S gene encoded
three co-terminal HBs proteins (Pre-S1, Pre-S2, and S).
The C gene encodes both HBeAg and HBcAg and the
X gene may encode more than one product. Gene over-
lap undoubtedly places constraints on mutation and
evolution rates.

REPLICATION STRATEGY

After attachment and entry into the cell, the virus is
uncoated and the viral genome is transported to the

nucleus, where it is converted into a supercoiled, coval-
ently closed circular (ccc) molecule, probably by cellu-
lar DNA repair enzymes. The supercoiled ccc DNA
associates with cellular histones to form a viral
minichromosome in the nucleus of infected cells. It is
transcribed by cellular RNA polymerase II, producing
several unspliced, capped, polyadenylated mRNA spe-
cies that are translated into viral proteins. Transcription
also generates a terminally redundant 3.5 kb pregeno-
mic RNA that is packaged into viral core particles after it
is translated to generate the viral polymerase. Within the
capsid, the viral polymerase reverse-transcribes the
pregenomic RNA, digests the RNA template, and copies
the ®rst (minus) DNA strand to regenerate the circular,
partially double-stranded viral genome. Virions are en-
veloped and exported by budding through the endoplas-
mic reticulum. (See Fig. 1.)

HBV Quasispecies

RNA polymerases and reverse transcriptases are in-
herently error-prone, which ensures that HBV popula-
tions exist in vivo as heterogeneous mixtures of variants,
termed quasispecies. A variety of selection pressures,
including host immune surveillance, antiviral therapies,
and virusÿcell tropism, can affect quasispecies compo-
sition and in¯uence the outcome of infection. A high
quasispecies variability allows ¯exible but unpredict-
able evolution. Under some conditions, variation may
exceed the error threshold beyond which viral survival
is impossible, a situation termed `̀ error catastrophe.''
Overlap in reading frames of the polymerase, core,
Pre-S/S, and X gene products probably places con-
straints on the number of variants that remain viable.
Despite this, several viable variants of HBV that have
characteristic mutations affecting the pre-core, core,
polymerase, and X peptides have been described. Spe-
ci®c mutations that affect the polymerase may confer
resistance to antivirals (see below), but the possible
association between particular clinical manifestations
and disease outcomes has not been ®rmly established
for mutations that affect the other gene products.

EVOLUTION OF HBV

Until recently, it was generally believed that infec-
tion with HBV was restricted to humans, despite evi-
dence for the presence of HBV antigens in other
primates. HBVs that infect Old World apes (orangutan,
gibbon, gorilla, and chimpanzee) and a New World
monkey have been isolated and characterized during
the past 5 years. The study of HBV evolution remains
dif®cult because of complications introduced by
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intergenotype recombination, by constraints on nucle-
otide substitution imposed by gene overlap, and by dif-
ferential selection pressures affecting different parts of
the genome. Phylogenetic analyses provide evidence for
a diversion of human genotypes AÿE from genotype F
and H and hepadnaviruses of apes. Recent analyses have
also distinguished distinct patterns of recombination
between genotypes A and D and between genotypes B
and C and have resulted in a estimated mean nucleotide
substitution rate in HBV of 4.2� 10ÿ5 nt/site/year,
which suggests that human and ape HBVs diverged rel-
atively recently. However, the direction, frequency, and
sequence of early transmission events that generated
different primate HBVs remain controversial.

HBV Genotypes

Eight HBV genotypes (named AÿH) have been de-
®ned on the basis of nucleotide sequence divergences of
>8%. The geographical distributions of genotypes are
distinct and each is associated with different disease
manifestations. Genotypes A to F occur globally, geno-
types B and C predominate in Eastern Asia and Oceania,
genotypes E is restricted to West Africa, and genotypes F
and H are found in Central and South America, respec-
tively. Genotype G was found in a small percentage of
HBV-infected individuals in both France and Georgia
(United States); it contains a unique 36 bp insertion in
the core gene and two stop codons in the precore region.

FIGURE 1 Stages in the HBV replication cycle (simpli®ed). (1) Attachment and entry into the

host cell followed by uncoating. (2) Transport to the host cell nucleus. (3) Repair of and conversion

into a circular double-stranded supercoiled DNA molecule, which assembles a minichromosome.

(4) Transcription of viral genes from HBV ccc DNA and export of polyadenylated subgenomic

mRNAs and pregenomic RNA to the cytoplasm. (5) Translation of viral RNAs, generating the

viral polymerase and structural proteins. (6) Assembly of nucleocapsid particles from core antigen,

polymerase, and pregenomic RNA. (7) Covalent attachment of dNTPs to the viral polymerase to

form a DNA primer and reverse transcription of the viral pregenome by extension from the DNA

primer, generating the ®rst (minus) DNA strand. (8) Degradation of the pregenomic template RNA

and synthesis of a partial complementary second DNA strand. There are two alternative fates for

mature intracellular nucleocapsids: delivery to the host nucleus and further replication (9a) or

acquisition of a viral envelope and secretion from the cell via the endoplasmic reticulum and Golgi

apparatus (9b). Aggregates of surface antigens may also be secreted. The translation and fate of

nonstructural viral proteins are not shown.
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Although the latter prevent the translation of HBeAg,
HBV/G-infected individuals have all been shown to be
HBeAg� due to co-infection with HBV/A, and HBV/A/G
recombinants have also been detected in vivo. How co-
infection occurs, the signi®cance of recombination, and
whether replication of HBV/G requires HBV/A are cur-
rently unknown. Phylogenetic trees constructed from
either full-length genome sequences or individual gene
sequences show that genotype G is clearly separated the
other seven genotypes.

Clinical and Epidemiological
Signi®cance of Genotypes

Sequence differences between different HBV geno-
types may lead to structural differences at the prege-
nome level, which may in turn affect translation and
reverse transcription. There is accumulating evidence
to suggest that clinical manifestations of infection, treat-
mentresponse,andlong-termprognosisof infectionmay
all be in¯uenced by genotype. Genotyping has also
proved to be useful for tracing routes of transmission.
A variety of facile and reliable methods for differentiat-
ing between different HBV genotypes have recently been
developed.

PREVENTION AND CONTROL

Vaccination

Conventional Vaccines

Current HBV vaccines consist of recombinant
HBsAg protein produced in yeast. Intramuscular injec-
tion of three successive doses induces protective levels
of anti-HBsAg (410 mIU/ml) in 495% of infants and
children and 490% of vaccinated healthy adults, but
response rates are lowered by smoking, obesity, diabe-
tes, renal impairment, immune de®ciency, and advan-
cing age. Vaccination of all newborn infants is
recommended, as is vaccination of previously unimmu-
nized children and adolescents, as well as adults who
belong to high-risk groups. High-risk groups include
health care workers, injecting drug users, persons
with multiple sexual contacts, partners and family mem-
bers of individuals known to be infected with HBV, long-
term residents of institutions, patients with chronic
renal failure, recipients of clotting factor concentrates,
and travelers intending to stay in regions where HBV is
endemic. In high-risk groups, postvaccination testing
for the presence of anti-HBs is advisable, but it is re-
garded as unnecessary for adolescents, children, and
infants. A second three-dose course of injections is usu-
ally recommended for those who fail to respond to a

primary course of vaccination. Up to 50% of nonre-
sponders respond to a single vaccine dose and up to
75% respond to three additional doses. Responders
are protected against HBV infection even after HBs an-
tibody titers fall to undetectable levels and, except in
hemodialysis patients, revaccination to boost immunity
is usually not required.

Safety of Vaccines

HBV vaccines have an outstanding record of safety
and ef®cacy. Since 1982, more than a billion doses of
HBV vaccine have been administered worldwide. In
countries where routine infant immunization programs
have been introduced, their introduction has not been
associated with increases in adverse effects and no ev-
idence has been found to substantiate anecdotal reports
of associations between HBV vaccination and a variety of
syndromes and diseases in adults. Nonfatal anaphylactic
reactions have been reported to occur at a frequency of
approximately 1 in 600,000 vaccinations and further
vaccination is obviously contraindicated in such cases.

National Vaccination Programs

Since 1991, the WHO has recommended that HBV
immunization be included in national immunization
programs worldwide. By March 2001, 116 countries
had followed this recommendation, including most
countries in Eastern and Southeast Asia, the Paci®c Is-
lands, Australia, North and South America, Western
Europe, and the Middle East. Pediatric and childhood
immunization programs in countries such as Taiwan,
where the chronic infection frequency was previously
high (up to 20% HBsAg prevalence), have reduced the
childhood carrier frequency to approximately 1%
within the past decade. Unfortunately, many low-in-
come countries in sub-Saharan Africa and the Indian
subcontinent and newly independent states have been
unable to introduce routine HBV vaccination due mainly
to cost and the lack of organizational infrastructure
needed to introduce routine vaccination.

Vaccines for the Future

Vaccines that can be administered orally or intrana-
sally are the most economically feasible for mass immu-
nization of humans on a global scale, but very few
vaccines are currently available for administration by
these routes. Now that it is possible to produce genet-
ically engineered crop plants that express biologically
active proteins, efforts have been directed at producing
edible plants that express HBsAg. Results of pilot exper-
iments that show HbsAg-speci®c IgG production in lab-
oratory animals and human volunteers following
ingestion of transgenic plants that expressed HBsAg
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are encouraging and suggest that mass immunization
using dietary staples as vectors may become a reality. An
alternative and equally ingenious approach involves the
use of live attenuated Salmonella typhimurium geneti-
cally engineered to produce HBsAg as vector. Although
this vaccine is only at the developmental stage, strong
cellular and relatively insigni®cant humoral immune
responses observed after oral administration of this `̀ en-
terobacterial'' vaccine suggest that it may be useful in
some situations in which the conventional recombinant
vaccines are ineffective, such as therapeutic immuniza-
tion of chronic carriers.

Chemotherapy

Problems Associated with HBV Chemotherapy

Development of chemotherapy for HBV has been
dif®cult for a variety of reasons. HBV infection has re-
mained virtually untreatable for most of the430 years
that have passed since it was ®rst identi®ed as a major
cause of serum hepatitis. Because the HBV genome
does not encode virus-speci®c enzymes for (deoxy)-
nucleoside salvage, its replication depends on host
cell enzymes for its supply of DNA precursors. Further-
more, its unusual strategy of replication via an RNA
intermediate means that transcription and translation
of the RNA intermediate can continue even when re-
verse transcription and duplication of the resulting
DNA transcript are completely blocked. Nucleoside an-
alogues that inhibit the HBV polymerase effectively have
no direct effect on the viral minichromosome, which can
be removed only by the destruction of infected hepato-
cytes. Chemotherapeutic strategies that rely solely on
inhibitors of the viral polymerase must inevitably be
virustatic rather than virucidal, and, not surprisingly,
HBV replication invariably resumes following with-
drawal of treatment. Prolonged treatment carries disad-
vantages besides cost and the risk of cumulative toxicity.
Antiviral monotherapy (continued exposure to a single
drug) selects for mutations that cause drug resistance,
typically within 12 months of initiation of treatment.

Currently Approved Drugs

Interferon-a Until very recently, interferon-a
was the only drug licensed for use against chronic
HBV infection. Although a subgroup of patients with
active liver disease (indicated by elevated serum trans-
aminase levels) and low-level viremia respond favorably
to interferon treatment, overall response rates are
poor. Individuals who belong to certain ethnic groups
as well as those who are co-infected with hepatitis delta
virus (HDV) or human immunode®ciency virus (HIV)
or who are otherwise immunocompromised usually

fail to respond. Furthermore, interferon is generally
administered by subcutaneous or intramuscular injec-
tion, which is inconvenient, and its use is associated
with several undesirable side effects. Thus, the need
for more ef®cacious and better-tolerated orally available
anti-HBV agents has been evident for some time. Two
safe and ef®cacious new anti-HBV drugs are now avail-
able and several more are at advanced stages of clinical
development.

Lamivudine Lamivudine, the b-L-[ÿ]enantio-
mer of 20,30-dideoxy-30-thiacytidine, is an analogue of
deoxycytidine. It is activated intracellularly by phospho-
rylations catalyzed by cellular enzymes. The triphos-
phate inhibits HBV polymerase activity by terminating
newly synthesized viral DNA chains. Originally devel-
oped for treatment of HIV infection, lamivudine shows
good oral bioavailability and is well tolerated, even when
given for long periods. Treatment with lamivudine at
the usual dose of 100 mg/day produces a rapid decrease
in serum HBV DNA, clearance of HBeAg, improvement
in liver histology, and normalization of serum transam-
inases in many cases. Unfortunately, drug-resistant
HBV mutants appear almost invariably during long-
term (412 months) lamivudine treatment (see below)
and their appearance is associated with further disease
progression.

Adefovir dipivoxil Adefovir dipivoxil is a pro-
drug for the broad-spectrum antiviral deoxyadenosine
monophosphate analogue adefovir (9-[2-phosphonyl-
methoxyethyl]-adenine). Large-scale phase III clinical
trials have shown that treatment with adefovir dipivoxil
at a dose of 10 mg/day produces antiviral effects com-
parable to those of lamivudine. Resistance to adefovir
has not been observed during 48-week clinical trials
and it is active against lamivudine-resistant HBV mu-
tants. Adefovir dipivoxil has been approved for use
as an anti-HBV agent by the Food and Drug Adminis-
tration in the United States and is expected to gain
approval from regulatory authorities in other countries
in the near future.

Drug-Resistant HBV and
Combination Chemotherapy

As noted above, HBV exhibits a high mutation rate
because of the inherently poor copying ®delity of
both host RNA polymerase II and the HBVl polymerase,
both of which lack proofreading 30-50 exonuclease ac-
tivity. Populations of HBV quasispecies in chronically
infected individuals include preexisting variants that
are potentially drug-resistant. Initiation of treatment
may select for drug-resistant variants (`̀ mutants'') that
may become the predominant population as treatment
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progresses. Lamivudine resistance is usually due to
mutations (analogous to those that confer lamivudine
resistance in HIV) that cause the methionine in the
active site YMDD (tyrosineÿmethionineÿaspartateÿ
aspartate) motif of the viral polymerase to be replaced
by isoleucine, valine, or serine. Lamivudine resistance
appears to confer cross-resistance to other L-nucleoside
analogues, but does not confer cross-resistance to
adefovir dipivoxil. Lamivudine-resistant HBV mutants
are eclipsed by wild-type virus after drug withdrawal,
but can still be detected for at least 12 months, and their
transmission can cause acute hepatitis B. Current con-
sensus of opinion predicts that multidrug combination
regimes analogous to highly active antiretroviral ther-
apy that have been used to treat HIV infection will be
required to avoid development of drug resistance and
will most likely be used routinely in the future to con-
trol chronic HBV infection. Although a high viral load
ensures the preexistence of variants that are poten-
tially resistant to one or two antiviral drugs, it has
been shown that the preexistence of variants with the
potential for resistance to three or more drugs is
unlikely.

FUTURE PROSPECTS

Prophylactic vaccination may ultimately be able to con-
trol and perhaps eliminate HBV infection at some time in
the distant future. Universal hepatitis B vaccination will
require concerted efforts and cooperation between gov-
ernments, public health authorities, and pharmaceuti-
cal companies in many countries. Meanwhile, control of
HBV infection in the millions of individuals already
infected with HBV will depend on the development of
new chemotherapeutic strategies, which will similarly
require high-level organization and planning for opti-
mal effect. Continuing advances in the understanding

of HBV biology, in drug design, in monitoring disease
progression, and in vaccine development should, in
principle, make the task of elimination of HBV increas-
ingly easy, provided that economic and political obsta-
cles can be overcome.
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Hepatitis C
ANDREA D. BRANCH
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acute infection First 6 months of hepatitis C virus infection;

patients are typically asymptomatic. Serum alanine

aminotransferase levels often reach 10 times the upper

limit of normal; the course may be self-limiting or may

progress to chronic infection.

alanine aminotransferase Enzyme that is released from the

liver during times of stress and injury; can be measured

in serum and plasma.

chronic infection Hepatitis C viremia that persists for longer

than 6 months. The clinical course is highly variable, and

the disease spectrum ranges from minimal disease to

liver failure and hepatocellular carcinoma.

cryoglobulinemia Most common extrahepatic manifestation

of chronic hepatitis C. Cryoglobulins are detected in lab

tests based on their precipitation at cold temperatures;

symptomatic disease is uncommon (less than 1% of

patients) and results from local deposition of immune

complexes.

hepatitis C virus genotypes Broad families of hepatitis C

viruses that circulate worldwide; some genotypes are

more responsive to interferon treatment than others.

Depending on the genotyping system, the global popula-

tion of viruses is divided into 6 or11 genotypes.Full-length

RNA sequences of the members of a genotype are identical

to each other at 30% or more of the nucleic acid positions.

interferons Family of naturally occurring peptides with both

antiviral and antiproliferative effects; several a interfer-

ons (2a, 2b, and a consensus molecule, for example)

have been developed as pharmaceutical agents for HCV.

internal ribosome entry site Intricate RNA structure that is

located near the beginning of hepatitis C virus RNA;

promotes the initiation of viral protein synthesis.

pegylated a interferons Pharmaceutical agents in which the

interferon is linked to polyethylene glycol to improve the

pharmokinetic pro®le (half-life) and ef®cacy.

polymerase chain reaction Process that is used to copy

nucleic acids multiple times so that there is suf®cient

material for analytical detection.

quasispecies Population of hepatitis C viruses present in a

particular individual at a particular time. The full-length

sequences comprising the quasispecies are identical to

each other at a minimum of 90% of the 9600 positions in

the viral RNA molecules.

ribavirin Guanosine analogue that has antiviral and im-

munomodulatory effects; increases the sustained viral

response rate of interferon when the combination is used

to treat patients with chronic hepatitis C virus.

Hepatitis C virus is primarily transmitted through

contaminated blood and is an important cause of liver

failure and hepatocellular carcinoma. Acute infection is

usually asymptomatic, although clinically signi®cant and

protracted disease can occur during this phase, which

lasts up to 6 months. Hepatitis C virus is dif®cult to

study. It has no known hosts other than humans and

chimpanzees, does not propagate well in culture, and

can barely be detected in the liver during chronic infec-

tion. Despite these limitations, an effective therapy has

been developed, and about 50% of patients who can tol-

erate treatment are cured of chronic infection.

INTRODUCTION

Hepatitis C virus (HCV) infects about 3% of the world's
population. In the United States, it accounts for about
15% of acute viral hepatitis, 60ÿ70% of chronic hepa-
titis, and up to 50% of cirrhosis and end-stage liver
disease. Chronic infection accounts for virtually all of
the serious hepatitis C virus-related liver disease and
causes an estimated 8000 to 10,000 deaths in the
United States annually.

Routes of Transmission and Epidemiology

The routes of HCV transmission are central to HCV
epidemiology, liver disease, and virology. Transmission
usually occurs as a result of percutaneous or permucosal
exposure to contaminated blood or blood products. Be-
cause blood exchanges are relatively rare events, HCV
has few opportunities to move from one person to an-
other. It has evolved strategies that allow it to elude the
immune system and to establish chronic infections that
maintain high levels of infectious virus in the blood for
years, while causing minimal liver damage, at least in
the short term.

HCV does not have an insect vector for transport
from one person's bloodstream into another's. It relies
on humans. Unsafe medical practices cause HCV epi-
demics in many parts of the world. Intravenous drug use
is largely responsible for the epidemic in the United
States. According to Miriam Alter and colleagues, the
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Centers for Disease Control and Prevention (CDC) es-
timate that the recreational use of intravenous drugs has
transferred HCV to 60ÿ70% of the 3.9 million living
Americans (1.8% of the population) who have been
infected with HCV. Transfusions account for only
about 7% of the transmissions, and sexual activity for
about 15%. Infections resulting from sexual activity
comprise a relatively small fraction of the total because
transmission of HCV between sexual partners in mo-
nogamous relationships is very inef®cient compared to
that of other blood-borne viruses, such as human im-
munode®ciency virus (HIV) and hepatitis B virus
(HBV). The transmission rate is so low that the CDC
recommends that couples use their own discretion
when deciding whether to use condoms to further re-
duce the already minimal risk. Vertical transmission
from viremic mothers to their babies also occurs at a
relatively low rate, about 4ÿ7% per pregnancy. Co-
infection with HIV makes transmission more likely.
The actual time and mode of vertical transmission are
not known. Babies of viremic mothers should be tested
for HCV between the ages of 2 and 6 months and again
at 18 to 24 months. CDC guidelines for HCV screening
of members of high-risk groups are available on their
web site.

The number of new cases of HCV in the United
States has declined dramatically in recent years,
according to CDC estimates. During the period from
1985 to 1989, there were 242,000 acute cases each
year; in 1998, there were 40,000 new infections. The
change is almost entirely due to a reduction in new HCV
infections among recreational intravenous drug users.
The introduction of speci®c screening tests to remove
HCV from the blood supply was an important step for
clinical medicine, but it had limited impact on the
epidemic. Transfusions never accounted for more than
20% of HCV transmissions, at most. Screening for hep-
atitis B markers, begun in the 1970s, had already elim-
inated most posttransfusion HCV in the United States
before speci®c tests for this virus became available. The
factors leading to the decline in new cases of HCV that
took place during the 1990s need to be elucidated so that
this information can be used to avoid a repeat of the
previous outbreak. Unfortunately, despite the drop in
new infections, the burden of HCV disease is projected
to climb as individuals exposed in previous decades
advance into the later stages of pathology.

Natural History and Antiviral Therapy

The natural history of HCV infection is highly var-
iable. Acute infection is usually asymptomatic and leads
to self-limited disease in about 10ÿ50% of patients.

Patients who fail to clear the virus during the ®rst 6
months progress to chronic infection. Chronic infection
causes only mild in¯ammation and minimal ®brosis in
many patients, but has serious consequences for others.
It is estimated that about 20% of patients develop cir-
rhosis, usually after decades of chronic viremia. Once it
arises, cirrhosis can be followed by liver failure and/or
hepatocellular carcinoma in a few years. Disease pro-
gression is hastened by excessive alcohol consumption.
It is more rapid in men than in women, and is faster in
both sexes when infection is acquired after the age of 40.
Liver damage during chronic infection is thought to be
largely immune mediated, although viral cytotoxicity
cannot be ruled out with existing data.

It is not clear how HCV eludes the immune system
and establishes chronic infection. Viral mutability may
play a role. HCV has a high mutation rate and circulates
in each patient as a population of closely related
sequences called a quasispecies. Sequence diversity
and mutation may allow resistant viral variants to
emerge faster than the adaptive immune system can
cope with them. Hepatotropism may also be a factor.
The liver can be chronically infected by several patho-
gens, suggesting that it is inherently vulnerable to this
type of infection.

Antiviral treatment is available for patients with ei-
ther acute or chronic infection. HCV can be eliminated
in a signi®cant percentage of patients with chronic in-
fection by treatment for 6 to 12 months with interferona
(IFNa) and ribavirin. The duration and ef®cacy of com-
bination therapy are in¯uenced by the genotype of the
virus. Genotype 1, the most common genotype in the
United States, is relatively resistant; however, in selected
populations receiving optimized treatment, almost 50%
of patients with genotype 1 virus achieve a sustained
viral response. More ef®cacious and economical treat-
ments with fewer side effects are needed. Several groups
are actively seeking a vaccine.

ACUTE INFECTION

Clinical Course and Serology

Primary HCV infection is asymptomatic in the vast
majority of cases. Symptoms, when they occur, include
right upper quadrant pain, nausea, vomiting, malaise,
and fever. Jaundice develops in less than 20% of pa-
tients. Some evidence suggests that patients who be-
come jaundiced are more likely to clear the infection,
but this observation has not been con®rmed in all
studies. The innocuous presentation leaves most indi-
viduals unaware that they are infected. Because
most patients with acute infection do not seek medical
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attention, the natural history of this phase of HCV
infection remains in question. Much of the available
data were obtained from subjects who had a risk factor
for exposure to the virus, rather than from the general
population.

The ®rst detectable serum marker of acute
HCV infection, HCV RNA, initially can be found 7 to
21 days after exposure. HCV antibodies usually become
detectable at about 50 days after infection, but may ap-
pear as early as 20 days, as late as 6 months, or even later.
During the ®rst month, HCV RNA levels often rise rap-
idly and reach high titers prior to the onset of alanine
transaminase (ALT) elevations or symptoms. During the
®rst 6 months, HCV RNA serum levels often ¯uctuate
and may range over several orders of magnitude at
various times (see Fig. 1). HCV RNA may become tem-
porarily undetectable in patients who later develop
chronic disease. Because of this variability, patients pre-
sumed to have cleared the infection should be retested
6 to 12 months later. True clearance of viral RNA is
usually followed by a normalization of ALT levels within
a few weeks or months and a complete recovery.

The incubation periodÐthe interval between
exposure and the elevation of aminotransferases to
twice the upper limit of normalÐranges from 2 to 26
weeks, with an average of about 6ÿ7 weeks. In 90% of
adult cases, the peak ALT level exceeds 10 times the
upper limit of normal, but this peak may be missed in
patients who are not monitored at frequent intervals.
ALT values may not reach their peak or plateau level
until 8ÿ12 weeks after inoculation, or later. The lack of

correlation between the timing of the RNA and ALT
elevations has been taken as a sign that HCV is not
directly cytopathic. This conclusion may be an oversim-
pli®cation. The processes leading to damage in the
HCV-infected liver are not well understood.

Histology

Acute HCV has histological features that are typical
of acute viral hepatitis in general. These features include
evidence of liver cell injury and lobular necrosis. During
acute infection, in¯ammation in the portal areas is in
proportion to the in¯ammation throughout the speci-
men. In¯ammatory cells are often present in areas of
liver cell necrosis. Thus, during acute infection, in¯am-
mation is less concentrated in portal areas than during
chronic infection. Studies of acute HCV (non-A,
non-B hepatitis) often report eosinophilic degeneration
of hepatocytes, intense sinusoidal mononuclear cell in-
®ltration, Kupffer cell activation, hepatocellular fat
accumulation (steatosis), and bile duct injury. Because
acute HCV is generally asymptomatic and is rarely as-
sessed histologically, these ®ndings may re¯ect liver
pathology that is unusually severe.

Diagnosis of Acute Infection in the
Clinical Setting

There are no currently validated methods that allow
acute and chronic infection to be distinguished with
certainty except in the rare patient who is observed
to convert from seronegativity for HCV antibodies
and RNA to seropositivity. High levels of serum amino-
transferases in a patient with HCV RNA and antibodies
may indicate acute infection, but may also indicate ex-
posure to a second hepatitis virus, a toxic drug, or al-
cohol. Thus far, immunoglobulin M (IgM) responses
have not proved to be helpful; similar levels may be
present in both acutely and chronically infected pa-
tients. Some investigators are exploring anticore IgM
as a possible marker of acute infection.

Treatment of Acute Infection

No guidelines are currently available in the United
States for the antiviral treatment of patients with acute
HCV infection. Several trials of IFNamonotherapy have
been conducted. In some series, nearly 100% of the
patients eliminated the virus. Further trials are needed
to determine the optimal timing, duration, and dose of
interferon and to explore the potential bene®t of com-
bining interferon and ribavirin for the treatment of
acute HCV infection. If there is a window of opportunity
during primary infection, combination therapy may
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extend its boundaries and reduce the pressure to initiate
treatment in patients who would experience spontane-
ous clearance if given the opportunity.

The successful outcome of interferon monotherapy
for the treatment of acute HCV suggests that virtually all
genotypes of HCV are inherently sensitive to interferon.
Because treatment has oftentimes been delayed for 3 to 4
months, the high rate of viral clearance also indicates
that HCV strains remain interferon sensitive and vul-
nerable to elimination even after they have been given
the opportunity to diversify.

As illustrated in Fig. 2, the successful outcome of
early interferon treatment indicates that a large percent-
age of the patients who would otherwise progress to
chronic infection can mount an effective defense if
they are aided by interferon during the acute phase.
Evidently, if the virus is not expunged during this crit-
ical period, the patient and the virus adapt to each other
and chronicity becomes fully established. The mech-
anisms of this adaptation are only partially understood.
Once chronicity is established, only a minority of
patients can clear the virus when treated with interferon
monotherapy.

Fulminant HCV

In rare cases, acute HCV has a fulminant presenta-
tion. In fulminant hepatitis C infection, HCV RNA titers
are very high until late in the clinical course and liver
failure rapidly ensues. Because of the compressed time
frame, HCV antibodies may not be present at any point.

The detection of serum HCV RNA is the earliest and
most valuable marker for the diagnosis of fulminant
hepatitis C.

THE TRANSITION TO CHRONICITY

ALT Values Fall, but High-Level
Viremia Persists

Traditionally, HCV infection has been strictly di-
vided into acute and chronic phases, and a diagnosis
of chronic infection has been made when aminotrans-
ferases remain elevated for 6 months or more. The per-
sistence of HCV RNA is now the hallmark feature, and
the line dividing acute and chronic infection has become
blurred by the recognition that spontaneous viral clear-
ance can occur more than 6 months after inoculation
(see Fig. 1). The timing of viral clearance is of little
clinical signi®cance provided that it occurs before ex-
tensive scarring takes place.

In patients who fail to clear the virus, ¯uctuations of
viral load may parallel ALT ¯uctuations for a time. Later,
this temporal association is lost. During established
chronic infection, ALT levels are usually much lower
than during the peak of acute infection, and may be
persistently normal, elevated, or variable. Approxi-
mately 30% of patients with chronic hepatitis C have
normal ALT levels, and another 40% have ALT levels
that are less than twice the upper limit of normal. In
contrast to the decline in ALT levels, HCV RNA titers
may remain at approximately the same level as during
acute infection (see Fig. 1). The large number of per-
sistently viremic patients who have minimal liver dam-
age indicates that HCV quasispecies and the individual
patient can become adapted to each other and coexist
for decades.

Demographic Factors Associated with Higher
and Lower Chronicity Rates

The percentage of acute infections that progress to
chronicity ranges from about 50 to 85%, depending on
the population. The value most commonly cited for the
overall chronicity rate is closer to 85%. The low inci-
dence of symptomatic acute HCV infection in the
general population makes it dif®cult to obtain the pro-
spective data needed to measure this important value
directly. In the absence of longitudinal data, the chro-
nicity rate is often calculated from cross-sectional data
as follows: the fraction of the subjects positive for both
HCV antibodies and HCV RNA (those with chronic
infection) is divided by the fraction positive for HCV
antibodies (those with chronic infection plus those who

FIGURE 2 The transition to chronic infection. During the

acute phase, most individuals have the capacity to clear the

virus spontaneously, or in response to interferon (IFN) monother-

apy. Later, most viremic patients can no longer clear the infection

when treated with interferon alone. The adaptations responsible

for this conversion are likely to include modulation of the host

responses and changes in the viral quasispecies.
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cleared HCV). This approach misses individuals who
lack HCV antibodies, including people with self-limited
infections who lost antibodies after clearing the infec-
tion. Loss of antibodies has been reported in up to 50%
of patients with self-limited infections. Thus, the chro-
nicity rate of 75ÿ80% may be an overestimate for the
population at large, and is surely an overestimate for
certain demographic groups. It is important to delineate
the viral and host factors that determine whether acute
infection spontaneously clears or progresses to chronic-
ity. This knowledge may provide useful insights for
pharmaceutical and vaccine development.

Self-limited infection appears to be more common
among the young, females, and Caucasians; however,
prospective studies have not yet identi®ed any clinical,
serologic, or virologic features that predict the outcome
in an individual patient. The survey of the United States
population in the National Health and Nutrition Exam-
ination Survey (NHANES III) revealed that African-
Americans had a chronicity rate of 86%, whereas
Caucasians had a chronicity rate of 68%. This disparity
is unexplained, but is con®rmed by other studies. Its
cause may underlie the lower success rate of interferon
treatment in African-American patients compared to
Caucasians. NHANES III also demonstrated that
African-American men had a higher chronicity rate
than African-American women (98 versus 70%).
Although this survey showed no difference between
the men and women of other racial and ethnic groups,
several cohort studies reveal that women, especially
young women, clear HCV at a relatively high rate.
At least 45% of the young healthy women exposed to
HCV through contaminated immune globulin had self-
limited infection. Youthfulness also favors HCV clear-
ance. Only about 50% of children exposed to HCV while
undergoing cardiac surgery had chronic infection when
tested as adults, indicating that at least half cleared the
infection. Infants born to HCV-infected mothers may
clear HCV at a similarly high rate, although more studies
are needed to ®rmly establish the infection frequency in
newborns.

Because the incidence of acute HCV infection in the
general population is low, the populations enrolled in
most cohort studies are composed of individuals at high
risk of infection, such as health care workers exposed
through needle sticks or other accidents, recipients of
blood products, babies of HCV-infected mothers, and
recreational users of intravenous drugs. In some cases,
the distinctive features of the study population may have
an impact on the outcome of HCV infection. Transfu-
sion recipients are often chronically ill, elderly, and
immunocompromised; the 80% chronicity rate of
these individuals may not be representative of the pop-

ulation as a whole. Similarly, individuals who use in-
travenous drugs for recreation often have repeated
exposure to blood-borne pathogens, including HIV
and HBV. Their immune responses to HCV may be dis-
tinctive. The special characteristics of the study popu-
lations must be considered when drawing general
conclusions from the results.

Features of Ef®cacious Immune Responses

Intense, broad-based, rapid, and enduring cellular
immune responses are associated with self-limited in-
fection, whereas, weak, narrow, delayed, and ¯eeting T
cell responses are associated with viral persistence. Hu-
moral immune responses may also play a role in viral
clearance; however, this point is controversial. More-
over, the precise characteristics of effective T cell re-
sponses are not yet known.

A detailed longitudinal study of individuals exposed
through needle stick accidents revealed that HCV
infection was controlled only in the single patient who
had an early and vigorous CD4� and CD8� T cell
response that evolved during the course of the infection.
In this study, Francis Chisari and colleagues ®rst
detected HCV-speci®c CD8� T cells in the peripheral
blood 7 weeks after infection. Cells were CD38� (ac-
tivated) and their appearance coincided with the onset
of liver disease. From week 12 onward, the CD8�T cells
became CD38ÿ and began to produce IFNg for the ®rst
time. This change in the CD8� T cell phenotype coin-
cided with a 5 log drop in the titer of HCV RNA and a
precipitous decline in the ALT level. If CD8�CD38ÿ T
cells that produce IFNg play an important role in viral
eradication and if they achieve viral clearance through
noncytopathic mechanisms that do not destroy liver
cells, as Chisari and colleagues suggest, greater knowl-
edge of these cells may open the door to improved anti-
viral therapies. This knowledge may also shed light on
the immunological mechanisms that allow some chron-
ically infected patients to maintain virus replication at a
stable level while experiencing little or no liver damage.

The patient who cleared the virus had an unusually
high HCV RNA titer. This high titer was thought to
enhance immune responses by providing a robust sig-
nal; however, in other studies, low viral titers were a
favorable prognostic sign for viral clearance. The pre-
dictive value of RNA titer is not clear. Further research is
also needed to relate immune responses detected in
peripheral blood cells to those occurring in the liver,
and to determine whether a single series of events,
including the emergence of CD8� CD38ÿ T cells
that produce IFNg, is required for spontaneous clear-
ance, or if a variety of pathways can lead to resolution.
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Viral Strategies to Evade the Immune System
and Establish Chronic Infection

Many features of HCV are likely to help it avoid host
antiviral defenses. These include (1) a tropism for the
liver, which is a large and resilient organ that supports
a variety of chronic viruses, (2) the ability to infect
lymphocytes, potentially establishing an extrahepatic
reservoir that may be resistant to eradication, (3) the
production of protein domains, such as the interferon
sensitivity-determining region (ISDR), which may
dampen innate cellular antiviral defenses and alter
cell physiology, and (4) rapid expansion and diversi®-
cation that outpaces antiviral defenses. Of these escape
strategies, rapid expansion and diversi®cation have
received the most attention.

A sudden burst of replication during the ®rst weeks
of infection may allow the virus to invade a large number
of cells and to diversify before the adaptive immune
system can bring the infecting strain under control.
Diversi®cation creates a mixed population, which
may contain escape mutants. Patrizia Farci and col-
leagues found that diversi®cation and evolution of the
HCV population typi®ed patients who progressed to
chronicity, whereas relative evolutionary stasis of the
viral population occurred in patients who later cleared
the infection. The evolutionary stasis observed during
self-limited infection may have re¯ected the immune
system's ability to eliminate individual components of
the quasispecies before they could generate resistant
progeny, or it may have resulted from the absence of
selective pressure exerted by the adaptive immune
system. The latter circumstance would indicate that
broad-spectrum antiviral factors, such as cytokines,
e.g., IFNg, played a major role.

In addition to diversi®cation, other strategies are
also important, as indicated by an experiment in
which chimpanzees were inoculated with a single
pure HCV sequence. Chronic infection developed,
but without the accumulation of mutations in the hy-
pervariable regionÐthe domain most strongly associ-
ated with escape mutants in people. Although mutations
in other regions of the genome did occur, and may have
generated escape mutants, it is likely that host factors
also contributed to the outcome.

The liver can be chronically infected by a number
of pathogens, including HBV, HCV, the delta agent,
and the ¯avivirus, GB virus C (GBV-C)/hepatitis G
virus (HGV). Even the hepatotropic viruses that do
not establish chronic infections, such as hepatitis A
and E viruses (HAV and HEV), persist for weeks or
months. Speci®c features of liver physiology and immu-
nology may contribute to the protracted course of viral

infections. The liver contributes to oral tolerance, and it
may play a role in other processes involving active
down-modulation of immune responses. If mechanisms
similar to those leading to oral tolerance became acti-
vated during viral infection, the `̀ healthy carrier'' state
that characterizes many chronically infected HCV
patients might result.

CHRONIC INFECTION

The Spectrum of Disease

HCV is a slowly progressive disease. In many pa-
tients, liver pathology is limited to mild in¯ammation
and minimal ®brosis. Only about 20% of patients de-
velop cirrhosis, usually after decades of chronic viremia.
The major life-threatening consequences of chronic
hepatitis C are cirrhosis, complications of end-stage
liver disease (portal hypertension and hemorrhage),
and hepatocellular carcinoma (HCC). Cirrhosis may
develop silently in patients who are unaware of their
infection and may not be discovered until overt hepatic
decompensation occurs. The likelihood of the develop-
ment of HCC is estimated to be 1ÿ3% after 30 years of
chronic infection. Once cirrhosis is established, liver
cancer develops at an annual rate of about 1ÿ4%.
Many patients with chronic infection suffer from fatigue
and report a seriously diminished quality of life. This
problem is most pronounced in patients with cirrhosis.
Symptomatic cryoglobulinemia (which is associated
with local deposition of immune complexes) and
other extrahepatic manifestations occur in a small per-
centage of patients. Fortunately, many patients escape
the serious adverse effects of chronic HCV infection for
at least 20 years. It is possible that most will retain
adequate liver function inde®nitely, but the dearth of
long-term natural viral history studies leaves the ®nal
outcome in question.

Liver Damage

Much of the serious liver dysfunction in patients with
chronic HCV infection is due to the deposition of scar
tissue, or ®brosis. Scarring is a generalized response to
insults. It is one of the downstream consequences of
in¯ammation and cell injury. In¯ammation contributes
to liver damage by promoting ®brosis and by causing
multiple rounds of cell death, mutation, and cell divi-
sionÐthereby setting the stage for transformation
and carcinogenesis. Some investigators believe that
all HCV-associated liver injury is indirect and immune
mediated, but this point is not settled.

Whatever the driving forces, key variables in the
outcome of chronic HCV infection are the extent of
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scarring and the rate of scar tissue accumulation. The
extent of ®brosis can be accurately determined only by
biopsy. Many scoring systems are used to measure
®brosis, including the histology activity index (HAI;
Knodell score), the Ishak modi®cation of the HAI
score, and the Metavir score. Both the stage of ®brosis
and the grade of necroin¯ammation have prognostic
signi®cance; however, unlike scar formation, necroin-
¯ammatory activity is not cumulative.

Because liver biopsy is uncomfortable for patients
and has a signi®cant morbidity and mortality, efforts are
underway to identify a panel of serum markers that
might be used in combination with a second modality,
such as ultrasound, to measure ®brosis. No noninvasive
method is currently available, and liver biopsy remains
the gold standard. However, longitudinal studies show
that higher ALT levels are associated with a high rate of
®brosis progression, and, conversely, that persistently
normal ALT levels are associated with a low rate. Such
associations raise hope that in the future noninvasive
®brosis assessment will become possible.

Host Factors Affecting the Fibrosis
Progression Rate

All of the important variables that are known to impact
the rate of ®brosis progression are characteristics of the
patient. HCV genotype, viral load, and the diversity of
the quasispecies have not consistently emerged as sig-
ni®cant factors (although genotype strongly affects the
response to antiviral therapy). Three independent
human factors are associated with an increased rate
of ®brosis progression: age, alcohol consumption, and
male sex. The median time between infection and the
development of cirrhosis is estimated to range from a
high of 42 years (for abstinent women who were infected
before the age of 40) to a low of only 13 years (for men
infected after the age of 40 who consume large quantities
of alcohol). It is likely that the ®brosis progression rate
varies over time in the same individual. Immune re-
sponses are generally less vigorous in the elderly, raising
concern that the ®brosis progression rate may increase
as an individual ages.

It is interesting that two of the factors associated with
higher ®brosis progression ratesÐgreater age and male
sexÐare also associated with increased chronicity rates.
Thissimilaritysuggests that theinability toclear thevirus
and the inability to avoid HCV-associated liver damage
stem from the same root cause. The cause is likely to be a
subtle perturbation, or lesion, in immune responses.

The ®brosis progression rate is accelerated by a
number of comorbid conditions. HIV infection, genetic
immunode®ciencies, and immunosuppressive drugs

have a signi®cant impact. Almost 24% of HCV-infected
patients with agammaglobulinemia develop end-stage
liver failure within 5 years. Among immunosuppressed
liver transplant recipients, the estimated mean time to
the development of cirrhosis is only 12 years. Coinfec-
tion with hepatitis B virus and other liver pathogens, and
diseases such as nonalcoholic steatohepatitis (NASH),
may also accelerate ®brosis. To avoid the deleterious
effects of coinfection, all patients with chronic HCV
should receive vaccines for HAV and HBV unless they
are already immune.

Diagnostic Tests for HCV: Detection of
Antibodies and HCV RNA

An enzyme immunoassay (EIA) for HCV antibodies is
usually the ®rst diagnostic test performed on a patient
suspected of having HCV. Commercial assays include
epitopes of the nucleocapsid protein (core) and three
additional viral proteins (NS3, NS4, and NS5). The
speci®city of the current EIAs for HCV antibodies is
greater than 99%. A second type of antibody test, an
immunoblot assay, can be used to con®rm EIA results.
Recent improvements in EIAs have reduced the need
for immunoblot assays in most clinical settings. How-
ever, these tests remain useful when used in combina-
tion with EIAs during the screening of individuals
who have a low risk of HCV infection, such as blood
donors. Assays that detect the HCV core antigen have
recently been developed and their usefulness is under
investigation.

Three types of assays are used to characterize HCV
RNA. Qualitative tests establish the presence or absence
of HCV RNA in serum and are the most sensitive meth-
ods for HCV RNA detection. They are especially valu-
able when viremia is low. Quantitative tests measure the
titer of HCV RNA in serum and are often used to monitor
the response to antiviral therapy. When quantitative
testing is used for this purpose, all of the measurements
should be performed in the same laboratory with the
same method. Fortunately, a common system for report-
ing HCV RNA titers has recently been adopted. Formu-
las are available for converting the units measured in
previous eras to the currently agreed-upon international
units (IUs) of HCV RNA.

Genotyping is an additional test that is applied to
HCV RNA. This test is performed to identify the type of
HCV that infects a particular patient. This information is
needed to guide treatment decisions because some
genotypes are more sensitive to interferon than others.
Genotype is usually determined by amplifying a por-
tion of the HCV RNA with the polymerase chain reac-
tion (PCR) and then analyzing the resulting products.
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Available methods reliably distinguish the six major
genotypes and many subgenotypes.

Antiviral Treatment for Chronic HCV Infection

Antiviral treatments for HCV have improved dramati-
cally in recent years and now include longer half-life
pegylated interferons (peginterferons) that are used in
combination with ribavirin. Treatment guidelines con-
tinue to evolve. The results of clinical trials should be
consulted frequently for updates. The primary goal of
antiviral treatment is viral eradication. Several studies
show that viral clearance is followed by an improvement
in liver histology. Cirrhosis is not completely irrevers-
ible, as was once thought. It is hoped that the incidence
of HCC will also be reduced by viral clearance, but
longer followup is needed to measure this end point
and to obtain information about the impact of viral
clearance on conditions such as portal hypertension.
Some studies suggest that IFN treatment may reduce
the rate of disease progression even among patients
who remain viremic.

Two forms of pegylated IFNa are currently
approved by the Food and Drug Administration. Most
protocols use weekly injections of between 0.5 and
1.5 mg/kg of body weight. More research is needed to
identify the optimal dose of these new pharmaceuticals.
In recent trials, patients with genotype 2 or 3 had a
sustained virological response rate of 70ÿ80% when
treated with peginterferon and 800 mg/day of ribavirin
for 24 weeks. Patients with genotype 1 had a 40ÿ50%
sustained response rate after treatment for 48 weeks
with weekly peginterferon and daily ribavirin at a
dose of 1000 to 1200 mg.

Because of the lower response rate of patients with
genotype 1 virus, it is useful to obtain a baseline mea-
surement of the HCV RNA levels in these individuals
prior to initiating treatment, and to repeat this test
12 weeks later. If HCV RNA is not detectable, or if
the titer has dropped 100-fold or more, treatment
should be continued. In the absence of such a drop, a
sustained viral response is very improbable. The wisest
choice may be to discontinue treatment, or continue
with the understanding that a slowing of disease pro-
gression is the best result that can be realistically con-
sidered as a therapeutic goal.

At the end of treatment, HCV RNA should be mea-
sured with the most sensitive test available. A positive
HCV RNA test strongly predicts relapse. Negative re-
sults should be repeated 24 weeks later, to ensure that
the virus has been eradicated. Because of the relatively
low success rate (in the case of patients with genotype 1)
and the paucity of information about success rates (in

the case of patients with genotypes 4, 5, and 6), some
investigators feel that it may be advisable for patients
with genotypes 1, 4, 5, and 6 who have little evidence of
liver injury to be monitored at regular intervals, but to
delay therapy until more ef®cacious treatments become
available. Conversely, patients with extensive ®brosis
and/or necroin¯ammatory activity may wish to initiate
treatment using current protocols, unless counterindi-
cations are involved.

Many patients cannot tolerate current antiviral treat-
ments. The expense and side effects of combination
therapy are an impediment to treatment. Moreover, be-
cause a wide variety of medical and psychiatric condi-
tions have been exclusion criteria in many of the trials, it
is an open question as to what response rates can be
achieved in the broad population of chronically infected
HCV patients. More than half of all HCV-infected pa-
tients would not satisfy the inclusion and exclusion
criteria for enrollment in the major peginterferon and
ribavirin trials. Fortunately, new pharmaceutical agents
may be available soon. These new agents include small-
molecule inhibitors of HCV enzymes that are analogous
to HIV protease inhibitors. Safety trials of an HCV pro-
tease inhibitor are underway.

Liver Transplantation

Liver transplantation replaces a failed or tumorous liver
with a graft from a cadaveric or live donor. HCV is the
leading indication for liver transplantation in the United
States. Reinfection of the graft is virtually universal and
immediate. Although some recipients have a favorable
course, reinfection often leads to recurrent hepatitis
and graft damage. Cirrhosis of the graft occurs in up
to 30% of patients within 5 years of transplantation. In
recent years, the incidence and severity of recurrent
hepatitis C has increased, raising concern that long-
term survival rates may be compromised. The factors
that may be contributing to this increase in recurrent
hepatitis, such as an increase in the average age of liver
donors and changes in immunosuppressive drug proto-
cols, are under investigation.

VIROLOGY

HCV RNA and Proteins

Michael Houghton and colleagues ®rst positively iden-
ti®ed HCV in 1989. The availability of speci®c tests for
this pathogen soon revealed that HCV is the cause of over
90% of the disease previously known as non-A, non-B
(NANB) hepatitis. The HCV-speci®c tests opened the
door to detailed studies of HCV virology and revealed
that HCV is in the family Flaviviridae. Yellow fever virus
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and GBV-C/HGV are also in this family, although they
are rather distant relatives of HCV and are members of
anothergenus.HCVisapositive-sense RNAvirus,mean-
ing that both the genomic and the antigenomic strands
are composed of RNA, and the RNA that is released from
the infectious particle is capable of serving as a messen-
ger RNA once it is reaches a compatible cytoplasm.

The RNA genome of HCV is about 9600 nucleotides
in length and has nontranslated regions (NTRs) at both
ends (see Fig. 3). Portions of the NTRs form RNA struc-
tures thatarerequired forreplication,aprocess that takes
place in association with membranous structures in the
cytoplasm. An internal ribosome entry site (IRES) me-
diates the initiation of protein synthesis. This highly
conserved region is a target in many HCV RNA detection

and quantitation tests, such as the polymerase chain
reaction (PCR) assay. The conventional HCV proteins
are encoded in the main open reading frame (ORF) of
the genomic RNA and are released from a polyprotein
precursor while the nascent polyprotein is undergoing
synthesis.

The conventional proteins include three structural
proteins that are thought to be included in the viral
particle: core, and two glycoproteins, E1 and E2. The
remaining proteins encoded by the main ORF include
two molecules that are not required for HCV RNA rep-
lication, p7 and nonstructural protein 2 (NS2); p7 is a
small hydrophobic transmembrane protein reported to
self-assemble into a pore, and NS2 promotes a metal-
dependent self-cleavage reaction that severs the bond
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between itself and NS3. NS3 has a serine proteinase
domain at one end, and a helicase domain at the
other. It combines with a 54-amino-acid-long mem-
brane protein called NS4a. The NS3ÿNS4a hetero-
dimeric complex processes the polyprotein, releasing
the downstream viral proteins. The function of NS4b
is not known, but its membrane associations may aid in
the assembly of a multiprotein replication complex. The
function of NS5a in viral replication is also unknown;
however, this phosphoprotein contains the interferon
sensitivity-determining region and confers resistance to
IFNa. NS5b is the RNA-dependent RNA polymerase. In
addition to the 9100-base-long ORF, genomic HCV
RNA has an alternate reading frame (ARF) overlapping
the core gene. The ARF gives rise to antigenically active
products whose functions are under investigation.

Open Questions

What Is the Form of the Infectious Particle
and the Identity of the HCV Receptor?

It is generally accepted that the HCV virion is a
¯avivirus-like particle with an outer envelope com-
posed of lipids and two viral proteins, E1 and E2. Inside
this protective envelope, the HCV core protein forms an
inner shell and encases a single full-length copy of HCV
genomic RNA. A few electron microscope images of
such a particle have been obtained from serum samples
of infected patients, although visualization has proved
to be unexpectedly dif®cult. Sedimentation studies in-
dicate that HCV infectivity peaks in serum fractions that
are less dense than those that contain traditional
¯avivirus particles. This unusual sedimentation pattern
could be a consequence of particle degradation caused
by the centrifugation process, or it could indicate
that a portion of the HCV RNA is associated with
components of lipoprotein particles, as has been pro-
posed. In keeping with this possibility, the low-density
lipoprotein (LDL) receptor mediates the uptake of cer-
tain HCV RNA-containing particlesÐalthough it is
not clear that this pathway can initiate an infectious
cycle. CD81 has also been identi®ed as a possible cel-
lular receptor for HCV, and its signi®cance is also under
investigation.

Do the Enzymatic Viral Proteins Have
Additional Functions?

The proteins encoded by the main ORF are derived
from a single polyprotein precursor. Thus, of necessity,
they are generated in equimolar amounts. If HCV
has a ¯avivirus-like infectious particle, each virion con-
tains about 500 molecules of the core protein (and
one genomic RNA). Every time a virion is produced,

500 molecules of each of the other proteins are also
produced. Whereas the virion constituents (core, E1,
and E2) are released into the circulation, the other pro-
teins have no export pathway. This design would seem
to generate viral enzymes, such as NS5b, in excess of the
amount needed for enzymatic activity. If the viral en-
zymes have additional functions, one may be to provide
scaffolding within the replication complex. If these pro-
teins are not all needed for enzymatic activity and
scaffolding, their relatively high concentration may
position them to interact with cellular constituents.

Does the Core/ARF Region of the HCV
Genome Express an Oncogenic Protein?

Epidemiology and natural history studies demon-
strate an association between HCV and HCC, but the
nature of the association between HCV and HCC re-
mains unexplained at the molecular level. Although
HCV may induce HCC primarily by causing chronic
in¯ammation, rather than by producing a frankly on-
cogenic protein, it appears that chronic in¯ammation is
not solely responsible for HCV-associated HCC. Certain
strains of HCV transgenic mice expressing the core/ARF
gene develop cancer in the absence of in¯ammation.
Many cell culture studies implicate this segment of
the HCV genome in cellular transformation and tumor-
igenesis. The oncogenic potential of other gene regions
is also under investigation. The discoveries that the
HCV IRES functions more ef®ciently during mitosis
and that full-length HCV replicons reach higher levels
in dividing cells suggest that HCV may replicate more
ef®ciently in cells that are actively dividing and that the
virus is under selective pressure to express a protein that
promotes cell cycling.

Which Liver Cells Support HCV Replication
during Chronic Infection?

Although chronically infected patients often have
more than 1 million copies of HCV RNA/ml of blood,
detecting HCV proteins and RNA in liver cells is dif®-
cult, and the nature of the infected cell is in doubt. As
noted previously, experimental systems indicate that
dividing cells favor HCV replication; however, this
awaits con®rmation in human liver specimens. Most
data point to a widespread infection of hepatocytes,
with each infected cell expressing a very low level of
HCV proteins. Based on this model, it is estimated that
each cell produces only about 10 to 100 virions per
dayÐsuch attenuated expression is thought to promote
chronicity by confounding the immune system's efforts
to identify and destroy infected cells. Ironically, both
high-level expression in a very small number of cells and
very low-level expression in a large number of cells
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would lead to a similar result: a liver in which no signal
can be detected in the vast majority of cells, and tech-
nical questions about the rare cells emitting a signal.
New experimental approaches are needed to resolve this
matter and to understand the complex interplay be-
tween the virus and the patient that takes place in the
HCV-infected liver.

CONCLUSIONS

HCV is a highly unusual pathogen. Its novel character-
istics confer advantages and disadvantages from the
standpoint of containment and intervention. For exam-
ple, compared to other viruses that establish chronic
infection, HCV has an unprecedented sensitivity to anti-
viral therapy and can be eradicated in 50% of patients.
This sensitivity is clearly an advantage to patients
with HCV.

A second novel feature of HCV, the complexity of the
core/ARF gene region, is more ambiguous in its clinical
implications. The position of this region at the begin-
ning of the main ORF, and its high content of RNA
signals, suggest that this domain has regulatory func-
tions. Regulation of viral gene expression could be an
advantage to patients if it results in reduced cell damage,
but it could be a disadvantage if it promotes chronicity
by attenuating viral protein production to the point that
the immune system has a dif®cult time recognizing
infected cells.

The nearly total reliance of HCV on direct exposure
to contaminated blood for transmission differs from
that of other blood-borne viruses, such as HIV and
HBV, and has minimized its dissemination into the gen-
eral United States population. The epidemic is settling
into a selected segment of the population: The CDC
studies estimate that 70% of new HCV infections
occur in individuals who are using intravenous drugs
for recreation. This pattern has the potential to allow
targeted interventions to be deployed ef®ciently, but it
also has the potential to harm HCV-infected patients by
increasing their isolation.

One feature of HCV that is not unusual is its ten-
dency to rise and fall rapidly in the population. The
recent decline in new HCV infections provides a win-
dow of opportunity: if the reduced incidence can be
sustained, the bene®ts will be great. Pathogens, such
as HCV, that cause outbreaks need to be monitored
closely. The timely NHANES III study has been ex-
tremely valuable; however, it was limited to individuals
in households, and missed homeless people and those
in institutions. HCV surveillance should continue to
have a high priority and should be expanded to include

all sectors of society, especially those at high risk of
infection.

Many aspects of HCV molecular virology, pathogen-
esis, and epidemiology have been characterized, but
much remains to be learned about this highly unusual
virus. The unanswered questions, the expanding burden
of HCV-associated liver disease, and the lack of a vac-
cine combine to make HCV investigation one of the
most active research areas in gastroenterology.
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hepatitis D virus Subviral human pathogen requiring helper

functions of the hepatitis B virus to replicate and induce

disease.

hepatitis D virus RNA/hepatitis D antigen Genome/genome

product of hepatitis D virus, identi®cation of which in

serum and/or liver establishes the diagnosis of ongoing

hepatitis D virus infection.

immunoglobulin M/total immunoglobulin antihepatitis D

Antibodies to hepatitis D virus, identi®cation of which in

serum establishes the diagnosis of exposure to hepatitis D

virus.

Clinical and infectivity studies carried out in Italy and the

United States in the late 1970s and early 1980s indicated

the existence of a new and unique defective pathogenic

agent, initially called `̀ delta'' and then named hepatitis D

virus. This virus behaves like a viral parasite of hepatitis B

virus and is capable only of infecting carriers of the hep-

atitis B surface antigen. Chronic hepatitis D virus infec-

tion occurs worldwide and is a serious medical problem;

about 5% of the hepatitis B surface antigen carriers (about

15 million patients) have been estimated to harbor the

infection.

INTRODUCTION

The hepatitis delta virus (HDV) is a defective RNA virus
requiring helper functions provided by the hepatitis B
virus (HBV). The most important factor in¯uencing ef-
®ciency of transmission is an underlying HBV infection,
and carriers of the hepatitis B surface antigen (HBsAg)
are therefore the major risk group; they become infected
through superinfection because their HBV condition
rescues and rapidly activates HDV and supports its in-
de®nite synthesis. HDV can also be acquired by coin-
fection with HBV, but in this setting the synthesis of
helper HBV is transient and expression of HDV is
short lived. HDV infection is present worldwide, but
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Hepatitis D
MARIO RIZZETTO

University of Turin, Italy

hepatitis D virus Subviral human pathogen requiring helper

functions of the hepatitis B virus to replicate and induce

disease.

hepatitis D virus RNA/hepatitis D antigen Genome/genome

product of hepatitis D virus, identi®cation of which in

serum and/or liver establishes the diagnosis of ongoing

hepatitis D virus infection.

immunoglobulin M/total immunoglobulin antihepatitis D

Antibodies to hepatitis D virus, identi®cation of which in

serum establishes the diagnosis of exposure to hepatitis D

virus.

Clinical and infectivity studies carried out in Italy and the

United States in the late 1970s and early 1980s indicated

the existence of a new and unique defective pathogenic

agent, initially called `̀ delta'' and then named hepatitis D

virus. This virus behaves like a viral parasite of hepatitis B

virus and is capable only of infecting carriers of the hep-

atitis B surface antigen. Chronic hepatitis D virus infec-

tion occurs worldwide and is a serious medical problem;

about 5% of the hepatitis B surface antigen carriers (about

15 million patients) have been estimated to harbor the

infection.

INTRODUCTION

The hepatitis delta virus (HDV) is a defective RNA virus
requiring helper functions provided by the hepatitis B
virus (HBV). The most important factor in¯uencing ef-
®ciency of transmission is an underlying HBV infection,
and carriers of the hepatitis B surface antigen (HBsAg)
are therefore the major risk group; they become infected
through superinfection because their HBV condition
rescues and rapidly activates HDV and supports its in-
de®nite synthesis. HDV can also be acquired by coin-
fection with HBV, but in this setting the synthesis of
helper HBV is transient and expression of HDV is
short lived. HDV infection is present worldwide, but
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predominates in tropical and subtropical areas. With the
increased control of HBV achieved in recent years in
developed countries, the prevalence of HDV infection
has greatly declined in the Western world.

The clinical expression of HDV infections varies
from asymptomatic infections to severe forms of
acute and chronic liver disorders. Most HDV-infected
individuals who develop chronic hepatitis D suffer from
a serious and progressive liver disorder. First-line diag-
nosis is based on the ®nding of immunoglobulin (IgM
and IgG) antibodies to HDV. The ultimate diagnostic
gold standard is the detection of HDV RNA in serum or
hepatitis D antigen (HDAg) in liver.

The only approved therapy for chronic hepatitis D
is interferon a. This, however, cures no more than
15ÿ20% of noncirrhotic forms of the disease. Trans-
plantation offers a safe, therapeutic option for end-
stage HDV disease. Provided that prophylaxis with
lamivudine and standard hepatitis B immunoglobulins
is given, reinfection occurs very rarely.

VIROLOGY

Hepatitis D virus is the only member of the Deltaviridae
family. It consists of a negative-stranded RNA virus that
depends on HBV for propagation but not for RNA rep-
lication. The helper HBV does not share sequence
homologies or functional similarities with HDV; the
latter shares functional and structural properties with
small plant viruses such as viroids and virusoids. There
are three major genotypes of HDV.

The virion is a 35- to 37-nm particle consisting of
the circular ribonucleic acid (HDV RNA) and delta
antigen coated by the HBV surface antigen. The genome
is a 1.7-kb single-stranded circular RNA that can fold
itself into an unbranched rodlike structure; this folding
is caused by base pairing of over 70% of its nucleotides.
It has two unique features: transcription by a host RNA
polymerase and an autocatalytic capacity (self-cleaving
and self-ligation). The autocatalytic RNA segments are
functionally similar to the `̀ hammerhead'' ribozymes
described in plant viruses, but differ structurally, sug-
gesting that the catalytic domain of HDV RNA repre-
sents a new and different ribozyme motif.

The HDV encodes a single protein, the delta anti-
gen, from the transcription of a 0.8-kb mRNA. The
HDAg consists of two isoforms, the small (S-HDAg,
p24) HDAg and the large (L-HDAg, p27) HDAg, de-
rived from a common open reading frame; the isoforms
differ by 19 to 20 amino acids at the C terminus. The
addition of these amino acids is the consequence of
RNA editing at the amber/W site. The mRNA contains
the open reading frame for the S-HDAg, a 195-amino-

acid species that is essential for HDV genome replica-
tion. A host cell RNA polymerase that is normally DNA
dependent is redirected to act on HDV RNA as tem-
plate. The S-HDAg p24 promotes HDV replication and
is produced by infectious RNA. The L-HDAg p27 in-
hibits replication and is required for virion assembly.
Replication of HDV occurs via the rolling circle model.
Circular genomic RNA is transcribed by poly II to yield
multimeric linear transcripts of antigenomic sense that
undergo autocatalytic cleavage and ligation to produce
circular monomeric antigenomic RNA; then, the
antigenomic RNA serves as a template for replication
of circular genomic RNA by similar transcription and
processing.

The host range of HDV infections includes humans,
chimpanzees, woodchucks, and ducks carrying the
HBV-related hepadnavirus. Though spread of the virus
from cell to cell requires the presence of the HBsAg,
HDV infection can be initiated by the direct injection
of cDNA clones into the liver or by cell transfection.

NATURAL HISTORY

Hepatitis D virus can be acquired by coinfection with
HBV or by superinfection of a carrier of HBV. Individ-
uals with antibody to the HBsAg (anti-HBs) in their
serum are also protected from HDV. In healthy persons
simultaneously coinfected by the two viruses, activation
of HDV is dependent on the previous activation of
HBV. Usually the underlying HBV infection is self-
limited and HDV coinfection resolves. In superinfected
HBsAg carriers, the biological effect necessary to sup-
port HDV is provided by the HBV colonizing the in-
fected host. Superinfected carriers stand a high risk of
becoming chronic HDV carriers; progression to chro-
nicity occurs in over 90% of cases.

The natural history of chronic HDV disease varies. In
active double HBV and HDV infections, disease may run
a rapidly progressive course, leading to liver failure in
less than 2 years. Within the general population, the
disease runs a benign nonprogressive course in a min-
ority of the patients (about 15%); in the majority it runs
a progressive course, leading to cirrhosis within a few
years. Over a median of 6.6 years of follow up, HDV
cirrhosis increases twofold the risk for mortality
and threefold the risk for hepatocellular carcinoma
compared to ordinary HBV cirrhosis, and over a period
of 12 years liver cancer has developed in 40% of HDV
cirrhotic patients. Patients with chronic hepatitis D
may exhibit liver/kidney antibody microsome type 3
(LKM3), which is distinct from LKM1 of autoimmune
type 2 hepatitis. LKM3 reacts with uridyl diphosphate
(UDP) glucuronyltransferase.
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Most HDV infections in endemic areas are con-
tracted in adolescence or early adulthood and present
clinically with signs of decompensated cirrhosis in the
fourth or ®fth decade of life, i.e., one to two decades
earlier than patients presenting with HBV or HCV cir-
rhosis. Of note, the current clinical scenario of HDV
disease in the developed world re¯ects the recent pro-
found decrease in the prevalence of HDV and is different
from the clinical spectrum of the disease described in the
past. With the control of HBV infection in recent years
the number of new HDV infections has markedly de-
clined and the clinical scenario of hepatitis has distinctly
changed in the developed world; fresh and ¯orid forms
of the disease have become rare and a majority of con-
temporary HDV cases represent cohorts of patients with
long-standing infection, and clinical expression is usu-
ally an advanced cirrhosis.

TRANSMISSION AND EPIDEMIOLOGY

Transmission of HDV occurs by the parenteral route,
either overtly or covertly, and the same as for HBV trans-
mission. Signi®cant rates of HDV transmission were re-
ported in the past in speci®c epidemiologic groups,
including medical personnel, hemodialysis patients,
institutionalized patients, and prisoners, with preva-
lence rates depending on local hygienic standards and
effectiveness of HBV prophylaxis; the control of HBV
achieved in recent years in developed countries has
also greatly diminished HDV infection in these settings.

Sexual contacts provide HDV transmission, as at-
tested by the prevalence of anti-HDV in prostitutes
and in sexual partners of HDV-infected carriers. Trans-
mission of HDV is promoted by household overcrowd-
ing; in Italy, cohabitation with a carrier of HDV has been
identi®ed as a critical risk factor, and the reduction of
family size has been important in determining the
decrease of the infection in recent years.

Infection occurs worldwide, but distribution varies.
Prevalence variations are in keeping with local preva-
lence rates of HBV but not dependent on them.
The prevalence of HDV infection is very low in
North America and Northern Europe. Hepatitis D pre-
dominates in several tropical and subtropical countries,
where HBV is still hyperendemic. New foci have been
identi®ed in the Mato Grosso in Brazil, in Samara,
Russia, and among indigenous people of the Amazon
basin of Ecuador.

Of the three well-characterized genotypes of HDV,
genotype I is predominant and is found in many parts
of the world. Genotype II predominates in Taiwan and
Japan. Genotype III has so far been found only in the
Amazon Basin.

DIAGNOSTIC AND
CLINICAL FEATURES

Active HDV infection is diagnosed by the ®nding in
serum or liver of the HDV RNA or of the HDAg. Viremia
can be detected with genetic probes that hybridize with
complementary HDV RNA; transcription polymerase
chain reaction (PCR) can detect in serum 10 to 100
copies of the viral genome.

Attempts to measure HDAg in serum are unreward-
ing. In immunocompetent patients with chronic
hepatitis D, serum HDAg is undetectable by enzyme
immunoassay (EIA) or radioimmunoassay (RIA) be-
cause these patients have invariably high titers of the
homologous antibody, which blocks the antigen in im-
munocomplexes that are unavailable to the assays. The
HDAg can be detected in the liver with immunohisto-
logical techniques. Diagnostic screening is performed
with indirect antibody markersÐthe IgM antibody to
HDAg (IgM anti-HD), which is measured with m capture
immunoassays, and total antibody to the HDAg (anti-
HD), which detects predominantly the IgG antibody
and is measured with competitive radioimmuno-
assays. The IgM anti-HD is the ®rst reaction in primary
infection; it persists, progressing to chronicity, and
as a rule is detectable in high titers in patients with
chronic hepatitis D and represents a surrogate marker
of HDV-induced liver damage. The IgG antibodies de-
velop some weeks after primary infection, reaching
high titers with progression of infection, and persist
in immunocompetent patients with chronic hepatitis
D. They do not confer protection and may also be pres-
ent in HBsAg-negative individuals, representing a sero-
logical `̀ scar'' of a double HBV/HDV infection that has
resolved.

The clinical course of acute HBV/HDV coinfections
varies according to the degree of HBV and HDV express-
ion and the interplay between the two viruses, ranging
from icteric hepatitis, with full but transient expression
of both viruses, to milder anicteric forms associated
with diminished HDV expression. Early repression of
HBV can inhibit HBsAg synthesis to the extent that
this marker is not detectable in serum.

Acute hepatitis D is clinically and histologically in-
distinguishable from ordinary hepatitis B; distinction
requires speci®c serologic testing. The markers of
HBV infection are the HBsAg and IgM anti-HBc; ®nding
the latter is required for diagnosing HBV/HDV coinfec-
tion as opposed to superinfection. Coinfection hepatitis
is diagnosed from the increase of IgM anti-HD; the
IgG antibody also increases but is usually elevated
after a delay of several weeks, compared to the IgM
antibody.
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Severe forms of the illness are accompanied by the
full battery of HDV markers, including early HD
antigenemia. HDV RNA can be detected in serum
very soon during the course of infection and disappears
with resolution of disease.

Superinfection results in hepatitis in previously
healthy carriers of the HBsAg; it may lead to liver failure
in carriers with preexisting chronic hepatitis B. In about
15% of the cases, the chronic disease is a mild portal and
periportal hepatitis with no or minimal histological de-
tection of ®brosis. In the other 85% of cases, histology
shows extensive in¯ammation and necrosis with
widespread lobular involvement. Disease can be present
in HDV carriers with normal liver enzymes; it is often
severe in HDV-positive children. Concomitant HIV in-
fection does not appear to modify the course of chronic
hepatitis D; these patients may have blunted or absent
IgM and IgG anti-HD responses.

PREVENTION AND THERAPY

Vaccination against HBV is safe and ef®cacious prophy-
laxis against hepatitis D, because it prevents the helper
infection on which HDV thrives. No speci®c form of
prophylaxis is available for the HBsAg carrier at risk
of HDV. The only licensed therapy of chronic hepatitis
D is interferon a (IFNa), which appears ef®cacious only
in a minority of patients; although 40ÿ70% of treated
noncirrhotic patients normalize liver enzymes during
therapy, 60ÿ97% of the responders relapse after
stopping therapy. Permanent response is shown by
the progressive decline of IgM anti-HD and the disap-
pearance of HDV RNA during therapy and by the
subsequent seroconversion from HBsAg to anti-HBs.

Doses of 5ÿ9 MU thrice weekly or of 5 MU daily
are required and therapy should be prolonged for
at least for 12 additional months after normalization
of aminotransferases has been achieved. This regimen
may cause important side effects, in particular psychi-
atric alterations. With the recent epidemiologic decline
of HBV and HDV infection in Southern Europe and the
striking diminution of new cases of both infections, the
ratio of cases of long-standing advanced disease over
fresh forms of the disease has increased; these forms
are more resistant to IFN, and the results of therapy
are even less encouraging than reported in clinical trials
in the 1980s. Treatment with lamivudine in order to

further inhibit and possibly eradicate the underlying
HBV infection has been unsuccessful. Combination
therapy of IFN with lamivudine is currently being
explored; initial results are not promising.

Liver transplantation provides a valid therapeutic
option for end-stage HDV disease; dual HBV/HDV
infection protects from graft reinfection because in
most cases HBV synthesis is repressed by the concom-
itant HDV infection, so that HDV transplants cannot
transmit the HBV necessary to rescue HDV in the
liver graft. Combined prophylaxis with lamivudine
(pre- and posttransplantation) and standard hepatitis B
immunoglobulins posttransplantation have virtually
abolished the risk of HDV reinfection in the graft.
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Hepatitis E
PIET C. DE GROEN
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bilirubin A bile pigment formed during the catabol-

ism of heme-containing compounds, primarily

hemoglobin.

jaundice Excessive accumulation of bilirubin, as a result of

enhanced production or impaired elimination, resulting

in yellow discoloration of the skin, sclera, and mucous

membranes.

The hepatitis E virus is responsible for major epide-

mics of enterically transmitted non-A, non-B viral hepa-

titis in sub-tropical and tropical countries. Similar to

hepatitis A, clinical manifestations associated with

symptomatic disease are mostly those of mild cholestatic

hepatitis, treatment is supportive, and medical emphasis

is placed on prevention and development of effective

vaccines.

VIRAL AGENT AND DIAGNOSTIC TESTS

The hepatitis E virus, responsible for major epidemics of
enterically transmitted non-A, non-B viral hepatitis in
subtropical and tropical countries, was cloned in 1990.
The virus is currently classi®ed in a separate genusÐ
Hepatitis E-like virusesÐand consists of a single, plus-
strand RNA genome of approximately 7.2 kb without an
envelope (Fig. 1). The virus contains at least three open
reading frames encoding viral proteins against which
antibodies are made on exposure. These antibodies, es-
pecially those against the capsid protein derived from
the second open reading frame and a small protein
of unknown function derived from the third open read-
ing frame, are detected by the current serologic
assays. As for hepatitis A, immunoglobulin M (IgM)
antibodies and the ratio of IgM/IgG antibodies are
markers of acute infection (Fig. 2). IgM antibodies
are present in most patients with acute infection as de-
®ned by the presence of hepatitis E DNA in serum.
Detection of DNA via polymerase chain reaction is
used mainly for research purposes. Hepatitis E virus
isolates segregate into four major genotypes and at
least nine different groups based on full-length sequence
comparisons.

EPIDEMIOLOGY

Epidemics of symptomatic disease due to hepatitis E
virus occur only in tropical or subtropical climates.
Endemic areas include Africa (Genotype I), Mexico
(Genotype II), and the Middle East and Asia (Genotypes
I and IV). Retrospective studies on stored sera from
past epidemics of viral, enterically transmitted non-A,
non-B hepatitis in Mexico, Africa, Afghanistan,
Pakistan, India, Bangladesh, Burma, Nepal, and Borneo
have revealed that all were caused by strains of
hepatitis E. In addition, hepatitis E was found to be
responsible for the hepatitis epidemic of the southern
area of Xinjiang, China, in which 120,000 individuals

FIGURE 1 Schematic representation of the hepatitis E virus.

50, 50-end; 30, poly(A) tail and 30-end; ORF, open reading frame.

Virus in stool

Weeks after exposure

Tit
er

FIGURE 2 Typical serologic course. HEV, hepatitis E virus;

ALT, alanine aminotransferase. Adapted from the Centers for

Disease Control and Prevention Internet Presentation on HEV

(available at http://www.cdc.gov/), with permission.
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became infected between September 1986 and April
1988.

Most reports of symptomatic hepatitis E in the
United States and Europe describe cases of travelers who
acquired the disease in endemic areas, such as Mexico,
Africa, or the Far East, and became symptomatic after
returning home. However, a small number of cases,
mostly asymptomatic, likely are acquired in the United
States or Europe. The different genotype (Genotype III)
isolated from these cases supports infection from a local
source. Sporadic cases have been reported from numer-
ous nonendemic countries, including the United States,
Japan, and the Netherlands.

TRANSMISSION

Hepatitis E is transmitted via the fecalÿoral route,
predominantly via fecally contaminated drinking
water supplies. However, preliminary reports also sug-
gest transmission of the hepatitis E virus via blood trans-
fusions. Volunteer studies con®rmed the presence of the
virus in serum and feces before and during clinical dis-
ease. The virus is shed into feces approximately 1 week
before symptoms develop. The incubation period varies
from 2 to 9 weeks with a mean of approximately 45 days.
Swine constitute the main animal reservoir for hepatitis E.
Indeed, analyses of hepatitis E genotypes in swine show a
close homology for each geographic area with the human
genotypes, suggesting that hepatitis E is a zoonosis, with
swine as one of its hosts. Other animal sources in Asia and
the United States are rodents, in particular, rats.

SYMPTOMS AND SURVIVAL

Hepatitis E predominantly affects young adults (15ÿ40
years old). The symptoms of hepatitis E are similar to
those of hepatitis A. Frequently, a prodrome consisting
of anorexia, nausea, low-grade fever, and right upper
abdominal pain is present 3ÿ7 days before jaundice
develops. Aminotransferase levels peak (mostly be-

tween 1000 and 2000 U/liter) near the onset of
symptoms; bilirubin levels (10ÿ20 mg/dl) peak later.
Liver biopsy specimens may show prominent canalicu-
lar bile stasis. Jaundice usually resolves after 1ÿ2 weeks.
In approximately 10% of cases, the disease is fulminant,
especially in pregnant women, in whom mortality rates
as high as 20% due to hemorrhagic and thrombotic
complications have been reported. The disease may
also be fulminant in elderly patients and cause decom-
pensation in patients with chronic liver disease. There is
no evidence suggesting that hepatitis E can cause
chronic infection.

TREATMENT AND PREVENTION

No speci®c treatment for symptomatic hepatitis E
exists; as for hepatitis A, the disease is self-limited
and supportive care is provided as necessary. Preven-
tion is achieved by improving hygienic conditions, e.g.,
clean drinking water, thereby preventing fecalÿoral
transmission. Postexposure administration of immune
serum globulins from endemic areas has not decreased
infection rates during epidemics. However, several ex-
perimental vaccinesÐemploying recombinant protein,
DNA, or virus-like particlesÐhave been shown to in-
duce protective immunity in animals as well as in
human volunteers. A recombinant hepatitis E vaccine
is currently in phase III clinical trials.
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Hepatocellular Carcinoma (HCC)
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University of California, San Diego

a¯atoxin B1 Toxic metabolite produced by the fungi

Aspergillus ¯avus and Aspergillus parasiticus, which

contaminate improperly stored peanuts, grain, and rice

in hot and humid parts of the world.

ascites Accumulation of ¯uid that has leaked out of the liver

and collected in the abdominal cavity.

ChildÿPugh score System that makes use of simple

laboratory values (total bilirubin, albumin, and pro-

thrombin time) and clinical examination (ascites and

hepatic encephalopathy) to predict which patients with

end-stage liver disease will survive a major abdominal

surgery; also used to assess the severity of cirrhosis.

chronic liver disease Ongoing injury to the liver lasting at

least 6 months.

chronic viral hepatitis Infection with hepatitis B or hepatitis

C virus lasting more than 6 months.

cirrhosis Condition involving the liver parenchyma;

microscopic assessment demonstrates replacement of

normal hepatocytes with ®brosis and regenerative

nodules.

cryosurgery Ablative procedure in which subzero liquid

nitrogen is injected into the hepatocellular cancer, with a

goal of killing the tumor cells.

end-stage liver disease Signs and symptoms of a patient who

has decompensated cirrhosis, e.g., ascites, encephalo-

pathy, and esophageal variceal bleeding.

a-fetoprotein Normally produced to a greater degree in fetal

life, but also made by malignant hepatocytes in

hepatocellular carcinoma; can be elevated in the serum

of patients with liver cancer and can be used to screen in

patients at risk to develop hepatocellular carcinoma.

®brolamellar hepatocellular carcinoma Tumor that is

considered a histological variant of hepatocellular

carcinoma, but has distinctive histological and clinical

features. Tumors usually develop in younger, noncir-

rhotic patients have a more favorable prognosis.

hemochromatosis Inherited disease in which iron overload

can affect the liver, heart, pancreas, and skin. Complica-

tions of liver involvement include cirrhosis and hepato-

cellular carcinoma.

hepatic artery chemoembolization Ablative therapy in which

the blood supply of the tumor is selectively decreased by

embolization to cause tumor cell death. In addition to

decreasing the blood supply, a chemotherapeutic agent

can be applied directly to the tumor.

hepatic encephalopathy Altered mental status in a patient

with end-stage liver disease, ranging from mild confu-

sion to coma; stems from the fact that in a cirrhotic liver,

the cells have been replaced with scar tissue and are no

longer able to remove toxins from the blood.

hepatitis B DNA virus that infects humans and is transmitted

by blood, sex, or childbirth. Some chronically infected

patients can progress to cirrhosis and hepatocellular

carcinoma.

hepatitis C RNA virus that infects humans and is transmitted

primarily through blood. Most patients become chroni-

cally infected and some will develop cirrhosis and

hepatocellular carcinoma.

hepatocellular carcinoma (hepatoma) Liver cancer.

hepatocyte Normal liver cell.

liver biopsy Procedure in which a needle is placed into the

liver and a small portion of the liver is removed for

histological examination; most commonly done through

the skin as an outpatient procedure.

percutaneous ethanol injection Ablative therapy in which a

needle is inserted into the mass and ethanol is injected,

with the goal of killing all the tumor cells.

radiofrequency ablation Ablative therapy in which a probe is

inserted through the skin into the tumor, with the goal of

killing the tumor cells with heat.

surgical resection Treatment that offers best chance of a

cure, but is rarely possible because most patients present

with symptomatic tumors; the surgery is technically

challenging and recurrence rate is high.

transplantation Offers excellent chance for cure if patients

are chosen carefully.

Hepatocellular carcinoma (HCC) is a serious health prob-

lem and is responsible for as many as 1 million deaths per

year worldwide. Major risk factors for HCC are hepatitis

B, hepatitis C, cirrhosis of any kind, and exposure to

a¯atoxin B1. In Africa and Asia, where both the incidence

of vertically transmitted hepatitis B and a¯atoxin B1 ex-

posure are increased, rates of HCC are nearly 15 times

higher than in the United States. If detected early in its

course, HCC can be cured with surgical resection, trans-

plantation, and possibly by nonsurgical ablative thera-

pies. Unfortunately, many patients do not have any

symptoms from HCC and are diagnosed after the cancer

has become advanced and incurable. Most patients who

suffer from HCC will die from the tumor. Screening and

surveillance strategies to detect HCC at an earlier and

more curable stage are being developed and implemented

in countries around the world. The effects of such

strategies on the natural history of HCC are unknown.
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Decreasing rates of vertical transmission of hepatitis B,

increasing the vaccination rate of hepatitis B, and improv-

ing the food storage conditions in areas where a¯atoxin B1

¯ourishes seem to represent the best strategies to decrease

the morbidity and mortality associated with HCC.

INTRODUCTION

Hepatocellular carcinoma is the most common primary
malignant tumorof the liver, it representsup to90%ofall
hepatic malignancies. Worldwide, the incidence of HCC
is generally correlated with the prevalence of hepatitis B
virus (HBV) infection. The incidence of HCC has risen
sharply in Japan and other developed nations, including
the United States, possibly due to the `̀ silent'' hepatitis C
virus (HCV) epidemic. Patients infected with HCV can
go several decades without symptoms, but after 20ÿ30
years they can develop symptoms from complications of
chronic liver failure, including HCC. HCC occurs pre-
dominantly in the setting of chronic liver disease and is
most often associated with cirrhosis of the liver. Micro-
scopically, cirrhosis is de®ned by the destruction and
replacement of the normal liver cells by scar or ®brosis.
Cirrhosis is caused by a variety of chronic insults to the
liver, including HBV, HCV, a¯atoxin B1, and alcohol.
Once a patient develops cirrhosis, the rate of developing
asubsequentHCCisapproximately1ÿ3%peryear.HCC
is more common inmenandthe incidence increaseswith
age. HCC is one of the few human cancers for which an
underlying etiology, such as HBV or HCV, can be iden-
ti®ed in most cases. Surveillance for HCC in high-risk
individuals with serum a-fetoprotein (AFP) and ultra-
sound is being recommended in the United States and
other countries. The goal of a surveillance program is to
detect small, asymptomatic masses in a group of high-
risk patients before the tumor is deemed unresectable.
Early diagnosis of HCC is a critical prognostic factor
because smaller tumors are generally associated with
better outcomes. Several different systems have been
used to stage HCC clinically, but, in general, vascular
invasion, poor histological differentiation, and large tu-
mors portend apoor prognosis. Surgical resection, trans-
plantation, and ablative therapies are the mainstay of
treatment for HCC.

EPIDEMIOLOGY

HCC is the sixth most common cancer in men and elev-
enth most common cancer in women worldwide. How-
ever, because almost every individual who develops liver
cancerdiesof thedisease,HCCis the thirdmost common
cause of death in men and the seventh most common in
women. HCC accounts for approximately 12,000 deaths

per year in the United States and more than 1 million
deaths per year worldwide. The epidemiology of HCC
differs among geographic regions, ethnic groups, and
gender. The prevalence rate of chronic HBV correlates
with the incidence of HCC in most geographic regions.
Vertical transmission of HBV atbirth (from themother to
child) is the major risk in areas with increased incidence
of HBV and HCC, such as Southeast Asia, Japan, Korea
and sub-Saharan Africa (see Table I for regional inci-
dence rates of HCC). In some parts of the world, HCC
is the most common form of internal malignancy and the
most common cause of death from cancer. In a given
geographical region, different ethnic groups can have
markedly varied rates of HCC. For example, in the
United States, the incidence of HCC is higher among
individuals of East Asian origin, in part because of the
increased prevalence of HBV in these patients.

HCC is less common in the majority of developed,
Western countries, but appears to be increasing in in-
cidence in these areas. It has been suggested that this
increase is due, in part, to the silent epidemic of hepatitis
C virus (HCV). Incidence rates are expected to continue
to rise for the next 20 years because of HCV. In the US,
50% of all patients who develop HCC will be infected
with HCV.

RISK FACTORS

HCC is one of the few human cancers for which at least
one risk factor can be identi®ed in most cases. Table II
shows the most common risk factors for development of
HCC and the relative amount that each factor accounts
for in the United States. The most important etiologic
factors for HCC are HBV, HCV, cirrhosis, and exposure
to a¯atoxin B1. Regardless of the etiology, patients with
cirrhosis have a fourfold increase in incidence of HCC as
compared to patients without cirrhosis. The estimated
annual incidence of HCC in patients with cirrhosis is
estimated between 3 and 6% per year.

About 85% of the world's cases of HCC occur in the
Southeast Asia, eastern Asia, and sub-Saharan Africa.

TABLE I Regional Incidence Rates of Hepatocellular

Carcinoma

Region Age-adjusted incidence

China 60ÿ130/100,000

Taiwan 50ÿ120/100,000

Korea 40ÿ100/100,000

Japan 20ÿ50/100,000

Southern Europe 10ÿ40/100,000

Northern Europe 55/100,000

United States 55/100,000
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HBV is endemic in these regions, with up to 15% of the
population being chronically infected. Persistent HBV
infection increases the risk of HCC by 100-fold. Men
infected at birth with HBV have an estimated lifetime
risk equal to 50% for developing HCC.

In HBV infection, random integration into the host
genome by a portion of the viral genome contributes to
genetic instability by microdeletion or secondary chro-
mosomal rearrangement, increasing the chance for a
mutational event. Unlike HBV, HCV is not integrated
into the host's genome and the precise mechanism of
how HCV leads to HCC is not known, but most likely it
is secondary to cirrhosis.

In the United States and Europe, HBV and HCV have
equivalent contributions to the incidence rate of HCC.
Alcohol-related cirrhosis, alone or in combination with
HCV, causes a fair amount of HCC in the United States
and Europe. Alcohol acts synergistically with HCV and
thus all patients with HCV must be instructed to abstain
from alcohol.

Inherited metabolic disorders such as hemochroma-
tosis, tyrosinemia, a1-antitrypsin de®ciency, Wilson's
disease, and glycogen storage diseases are all associated
with a signi®cantly increased risk for development of
HCC. Hemochromatosis is a familial disease that is the
result of iron overload in various organs, including the
liver. In the liver, iron is accumulated in the hepato-
cytes, causing cellular degeneration and in¯ammation
that can lead to cirrhosis and signi®cant increased risk of
developing HCC. Men, for unknown reasons, are at an
increased risk for HCC from all conditions in which
cirrhosis develops, including chronic HBV infections.
In addition to gender, increasing age correlates with
incidence of HCC in all geographical and ethnic groups.

Exposure to mycotoxin, a¯atoxin B1 (a by-product
of the fungi Aspergillus ¯avus and Aspergillus parasiticus,
which infects grains, rice, and peanuts in hot and humid
parts of the world), Thorotrast (a radiographic contrast
agent used until the 1950s); C17-alkylated androgenic
steroids, and vinyl chloride is another risk factor for the
development of HCC.

DIAGNOSIS

Diagnosing HCC at an early stage is critical in deter-
mining prognosis. An early diagnosis leaves open the
possibility of a surgical cure, via resection or transplant-
ation. Sadly, most patients are diagnosed with HCC after
symptoms have developed and the tumor is advanced
and incurable.

Clinical Features

Upto40%ofpatientswithHCCwillbeasymptomatic
at time of diagnosis. When symptoms from HCC are
present, it is often dif®cult to distinguish from symptoms
associated with cirrhosis or end-stage liver disease. Pati-
ents with both chronic liver disease and HCC often com-
plain of fatigue, jaundice, abdominal pain, and weight
loss. On physical exam, many patients will have stigmata
of end-stage liver disease such as ascites, peripheral
edema, muscle wasting, and jaundice. Other common
signsonphysical examarehepatomegaly, splenomegaly,
and hepatic bruit, and in some cases a liver mass may
be obvious. HCC should be included in the differential
diagnosis in any patient with chronic liver disease
who experiences sudden worsening of their general
condition.

Laboratory Features

Routine laboratory tests for the evaluation of liver
function (alanine aminotransferase, aspartate amino-
transferase, albumin, prothrombin time, bilirubin,
and alkaline phosphate), markers of speci®c diseases
(hepatitis B serologies, hepatitis C antibodies, hemo-
chromatosis, ceruloplasmin, and a1-antitrypsin), and
serum a-fetoprotein can be measured in the evaluation
for HCC. AFP is an oncofetal antigen; a protein normally
expressed in fetal life, but can be reproduced by neo-
plastic cells, including HCC cells. AFP can be used as a
tumor marker and has been shown to be elevated (above
20 mg/ml) in up to 70% of patients diagnosed with HCC.
However, AFP utility is limited, because elevations as
high as 1000 ng/ml may be seen in patients with very
active chronic viral hepatitis without HCC. Although
AFP can be produced from other tumors, including
undifferentiated teratocarcinoma and embryonal cell

TABLE II Risk Factors for Hepatocellular Carcinoma

Etiology

Percentage of HCC cases

caused by, in the

United States

Cirrhosis of any kinda

Idiopathic 15ÿ40%

Chronic viral hepatitis

Hepatitis B 5ÿ10%

Hepatitis D 51%

Hepatitis C 30ÿ55%

Metabolic disorders

Hemochromatosis 51%

a1-Antitrypsin de®ciency 51%

Toxins

A¯atoxin 51%

a Possible etiologies: anabolic steroids, estrogens, oral contracep-

tives, and smoking.
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carcinoma, a rising AFP in a patient with cirrhosis is
highly suspicious for HCC. AFP can also be used to
monitor a response to therapy for HCC and in detecting
recurrence of HCC in that patient if AFP was elevated
prior to treatment. Some patients with HCC will present
with polylcythemia (elevated hemoglobin), hyper-
calcemia, and hypoglycemia, elevations that are most
likely due to tumor-generated hormones.

Liver Biopsy

Preliminary evidence suggests that when perform-
ing liver biopsy in a patient with HCC, the needle tracks
can become seeded with HCC. The true frequency with
which this occurs is unknown, but has been reported as
high as 1%. Because of possible malignant seeding as
well as other more common complications (bleeding or
pneumothorax), some physicians advocate to not per-
form a needle-biopsy before possible curative surgical
therapy; resection, or transplantation. Some examples
of indications supporting a liver biopsy include cases in
which the diagnosis is not clearly established, when
multifocal disease is suspected, and when nonoperative
ablative therapy is being considered.

The histological appearance of HCC is of a liver cell
cord-like structure, composed of hepatocytes of varying
cell differentiation. In some well-differentiated tumors,
the cancer cells are so well-differentiated that it is dif-
®cult to distinguish tumor cells from normal hepato-
cytes. On the other extreme, some tumors have cells
with severe anaplastic features and only minimal evi-
dence of hepatocellular differentiation. Fibrolamellar
hepatocellular carcinoma, usually considered a histo-
logical variant of HCC, occurs in a different population
and has a better prognosis and deserves special mention.
Fibrolamellar HCC usually develops in noncirrhotic
livers and does not produce AFP. Fibrolamellar HCC
is more common in Caucasian patients and is rarely seen
in Asians. The tumors usually grow to a large size with-
out metastasizing and therefore are more amenable to
surgical cure at time of presentation.

Radiographic Features

Radiological studies have played an important role
in diagnosis and management of HCC for over 20 years.
Radiological evaluation is used to identify and charac-
terize the tumor, to direct liver biopsy, and to assess the
extent of the disease. Radiological technology has
evolved from radioisotope scans of the liver to highly
specialized computed tomography (CT) and magnetic
resonance imaging (MRI). Ultrasound examination also
plays a key role in HCC and has been studied extensively
in screening and surveillance populations. Ultrasound

has been found to be highly sensitive, 66ÿ84% for le-
sions less than 3 cm, speci®c, and less expensive than
CT or MRI. Additional bene®ts of ultrasound include
its wide availability, noninvasive nature, and ability to
estimate the severity of the underlying liver disease.
However, ultrasound is operator dependent and is
not as sensitive, speci®c, or reliable as dual-contrast
CT scans and MRI in detecting lesions smaller than
1 cm. Because of this, multiphase contrast-enhancing
CT scans and MRI have largely replaced ultrasound
for characterizing HCC. The term `̀ triple-phase'' CT
scan has been coined to describe the very rapid scanning
of the liver before contrast injection, during the ®lling of
the hepatic artery, and during ®lling of the portal vein
with contrast. CT scans or MRI scans are particularly
useful for patients in whom ultrasound has not been able
to accurately de®ne a suspected lesion. Additionally, CT
scans can provide volumetric data that can be used to
determine the extent of resection in suitable candidates.
Using specialized contrast agents can also increase the
sensitivity and speci®city of the CT and MRI scans.
Lipiodol CT scans use lipiodol oil, which is iodized
poppy seed oil that selectively enhances the vascular
HCC liver nodules. For lesions less than 1 cm, a lipiodol
CT scan has a sensitivity of about 70%. Even with the
latest and most advanced technology, radiological
imaging will not detect a substantial number of small
tumor nodules and thus periodic surveillance in high-
risk cirrhotic patients is recommended.

SCREENING AND SURVEILLANCE

HCC screening programs for the average-risk patient
are not currently recommended in the United States.
Surveillance programs for patients at high risk for the
development of HCC, such as cirrhotics, are being done
in the United States and other nations. Table III shows
thesuggestedguidelines forsurveillance forHCC.Serum
AFP and radiological imaging, including ultrasound,
CT scan, or MRI, are used to screen high-risk individ-
uals. Using AFP alone to screen patients in populations
with an increased incidence results in a sensitivity of
80ÿ90%. In areas with a low incidence of HCC, such as
the United States, the sensitivity of serum AFP drops to
between 50 and 70%. Speci®city is constant at 80ÿ90%
in both high- and low-incidence populations. In the
United States and Western nations, serum AFP and
an ultrasound examination are performed every 6
months for high-risk patients. Patients with persistently
elevated AFP, or ill-de®ned lesions on previous imaging,
represent a higher risk group of patients, and should be
followed more closely with AFP every 3 months and
ultrasound, CT scan, or MRI every 3ÿ6 months.
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Up to 50% of patients who are diagnosed with HCC
are not aware that they had underlying liver disease and
therefore would not bene®t from a surveillance pro-
gram. Additionally, for a surveillance program to
have an effect and to achieve the modest survival bene®t
reported from Western tertiary centers, a population
must have adequate ®nancial and surgical support.
Therefore, it is unlikely that surveillance programs
will have a major impact on HCC mortality rates
throughout the world. It is more likely that strategies
such as universal vaccination against HBV, improved
eradication of HBV and HCV with medical treatment,
and removal of a¯atoxins from the food chain will have
a more signi®cant impact on prevention.

STAGING

Once a patient has been diagnosed with HCC, the
next step is to determine the stage of the cancer. As in
other types of malignancies, the goal of staging in HCC
is to stratify the patient based on historical outcomes, to
predict mortality, and to then determine the most ap-
propriate treatment modality. There are several different
staging systems available, including the pathologic
tumorÿnodeÿmetastasis (pTMN), International Union
Against Cancer (UICC), Cancer of the Liver Italian Pro-
gram (CLIP), Okuda, and Barcelona Clinic Liver Cancer
(BCLC) systems. HCC differs from other cancers in that
underlying hepatic function and not the biology of the
tumor best correlates with survival. Because the pTMN
system does not assess the underlying hepatic function,
its prognostic value is limited. The Okuda system was
the ®rst system to incorporate the biology of the tumor
and the status of underlying liver disease. All the clinical
staging systems have shortcomings, thus it is necessary
to consider many aspects, including performance status
and severity of hepatic dysfunction, tumor extent, and

comorbid conditions, prior to recommending a treat-
ment strategy.

TREATMENT

Surgical Treatment

Surgical removal of the tumor, via resection or liver
transplantation, is the treatment of choice and offers the
best chance at a cure. However, less than 20% of patients
with HCC will present with a resectable lesion. Patients
who present with unresectable HCC have a mean sur-
vival time of about 6 months. If a patient has symptoms
at the time of diagnosis, the mean survival/doubling
time of the tumor is about 3 months. Relative contradic-
tions to surgical resection include extrahepatic tumor,
jaundice without obstruction, hepatic encephalopathy,
refractory ascites, renal insuf®ciency, poor hepatic func-
tion, multifocal disease, portal vein involvement, and/or
portal hypertension. The most common sites for distant
metastasis are lungs and bone.

Surgical Resection

For patients with HCC in an otherwise normal liver,
i.e., without underlying hepatic dysfunction, resection
can be done with low morbidity and mortality (55%).
Long-term results are also good, with a 5-year survival
ranging between 35 and 50%. Patients with a single,
small tumor (less than 5 cm), negative resection mar-
gins, and an absence of nodal or vasculature involve-
ment have better survival. Partial hepatectomy is the
preferred surgical technique for noncirrhotics or pa-
tients with mild (Child's A) cirrhosis. Whereas individ-
uals with well-compensated cirrhosis tolerate a partial
hepatectomy, patients with Child's B or C cirrhosis do
poorly with such a large segment of their liver removed.
Therefore, when possible, it is best to preserve as much
residual liver mass by using a smaller operation, such as
a segmental or nonanatomical resection, in patients with
severe liver dysfunction. Hepatic resection is most often
done for curative purposes, but other indications for
resection include ruptured HCC, mass effect, paraneo-
plastic symptom relief, and for diagnostic purposes. The
most common reported complications following resec-
tion include bile leaks, bleeding, and liver failure.
Tumor recurrence in the residual liver occurs in approx-
imately 50ÿ70% of patients, either in a de novo or a
metachronous lesion.

Liver Transplantation

Liver transplantation is an appealing surgical
approach to HCC because it removes the cancer and

TABLE III Guidelines for Hepatocellular Carcinoma

Surveillance

Surveillance is recommended for the following patients

Cirrhosis from any cause

Chronic hepatitis B

Family history of HCC

Previously resected HCC

Chronic liver disease with documented ®brosis

Surveillance is not recommended for the following patients

Healthy patients with no liver disease

Chronic hepatitis C without cirrhosis

Patients who are not candidates for possible treatment

options (surgical resection, transplantation, or ablative

therapies)
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results in the widest possible resection margin, remov-
ing the remaining liver, while simultaneously restoring
hepatic function. Transplantation is the treatment of
choice for patients with small HCC and advanced cir-
rhosis (ChildÿPugh score B or C). Since 1983, the Na-
tional Institutes of Health has endorsed liver transplant
for selected patients with HCC. Transplantation is con-
traindicated if there is extrahepatic spread of the tumor,
if a single tumor is greater than 5 cm, or if there are more
than three tumors and one of them is greater than 3 cm
in diameter. Several series have found similar survival
rates in patients with HCC compared with those without
HCC as long as the aforementioned guidelines were
followed. Historically, patients with HCC have done
poorly while waiting on the transplant list, because
the rate of tumor progression is about 70% per year.
Recently, to allocate organs and give a higher priority
to patients with HCC, the Model for End-Stage Liver
Disease (MELD) system has been implemented in the
United States. Whether this improves the outcomes of
patients with HCC on the waiting list remains to be
seen. Other solutions to this problem may include
living donor transplantation, split-liver techniques,
and accepting marginal donor organs for patients
with HCC. Living donation eliminates the waiting pe-
riod and may be the preferred treatment strategy for
patients with HCC. However, it is a relatively new strat-
egy and the long-term survival analysis is not yet avail-
able. Although there is little evidence to suggest that
preoperative or neoadjuvant ablative therapy improves
survival, it is generally recommended to retard tumor
growth and metastatic spread.

Ablative Therapy

Tumors that are not amenable to surgical resection,
either because the tumors are multiple or inaccessible or
there is severe hepatic dysfunction, can be treated with
one of several ablative techniques. The ®rst nonsurgical
ablative technique was ethanol injection, which is rela-
tively safe and effective and is still widely used. Cryo-
surgery, radiofrequency ablation, hepatic arterial
embolization, and chemoembolization are additional
ablative therapies that can be used on nonresectable
tumors.

Percutaneous Ethanol Injection

In percutaneous ethanol injection (PEI), using
ultrasound for guidance, the tumor is injected with eth-
anol, with a goal of achieving complete tumor necrosis.
Most tumors require multiple injections on separate
days. PEI is used to treat tumors less than 5 cm in di-
ameter in patients with three nodules, each less than

3 cm. Contraindications to PEI include the presence
of ascites, coagulopathy, and/or obstructive jaundice.
Results vary with the size of the tumor, with an 80%
response rate for tumors less than 3 cm. The advantages
of PEI are that it is minimally invasive, simple, safe, low
cost, and quite ef®cacious.

Cryosurgery

Cryosurgery is an operative procedure in which sub-
zero liquid nitrogen is administered directly into the
tumor. It can be done in conjunction with hepatic
resection, especially when the tumor is discovered in
the contralateral lobe. Survival rates are comparable to
resection but randomized clinical trials are lacking.

Radiofrequency Ablation

A relatively new technique, radiofrequency ablation
(RFA), uses a heat-generating probe to destroy the
tumor cells. The probe can be introduced through
the skin, laparoscopically, or via an open operation.
The long-term results for RFA patient survival
has not been assessed. Short-term results appear to be
similar to those for PEI, but fewer applications are
needed. Complications include tumor seeding of the
tract in 3ÿ12% of the cases. Most physicians reserve
this technique for nonresectable lesions.

Hepatic Artery Chemoembolization

Most HCC tumors receive all their blood supply
from the hepatic artery, whereas the normal liver re-
ceives most of its blood supply (60ÿ70%) from the
portal vein. The goal of hepatic artery chemoemboliza-
tion (HAC) is to reduce blood supply selectively to the
tumor, causing induced hypoxic death of tumor cells.
The procedure consists of doing an angiogram and iden-
tifying the speci®c artery that is supplying the tumor
with blood. Next, an emulsion of lipiodol, gelatin
sponges, and a chemotherapeutic agent is infused into
the tumor. Randomized trials have failed to show any
survival bene®t of HAC versus no treatment. HAC is a
palliative approach when surgery and other percutane-
ous ablative therapy are contraindicated. Complications
include infection, abscess, liver failure, and death.

CONCLUSION

HCC is a major worldwide health issue and appears to be
increasing in developed Western countries. Hepatitis B,
hepatitis C, cirrhosis, and exposure to a¯atoxin B1 are
the major risk factors for development of HCC. If diag-
nosed earlier, smaller tumors are more amenable to
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potentially curative management, including surgical
resection, liver transplantation, and possibly ablation.
Unfortunately, despite screening directed at high-risk
populations, 80% of patients present with advanced
HCC that cannot be resected or cured. Prevention of
HCC with HBV vaccination programs and medical treat-
ment of HCV and HBV may have an impact on HCC
outcomes in the future.
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potentially curative management, including surgical
resection, liver transplantation, and possibly ablation.
Unfortunately, despite screening directed at high-risk
populations, 80% of patients present with advanced
HCC that cannot be resected or cured. Prevention of
HCC with HBV vaccination programs and medical treat-
ment of HCV and HBV may have an impact on HCC
outcomes in the future.
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target for gene therapy. Also, hepatocytes can be used to

produce bioarti®cial liver-assist devices to support pa-

tients with liver failure. Hepatocytes constitute the

most abundant type of liver cell (�60%). Other types

of liver cells include bile duct cells; hepatic stellate

cells, which are present in the space of Disse, juxtaposed

between hepatocytes and liver sinusoids; endothelial

cells, which line the liver sinusoids; ®broblasts; pit cells;

and Kupffer cells. The function of the liver as a cohesive

unit depends on cross talk among various cell types

through release of cytokines, chemicals, and signaling

molecules capable of modulating cell function. Each

of these cell types may impact liver function in health

and disease.

ONTOGENIC CONSIDERATIONS

The human liver originates from the foregut endoderm
after 4 weeks of pregnancy and develops rapidly. The
structure of the liver assumes an adult form during the
subsequent several weeks with production of bile by
14 weeks, indicating establishment of hepatobiliary
function. The development of hepatocytes requires
`̀ speci®cation'' of embryonic cells along the hepatic line-
age, which occurs with the activation of master tran-
scription factor switches regulating gene expression,
e.g., hepatocyte nuclear factor-3, as well as `̀ differenti-
ation'' of speci®ed cells into mature hepatocytes under
regulation by additional sets of genes. The liver stroma
originates from primitive cardiac mesoderm and the
development of endothelial cells is critical for hepato-
cytes at this stage. During fetal development, hepato-
cytes express some genes, e.g., a-fetoprotein, which
is replaced after birth by abundant expression of the
albumin gene. Also, fetal hepatoblasts express both
hepatic and biliary genes and may differentiate along
either of these cell lineages. In contrast, the prevalence
of progenitor cells in the adult liver declines markedly,
although in certain circumstances, progenitor cells can
reappear in the adult liver.

RELATIONSHIP WITH STEM /
PROGENITOR CELLS

To sustain an adult organ, cell losses arising from nor-
mal `̀ wear and tear'' must be balanced by equivalent
replacement of healthy cells. The normal adult liver
is characterized by extremely limited rates of cell losses.
However, in response to trauma or surgical resection,
hepatocytes replicate and restore the liver mass. This
property places the liver among the few organs in the
body with the capacity to regenerate itself. Studies es-
tablished that in appropriate circumstances hepatocytes

divide inde®nitely and repopulate the liver multiple
times. On the other hand, the life span of individual
hepatocytes may be limited by the ability of cells to
maintain normal chromosomal lengths. In animals lack-
ing telomerase, an essential protein required for
reconstituting the ends of chromosomes during cell di-
vision, hepatocytes become more susceptible to injury
and liver disease. In situations where hepatocytes are
unable to proliferate, additional types of liver cells, desi-
gnated `̀ oval cells,'' may appear. Oval cells originally
referred to poorly differentiated epithelial cells arising
after exposure to cancer-inducing chemicals. However,
oval cells also arise during liver regeneration following
hepatotoxicity with chemicals, hepatitis virus infection,
and acute liver failure. Cells similar to oval cells have
been isolated from the pancreas, which in common with
the liver arises from the foregut endoderm. Oval cells
may produce hepatocytes, bile duct cells, and other cell
types. Similarly, hepatocytes may be derived from he-
matopoietic stem cells, occasionally in the normal liver
but much more frequently in the diseased liver. It is
noteworthy that the fetal liver is a major site for the
production of hematopoietic cells. This function is no
longer necessary in adults, although hematopoiesis
may be encountered in the adult liver during some dis-
eases. Further examples of stem cell plasticity have been
encountered in cells from other sources, e.g., multipo-
tent adult progenitor cells of mesenchymal origin, with
the capacity to differentiate into hepatocytes. Also, dif-
ferentiation of pluripotential embryonic stem cells into
mature hepatocytes is under active investigation. These
considerations of liver renewal are relevant for under-
standing pathophysiological mechanisms and for iden-
tifying suitable types of cells for accomplishing cell
therapy since the supply of donor livers for transplantation
is very limited.

PRINCIPLES OF CELL ISOLATION
AND CULTURE

The ability to isolate primary hepatocytes offers a variety
of cell culture-based methods to elucidate biological
mechanisms, to develop novel drugs, to establish drug
metabolism and toxicity, and to advance cell therapy
and other applications. The standard procedures em-
ployed to dissociate liver cells require the use of en-
zymes, e.g., collagenase, to perfuse the entire liver or
portions of the liver, followed by mechanical dispersion
of cells and separation of various liver cell types through
gravity, by inert gradients using cell density, and by the
use of ¯uorescence-activated cell sorting or magnetic
cell sorting with speci®c antibodies. These methods
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create discrete populations of hepatocytes and other
liver cells for establishing cell cultures or for immediate
use. Unlike some cell types, however, hepatocytes
are easily injured during cell isolation and survive for
only short periods (hours) while suspended in culture
medium. On the other hand, when hepatocytes are
provided anchorage to tissue-culture plastic or other
substrates, cell survival improves greatly and cells
can survive for several days or weeks. The survival
and function of cultured hepatocytes can be improved
by incorporation of speci®c extracellular matrix (ECM)
components, e.g., collagen, ®bronectin, and laminin.
Hepatocytes interact with the ECM via speci®c cell
surface integrins and such interactions modulate the
proliferation of the cells as well as the expression of
differentiated genes. Nonetheless, it is generally dif®cult
to induce proliferation in cultured hepatocytes. A vari-
ety of growth factors affect DNA synthesis in cultured
hepatocytes. Hepatocyte growth factor (HGF) and
transforming growth factor (TGF)-a are among the
most potent inducers, whereas TGF-b is a most potent
inhibitor of hepatocellular DNA synthesis. Incorpora-
tion of hepatic growth factors permits the survival of
hepatocytes in culture over several months. It should be
noted that subpopulations of hepatocytes exhibit
differences in proliferation capacity under culture con-
ditions as well as in intact animals. Hepatocytes char-
acterized by a `̀ small size'' exhibit greater proliferation.
On the other hand, hepatocytes with evidence of DNA
damage show a signi®cantly lower level of proliferation
capacity. Also, the behavior of cultured hepatocytes
differs depending on the condition of the donor liver.
Cells isolated from a donor liver with excessive amounts
of fat, ®brosis, or in¯ammation show poor viability and
survivalundercultureconditions.Thesurvivalandfunc-
tion of cultured hepatocytes improve in the presence of
additional liver cell types, especially hepatic stellate
cells, which express a variety of hepatotrophic growth
factors and cytokines, including HGF. Hepatocytes iso-
lated from the adult liver do not survive in serial culture.
However, hepatocytes isolated from the liver of young
subjects or from the fetal liver can be cultured serially by
repeated subpassaging over several months, with hepa-
tocytes from fetal liver performing better than those
from young subjects (Fig. 1). Manipulations aimed at
increasing the replication potential of hepatocytes in-
volve the introduction of oncogenes, e.g., simian virus
40T antigen, or reconstitution of telomerase activity,
which could represent a more natural approach.
These methods have been successful in obtaining hepa-
tocytes that can undergo hundreds of population dou-
blings. Such manipulations offer the potential for
development of novel substrates for in vitro studies,

development of bioarti®cial liver devices to support a
failing liver, and use of these cells for transplantation,
although whether prolonged cell culture will introduce
deleterious genetic aberrations needs further analysis.

MANIPULATION OF CELLS FOR IN VITRO
AND OTHER APPLICATIONS

The liver represents a complex unit of multiple cell
types with a unique morphological arrangement, in-
cluding dual blood supply with oxygenated blood ar-
riving from the hepatic artery and blood enriched in
nutrients and hormones arriving from the portal vein.
Hepatocytes show position-dependent differences in
their biological behavior. For instance, hepatocytes in
the periportal areas of the liver lobule undergo earlier
and greater DNA synthesis during liver regeneration,
whereas hepatocytes in the perivenous areas of the
liver lobule show greater expression of cytochrome

FIGURE 1 Representative examples of primary hepatocytes.

(aÿd) Primary hepatocytes isolated from an adult human liver.

The cells were cultured in the short term on tissue-culture plastic

and are shown under phase-contrast microscopy. (b, c, and d)

Histochemical demonstration of glucose-6-phosphatase activity,

dipeptidyl peptidase IV activity, and glycogen activity, respec-

tively. (e) Primary hepatocytes isolated from an adult rat liver

with typical con¯uent cell cultures on tissue-culture plastic.

(f) Hepatocytes isolated from a rat pup within a few days after

birth. These cells had been passaged 16 times in culture and

showed signi®cant proliferation, as shown by the area of amassed

cells (arrow). Original magni®cation, �200.
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P450 genes that metabolize or detoxify injurious
by-products, chemicals, and drugs. Reproducing the
behavior of hepatocytes isolated from this complex
microenvironment under culture conditions is obvi-
ously dif®cult. A variety of manipulations have been
tested for augmenting speci®c properties of cells,
e.g., culture of cells with ECM, in gels composed of
various biomaterials, with feeder cells. However, main-
tenance of the most differentiated function of cultured
primary hepatocytes is an unresolved challenge at pres-
ent. Similarly, expansion of hepatocytes under culture
conditions, such that a bioarti®cial liver device could be
seeded with relatively few cells, followed by cell prolif-
eration has not been possible. Gene transfer with retro-
viral vectors, which integrate in the host genome and
confer permanent gene transfer, has been hampered by
limited DNA synthesis in cultured hepatocytes. Another
area concerns cryopreservation of hepatocytes, which
would provide the ability to store cells for use at short
notice. Although progress has been made in developing
suitable conditions for freezing primary hepatocytes,
further work is needed to develop superior methods.

MECHANISMS IN CELL THERAPY

A major use of isolated hepatocytes involves transplant-
ation to correct or ameliorate a variety of disorders
(Table I). Numerous animal studies have been conduc-
ted to establish fundamental mechanisms in cell engraft-
ment and liver repopulation with transplanted cells. A
major goal of these studies is to establish what mass of
transplanted hepatocytes will be necessary for correct-
ing speci®c diseases. Animal models were established
initially to localize transplanted cells containing unique
genetic markers for distinction between native and

transplanted hepatocytes. The use of such rodents es-
tablished that transplanted hepatocytes engraft, survive,
and function in a most optimal manner within the liver,
rather than in ectopic sites, of recipients. Transplanted
hepatocytes survive in the liver of animals during the
entire life span of mice and rats (approximately
2 years), when rejection of mismatched cells is avoided.
Of course, transplantation of incompatible hepatocytes
with mismatched major histocompatibility complex an-
tigens leads to rejection within several days. Analysis of
the biological properties and fate of human hepatocytes
requires the availability of immunode®cient mice or

TABLE I Selected Conditions Considered Amenable to Liver-Directed Cell Therapy

Liver suffers from disease

Liver spared from disease with diseases

in other target organs

Metabolic diseases Metabolic de®ciency states

Wilson's disease Congenital hyperbilirubinemia, e.g., CriglerÿNajjar syndrome

a-1 Antitrypsin de®ciency Familial hypercholesterolemia

Erythropoietic protoporphyria Hyperammonemia syndromes

Lipidoses, e.g., Niemann-Pick disease Defects of carbohydrate metabolism

Tyrosinemia type 1 Oxalosis

Acquired disorders Hereditary coagulation disorders

Chronic viral hepatitis Hemophilia

Liver cirrhosis Factor IX de®ciency

Chronic liver failure Inherited immune disorder

Fulminant liver failure due to viral hepatitis,

drug toxicity, etc.

Hereditary angioedema

FIGURE 2 Transplanted hepatocytes in the mouse liver.

An example is shown of how transplanted hepatocytes become

integrated in the liver parenchyma. Primary human hepatocytes

were transplanted into the liver of a NODÿSCID mouse by

intrasplenic injection. Transplanted cells were identi®ed by a

human pan-centromeric DNA probe labeled with digoxigenin.

This probe produced multiple dark-reaction products in trans-

planted cell nuclei (arrows) after detection with peroxidase-con-

jugated anti-digoxigenin antibody and color development with

diaminobenzidine. Original magni®cation, �400.
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other suitable animals capable of tolerating xenografts.
Fortunately, mice with severe combined immunode®-
ciency (SCID) represent such a host with a de®ciency of
T and B lymphocytes that minimizes immune responses
against transplanted tissues. Mice that exhibit natural
onset diabetes (NOD) in the background of SCID show
additional depletion of natural killer lymphocytes and
are superior animals for the analysis of transplanted
human cells (Fig. 2). Other types of immunode®cient
mice are being tested, e.g., NODÿSCID mice lacking in
b-2-microglobulin expression. Moreover, the use of
fetal sheep has been effective for analyzing the fate of
human cells.

The general approach is to transplant `̀ normal''
hepatocytes into humans to correct genetically deter-
mined metabolic disorders, although the use of stem
cells capable of differentiating into hepatocytes with
amenability to immunological manipulations for avoid-
ing rejection is gaining interest. Treatment of patients
with liver failure could potentially utilize healthy hepa-
tocytes from any source. Studies in authentic animal
models of disease, e.g., the Gunn rat, which models
CriglerÿNajjar syndrome (congenital jaundice due to
impaired bilirubin UDP-glucoronosyl transferase activ-
ity), the Long-Evans Cinnamon (LEC) rat, which mod-
els Wilson's disease (copper toxicosis due to ATP7B
gene mutations), Nagase analbuminemic rat (NAR;
hypoalbuminemia due to albumin gene mutation),
Watanabe heritable hyperlipidemic rabbits (WHHL),
which model familial hypercholesterolemia (low-den-
sity lipoprotein receptor mutations), and a variety of
induced mutations in mice, including models for hered-
itary tyrosinemia, progressive familial intrahepatic cho-
lestasis, and apolipoprotein de®ciency, have been most
valuable. Similarly, studies are being conducted in an-
imals with acute liver failure or chronic liver disease and
cirrhosis. In some animal models, e.g., NAR, Gunn rats,
LEC rats, and WHHL rabbits, outcomes of cell therapy
are monitored by demonstrating changes in serum pro-
teins (albumin, bilirubin, ceruloplasmin, and total
cholesterol, respectively). Assessment of improved out-
comes by analyzing manifestations of liver disease, e.g.,
encephalopathy, coagulopathy, and jaundice, requires
other types of physiological measurements or analysis of
mortality. Insights from animal studies have begun to be
translated into people. To date, initial studies of hepa-
tocyte transplantation in approximately 50 patients

worldwide indicate that cells can be transplanted safely.
In selected situations, transplantation of allogeneic
human hepatocytes has been effective in ameliorating
metabolic diseases. These encouraging initial studies
establish the framework for further development of
liver cell therapies and pave the way for eventual appli-
cations of stem cells for a similar purpose.
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acute tubular necrosis Abrupt and sustained decline in

glomerular ®ltration rate in response to an acute

ischemic or nephrotoxic insult, often characterized by

brown tubular casts in the urine.

fractional excretion of sodium Percent of ®ltered sodium

excreted in the urine, calculated based on concentrations

of urinary (U) and plasma (P) sodium (Na) and

creatinine (Cr): ([NaU][CrP]/[NaP][CrU])100.

glomerulonephritis In¯ammation of the renal glomerulus

often due to infectious or immune disorders; red blood

cells, and red and white blood cell casts commonly seen

on urinalysis.

hepatorenal syndrome Development of renal failure in

patients with acute or chronic liver failure in the absence

of any other known cause of renal disease.

splanchnic Mesenteric or intestinal in origin.

transjugular intrahepatic portosystemic shunt Placement of

a self-expanding metal mesh stent between the hepatic

vein and a branch of the portal vein via angiographic

catheters inserted through a jugular vein.

Hepatorenal syndrome is characterized by progressive

renal insuf®ciency in patients with acute or chronic

liver failure. Two types of hepatorenal syndrome exist

and are differentiated by the rapidity and severity of

renal dysfunction. Treatment includes the avoidance of

or discontinuation of nephrotoxic medications or proce-

dures, volume support, and therapy directed at reversing

splanchnic vasodilation and improving renal perfusion.

INTRODUCTION

Renal failure is a frequent complication in patients with
fulminant hepatic failure and end-stage liver disease,
occurring in 40ÿ80% of all patients. If a known cause
of renal dysfunction is not determined and renal func-
tion continues to deteriorate, the patient is typically
diagnosed with hepatorenal syndrome (HRS). Two
types of HRS exist according to the International Ascites
Club (1996). In the past, various treatments for HRS
have been utilized with limited success. However, recent
studies have shown improvement in HRS with the use of
splanchnic vasoconstrictors or transjugular intrahepatic
portosystemic shunts (TIPS). The epidemiology, path-
ophysiology, diagnosis, treatment, and prevention of
HRS are reviewed in the following discussions.

EPIDEMIOLOGY

Because the formal diagnostic criteria for HRS were
created by the International Ascites Club only recently
(1996), the epidemiology of HRS has not yet been well
de®ned. Retrospective studies have demonstrated that
HRS is present in �17% of patients hospitalized with
ascites, in 30ÿ50% of patients with spontaneous bacte-
rial peritonitis (SBP), and in 450% of patients dying
from end-stage liver disease. In a prospective study of
229 nonazotemic patients with cirrhosis and ascites,
HRS developed in 18% at 1 year and in 39% at 5 years.
Unfortunately, recent studies have shown that physi-
cians often diagnose HRS when other causes of renal
failure are present.

PATHOPHYSIOLOGY

Since 1956, when HRS was ®rst recognized, various
pathophysiological mechanisms have been proposed
to explain the pathophysiology of the syndrome. Ini-
tially, it was believed that, despite the increased plasma
volume in cirrhosis, the effective circulating plasma vol-
ume reaching vital organs, such as the kidney, is actually
decreased due to pooling in the peripheral circulation.
Volume expanders and surgical shunts have been used
to deliver more volume to the systemic circulation and
thus increase renal perfusion. Over time, it has become
clear that splanchnic arterial vasodilation due to portal
hypertension is more important than is reduced effec-
tive circulating volume in cirrhotic circulatory dysfunc-
tion. Endogenous splanchnic vasodilators, such as nitric
oxide, are thought to be major contributors to cirrhotic
circulatory dysfunction.

Three abnormalities affect renal function in patients
with cirrhosis. The earliest abnormality to manifest is
the lackof sodium excretionby the kidneys.At this stage,
the mechanism of salt retention is unknown and ascites
typically develops. Later in the course of the disease, the
reninÿangiotensin and sympathetic nervous systems
become activated in response to splanchnic arterial
vasodilation. Glomerular ®ltration rate (GFR) is main-
tained, likely due to a balance of renal vasodila-
tion (prostaglandins) and vasoconstriction. The last
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abnormality to manifest, in which either rapid (type 1
HRS) or slow (type 2 HRS) reductions in GFR occur, is
mainly caused by systemic vasodilation and intrarenal
vasoconstriction overwhelming the protective effects
of intrarenal vasodilators. Most patients develop hypo-
natremia, extremely low urinary sodium excretion, and
ascites unresponsive to diuretic therapy.

CLINICAL PRESENTATION

Hepatorenal syndrome should be suspected in any
patient with advanced liver disease when there is an
increase in serum creatinine level to greater than
1.5 mg/dl. Two forms of hepatorenal syndrome have
been described; classi®cation is mainly based on the
severity of onset. Type 1 HRS is a rapidly progressive
form associated with an 80% mortality at 2 weeks. It is
often precipitated by an acute insult such as infection,
nephrotoxic agents, or volume loss from gastrointestinal
bleeding or overly aggressive diuresis. Deterioration of
renal function is de®ned as a doubling of the serum
creatinine level to greater than 2.5 mg/dl or a 50% re-
duction of the 24-hour creatinine clearance (520 ml/
minute) within a 2-week period. Patients are usually
oliguric or anuric. Type 2 HRS is the less severe, more
insidious form. Deterioration of renal function occurs
over months rather than weeks. Patients often have
ascites resistant to diuretic therapy or are highly sensi-
tive to the renal effects of diuretics. Although survival
time is longer than type 1 HRS, the prognosis is still poor.

DIAGNOSIS

The International Ascites Club has identi®ed speci®c
criteria for the diagnosis of HRS (Table I). To diagnose
HRS, there must be documented lack of improvement
in renal function following a trial of adequate ¯uid

repletion and the discontinuation of potential
nephrotoxic agents. The major criteria must be present
to diagnose HRS, whereas minor criteria serve to provide
support for the diagnosis. It is important to remember
that HRS is a diagnosis of exclusion; it is imperative to
rule out other potential causes of acute renal failure.

DIFFERENTIAL DIAGNOSIS

Because treatment and prognosis differ greatly, it is vital
to differentiate HRS from other potentially reversible
causes of renal insuf®ciency. Patients should have a
careful physical examination assessing volume status,
urinalysis with microscopic examination, appropriate
cultures for infection, and a renal ultrasound to evaluate
for renal parenchymal disease and exclude obstruction.
The three most common, reversible causes of acute
renal failure in patients with advanced liver disease
are prerenal azotemia, acute tubular necrosis (ATN),
and glomerulonephritis.

Prerenal disease can be induced by gastrointestinal
losses (e.g., vomiting and diarrhea), gastrointestinal
bleeding, medications that reduce renal perfusion (e.g.,
diuretics and nonsteroidal antiin¯ammatory drugs),
and cardiac dysfunction. The prognosis is excellent if
the cause is identi®ed and treated early. Volume support
and achieving hemostasis are the mainstays of therapy.

ATN typically occurs after the administration of a
nephrotoxic agent (nonsteroidal antiin¯ammatory-
drugs, intravenouscontrast,oraminoglycosides)orafter
an episode of prolonged, untreated prerenal azotemia
or hypotension. ATN is usually associated with a frac-
tional excretion of sodium (FENa) >2% and `̀ muddy''
brown casts in the urine sediment. However, in cirrhot-
ics, the FENa may be51% and urinary casts may be due
to hyperbilirubinemia. ATN carries a good prognosis

TABLE I International Ascites Club (1996) Major and Minor Criteria for Diagnosis of Hepatorenal Syndromea

Major Criteria Minor Criteria

Must be present for diagnosis

1. Chronic or acute liver disease with advanced

hepatic failure and portal hypertension

2. Low GFR, indicated by serum creatinine value 41.5

mg/dl or creatinine clearance540 ml/minute

3. Absence of treatment with nephrotoxic drugs, shock, infection,

or signi®cant recent ¯uid losses

4. No sustained improvement in renal function after diuretic

withdrawal and volume expansion with 1.5 liters of

isotonic saline

5. Proteinuria 5500 mg/dl and no ultrasonographic evidence of

obstruction or parenchymal renal disease

Provide support for the diagnosis

1. Urine volume 5500 ml/day

2. Urine Na 510 mEq/liter

3. Urine osmolality greater than plasma osmolality

4. Urine red blood cells 550 per high-powered ®eld

5. Serum Na concentration 5130 mEq/liter

a Adapted with permission from W.B. Saunders Company, from Arroyo, V., Gines, P., Gerbes, A.L., et al. (1996). De®nition and diagnostic

criteria of refractory ascites and hepatorenal syndrome in cirrhosis. Hepatology 23, 164.
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and usually reverses with supportive care (avoidance of
nephrotoxic agents, correction of hypovolemia, treat-
ment of sepsis, and, occasionally, hemodialysis).

Glomerulonephritis (GN) or vasculitis should be
suspected in patients with a urine sediment containing
red cells or red cell casts. Hepatitis B and C can be
associated with cryoglobulinemia, polyarteritis nodosa,
membranous GN, and membranoproliferative GN. A
renal ultrasound and postvoid residual should be per-
formed to exclude urinary obstruction as the cause of
renal insuf®ciency.

TREATMENT

Because liver failure and portal hypertension are re-
sponsible for HRS, liver transplantation (LT) is the treat-
ment of choice. Kidneys in patients with HRS generally
function normally when transplanted into patients
without liver disease. However, patients with HRS
who undergo LT have more complications, have a
higher in-hospital mortality, and more often require
hemodialysis than do patients without HRS undergoing
LT. Fortunately, the 3-year survival after LT of patients
with HRS (60ÿ65%) is only slightly lower than that of
patients without HRS (70ÿ80%); therefore, LT is an
important option and carries a good prognosis.

If LT is not immediately available or recovery of liver
function remains a possibility (e.g., alcoholic hepatitis
or fulminant liver failure), other therapies should be
attempted to improve renal function until liver function
recovers. Because type 2 HRS is slowly progressive,
vasoactive medications are uncommonly used. Avoid-
ance and treatment of any process known to affect renal
function (nephrotoxic drugs, excessive diuresis, gastro-
intestinal bleeding, infection, etc.) are the mainstays of
management for type 2 HRS. Large-volume paracentesis
should be performed for tense ascites, mainly to reduce
intraabdominal pressure and thus improve cardiac and
renal function; however, overzealous paracentesis
should be avoided.

Because the greatest degree of splanchnic vasodila-
tion and renal vasoconstriction occurs in type 1 HRS,
most of the recent treatments have focused on reversing
this complication. Prior studies have failed to show that
surgical shunts and nonspeci®c vasoactive drugs (dopa-
mine, fenoldopam, phentolamine, and metaraminol)
improve renal function in HRS. Although most of the
studies have been small, uncontrolled trials, recent data
have demonstrated that vasoconstrictors speci®c to the
splanchnic circulation can rapidly reverse HRS. Orni-
pressin, a vasopressin analogue, was found to mprove
circulatory function and HRS in a small number of pa-
tients with HRS, although the studies were complicated

by ischemic complications. Terlipressin with albumin
given tosevenpatientswithHRSover5ÿ15days resulted
in reversal of HRS and was not complicated by ischemia.
A recent pilot study showed that norepinephrine
combined with albumin and furosemide was safe and ef-
fective for type 1 HRS. Octreotide (a long-acting somato-
statin analogue) in combination with midodrine (an oral
a-adrenergic agonist) was shown to reverse type 1 HRS
in ®ve patients. Other medications, such as N-acetyl-
cysteine and misoprostol, have shown limited success
in some patients.

Other therapies have been attempted in the treat-
ment of HRS. Reversal of portal hypertension after
TIPS has been shown to cause a signi®cant reduction
in reninÿangiotensin system activity and improvement
in the GFR in both type 1 and type 2 HRS. However, this
procedure is often complicated by hepatic encephalo-
pathy and should be considered only in patients
unresponsive to medical therapy. Hemodialysis and
arteriovenous or venovenous hemo®ltration may tem-
porarily support patients with progressive HRS, but their
ef®cacy is unknown and treatment may be complicated
by electrolyte abnormalities and hypotension. The mo-
lecular adsorbent recirculating system (MARS), a mod-
i®ed dialysis method that removes albumin-bound
substances from the blood, has shown promise in rever-
sing type 1 HRS and improving short-term survival.

PREVENTION

Speci®c measures can signi®cantly reduce the develop-
ment or progression of HRS in patients with cirrhosis.
Avoidance of nephrotoxic medications and intravenous
contrast media in patients with cirrhosis and ascites is
absolutely mandatory. Judicious use of diuretics is also
recommended. In patients undergoing large-volume
paracentesis, albumin should probably be given as ¯uid
replacement, although studies have not shown that this
treatment actually prevents HRS. However, in patients
with SBP, the addition of albumin [1.5 g/kg, intrave-
nously (iv) on admission, and 1 g/kg iv 48 hours later]
to cefotaxime signi®cantly reduces the occurrence of
type 1 HRS and lowers 3-month mortality rates. Another
study showed that the tumor necrosis factor inhibitor
pentoxifylline (400 mg, three times daily) signi®cantly
lowers the incidence of type 1 HRS compared to placebo
in patients with acute alcoholic hepatitis.

CONCLUSION

HRS represents progressive renal insuf®ciency in
patients with liver failure characterized by splanchnic
vasodilation, stimulation of the reninÿangiotensin and
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sympathetic systems, followed by impaired renal perfu-
sion. Other renal diseases must be excluded before a
diagnosis of HRS can be made. Type 2 HRS is charac-
terized by a slow reduction in the GFR, usually over
months, and is managed by avoiding known causes of
renal dysfunction and careful use of diuretics, para-
centesis, and TIPS. Type 1 HRS is a rapidly progressive
disease with a high mortality if left untreated. Treatment
of type 1 HRS with speci®c splanchnic vasoconstrictors
appears to be evolving as effective therapy in liver trans-
plant candidates and in patients with potential for
hepatic recovery. TIPS and MARS are potential options
for selected patients who either are not candidates for or
have failed medical therapy.
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damage that represents a major mechanism leading to

drug-induced hepatotoxicity.

Hepatotoxicity is the primary cause of drug-related

deaths and the principal reason that pharmaceuticals

are withdrawn from the market. Despite improvements

in toxicological studies and in safety analyses in

clinical trial protocols, the frequency of drug-induced

liver injury has not decreased over the past 10 years.

All liver cells can be affected by drugs. The types of

lesions vary according to the mechanism of drug action,

the role of the parent drug or one of its metabolites, the

route of drug administration, the drug dosage, and the

susceptibility of the patient. Consequently, adverse reac-

tions to drugs affecting the liver can reproduce the entire

spectrum of noniatrogenic liver diseases (Table I). More

than 1100 classic drugs are known to provoke hepatotoxic

reactions. Furthermore, some drug-associated excipients,

herbal medicines, and recreational or illegal compounds

(such as amphetamines and cocaine) are also hepato-

toxic. Drug-induced morbidity and mortality of are of

concern to physicians, health authorities, and pharmac-

eutical companies, and it is important to understand

and manage the most critical aspects of potential

hepatotoxicity.

EPIDEMIOLOGICAL ASPECTS

Current knowledge of drug hepatotoxicity remains
limited despite many effort to obtain reliable informa-
tion. Data have been collected for the past 20 years,
through the establishment of drug safety agencies in
many countries. A limiting factor is the dif®culty
in determining the causality of a drug in relation to a
hepatic injury, even with the development of sophisti-
cated diagnostic methods. A second limiting factor is the
method employed to collect data. Presently, a two-step
strategyÐcost / bene®t toxicity evaluation screens and

trials and postmarketing epidemiological surveil-
lanceÐis being used.

The ®rst step, the evaluation of the safety of a new
drug in order to determine the bene®t/risk ratio, is nec-
essary to obtain marketing authorization. An initial
screening is performed through animal toxicological
experiments and, increasingly, by using cellular models.
Toxicity is then assessed prospectively in healthy vol-
unteers and patients. This allows analysis of the prev-
alence and type of liver test abnormalities, and triggers
investigations to determine the potential mechanisms,
the susceptibility factors, if any, and the ability to pre-
dict the liver injury and its severity. The number of
participants enrolled in clinical trials generally ranges
from 2000 to 5000. Only frequent events (41%) can be
detected. In the majority of cases, such an event leads to
a halt in the development of the new drug. However, in
some exceptional situations, the importance of the com-
pound is such that liver toxicity may be acceptable. An
example is tacrine, the ®rst drug shown to have some
ef®cacy in Alzheimer's disease.

The risk of hepatotoxicity varies widely from one
drug to another. The high risk for marketed drugs is
around 1%, the major examples being isoniazid, chlor-
promazine, and tacrine. In contrast, for other drugs (for
instance, antihistaminic compounds, minocycline, or
penicillins), the risk of hepatotoxicity is exceedingly
low, affecting less than 1/100,000 or even 1/1,000,000
persons. This makes it dif®cult to prove hepatotoxicity,
especially when liver injury exhibits no speci®city, and
it is practically impossible to detect such an event at an
early stage. For most marketed drugs, the risk of toxicity
is moderate, ranging from 1/10,000 to 1/100,000 af-
fected persons. Such is the case with troglitazone, for
which hepatotoxicity has been estimated to be around
1/50,000 persons exposed (this is probably why toxicity
was not clearly detected among the 5000 patients

TABLE I Cell Types and Characteristics of Lesions Comprising Drug-Induced Hepatotoxicity

Hepatocyte Cholangiocyte (bile duct epithelial cell) Endothelial cell Stellate cell

Acute cytolytic hepatitis Acute and chronic cholangitis Venoocclusive disease Perisinusoidal ®brosis

Pure cholestasis Sclerosing cholangitis Sinusoidal dilation

Cholestatic hepatitis Peliosis hepatis

Chronic hepatitis BuddÿChiari syndrome

Cirrhosis Regenerative nodular hyperplasia

Macrovacuolar steatosis

Microvesicular steatosis

Phospholipidosis

Steatohepatitis

Granulomatous hepatitis

Adenoma
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included in the therapeutic trials). These risk and de-
tection factors explain why the ®rst cases of drug-related
hepatotoxicity are generally described only after a drug
has been marketed for 1 to 2 years, when the drug has
been administered to a statistically suf®cient number
of patients.

The second step in managing drug hepatotoxicity
is postmarketing surveillance, which mainly relies on
the spontaneous reporting of liver side effects. The pro-
cess is clearly imperfect and many events are over-
looked. There are very few data for estimating the
proportion of underreporting and the true incidence
of hepatotoxicity. The rare epidemiological studies of
drug hepatotoxicity have been performed mainly on a
retrospective basis and have been aimed at determining
the frequencies and types of liver injuries caused by
drugs, compared to other causes, over a given period.
The importance of underreporting has been recently
stressed by a unique prospective population-based
study performed over 3 years. The analysis showed a
global crude hepatotoxicity incidence of 13.9 per
100,000 persons. This emphasizes that spontaneously
reported cases represent less than 10% of real events
and that drug hepatotoxicity is largely underestimated
as a cause of liver disease.

Although imperfect, retrospective studies provide
some interesting information. A study made over
10 years in the liver unit of HoÃpital Beaujon, Paris,
France, revealed that among all adult patients admitted
with hepatitis, 10% of the cases were related to drug
toxicity. The prevalence of drug hepatotoxicity ex-
ceeded 40% for patients over 50 years. Another French
national survey conducted in 1983 collected data from
980 cases of hepatitis due to drugs; 63% of the patients
were women and most were over 50 years old. Similarly,
the Danish Board of Adverse Reactions to Drugs
recorded 572 cases of drug-induced hepatitis during
1968ÿ1978 (6% of all drug-related side effects);
again, most cases occurred in women over 50 years old.
Drugs have been estimated to cause around 15ÿ20% of
all cases of fulminant and subfulminant hepatitis in
Western countries, and 10% of all cases in Japan. The
risk of a fulminant course in patients with drug-induced
hepatitis with jaundice is around 20%, which is
much higher than the risk in patients suffering from
acute viral hepatitis with jaundice (1%). Further, in
70% of patients with drug-induced hepatitis with en-
cephalopathy, the disease runs a subfulminant course.

MECHANISMS OF HEPATOTOXICITY

Despite many advances in the past 20 years, the mech-
anisms of hepatotoxicity of most drugs remain un-

known. A single drug may have several toxic effects
on the liver, or may produce either toxic or allergic
hepatitis in different patients. The formation of reactive
metabolites is relatively frequent. Despite several pro-
tective mechanisms, a drug may cause covalent binding
of electrophilic metabolites to proteins, stimulation of
lipid peroxidation by free radicals, and depletion and/or
oxidation of glutathione. There follow a number of
structural and functional lesions, including a sustained
increase in cytosolic calcium, eventually leading to cell
death. The formation of reactive metabolites may lead to
two major types of hepatitis in humans: (1) toxic hep-
atitis, which occurs predictably after massive overdos-
age, e.g., with paracetamol, and (2) immunoallergic
hepatitis, in which the drug triggers an adverse immune
response directed against the liver. The main clinical
features are the dose-independent response; the associ-
ation with hypersensitivity reactions such as fever,
chills, skin rash, hypereosinophilia, and immunoallergic
thrombopenia; the shortened delay in response time on
rechallenge; and the occasional presence of serum au-
toantibodies. These autoantibodies have been observed
in cases of hepatitis caused by halothane, tienilic acid,
dihydralazine, anticonvulsants, papaverine, and nitro-
furantoin. The following mechanism has been postu-
lated: (1) the drug is ®rst metabolized into a reactive
metabolite, which binds to the enzyme that generates it.
(2) This produces a neoantigen, which, once presented
to the immune system, may trigger an immune response
characterized by the production of antibodies recogniz-
ing both the natural and/or the modi®ed protein.
(3) Rechallenge leads to increased neoantigen produc-
tion, a situation in which the presence of antibodies may
induce cell necrosis.

Several lines of evidence have recently suggested
that apoptosis and mitochondrial dysfunction can also
markedly contribute to acute hepatotoxicity. Other
mechanisms of hepatotoxicity have been demonstrated
to vary with the type of liver injury, as summarized in
the Table II. For instance, microvesicular steatosis,
which is induced by several drugs, including valproic
acid, nonsteroidal antiin¯ammatory drugs, some tricy-
clic antidepressants, tetracycline, and acetylsalicylic
acid, is caused by an inhibition at different stages of
mitochondrial b-oxidation of fatty acids and/or alter-
ation of the respiratory chain.

FACTORS MODULATING
HEPATOTOXICITY

The risk of developing drug hepatotoxicity is in¯uenced
by various physiological and genetic factors, as summa-
rized in Tables III and IV.
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Physiological Factors

Age above 60 years is a promoting factor for hepatitis
induced by isoniazid, halothane, and nitrofurantoin;
children are more subject to the toxicity of valproic
acid and salicylates. In particular, aspirin more fre-
quently induces microvesicular steatosis and Reye's
syndrome. Gender is also involved, women being
more frequently exposed to hepatotoxic methyldopa,
diclofenac, and nitrofurantoin, whereas men are
more prone to azathioprine-induced injury. Pregnancy

appears to be an in¯uencing factor. For instance, most of
the tetracycline-induced severe hepatitis has been ob-
served in pregnant women receiving high doses of the
drug by the intravenous route. Experimentally, preg-
nant mice are particularly susceptible to acetaminophen
hepatotoxicity, probably because of the glutathione re-
quirement of the fetus and placenta, which depletes
hepatocyte glutathione stores.

Nutrition status can affect hepatotoxicity in differ-
ent ways. For instance, obesity promotes halothane and

TABLE II Primary Mechanisms of Hepatotoxicity

Liver injuries Mechanisms

Acute hepatitis Metabolite-mediated toxicity

Metabolite-mediated immunoallergy and/or autoimmunity

Apoptosis

Mitochondrial dysfunction

Acute cholestasis Inhibition of biliary secretion

Macrovacuolar steatosis Decreased secretion of lipoproteins

Microvacuolar steatosis Inhibition of fatty acid mitochondrial b-oxidation

Nonalcoholic steatohepatitis Mitochondrial dysfunction

Cytokine release

Phospholipidosis Inhibition of lysosomal phospholipases

Chronic hepatitis Metabolite-mediated immunoallergic reaction

Vanishing bile duct syndrome Autoimmune destruction of small bile ducts

Abnormal multidrug resistance protein system?

Sclerosing cholangitis Biliary ischemia caused by arterial lesions

Venoocclusive disease Metabolite-mediated endothelial lesions

Perisinusoidal ®brosis Activation of Ito cells

TABLE III Acquired Factors Contributing to Drug Hepatotoxicity

Factor Drug

Age

460 years old,

children

Isoniazid, nitrofurantoin, halothane, valproic acid, salicylates

Gender

Women Nitrofurantoin, diclofenac, isoniazid

Men Azathioprine

Nutrition

Obesity Halothane, methotrexate

Fasting/malnutrition Acetaminophen

Pregnancy Acetaminophen, tetracycline

Chronic alcohol abuse Acetaminophen, methotrexate

Combined drug effects

Enzyme induction Rifampicinÿisoniazid; other anticonvulsant drugs and valproic acid

Enzyme inhibition Troleandomycinÿestrogens, phenobarbitalÿantidepressants

Toxicity combination Isoniazidÿpyrazinamide, isoniazidÿacetaminophen

Disease

HIV infection Cotrimoxazole/sulfonamides, isoniazid

Hyperthyroidism Halothane

Hepatitis B and C virus infection with liver ®brosis Antituberculosis, antiretroviral agents, nonsteroidal

antiin¯ammatory drugs?

Nonalcoholic steatohepatitis Methotrexate
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methotrexate hepatotoxicity whereas fasting and
malnutrition facilitate acetaminophen (paracetamol)
hepatitis, again, probably by depleting glutathione
stores in hepatocytes. Chronic alcohol abuse facilitates
acetaminophen hepatotoxicity, probably by complex
mechanisms involving the induction of critical enzymes
such as cytochrome P450 2E1, forming toxic metabo-
lites (N-acetyl-p-quinone imine), and by decreasing the
defense against these metabolites because of glutathione
depletion. Chronic alcohol abuse also increases meth-
otrexate toxicity.

Drug interactions can also contribute to drug hep-
atotoxicity. For instance, enzyme induction leading to
increased formation of toxic metabolites from one
drug has been demonstrated with the rifampicinÿ
isoniazid combination; rifampicin facilitates the trans-
formation of isoniazid into toxic metabolites. Similarly,
phenobarbital increases the hepatotoxicity of antide-
pressants. In contrast, enzyme inhibition can also be
implicated. This is demonstrated by the troleandomy-
cinÿestrogen interaction. Troleandomycin inhibits
estrogen metabolism by blocking cytochrome P450
3A, thereby creating an estrogen overdose with cho-
lestatic effects. Some drug combinations lead to a
higher risk of toxicity by additional production of
toxic metabolites (Table III).

A preexisting liver disease may contribute to the
hepatotoxicity of some drugs, such as antiretroviral
agents and methotrexate. Conversely, antiretroviral
agents may exacerbate latent hepatitis C or B by restoring
an ef®cient immune system and by modifying immuno-

tolerance. Chronic viral hepatitis also may increase the
hepatotoxicity of antituberculosis compounds and non-
steroidal antiin¯ammatory drugs. Some extrahepatic
diseases can also contribute to drug hepatotoxicity.
For instance, hyperthyroidism promotes halothane hep-
atitis and HIV infection is a contributing factor to the
hepatotoxicity of cotrimoxazole.

Genetic Factors Contributing to
Drug Hepatotoxicity

A de®ciency in cytochrome P450 2D6 (CYP2D6)
appears to be a major determinant of perhexilline hep-
atotoxicity. Indeed, more than 75% of patients with
perhexilline hepatotoxicity are de®cient for CYP2D6.
This enzyme de®ciency is present in 6ÿ8% of Caucasian
populations and is transmitted as an autosomal reces-
sive trait in relationship with more than 10 mutations of
the gene for CYP2D6.

A de®ciency in cytochrome P450 2C19
(CYP2C19) may be involved in Atrium hepatotoxicity.
Atrium is a complex drug combining febarbamate,
difebarbamate, and phenobarbital. A recent study
comprising a small number of patients with a previous
history of Atrium hepatitis showed that all of them
had a partial or a complete de®ciency in CYP2C19.
The prevalence of this de®ciency in Caucasians is
around 3ÿ5% and around 20% in Asians. This small
study, however, deserves to be con®rmed by a study of
a larger number of patients. Troglitazone hepatotox-
icity also appears to be associated with CYP2C19

TABLE IV Genetic Factors Contributing to Drug Hepatotoxicity

Factor Drug

De®ciency in CYP2D6 Perhexiline

De®ciency in CYP2C19 Atrium, troglitazone

De®ciency in NAT2
a

Sulfonamides, dihydralazine

De®ciency in sulfoxidation Chlorpromazine?

De®ciency in glutathione synthetase Acetaminophen

De®ciency in GSTase type T
b

Tacrine?

De®ciency in detoxication of reactive metabolites

(unknown mechanisms)

Halothane, phenytoin, carbamazepine,

amineptine, sulfonamides

HLA system

A11 Halothane

DR6 and DR2 Nitrofurantoin

A8 Clometacin

A11 Tricyclic antidepressants

A11 Diclofenac

DR6 Chlorpromazine

DRB1 1501, DRQBI 0602 Amoxicillinÿclavulanic acid

a NAT2, N-Acetyltransferase 2.
b GSTase, Glutathione S-transferase.
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de®ciency, with the proportion of poor metabolizers
being twice as high in affected patients compared to a
control group.

A de®ciency in acetylation capacity related to an
inactive N-acetyltransferase 2 (NAT2) has been
shown to be involved in the hepatotoxicity of sulfon-
amides and hydralazine. This defect is transmitted
as an autosomal recessive trait. More than 25 mutant
alleles have been associated with the slow acetylation
phenotype. The high frequency of the slow acetyla-
tion phenotype in most populations suggests that the
defect may contribute, but is not suf®cient alone, to the
toxicity of sulfonamides and hydralazine.

A de®ciency in sulfoxidation has been noted in
one study assessing patients with chlorpromazine
hepatitis. However, the lack of reproducibility of the
method used for analyzing sulfoxidation has made
this conclusion questionable. Further studies using re-
producible tests for sulfoxidation polymorphism are
required.

A de®ciency in glutathione synthetase is an un-
common condition (1/10,000), responsible for a
syndrome comprising oxoprolinuria and hemolytic
anemia. By using an in vitro lymphotoxicity assay on
specimens from patients with this de®ciency, it has been
shown that the patients may be more susceptible to
acetaminophen hepatotoxicity.

Other metabolic de®ciencies and liver susceptibility
to drugs have been linked. By using the in vitro lympho-
toxicity assay developed by Spielberg, several groups
have shown de®ciencies in detoxi®cation capacity for
reactive metabolites in patients with drug-induced hep-
atitis. This de®ciency was also observed in some family
members, suggesting a genetic defect. Such observations
have been made for halothane, phenytoin, carbamaze-
pine, amineptine, and sulfonamides. The precise defect
involved in these susceptibilities has still not been
identi®ed. In another study, it has been proposed that
tacrine hepatotoxicity may be promoted by a de®ciency
in glutathione S-transferase, type T. However, this has
not been con®rmed by any other study.

Finally, genetic variations in the immune sys-
tem may be involved in drug hepatotoxicity. Indeed,
an association has been observed between several
human leukocyte antigen (HLA) haplotypes and some
drugs (Table IV). The association between amoxicil-
linÿclavulanate and HLA DRB1 1501 is particularly
strong.

DEFINITIONS AND CLASSIFICATIONS

An international consensus meeting under the aus-
pices of the Council for International Organizations

of Medical Sciences (CIOMS) and gathering a panel
of experts have come together to de®ne a common lan-
guage between the different partners involved in the
assessment of drug-induced liver injury.

De®nitions

The following designations for drug-induced liver
disorders have been proposed, based mainly on liver test
abnormalities. When a liver biopsy has been performed,
the lesion should be named according to the histological
®ndings, e.g., cirrhosis, acute hepatitis, chronic hepati-
tis, or hepatic necrosis. In the absence of histological
data (and this corresponds to the majority of cases),
the preferred term is `̀ liver injury.'' Liver injury is de-
®ned by an increase of over two times the upper limit of
normal range (2N) in serum alanine aminotransferase
(ALT) or conjugated bilirubin, or a combined increase
of aspartate aminotransferase (AST), alkaline phospha-
tase (AP), and total bilirubin, provided one of them is
above 2N.

Clinicopathological Classi®cations

Albeit drug hepatotoxicity can reproduce practically
the whole spectrum of liver disease, acute liver injuries
(characterized by abnormalities lasting less than 3
months) predominate (about 90% of cases). Acute
liver injuries can be classi®ed in three groups using
biochemical criteria based on ALT and AP, and their
ratio (R). This classi®cation has the advantage of sepa-
rating types of hepatitis with different courses and
prognostic features.

Acute Hepatocellular Hepatitis

Acute hepatocellular hepatitis is de®ned by an
ALT above 2N or an ALT/AP ratio of � 5. Acute he-
patocellular hepatitis generally has no speci®c features
and mimics acute viral hepatitis. Liver injury may
remain asymptomatic, revealed only by an increase
in ALT or by nonspeci®c symptoms such as asthenia
or anorexia. Jaundice is inconstant. The main
biological feature is the marked increase in transami-
nases. The major pathological ®nding is liver cell
necrosis, generally associated with in¯ammatory in®l-
tration. The presence of eosinophils in the in®ltrate
and the centrilobular predominance of the lesions
argue for drug hepatotoxicity.

Hepatitis may be associated with hypersensitivity
manifestations such as fever, chills, skin rash,
hypereosinophilia, and immunoallergic thrombopenia,
which suggest an immunoallergic mechanism. Several
hundred of drugs can induce this type of hepatitis,
which may also be produced by herbal medicines, illegal
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compounds, and even some excipients. The main causes
are indicated in the Table V. In most instances, the
discontinuation of treatment is followed by a quick im-
provement of symptoms and a complete recovery within
1 to 3 months. Sometimes, however, acute hepatitis may
be followed by fulminant or subfulminant hepatitis. The
course is then very severe, with a spontaneous mortality
around 90%. The only treatment is emergency liver
transplantation. The risk to develop fulminant or
subfulminant hepatitis is particularly high when drug
administration is continued despite the occurrence of
jaundice. The course of the disease may be more insid-
ious in the progressive development of chronic hepatitis
or even cirrhosis.

Acute Cholestatic Liver Injury

Acute cholestatic liver injury is characterized by
an isolated increase of serum alkaline phosphatase
above 2N, or by an ALT/AP ratio of 52. There are
two subtypes, pure (bland) cholestasis and cholestatic
hepatitis.

Pure cholestasis Pure cholestasis is mainly char-
acterized by jaundice, pruritus, and dark urine. Biolog-
ically, there is an increase in alkaline phosphatase,
(-glutamyl transpeptidase, and conjugated bilirubin.
Transaminases are normal or only slightly increased;
liver biopsy mainly shows bilirubin deposits in
hepatocytes and more or less dilated biliary canaliculi
containing biliary pigments. Cholestasis predominates
in centrilobular area. Pure cholestasis is observed with
a few drugs, mainly hormonal derivatives (Table VI).
Discontinuation of the causative drug is followed by a
complete recovery.

Acute cholestatic hepatitis In addition to mani-
festations of pure cholestasis, acute cholestatic hepatitis
liver injury may be associated with abdominal pain,
fever, and chills, which can mimic acute biliary obstruc-
tion. Hypersensitivity manifestations are frequent. Liver
biopsy shows cholestasis associated with in¯ammatory
in®ltration in portal tracts. The prognosis is much better
than that for hepatocellular hepatitis. After drug with-
drawal, symptoms rapidly disappear and recovery
occurs within a few weeks. Rarely, however, chronic
cholestasis simulating primary biliary cirrhosis may
develop. This particular course is observed in cases
with associated cholangitis. Several hundreds of drugs

TABLE V Primary Drugs Responsible for Acute Hepatocellular Hepatitis

Primary conventional drugs

Without hypersensitivity: acetaminophen, isoniazid, pyrazinamide, ketoconazole, valproic acid, troglitazone, tacrine, paroxetine,

tolcapone, antiretroviral drugs (didanosine, zidovudine, zalcitabine, stavudine, ritonavir, indinavir, saquinavir, efevirenz,

nel®navir), anti-mycotics (itraconzole, ketoconazole, terbina®ne), cytokines and growth factors (interleukin-2, interleukin-12,

interleukin-2F,interleukin-3, interleukin-6, granulocyte colony-stimulating factor), le¯unomide, gemcitabine

With hypersensitivity: nonsteroidal in¯ammatory drugs (almost all drugs), sulfonamides, almost all antidepressants (tricyclic,

iproniazid, ¯uoxetine), halothane and derivatives, abacavir, halothane and its derivatives

Herbal medicines

Pyrrolizidine alkaloids (crotaloria, senecio), Atractylis gummifera L., germander, chinese herbal preparations, chapparal leaf, senna,

skullcap, valerian, mentha-containing pennyroyal oil, kava-kava, great celandine

Illegal compounds

Cocaine, `̀ Ecstasy'' (N-methyl-3,4-methylene dioxyamphetamine)

Excipients

Sodium saccharinate (dihydroergocristine; chlordemethyldiazepam; prednisolone, 20 mg), polysorbate (E-Ferol, intravenous

amiodarone), propylene glycol (multivitamin intravenous solutions)

TABLE VI Primary Drugs Responsible for Acute

Cholestatic or Mixed Hepatitis and Cholangitis

Pure cholestasis

Oral contraceptives, estrogens, estrogens plus troleandomycin

or erythromycin, androgens, tamoxifen, azathioprine,

cytarabine

Acute cholestatic/mixed hepatitis

Phenothiazines, tricyclic antidepressants, nonsteroidal

antiin¯ammatory drugs, carbamazepine, macrolide

antibiotics, amoxicillin/clavulanic acid, sulfonamides, gold

salts, b-lactam antibiotics, propoxyphene, antiretrovirals

(didanosine, zidovudine, stavudine, ritonavir), interleukins

(IL-2, IL-6, IL-2)

Acute cholangitis

Phenothiazines, carbamazepine, tricyclic antidepressants,

macrolide antibodies, amoxicillinÿclavulanic acid

Chronic cholangitis

Phenothiazines, arsenical derivatives, tricyclic

antidepressants, macrolide antibodies, thiabendazole,

tetracycline, feno®brate
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are able to cause cholestatic hepatitis; the main ones are
indicated in the Table VI.

Mixed-Pattern Acute Liver Injury

Mixed-pattern acute liver injury is characterized by
an ALT/AP ratio of between 2 and 5. The clinicopath-
ological manifestations are a mixture of those observed
with hepatocellular and cholestatic hepatitis, but also
include granulomatous reactions. A mixed-pattern liver
injury is frequently associated with immunoallergic
manifestations. The prognosis is generally very good.
The main causative drugs are indicated in Table VI.

Other Types of Liver Injury

Other types of liver injury were not well character-
ized by the international consensus meeting. It was,
however, mentioned that the term `̀ chronic'' applies
to liver diseases with a course longer than 3 months,
without any reference to the underlying lesion. This is to
distinguish from drug-induced chronic hepatitis, well
characterized by histological examination. The lack of
precision of this system, based on biological tests, has
been recently stressed by several clinicians. The de®ni-
tions of chronic and other drug-induced liver disorders
rely principally on histological ®ndings. Their fre-
quency is globally low. Drugs are the cause of less
than 1% of cases of chronic hepatitis and cirrhosis.
However, for some rare lesions, drugs are an important
cause. Such is the case for estrogens and hepatic ade-
noma, and the contribution of thiopurines and anti-
neoplastic agents to hepatic vascular disorders such
as nodular regenerative hyperplasia and peliosis hepa-
titis. Such drug-induced injuries and the primary drugs
involved are indicated in Table VII.

DIAGNOSIS

There are generally no speci®c markers or tests for the
diagnosis of drug-induced liver injury. Therefore, the
diagnosis entirely relies on circumstantial evidence. To
address the problem, various analytical methods have
been developed to assess the causality of a given drug in
the occurrence of liver injury. The principles of all these
methods are similar. Causality assessment relies on
chronological and clinical criteria to allow elimination
of other causes and to demonstrate the role of the
offending drug (Table VIII).

Chronological Criteria

The ®rst criterion is the time interval between
the beginning of treatment with the suspected agent

and the onset of liver injury; this `̀ latent period to
onset'' varies widely. It is considered suggestive when
the interval is between 1 and 12 weeks. A shorter du-
ration (1 or 2 days) may be observed in patients who
have been previously exposed to the compound and
have become sensitized. A delay of between 3 and 12
months remains compatible but is less common. A delay
above 1 year is very uncommon; it generally makes the
role of the suspected drug very unlikely in the case of
acute hepatitis, but note that with unusual forms of
chronic liver disease (such as hepatic adenoma and
some types of vascular injury mentioned earlier), the
latent period to onset is often several years.

The second criterion is the resolution of liver test
abnormalities after withdrawal of the treatment. This is
very suggestive when clinical features disappear within
a few days, and when aminotransferases decrease by
more than 50% in a week. Usually, complete recovery
is obtained within a few weeks.

The third criterion is a relapse of liver test abnor-
malities after an accidental readministration of the of-
fending drug. This is a very good diagnostic criterion.

TABLE VII Other Types of Drug-Induced Liver

Injury and Causative Drugs

Chronic hepatitis and/or cirrhosis

Valproic acid, amiodarone, aspirin, benzarone, halothane,

iproniazid, isoniazid, methotrexate, methyldopa,

nitrofurantoin, vitamin A, papaverine, tamoxifen

Granulomatous hepatitis

Allopurinol, carbamazepine, quinidine, sulfonamides,

gold salts, phenylbutazone, penicillamine, dapsone

Macrovacuolar steatotis

Corticosteroids, methotrexate, asparaginase

Microvesicular steatosis

Nonsteroidal antiin¯ammatory drugs, valproic acid,

tetracycline,

amineptine, tianeptine, aspirin antiretroviral drugs

(dideoxynucleotides)

Steatohepatitis with phospholipidosis

Amiodarone, perhexilline, diethylaminoethoxyhexestrol

Steatohepatitis without phospholipidosis

Nifedipine, diltiazem, tamoxifen

Vascular diseases of the liver

Perisinusoidal ®brosis: vitamin A, azathioprine,

6-mercaptopurine, methotrexate

Sinusoidal dilatation and peliosis hepatitis: oral

contraceptives, androgens, estrogens, azathioprine

Venoocclusive disease: pyrrolyzidine alkaloids,

azathioprine, anticancerous agents

BuddÿChiari syndrome: oral contraceptives, dacarbazine

Tumors

Adenoma and hepatocellular carcinoma: androgens,

oral contraceptives, estrogens
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However, such reexposure should not be done on pur-
pose because it can be very dangerous, particularly in
cases of immunoallergic hepatitis. In this situation, the
readministration of a single tablet can occasionally
provoke fulminant hepatic failure.

Clinical Criteria

Clinical criteria are based on the exclusion of other
causes that might explain the liver injury, and on the
presence of features tending to favor a drug etiology.

Eliminating or Negative Criteria

Analytical features vary according to the type of liver
injury. For acute hepatitis, it is important to seek a
history of hepatitis or biliary disease, alcohol abuse,
or epidemiological circumstances that are compat-
ible with viral infection (intravenous drug use, blood
transfusion, recent surgery, travel in an endemic area).
Appropriate serological tests should be performed
to exclude viral hepatitis (hepatitis A, B, C, D, and E

viruses), and in some circumstances, cytomegalovirus,
EpsteinÿBarr virus, and herpesviruses. There does not
appear to be a useful role of testing for hepatitis G virus
(HGV) or transfusion-transmitted virus (TTV). How-
ever, the potential for hepatic ischemia and congestion
related to cardiorespiratory failure should be excluded,
particularly in the elderly and after cardiac surgery.
Biliary obstruction should be eliminated by ultrasono-
graphy or other appropriate examinations (magnetic
resonance imaging, endoscopic ultrasonography).
Autoimmune hepatitis or cholangitis should also be
ruled out, as should speci®c bacterial infections that
can produce acute hepatitis, such as infection by
Campylobacter, Salmonella, Listeria, and Lyme disease.
Finally, Wilson's disease should be considered in
children and young adults.

Positive Criteria

The presence in serum of speci®c autoantibodiesÿ
for instance, antimitochondrial type 6, anti-LKM2, anti-
CYP1A2 and anti-CYP2E1Ðindicates potentially
important diagnostic markers, although the diagnostic
accuracy of these tests has not been studied and they are
not widely available. Drug analyses of blood and liver
tissue may be useful in detecting acetaminophen and
vitamin A overdoses.

The presence of hypersensitivity manifestations, al-
beit not completely speci®c, is a positive argument for
involvement of a drug and for an immunoallergic mech-
anism, as typi®ed by the reactive metabolite syndrome
for some anticonvulsants, sulfonamides, and protease
inhibitors. Finally, liver biopsy may also contribute to
the diagnosis by showing the presence of drug deposits
(vitamin A) or lesions suggestive of drug reactionsÐfor
instance, microvesicular steatosis, eosinophilic in®l-
trates, centrilobular necrosis, or associated bile duct
lesions.

Causality Assessment by Scoring Systems

The analytical approach is insuf®cient in many sit-
uations; complementary methods have been developed
to provide a better diagnostic assessment, by ascribing
scores to groups of items and then by calculating a
global score. The main scoring system, the Roussel
Uclaf Causality Assessment Method (RUCAM), was
presented in the original publication of the CIOMS
(Table IX). RUCAM (CIOMS) has been independently
validated in a large number of patients. The global score
for acute liver injury theoretically ranges from ÿ5
to 14. On this basis, the diagnosis is classi®ed as
follows: �0, relationship with the drug excluded;

TABLE VIII Diagnostic Criteria for Drug-Induced

Liver Diseases

Chronological criteria

Interval between the beginning of the treatment and the

onset of liver injury: 1ÿ12 weeks

Regression of liver abnormalities after withdrawal of the

treatment

Relapse of liver abnormalities after accidental

readministration (rechallenge) of the offending drug;

deliberate rechallenge must be avoided

Clinical criteria

Elimination of other causes

Previous hepatic or biliary disease

Alcohol abuse

Viral hepatitis (HAV, HBV, HCV, HDV, HEV,

cytomegalovirus, EpsteinÿBarr virus, herpes

Biliary obstruction (ultrasonography, magnetic resonance

imaging, etc.)

Autoimmune hepatitis/cholangitis

Ischemia and congestion of the liver

Wilson's disease

Bacterial infection (Listeria, Campylobacter, Salmonella,

Lyme disease)

Positive clinical criteria

Age 450 years

Intake of many drugs

Intake of a known hepatotoxic drug

Speci®c serum autoantibodies: anti-M6, anti-LKM2,

anti-CYP1A2, anti-CYP2E1

Positive blood analysis for acetaminophen, vitamin A

Liver biopsy showing drug deposits (vitamin A),

microvesicular steatosis, eosinophil in®ltration,

centrilobular zonal necrosis, associated bile duct injury
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1ÿ2, unlikely; 3ÿ5, possible; 6ÿ8, probable; 48,
highly probable.

A simpli®ed clinical diagnostic scale (CDS) for the
diagnosis of drug-induced liver injury has been recently
proposed by a Spanish group. The criteria are very sim-
ilar to those used in the RUCAM (CIOMS). They lead to
a score separating adverse reactions: score417, de®nite;
14ÿ17, probable; 10ÿ13, possible; 6ÿ9, unlikely;
56, drug hepatotoxicity excluded.

The agreement between the RUCAM (CIOMS) and
CDS scoring systems has been tested in two recent

studies. Discrepancies were observed in cases of chole-
stasis, metabolic idiosyncratic, fulminant hepatitis, or
death. The best correlation was found in cases of liver
injury with immunoallergic reactions. Presently, there
are no data showing whether the CDS method has ad-
ditional advantages over the RUCAM (CIOMS) method.

Performance of Causality Assessment

In rare circumstances, a link between drug and
hepatotoxicity may be probable or highly probable
(RUCAM score 46 and CDS score 417): examples

TABLE IX Method for Causality Assessment of Adverse Drug Reactionsa

Criterion Interpretation Score

1. Time to onset of the reaction Highly suggestive �3

Suggestive �2

Compatible �1

Inconclusive 0

If incompatible, then case `̀ unrelated''

If information not available, then case

`̀ insuf®ciently documented''

2. Course of the reaction Highly suggestive �3

Suggestive �2

Compatible �1

Against the role of the drug ÿ2

Inconclusive or not available 0

3. Risk factors(s) for drug reactionb Presence �1 to 2

Absence 0

4. Concomitant drug(s)c Time to onset incompatible 0

Time to onset compatible but unknown

reaction

ÿ1

Time to onset compatible and unknown

reaction

ÿ2

Role proved in this case ÿ3

None or information not available 0

5. Non-drug-related causesd Ruled out �2

Possible or not investigated d �1 to 2

Probable ÿ3

6. Previous information on the drug Reaction unknown 0

Reaction published but unlabeled �1

Reaction labeled in the product's

characteristics

�2

7. Response to readministration Positive �3

Compatible �1

Negative ÿ2

Not available or not interpretable 0

(or plasma concentration of the Positive �3

drug known as toxic or validated Negative ÿ3

laboratory test with high speci®city,

sensitivity, and predictive values)

Not interpretable or not available 0

a Using the Roussel Uclaf Causality Assessment Method. After Benichou et al. (1993).
b One additional point for every validated risk factor (maximal value �2).
c Sum of negative values of criteria 4 and 5 cannot be lower than ÿ4.
d Depending on the nature of the reaction.
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include clear drug overdose (acetaminophen), relapse
after accidental readministration, and presence of spe-
ci®c features for drug hepatitis (dihydralazine, iproni-
azid). More often, the diagnosis is possible: liver injury
exhibits no speci®c features, the history is chronologi-
cally suggestive, and other causes of liver injury have
been reasonably excluded (RUCAM score 3ÿ5 and CDS
score 10ÿ13). Frequently, however, the diagnosis re-
mains doubtful or unlikely: there are no speci®c features
to the liver injury and critical pieces of information
regarding chronological or clinical data are missing
(RUCAM score 1ÿ2 and CDS score 6ÿ9). It is note-
worthy that fulminant hepatitis must always be classi-
®ed in this way because it is usually impossible to assess
complete recovery after drug withdrawal due to the poor
outcome or treatment by liver transplantation.

The diagnosis is excluded when another cause has
been demonstrated (viral infection), when chronology
is not compatible (e.g., when treatment had been started
at a time when symptoms were already present), or
when there is a delay exceeding 15 days between the
end of the treatment and the onset of liver injury
(RUCAM score (0 and CDS score 56). However,
again there are some exceptions. With hepatitis caused
by halothane and related haloalkane anesthetics, reac-
tions often occur 3 weeks after the ®rst exposure (the
latent period is shorter with repeat exposures). Simi-
larly, for a clavulanic acidÿamoxicillin combination,
acute hepatitis frequently occurs 3ÿ4 weeks after the
discontinuation of the treatment.

TREATMENT AND PREVENTION

The main therapeutic measure to prevent the progres-
sion to a more severe liver injury consists of discon-
tinuing the administration of the offending drug. In
some circumstances, this not suf®cient and liver injury
continues to develop, as seen for fulminant and sub-
fulminant hepatitis, some cases of chronic liver diseases
with storage of the drug in the liver or fat tissue, or
protracted immunologic reactions. The main active
treatment for acetaminophen intoxication is adminis-
tration of N-acetylcysteine as antidote. Thus, prevention
of further damage represents a determining point.

Many improvements are required in managing
hepatotoxicity. First, it is important to have a better
evaluation of drug hepatotoxicity epidemiology. Post-
marketing surveillance on the basis of spontaneous
reports is clearly insuf®cient. Prospective studies are
required, in particular to identify the most severe reac-
tions, fulminant and subfulminant hepatitis. These rep-
resent a major consideration for the bene®t/risk ratio
of a drug. An unfavorable ratio will lead to withdrawal

of the compound from the market. Second, improve-
ments in the de®nition, classi®cation, and diagnostic
methods of drug-induced liver disease provide another
challenge. The new scoring systems already represent an
improvement, but they also have some limitations. They
are not easy to handle in routine clinical practice and a
substantial number of cases remain indeterminate or
doubtful in nature because key data are missing. There-
fore, it is important to ®nd more speci®c markers of
hepatotoxicity; some of these already exist for rare
drugs. Third, it is also very important to determine
which patients are most at risk. Several physiological
and genetic factors can promote hepatotoxicity. The
development and the wide availability of genotyping
tests for drug-metabolizing enzyme polymorphisms
should help to better understand the in¯uence of genet-
ics on drug hepatotoxicity and to prevent side effects.
Finally, the importance of monitoring susceptible
patients in followup settings should be reinforced.

See Also the Following Articles

Alcoholic Liver Injury, Hepatic Manifestations of �
Cholangitis, Sclerosing � Cholestatic Diseases, Chronic �
Cytochrome P450 � Hepatotoxins � Hyperthyroidism �
Sinusoidal Obstruction Syndrome (Hepatic Venoocclusive

Disease)
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Hepatotoxins
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cytochrome P450s A superfamily of enzymes that mediate

the oxidative metabolism of many endogenous and

foreign compounds.

lipopolysaccharide A lipid component of the cell wall of

gram-negative bacteria.

tumor necrosis factor a A cytokine released from macro-

phages that induces biological effects, including cyto-

toxicity, on other cells.

Hepatotoxins are synthetic or naturally occurring com-

pounds that cause a variety of forms of liver injury through

their direct or indirect damage to hepatocytes. Depending

on the toxin, its likelihood to induce liver injury may be

predictable or unpredictable (idiosyncratic). The type of

liver disease that may develop depends on the toxin and

can range from only asymptomatic elevations in serum

liver function tests to acute or chronic liver failure. The

mechanisms by which hepatotoxins injure the liver are

complex and include both direct forms of biochemical

cellular injury and indirect injury resulting from products

of the accompanying in¯ammatory response.

INTRODUCTION

Many chemical compounds are able to cause hepatic
injury and the vast majority of them cause injury limited
only to the liver. The liver is particularly susceptible to
toxic injury for two reasons. The ®rst is that the portal
blood supply from the intestine drains directly to the
liver. Hepatocytes are therefore unique in their direct

exposure to high levels of ingested toxins. The second is
that one of the prime functions of the liver is to metab-
olize endogenous and foreign compounds. To perform
this function, hepatocytes express high levels of a num-
ber of metabolic enzymes, such as those in the cyto-
chrome P450 family. Although the biotransformation
of these compounds is protective to the body as a
whole, it may result in the generation of a metabolite
that becomes toxic when large amounts accumulate in
the hepatocyte. Hepatotoxins exist in a number of forms.
The vast majority of clinically important toxin-induced
human liver disease results from chronic alcohol inges-
tion. A number of medicinal drugs can also cause hep-
atotoxicity even when used in the usual therapeutic
doses. Certain varieties of mushrooms and an increasing
number of herbs usually used as alternative medicines
are known hepatotoxins. Industrial or environmental
chemicals are currently rare causes of hepatotoxicity.

FORMS OF HEPATOTOXIN-INDUCED
LIVER INJURY

Hepatotoxins can have either predictable or idiosync-
ratic liver toxicities. For example, the pain reliever
acetaminophen has a predictable hepatotoxicity that
increases as the amount ingested exceeds the known
therapeutic range. In contrast, other agents, such as
inhaled anesthetics, rarely cause a sporadic, idiosyn-
cratic hepatotoxicity even when they are used in the
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prescribed therapeutic amounts. Host factors clearly
play a role in determining whether hepatotoxicity oc-
curs, even in the cases of predictable hepatotoxicity.
Important host factors include gender, age, racial back-
ground, and genetic polymorphisms, particularly those
related to hepatotoxin metabolism. Complex inter-
actions may determine the toxicity of a compound,
such as with the increased toxicity of acetaminophen
found in chronic alcoholics due to the ability of alcohol
to induce expression of enzymes that metabolize acet-
aminophen. Depending on the toxin, a variety of forms
of liver injury can result from hepatotoxin exposure.
Frequently the injury is mild and manifests itself only
as asymptomatic elevations in serum liver transami-
nases or cholestasis. These injuries usually resolve
when hepatotoxin exposure ceases. Occasionally,
acute liver failure develops, with the majority of
these cases being caused by the ingestion of toxic
amounts of acetaminophen. Continuous hepatotoxin
exposure, such as that which occurs with chronic alco-
hol abuse, can result in chronic liver disease and cir-
rhosis. Although the likelihood of developing cirrhosis
from alcohol abuse clearly increases with the amount
and duration of ingestion, host factors presumably ex-
plain the widely variable development of chronic liver
disease among individuals.

DIRECT MECHANISMS OF
HEPATOTOXIC INJURY

Hepatotoxins are taken up by hepatocytes and can in-
jure the cell by damaging any of a number of cellular
constituents. As discussed previously, typically the par-
ent compound is harmless until it is metabolized into
a toxic intermediate. For example, acetaminophen is
metabolized by the cytochrome P450 enzyme isoform
2E1 to the toxin N-acetyl-p-benzoquinone amine. This
potent oxidant is normally neutralized by glucuronide
and sulfate conjugation. With large doses of acetamin-
ophen, these protective factors become depleted and
oxidative damage ensues. The creation of such an oxi-
dative stress is the ®nal common pathway of cellular
injury for a number of hepatotoxins in addition to acet-
aminophen. Metabolized hepatotoxins may act as oxi-
dants themselves or cause the generation of reactive
oxygen intermediates, such as superoxide and hydroxyl
free radicals. These highly reactive compounds oxidize
and alter cellular lipids, proteins, or DNA, leading to cell
injury and,\,death. The oxidative destruction of these
cellular components has classically been thought to re-
sult in a form of cell death, termed necrosis. In necrotic
death, the cell swells, the membranes rupture, and the

cell disintegrates. However, oxygen radicals also induce
hepatocyte death by apoptosisÐan active process in
which gene expression triggers a cell death marked
by cell shrinkage and chromatin compaction. In both
apoptosis and necrosis, death is regulated by cellular
signaling pathways that are activated by toxin-induced
changes in the redox homeostasis of the cell. Particu-
larly important is activation of the mitogen-activated
protein kinase pathway and the resultant activation of
transcription factors, such as activating protein-1 and
nuclear factor kB (NF-kB). These transcription factors
presumably regulate the expression of genes that in turn
promote or block cell death, although the identity of
these genes remains unknown.

ROLE OF KUPFFER CELLS AND
CYTOKINES IN TOXIN-INDUCED
LIVER INJURY

One of the unique aspects of the cellular environment of
the liver is that it contains 80ÿ90% of the ®xed macro-
phages in the body. During toxin-induced liver injury,
additional macrophages are recruited from the circula-
tion into the liver and these cells, along with the resident
macrophages or Kupffer cells, undergo a morpholog-
ical and physiological change, termed activation. Acti-
vated cells produce a number of products, including
reactive oxygen intermediates, proteolytic enzymes,
nitric oxide, eicosanoids, and cytokines (see Fig. 1).
Cytokines are a large family of small secreted proteins
that exert biological effects on other cells. Activated
macrophages promote liver damage from hepatotoxins
because toxin-induced liver injury is markedly de-
creased when liver macrophages are depleted or func-
tionally inactivated. The actions of gut-derived
lipopolysaccharide (LPS) are critical in this process be-
cause LPS neutralization also prevents much of the liver
injury induced by toxins. LPS presumably promotes
injury through its ability to activate macrophages.
Although all of the previously mentioned products of
activated macrophages may promote hepatocyte injury,
experimental studies suggest that toxin-induced liver
injury depends in large part on the effects of one cyto-
kine, tumor necrosis factor a (TNFa). In animal models
of liver injury, blocking the activity of TNFa dramati-
cally reduces the amount of liver injury from a number
of toxins, including alcohol and acetaminophen. Taken
together, these ®ndings suggest that during hepatotoxic
injury LPS causes macrophage activation, leading to the
production of TNFa, which then causes liver cell injury.
Surprisingly, hepatotoxic liver injury in large part re-
sults therefore not from the direct effects of the toxin,
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but from the actions of TNFaproduced by macrophages.
The mechanism by which TNFa causes hepatocyte in-
jury remains unclear. TNFa is normally toxic to tumor
cells but not to nontransformed cells, including hepa-
tocytes. Inhibition of hepatocyte RNA or protein
synthesis sensitizes hepatocytes to injury and death
from TNFa. Therefore, hepatocyte resistance to the
toxic effects of TNFa depends on the induction by
TNFa of a protective gene(s). Since hepatotoxins almost
invariably interfere with macromolecular synthesis,
they presumably block expression of the protective
gene, thereby sensitizing hepatocytes to death from
TNFa. Although the identity of this protective gene
in hepatocytes is currently unknown, it has been
established that a critical factor in hepatocyte resistance
to TNFa toxicity is the activation of the transcription
factor NF-kB.

THERAPIES FOR
HEPATOTOXIC INJURY

For many clinical episodes of hepatotoxicity, particu-
larly those related to medicinal drugs, halting toxin
exposure is suf®cient treatment by itself. For more se-
vere cases of hepatotoxicity that result in acute liver
failure, treatment initially involves only supportive
care and then liver transplantation if hepatic function
fails to improve. Devices that are mechanical, or more
recently devices that contain living hepatocytes, have
been used experimentally as a temporary liver substitute
until the patient's liver recovers. With increasing knowl-
edge of the mechanisms by which hepatotoxins damage
the liver, novel therapies are being developed to treat
these forms of liver injury. These measures include the
administration of antioxidant compounds, especially
compounds targeted speci®cally for the liver or at par-
ticular organelles within the liver cell that are vulnerable
to toxic injury, such as the mitochondria. Interventions
to neutralize TNFa and its toxicity may also become
effective therapies against toxin-induced liver injury.
Finally, an identi®cation of the common signaling path-
ways that ultimately lead to the death of the hepatocyte
may eventually result in the development of even more
speci®c therapies to prevent hepatotoxic injury.
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FIGURE 1 Critical events during hepatotoxic liver injury.

A toxin is taken up by the hepatocyte, resulting in direct cellular

injury. Injured cells release products (chemotactic factors) that

attract blood monocytes to in®ltrate the injured portion of the

liver. These cells, along with preexistent Kupffer cells, respond to

factors from injured hepatocytes and to gut-derived lipopolysac-

charide (LPS) by undergoing a process termed activation. These

activated macrophages release reactive oxygen intermediates,

such as superoxide (O2
ÿ) and hydrogen peroxide (H2O2), and

a number of cytokines, including tumor necrosis factor a (TNFa).

Depending on the degree of injury, hepatotoxin-injured hepato-

cytes may survive or undergo cell death that is mediated in large

part by their sensitization to death from macrophage-produced

TNFa.
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Hereditary Fructose Intolerance

DAVID A. RUDNICK

Washington University, St. Louis, Missouri

Fanconi's syndrome A disorder of the proximal kidney

tubules characterized by urinary excretion of large

amounts of amino acids, glucose, and phosphate despite

normal blood levels of these molecules.

gluconeogenesis The biochemical process by which glucose

is synthesized from noncarbohydrate substrate.

glycolysis The sequential enzymatic conversion of glucose to

lactic acid.

Hereditary fructose intolerance is associated with muta-

tions in the aldolase B gene. Dietary exposure to fructose

leads to the clinical syndrome, with disease severity re-

lated to degree of nutritional exposure. Traditionally, the

diagnosis has depended on fructose tolerance testing or

enzymatic assay of biopsy material; however, the recog-

nition of speci®c aldolase B mutations has prompted re-

cent development of genetic testing strategies. Treatment

relies on strict adherence to a fructose-free diet, which

leads to complete symptomatic resolution.

INTRODUCTION

Hereditary fructose intolerance (HFI) is a recessively
inherited inborn error of metabolism in which inges-
tion of fructose leads to toxic effects on the liver,
intestines, and kidney. Acute ingestion can cause hypo-
glycemia and gastrointestinal symptoms and chronic
ingestion can lead to hepatic or renal injury and growth
disturbance. De®ciency of fructose-1,6-bisphosphate
aldolase enzyme activity (aldolase B; EC 4.1.2.13), an
enzyme of fructose-1-phosphate metabolism, causes
HFI. Several mutations in the human aldolase B gene
have been associated with HFI. Severity of clinical dis-
ease is related to the degree of nutritional exposure
and the age of the affected individual. This article
examines fructose metabolism and the molecular
basis, clinical presentation, pathogenesis, diagnosis,
and treatment of HFI.

FRUCTOSE METABOLISM

Fructose exists as a monosaccharide in fruits and
honey and is present in the disaccharide sucrose.

Sucrose is hydrolyzed to glucose and fructose by the
enzyme sucrase, present in the brush border membrane
of intestinal epithelial cells. Fructose is transported
across the plasma membranes of enterocytes and
hepatocytes and metabolized in the liver, kidney, and
small intestine. After cellular uptake, fructose is phos-
phorylated to fructose-1-phosphate, which aldolase B
then metabolizes to dihydroxyacetone phosphate and
D-glyceraldehyde. D-Glyceraldehyde is phosphoryl-
ated to D-glyceraldehyde-3-phosphate and further
metabolized through glycolysis or gluconeogenesis
(Fig. 1).

ALDOLASES

Three eukaryotic aldolases have been identi®ed, each
with distinct tissue-speci®c and developmental patterns
of expression. Aldolase B is found in liver, kidney, and
small intestine. Aldolase A exists in most tissues but
predominates in muscle. Aldolase C is present in the
brain. Aldolases A and C have greater activity against
fructose-1,6-diphosphate than does aldolase B; thus,
gluconeogenesis can proceed even in the absence of
aldolase B (Fig. 1). Aldolase A is the predominant
fetal isoform. During embryonic development, aldolase
A is repressed and aldolase B is induced in the liver,

FIGURE 1 Summary of fructose metabolism. Aldolase B cat-

alyzes the reversible cleavage of fructose-1-phosphate to the tri-

oses, D-glyceraldehyde and dihydroxyacetone phosphate.

Aldolases A and C have greater activity against fructose-1,6-di-

phosphate than does aldolase B.
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kidney, and intestine. After birth, expression of aldolase
B is regulated by dietary exposure to fructose, whereas
aldolases A and C are constitutively expressed.

HEREDITARY FRUCTOSE
INTOLERANCE

In HFI, aldolase B de®ciency leads to impaired fructose
metabolism. The ®rst clinical description, in 1956,
was of a 24-year-old woman with faintness, abdominal
pain, and nausea after ingestion of fructose but not glu-
cose. Investigators suspected that symptoms were sec-
ondary to fructose-induced hypoglycemia. In 1957,
the same syndrome was reported in several members
of a family. Aldolase de®ciency was shown to be respon-
sible based on enzymatic analyses of liver biopsies.
Subsequent studies have shown that the phenotype is
particularly severe in individuals unable to avoid
fructose-containing sugars, particularly infants at the
time of weaning from breast milk.

Molecular Basis and Epidemiology

The gene encoding aldolase B (GenBank Accession
No. X01098) maps to chromosome 9q22.3, contains
9 exons, and encodes a 364-amino-acid polypeptide.
HFI occurs when mutant alleles of the aldolase B
gene whose protein products are de®cient in enzyme
activity are inherited in an autosomal recessive fashion.
The disease is manifest only in homozygotes, with an
estimated frequency of 1 in 20,000 individuals. In af-
fected individuals, the enzymatic activities of aldolases
A and C are normal.

Genetic Mutations of Aldolase B

The ®rst identi®ed mutation of the aldolase B gene
associated with HFI, described in 1988, was a homozy-
gous single base-pair change (G!C) resulting in
mutation of Ala-149 to proline (A149P). A149P remains
the most common mutation identi®ed to date, account-
ing for more than half of mutant North American and
northern European alleles. Two other mutations
(A174D and A174E) have been frequently identi®ed
in HFI patients from Italy, Switzerland, and Yugoslavia
but not in those from North America or northern
Europe. Testing for these three mutations, using poly-
merase chain reaction (PCR) to amplify aldolase B DNA,
can identify more than 95% of patients with HFI. A total
of 22 genetic lesions in aldolase B, including several null
mutations, have now been associated with HFI disease.
Patients with null mutations are healthy as long as they
avoid fructose. They have no morbidity associated with

fasting, proving that aldolase B, though required for the
metabolism of fructose and fructose-containing sugars,
is not required for gluconeogenesis or glycolysis in the
absence of fructose.

StructureÿFunction Relationships

Most of the characterized mutations in aldolase B
associated with HFI abolish enzyme activity. The mo-
lecular effects of the two most common mutations,
A149P and A174D, have been examined by analyses
of the recombinant proteins in vitro. Both enzymatic
activity and structural stability are profoundly disturbed
in the mutant enzymes. Correlations between speci®c
genetic mutations and the severity of clinical phenotype
have not been recognized. Rather, disease severity
appears to be related primarily to dietary exposure to
fructose.

Clinical Presentation and Pathogenesis

Signs and Symptoms

Individuals with HFI are asymptomatic and healthy
until they ingest foods containing fructose (or complex
fructose-containing molecules such as sucrose and
sorbitol). The signs and symptoms of acute exposure
to fructose include nausea, vomiting, tremor, dizziness,
and lethargy. Large doses may induce seizures or coma.
Chronic exposure can be associated with failure to
thrive, jaundice, cirrhosis, vomiting, diarrhea, and feed-
ing dif®culties. Symptoms are the result of fructose-1-
phosphate accumulation in liver, kidney, and small
intestine. Accumulation in the small intestine leads
to abdominal distension, pain, colic, vomiting, and
diarrhea. In the liver and kidney, buildup of fructose-1-
phosphate sequesters phosphate, leading to hypophos-
phatemia, hypoglycemia, hyperlactic acidemia, and
hyperuricemia. Hepatotoxicity may manifest as hepa-
tosplenomegaly, edema, ascites, cholestasis, coagulo-
pathy, and liver failure. Renal toxicity may present as
a Fanconi's syndrome with generalized amino aciduria,
phosphaturia, and bicarbonate wasting. With chronic
exposure, the injury may be irreversible. In some chil-
dren, the only manifestation of HFI may be nutritional
de®ciency states, such as rickets or failure to thrive,
and hepatomegaly.

The severity of clinical presentation depends on
age at the time of exposure and the amount of the expo-
sure. Younger patients and those exposed to greater
amounts of fructose exhibit more severe reactions. In-
fants with HFI are asymptomatic while breast-feeding
or on sucrose-free formulas. Symptoms ®rst appear at
the time of introduction of fructose- or sucrose-contain-
ing foods in the diet, e.g., fruits, juices, vegetables, or
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sucrose-containing formulas. Older children, adoles-
cents, or adults with HFI, who are not exposed to fruc-
tose or diagnosed with HFI in infancy, learn by
experience to avoid foods containing even small
amounts of fructose. Such individuals may come to
medical attention because of unusual feeding behaviors
involving self-restriction from sweet-tasting foods. They
also have low incidence of dental caries related to low
sucrose intake.

Laboratory Abnormalities

Laboratoryabnormalities are nonspeci®c and related
to target end-organ dysfunction. Common ®ndings
include hypertransaminasemia, hyperbilirubinemia,
prolonged prothrombin time, hypoproteinemia, hypo-
kalemia, and hypophosphatemia. Renal Fanconi's
syndrome can occur with increased urinary reducing
substances (particularly fructose), protein, amino
acids, and organic acids. Hypoglycemia, anemia, and
thrombocytopenia also occur.

Pathogenesis and Biochemical Abnormalities

The metabolic derangements that occur after acute
fructose ingestion in HFI have been examined by anal-
yses in vitro and in animals, healthy controls, and affec-
ted patients. Aldolase B de®ciency results in hepatic,
renal, and intestinal intracellular accumulation of fruc-
tose-1-phosphate. After exposure to fructose, sequestra-
tion of intracellular phosphate as fructose-1-phosphate
leads to the reduction of free intracellular phosphate
pools and ATP levels. The accumulation of fructose-1-
phosphate impairs gluconeogenesis and glycogenolysis,
resulting in hypoglycemia. Excess fructose-1-phosphate
also inhibits the activity of enzymes involved in glyco-
protein synthesis and processing, leading to derange-
ment in normal protein glycosylation patterns, i.e., a
secondary carbohydrate-de®cient glycoprotein syn-
drome. Fructose exposure also causes hyperuricemia
and lactic acidosis. Excessive uric acid is generated
from AMP as a result of activation of adenosine deam-
inase and associated purine degradation in response to
hypophosphatemia and decreased ATP levels. Hyper-
magnesemia occurs secondary to depletion of intracel-
lular ATP, leading to the release of magnesium ions from
intracellular stores. Fructosemia and fructosuria occur
as a result of fructose-1-phosphate-mediated inhibition
of fructokinase, preventing further accumulation of in-
tracellular fructose. Depletion of intracellular inorganic
phosphate and ATP ultimately disrupts protein synth-
esis and other functions leading to cellular and organ-
system toxicity. Additional biochemical disturbances
occur as a result of such toxicity including hypokalemia,
coagulopathy, and elevated serum amino acids.

Diagnosis

The clinical presentation of HFI is variable and non-
speci®c. Young infants often present with dif®culty
feeding, poor growth, vomiting, and hepatomegaly.
Older infants and children may present with similar
symptoms or for evaluation of abnormal behaviors.
The differential diagnosis includes intrauterine infec-
tion, sepsis, hepatitis, hemolyticÿuremic syndrome,
and metabolic liver diseases including galactosemia,
tyrosinemia, Wilson's disease, and others. The key to
diagnosis is a careful nutritional history correlating
fructose ingestion with onset of symptoms. Once HFI
is suspected, all sources of fructose, sucrose, and sor-
bitol must be removed from the diet. Con®rmation of
the diagnosis is important because strict compliance
with dietary exclusion of fructose prevents tissue injury
and growth retardation.

Traditional Diagnostic Tests

Historically, the speci®c diagnosis of HFI could be
made only by enzymatic analysis for aldolase B activity
in hepatic and intestinal biopsies or by a controlled
intravenous fructose tolerance test and simultaneous
analysis for characteristic clinical and biochemical
changes. Fructose-1-phosphate aldolase activity from
hepatic or small intestinal biopsy material is decreased
in HFI. Other tissues, such as serum, blood cells, cul-
tured skin ®broblasts, and placenta, are not useful for
diagnosis because aldolase A is the predominant isoform
present and enzyme activity is not decreased. Biopsy of
the liver offers advantages compared to the intestine in
that histological assessment of hepatic tissue damage
can also be performed. In HFI, the liver may exhibit
steatosis, hepatocellular necrosis, and intralobular or
periportal ®brosis or cirrhosis. Many investigators
have increasingly discouraged the fructose tolerance
test because of severe toxic effects observed during
such studies and because of the availability of de®nitive
genetic testing.

Genetic Testing

The development of PCR-based methodologies for
the detection of mutations in the aldolase B gene offers
noninvasive screening to con®rm clinical diagnoses of
HFI. At present, more than 95% of patients with HFI can
be diagnosed by PCR-based DNA ampli®cation per-
formed on material obtained from blood using a limited
number of allele-speci®c oligonucleotide pairs.

Treatment

Immediate and complete removal of all sources of
fructose from the diet is the only effective strategy for
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management of HFI and prevention of the acute and
long-term consequences associated with fructose expo-
sure. Particular care should be taken to avoid foods and
medicines with fructose-containing food additives. For
example, sucrose and sorbitol are often used as supple-
ments for delivery of medications in a palatable form.
Monitoring growth and nutritional status to ensure that
strict adherence to the restricted diet does not lead to
speci®c de®ciencies is important.

Outcome

The natural history of HFI depends on the age at
which the diagnosis is made and the degree of dietary
exposure to fructose. Infants with HFI, who are unable
to control their own diet, are at the greatest risk
of morbidity and mortality associated with fructose ex-
posure. Treatment of acute metabolic crises involves
supportive care to correct associated metabolic derange-
ments and complications. This may include intravenous
¯uids and glucose to restore normal ¯uid and electrolyte
status and correct hypoglycemia, blood products to treat
coagulopathy or bleeding, and vitamin and nutritional
support to restore growth. Complete and long-term ab-
stinence from fructose exposure often leads to resolu-
tion of hepatomegaly, reversal of organ dysfunction,
normalization of intellectual function, and catch-up
growth. Persistent hepatomegaly or growth failure
may indicate ongoing unrecognized ingestion of fruc-
tose. Adults with HFI who adhere to an appropriate diet
are usually asymptomatic and healthy. Morbidity and
mortality have been reported in people with un-
diagnosed or unrecognized HFI who are exposed to
fructose-containing parenteral nutrition. Such feeding
regimens, once thought to be of bene®t for patients with
diabetes mellitus, have been greatly restricted because
of the description of fatal and near-fatal cases resulting
from their use in subjects with undiagnosed HFI.

OTHER DISORDERS OF
FRUCTOSE METABOLISM

HFI is one of three known disorders of fructose
metabolism. The others are essential fructosuria

and fructose-1,6-diphosphate de®ciency. Essential
fructosuria, also known as hepatic fructokinase de®-
ciency, is a benign condition characterized by
hyperfructosemia and fructosuria in association with
dietary fructose intake. It is typically diagnosed after
detection of urinary reducing substances in otherwise
healthy individuals. Fructose-1,6-diphosphatase de®-
ciency is a severe inborn error of metabolism associated
with de®ciency of fructose-1,6-diphosphatase, an en-
zyme required for gluconeogenesis. It is characterized
by fructose- and fasting-induced hypoglycemia, lactic
acidosis, and hepatomegaly. Symptoms usually occur
within the ®rst 4 days of life and can be life-threatening.
A milder variant has been described in which affected
patients are resistant to the development of lactic
acidosis, presumably because of retention of partial
enzyme activity.
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Hereditary Hemochromatosis
DAVID J. BRANDHAGEN

Mayo Clinic and Foundation

C282Y The main hemochromatosis gene mutation, present

in approximately 85% of Caucasians with iron overload

in the United States; tyrosine for cysteine substitution at

amino acid position 282.

compound heterozygote One copy of two different muta-

tions. In patients with iron overload, describes the

presence of one copy of the C282Y mutation and one

copy of the H63D mutation. The genotype is present in

1ÿ2% of the Caucasian population; most do not develop

iron overload but a few do (usually mild).

divalent metal transporter 1 Protein located in the apical

villous surface of enterocytes; imports non-transferrin-

bound iron from the small bowel lumen to the enterocyte

cytoplasm.

duodenal cytochrome b Ferric reductase located on the

apical villous surface of enterocytes; converts ferric

(Fe3�) iron in the small bowel lumen to ferrous (Fe2�)

iron, thereby facilitating its uptake into the enterocyte.

ferritin Molecule involved in cytosolic iron storage.

ferroportin 1 Protein located on the basolateral surface of

villous enterocytes; functions as an exporter of iron from

the enterocyte to the plasma; a mutation in ferroportin 1

is associated with an autosomal dominant form of iron

overload in hereditary hemochromatosis type 4.

H63D Hemochromatosis gene (HFE) mutation that involves

substituting an aspartate for a histidine at amino acid

position 63. Approximately 25% of the general popula-

tion is heterozygous for H63D and one copy of this

mutation is not associated with iron overload. Homo-

zygosity for H63D is a rare cause of iron overload

(usually mild).

hepcidin Small protein produced by hepatocytes; may be the

soluble iron stores regulator that controls iron absorp-

tion in intestinal crypt cells.

hephaestin Protein located on the basolateral surface of

villous enterocytes; functions as a ferroxidase, convert-

ing ferrous (Fe2�) to ferric (Fe3�) iron, facilitating its

transfer across the basolateral membrane of the enter-

ocyte to the plasma.

HFE gene Hemochromatosis gene located on chromosome

6p. Two main mutations (C282Y and H63D) were

initially described.

iron regulatory elements Stemÿloop structures present on

the 30 or 50 untranslated regions of mRNA of several

molecules involved in iron regulation.

iron regulatory proteins Molecules that increase in response

to iron de®ciency and bind to iron regulatory elements;

such binding at the 30 untranslated region of mRNA of

the transferrin receptor and the divalent metal transpor-

ter 1 will stabilize the transcript and increase expression

of these molecules. Conversely, binding on the 50

untranslated region of ferritin will block translation

and decrease ferritin levels.

transferrin Circulating iron carrier; each transferrin mole-

cule binds two atoms of diferric iron.

transferrin receptor Protein involved in endocytosis of

diferric transferrin; binds the HFE molecule.

transferrin receptor 2 Recently discovered protein expressed

predominantly on hepatocytes; also involved in endo-

cytosis of diferric transferrin., but it is uncertain if this

receptor binds HFE. An autosomal recessive form

of hemochromatosis (hereditary hemochromatosis type

3) associated with several mutations in the transferrin

receptor 2 gene on chromosome 7 has recently been

described.

Hereditary hemochromatosis (HH) is an autosomal reces-

sive disorder characterized by increased intestinal ab-

sorption of iron; excess iron is deposited in the liver,

pancreas, and other organs. It is the most common genet-

ically inherited disorder in the United States Caucasian

population, with a prevalence of 0.5% and a carrier fre-

quency of 10%. Clinical manifestations may include

fatigue, diabetes, arthritis, impotence, increased skin pig-

mentation, cirrhosis, hepatocellular carcinoma, heart fail-

ure, and cardiac arrhythmias. Diagnosis is based on a

combination of clinical, laboratory, and pathologic crite-

ria, including an elevated transferrin saturation assay.

Treatment by phlebotomy, if initiated before the develop-

ment of cirrhosis or diabetes, is associated with a normal

life expectancy. Approximately 85% of patients with HH

are homozygous for the C282Y HFE gene mutation. The
HFE gene test is useful in con®rming a diagnosis of HH,

screening adult blood relatives of probands, and resolving

ambiguous cases of iron overload.

CLINICAL FEATURES

Iron accumulation in hereditary hemochromatosis is a
slow, insidious process; only a few milligrams of excess
iron may be absorbed from the duodenum each day.
Clinical manifestations frequently do not occur until
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at least the ®fth decade, when 15ÿ40 g of iron have
accumulated (normal body iron stores are approxi-
mately 3ÿ4 g). Disease expression may occur earlier
in some persons and may not occur at all in others.
Clinical expression is in¯uenced by age, sex, iron con-
tent of the diet, blood loss as occurs in menstruation and
pregnancy, and other unknown factors. Although the
gene frequency is similar in males and females, the dis-
ease is expressed less frequently in women than in men.
Factors such as alcohol and hepatitis C may also in¯u-
ence disease expression. Several recent studies have
concluded that clinically signi®cant disease expres-
sion may not occur in a majority of individuals who
are homozygous for the C282Y mutation, even if
undiagnosed and untreated.

The classic description of HH is cutaneous hyper-
pigmentation, diabetes mellitus, and cirrhosis of the
liver (bronze diabetes). Other clinical manifestations
include fatigue, abdominal pain, hepatomegaly, abnor-
mal liver tests, hepatocellular carcinoma, cardiomyo-
pathy, cardiac conduction disorders, hypothyroidism,
hypogonadism, impotence, and arthropathy.

In the past, HH was usually diagnosed at an advanced
stage; currently, most patients with newly diagnosed HH
are asymptomatic. This shift toward earlier diagnosis
may be due in part to increased physician awareness.
Of HH patients who are symptomatic, fatigue, arthral-
gias, and impotence are most common. Most if not all
clinical manifestations are preventable if HH is diag-
nosed early and treated appropriately. Some of the
disease manifestations, such as skin bronzing, cardio-
myopathy, cardiac conduction disorders, hepatomegaly
and abnormal liver tests, frequently are reversible once
excess iron stores are removed. Most of the other clinical
manifestations are not reversible, however.

DIAGNOSIS

Serum Iron Studies

A diagnosis of HH is based on a combination of
clinical, laboratory, and pathologic criteria, including
an elevated serum transferrin saturation [100 (serum
iron concentration � total iron binding capacity)] re-
sult and an elevated serum ferritin concentration. There
is diurnal variation in serum iron values, and measure-
ments may be affected by the ingestion of food; there-
fore, an elevated transferrin saturation assay should
be repeated as a fasting early morning determination.
A transferrin saturation above 50% is the earliest
phenotypic abnormality in HH.

Although serum transferrin saturation is the best
initial screening test, the results may be normal early

in the course of HH. In addition, the serum ferritin
concentration and transferrin saturation may be
elevated in up to 50% of patients with viral hepatitis,
nonalcoholic steatohepatitis, and alcoholic liver dis-
ease, and in end-stage liver disease of various etiologies.
Serum ferritin usually provides a reasonable estimate of
total body iron stores, but it is also an acute-phase re-
actant and is elevated in a variety of infectious and in-
¯ammatory conditions in the absence of iron overload.
For this reason, it should not be used as the initial
screening test to detect HH.

HH should be distinguished from iron overload that
is due to other causes. Secondary iron overload should
be suspected in patients with chronic anemias with in-
effective erythropoiesis, multiple blood transfusions,
prolonged iron supplementation, and chronic liver dis-
ease. Disorders associated with iron overload are sum-
marized in Table I.

TABLE I Disorders Associated with Iron Overload

Hereditary hemochromatosis

HFE related

C282Y homozygous

C282Y and H63D heterozygous (compound

heterozygote)

Other

Non-HFE related

HH type 2 (juvenile hemochromatosis)

HH type 3 (TfR2 mutation)

HH type 4 (ferroportin mutation)

Secondary Iron Overload

Chronic anemias

Thalassemia major

Sideroblastic anemia

Congenital dyserythropoietic anemia

Congenital atransferrinemia

Exogenous iron overload

Chronic iron supplementation (in the absence of

blood loss)

Transfusion

Iron dextran

Oral supplements (rare)

Chronic liver disease

Cirrhosis

Viral hepatitis

Alcoholic liver disease

Nonalcoholic steatohepatitis

Porphyria cutanea tarda

Portacaval shunt

Miscellaneous

Iron overload in sub-Saharan Africa

African-American iron overload

Neonatal iron overload

Aceruloplasminemia

Congenital atransferrinemia
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Hepatic Iron

Prior to the availability of the HFE gene test, a liver
biopsy was often necessary to con®rm a diagnosis of
HH. Hepatic iron may be assessed with an iron stain. In
HH, iron initially accumulates in periportal hepato-
cytes but is eventually distributed throughout the
liver. In secondary iron overload, iron is often present
predominately in Kupffer cells, which may help dist-
inguish it from HH. Histologic distinction between HH
and secondary iron overload is often not possible once
severe iron overload has developed. Hepatic histolog-
ical features of HH and secondary iron overload are
demonstrated in Fig. 1.

In HH, there is a progressive, age-related increase in
hepatic iron stores. This knowledge led to the develop-
ment of the hepatic iron index (HII), which is the
hepatic iron concentration (in micromoles/gram dry
weight liver) divided by the patient's age in years.
The original intent of the HII was to distinguish HH
homozygotes from heterozygotes, and those with alco-
holic liver disease. In the initial study, all HH homozy-
gotes had an HII >1.9, whereas all of the HH
heterozygotes or patients with alcoholic liver disease
had an HII 51.9. An HII >1.9 is not diagnostic of
HH because patients with severe iron overload of any
cause may have an HII >1.9. In addition, because HH
is increasingly diagnosed at an earlier stage, not all

A B

C D

FIGURE 1 Histological hepatic iron deposition. (A) Mild (grade 1 of 4) iron deposition in hepatocytes. Reproduced with

permission from Liver Transplantation 7(8), 663±672 (2001). (B) Moderate hemosiderin deposition in precirrhotic homo-

zygous hemochromatosis. Zone 1 hepatocytes are predominantly involved, biliary hemosiderin is not evident, and ®brosis has

not yet occurred, all indicating relatively early precirrhotic disease (hepatic iron concentration, 10,307 mg Fe/g dry weight;

iron index, 3.2). (Perls' Prussian blue staining; original magni®cation, �133.) (C) Marked hemosiderosis and cirrhosis in

homozygous hemochromatosis. Although most iron is in the hepatocytes, some Kupffer cell (arrow) and biliary iron

(arrowheads) is also present (Perls' Prussian blue staining; original magni®cation, �133.) (D) Kupffer cell hemosiderosis.

The presence of hemosiderin in Kupffer cells alone (arrows) is typical of mild transfusion hemosiderosis, is nonspeci®c, and

should not prompt further consideration of hemochromatosis (Perls' Prussian blue staining; original modi®cation, �240).

Reproduced with permission from Hemochromatosis: Genetics, Pathophysiology, Diagnosis, and Treatment ( J. C. Barton and

C. Q. Edwards, eds.), pp. 192±194 (2000).
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HH homozygotes will have an HII >1.9. Since HFE
gene testing has become the standard test for con®rm-
ing the diagnosis of HH, the HII has assumed a less
important role.

THE HFE GENE

The gene associated with HH, HFE, is located on the
short arm of chromosome 6. The HFE gene encodes a
343-amino-acid protein that resembles a human leuko-
cyte antigen (HLA) class I molecule. Two point muta-
tions, designated C282Y and H63D, were initially
described. Other mutations have since been discovered,
including S65C, G93R, I105T, Q127H, and R330M, in
addition to a couple of frameshift mutations, nonsense
mutations, and one splice site mutation. Of these other
mutations, S65C is most common, occurring in 2ÿ3%
of patients with iron overload. All of these mutations
are rare and are not likely to be of major clinical impor-
tance. In nearly all cases, patients with these other
mutations who develop iron overload are C282Y com-
pound heterozygotes.

The greatest risk for iron overload exists in those
who are homozygous for the C282Y mutation. Several
studies from the United States and Europe have found
that 60ÿ93% of patients with iron overload are homo-
zygous for C282Y. The wide range in the prevalence of
C282Y homozygotes may be due in part to different
diagnostic criteria for HH as well as to geographic
differences in the prevalence of HFE mutations. Iron
overload also occurs in a minority of those with other
HFE mutations, but it is usually of lesser severity. Ap-
proximately 1ÿ2% of Caucasians are compound hetero-
zygotes (one copy of C282Y and one copy of H63D) or
H63D homozygotes, but only a few percent will develop
problems with iron overload. In addition, approxi-
mately 25% of the United States Caucasian population
is heterozygous for H63D. A single copy of H63D is not
associated with an increased risk for developing iron
overload. Nearly all studies have demonstrated that
severe iron overload can occur in the absence of HFE
gene mutations. A negative HFE gene test, therefore,
does not exclude iron overload. The role of HFE muta-
tion analysis in the diagnosis of iron overload disorders
is summarized in Fig. 2.

The gene test is most useful in screening adult blood
relatives of an identi®ed proband. Screening blood rel-
atives is crucial, because 25% of siblings and 5% of
children of a proband will have HH. HFE gene testing
should replace more expensive HLA typing previously
used to screen siblings. In addition, HFE gene testing
often is useful in helping to resolve ambiguous cases,

such as iron overload associated with hepatitis C, alco-
holic liver disease, or other causes of end-stage liver
disease. Prior to obtaining the HFE gene test, an indi-
vidual should be counseled about the risks, bene®ts,
and alternatives of genetic testing by a quali®ed profes-
sional. There is concern about the possibility of insur-
ance, employment, or other discrimination based on
HFE test results. For this reason, HFE gene testing
usually is not recommended for anyone younger than
18 years old.

PATHOPHYSIOLOGY

The discovery of the HFE gene has furthered our un-
derstanding of the pathophysiology of iron overload.
The HFE protein is expressed throughout the intestine
as well as in many other tissues. It is expressed on epi-
thelial cells throughout the gastrointestinal tract except
in the small intestine, where it is localized in crypt cells.
HFE protein is not expressed on hepatocytes and is,
therefore, probably not directly involved in hepatic
iron loading. The normal (wild-type) HFE protein
binds to b2-microglobulin and is expressed on the cell
surface. The HFE b2-microglobulin complex binds the
transferrin receptor (TfR) and may lower its af®nity for
diferric transferrin. The C282Y-mutated protein does
not bind b2-microglobulin and is not expressed on the
cell surface. Failure of the mutated HFE protein to bind
to b2-microglobulin may be important in the develop-
ment of iron overload because b2-microglobulin knock-
out mice develop hepatic iron overload in a pattern

FIGURE 2 Diagnostic algorithm for hereditary hemochroma-

tosis.AST,Aspartate transaminase.Modi®edwithpermission from

Brandhagen et al., Mayo Clinic Proceedings 74, 917ÿ921 (1999).
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similar to that observed in humans with HH. The H63D
protein associates with b2-microglobulin but does not
lower the af®nity of the TfR for diferric transferrin.

Several other iron regulatory proteins have recently
been discovered. Divalent metal transporter 1 (DMT1;
also known as DCT1 and Nramp2), a protein located on
the apical surface of villus enterocytes, functions to im-
port non-transferrin-bound iron from the small bowel
lumen to the enterocyte cytoplasm. This is facilitated by
duodenal cytochrome b (Dcytb), a ferric reductase that
converts iron in the small bowel lumen from the ferric to
the ferrous form, thus facilitating its uptake into the
enterocyte. Once in the enterocyte, iron can be stored
as ferritin or transferred to the plasma to bind to trans-
ferrin. Ferroportin 1 (FP1; also known as Ireg1), a re-
cently discovered protein located in the basolateral
surface of villus enterocytes, functions as the basolateral
transporter of iron from the enterocyte to the plasma.
This is facilitated by a protein closely related to cerulo-
plasmin, hephaestin, which functions as a ferroxidase,
converting ferrous iron to ferric iron, thereby facilitat-
ing its transfer across the basolateral membrane of the
enterocyte. An autosomal dominant form of HH (type 4)
has recently been described in patients with a mutation
in the ferroportin gene.

The duodenal crypt cell is likely involved in sensing
the body's iron requirements. Dietary iron intake, iron
from storage sites such as the liver, and iron needed
for erythropoiesis may all in¯uence intestinal iron

absorption. Hepcidin is a recently discovered small pro-
tein produced by hepatocytes. Hepcidin mRNA levels
are increased in mouse models of dietary iron loading
and genetic iron overload, and hepcidin may be the
soluble iron stores regulator that controls iron absorp-
tion in intestinal crypt cells.

Many of the iron regulatory proteins contain iron
regulatory elements (IREs) on the 30 or 50 untranslated
region (UTR) of their mRNA. IREs bind iron regulatory
proteins (IRPs) produced in response to iron de®ciency
sensed at the level of the crypt enterocyte. The binding
of IRPs to an IRE at the 50 UTR of mRNA from molecules
such as ferritin will block translation and decrease fer-
ritin levels. Conversely, the binding of IRPs to an
IRE at the 30 UTR of mRNA from the TfR and DMT1
will stabilize the transcript and increase levels of TfR
and DMT1. Although much has been learned about
molecular aspects of iron absorption in the past few
years, a great deal is still unknown, including the spec-
i®cs of how the mutated HFE protein leads to the de-
velopment of iron overload. Intestinal iron overload
is summarized in Fig. 3.

TREATMENT

Therapeutic Phlebotomy

The treatment of patients with HH is usually re-
served for those with iron overload as evidenced by
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FIGURE 3 Intestinal iron absorption. Dcytb, Duodenal cytochrome b; DMT1, divalent metal

transporter 1; FP1, ferroportin 1; Hp, hephaestin; IRP, iron regulatory protein; Tf, transferrin; TfR,

transferrin receptor. Reproduced with permission from Philpott (2002), Herpatology 35, 993ÿ1001.
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an elevated serum ferritin level. Therapeutic phlebo-
tomy is the preferred treatment because it is simple,
inexpensive, and effective. During the initial phase of
therapeutic phlebotomy, 500 ml of blood is removed on
a weekly basis. A hemoglobin should be checked prior
to each phlebotomy. Weekly phlebotomy should
continue as long as the hemoglobin is above a presel-
ected value (usually 12ÿ13 g/dl). If the hemoglobin is
below the selected cutoff value, phlebotomy should not
be performed. Once the hemoglobin remains below the
cutoff for 3 consecutive weeks without phlebotomy, the
serum ferritin and transferrin saturation should be
rechecked. Iron depletion is con®rmed if the ferritin
level is less than 50 mg/liter with a transferrin saturation
in the low normal range. Once iron depletion is accom-
plished, most patients require four to eight `̀ mainte-
nance'' phlebotomies per year to keep the ferritin
level lower than 50 mg/liter.

Iron Chelators

Iron chelators such as desferrioxamine are rarely
utilized to treat iron overload in HH. Iron chelators are
expensive and must be given by subcutaneous infusion.
They also are much less effective at removing excess
iron compared to phlebotomy. At present, an effec-
tive oral iron chelator is not routinely available in the
United States.

Dietary

Patients with HH should refrain from using iron
supplements, including multivitamins with iron as well
as high-dose vitamin C supplements. A `̀ low-iron diet'' is
not necessary, but red meat should be consumed in
moderation. Patients with HH should avoid consuming
raw shell®sh due to an increased risk of infections with
Vibrio vulni®cus. Persons with HH should also avoid or
minimize alcohol use because iron and alcohol are
synergistic hepatotoxins.

Liver Transplantation

Liver transplantation may be an option for HH pa-
tients with cirrhosis and complications of end-stage
liver disease. Despite being common, HH is an un-
common indication for orthotopic liver transplantation
(OLT), accounting for less than 1% of all liver trans-
plants performed in the United States. Survival in HH
patients undergoing liver transplantation is poor. The
1-year patient survival rate after OLT is approximately
50ÿ60% for patients with HH compared to over 90%
for most other indications. Deaths in HH OLT recipients

are usually due to cardiac or infectious complications.
There are preliminary reports of improved survival in
patients with HH who are depleted of excess iron stores
prior to OLT.

PROGNOSIS

Patients with HH who are diagnosed and treated before
the development of diabetes and cirrhosis have normal
age-and sex-adjusted survival rates. Once cirrhosis or
diabetes develops, the rate of survival is markedly re-
duced. Deaths in cirrhotic patients with HH are often
due to hepatocellular carcinoma. Patients with cirrhosis
due to HH usually do not develop decompensated liver
disease. Up to one-third of patients with HH and cir-
rhosis will develop hepatocellular carcinoma. This
represents a 200-fold increased risk for the develop-
ment of liver cancer. HH patients without bridging
®brosis or cirrhosis do not have an increased risk for
developing hepatocellular carcinoma.

ROLE OF LIVER BIOPSY

HFE gene testing may eliminate the need for a liver
biopsy in many cases. Traditionally, a liver biopsy has
been performed in patients with iron overload to con-
®rm the diagnosis of HH and to exclude cirrhosis. Pa-
tients who are homozygous for the C282Y mutation
with an elevated serum iron and transferrin saturation
without secondary iron overload do not need a liver
biopsy to con®rm the diagnosis of HH. Liver biopsy
still remains the `̀ gold standard'' for assessing the degree
of ®brosis. De®nitively excluding cirrhosis is important
because of the increased risk of developing hepatocel-
lular carcinoma. The risk for cancer persists even after
patients are depleted of excess iron stores. In such pa-
tients, screening with an ultrasound scan and a-fetopro-
tein every 6 months may be appropriate.

There may be a subset of HH patients whose risk of
cirrhosis is minimal, and a liver biopsy would be un-
necessary. Several recent studies have con®rmed that
certain predictive noninvasive assessments are accurate
in excluding cirrhosis in C282Y homozygotes. In these
studies, cirrhosis was extremely uncommon in C282Y
homozygotes who had serum ferritin levels lower
than 1000 mg/liter and normal aspartate aminotransfer-
ase values. A serum ferritin of 51000 mg/liter seems
to be the best predictor of the absence of cirrhosis in
C282Y homozygotes. The positive predictive value of a
serum ferritin of >1000 mg/liter is poor, however, be-
cause only about 50% of those with serum ferritin
values >1000 mg/liter had cirrhosis. A recent study
found that cirrhosis was present in approximately
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80% of C282Y homozygotes with serum ferritin of
41000 mg/liter and a platelet count 5200 k and an el-
evated AST. Until these ®ndings are con®rmed, a liver
biopsy is advisable in C282Y homozygotes with serum
ferritin values>1000 mg/liter to de®nitely assess for the
presence of cirrhosis. There are limited data on nonin-
vasive predictors of cirrhosis for non-C282Y homozy-
gotes. A liver biopsy may be necessary in this group of
patients to con®rm the diagnosis of HH and exclude
cirrhosis.

SCREENING FOR HEMOCHROMATOSIS

There is currently disagreement among experts regard-
ing the utility of screening for HH in the general pop-
ulation. HH ful®lls most if not all of the World Health
Organization (WHO) criteria of a condition amenable to
population screening. HH is common and has a long
presymptomatic phase. A simple, noninvasive, inexpen-
sive screening test exists, and effective treatment that
improves survival is available. Several studies have used
reasonable estimates of the number of patients who will
develop life-threatening disease and concluded that
population screening for hemochromatosis would be
cost effective.

Despite the fact HH ful®lls many of the criteria
of a condition appropriate for population screening,
many public health experts have not recommended
screening for HH. They cite a lack of information
about burden of disease and disease expression in
those with HFE mutations as reasons why they do not
endorse population screening for HH. In support of this,
a recent population screening study in the United States
of over 40,000 individuals did not ®nd a difference in
symptoms reported by C282Y homozygotes compared
to non-C282Y homozygotes.

Unfortunately, the natural history HH in an asymp-
tomatic patient identi®ed by population screening may

never be known because many would consider it un-
ethical to withhold treatment once a patient develops
iron overload. At present, several studies have per-
formed both HFE genotyping and serum iron studies
in subjects selected from the general population. Be-
tween 25 and 81% of C282Y homozygotes in these
studies had a normal serum ferritin with no clinical
evidence of iron overload. More data from a greater
number of individuals, including those from diverse
populations, are necessary before reaching de®nitive
conclusions. Without this information, true estimates
on the cost effectiveness of screening for hemochroma-
tosis in the general population will be dif®cult to obtain.
With the information currently available, it seems rea-
sonable to screen for iron overload in persons with a
chronic liver disease, symptoms or signs suggestive of
HH, or a family history of HH.

See Also the Following Articles
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Neonatal Hemochromatosis
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Hernias
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EhlersÿDanlos syndrome Heterogeneous group of heri-

table collagen disorders characterized by joint hyper-

mobility and increased skin elasticity and tissue

fragility.

Marfan syndrome Heritable disorder of the connective tissue

(caused by a mutation in the ®brillin gene) that affects

many organ systems.

A hernia is the abnormal protrusion of a structure through

the tissues that normally contain it. A vast majority of

abdominal wall hernias are located in the groin. A hernia

is reducible if the protruding contents can be put back in

their original location. Herniated structures that cannot

be restored to their normal location are called irreducible

or incarcerated, and are at risk for obstruction or stran-

gulation. Strangulation, which implies compromise to the

hernia blood supply, can eventually lead to tissue death

and serious infection.

INTRODUCTION

Hernias are very common, and hernia repair is the most
common reason for primary care physicians to make
surgical referral. Over 700,000 groin hernias are re-
paired in the United States and Europe annually.
Males are seven times more likely than females to
develop a hernia and have a 5% lifetime risk of develop-
ing a groin hernia. Risk factors include obesity, pulmo-
nary disease with chronic cough, steroid use, straining
with exercise, urinary retention, constipation, and other
conditions that chronically increase intraabdominal
pressure. Connective tissue disorders such as Ehlersÿ
Danlos and Marfan syndromes have also been associated
with increased risk of hernia.

All abdominal wall hernias involve a peritoneal sac
protruding through a weakness in the abdominal wall.
Each side of the abdominal wall includes an inguinal
canal, a canal-shaped opening to the groin. In women,
this canal contains the round ligament, which supports
the uterus. In men, the canal contains the spermatic
cord, which includes the blood supply to the testicles
and the vas deferens, through which semen ¯ows from
the testes to the penis. In the anteromedial portion of the

cord, there is a potential space through which abdom-
inal contents can herniate.

ANATOMY

The anatomy of the lower abdominal wall is complex,
and even after centuries of study, there is still debate
about its structure. The lower wall is composed of
three musculoaponeurotic layers: the external oblique,
the internal oblique, and the transversus abdominus.
Inferiorly, the external oblique aponeurosis forms the
super®cial inguinal ring through which the round lig-
ament or spermatic cord exits the inguinal canal. This
triangular opening is just superior to the medial portion
of the inguinal ligament. The internal oblique is the
middle layer of the abdominal wall. In 5ÿ10% of the
population, the internal oblique aponeurosis will merge
with the transversus abdominus aponeurosis to form the
conjoint tendon. The conjoint tendon is in the medial
aspect of the canal and can be used in reconstruction of
the abdominal ¯oor during hernia repair. When the
conjoint tendon is not present, the internal oblique con-
tributes little to the integrity of the groin. The deepest
layer of the abdominal wall is the transversus
abdominus, which is encased in a fascial sheath called
the transversalis fascia. The deep inguinal ring, through
which the round ligament or spermatic cord enters the
inguinal canal, is a defect in the transversalis fascia. This
is located at the midpoint of the anterior superior iliac
spine and the pubic tubercle. The transversalis fascia
forms the ¯oor of the inguinal canal. The roof of the
canal is composed of the external oblique aponeurosis
and ®bers of the internal oblique muscle. Fibers of the
internal oblique and transversus abdominus form the
superior wall of the canal, and the inguinal and lacunar
ligaments form the inferior wall. The illiohypogastric,
illioinguinal, and genitofemoral nerves all traverse the
region and provide key motor and sensory functions.
Nerve entrapment is a risk of herniorraphy and can
cause postoperative disability.

The femoral canal is a potential space underneath
the inguinal ligament, through which visceral hernia-
tion may occur. Its borders are the inguinal ligament
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superiorly, the external iliac vein medially, Cooper's
ligament posteriorly, and ®bers of the illiopubic tract
as they converge onto Cooper's ligament laterally. The
entrance of the canal is the fossa ovalis, a defect in the
fascia lata. Here, the femoral and greater saphenous
veins merge.

CLASSIFICATION

Hernias are classi®ed by their location. There are a num-
ber of types of groin hernias: indirect, direct, pantaloon,
and femoral. Indirect inguinal hernias are due to
congenital patency of the processus vaginalis and weak-
ening of the transversalis fascia around the internal ring.
The processus vaginalis is the peritoneal tunnel through
which the testes migrate from the retroperitoneum to-
ward the scrotum during embryological development.
Here, there will be herniation of abdominal contents
through the internal inguinal ring. Direct inguinal her-
nias are secondary to weakness in the transversalis fascia
inferior to the inferior epigastric artery. The region is
known as Hesselbach's triangle. When both direct and
indirect hernias are present, it is called a pantaloon
hernia. Femoral hernias occur when intraabdominal
contents pass beneath the inguinal ligament and
through the femoral canal medial to the femoral vein.
This type of hernia is most likely to occur in elderly
women and precipitant weakness in the abdominal
¯oor may be related to pregnancy.

Anterior abdominal wall hernias are umbilical,
incisional, and epigastric. Umbilical hernias may be
congenital and appear as a protruding belly button.
Umbilical and incisional hernias may also be acquired
as defects through previous fascial closures. Epigastric
hernias are secondary to congenital defects in the
linea alba.

A lump heralds most groin hernias. Patients often
describe a sudden bulge that occurred while straining
while lifting or moving their bowels. Pain can be asso-
ciated with an enlarging hernia and may be referred to
the scrotum. With the exception of dull pain and a
dragging sensation, most reducible hernias are asymp-
tomatic. Patients must be examined while standing and
supine, and while coughing and straining to fully eval-
uate the hernia. A ®nger should be inserted through the
upper scrotum and into the internal ring. If a hernia is
present, a sudden impulse or lump will be felt on the
®ngertip with cough or strain. Bowel sounds may be
heard on auscultation of the hernia. It is usually dif®cult
to discern direct from indirect hernias on physical exam,
and in most cases the type of hernia is not accurately
identi®ed before surgery. However, if contents descend
into the scrotum, an indirect, rather than direct, hernia

is present. Most hernias in childhood and early adult-
hood are indirect inguinal hernias.

If a hernia is tender, discolored, or incarcerated, an
experienced hand can attempt manual reduction ®rst.
Any dif®culty with this maneuver signi®es that stran-
gulation of the hernia is likely, and emergent operation
is indicated. Patients with strangulated hernias may be
toxic, dehydrated, and febrile. In this case, reduction
should not be attempted. The patients should be ade-
quately resuscitated and taken to the operating room as
soon as possible. The risks of incarceration, strangula-
tion, and obstruction are greater compared to risks of
hernia repair. Consequently, expeditious elective oper-
ative repair is standard unless there are speci®c contra-
indications or operative risk is too high. This applies to
groin and ventral hernias. When all goes well, elective
herniorraphy is often an outpatient procedure done
with local anesthesia.

SURGERY

The surgical principles of hernia repair include division
of the external oblique and transversalis fascia, isolation
of the spermatic cord, high ligation of the hernia sac, and
reconstruction of the inguinal canal. In general, there
are three approaches to surgical repair of groin hernias:
(1) open repair, (2) tension-free repair with mesh or
Lichtenstein repair, and (3) laparoscopic repair. Open
repair involves freeing the spermatic cord and opening
the transversalis fascia to access the inguinal canal. The
hernia sac is identi®ed and ligated at its base. Hernia
contents are restored to their correct position, and the
¯oor of the inguinal canal is reconstructed with perma-
nent sutures and minimal tension. In tension-free repair
with mesh, prosthetic mesh instead of sutures is used
to construct the canal. Although there is higher risk of
infection with this technique, the subsequent ®brotic
reaction secures the repair, resulting in a recurrence
rate of less than 1%. Laparoscopic hernia repair is
done via smaller incisions, which may result in less
pain and disability. One advantage is that bilateral her-
nias can be repaired with one large piece of abdominal
mesh placed posteriorly. Another advantage is that re-
current hernias can be repaired without interfering with
previous surgical sites. Drawbacks to laparoscopic re-
pair include requirement of general anesthesia and sig-
ni®cantly more expense than open techniques. Because
laparoscopic herniorraphy is a relatively new technique,
long-term results are unavailable. Thus far, complica-
tion and recurrence rates are similar to those of open
techniques.

Complications following hernia repair are usually
minor; they include wound infections, hematoma, and
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nerve entrapment. Injury to the illioinguinal nerve can
cause groin and scrotal pain. Entrapment of the
genitofemoral nerve is associated with ejaculatory dys-
function and hypersensitivity of the groin, scrotum,
and upper thigh. Recurrence may not occur for up to
20 years and further recurrence is more likely after two
or more repairs. Recurrence is more likely in the setting
of related comorbidities.

Umbilical hernias are present in 10% of White in-
fants and in greater than 40% of Black infants. A hernia
in infancy is a congenital defect that usually regresses
within 2 years. It is for this reason that repair is post-
poned until after 2 years of age. In adults, the defect does
not regress. Like groin hernias, umbilical hernias tend
to expand over time and are aggravated by conditions
that increase intraabdominal pressure. The risk of
incarceration or strangulation is greater than the risk
of elective repair, and surgical treatment is preferred in
the absence of contraindications. In umbilical hernias,
the sac usually contains omentum. However, strangu-
lated omentum can pose a serious risk to the patient and
should not be underestimated in considering urgent
repair. Epigastric hernias are often multiple, and until
they become symptomatic, repair is usually postponed.

About 10% of incisional hernias occur within the
®rst postoperative year, almost 65% occur within the
®rst 5 years, and the remainder occur after that. In ad-
dition to risk factors for other types of hernias, age, poor
nutrition, and jaundice can also predispose patients to
incisional hernias. Of course, poor surgical technique
and wound infection can also predispose hernia
formation. Surgery is indicated for repair to prevent

incarceration and strangulation. Small defects can be
closed primarily, but most incisional hernias require
mesh for adequate closure. Drains are often indicated
to prevent ¯uid collections, which may contribute to
infection.

In summary, abdominal wall hernias are common
and usually cause minimal stress or discomfort. They
should be treated with early surgical repair to prevent
untoward complications, which can cause signi®cant
morbidity and mortality. There are a number of ap-
proaches to hernia repair, and the type of repair will
vary by patient need and expertise of the surgeon.
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Hiatal Hernia
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esophagogastroduodenoscopy Endoscopic examination of

the esophagus, stomach, and duodenum.

fundoplication Procedure in which the stomach fundus is

wrapped around the esophagus.

The esophageal hiatus is formed by the muscle ®bers of

the right crus of the diaphragm with limited contribution

from the left crus. The esophageal hiatal crural ®bers form

a tunnel through which the esophagus travels from the

thorax to the abdomen. The distal esophagus is further

attached to the hiatus by the phreno-esophageal ligament,

which arises from the fusion of endothoracic and endo-

abdominal fascia. A hiatal hernia results from the herni-

ation of abdominal contents through the esophageal

hiatus into the thoracic cavity or the mediastinum.

Small hiatal hernias are common radiographic ®ndings

and may or may not be associated with clinical signi®-

cance. This article focuses on the diagnosis, classi®cation,

pathophysiology, and treatment of hiatal hernias.

CLASSIFICATION AND
PATHOPHYSIOLOGY

There are multiple ways to classify hiatal hernias. The
two basic types are small sliding hernias that are asso-
ciated with re¯ux and much larger hernias that progres-
sively contain the stomach and other intra-abdominal
contents. This article will use a four-type hernia classi-
®cation scheme based on the extent of the defects.

Type I

The type I hiatal hernia or sliding hernia is the most
common. Type I paraesophageal hernia is de®ned as one
in which the gastroesophageal junction has migrated
from the intraabdominal position through the esopha-
geal hiatus and subsequently occupies an intrathoracic
position. Type I hernia occurs chie¯y as a result of a
weakening or thinning of the phreno-esophageal mem-
brane. This type of hernia is rather common and is re-
portedly found in 10% of Northern American adults
examined by barium swallow. This defect can be tem-
porarily induced in many normal individuals by any
maneuver that increases intraabdominal pressure,

such as vomiting or the Valsalva maneuver. The signif-
icance of this defect is dependent on the degree of
associated symptoms of esophageal re¯ux as discussed
below.

There are multiple potential etiological causes for
type I hiatal hernias. Some individuals may have a con-
genitally inferior insertion of the phreno-esophageal
ligament into the esophagus or a congenitally weakened
ligament leading to an intra-thoracic gastro-esophageal
junction and resulting in an intra-thoracic location of
the gastric cardia. Some of these patients may have had
symptoms of re¯ux or regurgitation since childhood.
However, in most cases, it is dif®cult to know with
certainty whether the defect was acquired or congenital
in nature. The development of a type I hernia is also
thought to result from an increase in intra-abdominal
pressure that occurs in conditions such as pregnancy,
obesity, protracted vomiting, or direct trauma from
blunt force to the abdomen. Protracted vomiting may
also cause vigorous esophageal contraction leading to
the elevation of the gastro-esophageal junction into
the chest.

Type I sliding hiatal hernia rarely causes symptoms.
Symptoms are present in a fraction of patients with this
defect and result from re¯ux attributed to a lower esoph-
ageal sphincter rendered dysfunctional by its intratho-
racic location. Although most patients with sliding
hernia do not have re¯ux, between 50 and 90% of pa-
tients with re¯ux have an associated sliding hiatal her-
nia. Gastro-esophageal re¯ux symptoms commonly
present as a sensation of `̀ heartburn'' that is worsened
by positional changes such as lying down. Heartburn is a
nonspeci®c symptom complex, as it may mean many
different things to different patients. In cases of hiatal
hernia, heartburn is a burning sensation in the epi-
gastrium that in severe cases can radiate to the left shoul-
der and be mistaken for myocardial infarction. This
symptom complex is usually present after meals and
may often be relieved by the ingestion of food or antacid
medications.

Regurgitation of gastric contents is also an asso-
ciated symptom of re¯ux. Patients usually describe
the taste of sour liquid in their mouth. Regurgitation
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of food is not typically reported as a symptom of re¯ux
associated with type I hiatal hernias and the presence of
such a symptom should lead to a search for another
etiology such as a type II hiatal hernia or esophageal
diverticulum. Dysphagia is often also associated with
re¯ux seen with type I hiatal hernias and is thought
to result from esophageal spasm, irritation, or stricture
of the esophagus brought about by acid exposure in the
distal esophagus. However, esophageal carcinoma can
also present with dysphagia and hence these symptoms
should be evaluated aggressively usually with a barium
swallow and most likely with an esophagogastro-
duodenoscopy (EGD).

Patients with gastro-esophageal re¯ux may also
present with respiratory symptoms resulting from aspi-
ration of gastric acid. Typically, such patients present
with a nocturnal cough that awakens the patient from
sleep. Hoarseness may or may not be noted in the morn-
ing. Asthma may be a manifestation of this disease, but it
is currently unclear to what extent and how frequently
asthma results from aspiration. Severe aspiration epi-
sodes can ultimately lead to pneumonia, lung abscess, or
bronchiectasis. There is some evidence that patients
with severe uncorrected re¯ux after lung transplanta-
tion have a higher incidence of rejection.

Other less common symptoms associated with type I
hiatal hernias include hemorrhage from diffuse erosive
gastritis as well as ulcerative esophagitis with referred
pain to the back and neck. Patients with the latter con-
dition often complain of a `̀ lump in their throat'' that is
unrelieved by swallowing. Frequently, these patients
are misdiagnosed or dismissed as having psychological
problems.

Type II

The type II hiatal hernia or para-esophageal hernia is
an uncommon disorder that is anatomically distinct
from the type I sliding hernia. The problem is a defect
in the phreno-esophageal membrane and the underlying
endothoracic and endoabdominal fasciae rather than
a circumferential weakening as in type I defects
(Fig. 1). The defect present in type II hernia is usually
located in the left ventral aspect of the esophageal hiatus
(Fig. 1), but occasionally defects can be present in other
locations. Through these defects, a peritoneal sac con-
taining a portion of the stomach protrudes along with
the peritoneum into the thoracic cavity. Without the
constraints of the fascia to prevent migration and the
pressure gradient from the abdominal to thoracic cavity,
the hiatal defect progressively enlarges and the stomach
progressively migrates into the chest with total hernia-
tion of the stomach into the chest in advanced cases.

However, since the distal esophagus and cardia of the
stomach are usually still ®xed by the phreno-esophageal
membrane to the right crus and remain in the abdominal
cavity even in advanced cases, the pylorus can come to
lie next to the distal esophagus and cardia. Fixation at
this single point allows for the development of
gastric volvulus and its often fatal consequences.
Hence, type II or para-esophageal hernias often require
prompt attention.

Typically, patients with type II hernias are asymp-
tomatic until the hernia becomes large. Most patients
present in their fourth to ®fth decades of life and a fair
number present when very old. Symptoms of type II
hernias include retching and postprandial nausea. Re-
¯ux symptoms may be present as well if a combined type
I defect is also present to form a type III defect, which
will be described below. In type II hernias with ®xation
at a single point, the intra-thoracic stomach can twist,
leading to the development of gastric volvulus, gastric
obstruction, gastric dilation, and gastric strangulation.
With intermittent gastric distention and obstruction,
patients can experience a sense of substernal pain
often exacerbated after eating, as well as vomiting
from obstructive pathology. Other symptoms include
bleeding from gastric ulceration in the intrathoracic
portion of the stomach and aspiration of gastric con-
tents, leading to pulmonary complication as discussed
for type I hernia.

The most feared complication of type II hiatal hernia
is gastric volvulus and strangulation. Patients with this
complication experience substernal pain and progres-
sive dysphagia followed by protracted nausea and vom-
iting. As the stomach becomes progressively ischemic,

FIGURE 1 A laparoscopic view of the hernia sac of a reduced

type II hiatal hernia. The stomach is reduced into the abdomen and

is below and to the left of the diaphragmatic defect that is bordered

on the right by the left crus.
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pain increases and is followed by symptoms of shortness
of breath, shock, and sepsis intervening as the ischemia
progresses and perforation occurs, leading to media-
stinitis. Without prompt surgical management, patients
rapidly deteriorate and expire. Due to the dire conse-
quences of type II hernias, prompt surgical correction is
recommended even in asymptomatic patients with sig-
ni®cant type II paraesophageal hernias. Patients with
known type II hernias who present with unremitting
pain should be resuscitated and have the stomach gently
decompressed with the aid of a carefully placed naso-
gastric tube under ¯uoroscopic guidance. Those who
improve dramatically can be electively repaired surgi-
cally. Those who do not may require an emergent ex-
ploration usually transabdominally.

Type III

Type III, or mixed, hiatal hernia is a progression and
combination of type I and II hiatal hernias. If a type I
hiatal hernia is present, the phreno-esophageal mem-
brane may weaken over time, leading to a type II defect.
Conversely, the presence of a type II defect may over
time weaken the phreno-esophageal ligament circum-
ferentially, leading to a type I defect. The rate of con-
version from a type I or type II hiatal hernia to a type II
hernia is not known.

The symptoms of a type III hiatal hernia manifest as a
combination of those seen in type I and II hiatal hernia.
Typically, the symptoms of the larger defect predomi-
nate. However, once diagnosed, type III hiatal hernia
must promptly be ®xed as the stomach may strangulate.

Type IV

In type IV, hiatal hernia is de®ned as one where the
stomach and other intra-abdominal organs have herni-
ated into the chest through the esophageal hiatus. These
herniate in order with the omentum followed by the
transverse colon. The spleen or small bowel may be
involved as well. Type IV hernias are rarely asymptom-
atic and symptoms are chie¯y those of obstruction and
strangulation. Hence, these hernias require prompt sur-
gical treatment once diagnosed.

DIAGNOSIS AND MANAGEMENT

Most hiatal hernias are ®rst incidentally noted on chest
radiographs. The most frequent radiographic ®nding is
a retro-cardiac air bubble. Patients are subsequently
triaged according to the type of hernia and degree of
symptoms. Those patients with dysphagia should un-
dergo an aggressive workup to rule out esophageal car-
cinoma with EGD and biopsies if indicated. Subsequent

evaluation with a barium swallow, chest and/or abdom-
inal computed tomography scan, or EGD con®rms the
diagnosis in most patients.

Type II, III, and IV hiatal hernias often require
prompt surgical patients even for asymptomatic treat-
ment in order to avoid the mortality and morbidity of
gastric and bowel strangulation. Operative repair can be
accomplished through an abdominal or thoracic ap-
proach and by laparoscopy. There have been reports
of a combined thoracoscopic or laparoscopic approach
as well. Although strong proponents exist for each ap-
proach, there are no data to support the superiority of
one surgical approach over another. There are several
elements to the surgical repair. First, the stomach and
any additional viscera must be returned to the abdom-
inal cavity and the hernia sac excised (Fig. 2). Then, the
hernia defect is repaired usually primarily and occasion-
ally with the use of a prosthetic mesh. The esophagus
is occasionally lengthened to ensure that the gastro-
esophageal junction remains in the abdomen. Patients
who clearly have documentation of gastroesophageal
re¯ux will also have an anti-re¯ux procedure (see
below) performed at the same time. Whether all patients
with paraesophageal hernias who are undergoing sur-
gical repair ought to have an anti-re¯ux procedure is a
controversial matter. The authors' group routinely per-
forms an anti-re¯ux procedure as part of all advanced
hernia repairs. Finally, patients with type III or IV her-
nias may also bene®t from ®xation of the stomach to the
abdominal wall with a temporary gastrostomy in order

FIGURE 2 A laparoscopic view of the entire dissected hiatus in

the same patient. The right crus is prominently displayed on the

left side of the picture. The esophagus is coming out toward the

right side of the picture and covering a portion of the left crus.

Note the wide defect between the two crurae that will need to be

surgically closed.
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to reduce the chance of recurrent herniation and pro-
vide a simple portal to an often sluggish stomach.

Therapy for type I hiatal hernia is more controver-
sial. The only clear recommendation is that for asymp-
tomatic patients with small defects, expectant therapy is
indicated. For symptomatic patients with gastro-esoph-
ageal re¯ux, therapeutic options include the following:
(1) medical therapy; (2) endoscopic therapy; and (3)
surgical therapy.

Medical Therapy

With the advent of proton pump inhibitors, most
patients can be adequately treated for their re¯ux
symptoms with medical therapy. However, controversy
exists concerning the long-term effects of prolonged
proton pump therapy. It is unclear whether acid sup-
pression alone can prevent the metaplastic changes of
Barrett's esophagus and progression to dysplasia. Also, it
is unclear what constitutes maximal medical therapy
and its failure. Furthermore, many patients do not
wish to be on prolonged medical therapy or fail `̀ max-
imal medical therapy.'' Finally, medical therapy cannot
correct the anatomic irregularities of type I hiatal hernia.
Given that most patients with type I hiatal hernias do not
have re¯ux, it is likely that additional defects are present
in those that do. In those patients, proton pump inhib-
itors may reduce the acid secretion but not affect ade-
quate reduction in bile re¯ux, which may be harmful as
well. Patients with severe re¯ux symptoms that are not
controlled with medical therapy or complications of
re¯ux (stricture, bleeding, and obstruction) that are
not reversed with medical therapy are frequently re-
ferred for interventions to control these problems.

Endoscopic Therapy

New endoscopic techniques have recently been ap-
proved for treatment of gastroesophageal re¯ux by the
Food and Drug Administration. At least three ap-
proaches have been described. One procedure utilizes
endoscopic suturing to create a valve in the gastroesoph-
ageal junction to reduce re¯ux. The second is designed
to thicken the same area with the administration of
radiofrequency energy to the gastroesophageal junction
in a manner designed to create a scar at the gastroesoph-
ageal junction. The third strategy is to inject material
into the submucosa of the gastroesophageal junction in
order to re-create a valve. All of these procedures are
successful at least in the short term. However, the exact
mechanism of action of each method is not certain. Most
certainly, there is no anatomic repair of the hiatus or
any hernia with these anti-re¯ux procedures. Although
short-term results are promising and many patients are

symptom- and medication-free, the long-term ef®cacy
of these treatments is unclear. Additional long-term data
are needed to better de®ne patient selection criteria and
make valid comparisons to both medical and surgical
therapies.

Surgical Therapy

A variety of surgical approaches have been described
to treat re¯ux and the re¯ux-associated symptoms of
type I hiatal hernias. Each of these surgical approaches
has been designed to approximate the normal anatomy
of the gastroesophageal junction and increase the tone
of the lower esophageal sphincter, in addition to repair-
ing the hernia and hiatal defect. These techniques at-
tempt to achieve these goals and prevent re¯ux by better
approximating the angle of the gastroesophageal junc-
tion, by buttressing the lower esophageal sphincter or
by `̀ lengthening'' the distal esophagus to create an intra-
abdominal lower esophageal sphincter. A variety of op-
erations have been described, but three main surgical
approaches are currently in practice: (1) Belseyÿ
Mark IV; (2) Nissen fundoplication; and (3) Hill repair.

A thorough evaluation of each patient with re¯ux
symptoms is required to tailor the individual operation.
Speci®cally, patients should undergo gastric pH probe
testing, esophageal manometry, and barium swallow to
demonstrate both the hiatal defect and esophageal mo-
tility prior to operative intervention.

BelseyÿMark IV

The BelseyÿMark IV operation was developed in the
1950s in England by Sir Ronald Belsey. The hallmarks of
this anti-re¯ux procedure include restoring an intra-
abdominal esophagus and creating and maintaining a
narrow diameter in the distal esophagus to restore
lower esophageal sphincter tone. The BelseyÿMark
operation is performed through a left sixth interspace
thoracotomy. In experienced hands, this procedure is
effective in controlling the symptoms of 85% of patients
at 5 years.

Nissen Fundoplication

Nissen fundoplication was originally developed by
Rudolph Nissen in 1936 to protect the suture line after
gastric resections. The Nissen procedure can be per-
formed through a laparotomy, thoracotomy, or via lap-
aroscopy. The procedure involves wrapping the anterior
and posterior walls of the gastric fundus around the
esophagus to augment the lower esophageal sphincter
and thereby prevent re¯ux. Numerous modi®cations of
this procedure that change the extent of gastric fundus
encircling the distal esophagus (e.g., Dor, Thal) have
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been added in hopes of modulating the increase in
lower esophageal tone. Minimally invasive laparo-
scopic versions of these procedures have become
quite common in modern-day surgical practice. Up
to 95% of patients are still symptom free at 5 years.

Hill Repair

The Hill operation is designed to prevent re¯ux by
re-creating the angle of the gastroesophageal junction
with respect to the diaphragm (i.e., angle of His) in order
to augment and thereby restore competency to the lower
esophageal sphincter. This procedure can be performed
through both abdominal and thoracic approaches. Lap-
aroscopic and thoracoscopic approaches have been de-
scribed as well. Long-term follow-up results of this
procedure reveal that 75 to 85% of patients are asymp-
tomatic at 5 years.

In summary, hiatal hernias can be classi®ed into four
types. Type I hernias are common and can be managed
medically, endoscopically, or surgically. Type II, III, and
IV hernias are more serious and once diagnosed often

require prompt surgical attention in order to prevent
the dire consequences of gastric strangulation.
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diaphragm Muscular partition that separates the abdomen

and thorax; a primary muscle used in breathing.

glottis Opening in the larynx through which exchange of air

occurs between the mouth and lungs.

larynx Organ for production of voice; situated in the airway

at the base of the tongue.

myoclonus Rapid involuntary alternate muscular contrac-

tions and relaxations resulting from paroxysmal out¯ow

from the central nervous system to the involved muscles.

phrenic nerve Motor nerve arising from the third, fourth,

and ®fth cervical segments of the spinal cord; innervates

the diaphragm.

The term `̀ hiccup'' is derived from the sound made by the

rhythmic involuntary spasmodic contraction of the dia-

phragm and rapid closure of the glottis, followed by sharp

inhalation. The medical term for hiccup, `̀ singultus,''

probably originated from the Latin singult, which is trans-

lated as `̀ the act of catching one's breath while sobbing.''

Singultus re¯exes usually occur in sequence, accounting

for the characteristic movements and sounds.

INTRODUCTION

The phrenic nerves are the motor nerves to the dia-
phragm. Inappropriate ®ring in the motor component
of the phrenic nerves accounts for the diaphragmatic
spasm associated with hiccups. The afferent arm of the
hiccup re¯ex consists mainly of sensory nerves from
receptors in the airways and upper digestive tract.
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been added in hopes of modulating the increase in
lower esophageal tone. Minimally invasive laparo-
scopic versions of these procedures have become
quite common in modern-day surgical practice. Up
to 95% of patients are still symptom free at 5 years.

Hill Repair

The Hill operation is designed to prevent re¯ux by
re-creating the angle of the gastroesophageal junction
with respect to the diaphragm (i.e., angle of His) in order
to augment and thereby restore competency to the lower
esophageal sphincter. This procedure can be performed
through both abdominal and thoracic approaches. Lap-
aroscopic and thoracoscopic approaches have been de-
scribed as well. Long-term follow-up results of this
procedure reveal that 75 to 85% of patients are asymp-
tomatic at 5 years.

In summary, hiatal hernias can be classi®ed into four
types. Type I hernias are common and can be managed
medically, endoscopically, or surgically. Type II, III, and
IV hernias are more serious and once diagnosed often

require prompt surgical attention in order to prevent
the dire consequences of gastric strangulation.
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diaphragm Muscular partition that separates the abdomen
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at the base of the tongue.

myoclonus Rapid involuntary alternate muscular contrac-

tions and relaxations resulting from paroxysmal out¯ow

from the central nervous system to the involved muscles.

phrenic nerve Motor nerve arising from the third, fourth,

and ®fth cervical segments of the spinal cord; innervates

the diaphragm.

The term `̀ hiccup'' is derived from the sound made by the

rhythmic involuntary spasmodic contraction of the dia-

phragm and rapid closure of the glottis, followed by sharp

inhalation. The medical term for hiccup, `̀ singultus,''

probably originated from the Latin singult, which is trans-

lated as `̀ the act of catching one's breath while sobbing.''

Singultus re¯exes usually occur in sequence, accounting

for the characteristic movements and sounds.

INTRODUCTION

The phrenic nerves are the motor nerves to the dia-
phragm. Inappropriate ®ring in the motor component
of the phrenic nerves accounts for the diaphragmatic
spasm associated with hiccups. The afferent arm of the
hiccup re¯ex consists mainly of sensory nerves from
receptors in the airways and upper digestive tract.
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The vagus nerves transmit sensory information from the
digestive tract and airways to the central nervous system.
Sensory afferent ®bers in the phrenic nerves may also
participate in the re¯ex. The phrenic nerves are mixed
nerves containing about half as many sensory afferent
®bers as motor ®bers. Processing centers for the sensory
information and the integrative centers for the re¯ex are
located in the brain stem along with the centers for
respiratory control. Phrenic motor innervation of the
diaphragm and the motor innervation of the larynx (la-
ryngeal nerves) make up the efferent arm of the re¯ex.
The phrenic motor axons project from neuronal cell
bodies that make up the phrenic nucleus in the cervical
spinal cord. The laryngeal nerves, which are mixed
motor and sensory, are derived from the vagus nerves.

ETIOLOGY

Hiccups lasting only a few minutes are commonly ex-
perienced by normal individuals. These transient bouts
of hiccups are considered to be a form of myoclonus,
like the isolated myoclonic `̀ jerks'' that can be observed
in individuals during drowsiness or light sleep. Therapy
is usually nothing more than home remedies. On the
other hand, pathologic prolongation of an episode of
hiccups becomes a clinical problem that compromises
quality of life and requires therapeutic intervention. An
episode lasting more than a few minutes is generally
referred to as a `̀ bout,'' and one lasting longer than 48
hours is considered to be `̀ protracted.'' The term `̀ intrac-
table'' is reserved for attacks lasting more than 1 month.
The longest reported attack lasted 60 years.

Hiccups lasting for extended periods are related to a
variety of etiologies. Prolonged hiccups may be related
to irritation of the diaphragm, distension of the stom-
ach, central nervous sensitization, a variety of tumors,
hyponatremia, or other metabolic disorders. Hiccups in
hypersensitive individuals may be initiated by sudden
chilling, wet feet, cold showers, or rapid ingestion of
carbonated liquids or ice-cold food or drink. Prolonged
symptoms can sometimes be traced to in¯ammation of
the phrenic nerve or a more generalized neuritis. Pres-
sure on the upper airway, by an enlarged goiter in the
neck, for instance, may cause hiccups. Tumors of the
esophagus, placement of stents in the esophagus, dia-
phragmatic hernia, bronchitis, or asthma may involve
irritation of the phrenic nerves that leads to chronic
hiccups. Irritation of the diaphragm from diseases of
the liver frequently sensitizes the hiccup re¯ex, as does
irritation of central integrative centers by brain tumors,
epilepsy, or meningitis. Intractable hiccups may accom-
pany systemic toxemias, septicemia, shock, advanced
arteriosclerosis, severe avitaminosis, chronic nephritis

with uremia, or diabetes mellitus. Patients undergoing
hemodialysis sometimes suffer from intractable hiccups.

Persistent hiccups associated with oral or intrave-
nous corticosteroid administration have been reported,
as have hiccups thought to occur secondary to gluco-
corticoid-like effects of the reproductive hormone pro-
gesterone. A case of anabolic steroid-induced hiccups
lasting for 12 hours prior to medical attention was re-
ported for an elite `̀ power'' weight lifter. Cases of this
nature are postulated to re¯ect steroid-mediated stim-
ulation of the hiccup re¯ex by lowering of the threshold
for synaptic transmission in the integrative microcir-
cuitry of the brain stem. A report of persistent hiccups
as a consequence of thoracic epidural steroid injection
as treatment in a patient with chronic back pain is rem-
iniscent of the action postulated to occur in the brain.
Hiccups and emesis are linked in patients undergoing
cancer chemotherapy with cisplatin. Cisplatin therapy
is usually accompanied by administration of the steroid
dexamethasone, and this raises the question of whether
the hiccups re¯ect the central actions of the steroid. Men
undergoing cisplatin chemotherapy are reported to have
a signi®cantly higher incidence of hiccups compared to
women undergoing the chemotherapeutic regimens.

TREATMENT

For the run-of-the-mill benign case of hiccups, home
remedies include breath holding, sudden fright, mental
distraction, rebreathing from a paper bag, eating dry
granulated sugar, drinking cold liquids, or pressure at
the back of the throat suf®cient to evoke the gag re¯ex.
The approach to the management of the patient with
debilitating effects of prolonged hiccups consists of
identi®cation and treatment of the underlying cause
and therapeutic interventions to achieve resolution.

Baclofen, which is an analogue of the inhibitory
neurotransmitter g-aminobutyric acid, has been used
in the successful treatment of intractable hiccups in
cases of brain stem lesions, infectious abscess near the
diaphragm, and hiccups related to the placement of self-
expandable stents in the esophagus. Drugs that block
dopamine receptors are reported to be ef®cacious in
treatment of severe hiccups. Nefopam is a centrally act-
inganalgesic that is relatedstructurally toantihistamines
andantiparkinsoniandrugs. Intravenousadministration
of nefopam has been reported to stop refractory post-
operative hiccups and hiccups in individual patients
with protracted episodes related to either lymphoblastic
leukemia, esophageal infection secondary to immuno-
de®ciency syndrome, or central vascular malformation.
Additional pharmacological approaches reported to be
ef®cacious are intravenous administration of the local
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anesthetic lidocaine, the psychotropic drug chlor-
promazine, and the calcium entry blocker nifedipine.
Intractable hiccups have been treated effectively with
short-term general anesthesia. Acupuncture also is
reported to be effective.
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megacolon A colon that has abnormally large dimensions.

recto-anal re¯ex A re¯ex relaxation of contractile tone in the

internal anal sphincter, evoked by distension of the

rectum.

RET A gene that encodes for a receptor Tyrosine kinase.

taenia coli Three strips of longitudinal smooth muscle

spaced equidistance around the circumference of the

colon.

Herald Hirschsprung (1813ÿ1916) was a Danish

pediatric surgeon, who in 1888 published the ®rst com-

prehensive report on extreme dilation of the colon in in-

fants and young children. Megacolon of congenital origin

is the most obvious manifestation of the disease that is

now named after Hirschsprung. The megacolon is usually

®lled with impacted feces proximal to a constricted

rectosigmoid segment. Hypertrophy of the musculature

occurs in the grossly dilated colon and is a constant ®nd-

ing in children with the disease and in mice that are used

as models for studying the disease.

INTRODUCTION

The earliest postulates for Hirschsprung's disease fo-
cused on the dilated region of the colon. It was logical
at the time to assume that the musculature of the dis-
tended colon was paralyzed and incapable of forward
propulsion of feces. Now, it is known that propul-
sive motility in the megacolon is normal and that the
defect is localized to the distal constricted segment. The
megacolon develops as feces accumulate due to block-
ade of passage through the terminal constricted segment
(see Fig. 1). This proved to be the case because the
megacolon and all other symptoms of Hirschsprung's
disease disappeared after surgical resection of the nar-
rowed segment. The same resolution of symptoms oc-
curs after surgical diversion of the fecal stream through a
colostomy. Congenital absence or reduction in numbers
of ganglion cells in the enteric nervous system in the
constricted segment is the underlying pathology of the

Encyclopedia of Gastroenterology Copyright 2004, Elsevier (USA). All rights reserved.

388 HIRSCHSPRUNG'S DISEASE (CONGENITAL MEGACOLON)



anesthetic lidocaine, the psychotropic drug chlor-
promazine, and the calcium entry blocker nifedipine.
Intractable hiccups have been treated effectively with
short-term general anesthesia. Acupuncture also is
reported to be effective.
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INTRODUCTION

The earliest postulates for Hirschsprung's disease fo-
cused on the dilated region of the colon. It was logical
at the time to assume that the musculature of the dis-
tended colon was paralyzed and incapable of forward
propulsion of feces. Now, it is known that propul-
sive motility in the megacolon is normal and that the
defect is localized to the distal constricted segment. The
megacolon develops as feces accumulate due to block-
ade of passage through the terminal constricted segment
(see Fig. 1). This proved to be the case because the
megacolon and all other symptoms of Hirschsprung's
disease disappeared after surgical resection of the nar-
rowed segment. The same resolution of symptoms oc-
curs after surgical diversion of the fecal stream through a
colostomy. Congenital absence or reduction in numbers
of ganglion cells in the enteric nervous system in the
constricted segment is the underlying pathology of the
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disease. Recognition of aganglionosis as the underlying
factor in Hirschsprung's disease is the basis for use of the
synonymous term aganglionic megacolon.

Hirschsprung's disease is usually suspected in cases
of constipation during early childhood and must be
ruled out by diagnostic testing. Failure of a newborn
to pass the meconium within 3 to 4 days after birth also
raises concern about the possibility for Hirschsprung's
disease. Later in life, acquired megacolon and entero-
megaly at higher levels of the gastrointestinal tract may
similarly re¯ect pathologic loss of neurons from the
enteric nervous system. Damage to the enteric nervous
system can result from autoimmune attack directed
against enteric neurons in patients with small cell
lung carcinoma (i.e., paraneoplastic syndrome) and
in patients infected with the blood-borne parasite
Trypanasoma cruzi (i.e., Chagas' disease). The promi-
nent histopathology in both congenital and acquired
forms of the disease is distension and muscular hyper-
trophy proximal to an obstructive constricted segment
for which enteric neurons are absent or grossly reduced
in number.

In Hirschsprung's disease, both the myenteric and
the submucosal plexuses are dysplastic in the distal

constricted segment. The aganglionic constricted
segment varies in length among different patients.
The segment may involve only the distal 4 to 5 cm of
rectum or it may involve the entire rectum, sigmoid
colon, and descending colon. Occasionally, the entire
colon is involved and in some cases the distal ileum is
as well.

ANIMAL MODELS

Basic research aimed at elucidating the pathophysiology
of Hirschsprung's disease has pro®ted from animal
models in which aganglionic megacolon can be induced
experimentally and from mouse models in which
aganglionosis re¯ects a congenital genetic defect. Attempts
have been made to produce aganglionosis in dogs and
rodents by destroying the enteric nervous system with
the application of toxic substances to the intestinal surface
or by restricting the oxygen supply to the intestine. Nev-
ertheless, the con®rmed and most thoroughly studied an-
imal model of congenital megacolon occurs in mice. In
1966, researchers at The Jackson Laboratories, in Bar Har-
bor, Maine, reported the expression of two autosomal
recessive genes in mice, both of which produced pheno-
types with reduced pigmentation in the fur and decreased
numbers of ganglion cells in the distal large intestine. One
strain was named `̀piebald lethal'' and the other `̀ lethal
spotting.'' The homozygotes (SLSL) of the piebald lethal
strain have black eyes and white fur with an occasional
patch of black pigment (Fig. 2). The piebald lethal mice
always develop megacolon (Fig. 3) and die at the ages of a
few days to several months. The heterozygous parents and
siblings have black eyes and all black coat color.

The abnormal distribution of the enteric nervous
system in the large intestine of the piebald mouse
model is comparable with that in Hirschsprung's dis-
ease. In normal mouse large intestine, ganglia are pres-
ent to within approximately 2 mm of the anus. In the
abnormal mice, ganglia are absent from both the
myenteric and submucosal plexuses in the distal 1 to
2.5 cm of the large intestine.

HEREDITARY FACTORS

Congenital megacolon in the mouse model is clearly a re-
cessive trait that is not linked to sex chromosomes. Hered-
itary factors also seem to be involved in Hirschsprung's
disease in humans. The incidence of Hirschsprung's dis-
ease in the general population of infants and children
is 1 : 5000 (0.02%) and it occurs in siblings in 3.6% of
cases. The incidence of Hirschsprung's disease, of the
short-segment type where aganglionosis extends no
higher than the sigmoid colon, is 5 to 10 times higher

FIGURE 1 Colon from a 1-month-old infant with Hirsch-

sprung's disease. The characteristic megacolon appears proximal

to a constricted terminal segment. Histologic evaluation found a

normal appearing enteric nervous system in the megacolon and

absence of enteric neurons in the constricted terminal segment.
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in human males than in females. Sexual differences are
not apparent for the long-segment type in which the
aganglionosis extends beyond the sigmoid colon.

The tools of molecular biology have enabled new
insight into gene mutations that underlie the develop-
ment of congenital forms of aganglionic megacolon in
both humans and the mouse models. Proper functioning
of two genes is now known to be necessary for the mi-
gration of enteric neuronal precursors from the embry-
onic neural crest to colonize the developing gut and for
establishment and differentiation of the precursors into
the kinds of neurons that link up synaptically to form
the neural networks of the enteric nervous system. Mu-
tations in two genes, one of which is called RET and the
other of which is an endothelin gene, lead to aganglionic
megacolon in mice. Nevertheless, the details of how the
enteric nervous system reaches its ®nal stages of devel-
opment normally and what goes wrong when develop-
ment fails in the aganglionic region of Hirschsprung's
disease remain an unsolved scienti®c mystery.

PATHOPHYSIOLOGY

An early and often-cited hypothesis attributed failure of
relaxation of the circular muscle coat in the aganglio-
nic segment to denervation supersensitivity. Current
evidence refutes this hypothesis. No increased sensitiv-
ity of the musculature of the constricted segment to the

neurotransmitters acetylcholine or norepinephrine can
be demonstrated either in the mouse model or in sur-
gically resected diseased segments from children with
Hirschsprung's disease.

The current hypothesis states that the behavior of
the constricted terminal segment in Hirschsprung's dis-
ease directly re¯ects the loss of inhibitory motor neu-
rons to the musculature. As a general rule, any condition
that results in ablation of enteric inhibitory motor neu-
rons results in contracture and achalasia of the intestinal
circular muscle. Most evidence suggests that enteric
inhibitory motor neurons are tonically ®ring and releas-
ing their neurotransmitters at the neuromuscular junc-
tions. Ablation of the inhibitory motor neurons releases
the circular muscle from the inhibitory in¯uence and
this permits myogenic excitation and conduction to
take place.

The physiology of neuromuscular relations in the
large intestine predicts that spasticity and achalasia will
accompany any condition in which inhibitory motor
neurons are destroyed. Without inhibitory control,
the self-excitable syncytium of nonsphincteric regions
of the intestinal circular muscle will contract continu-
ously and thereby behave as an obstruction to the
passage of feces. This happens because each and
every cycle of the myogenic pacemaker is freed to trigger

FIGURE 2 Piebald mouse model for Hirschsprung's disease.

The two mice are siblings. The sibling on the right is normal and

the one on the left is homozygous for the recessive gene that results

in piebald pigmentation and aganglionic megacolon.
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FIGURE 3 Large intestine of the piebald mouse model for

Hirschsprung's disease. The two large intestines are from siblings.

The one on the right is from the sibling with piebald coloration and

shows the characteristics of the large intestine found in Hirsch-

sprung's disease. The colon of the piebald sibling is grossly

distended with impacted feces proximal to an empty and con-

stricted terminal segment. The colon on the left is from the normal

sibling. Histologic examination found a normally appearing en-

teric nervous system in the megacolon of the piebald sibling and

absence of enteric neurons in the constricted terminal segment.

The enteric nervous system was normal throughout the large

intestine of the normal sibling.
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contractions that propagate without any distance or
directional control. Contractions spreading in opposite
directions in the uncontrolled syncytium collide ran-
domly, resulting in ®brillatory-like muscular activity in
the affected intestinal segment.

In general, the function of enteric inhibitory motor
neurons, aside from the various sphincters, is continu-
ous suppression of activity of the inherently excitable
musculature. The inhibitory neurons have the added
function of mediating relaxation of contractile tone in
sphincters. They are responsible for the internal anal
sphincter relaxation required for defecation. The pri-
mary difference in the organization of the inhibitory
out¯ow to the circular muscle of the intestine and the
sphincters is that the inhibitory innervation of the bulk
intestinal circular muscle is tonically active, whereas
the inhibitory motor neurons to the sphincters are nor-
mally silent. In the intestine, myogenic contractions
occur when ongoing ®ring of the inhibitory neurons
is suppressed by the integrative microcircuits. In the
sphincters, myogenic mechanisms maintain contractile
tone. The sphincteric muscle is tonically contracted in
the absence of inhibitory nervous input and the sphinc-
ter is relaxed when the normally silent inhibitory motor
neurons are activated by the integrative microcircuits.
This kind of physiology predicts that ablation of inhib-
itory motor neurons will lead to spasm of the intestinal
circular muscle and to `̀ achalasia'' of the sphincteric
musculature as found in Hirschsprung's disease and
the mouse model of the disease.

In¯ation of a balloon in the rectum triggers relaxa-
tion of the internal anal sphincter in humans and

animals. This is called the recto-anal re¯ex. A normal
recto-anal re¯ex requires that the enteric neural con-
nections from the site of distension to the sphincter be
intact and that the inhibitory motor neurons to the
sphincter muscle be functional. Blockade or ablation
of any of the neurons in the recto-anal re¯ex pathway
eliminates the re¯ex. The inability to evoke the recto-
anal re¯ex by balloon distension of the rectum is a
diagnostic hallmark of Hirschsprung's disease.
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enterochromaf®n-likecellsNeuroendocrinecells in thegastric

epithelium that control the peripheral regulation of acid

secretion by releasing histamine as a paracrine stimulant.

gastrin Gastrointestinal hormone released from G cells in the

gastric antrum in response to food.

histamine-2 (H2) receptor antagonists Drugs that competi-

tively block the ability of histamine to interact with H2

receptors.

pituitary adenylate cyclase-activating peptide A neuropep-

tide present in the vagal nerve endings innervating the

gastric mucosa.

Histamine released from neuroendocrine cells in the gas-

tric mucosa is the major stimulant of acid secretion. A

histamine-2 receptor subtype is highly expressed by the

acid-secreting or parietal cells of the stomach and this

receptor is the target for acid inhibition by histamine-2

subtype selective antagonists.

HISTORICAL INTRODUCTION

Whereas now it is universally accepted that histamine is
a major stimulant of acid secretion as a consequence of
the availability of pharmacological agents antagonizing
its action on the stomach, it was only in the last quarter
of the 20th century that this view was fully defensible.

The problem of regulation of acid secretion became
of clinical relevance when the edict `̀ no acid, no ulcer''
was promulgated at the beginning of the 20th century.
There had been several approaches to control of gastric
acidity dating back to earliest written history with the
consumption of baking soda by the Greeks. The Renais-
sance heralded the administration of atropine as `̀ tinc-
ture belladonna'' as the ®rst nonselective muscarinic
antagonist. Its side effects, such as dry mouth and
mydriasis, precluded acceptance by patients. The end
of the 19th century saw the beginning of gastric sur-
gery as initially practiced by Billroth in Vienna. This
progressed with time to more subtle approaches to con-
trol of acid secretion, culminating in highly selective
vagotomy as a means of reducing stimulatory pathways.
Hence, reduction of acid stimulation became a pharma-
cological and therapeutic target. But what were these
pathways other than vagal?

In 1905, Edkins discovered that an extract of
the gastric antrum was able to stimulate acid secretion
and he called the extract gastrin. The reality of this
extract was questioned by the leading English endocri-
nologists and the effect of gastrin and its mechanism
were not solved until modern cellular methods were
introduced.

Dale discovered histamine as a biological amine that
performed a variety of functions, such as vasodilation.
However, he did not describe the effect of histamine on
acid secretion. This was left to a pupil of Pavlov,
Popielski, who described the action of intravenous
(iv) injection of histamine on dogs with gastric ®stulas.

With the synthesis of histamine antagonists by Bovet
in the 1950s, it was found that these agents, such as
mepyramine, were relatively ineffective at blocking
acid secretion. Two interpretations were viable:
(1) that histamine was not really involved in physio-
logical stimulation of acid secretion and (2) that these
antagonists did not act on the site at which histamine
acted in the stomach.

Gastrin became the major focus for animal physiol-
ogists as the key substance for stimulation of acid sec-
retion with the puri®cation and elucidation of the
structure of gastrin in the early 1960s and the popularity
of histamine as a major stimulant for secretion declined.
However, in the 1970s, James Black and his team man-
aged to synthesize and characterize new chemical enti-
ties that were able to inhibit acid secretion without
affecting the other actions of histamine on blood vessels
or mucus secretion. These were the histamine-2 (H2)
receptor antagonists (H2RAs), the ®rst being burima-
mide. With the ability to analyze the pharmacology of
acid secretion by these selective receptor antagonists, it
became clear that the action of gastrin on acid secretion
was entirely histamine dependent. The action of choli-
nergic stimulation was much less sensitive to H2RA
inhibition.

SOURCE OF GASTRIC HISTAMINE

As histamine became the dominant stimulatory ligand,
the cell that provided the source of gastric histamine
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became of interest. Evidently, histamine must be a para-
crine stimulant since the pleiotropic effect of histamine
on H1 receptors would not be tolerated.

At ®rst, the speculation was that gastric mast cells
were the source, but then the enterochromaf®n-like
(ECL) cell was discovered and its location at the base
of the fundic glands made it the most likely source of
gastric histamine. With the isolation of functional ECL
cells, the peripheral pathway of stimulation of acid se-
cretion was better de®ned. The major two stimulants of
histamine release from these cells maintained in short-
term culture were gastrin and pituitary adenylate cy-
clase-activating peptide (PACAP). Inhibitory ligands
were somatostatin and galanin. Perhaps not surp-
risingly, no activation of this cell was found with mus-
carinic agonists, explaining the lack of sensitivity of
cholinergic stimulation to H2RAs. Gastrin is released
from the G cell of the gastric antrum and PACAP from
the postganglionic ®bers of the myenteric plexus, the
former agent acting as an endocrine stimulant and the
latter as a neural stimulant. A model of the pathways of
stimulation can be seen in Fig. 1.

THE HISTAMINE-2 RECEPTOR

The development of pharmacological agents selective
for this receptor subtype long before methods were
available to clone and sequence different receptors
was a major breakthrough not only in therapy but in
gastric biology. This receptor is expressed in the stom-
ach, uterus, and heart but appears to have dominant
function only in the stomach, allowing safe administra-
tion of H2RAs for the treatment of acid-related diseases
without signi®cant side effects.

The receptor is a seven-transmembrane segment
protein inserted on the basolateral surface of the parietal

cell. Binding of histamine elevates cyclic AMP (cAMP)
and this is the major intracellular messenger for stim-
ulation of acid secretion by the parietal cell. However,
the same receptor appears to stimulate elevation of in-
tracellular Ca2� although the role of this second mes-
senger is not well understood. The action of cAMP is
mediated by the activation of a type of protein kinase
that phosphorylates several proteins in the stimulatory
cascade. The action of Ca2� may be mediated by a cal-
modulin-activated kinase.

The sequence of this receptor is known and the
binding site of histamine and its antagonists is thought
to involve a location between transmembrane 3 (TM3)
and TM5. A model of the receptor with the region of
binding of histamine receptor antagonists is shown in
Fig. 2.

STRUCTURE OF HISTAMINE-2
RECEPTOR ANTAGONISTS

After the introduction of cimetidine (Tagamet), sev-
eral other antagonists, such as ranitidine (Zantac) and
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FIGURE 1 A simpli®ed model of some of the pathways stim-

ulating acid secretion. The central nervous system activates the

myenteric plexus with release of PACAP to stimulate the ECL cell

and with release of acetylcholine to stimulate the parietal cell

directly. Gastrin is released from the G cell by gastrin-releasing

peptide and acetylcholine as well as by aromatic amino acids in

food. Somatostatin is released by the D cell in response to lumenal

acidi®cation and muscarinic M2 or M4 receptor stimulation.
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FIGURE 2 The amino acid sequence and secondary structure

of the histamine-2 receptor with the antagonist docked close to the

aspartyl (D) residue in TM3 and also interacting with TM5.
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famotidine (Pepcid), were also put on the market. The
structures of some of these compounds are shown in
Fig. 3. They all have a similar pro®le of action, being able
to inhibit nighttime acid secretion well but inhibiting
daytime acid secretion with less ef®cacy. This indicates
that nighttime secretion, which is low but highly acidic
since there is no gastric buffering due to food, is medi-
ated almost entirely by histamine, whereas daytime acid
secretion, mediated mainly by gastrin release, is also
dependent on a histamine-independent pathway. Char-
acteristic of their action is tolerance, wherein their ef-
®cacy drops by approximately 50% after a few days of
administration. The mechanism of this tolerance is not
known. It is not due to receptor up-regulation since even
10-fold higher doses do not overcome the tolerance and
there are no changes in gastrin levels or cAMP. Perhaps
the muscarinic pathway for stimulation is enhanced.

MECHANISM OF ACTION

H2RAs are known to compete with histamine for bind-
ing to the receptor but their action is also that of inverse

agonists in that they are able to inhibit the activity of the
receptor's activation of adenylate cyclase in the absence
of agonist. This inverse agonism probably explains their
good ef®cacy with continuous iv administration.

CLINICAL PROFILE

H2RAs and proton pump inhibitors are the mainstay of
treatment of a variety of acid-related diseases, such as
peptic ulcer and erosive and nonerosive esophageal re-
¯ux disease. They are considered to be almost entirely
safe medications and all are available in over-the-
counter formulations although at less than the thera-
peutic dose. A fairly typical pro®le of intragastric pH is
shown for the standard nighttime dosage of a H2RA such
as ranitidine (see Fig. 4).
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FIGURE 4 Median diurnal intragastric pH pro®les following

the administration of a 300 mg dose of ranitidine at 8 PM, showing

excellent inhibition at night but little effect during the day. Also

noteworthy is the tolerance, wherein even nighttime ef®cacy is

much reduced by the seventh day of treatment. Reprinted from

Teysson et al. (1995), with permission.
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H2-Receptor Antagonists
MITCHELL L. SCHUBERT

Virginia Commonwealth University's Medical College of Virginia and McGuire

Veterans Affairs Medical Center, Richmond

erosion A shallow ulcer con®ned to the mucosal layer.

gastric H�,K�-ATPase An ATP-hydrolyzing enzyme respon-

sible for catalyzing the exchange of lumenal K� for

cytoplasmic H� by parietal cells, bringing about gastric

lumenal acidi®cation.

gastroesophageal re¯ux Back¯ow of acidic gastric contents

into the esophagus, producing a spectrum of clinical

symptoms and manifestations ranging from mild episo-

dic heartburn and regurgitation without macroscopic

esophagitis to chronic in¯ammation and ulceration;

severe cases may involve stricture and hemorrhage.

gynecomastia Excessive development of the male mammary

glands.

Helicobacter pylori A gram-negative urease-producing bac-

terium that causes an active chronic gastritis and is an

important etiological factor in the development of gastric

and duodenal ulcers.

nonsteroidal anti-in¯ammatory drugs Medications that

reduce in¯ammation by inhibiting the enzymatic activity

of cyclooxygenase, a key enzyme in the biosynthetic

pathway leading to the formation of prostaglandins.

Examples include aspirin, ibuprofen, naproxen, and

diclofenac.

peptic ulcer A loss of tissue, extending through the mucosa

into the submucosa, in the esophagus, stomach, or

duodenum, due to acidic gastric secretions.

pharmacokinetics The disposition of drugs within the body

in relation to their absorption, distribution, metabolism,

and elimination.

Histamine receptors have been classi®ed into four major

subclasses: H1, H2, H3, and H4. H1 receptors are widely

distributed and mediate the actions of histamine in the

allergic response and as a bronchial constrictor. H2 re-

ceptors are present primarily in the stomach, where they

regulate gastric acid secretion, and to a lesser extent in the

heart, central nervous system, reproductive system, and

on lymphocytes. Histamine-2 (H2)-receptor antagonists

are drugs that competitively block the ability of histamine

to interact with H2-receptors. H3-receptors were orig-

inally identi®ed as inhibitory autoreceptors on hista-

mine-containing nerve terminals in the central nervous

system. In the stomach, H3-receptors augment acid secre-

tion by suppressing somatostatin secretion. In the an-

trum, suppression of somatostatin leads to stimulation

of gastrin, the main hormonal stimulant of acid secretion,

whereas in the fundus, it leads to stimulation of histamine

and acid secretion. Most recently, an H4-receptor has

been identi®ed in intestine, spleen, thymus, and immune

cells. The H4-receptor shares 40% homology and over-

lapping pharmacology with the H3 receptor; its physio-

logic function is not known. This article focuses on

the role of blocking H2 receptors in the stomach. The

identi®cation of the H2 receptor on the basolateral mem-

brane of the parietal cell by Black in 1972 and the

subsequent development of safe and effective H2-receptor

antagonists have revolutionized the treatment of gastro-

intestinal acid-related disorders.

INTRODUCTION

Until the development of histamine-2 (H2)-receptor
antagonists, the only treatments available for patients
with acid-related disorders were bed rest, bland diets,
milk drips, antacids, and surgery. Ulcers and ulcer pain

Encyclopedia of Gastroenterology Copyright 2004, Elsevier (USA). All rights reserved.
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Hyperemesis Gravidarum
MAKAU LEE

University of Mississippi Medical Center, Jackson

hyperemesis gravidarum Severe, intractable vomiting during

early pregnancy resulting in ¯uid and electrolyte

disturbances and/or nutritional de®ciencies.

Hyperemesis gravidarum (also referred to as pernicious

vomiting of pregnancy) is severe, intractable vomiting

during early pregnancy resulting in ¯uid and electrolyte

disturbances and/or nutritional de®ciencies. In most

cases, the vomiting begins soon after the ®rst missed

menstrual period, and the symptoms generally subside

during the third month of pregnancy. The incidence of

hyperemesis gravidarum averages 3.5 cases for every

1000 deliveries, and it is independent of parity, race,

ethnicity, or psychological issues. The incidence of

hyperemesis gravidarum has been noted to decrease

signi®cantly during wartime. Epidemiological studies

have shown that hyperemesis gravidarum has no ad-

verse effect on pregnancy outcome and that patients

with hyperemesis gravidarum do not have an increased

incidence of toxemia of pregnancy, stillbirths, miscar-

riages, growth retardation, congenital abnormalities, or

prematurity. Of note, several studies have shown that

women with hyperemesis gravidarum give birth to a

higher proportion of female newborns.

CLINICAL FEATURES AND
PATHOPHYSIOLOGIC CONSIDERATIONS

Women with multiple fetuses or with molar pregnan-
cies (i.e., hydatidiform mole) tend to have extremely
high concentrations of human chorionic gonadotropin
(hCG) and have a higher incidence of hyperemesis
gravidarum; however, the causal relationship between
elevated hCG levels and hyperemesis gravidarum has
not been ®rmly established. Patients with hyperemesis
gravidarum also have abnormal thyroid function tests,
and they may exhibit signs and symptoms of hyper-
thyroidism. Because hCG has intrinsic thyroid-stimu-
lating activity and hyperthyroidism is a known cause
of vomiting, these observations deserve further inves-
tigations. Mild abnormalities of liver chemistry tests
are often present. The role of psychological derange-
ments in the pathogenesis of hyperemesis gravidarum
is controversial.

MANAGEMENT

Themetabolicconsequencesofhyperemesisgravidarum
are generally very severe, and if untreated, the mortality
rate is high. Fluid and electrolyte disturbances, dehy-
dration, and weight loss may be marked; and rare
complications of intractable vomiting (such as Malloryÿ
Weiss tear) may occur. The physician should exclude
other causes of nausea and vomiting during pregnancy,
such as preeclampsia (which usually occurs in later
stages of pregnancy), urinary tract infection, appendi-
citis, hepatitis, intrahepatic cholestasis, gallstone dis-
ease and its complications, and acute fatty liver of
pregnancy, which also typically occurs later (during
the third trimester). Once the diagnosis of hyperemesis
gravidarum is established, treatment consists of ¯uid
and electrolyte replacement, parenteral hyperalimenta-
tion in cases complicated by nutritional de®ciencies,
supportive psychotherapy, and behavior modi®cation.
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Hyperlipidemia
MANISHA CHANDALIA AND NICOLA ABATE

University of Texas Southwestern Medical Center, Dallas

Dyslipidemia Abnormalities of plasma lipoproteins that

include both higher and lower levels of certain

lipoproteins.

Hyperlipidemia Elevated concentration of plasma

lipoproteins.

Lipoproteins Particles carrying lipids in blood. Lipoproteins

consist of esteri®ed or unesteri®ed cholesterol, triglycer-

ides, phospholipids, and protein.

Lipoprotein X An abnormal lipoprotein that is rich in free

cholesterol and phospholipids. Accumulation of lipo-

protein X is noted in cholestatic liver disease. Its

potential as an atherogenic particle is as yet unclear.

Lp (a) A modi®ed form of LDL in which a large glycoprotein

[apo (a)] is covalently bound to the apoB. Serum levels

of Lp(a) are genetically de®ned. Its association with

atherosclerosis is not completely established.

Hyperlipidemia refers to elevated blood levels of lipids,

including cholesterol and triglycerides, due to various

underlying causes. The clinically signi®cant conse-

quences of hyperlipidemia are two main life-threatening

conditions: atherosclerosis and pancreatitis. Cholesterol

and triglycerides are insoluble in plasma and circulating

lipids are bound to apolipoproteins in order to be trans-

ported in plasma to various tissues where lipids are either

utilized for cell function, energy utilization, steroid

hormone production, and bile acid formation or deposited

as a form of energy storage.

CLASSIFICATION OF LIPOPROTEINS

A variety of lipoproteins of different chemical compo-
sition can be identi®ed in plasma. Based on their density,
lipoproteins are commonly described as very-low-
density lipoproteins (VLDLs), intermediate-density
lipoproteins (IDLs), low-density lipoproteins (LDLs),
high-density lipoproteins (HDLs), and chylomicrons.
Table I is a classi®cation of hyperlipidemias based on
these discrete forms of lipoproteins.

Chylomicrons

Chylomicrons are very large particles that carry
dietary lipid. They are associated with a variety of

apolipoproteins, including A-I, A-II, A-IV, B-48, C-I,
C-II, C-III, and E.

Very-Low-Density Lipoprotein

Very low-density lipoprotein carries endogenous
triglycerides and to a lesser degree cholesterol. The
major apolipoproteins associated with VLDL are
B-100, C-I, C-II, C-III, and E.

Intermediate-Density Lipoprotein

Intermediate-density lipoprotein carries cholesterol
esters and triglycerides. It is associated with apolipopro-
teins B-100, C-III, and E.

Low-Density Lipoprotein

Low-density lipoprotein carries cholesterol esters
and is associated with apolipoprotein B-100.

High-Density Lipoprotein

High-density lipoprotein also carries cholesterol es-
ters. It is associated with apolipoproteins A-I, A-II, C-I,
C-II, C-III, D, and E.

Abnormalities of plasma levels of VLDL, IDL, LDL,
HDL, or chylomicrons will lead to hypercholestero-
lemia, hypertriglyceridemia, or mixed hyperlipidemia
depending on the lipid content of the speci®c lipopro-
tein abnormality. From a clinical standpoint, it is useful
to evaluate hyperlipidemias/hyperlipoproteinemia on
the basis of their potential effects, i.e., atherosclerosis
and pancreatitis. Abnormalities in the metabolism of
VLDL, IDL, and LDL [apolipoprotein B-100 (apoB-
100)-containing lipoproteins] and HDL (apolipopro-
tein A-containing lipoproteins) are associated with
risk of atherosclerosis. Abnormalities in chylomicron
(apolipoprotein B-48-containing lipoproteins) metabo-
lism are associated with risk of pancreatitis.

METABOLISM OF LIPOPROTEINS

Metabolism of Apolipoprotein
B-100-Containing Lipoproteins

The metabolism of apoB-100-containing particles
is depicted in Fig. 1. The initial apoB-100-containing
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lipoprotein is VLDL. These particles are synthesized
by the hepatocyte. They contain a core of triglycerides
(60% by mass) and cholesterol esters (20% by mass).
In addition to apoB-100, the surface apolipoproteins
for VLDL include apoC-II, which acts as a cofactor for
lipoprotein lipase (LPL), apoC-III, which inhibits this
enzyme, and apoE, which serves as ligand for the
apolipoprotein B/E (LDL) receptor in the liver.
Some newly synthesized VLDL particles are in fact
taken up again by the liver through this mechanism,
soon after secretion. The triglyceride core of nascent
VLDL particles is hydrolyzed by LPL in the microcir-
culation. During lipolysis, the core of the VLDL par-
ticle is reduced, generating VLDL remnant particles
(also called IDL). Some of the phospholipid, un-
esteri®ed cholesterol, and apolipoproteins A, C, and
E of VLDL remnants are transferred to HDL. VLDL
remnants can either be cleared from the circulation by
the apoB/E (LDL) receptor or be further depleted in

triglycerides by lipases and become LDL particles. LDL
particles contain a core of cholesterol esters and lesser
amounts of triglyceride. LDL particles should be taken
up by the LDL (apoB/E) receptor in the hepatocyte.
However, if the LDL particle becomes modi®ed LDL,
i.e., glycated or oxidized, the scavenger LDL receptor
of macrophages will recognize these particles and in-
crease the formation rate of foam cells in the arterial
intima, leading to the formation of atherosclerotic le-
sions. This process is physiologically counteracted by
the apoA-containing lipoproteins (HDL).

Metabolism of Apolipoprotein
A-Containing Lipoproteins

Figure 2 shows the metabolism of apoA-containing
lipoproteins. The initial apoA-containing lipoprotein is
the nascent HDL. This discoidal lipoprotein is synthe-
sized in the gut and liver. It is rapidly hydrolyzed in the
circulation unless enriched in cholesterol esters.
Cholesterol ester uptake can occur from the macro-
phage/foam cell through a series of reactions that in-
volve cholesterol ef¯ux from the cytoplasm through the
plasma membrane and rapid esteri®cation of free
cholesterol outside the cell. The transfer of cholesterol
across the plasma membrane is mediated by the choles-
terol ef¯ux regulatory protein (CERP). Lecithin choles-
terol acetyl transferase (LCAT) catalyzes the transfer of
fatty acids from the phospholipid core of the nascent
HDL to the free cholesterol coming out from the mac-
rophage. Nascent HDL particles are therefore progres-
sively enriched with cholesterol, becoming mature HDL
particles. Mature HDL is recognized by scavenger re-
ceptor class B type 1 (SR-B1) receptor in the hepatocyte,
adrenals, and gonads. HDL particles therefore mediate
reverse cholesterol transport from the peripheral cells to
the liver and to steroidogenic organs. This function
seems largely to mediate the observed protective effects
of HDL on atherosclerotic plaque formation. Other
mechanisms have been also proposed, including anti-
oxidant action of HDL to prevent LDL modi®cation and
recognition by the scavenger receptor of macrophages.

TABLE I Fredrickson Classi®cation of Lipid Disorders

Phenotype Lipoproteins increased Lipid abnormality

I Chylomicrons ""Triglycerides to 499th percentile

IIa LDL ""Total cholesterol to 490th percentile

IIb LDL, VLDL "Total cholesterol & triglycerides

III VLDL remnants (IDL), chylomicrons "Total cholesterol & triglycerides

IV VLDL "Triglycerides

V VLDL, chylomicrons ""Triglycerides to 499th percentile

FIGURE 1 Metabolism of apolipoprotein B-100-containing

lipoproteins: LPL, lipoprotein lipase; FFA, free fatty acid; Ox,

oxidation; HTLP, hepatic lipase; SR-B1, scavenger receptor

class B type 1; CETP, cholesterol ester transfer protein. See text

for details.
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Metabolism of Apolipoprotein
B-48-Containing Lipoproteins

The initial apoB-48-containing lipoproteins are
chylomicrons. Figure 3 depicts schematically the me-
tabolism of these particles. These particles are
synthesized in the enterocytes and contain lipids de-
rived from intestinal absorption. The main lipid com-
ponent of chylomicrons is triglycerides. Dietary and
biliary cholesterol is also incorporated into chylomi-
crons. These particles are exposed to LPL in the micro-
circulation and become progressively depleted of
triglycerides. Triglycerides are utilized by the peripheral
cells either as a direct source of energy or as an energy
store in the adipose tissue. The result of triglyceride
depletion is the formation of chylomicron remnants,
which are eventually taken up by hepatocytes through

the hepatic chylomicron remnant receptors. No chylo-
microns should be detected under postabsorptive
conditions.

PATHOPHYSIOLOGY OF
HYPLIPOPROTEINEMIA

Apolipoprotein B-100-Containing Lipoproteins

Increased VLDL may occur from increased produc-
tion by the hepatocyte and/or decreased clearance. In-
creased production of VLDL is observed in genetic
conditions, such as familial combined hyperlipidemia.
Secondary causes of increased production of VLDL
are more common and include excessive intake of
fats, calories, and alcohol, diabetes, insulin resistance,
nephrotic syndrome, hypothyroidism, and obesity.
Decreased clearance of VLDL is observed in genetic
conditions, such as LPL de®ciency and apoC-II de®-
ciency. Secondary causes of decreased VLDL clearance
include insulin resistance, type 2 diabetes, and hypo-
thyroidism. Theseconditions decrease LPL activity
either directly or through decreased production of
apoC-II and increased production of apoC-III.

IDL typically increases in the presence of homozy-
gosity for the isoform apoE-2. This isoform of apoE has
the least af®nity for the LDL receptor and decreases
uptake of VLDL remnants/IDL. Usually, this hyperlipo-
proteinemia does not manifest unless a concomitant
secondary cause, such as hypothyroidism, diabetes, or
postmenopausal state, is present. This condition is
clinically associated with palmar xanthomas and severe
atherosclerosis.

LDL increases when defective clearance through the
LDL receptor in the liver occurs. Defective receptor-
mediated clearance of LDL is seen in familial hyper-
cholesterolemia and polygenic hypercholesterolemias.
Secondary causes of defective receptor-mediated clear-
ance of LDL are excessive dietary intake of saturated fats
and obesity. Increased LDL is the most powerful risk
factor for coronary artery disease. It may also manifest
with tendon xanthomas (in familial hypercholes-
terolemia) and xanthelasma.

Apolipoprotein A-Containing Lipoproteins

Low HDL may occur because of reduced production
of HDL or increased catabolism through the SR-B1 re-
ceptor. However, low-HDL cholesterol is also seen in
the condition of enhanced exchange of cholesterol be-
tween HDL and VLDL through the cholesterol ester
transfer protein (CETP) when hypertriglyceridemia
is present. As shown in Fig. 1, hypertriglyceridemia

FIGURE 3 Metabolism of apoB 48-containing lipoproteins.

LPL, lipoprotein lipase; FFA, free fatty acid.
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LCAT, lecithin cholesterol acetyl transferase; CERP, cholesterol

ef¯ux regulatory protein; SR-B1, scavenger receptor class B type 1.
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through increased VLDL accelerates the transfer of
cholesterol esters from HDL into VLDL in exchange
for triglycerides. This explains the frequent association
between hypertriglyceridemia and low-HDL choles-
terol. Decreased production of HDL may occur because
of a genetic mutation affecting CERP function (ABCA1
mutation in Tangier disease and familial low HDL) or a
genetic mutation affecting LCAT activity.

Increased clearance of HDL particles may occur be-
cause of increased activity of hepatic lipase, an enzyme
that mediates the maturation of HDL and facilitates
the recognition of HDL by SR-B1 receptor. Increased
activity of hepatic lipase is seen in diabetes and insulin
resistance. Genetic polymorphisms responsible for de-
creased activity of HDL have been reported and corre-
late with increased levels of HDL.

Apolipoprotein B-48-Containing Lipoproteins

Increased chylomicron concentrations, leading to
the presence of chylomicrons in postabsorptive condi-
tions, may occur because of genetic conditions leading
to defective triglyceride clearance, including LPL de®-
ciency and apoC-II de®ciency. Decreased clearance of
chylomicrons may also occur secondary to excessive
dietary triglyceride intake, hypothyroidism, obesity,
diabetes, chronic renal failure, estrogens, and alcohol.
Postabsorptive chylomicronemia causes eruptive xan-
thomas and acute pancreatitis.

HYPERCHOLESTEROLEMIA IN
PRIMARY BILIARY CIRRHOSIS

Hypercholesterolemia is a common feature in primary
biliary cirrhosis (PBC) and other forms of cholestatic
liver disease. The lipid pro®le in PBC typically shows
elevated total and LDL cholesterol and normal or mildly
elevated triglycerides. HDL cholesterol may be elevated
in the early stages of PBC and may fall markedly as the
disease progresses to cirrhosis. Some of the excess LDL
in PBC is composed of an abnormal lipoprotein particle
called lipoprotein X, which is seen in cholestatic liver
disease. Lipoprotein X is rich in free cholesterol and
phospholipids. The total cholesterol concentration
may be between 200 and 300 mg/dl; however, higher
values have been reported in the literature. The lipid
abnormalities may be identi®ed during routine screen-
ing. However, classic presentation of patients with PBC
is xanthomata and xanthelasma. Xanthomas correlate
with cholesterol levels and develop on the elbow, palms,
soles, buttocks, knees, back, and chest. The xanthomas
are seen usually in patients with cholesterol levels
4600 mg/dl. Due to their locations, xanthomas can

cause signi®cant dif®culties in patients (Fig. 4). Lower-
ingofcholesterol leads toanimprovement inxanthomas.
Forpatientswithpainanddisabilityduetoxanthomason
the palm and sole, LDL aphaeresis may be required for
relief. There is at present no conclusive evidence that
hypercholesterolemia due to PBC is associated with in-
creased atherogenesis and risk for coronary heart disease
(CHD). A lipid pro®le, however, should be obtained in
patients with PBC and decisions regarding treatment
should be based on the risk for CHD. The ef®cacy of
drug therapy is uncertain in PBC. However, statins
and bile acid-binding resins have been tried in patients
with variable results. LDL aphaeresis has been success-
fully used to treat symptomatic xanthomas on palms and
xanthomatous neuropathy.

TREATMENT OF HYPERLIPIDEMIA

Coronary heart disease is a major cause of morbidity and
mortality in the western world. Both high-LDL
cholesterol and low-HDL cholesterol affect the risk of
CHD. Positive risk factors for CHD include the follow-
ing: (1) cigarette smoking; (2) hypertension [blood
pressure � 140/90 mm Hg or on antihypertensive medi-
cations]; (3) low-HDL cholesterol (540 mg/dl); (4) fam-
ily history of premature CHD; and (5) age (men � 45
years and women � 55 years).

Recently, numerous clinical trials have demon-
strated that lowering LDL cholesterol results in a sig-
ni®cant reduction in CHD events and mortality. Adult
Treatment Panel III (ATP III) guidelines outline iden-
tifying subjects who are at high risk of CHD and are
candidates for treatment. Table II shows LDL
cholesterol goals and cut-off points for intervention.

FIGURE 4 Xanthomata in a patient with primary biliary cir-

rhosis (PBC).
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Therapeutic Lifestyle Changes

Lifestyle modi®cation in patients with hyperlipid-
emia forms a very important backbone of the treatment
plan. Therapeutic lifestyle changes comprise diet,
weight management, and increased physical activity.
Table III shows the nutrient composition recommended
by ATP III of the National Cholesterol Education Panel.
Dietary modi®cations may lead to a reduction in LDL
cholesterol of 8 to 15%. A low-fat diet is a very important
component of treatment for hypertriglyceridemia. In
addition to improving the lipid panel, therapeutic life-
style changes can help with weight reduction, improv-
ing insulin resistance, and blood pressure. Other dietary
components, such as ®sh oil, plant stenol incorporat-
ed in margarine, and soy protein, have been shown to
improve lipid levels and their inclusion in the diet
should be mentioned in the advice given regarding

diet. Regular exercise, such as a brisk walk for 30 min,
has been shown to improve cardiovascular ®tness and
should be incorporated in the treatment plan.

Pharmacotherapy of Hyperlipidemia

Statins

This class of drugs includes lovastatin, simvastatin,
pravastatin, atorvastatin, and ¯uvastatin. The statins
are competitive inhibitors of the rate-limiting enzyme
in cholesterol synthesis, HMG coenzyme A (coA) re-
ductase. By inhibiting HMG coA reductase, they de-
crease the intracellular cholesterol pool and this
results in the up-regulation of the LDL receptor.
This up-regulation of the LDL receptor promotes
clearance of the circulating particles that have apoB
or apoE on the surface and lead to increased clearance
of cholesterol-rich LDL and to lesser extent VLDL and
IDL. As a class, these drugs are most potent in reduc-
ing LDL cholesterol. In addition, they can reduce tri-
glycerides and raise HDL cholesterol. Statins are
ef®cacious in patients with isolated elevations in
LDL cholesterol or combined hyperlipidemia with el-
evated LDL cholesterol and triglycerides. The reduc-
tion in LDL cholesterol with statins ranges from 24 to
60%. Numerous clinical trials have shown that statins
are effective in lowering LDL cholesterol safely and
lead to a signi®cant reduction in CHD events and
mortality. The predominant route of excretion is
through the bile after hepatic transformation. Major
side effects are liver dysfunction and myopathy. All
statins have been associated with transaminase eleva-
tion, although the incidence of an elevation greater
than three times the upper limit of normal is generally
52%. Statins can also induce myopathy, especially in
combination with other drugs that are cleared through
the cytochrome P450 system. Although signi®cant my-
opathy is uncommon, de®nite rhabdomyolysis occurs
in � 0.1% of patients who receive statin therapy.

TABLE II LDL Cholesterol Goal and Cutpoint for Therapy

Risk category LDL goal (mg/dl)

LDL level at

which to initiate TLC (mg/dl)

LDL level at which to

consider drug therapy (mg/dl)

CHD or CHD risk equivalents

(10-year risk 420%)

5100 �100 �130 (100ÿ129: drug therapy

optional)

2 or more risk factors

(10-year risk �20%)

5130 �130 10-year risk 10ÿ20%: �130

10-year risk 510%: �160

0ÿ1 risk factor 5160 �160 �190 (160ÿ189: drug therapy

optional)

Note. Adapted from Adult Treatment Panel III at http://www.nhlbi.nih.gov, with permission. TLC, therapeutic life style changes; CHD, coronary

heart disease; CHD risk equivalent: other forms of atherosclerotic diseases, diabetes, and multiple risk factors that confer a 10-year CHD risk420%.

TABLE III Nutrient Composition of Therapeutic

Lifestyle Changes Diet

Nutrient Recommended intake

Saturated fata Less than 7% of total calories

Polyunsaturated fat Up to 10% of total calories

Monounsaturated fat Up to 20% of total calories

Total fat 25ÿ35% of total calories

Carbohydrateb 50ÿ60% of total calories

Fiber 20ÿ30 g/day

Protein Approximately 15% of total

calories

Cholesterol Less than 200 mg/day

Total calories (energy) Balance energy intake and

expenditure to maintain

desirable body weight/prevent

weight gain

Note. Adapted from Adult Treatment Panel III at http://

www.nhlbi.nih.gov, with permission.
a Transfatty acid intake should be kept low.
b Carbohydrates should be derived from foods rich in complex

carbohydrates including grains, fruits, and vegetables.
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Bile Acid Sequestrants

The drugs available in this class are cholestyramine,
colestipol, and colesevelam. The primary action of
bile acid sequestrants is to interfere with intestinal
reabsorption of bile acids. This activity interrupts
the enterohepatic circulation of bile acids, increases
the fecal excretion of cholesterol, and depletes the
cholesterol pool in the hepatocyte. The hepatocellular
depletion of cholesterol stimulates the up-regulation of
LDL receptors, which results in increased uptake of LDL
and IDL, thus lowering LDL cholesterol. A maximum
reduction of 15 to 30% in LDL cholesterol may be seen
with these agents. A disadvantage of these drugs is that
cholesterol depletion in the liver results in increased
cholesterol synthesis, which partially negates the
cholesterol-lowering ef®cacy of these drugs. However,
statin can be combined with these drugs to prevent
this effect and can be used in severe hypercholes-
terolemias as a combination therapy. One other disad-
vantage of bile acid sequestrants is exacerbation of
hypertriglyceridemia due to increased hepatic VLDL
production. Bile acid sequestrants are contraindicated
in patients who have serum triglyceride concentrations
4400 mg/dl. The major side effects are usually limited
to the gastrointestinal tract as bile acid sequestrants are
not absorbed systemically. Common side effects are ab-
dominal bloating, belching, ¯atulence, and constipa-
tion. Bile acid resins may bind to other medications,
causing decreased absorption and ef®cacy of these med-
ications. Therefore, other medications should be taken
either 1 h before or 4 h after bile acid resins.

Fibrates

This class of drugs includes gem®brozil, feno®brate,
clo®brate, beza®brate, eto®brate, and cipro®brate. The
®rst three are currently available in the United States.
However, since the use of clo®brate has been associated
with an increased incidence of cholangiocarcinoma and
other gastrointestinal cancers, only gem®brozil and
feno®brate are routinely used for the treatment of
dyslipidemia. Gem®brozil and feno®brate markedly
lower plasma triglyceride concentrations (up to 50%),
increase plasma HDL cholesterol concentrations (up to
25%), and have a variable effect on plasma LDL-C con-
centrations. Recently, it has become evident that many
of the effects of ®brates on lipids are mediated by the
activation of peroxisome proliferator-activated recep-
tor-g (PPAR-g, a component of the subfamily of nuclear
receptors known as PPARs). Fibrates bind to and
activate PPAR-g, which then forms a heterodimer
with another nuclear receptor, the retinoid X recep-
tor. The heterodimer binds to a speci®c peroxisome

proliferator-response element and the result is a change
in the transcription of target genes. Target genes include
lipoprotein lipase, apoC-III, apoA-I, and apoA-II. The
expression of lipoprotein lipase, apoA-I, and apoA-II
has been found to increase with ®brates, whereas the
expression of apoC-III has been found to decrease. As a
result, ®brates induce the following: (1) an increase in
lipoprotein lipase activity (resulting from PPAR-g acti-
vation and a related increase in the production of LPL
and a decrease in the production of apoC-III, an inhib-
itor of LPL) and (2) an increased production of HDL
(resulting from PPAR-g activation and a related increase
in the production of apoA-I and apoA-II). The stimula-
tion of LPL activity has the effect of increasing the ca-
tabolism of triglycerides in lipoproteins, such as VLDL
and chylomicrons. Accelerated catabolism of VLDL and
chylomicron to IDL and chylomicron remnants, respec-
tively, induces decreased plasma triglyceride concentra-
tions and may also lead to a higher production of LDL
particles. If there is no adequate compensatory mecha-
nism to increase the catabolism of LDL particles, the
accelerated conversion of VLDL to LDL may result in the
elevation of serum LDL-C concentrations. Fibrates, par-
ticularly feno®brate, also have been shown to reduce
VLDL production in the liver. This mechanism contrib-
utes to a decrease in plasma triglyceride concentrations
and at the same time explains the LDL-C-lowering effect
seen in some patients treated with feno®brate. Reduc-
tion of triglyceride-containing particles also has the
effect of decreasing the exchange of triglycerides for
cholesterol esters between VLDL and LDL or HDL, a
process physiologically mediated by CETP. This mech-
anism contributes to an increase in HDL-C levels and to
a change in the quality of LDL from smallÿdense LDL to
less atherogenic, largeÿbuoyant LDL-C in patients trea-
ted with ®brates. Increased serum concentrations of
HDL-C are also mediated by the increased synthesis
of apoA-I and apoA-II, and hence HDL particle produc-
tion. Therefore, both the quality and the number of HDL
particles change with the use of ®brates. The effects of
®bric acid derivatives on lipoprotein levels differ widely
according to the starting lipoprotein pro®le, the pres-
ence or absence of a genetic hyperlipoproteinemia, and
the associated environmental in¯uences. Among all
patients, hyperlipidemic subjects with apoE-2/E-2
monozygosity respond best to gem®brozil therapy.
Elevated triglyceride and cholesterol levels may be dra-
matically lowered and tuberoeruptive and palmar
xanthomas may resolve completely. Gem®brozil
treatment in patients with mild hypertriglyceridemia
[triglycerides (TG) 5400 mg/dl] usually produces a
decrease in triglyceride levels of 50% or more, an in-
crease in HDL-C of 15 to 25%, and either no change or
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an increase in LDL-C levels, particularly in subjects with
familial combined hyperlipidemia. Feno®brate,
beza®brate, and cipro®brate lower VLDL levels to a
degree similar to that produced by gem®brozil, but
they also decrease LDL-C levels by 15 to 20%. In pati-
ents with more marked hypertriglyceridemia (TG of
400 to 1000 mg/dl), a similar fall in triglycerides
occurs. However, these patients frequently experi-
ence an increase in LDL-C of 10 to 30%. In contrast,
treatment of patients with heterozygous familial hyper-
cholesterolemia usually produces a decrease in LDL-C
levels of 10% with gem®brozil and a decrease of 20
to 30% with feno®brate. The effect of ®brates on
lipoproteins has been associated with a reduction in
cardiovascular risk in both primary and secondary
intervention trials.

Nicotinic Acid

Nicotinic acid is a water-soluble B-complex vitamin
that has a signi®cant hypolipidemic activity at high
doses (1ÿ3 g/day). The hypolipidemic properties of nic-
otinic acid are unrelated to its role as a vitamin. Nico-
tinic acid is used to increase serum HDL-C levels (up to
30%), reduce triglycerides (20 to 80%), and reduce
LDL-C (10 to 15%). Nicotinic acid is the only hypo-
lipidemic agent that is effective in reducing lipoprotein-
a concentrations (by approximately 30%). It appears
that the hypolipidemic properties of nicotinic acid are
related to inhibition of peripheral lipolysis. This effect
reduces free fatty acid mobilization from peripheral tis-
sues and reduces free fatty acid delivery to the liver. As
a result, triglyceride synthesis in hepatocytes is dimin-
ished. Since hepatic triglyceride synthesis is an essential
step for the synthesis and transport of VLDL particles
from the hepatocyte into the systemic circulation, the
inhibition of lipolysis in the peripheral cells by nicotinic
acid induces a reduction in the assembly and secretion
of VLDL particles into the bloodstream. Reduced VLDL
production explains the decreased plasma triglyceride
concentrations in patients treated with nicotinic acid.
Since LDL particles derive from VLDL metabolism, an-
other effect of nicotinic acid-induced inhibition of
VLDL output is a reduction of serum LDL-C concentra-
tions. Similarly to what was described for ®brates above,
the decreased VLDL synthesis induces a reduction in
CETP activity, which, in turn, reduces the loss of
cholesterol esters from the core of LDL particles and
changes the quality of LDL particles from smallÿdense
LDL to largeÿbuoyant LDL and less atherogenic LDL
particles. The same effects on CETP activity will con-
tribute to increased HDL-C levels in patients treated
with nicotinic acid. Another mechanism that may
contribute to the signi®cant effect of nicotinic acid on

HDL-C is the reduced clearance of HDL particles and
increased synthesis of apoA-II. The mechanisms underl-
ying these effects of nicotinic acid are not completely
understood. The numerous clinical trials using nicotinic
acid in monotherapy or in combination therapy have
con®rmed the effectiveness of this drug in decreasing
cardiovascular risk in patients with high triglycerides,
low HDL-C levels, and elevated LDL-C. Nicotinic acid
causes numerous side effects, the major one being ¯ush-
ing and associated pruritus that usually involve the face
and upper part of the body. The interval between the
intake of nicotinic acid and the onset of these side effects
may be variable. With persistent use of the drug, the
frequency and intensity of ¯ushing decrease in 70 to
80% of patients within 1 to 2 weeks. Taking one aspirin
per day may alleviate the symptoms in some patients,
suggesting that this effect is mediated by prostaglandins.
Gastrointestinal symptoms, such as dyspepsia, vomit-
ing, and diarrhea, also occur, but these effects are re-
duced if nicotinic acid is taken with a meal. Nicotinic
acid may precipitate peptic ulcer disease. Abnormalities
of hepatic function are an important and potentially
serious complication of high-dose nicotinic acid ther-
apy. These abnormalities generally occur in patients
taking more than 2 g of nicotinic acid per day. Increases
in serum transaminases are the most common abnor-
malities in hepatic function, but jaundice may occur
and hepatic failure has been observed with sustained-
release preparations. With mild changes in liver func-
tion tests, reducing the dose of nicotinic acid frequently
will result in normalization of tests without the need to
discontinue the drug. The combined use of nicotinic
acid and statins may increase the risk of myopathy
and rhabdomyolysis. Finally, nicotinic acid can cause
hyperglycemia and, if used in diabetics with dyslipi-
demia, requires careful monitoring of blood glucose
levels.

Cholesterol Absorption Inhibitors

Sitostanol/sitosterol and ezetimibe interfere with
cholesterol absorption at the brush border of entero-
cytes. Sitostanol (Benechol) and sitosterol (Take Con-
trol) used with the meals displace cholesterol from the
micellar solution required for transport of cholesterol
across the plasma membrane of enterocytes. Sitosterol
and sitostanol are reexcreted from the enterocyte
through the ABCG5/G8 cholesterol transporter protein
and not absorbed in signi®cant quantities. Ezitimibe has
been recently developed as the ®rst agent acting as
cholesterol transport blocker. It recirculates through
the entero-hepatic circulation and blocks a putative
cholesterol transporter located at the brush border
of the enterocyte plasma membrane. Absorption studies
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have shown decreased cholesterol absorption and
increased synthesis as a response of the hepatocytes to
negative cholesterol balance. Ezetimibe promises to be
a safe adjunct to other hypocholesterolemic agents
to further decrease LDL-C in patients at high risk for
coronary artery disease. It also seems to be a promising
alternative for patients who cannot tolerate statins
or other hypocholesterolemic agents.
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Hyperparathyroidism
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carcinoid An endocrine tumor consisting of enterochromaf-

®n cells or enterochromaf®n-like cells.

MEN A syndrome associated with multiple endocrine

neoplasms; three types are recognized (1, 2a, and 2b)

and types 1 and 2a are associated with hyperparathyr-

oidism.

primary hyperparathyroidism Inappropriately excessive

parathyroid hormone production resulting in hypercal-

cemia.

Routine chemistry tests have made primary hyperparathy-

roidism the most common cause of hypercalcemia

detected in the outpatient setting. Prior to the widespread

availability of laboratory analysis, hyperparathyroidism

was an uncommon disease that usually was discovered

when a patient presented with a clinical manifestation. It

has now predominantly become an asymptomatic diagno-

sis. Primary hyperparathyroidism is a diagnosis com-

monly seen in adults of all ages but is uncommon in

children. The female:male ratio is 3 : 1 with the peak in-

cidence between the third and sixth decades. The most

common cause is a solitary parathyroid adenoma, ac-

counting for approximately 80% of all causes. Multiple

parathyroid adenomas constitute the next most frequent

diagnosis; this entity is commonly seen in the multiple

endocrine neoplasia syndromes (MEN), both type 1 and

type 2A. Older literature suggested that the parathyroid

glands in MEN syndromes were `̀ hyperplastic'' but many

are now known to be monoclonal in origin. Very rarely

seen as a cause of hyperparathyroidism is parathyroid

carcinoma (51%).

GASTROINTESTINAL SYMPTOMS
AND SIGNS

Most of the symptoms of hyperparathyroidism, if any
are present, pertain to the degree of hypercalcemia
and the rate of increase of serum calcium levels.
Gastrointestinal symptoms occur in approximately
35% of patients. These symptoms include anorexia, nau-
sea, vomiting, heartburn, constipation, weight loss, and
dyspepsia. Constipation occurs in up to 30% of patients
with primary hyperparathyroidism. This is thought to
occur as a result of decreased smooth muscle tone of
the gut. It is believed that this is not a myopathy but
actually a result of abnormal activity of the autonomic
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nervous system. Constipation can also be potentiated by
renal free water loss from hypercalcemia, which leads to
dehydration.

Approximately 60% of patients with primary hyper-
parathyroidism suffer from heartburn secondary to gas-
troesophageal re¯ux. Reduced lower esophageal
sphincter pressure has been documented in hyperpara-
thyroid patients with hypercalcemia. Gastroesophageal
re¯ux normalizes after successful parathyroidectomy
and therefore might be related to hypercalcemia.

A rare but potentially life-threatening complica-
tion is acute primary hyperparathyroidism, an entity
characterized by marked hypercalcemia, exceeding
15ÿ17 mg/dl. Patients complain of severe abdominal
pain, nausea, vomiting, and volume depletion and
symptoms may progress to altered mentation, coma,
and seizures. Peptic ulceration, occasionally with per-
foration, and pancreatitis occur commonly in this sit-
uation. Emergent parathyroidectomy, along with
supportive care, is curative.

ASSOCIATIONS WITH
GASTROINTESTINAL DISEASES

Pancreatitis

Primary hyperparathyroidism is associated with
acute or chronic pancreatitis in approximately 3% of
patients who underwent surgery for hyperparat-
hyroidism. The incidence of pancreatitis was related
to high serum calcium levels. Patients undergoing an
operation for secondary hyperparathyroidism, who
therefore were hypocalcemic or normocalcemic, did
not have pancreatitis, suggesting that hypercalcemia
is an important mediator of pancreatic injury in primary
hyperparathyroidism.

There are several reports of primary hyperparathy-
roidism diagnosed in the setting of acute pancreatitis.
One hypothesis for this occurrence is that hyper-
calcemia results in calcium deposition within the pan-
creatic duct, resulting in obstruction. Activation of
trypsinogen by calcium also occurs in acute pancreatitis.
In severe pancreatitis of any etiology, extensive forma-
tion of calciumÿfatty acid soaps might render the pa-
tient hypocalcemic. Therefore, normocalcemia in the
setting of acute pancreatitis may be a clue to the pres-
ence of hyperparathyroidism.

Peptic Ulceration

Whereas the association between peptic ulcer dis-
ease and hyperparathyroidism is clearly present in mul-
tiple endocrine neoplasia (MEN 1) syndrome discussed

below, the case is not as clear in sporadic primary
hyperparathyroidism. Peptic ulceration has been re-
ported in approximately 15ÿ20% of patients with pri-
mary hyperparathyroidism. This prevalence is only
slightly greater than that in the general population.
Although such increased reports of primary hyperpara-
thyroidism in patients with documented peptic ulcer
may be causal, these ®ndings may re¯ect an increased
search for it. The two conditions are highly prevalent in
unselected individuals and therefore might occur co-
incidently in some. One hypothesis that attempts to
explain peptic ulceration as a consequence of primary
hyperparathyroidism relates to hypergastrinemia. Ele-
vated circulating calcium levels stimulate gastrin secre-
tion in humans. The best clinical evidence is the
MEN 1 syndrome, discussed below.

Some reports indicated an increase in basal acid
output in up to one-third of patients with primary hy-
perparathyroidism but there was signi®cant overlap
with normals. In another study, patients with primary
hyperparathyroidism were studied after successful para-
thyroid adenoma removal. There was no change in the
mean fasting gastrin level, gastrin response to feeding,
mean basal acid output, or mean peak acid output.

Multiple Endocrine Neoplasia Syndromes

MEN 1 is an autosomal dominant disorder charac-
terized by multiple parathyroid adenomas in 90ÿ100%
of cases, anterior pituitary adenoma in 10ÿ60%, and
entero-pancreatic endocrine tumors such as gastrinoma
in 30ÿ75%. The syndrome is dif®cult to de®ne, as there
may be permutations of 20 or more tumors. Therefore,
an individual with two of the three above criteria may be
de®ned as having MEN 1. The most frequent endocrine
problem in MEN 1 is primary hyperparathyroidism,
occurring in almost 100% of patients by age 50. The
age of onset may be as early as in the twenties, which
is 30 years earlier than sporadic primary hyperparathy-
roidism. Three or four parathyroid glands are frequently
involved by tumor in MEN 1.

Gastrinomas occur in approximately 40% of patients
with MEN 1 and are associated with Zollinger-Ellison
syndrome (ZES). ZES results in widespread peptic ul-
ceration due to hypergastrinemia and resulting excess
acid production. Peptic ulceration in MEN 1 is poten-
tiated by hypercalcemia from primary hyperparathy-
roidism, leading in turn to increased gastrin release
from the gastrinoma. The converse is also true: removal
of the parathyroids lowers gastrin production from
gastrinoma. Most gastrinomas associated with MEN 1
have malignant potential and over half of them are met-
astatic at the time of diagnosis.

HYPERPARATHYROIDISM 411



MEN 2A is also an autosomal dominant disorder
resulting in medullary carcinoma of the thyroid in
90% of cases, unilateral or bilateral pheochromocytoma
in 50%, and multiple parathyroid tumors in 20ÿ30%.
Unlike the aggressive course of patients with primary
hyperparathyroidism in MEN 1, the hyperparathyroid-
ism of MEN 2A patients is mild and often asymptomatic.
Usually fewer than four parathyroid glands are affected
in this condition.

Carcinoid

Foregut carcinoids may occur as part of MEN 1
syndrome. Therefore, if a diagnosis of carcinoid is
made, patients should be screened for primary hyper-
parathyroidism.

Rode et al. found gastric carcinoid in three cases of
primary hyperparathyroidism. Two of these had para-
thyroid hyperplasia and one had a parathyroid ade-
noma. All carcinoids were located in the nonantral
part of the stomach. Interestingly, all three carcinoids
showed immunoreactivity for gastrin. None of these
patients had other features of MEN.

Gallstones

The prevalence of gallstones in patients with
primary hyperparathyroidism ranges from 25 to 35%.
It is unclear whether there is a real association.

See Also the Following Articles
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hyperthyroidism (thyrotoxicosis) Variety of disorders

resulting in excessive thyroid hormone levels and effects

throughout the body.

tachygastria Faster than the normal (three/minute) electrical

slow-wave activity generated by the smooth muscle layer

of the stomach.

The most common cause of thyrotoxicosis is Graves'

disease, an autoimmune disorder characterized by

thyroid-stimulating antibodies that bind to the thyroid-

stimulating hormone receptor on the thyroid gland, re-

sulting in overproduction of thyroid hormone. Graves'

disease may occur at any age but it is most frequently

seen in the third and fourth decades; there is gender prev-

alence, with a female:male ratio ranging from 7 : 1 to 10 : 1.

Histologically, there is predominantly T lymphocytic in-

®ltration of the thyroid gland. It is hypothesized that

stimulated T lymphocytes induce B lymphocytes to pro-

duce antibodies to the thyroid-stimulating hormone

(TSH) receptor. Because of a variety of human leukocyte

antigen associations, several other autoimmune diseases

are associated with Graves' disease. Toxic multinodular

goiter is a frequent cause of hyperthyroidism in the el-

derly, usually appearing late in the course of a nontoxic

multinodular goiter. Other causes of thyrotoxicosis are

adenoma, various forms of transient thyroiditis, exoge-

nous thyroid hormone ingestion, and iodine ingestion

in populations with endemic iodine de®ciency. Rare

causes include pituitary tumor secretion of thyroid-stim-

ulating hormone, pituitary resistance to thyroid hormone,

and trophoblastic disease (human chorionic gonadotro-

pin and thyroid-stimulating hormone share the same a
subunit).

GASTROINTESTINAL SYMPTOMS
AND SIGNS

Constitutional Symptoms and Signs

The classical gastrointestinal manifestation of hy-
perthyroidism is weight loss in spite of preserved or
increased appetite. Although some patients with mild
disease might actually gain weight if their caloric intake
is in excess of their metabolism, the classic patient
with severe thyrotoxicosis is unable to keep up with

the increased catabolism by increased food intake. Re-
duced intestinal absorption of nutrients also contributes
to weight loss. Apathetic hyperthyroidism is an entity
characterized by atypical manifestations, particularly in
the elderly, and anorexia is a common presenting fea-
ture in this population.

Motility Disturbances

Hyperdefecation is common, and is de®ned as
greater than two bowel movements a day. Diarrhea is
rare. Patients with chronic constipation who become
thyrotoxic may develop normal bowel movements.
Acute or vague chronic abdominal discomfort may su-
pervene in some patients, and hyperthyroidism is a rare
cause of `̀ acute abdomen.'' The cause for the abdominal
pain is unknown, but corrects with treatment of hyper-
thyroidism. Dysphagia as a result of esophageal motor
dysfunction has been also been reported.

Hepatic Symptoms and Signs

Pruritus and jaundice may occur as a result of cho-
lestatic hepatitis in Graves' disease in patients who have
no evidence of autoimmune hepatitis or congestive
heart failure. This entity usually resolves completely
with treatment of thyrotoxicosis. Hepatomegaly and
splenomegaly may also be manifestations of Graves'
disease.

Malabsorption

D-Xylose absorption by the intestine is normal in
patients with hyperthyroidism. Lactose malabsorption
may occur in Graves' disease and may sometimes correct
following successful treatment. Steatorrhea occurs in
more than 25% of hyperthyroid patients and can con-
tribute to weight loss. Reasons include rapid intestinal
transit, leading to reduced contact time with the
small bowel mucosal surface and poor absorption,
and possibly ingestion of large amounts of fat. Minor
abnormalities in pancreatic and biliary secretion may be
present but they are insuf®cient to cause steatorrhea.
Jejunal calcium absorption can also be reduced in
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thyrotoxicosis and can contribute to weight loss and a
negative calcium balance, promoting osteoporosis.

Gastric Emptying

Hyperthyroidism does not signi®cantly affect
gastric emptying of solids. Pfaffenbach et al. studied
23 untreated hyperthyroid patients who also had dys-
pepsia. Dyspepsia included retrosternal pain, epigastric
pain, epigastric fullness, belching, nausea and vomiting,
and/or abdominal pain unexplained by other known
causes. Electrogastrography (EGG) showed tachygas-
tria and delayed gastric emptying. EGG abnormal-
ities did not correlate signi®cantly with dyspeptic
symptoms, but tachygastria improved with treatment
of hyperthyroidism.

Orocecal Transit Time

Reports ®nd that mouth-to-cecal stool transit in thy-
rotoxicosis is accelerated by 50%. Studies uniformly
®nd that hyperthyroid patients have more rapid
orocecal time, which normalizes after treatment of
hyperthyroidism. This increased bowel motility may
explain diarrhea in thyrotoxic patients.

Anorectal Physiology

Hyperthyroid patients exhibit lower maximum rest-
ing pressure and maximum squeeze pressure on anal
manometry, with no difference in maximum tolerable
rectal volumes. They also have a signi®cantly lower
threshold sensation for impending evacuation com-
pared with controls, which could conceivably contrib-
ute to hyperdefecation.

ASSOCIATIONS WITH
GASTROINTESTINAL DISEASES

Immunologic Associations

Hyperthyroidism may be associated with celiac dis-
ease, hepatitis C virus, and in¯ammatory bowel disease
(IBD). Autoimmune thyroid diseases, including Graves'
disease and Hashimoto's thyroiditis, are seen more fre-
quently in patients with celiac disease. Female patients
with hepatitis C virus infection have been reported to
have an increased prevalence of thyroid microsomal
antibody titers. Titers may increase with time with de-
velopment of hyperthyroidism. Nonspeci®c IBD has
been observed to be associated in various ways with
Graves' disease.

Liver Dysfunction

Nonspeci®c Abnormalities

Severe thyrotoxicosis, including thyroid storm, is
frequently associated with nonspeci®c liver function
test abnormalities. The serum total protein level may
be low, and there may be elevations in alanine amino-
transferase (ALT) and alkaline phosphatase (most of the
latter, however, arises from bone). Finally, in severe
thyrotoxicosis, hypoxemia has been invoked as a mech-
anism for hepatic dysfunction, because of unaltered
splanchnic oxygen delivery in the face of increased con-
sumption, but this hypothesis is controversial.

Cholestatic Hepatitis

A particular type of cholestatic hepatitis with
marked hyperbilirubinemia and mild to moderate trans-
aminase elevation has been described. This is charac-
terized by liver biopsy ®ndings of intrahepatic steatosis,
portal in®ltration by lymphocytes, and Kupffer cell hy-
perplasia. There is no biliary ductal dilatation. A differ-
ent histological picture but identical clinical phenotype
is seen with granulomatous hepatitis. Liver biopsy
shows intralobular granulomas and a mixed cholestatic
and cytolytic hepatitis, in the absence of other causes,
including primary biliary cirrhosis and sarcoidosis.

Autoimmune Hepatitis

Autoimmune hepatitis and Graves' disease may also
coexist, with histological ®ndings showing mononu-
clear cell in®ltration and portal ®brosis. High globulin
fraction may be seen in autoimmune and/or chronic
viral hepatitis.

Heart Failure

Right-sided heart failure is a common cause of he-
patomegaly in Graves' disease, resulting from chronic
passive congestion of the liver.

Drug Toxicity

Drug treatment of hyperthyroidism is an important
cause of hepatotoxicity. In most cases, asymptomatic
elevations of transaminases are the abnormality. The
two most common agents are propylthiouracil and
methimazole. Methimazole can result in cholestatic
hepatitis with jaundice, often in the ®rst few months
of treatment. Gradual resolution usually occurs with
discontinuation of this drug. Propylthiouracil, however,
may present a wider clinical spectrum of hepatic dam-
age, including a viral hepatitis-like picture, cholestatic
hepatitis, or fulminant hepatic necrosis. The mechanism
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appears to be a hypersensitivity reaction, which can
occur either acutely or as late as 14 months after initi-
ation of therapy. Fulminant hepatic failure is an exceed-
ingly rare but potentially fatal outcome related to
propylthiouracil use, requiring orthotopic liver trans-
plantation.

THYROID FUNCTION TESTING PRIOR TO
TREATMENT WITH INTERFERON a FOR
CHRONIC HEPATITIS C INFECTION

Treatment with interferon a (IFNa) for chronic hepa-
titis C infection results in thyroid dysfunction in 3ÿ14%
of patients. Consequences include thyroiditis, hyper-
thyroidism, or hypothyroidism; many patients develop
antithyroid antibodies. Predictors for thyroid dysfunc-
tion are female gender, subclinical thyroid disease prior
to interferon administration, previously manifest thy-
roid disease, or other autoimmune disease. All patients
should have thyroid function testing prior to initiation
of IFNa therapy and be periodically monitored during
the course of therapy. Preexisting thyroid disease is not a
contraindication to interferon therapy, however.

See Also the Following Articles
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Hepatitis C � Hepatotoxicity, Drug-Induced
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hypothyroidism A syndrome characterized by inade-

quate thyroid hormone production or replacement.

myxedema Synonymous with hypothyroidism, but generally

used to connote a more severe (advanced) case with

accumulation of mucopolysaccharide material in soft

tissues, body cavities, and organs.

The most common cause of hypothyroidism in developed

countries is primary thyroid failure as in Hashimoto's

thyroiditis; iodine de®ciency prevails as the leading

cause in the developing world. Hashimoto's thyroiditis

is an autoimmune disorder associated with circulating

antithyroid antibodies. There are similar proportions of

B-cell and T-cell lymphocytes in®ltrating the thyroid

gland. It occurs with a frequency of 3.5 cases per 1000

people per year in women and 0.8 cases per 1000

people per year in men. Other frequent causes of hypo-

thyroidism include post-radioiodine or postsurgical abla-

tion of the thyroid gland for overproduction of thyroid

hormone as in Graves' disease or toxic goiter or hypotha-

lamic/pituitary disease with inadequate thyroid-releasing

or thyroid-stimulating hormone secretion. Because thy-

roid hormone has profound effects on metabolism and

muscle contractility, the gastrointestinal tract is signi®-

cantly affected by its de®ciency. As Hashimoto's thyroid-

itis is the commonest cause of hypothyroidism in

developed countries, other autoimmune diseases often

coexist with it.

GASTROINTESTINAL SYMPTOMS
AND SIGNS

Constitutional Symptoms

Most symptoms referable to the gastrointestinal
tract are nonspeci®c. However, there are certain clues
that, in conjunction with other systemic signs and
symptoms, are characteristic. Weight gain despite re-
duced appetite is common. The weight gain is mild and
is a result of ¯uid retention from mucopolysaccharide
accumulation within soft tissues. A yellowish skin color
occurs in hypothyroidism as a result of carotenemia,
from impaired conversion of carotene to vitamin A.

Dysphagia/Compression

Although dysphagia obviously can occur in the
setting of a large goiter compressing the pharynx, it is
also seen in hypothyroid patients with esophageal
dysmotility. Patients with myxedema can rarely develop
megaesophagus. A large substernal goiter (independent
of function) may cause superior vena cava syndrome,
resulting in esophageal varices in up to 12% of individ-
uals. This is a rare cause of variceal hemorrhage.

Hypomotility

Approximately 10% of patients with hypothyroid-
ism experience nonspeci®c abdominal pain. Many pa-
tients complain of bloating and ¯atulence, which is
thought to be a consequence of reduced intestinal
peristalsis. Constipation is frequent and may progress
to severe ileus and fecal impaction. Hypothyroidism is
a rare cause of megacolon from intestinal atony. Al-
though constipation prevails, bacterial overgrowth in
the setting of intestinal hypomotility has been re-
ported, resulting in weight loss and diarrhea. Hypo-
thyroidism is also one of the causes of an elevated
CEA (carcinoembryonic antigen) level, which, if
seen in a patient with abdominal distension, can
mimic colon cancer.

Gastrointestinal Motility Changes

Some studies document signi®cant delays in
orocecal transit time in hypothyroid patients, sugges-
ting that small bowel hypomotility is an early sign of
hypothyroidism. Other studies have not con®rmed this
®nding.

Anorectal Function

The anal sphincter mechanism is unaltered in
hypothyroidism. The threshold sensation for evacuat-
ion is higher than in controls, which may provide a
further explanation for constipation in hypothyroid
patients.
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Myxedema Ascites

Myxedema ascites accounts for less than 1% of all
causes of ascites. It usually is chronic. The ascitic ¯uid is
protein-rich (42.5 g/dl), has a moderate white blood
cell count that is predominantly lymphocytic, and has a
serum ascites albumin gradient (SAAG) of greater than
1.1 g/dl. Some authors dispute the increased SAAG as
being integral to the de®nition of myxedema ascites and
invoke congestive heart failure, which often occurs con-
comitantly, as the cause of the increased SAAG. Like
similar pleural and pericardial effusions, there is com-
plete resolution with thyroid hormone replacement. A
solitary case of chylous ascites and chylous pleural
effusions has been described.

ASSOCIATIONS WITH
GASTROINTESTINAL DISEASES

Immunologic Associations

Celiac disease, an autoimmune disease character-
ized by gluten sensitivity and small bowel villous atro-
phy, is seen more frequently in association with
Hashimoto's thyroiditis and Graves' disease.

Hepatitis C viral (HCV) infection is associated
with an increased prevalence of thyroid microsomal
antibody. Furthermore, 3% of HCV positive euthyroid
patients treated with interferon-a may develop anti-
thyroid antibodies and become hypothyroid. Other
autoantibodies or autoimmune diseases were risk fac-
tors. Thyroid abnormalities were reversible after inter-
feron-a therapy was discontinued.

Pernicious anemia may occur as part of a poly-
glandular autoimmune syndrome, with coexistent
Hashimoto's thyroiditis. In sporadic cases of Hashimo-
to's disease, parietal cell antibodies occur in approxi-
mately 25% of patients. Atrophic gastritis is also more
common in Hashimoto's thyroiditis and may result in
achlorhydria or hypochlorhydria.

Primary biliary cirrhosis (PBC), a disease of auto-
immune destruction of interlobular bile ducts, may co-
exist with hypothyroidism. The prevalence of thyroid
failure ranges from 12 to 22%. Thyroid disease may
predate the onset of PBC by years. Patients with hypo-

thyroidism who develop cholestatic liver disease should
be screened for PBC.

Autoimmune hepatitis is a rare association and
has been reported in polyglandular autoimmune
syndromes. Nonspeci®c elevations of serum transami-
nase and alkaline phosphatase that correct with treat-
ment of hypothyroidism have also been reported.

Sjogren's syndrome is occasionally associated with
Hashimoto's disease, which leads to diminished salivary
volumes.

Nutritional De®ciencies

Although overall nutrient absorption is normal
in hypothyroidism, malabsorption or de®ciencies
of micronutrients may occur. Iron de®ciency anemia
is frequently seen in premenopausal women with hypo-
thyroidism as a result of menorrhagia, but may also
occur as a result of impaired iron absorption. Folate
de®ciency may also rarely result from impaired intesti-
nal absorption.
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bioavailability The amount of an active agent, such as

a drug, that is available at the targeted site after

administration.

immunoneutralization Technique to abolish the effect of a

circulating peptide by administering antibodies directed

against the peptide.

peptide YY A distal gut peptide that is released in response to

fat and is involved in the ileal brake and jejunal brake

responses.

premeal A portion of food consumed shortly before the

actual meal.

The ileal brake is one of the primary nutrient-triggered

inhibitory feedback mechanisms that control transit of a

meal through the gastrointestinal (GI) tract. It is activated

when end products of digestion, such as fatty acids, come

into contact with the distal small intestine. This braking

response initiates a feedback re¯ex that inhibits upper GI

motility to slow gastric emptying and transit through the

small intestine. By controlling the speed of transit of a

meal so that there is adequate time for assimilation of

nutrients, the ileal brake works to optimize digestion

and absorption.

COMPANION BRAKING MECHANISMS
OF THE ILEAL BRAKE

The ileal brake works in concert with other transit
controls, in particular, the jejunal brake, a similar transit
regulatory mechanism located in the proximal end of
the small intestine. However, the ileal brake is more
potent than the jejunal brake. This difference allows
the small intestine to vary its transit control response.
For example, after a meal containing a dif®cult-to-
assimilate food, nutrients would remain in the lumen
to spread from the area of the proximal to the distal
small intestine. Both the jejunal brake and the ileal
brake will be activated in turn. The greater inhibitory
feedback on transit that is then generated would work to
ensure that there is adequate time for the assimilation of
food. In addition to the jejunal brake, a duodenal brake
and a colonic brake have also been described.

MEDIATORS OF THE ILEAL BRAKE

The precise neural circuitry mediating the ileal brake is
an area of active research. Both gut peptides and nerves
are involved in this response, as shown by the
abolishment of the fat-induced ileal brake when either
the distal gut peptide, peptide YY, was immuno-
neutralized or the inhibitory effect of an enteric opioid
nerve was blocked.

CLINICAL EFFECTS OF ALTERED
ILEAL BRAKE FUNCTION

The ileal brake response may be reduced or lost due to
disease or intestinal resective surgery. When the control
of GI transit is disrupted, the movement of a meal be-
comes accelerated. As a result, symptoms such as diar-
rhea, nausea, bloating, and abdominal pain develop.
Consequences of such rapid transit may include
maldigestion and malabsorption, leading to malnutri-
tion and reduced bioavailability of oral medications. In
the absence of the ileal brake, transit may become so
markedly accelerated that end products of fat digestion
are not adequately available. As a result, the remaining
transit controls, such as the jejunal brake, are unable to
compensate for the loss of the ileal brake response.

ACTIVATING THE ILEAL BRAKE AND
JEJUNAL BRAKE AS TREATMENT

Intestinal transit is accelerated in many diarrheal con-
ditions and rapid gastric emptying disorders. Since end
products of fat digestion serve to trigger the ileal brake
and the jejunal brake, a nutrient-based treatment using a
premeal containing oleic acid has been shown to slow
transit and reduce symptoms in these patients.

See Also the Following Articles

Gastric Emptying �Gastric Motility � Pancreatic Polypeptide

Family
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anal transitional zone Anal canal segment that lies between

the uninterrupted columnar mucosa proximal and the

squamous epithelium below.

Brooke ileostomy Surgical procedure described by Bryan

Brooke in which the ileum is passed through an opening

in the abdominal wall, with several centimeters protrud-

ing and its distal end everted.

cystectomy Surgical removal of the urinary bladder.

familial polyposis coli General neoplastic disorder of the

intestine, presenting most commonly as multiple polyps

in the colon.

Anileoanal pouch is produced in a procedure whereby the

colon and rectum are removed but the anus and anal

muscles are retained. A reservoir, or pouch, is then cre-

ated, using the ileum such that continence of fecal matter

is preserved.

INTRODUCTION

The ileal pouch reservoir was ®rst described more than
70 years ago. It was constructed from an isolated seg-
ment of ileum shaped into a doubly folded loop after
rectalexcision forcarcinoma.Theprocedurehasevolved

from the use of a straight ilealÿanal anastomosis to the
use of variously shaped reservoirs (J,S, orW pouches).
The rationale for the pouch came about as an idea for
pooling the intestinal content in the ileal reservoir; it
was experimentally described by Valiente and Bacon in
1955 for rectal replacements in dogs. The procedure for
clinical use in humans, introduced by Professor Nils
Kock in 1969, was initially used as a bladder replace-
ment following cystectomy. Later, the ileal anal pouch
was used as the replacement for the resected rectum, as
by Parks and Nicholls. These early experiences with
ileal pouch formation, along with the endoanal sleeve
technique devised by Alan Parks for cancer operations,
have motivated surgeons to perform these procedures
such that a pouch procedure restorative has become an
alternative to a permanent ileostomy after procto-
colectomy for ulcerative colitis (UC) and familial ade-
nomatous polyposis (FAP).

PREOPERATIVE PREPARATIONS

As in other major operations, the patient's medical
status is optimized for the procedure to ensure low or
no morbidity. Correction of anemia, ¯uid depletion, and
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anal transitional zone Anal canal segment that lies between

the uninterrupted columnar mucosa proximal and the

squamous epithelium below.

Brooke ileostomy Surgical procedure described by Bryan

Brooke in which the ileum is passed through an opening

in the abdominal wall, with several centimeters protrud-

ing and its distal end everted.

cystectomy Surgical removal of the urinary bladder.

familial polyposis coli General neoplastic disorder of the

intestine, presenting most commonly as multiple polyps

in the colon.

Anileoanal pouch is produced in a procedure whereby the

colon and rectum are removed but the anus and anal

muscles are retained. A reservoir, or pouch, is then cre-

ated, using the ileum such that continence of fecal matter

is preserved.

INTRODUCTION

The ileal pouch reservoir was ®rst described more than
70 years ago. It was constructed from an isolated seg-
ment of ileum shaped into a doubly folded loop after
rectalexcision forcarcinoma.Theprocedurehasevolved

from the use of a straight ilealÿanal anastomosis to the
use of variously shaped reservoirs (J,S, orW pouches).
The rationale for the pouch came about as an idea for
pooling the intestinal content in the ileal reservoir; it
was experimentally described by Valiente and Bacon in
1955 for rectal replacements in dogs. The procedure for
clinical use in humans, introduced by Professor Nils
Kock in 1969, was initially used as a bladder replace-
ment following cystectomy. Later, the ileal anal pouch
was used as the replacement for the resected rectum, as
by Parks and Nicholls. These early experiences with
ileal pouch formation, along with the endoanal sleeve
technique devised by Alan Parks for cancer operations,
have motivated surgeons to perform these procedures
such that a pouch procedure restorative has become an
alternative to a permanent ileostomy after procto-
colectomy for ulcerative colitis (UC) and familial ade-
nomatous polyposis (FAP).

PREOPERATIVE PREPARATIONS

As in other major operations, the patient's medical
status is optimized for the procedure to ensure low or
no morbidity. Correction of anemia, ¯uid depletion, and
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electrolyte and acidÿbase disorders and nutritional as-
sessment are mandatory. Many patients require total
parenteral nutrition (TPN) and bowel rest because eat-
ing may worsen colitis symptoms. The simplest surgical
corrective procedure should be performed in such se-
verely compromised patients. Colon preparation may
not be necessary and may be poorly tolerated, because
the majority of these patients have severe diarrhea. The
type of bowel preparation will depend on the patient's
preoperative condition (bowel obstruction, frequent
diarrhea); bowel preparations that are too aggressive
may further compromise the patient. A double anti-
biotic prophylaxis has been shown to be of bene®t in
immunocompromised patients and in patients on
whom surgery is being performed below the peritoneal
re¯ection. Antibiotics (neomycin and erythromycin
base regimen) are given orally 1 day prior to surgery
and are given intravenously at induction of anes-
thesia in order to decrease the incidence of infectious
complications.

Often these procedures require a temporary divert-
ing ileostomy. A staged procedure would require a
marked site for the loop ileostomy preoperatively,
and the patient should have been seen by a stomathera-
pist. Patients on high-dose steroids preoperatively will
require parenteral steroids in the perioperative period
until their baseline physiological dose has being reached
postoperatively.

SURGICAL TECHNIQUES

Position

Most patients can have the total procedure per-
formed in the lithotomy position However, some pa-
tients require a mucosectomy of the very last few
centimeters of the rectal mucosa. To facilitate the pro-
cedure, the prone jackknife position can be used at the
start of the procedure for the rectal mucosectomy
performed per anus. This position allows for greater
exposure than is possible with the lithotomy position.
After the mucosectomy, the patient is turned to
the lithotomy position for the abdominal phase of the
operation.

Creation of the Ileoanal Pouch

Total abdominal proctocolectomy is carried out as
for colectomy, with the colon mobilized from the
ileocecal to the rectosigmoid junction. It is important
to dissect as close to the rectal wall as possible to avoid
injury to the pelvic autonomic nerves. To transect the
distal rectum/proximal anus, a stapling device is placed

in the pelvis. A ®nger or sigmoidoscope ascertains the
position of the stapler in relation to the dentate line. The
distal rectum/upper anus is stapled off, leaving no more
than 3 cm of distal rectum above the dentate line (it is, in
fact, preferable to leave as little mucosa as possible while
preserving all of the anal sphincters).

Once the rectum is removed, the ileal pouch is
created. The ileal mesentery is freed from the retroperi-
toneum up to the lower duodenal margin, to increase the
length of the mesentery so that it can reach the pelvis. In
general, the distal ileum at the apex of the pouch that is
to be created needs to be able to reach to the lower
border of the pubis. The ileum is then folded into the
general shape of the pouch to be formed. Ileoanal
pouches are usually made into two shapes. The
J pouch is made out of the distal ileum folded back
onto itself once, whereas theS pouch is made by folding
the distal ileum twice. The J-pouch is usually made
15 cm in length and can be constructed with a bowel
anastomotic stapling device. The S pouch must be hand
sewn. Because of its simplicity and the speed at which it
can be made using a stapler, the J pouch is made more
often (see Figs. 1 and 2).

To anastomose the pouch to the distal rectum /anus,
a circular stapling device is usually used. The anvil of
the circular stapler is sutured into the apex of the
pouch through the enterotomy made for the linear cut-
ting stapling device, using a pursestring suture. To per-
form the anastomosis, the circular stapler with the
trocar is placed into the anorectal stump and the trocar
is advanced, piercing the stapled upper anus either near
or directly through the staple line. The trocar is removed
and the anvil in the pouch is brought down to the ac-
cepting socket of the circular device. The bowel ends are
apposed and stapling device is ®red, ensuring that the
pouch is not twisted.

Mucosectomy and Cuff Formation

In some patients, the situation requires removal of
the mucosa of the last 0ÿ3 cm of distal rectum. This
procedure is called a mucosectomy because only the
mucosa is removed, with the anal muscles and residual
muscularis propria of the rectal cuff preserved. With the
patient in either the lithotomy or prone position, the
dissection starts just above the dentate line. The mucosa
is raised off the anal muscles using saline or a weak
epinephrine solution. The mucosa is then stripped
away from the internal anal sphincter and muscularis
propria. All mucosa is removed. Hemostasis is ensured
with cauterization.

The ileal pouch is anastomosed in a series of hand-
sewn sutures using a long-term absorbable braided su-
ture. Eight to 12 full-thickness sutures are placed
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through the pouch wall and the internal sphincter, and
out through the dentate line mucosa to complete the
anastomosis. The anastomosis is then checked digitally
for any gaps.

Other Pouches

Though the S pouch was the ®rst clinically applied
pelvic pouch, the J pouch is now most commonly used.
The S-shaped pouch is formed by folding three ileal
limbs 10 cm in length. On the distal limb, an extra
1 to 2 cm is left to project into the anal canal. This
small spout is then anastomosed end to end to the
anal canal. The S pouch causes greater dif®culty in
evacuation and takes a longer time to construct. A
W pouch has been described as two J pouches placed
together. The terminal end of the small intestine is

folded into four loops, 12 cm long, forming the W
pouch. A side-to-end anastomosis is made directly be-
tween the anal canal and reservoir. TheW pouch and the
J pouch have been shown to have equivalent function
that, but not enough data have been collected to show
that there is any value added to J pouch.

In addition to the J, W, and W types of reservoirs,
several other variations have been described. The best
known is the Kock, or K, pouch. This is an abdominal
pouch that consists of a reservoir constructed from the
small intestine, and a nipple valve that keeps the con-
tents of the reservoir inside the body, permitting entry of
an external catheter to drain the pouch when desired.
Occasionally the Kock pouch can be converted to a
pelvic pouch after a period of pouch dilatation, with
anastomosis to the anus allowing restoration of intesti-
nal continuity. It is an alternative for patients who have a
standard (Brooke) ileostomy, or who have poor results
with an ileoanal operation.

These operations can be carried out either in one,
two, or three stages. The most common approach is the
two-stage procedure. In the ®rst stage, the colon and
rectum are removed, the ileoanal pouch is created, and
the surgeon creates a diversion ileostomy to protect the
neorectal pouch and ileoanal anastomosis. This proce-
dure is preferable to the one-stage procedure because it
is associated with a lower rate of pelvic sepsis. It is
especially important to limit pelvic septic complications
in women of childbearing age, because the incidence of
infertility after pelvic sepsis is high. The ileostomy helps
ensure that any clinical problems are not worsened by a
small anastomotic leak.

FIGURE 1 A J pouch and temporary stoma.

FIGURE 2 A J pouch reconnection.
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Hand-Sewn vs. Stapled Anastomosis

The hand-sewn anastomosis with rectal muco-
sectomy was ®rst employed for the ileoanal J pouch.
However, a modi®cation of the hand-sewn anastomosis
was utilized after the introduction of the double-stapled
technique for pelvic procedures. The stapled technique
has resulted in a shorter operative time compared to the
hand-sewn operation. It is also suggested that this tech-
nique improves continence by preserving the anal tran-
sition zone (ATZ) and by reducing the injury sustained
on the anal sphincter mechanism by the prolonged di-
latation required for completion of the mucosectomy.
Some surgeons, however, suggest that the hand-sewn
procedure is preferred, because the retained ATZ may
be a source of diseased mucosa. Second, it is question-
able that the early functional outcome of the stapling
technique is better than the hand-sewn procedure over
time. Data from retrospective series are inconclusive.
The stapled anastomosis with the retained ATZ provides
better nocturnal continence and better discrimination of
¯atus versus stool. Unless there are multiple polyps in
the distal 3 cm of mucosa in a patient with FAP, or severe
dysplasia in a patient with colitis, it is preferable to per-
form the stapled anastomosis. An attempt should be
made to leave only 1ÿ2 cm of mucosa above the dentate
line in order to minimize any potential symptoms or
problems associated with longer amounts of mucosa.

POSTOPERATIVE CARE

In the immediate postoperative period, observations
of the vitals signs are monitored; hemoglobin and
electrolytes are checked and corrected as necessary.
The urinary catheter is removed after 3ÿ5 days.
Patients also should have prophylaxis against deep
venous thrombosis. Watery stool usually begins
within 48ÿ72 hours after operation and can be as fre-
quent as 10ÿ15 times a day. Loperamide or codeine can
be given to decrease the frequency of stool passage.
Infection, ileus, and obstruction are the most common
serious complications that need to be watched for in the
®rst 30 days postoperatively.

After takedown of the temporary ileostomy (usually
between 8 and 12 weeks after the ®rst stage), soiled
perianal skin is rinsed and kept dry to avoid skin ulcers
and infections. Oral intake is allowed after 1 day, with a
gradual increase in solid food. Advice is given about diet
and the use of medications to slow the frequency of
bowel movements if needed. Patients are followed for
1ÿ3 months until the frequency of bowel movements
settles down to six times per 24 hours. Patients are then
followed on an annual basis.

COMPLICATIONS

The mortality after pouchÿanal anastomosis is very low
in all reported series (approximately 0.5%). General
complications such as wound and chest infections, uri-
nary retention, and deep venous thrombosis must be
monitored and treated. Early complications speci®c
to the procedure include cuff abscesses, anastomosis
dehiscence, and intestinal obstruction. Metabolic dis-
turbances due to dehydration can occur because the
evacuation rate in the early days can be high. Late
complications include a condition called pouchitis.
Its incidence is 10ÿ30% and it is most often treated
with antibiotics or probiotics. If a patient develops se-
vere and debilitating pouchitis or anal ®stulas, Crohn's
disease should be considered. Fistula formation can
occur from the pouch or from the anastomosis to
the urinary tract, vagina, perineum (vulva), or anterior
abdominal wall.

Recurrent colitis can rarely cause disease in the
residual mucosa. Polyps can sometimes occur in pa-
tients with FAP. There is a small risk for progression
to malignancy both in patients who have had a
mucosectomy and in those who have not, therefore
all patients require annual surveillance.

QUALITY OF LIFE

The restorative proctocolectomy with ileopelvic reser-
voir is a safe procedure, but the incidence of postoper-
ative morbidity can be high. Studies in the form of
questionnaires with a scoring system have assessed
the functional outcome and the effects on the lifestyle
of patients who have undergone these procedures. For
instance, quality of life (QOL) may be better in the pa-
tient group that had the procedure done for ulcerative
colitis compared to patients with FAP. This may be due
to the fact that, before the procedure, patients with ul-
cerative colitis are more symptomatic as compared to
patients with FAP. In general, most patients attain a high
QOL postoperatively. They show improvement in QOL
compared to their preoperative condition and they also
have a higher QOL than do those with a permanent
ileostomy.

CONTRAINDICATIONS TO
POUCH FORMATION

A contraindication to ileoanal pouch procedure, as in
any operation to preserve anorectal continence, is ab-
sence preoperatively of an ef®cient anal sphincter com-
plex. Therefore, the presence of fecal incontinence or
lax anal tone should be screened for preoperatively. In
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many major series, patients with Crohn's disease gen-
erally seem to do badly, with ileoanal pouch anastomo-
sis complicated with ®stulas and abscesses. In patients
without anal or small bowel disease, there is evidence
that about 80% of patients have a satisfactory outcome
after creation of an ileoanal pouch.

Patients selected should be highly motivated, be-
cause complications often occur and may frequently
require further operations. Therefore, patients should
be fully informed of the potential risks and bene®ts of
the procedure. Contact with other patients who have
had the procedure, whatever the outcome, should be
encouraged. Age does not seem to be a contraindication
as long as there is no signi®cant sphincter dysfunction
and no serious comorbidity, because the operation is
very lengthy.

See Also the Following Articles

Colitis, Ulcerative � Familial Adenomatous Polyposis (FAP)

� Fistula � Parenteral Nutrition � Pouchitis
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agammaglobulinemia Total absence of antibody.

antibody/immunoglobulin Protein elicited in response to

antigen; there are ®ve primary forms, IgG, IgA, IgM, IgE,

and IgD. There are four subclasses of IgG (IgG1ÿIgG4)

and two subclasses of IgA (IgA1 and IgA2).

antigen/immunogen Any compound that can elicit an

immune response.

B lymphocyte Precursor of an antibody-producing cell

(plasma cell); has a surface antigen receptor that can

recognize antigens in solution.

immunode®ciency Any state in which the host's immune

system (antibodies, T cells) is not functioning at optimal

capacity.

T lymphocyte Cell of the immune system that regulates

immunity; recognizes only foreign protein/antigen in the

context of major histocompatibility antigens.

Primary immunode®ciencies are caused by inherited de-

fects of the immune system. Most patients manifest their

immunode®ciency by developing infections involving the

sinuses and the lungs. Gastrointestinal manifestations,

however, are particularly frequent, and in some cases

may represent the main complaint in patients with pri-

mary immunode®ciency. The most common primary im-

munode®ciencies are characterized by an impaired ability

to produce speci®c antibodies. These antibody de®cien-

cies are often diagnosed in childhood or adolescence, but

are sometimes apparent only in adulthood. Primary T cell

immunode®ciencies are rarer and are generally diagnosed

early in life.

CLASSIFICATION OF PRIMARY
IMMUNODEFICIENCIES

Primary Antibody De®ciencies

Common Variable Immunode®ciency

Common variable immunode®ciency (CVI) is the
most common clinically signi®cant antibody de®ciency
(Table I) of adults, with a prevalence estimated from
1 in 50,000 in Sweden. CVI is a heterogeneous group
of immunode®ciency disorders, characterized by de-
creased serum immunoglobulin levels and heteroge-
neous clinical features. Patients with CVI usually
develop symptoms either as adolescents or as young

adults and present most commonly with recurrent sino-
pulmonary infections and gastrointestinal disorders.
Frequently, however, the diagnosis may not be obvious
until late adult life. Respiratory infections often involve
encapsulated bacteria (Haemophilus in¯uenzae, Strepto-
coccus pneumoniae). CVI patients may develop bronchi-
ectasis or restrictive or obstructive lung disease.
Immunoglobulin G (IgG) levels are typically less than
300 mg/dl with concurrent low IgA and IgM levels. Cir-
culating B cells are generally not decreased in number,
buttheymayexhibitdefectsingrowthanddifferentiation.
The treatment of CVI is intravenous (iv) immunoglob-
ulin replacement and antibiotics, which may prevent the
recurrence of infections and the development of irre-
versible lesions in the lungs. However, iv immunoglob-
ulin replacement does not seem to prevent the
gastrointestinal disorders observed in CVI patients.

Selective IgA De®ciency

Selective IgA de®ciency is the most common immu-
node®ciency, present in 1 in 300ÿ700 Europeans and
North Americans. Levels of serum IgA are less than
5 mg/dl, with normal or increased concentrations of
other serum immunoglobulins. The number of circulat-
ing B cells is normal. In most individuals, there is a
decreased level of secretory IgA at mucosal surfaces,
which can be compensated for by an increased produc-
tion of secretory IgM. A majority of IgA-de®cient pa-
tients are asymptomatic and need no treatment. Others
may have allergic manifestations, recurrent sinopul-
monary infections, or autoimmune disorders. These

TABLE I Classi®cation of Primary Immunode®ciencies

Primary antibody

de®ciencies

Primary T cell

immunode®ciencies

X-Linked

agammaglobulinemia

Severe combined

immunode®ciency

Selective IgA de®ciency DiGeorge syndrome

Selective de®ciency of

IgG subclasses

Ataxiaÿtelangiectasia

Common variable

immunode®ciency

WiskottÿAldrich syndrome
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symptomatic patients often have concurrent IgG2
de®ciency. Only patients with severe sinopulmonary
infections and those with concomitant IgG defects
are candidates for iv immunoglobulin replacement ther-
apy. A small subset of these patients have anti-IgA an-
tibodies, which may increase the risk for anaphylactic
reactions to iv immunoglobulins or other blood
products.

X-Linked Agammaglobulinemia
(Bruton's Disease)

X-Linked agammaglobulinemia (XLA) is a rare im-
munode®ciency, with an incidence of approximately
1 in 105 births. This de®ciency is characterized by a
failure of B cells to mature beyond the pre-B cell
stage and the consequent inability to produce all classes
of immunoglobulins. The inherited defect is mapped to
the gene encoding Bruton's tyrosine kinase (Btk), lo-
cated on the long arm of the X chromosome. Defects
in this intracellular tyrosine kinase block the maturation
of pre-B cells. XLA patients (young males) typically
present with recurrent bacterial infections, especially
with encapsulated bacteria such as S. pneumoniae and
H. in¯uenzae. The treatment of XLA is iv immunoglob-
ulin replacement.

Primary T Cell De®ciencies

DiGeorge Syndrome

Patients with DiGeorge syndrome have thymic hy-
poplasia with or without parathyroid glands (hypocal-
cemia and tetany), cleft palate, and other facial
anomalies (due to a defect in the migration of the
third and fourth branchial pouches). The T cell de®ci-
ency is variable from patient to patient (depending
on the degree of thymic aplasia) and may predispose
patients to opportunistic infections, such as Pneu-
mocystis carinii, candidiasis, and viral infections.

AtaxiaÿTelangiectasia

Ataxiaÿtelangiectasia is inherited in an autosomal
recessive pattern. The ®rst symptoms, cerebellar ataxia
and telangiectasias (of the conjunctiva, nose, ears, or
shoulders), appear in young patients between 2 and
5 years of age. They have thymic hypoplasia and im-
paired T cell function. IgA de®ciency is found in 50% of
patients. These patients have a high risk of malignancy.

WiskottÿAldrich Syndrome

WiskottÿAldrichsyndrome(WAS) isarareX-linked
recessive disorder. Patients usually present with eczema,
thrombocytopenia (and hemorrhage), impaired T cell
function, and recurrent opportunistic infections. The

genetic defect is a mutation in the WAS protein,
which is involved in intracellular signaling and actin /
cytoskeletal rearrangements within the lymphocyte.
Bone marrow transplantation is the treatment of choice
for long-term survival.

Severe Combined Immunode®ciency

Severe combined immunode®ciency (SCID) is a het-
erogeneous set of congenital immune disorders in
which there is de®ciency of both T and B cell develop-
ment and function. Patients usually present with severe
recurrent bacterial or viral infections during the ®rst
year of life. These patients have few or no circulating
lymphocytes. SCID patients are susceptible to both bac-
terial and opportunistic infections. The standard treat-
ment for SCID is bone marrow transplantation.

GASTROINTESTINAL MANIFESTATIONS

Primary Antibody De®ciencies

Gastrointestinal manifestations are quite frequent in
patients with CVI; 40ÿ60% experience chronic diarrhea
and many have malabsorption. These manifestations
may re¯ect gastrointestinal infections, particularly by
Giardia lamblia, but also diverse in¯ammatory disorders
and malignant conditions. CVI patients may have lym-
phoproliferative disorders, such as diffuse nodular lym-
phoid hyperplasia (NLH) of the small bowel, which may
represent a premalignant condition. Most patients with
IgA de®ciency do not have gastrointestinal manifesta-
tions, but when symptoms occur they are similar to
those observed in CVI.

Infection with G. lamblia may cause chronic diar-
rhea with malabsorption in patients with antibody de-
®ciencies, particularly with CVI. Symptoms frequently
consist of an abrupt onset of watery diarrhea with ab-
dominal cramping, bloating, and anorexia. The diagno-
sis is made by stool examination, demonstrating the
presence of cysts or trophozoites, but frequently re-
quires duodenal biopsies or aspirates. Duodenal biop-
sies may show mucosal damage with villous atrophy.
The course of the infestation, which is usually short in
immunocompetent patients, may last several months in
CVI patients. Treatment with metronidazole reverses
the symptoms and mucosal damage and is often used
as a therapeutic test for Giardia infection. Treat-
ment with iv immunoglobulins may reduce the risk
of recurrent giardiasis, although there are limited
data to support this and T cell immunity appears to
be more important in the clearance of this infection.
Prolonged G. lamblia infestation may also be observed
in IgA de®ciency, but is much less frequent than in CVI.
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Patients with CVI have also a slightly increased preva-
lence of infections with Salmonella and Campylobacter
jejuni. Cryptosporidiosis has also been described in CVI
patients, although the incidence is low. One other real
consideration is the role that Clostridium dif®cile may
play in recurrent diarrhea in these patients, especially
considering the amount of antibiotics used in treatment
of infections.

Some patients with CVI present with atypical in-
¯ammatory gastrointestinal disease that is unrelated
to G. lamblia and results in diarrhea, malabsorption,
and weight loss. Villous atrophy on duodenal biopsies
may be observed in some cases, similar to the lesions
observed in celiac disease. However, antibodies against
gliadin and endomysium are generally not found in the
serum of these patients. More importantly, gluten-free
diets seem to have no effect on the clinical course or on
the villous atrophy in the majority of patients. Among
the CVI patients in a series at The Mount Sinai Medical
Center in New York, six had a villous atrophy that did
not improve with a gluten-free diet.

After intestinal infection has been ruled out, steroid
and/or immunomodulator (6-mercaptopurine/azathio-
prine) therapy may be considered in these patients. Such
therapy should be used with caution in these patients for
obvious reasons. However, the overwhelming majority
of patients tolerate immunomodulators quite well while
they are receiving iv immunoglobulins. The doses used
to control in¯ammation are never so high as to further
compromise immune function (1.5ÿ2.5 mg/kg for 6-
mercaptopurine and azathioprine, respectively). In con-
trast, severe adverse events have been reported in CVI
patients receiving steroids or methotrexate (detailed
later).

There is a stronger association between IgA de®-
ciency and celiac disease. Of patients with celiac disease,
2% have IgA de®ciency. Intestinal biopsy ®ndings in
these patients are similar to those seen in classical celiac
disease except for an increase in IgM plasma cells in the
lamina propria. In contrast to CVI, patients with IgA
de®ciency and celiac disease may respond normally to
treatment with a gluten-free diet.

There is an increased frequency of atrophic gastritis
and/or pernicious anemia in patients with CVI. Perni-
cious anemia may be even more frequent in IgA-
de®cient patients. The diagnosis is made at an earlier
age (20ÿ40 years old) than in immunocompetent pa-
tients (60 years old). In contrast to pernicious anemia in
immunocompetent individuals, antibodies directed
against parietal cells and intrinsic factor are not
found in the serum. Histological ®ndings are similar,
except for the absence of plasma cells in the lamina
propria of CVI patients. These ®ndings suggest that

pernicious anemia in this setting is not antibody medi-
ated. CVI patients have an increased risk, compared to
the general population, of developing gastric adenocar-
cinoma, which may be related to the increased fre-
quency of atrophic gastritis (see later).

There is also an increased frequency of in¯ammatory
bowel disease in CVI patients. Many cases of ulcerative
colitis and Crohn's disease have been reported. In
the Mount Sinai series, among 248 patients with CVI,
16 (6%) had in¯ammatory bowel disease (IBD), 7
had ulcerative colitis, and 9 had Crohn's disease.
Hermaszewski et al. reported 10 cases of IBD among
240 patients with CVI, and 3 cases among 44 patients
with agammaglobulinemia. Teahon et al. reported 12 pa-
tients with CVI or agammaglobulinemia when chronic
diarrhea was explored by upper and/or lower endoscopy
and biopsy; 4 of 8 patients had villous atrophy on du-
odenal biopsies and 8 of 10 had microscopic colitis. Two
of these patients had multiple stenoses in the small
bowel, suggestive of Crohn's disease. Cases of in¯am-
matory bowel disease have been reported in IgA-
de®cient patients, but the frequency of IBD does not
seem to be increased. IBD in patients with CVI seems
to respond normally to conventional therapeutic
approaches. Steroids and immunomodulatory agents
(such as 6-mercaptopurine/azathioprine) can be used
in these patients. Patients with CVI-associated IBD may
experience long-term remissions with these therapies.
However, as is the case for refractory sprue, data from
the Mount Sinai series suggest that speci®c types of
immunosuppression in CVI patients may result in com-
plications. Indeed, four patients receiving steroids had
major complications: Pneumocystis carinii pneumonia, a
Nocardia brain abscess, a progressive multifocal
leukoencephalopathy, and a severe anaerobic leg infec-
tion leading to amputation. Two patients receiving
methotrexate for autoimmune disease (both had a
prior history of Hodgkin's disease) developed either
an additional malignancy or recurrent disease.

Nodular lymphoid hyperplasia, de®ned as multiple
discrete mucosal nodules con®ned to the lamina propria
and super®cial submucosa, is found frequently in CVI
patients. The nodules represent hyperplastic lymphoid
tissue with prominent germinal centers. About 10ÿ20%
of CVI patients have diffuse intestinal NLH. NLH can
affect the ileum and/or the colon of immunocompetent
children and young adults, but the diffuse form of
NLH is mainly observed in patients with primary
immunode®ciencies. The exact meaning of this mani-
festation in these patients is unknown, but could re¯ect
a compensatory B cell proliferative response to an in-
crease in the precursor pool of antibody-producing
cells. There have been several reports of patients with
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diffuse NLH, both immunode®cient and immunocom-
petent, who developed small intestine lymphomas (see
later), and several reports in the literature suggest that
diffuse NLH could be a premalignant condition. Diffuse
NLH is seen less frequently in selective IgA de®ciency
than in CVI patients.

Patients with CVI are reported to have an in-
creased prevalence of, and mortality due to, malignant
neoplasms. The immunode®ciency cancer registry has
reported 120 cases of cancer among CVI patients. The
predominant tumors were non-Hodgkin lymphomas
(55 cases, 48%), followed by gastrointestinal carcino-
mas (30 cases, 25%), predominantly of the stomach
(19/30), and Hodgkin's disease (8 cases, 7%). The
relative risk of non-Hodgkin lymphoma has been re-
ported to range from 47-to 438-fold in the general
population. From 1.4 to 7% of CVI patients may de-
velop a lymphoma, which occurs typically after
40 years of age and more often in women. These
lymphomas are generally extranodal and of a B cell
type, and may be associated with EpsteinÿBarr virus
(EBV) infection. As mentioned earlier, some small
intestinal lymphomas described in CVI patients are
associated with diffuse NLH. Several cases of T cell
lymphomas have been described in CVI patients. A
majority of these lymphomas are located in the small
bowel and are associated with nodular lymphoid hy-
perplasia. Some cases of colonic lymphomas have been
reported simulating, in one case, cryptogenic colitis.

The increased risk of cancer in patients with CVI
includes an increased frequency of gastric adenocarci-
noma (30-fold). Three cases were reported in a series of
240 patients with CVI, and two cases in another series of
248 patients. As mentioned earlier, the increased risk
of gastric adenocarcinoma in CVI patients could be
linked to the increased frequency of atrophic gastritis
in those patients. This risk could justify an endoscopic
survey of these patients, particularly in cases of atrophic
gastritis. In a recent study, there was an increased prev-
alence of Helicobacter pylori infection in CVI patients
with dyspepsia, and these patients had an increased
frequency of multifocal gastritis. More interestingly,
this study suggested that H. pylori may play a role in
gastric carcinogenesis in patients with CVI. Last, the
incidence of colonic cancer is not increased in CVI pa-
tients but has been reported in young patients with
agammaglobulinemia.

Primary T Cell De®ciencies

The clinical manifestations observed in patients
with ataxiaÿtelangiectasia are mainly related to the
de®ciency in IgA and IgG2. Thus, the gastrointestinal

manifestations are similar to those observed in patients
with antibody de®ciencies. The occurrence of chronic
diarrhea and/or of malabsorption suggests the possibil-
ity of an infection with G. lamblia. Malignant disorders
are particularly increased in these patients. Indeed, pa-
tients with ataxiaÿtelangiectasia have a risk of cancer,
mainly lymphomas, 78-fold higher when compared to
the general population. This may relate to the defects
in DNA repair mechanisms seen in these patients.
However, the frequency of cancers or lymphoma in
the gastrointestinal tract has not been speci®ed in the
literature.

Gastrointestinal manifestations are rare in patients
with WiskottÿAldrich syndrome. There is also an in-
creased risk of cancer in this population, with an inci-
dence estimated at 2% per year. Intestinal hemorrhage
may occur because of thrombocytopenia. Interestingly,
the mouse model of WAS is associated with colitis
and there have been some reports of colitis in patients
with this disease.

The frequency of digestive manifestations does not
seem increased in patients with DiGeorge syndrome,
except for intestinal infections. Oral candidiasis is fre-
quent and viral infections causing diarrhea and necro-
tizing enterocolitis have been reported.

Children with severe combined immunode®ciency
(SCID) often present with intractable diarrhea with vil-
lous atrophy, which is resistant to medical treatment.
These children may present with oral candidiasis and
viral infections; rotavirus, adenovirus, or picornavirus.
After bone marrow transplantation, graft-versus-host
disease with wasting and diarrhea may develop.

CONCLUSION

Patients with primary immunode®ciencies, particularly
with antibody de®ciencies, have frequent gastrointesti-
nal manifestations. In some cases, gastrointestinal
manifestations may represent the only complaint.
Thus, physicians should be aware of these manifesta-
tions and be able to recognize these immunode®cien-
cies, which can ®rst present in adulthood. Furthermore,
progress in the management of severe immunode®cien-
cies allows more patients to survive into adulthood.

See Also the Following Articles

Atrophic Gastritis � Celiac Disease � Colitis, Ulcerative �
Crohn's Disease � Giardiasis � Pernicious Anemia
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Immunoglobulins
MICHAEL E. LAMM

Case Western Reserve University, Ohio

polymeric immunoglobulin receptor Transmembrane pro-

tein expressed on the basolateral surface of epithelial

cells lining mucous membranes; binds polymeric IgA

and also IgM and transcytoses them into the lumen.

secretory component External domain of the polymeric

immunoglobulin receptor; remains attached to the

secreted antibody.

The immunoglobulins of the gastrointestinal tract and

their secretion re¯ect the special features of this branch

of the mucosal immune system. Immunoglobulins of the

gastrointestinal tract and antibodies in serum, which

re¯ect systemic immunity, are markedly different.

DOMINANCE OF IgA

Although every class of immunoglobulin (Ig)ÐIgA,
IgD, IgE, IgG, and IgMÐis present in the wall of the
gastrointestinal tract as a result of local synthesis and
diffusion from serum, IgA is quantitatively and func-
tionally the most important. IgA also predominates in
the lumen as a result of both extensive local synthesis in
the intestinal mucosa and a speci®c transport mecha-
nism across the epithelium. Hence, this discussion
focuses on IgA, although other immunoglobulin classes
undoubtedly play signi®cant roles under particular cir-
cumstances (e.g., IgA de®ciency; allergy).

ORIGIN OF INTESTINAL IgA

Most of the IgA in the intestinal tract is produced locally
by the abundant plasma cells in the lamina propria.
Precursors of these cells arise in foci of organized
lymphoid tissue, exempli®ed by the Peyer's patches,
which underlie specialized epithelial cells, the M
cells, that transport antigens intact from the lumen
for processing and presentation. The net effect, due
largely to the particular mix of local cytokines, is the
start of a differentiation and maturation process on the
part of B cells that results in a commitment to IgA
production. The B cells then leave the Peyer's patches
in the efferent lymph and reach the mesenteric lymph
nodes. Next, they exit via the efferent lymph to reach the
thoracic duct, from which they enter the blood and

selectively traf®c to the intestines, where they lodge
in the lamina propria. Mechanistically, this selective
homing re¯ects particular receptorÿcounterreceptor
interactions between molecules on the B cell surface
and the intestinal venule endothelium, as well as local
chemotactic factors. In the lamina propria, the B
cells complete their differentiation into plasma cells
and secrete IgA, mostly in polymeric form. (In contrast,
the IgA in serum is mostly monomeric.) The IgA
polymers bind to the polymeric immunoglobulin recep-
tor on the basolateral surface of the lining epithelial
cells. The IgAÿreceptor complex is then endocytosed,
transcytosed, and released as secretory IgA from the
apical surface into the lumen with the IgA attached to
the external domain of its receptor. The entire process
results in the intestinal secretion of some 40 mg of IgA
per kilogram of body weight per day. In addition to
secretory IgA, the lumen contains smaller amounts
of IgM, which is transported by the same active
mechanism, as well as other immunoglobulins that
diffuse passively from the lamina propria across the
epithelium.

FUNCTIONS OF INTESTINAL IgA

IgA is thought to function in host defense mainly by
providing an immune exclusion barrier in the luminal
secretions. Here, IgA antibodies help prevent microbes
and inert antigens from attaching to or penetrating the
epithelium. In addition, during their ongoing transit
through epithelial cells to the secretions, IgA antibodies
are thought to be able to neutralize viruses that may be
infecting the epithelium and transport antigens from the
lamina propria through the epithelial cells into the lu-
minal secretions, a kind of excretory immune system.
In sum, luminal IgA antibodies should be capable of
preventing infections, hence the rationale for mucosal
vaccines, whereas the intraepithelial cell neutralization
and excretory properties of IgA could assist in the re-
covery from infections.

A distinctive feature of IgA compared to other
classes of antibody is its general nonin¯ammatory
tone. For example, unlike IgM and IgG, it activates
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complement poorly, if at all, and unlike IgE, it does not
promote the release of mediators of allergic in¯amma-
tion. Thus, IgA antibodies can bind to ever-present an-
tigens, such as those of food and the intestinal ¯ora,
without provoking in¯ammation.

See Also the Following References

Endomysial and Related Antibodies � Lymphocytes
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appendicostomy An opening that affords access to the large

intestine through the tip of the vermiform appendix. It is

usually attached to the anterior abdominal wall and is

used for irrigation and bowel management in some older

patients with bowel dysfunction following imperforate

anus repair.

cloaca A common channel for fecal, urinary, and sexual

material passage, typically seen in lower vertebrates. In

humans, it denotes an embryologic abnormality in which

the terminal hindgut fails to divide into the rectum,

bladder, and genital primordium.

®stula An abnormal communication between two or more

epithelial-lined organs or between an epithelial-lined

organ and the surface of the body.

Imperforate anus encompasses a wide range of congenital

anorectal malformations involving atresia of the anal

canal. The spectrum includes simple perineal ®stulas to

the complex cloacal malformations. Each anatomic anom-

aly requires specialized treatment and portends an indi-

vidual outcome.

INTRODUCTION

Imperforate anus and associated anorectal malforma-
tions are well-known entities in pediatric surgery
and pose a signi®cant challenge to the clinician.

These defects are frequently associated with lifelong
debilitating sequelae such as fecal and urinary inconti-
nence and sexual inadequacy.

The pathogenesis of imperforate anus evolves as
early as the sixth week of gestation when the urorectal
septum migrates caudally to divide the cloaca into the
urogenital sinus anteriorly and the anorectal canal pos-
teriorly. Failure of the urorectal septum to form results
in an abnormal connection between the gastrointestinal
and genitourinary tracts, gender differences notwith-
standing. The development of the perineum can also
in¯uence the positioning of the anal opening.

Imperforate anus has long been recognized as a sur-
gically correctable defect. In 1835, Amussat sutured the
rectal wall to the skin edges, which likely constituted
the ®rst known `̀ anoplasty.'' For the ®rst half of the
20th century, perineal anoplasty without colostomy
for `̀ low'' malformations and newborn colostomy plus
abdominoperineal resection for `̀ high'' malformations
were preferred treatments. In 1953, Stephens performed
the ®rst objective study of human specimens. He pro-
posed an initial sacral approach followed by abdomino-
perineal resection when necessary. The purpose of this
approach was to preserve the puborectalis sling, which
was thought to be a key determinant in a successful
outcome. Many of the surgical developments of the
following period held to these same ideals.
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Pena and colleagues performed the ®rst posterior
sagittal approach for anorectal malformations in 1980
(posterior sagittal anorectoplasty, or PSARP). Its de-
scription, published in 1982, has been time-tested
and has vastly changed the treatment for this group
of anatomic defects. This technique allowed direct ex-
posure of the anatomy and enabled correlation of per-
ineal appearance with operative ®ndings. This has led to
a terminology and classi®cation scheme with prognostic
importance.

Imperforate anus is seen in 1 in every 4000ÿ
5000 newborns. The frequency of this defect is slightly
higher in males, with the most common defect being an
imperforate anus with a rectourethral ®stula. In females,
the most common defect is a rectovestibular ®stula.
Congenital absence of a ®stula is rare, seen in only
5% of all cases. In families with a newborn with an
imperforate anus, the risk of having a second child
with this af¯iction is approximately 1%.

TYPES OF DEFECTS

Historically, anorectal malformations were classi®ed
using three main descriptors: low, intermediate, and
high. These terms loosely referred to the level of rectal
®stula. These terms were not standardized and, more
importantly, did not address treatment implications or
outcome. With the development of the posterior sagittal
approach by Pena and colleagues, a new classi®cation
scheme has been popularized. It offers anatomic de-
scriptors based on gender, is based on therapeutic
and diagnostic facts, and is of prognostic signi®cance.

Male

Perineal Fistula

In this defect, the lowest part of the rectum is ante-
riorly displaced (see Fig. 1). The ®stula most often opens
onto the perineum anterior to the location of the `̀ nor-
mal anus,'' somewhere along the midline raphe, at the
scrotum, or even at the base of the penis. The diagnosis
is made primarily by perineal inspection. The descrip-
tors `̀ anal dimple,'' `̀ bucket handle,'' and `̀ anal mem-
brane'' are used to refer to the external appearance of
the perineal area. These patients require no further test-
ing. One hundred percent of these patients achieve sat-
isfactory bowel control after repair.

Rectourethral Fistula

This is the most frequent variant seen in males (see
Figs. 2 and 3). The ®stula is located at or near the bulbar
region of the urethra or near the prostatic urethra.
Immediately superior, the rectum and urethra share a

common wall. Between the often distended rectum and
the skin lies a band of striated voluntary muscle. Lower
urethral ®stulas are associated with higher quality mus-
culature, a well-developed sacrum, and a prominent

FIGURE 1 Low defect, perineal ®stula. Reprinted from

Pena, A. (1992). `̀ Atlas of Surgical Management of Anorectal

Malformations.'' Springer-Verlag, New York, with permission.

Copyright Springer-Verlag.

FIGURE 2 Rectourethral bulbar ®stula. Reprinted from

Pena, A. (1992). `̀ Atlas of Surgical Management of Anorectal Mal-

formations.'' Springer-Verlag, New York, with permission. Copy-

right Springer-Verlag.
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anal dimple. Patients with this defect can frequently be
observed to pass meconium or air (pneumaturia)
through the urethra, an unequivocal sign.

Rectovesical Fistula

In this higher level defect, the rectum opens at the
bladder neck (see Fig. 4). These patients have poor
prognoses due to poor development of the levator
muscle, muscle complex, and external sphincter. Ten
percent of males with imperforate anus have this variant.

Anorectal Agenesis

This rare defect carries a good prognosis due to a
well-developed sacrum and good muscle structures.
The rectum usually ends 2 cm from the perineal skin.
Approximately half of these patients suffer from Down's
syndrome. This fact does not interfere with the high
likelihood of achieving bowel control.

Rectal Atresia

This type is seen in approximately 1% of all anorectal
malformations and has an excellent prognosis. The
lumen of the rectum may be totally or partially inter-
rupted. Patients usually possess all of the necessary
elements to be continent. Usually, the anal canal is
well developed and normal sensation is observed in
the anorectum.

Female

Perineal Fistula

From a therapeutic and prognostic standpoint, this
defect in females parallels the male situation (see Fig. 5).
The rectum is located well within the sphincter mech-
anism and the rectum and vagina are well separated,
with the anus being `̀ anterior'' to its normal location.

Vestibular Fistula

In this defect, the bowel opens immediately behind
the hymen in the vestibule of the genital system (see
Figs.6ÿ8). Immediatelyabovethe®stula, therectumand
vagina are separated by a thin, common wall. This con-
dition is often initially misdiagnosed as a rectovaginal
®stula, which is much more rare, at 1% of all defects. The
correct diagnosis is usually derived by meticulous in-
spection of the newborn genitalia. These patients usu-
ally have well-developed muscles and a normal sacrum.

Anorectal Agenesis without Fistula

This very unusual defect carries the same implica-
tions for treatment and outcome as in males, close to
100% incidence of bowel control.

FIGURE 3 Rectourethral prostatic ®stula. Reprinted from

Pena, A. (1992). `̀ Atlas of Surgical Management of Anorectal Mal-

formations.'' Springer-Verlag, New York, with permission. Copy-

right Springer-Verlag.

FIGURE 4 Rectobladder-neck ®stula. Reprinted from Pena, A.

(1992). `̀ Atlas of Surgical Management of Anorectal Malforma-

tions.'' Springer-Verlag, New York, with permission. Copyright

Springer-Verlag.
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Persistent Cloaca

This condition is usually a clinical diagnosis and
should be strongly suspected in a female newborn

with imperforate anus and small-looking genitalia (see
Fig. 9). In this group of anomalies, the rectum, vagina,
and urinary tract meet and fuse into a single common
channel. Careful inspection reveals a single perineal
ori®ce usually hidden behind the labia. The length of
the common channel varies, a factor that has prognostic
signi®cance. A common channel longer than 3.5 cm
usually represents a complex defect and implies dif®cult
mobilization of the vagina. A common channel less than
3.4 cm usually signi®es that repair can be accomplished
without need for laparotomy (PSARP only). There are
numerous other complicated variants of this defect that
pose signi®cant challenges to the pediatric surgeon.

ASSOCIATED ANOMALIES

The two main associated abnormalities usually encoun-
tered with anorectal defects involve the skeletal and
genitourinary systems. Spinal or sacral deformities
seem to be frequently related to anorectal malforma-
tions. These occur in approximately one-third of all
patients and include absence or asymmetry of vertebrae
or accessory or hemi-vertebrae. Usually, one missing
vertebra does not worsen outcome. However, more
than two absent sacral vertebrae is a prognostic sign
for poor continence and urinary control. A radiographic

FIGURE 5 Perineal (cutaneous) ®stula. Reprinted from

Pena, A. (1992). `̀ Atlas of Surgical Management of Anorectal Mal-

formations.'' Springer-Verlag, New York, with permission. Copy-

right Springer-Verlag.

FIGURE 6 Vestibular ®stula. Reprinted from Pena, A. (1992).

`̀ Atlas of Surgical Management of Anorectal Malformations.''

Springer-Verlag, New York, with permission. Copyright

Springer-Verlag.

FIGURE 7 Low rectovaginal ®stula. Reprinted from Pena, A.

(1992). `̀ Atlas of Surgical Management of Anorectal Malforma-

tions.'' Springer-Verlag, New York, with permission. Copyright

Springer-Verlag.
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sacral ratio has been developed for objective evaluation.
It is calculated from a lateral ®lm: a line drawn from
upper and lower borders of the iliac crest is compared
with a line drawn from the lowest part of the iliac crest to
the lowest point on the sacrum. A ratio is made of this
upper to lower portion, with the normal ratio being 0.7;
poor prognosis for bowel control is predicted in patients
with a ratio less than 0.3.

Concomitant genitourinary (GU) defects are seen in
20 to 54% of patients with anorectal malformations. The
`̀ higher'' the malformation, the more frequent the asso-
ciation. Patients with rectovesical ®stulas have a 90%
incidence of a GU defect compared to a less than 10%
incidence in perineal defects. Vesicoureteral re¯ux and
hydronephrosis are the most common abnormalities,
but other ®ndings such as absent, dysplastic, or
horseshoe kidneys must also be considered. Hydro-
nephrosis, urosepsis, and metabolic acidosis are main
sources of morbidity and mortality in affected new-
borns. Thus, a urologic examination, though always
required, has a much higher priority in patients with
higher defects. This includes a renal and abdominal
ultrasound to look for hydronephrosis or other obstruc-
tive processes. A voiding cystourethrogram may be
useful to localize the level of rectourethral ®stula in
males and it may also diagnose vesicoureteral re¯ux.

PRESENTATION AND DIAGNOSIS

The ®rst step in management is to determine whether
the newborn has a life-threatening anomaly. Next is the
decision to perform a colostomy before de®nitive repair
is addressed. Perineal inspection is usually suf®cient to
make the initial decision regarding establishment of a
protective colostomy in up to 80% of boys. Initial diag-
nostic measures are essentially the same in females.
Ninety to 95% of newborn females can be diagnosed
by visual inspection alone. The presence of a single
perineal ori®ce signi®es a cloaca, which requires
emergent urinary drainage/diversion and protective co-
lostomy.

Occasionally, the diagnosis is not apparent at birth.
Final evaluation is delayed 16ÿ24 h to allow bowel dis-
tension and intralumenal pressure to increase so that air
and meconium are forced through to the distal gut and
potentially the urethra.

A prone cross-table lateral X ray is then obtained.
The presence of a bowel pouch that is more than 1 cm
from the anal skin is an indication for colostomy. On
occasion, perineal ultrasound is used to de®ne this level.
The diagnostic workup must also include a high index of
suspicion for esophageal atresia, which exists in 5% of
patients. The completely diverting colostomy provides
bowel decompression and urinary tract protection

FIGURE 8 High rectovaginal ®stula. Reprinted from Pena, A.

(1992). `̀ Atlas of Surgical Management of Anorectal Malforma-

tions.'' Springer-Verlag, New York, with permission. Copyright

Springer-Verlag.

FIGURE 9 Typical cloaca. Reprinted from Pena, A. (1992).

`̀ Atlas of Surgical Management of Anorectal Malformations.''

Springer-Verlag, New York, with permission. Copyright Springer-

Verlag.
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while waiting for the future repair. Risk of infection and
dehiscence is decreased and mechanical cleansing
is made easier. The procedure of choice is the divided
descending colostomy. The operating surgeon must
take care to provide enough length of rectosigmoid
colon for adequate mobilization in the ®nal repair. In
addition, this procedure creates an additional stoma,
which allows for an essential preoperative colostogram
to be performed. The colostogram is the most accurate
diagnostic study to determine the detailed anatomy
of these defects, particularly the level of recto-vaginal
or recto-urinary connection. De®nitive repair is usually
performed 4 to 6 weeks after colostomy placement.
Though primary neonatal repair of even `̀ high''
imperforate anus anomalies has been performed, avoid-
ing colostomy placement, its safety and ef®cacy are
unproven.

Surgical Considerations

As mentioned above, previous corrective opera-
tions sought to preserve the puborectalis sling in
order to preserve bowel control. Others have advocated

endorectal dissection to avoid damaging the pelvic
nerves. The standard of care today is the posterior
sagittal anorectoplasty (PSARP) mentioned above (see
Figs. 10ÿ13). All anorectal malformations can be
corrected by this approach with or without laparotomy.
The patient is placed in the prone position with the
pelvis elevated. The use of the electric muscle stimulator
to elicit muscle contraction is essential; these contrac-
tions serve as a guideline for operating in the midline,
leaving an equal amount of muscle on both sides. This is
based on the principle that no important nerves or ves-
sels cross the midline. In addition, a ®ne midline fascia
divides the anatomy in two parts. As part of the PSARP,
the voluntary striated muscles from both sides are sep-
arated rather than divided. This allows exposure and
reduces the likelihood of damage to adjacent structures
such as the vas deferens, ectopic ureters, prostatic tissue,
urethra, and seminal vesicles. The PSARP proceeds
by identifying, opening, and then dividing the
rectourethral ®stula followed by a `̀ pull-through'' of
the terminal rectum into the normal, newly created
anal position. The pelvic muscle complex (levator ani
and parasagittal ®bers of the external sphincter com-
plex) is reconstructed around the rectum and a cutane-
ous anoplasty is performed where indicated by electrical
stimulation to complete the pull-through.

FIGURE 10 Posterior sagittal incision (for PSARP). Reprinted

from Pena, A. (1992). `̀ Atlas of Surgical Management of Anorectal

Malformations.'' Springer-Verlag, New York, with permission.

Copyright Springer-Verlag.

FIGURE 11 Incision continued through the center of the ex-

ternal sphincter showing the lowest part of the muscle complex

(vertical ®bers). Reprinted from Pena, A. (1992). `̀ Atlas of Surgical

Management of Anorectal Malformations.'' Springer-Verlag, New

York, with permission. Copyright Springer-Verlag.
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Approximately 90% of defects in boys can be
repaired via the PSARP without opening the abdomen.
A posterior sagittal approach should never be attempted
without a technically adequate distal colostogram to
determine the exact position of the rectum and the ®s-
tula. Attempting repair without this vital information
poses signi®cant risk for potential nerve damage, dam-
age to the seminal vesicles and prostate, and bladder
denervation.

Most patients experience a smooth recovery period.
Patients are usually discharged from the hospital 3 to
4 days after PSARP, with longer stays for those who
underwent laparotomy. Two weeks after repair, the pa-
tient is brought to the of®ce, where anal dilations are
started. This is taught to the parents and is initially
performed twice a day. It is essential to have adequate
follow-up during this period as severe unmanageable
stricturing can result from inadequate dilation. Once
the rectum is dilated to the age-appropriate size, the
colostomy is closed in the third and ®nal stage.

Urinary incontinence occurs as an over¯ow phe-
nomenon in two-thirds of cloaca patients with common
channel longer than 3 cm and in 20% of patients with a
common channel 53 cm. Intermittent catheterization
usually keeps these patients dry. In males, incontinence
after imperforate anus repair usually represents inade-
quate primary neuromuscular development, poor sur-
gical technique, or an element of nerve damage.

POSTOPERATIVE MANAGEMENT

Most patients who undergo operative repair for imper-
forate anus suffer from some departure from normal
bowel function. Fecal continence depends mainly on
voluntary muscle structures, sensation, and bowel mo-
tility. An intact sensory feedback mechanism as well as a
muscle contraction mechanism is necessary for the com-
plex procedure of defecation. Most imperforate anus
patients do not have the highly sensitive neural feedback
in the anal canal that normal patients do, as discrimi-
nation between liquid stool and soft fecal material is
often severely impaired. Bowel motility is perhaps the
most important factor in achieving fecal continence.
The main clinical manifestation in after PSARP is con-
stipation, af¯icting those with `̀ lower'' defects. Interest-
ingly, patients with the best prognosis have the highest
incidence. Constipation may be directly related to the

FIGURE 12 Divided levator muscle, muscle complex, and

coccyx. Reprinted from Pena, A. (1992). `̀ Atlas of Surgical Man-

agement of Anorectal Malformations.'' Springer-Verlag, New York,

with permission. Copyright Springer-Verlag.

FIGURE 13 Anoplasty. Reprinted from Pena, A. (1992). `̀ Atlas

of Surgical Management of Anorectal Malformations.'' Springer-

Verlag, New York, with permission. Copyright Springer-Verlag.
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degree of rectal ectasia. Efforts to keep the rectosigmoid
as decompressed as possible from the time the colos-
tomy is established result in better ultimate bowel func-
tion. Creating and implementing a bowel management
program is a trial-and-error process that must be
tailored to each individual. For some, obstipation is
relieved by frequent enemas. In older patients who are
best managed by greater independence, appendico-
stomy has been performed, allowing older children to
administer the treatments themselves. Still other pa-
tients may suffer from a hypermotility state and require
anti-motility agents.

OUTCOMES

Pena and colleagues have published the largest series of
imperforate anus cases. Of the 1192 patients, 75% had
voluntary bowel movements by the age of 3. Of these,
half occasionally soil. Thus, 37.5% overall are totally
continent. Twenty-®ve percent of all patients are totally
incontinent and require bowel management.

There have been two recent developments that may
have bene®t. Early PSARP has been performed without
colostomy in the newborn period to allow infants to gain
the experience of normal defecation without colostomy.

Second, for the 10% of patients who require laparotomy
with PSARP, a laparoscopic approach has recently been
proposed to reduce posterior dissection required for
accurate placement of the bowel into the muscle com-
plex. Both modi®cations have uncertain ef®cacy and
long-term data are required.

See Also the Following Articles

Anal Canal � Fecal Incontinence � Fistula
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Interstitial Cells of Cajal
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University of Nevada School of Medicine

electrical slow waves Phasic electrical activity under-

lying generation of spontaneous mechanical

activity.

gastrointestinal stromal tumors The most common

mesenchymal tumors in the gastrointestinal tract.

interstitial cells of Cajal Responsible for the generation of

slow-wave activity and serve as intermediaries in enteric

motor neurotransmission.

Kit Type III tyrosine kinase receptor expressed on popula-

tions of interstitial cells of Cajal throughout the

gastrointestinal tract.

omental mesenchymal tumors Thought to represent

gastrointestinal stromal tumors of the omentum.

The interstitial cells of Cajal are specialized cells distrib-

uted in speci®c locations within the tunica muscularis of

the gastrointestinal tract; these cells serve as electrical

pacemakers, as active propagation pathways for slow

waves, and as mediators of enteric neurotransmission.

Mutations in these cells are also thought to be responsible

for the generation of tumors within the tunica muscularis

and omentum of the gastrointestinal tract.

INTRODUCTION

Until recently, evidence supporting a functional role
of the interstitial cells of Cajal (ICCs) in pacemaking
and neurotransmission within the gastrointestinal tract
was indirect. Electron microscopy has now revealed
ICCs within the tunica muscularis in sites where elec-
trical slow waves are thought to originate. Morpholog-
ical studies have also revealed close relationships
between ICCs and varicose nerve ®bers, and immuno-
histochemical techniques have shown that ICCs possess
receptors for several neurotransmitters and display
responses to neurotransmitters. Using a variety of spe-
ci®c molecular markers and mutant animal models,
more direct physiological evidence now supports the
hypothesis that speci®c populations of these cells are
responsible for the generation of electrical slow waves;
discrete populations of ICCs also act as intermediates
between enteric nerves and smooth muscle cells in
motor neurotransmission within the gastrointestinal
(GI) tract.

LOSS OF ICCs, SLOW WAVES, AND
NEUROTRANSMISSION IN KIT
MUTANT MICE

Several classes of ICCs of the mouse and other species
express a type III tyrosine kinase receptor (Kit). Acti-
vation of Kit by its ligand, stem cell factor, or `̀ steel''
factor, is important in the development of ICCs because
blockade of Kit with neutralizing antibodies or muta-
tions in c-kit or steel impair the development of ICCs.
Loss of ICCs in the myenteric plexus region (ICC-MY)
of the small intestine, for example, causes abnormal
electrical activity that includes total loss of electrical
slow-wave activity. In the white spotting mutation
(W/WV), ICCs within the circular and longitudinal
muscle layers (ICC-IM) of the stomach and lower
esophageal and pyloric sphincters fail to develop. Cho-
linergic excitatory and nitrergic inhibitory motor neu-
rotransmissions are compromised in tissues of these
animals, providing functional evidence for the idea,
originally proposed by Cajal, that ICCs mediate enteric
neurotransmission.

ICCs ARE DISRUPTED IN PATIENTS
WITH GI MOTILITY DISORDERS

The discovery that ICCs express Kit has allowed simple
morphological identi®cation of these cells with light
microscopy. Labeling of Kit receptors or c-kit mRNA
has provided an ef®cient means of identifying ICCs
throughout the GI tracts of several species, including
humans. Kit labeling combined with confocal laser
imaging techniques has improved our understanding
of the structure and distribution of ICC networks (see
Fig. 1) and has enhanced our perception of the anato-
mical relationships between ICCs and with other cell
types, such as enteric neurons and smooth muscle
cells. Kit labeling of ICCs has allowed pathologists to
determine the viability of ICCs in a variety of GI motility
disorders. ICC networks are disrupted in several
motility disorders, including achalasia, hypertrophic
pyloric stenosis, chronic idiopathic intestinal pseudo-
obstruction, ulcerative colitis, Crohn's disease, and
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Hirschsprung's disease. Recent ®ndings in the murine
animal model and in human cases have also shown
that ICCs are also disrupted in insulin-dependent
diabetes.

MANIPULATION OF THE
DEVELOPMENT OF ICCS

A powerful means of investigating the physiological
role of ICCs is the ability to manipulate the develop-
ment of these cells. Developmental studies have
revealed that Kit expression within the tunica muscu-
laris begins midway through gestation, and ICC net-
works are formed prior to birth throughout the GI
tract. Development of speci®c populations of ICCs
and electrical rhythmicity continues after birth.
Blocking of the ICC networks in newborn animals
with Kit neutralizing antibodies disrupts ICC networks,
electrical rhythmicity, and enteric neurotransmission in
the murine jejunum, suggesting that the Kit signaling
pathway is critical for the development and mainte-
nance of the ICC phenotype. Investigations using ani-
mal models have also revealed that ICCs do not die in
some motility disorders, but rather they redifferentiate
into a more smooth muscle-like phenotype. These ob-
servations provide the exciting possibility that ICCs
may not be permanently lost in some motility disorders,
and it may be possible to restore these cells and their
function in some cases.

SLOW-WAVE PACEMAKING
MECHANISM IN ICCS

Physiological studies of ICCs have demonstrated that
pacemaker currents generated by ICCs result primarily
from the activation of a nonspeci®c cation conductance
in the plasma membrane. The nature of this current is
not fully understood, but the current is voltage inde-
pendent and may conduct Na� and Ca2� in physiolog-
ical ionic gradients. The mechanism that initiates
slow-wave activity has been an ongoing subject of
investigation for many decades. ICCs contain an abun-
dance of mitochondria and it has been assumed by some
that slow waves are tied to the metabolic activity of ICCs
(e.g., the mechanism regulating the pacemaker current
is metabolically controlled). Others have suggested that
pacemaker activity depends on Ca2� release from intra-
cellular stores. A link between Ca2� release, metabolic
activity, and current induction in the plasma membrane
has recently been made and it is now thought that there
is a close physiological relationship between Ca2�

release from inositol 1,4,5-trisphosphate (IP3) recep-
tor-operated stores, Ca2� uptake by mitochondria,
and initiation of pacemaker currents in ICCs. Tissues
of several species appear to have this mechanism in
common. Thus, integrated Ca2� handling by the endo-
plasmic reticulum (ER) and mitochondria are required
for electrical pacemaking in the GI tract. See Fig. 2 for a
summary of the current knowledge of ICC function in
the GI tract.

BA

50 !m

FIGURE 1 Distinct ICC populations in the murine gastric antrum revealed using whole-mount

preparations and Kit immunohistochemistry. (A) ICCs are seen at the level of the myenteric plexus

(arrowheads), between the circular and longitudinal muscle layers. These cells are the pacemaker cells

responsible for the generation of electrical slow waves in the stomach. (B) Intramuscular ICCs are seen

within the circular muscle layer (arrows) of the antrum. These cells are responsible for mediating

enteric neurotransmission in the stomach (scale bar in panel B applies to both panels).
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ICCS ARE POSSIBLE PRECURSORS TO
STROMAL AND OMENTAL TUMORS

The discovery that ICCs express Kit has allowed pathol-
ogists to examine the origin of GI stromal tumors
(GISTs) and omental mesenchymal tumors (OMTs).
GISTs are the most common mesenchymal tumors in
the GI tract and OMTs are thought to represent GISTs of
the omentum. It has recently been found that both
GISTs and OMTs express Kit and it has been proposed
that both GISTs and OMTs originate from ICCs. Muta-
tions of the c-kit gene (somatic gain-of-function gene)
have been observed in solitary GISTs, and germ-line
gain-of-function mutations of the c-kit gene have also
been observed in familial and multiple GISTs. The gain-
of-function mutations of the c-kit gene are considered to
be a cause of the development of these human GI tumors.

ICCs at the level of the myenteric plexus in the
stomach, small intestine, and colon and at the level of
the submucosal plexus in the colon are the pacemaker

cells in the gastrointestinal tract. These cells generate
electrical slow waves. Pacemaker ICCs have unique
ionic conductances that generate the inward currents
underlying slow waves. The intracellular mechanisms
responsible for the generation of the pacemaker `̀ clock''
involve Ca2� release from IP3 receptor-operated stores,
Ca2� uptake by mitochondria, and initiation of pace-
maker currents. Smooth muscle cells do not have the
slow-wave mechanism and cannot be induced to pro-
duce slow waves in the absence of ICCs. ICCs and the
smooth muscle cells are electrically coupled via gap
junctions. Slow waves conduct to neighboring smooth
muscle cells and activate voltage-dependent Ca2�

channels. In¯ux of Ca2� through these channels leads
to muscle contraction.

ICCs are also necessary for the propagation of
slow-wave activity around and along the phasic organs
of the GI tract. Slow-wave amplitude is maintained
in the ICC networks but decays in the smooth muscle
syncytium when ICC networks are disrupted.

Muscarinic receptor s

P

FIGURE 2 Model illustrating the role of ICCs in slow-wave generation and propagation and as

mediators of enteric motor neurotransmission. Data summarize ®ndings from several different

animal species. IJP, Inhibitory junction potential; EJP, excitatory junction potential; AP, action

potential; NO, nitric oxide; VIP, vasoactive intestinal peptide; GC, guanylyl cyclase; ACh, acetyl-

choline; AChE, acetylcholine esterase; Sub-P, substance P; ICC-IM, interstitial cells of Cajal of the

circular and longitudinal muscle layers; IC-MY, interstitial cells (of Cajal) of the myenteric plexus

region. Modi®ed from Ward, S. M. (2000). Role of ICC in gastric motility and neuromuscular

dysfunctions. In `̀ Evolving Pathophysiological Models of Functional GI Disorders,'' p. 32.

With permission of Health Education Alliance and International Foundation for Functional

Gastrointestinal Disorders.

INTERSTITIAL CELLS OF CAJAL 441



Morphological and electrophysiological data sug-
gest that the majority of neuromuscular junctions in
GI muscles are composed of excitatory and inhibitory
enteric nerve terminals, intramuscular interstitial cells
of Cajal, and smooth muscle cells. When action poten-
tials invade varicosities, transmitters are released. The
close apposition between nerve terminals and ICC-IMs
facilitates rapid diffusion to ICC receptors. ICC-IMs are
coupled to smooth muscle via gap junctions, and elec-
trical responses elicited in ICCs are conducted to
smooth muscle cells. In smooth muscle cells, excitatory
depolarization responses, or excitatory junction poten-
tials (EJPs), enhance excitability and increase Ca2�

in¯ux; inhibitory hyperpolarization responses, or inhib-
itory junction potentials (IJPs), reduce excitability
and block contraction. ICC-IMs express receptors for
many neurotransmitters. Receptors for the inhibitory
transmitters [nitric oxide (NO), soluble guanylyl cyclase
(GC), vasoactive intestinal peptide (VIP), and ATP] and
the excitatory transmitters [acetylcholine (ACh) and
substance P (Sub-P)] are shown in Fig. 2.

Acknowledgments

The authors are very grateful for the artwork provided by

Elizabeth A. H. Beckett and Geoffrey D. Sanders.

See Also the Following Articles

Duodenal Motility � Gastric Motility � Sensory Innervation

Further Reading

Hirota, S., Isozaki, K., Moriyama, Y., Hashimoto, K., Nishida, T.,

Ishiguro, S., Kawano, K., Hanada, M., Kurata, A., Takeda, M.,

Muhammad Tunio, G., Matsuzawa, Y., Kanakura, Y., Shino-

mura, Y., and Kitamura, Y. (1998). Gain-of-function mutations

of c-kit in human gastrointestinal stromal tumors. Science 279,

577ÿ580.

Hirst, J. D. and Ward, S. M. (2003). Interstitial cells: Involvement in

rhythmicity and neural control of gut smooth muscle. J. Physiol.

(in press).

Sanders, K. M. (1996). A case for interstitial cells of Cajal as

pacemakers and mediators of neurotransmission in the gastro-

intestinal tract. Gastroenterology 111, 492ÿ515.

Sanders, K. M., Torihashi, S., Ordog, T., Koh, S. D., and Ward, S. M.

(1999). Development and plasticity of interstitial cells of Cajal.

Neurogastroenterol. Motil. 11, 311ÿ338.

Ward, S. M., and Sanders, K. M. (2001). Interstitial cells of Cajal:

Primary targets of enteric motor innervation. Anat. Rec. 262,

125ÿ135.

Ward, S. M., and Sanders, K. M. (2001). Physiology and

pathophysiology of the interstitial cell of Cajal: From bench to

bedside. III. I. Functional development and plasticity of

interstitial cells of Cajal networks. Am. J. Physiol. 281,

G602ÿG611.

Ward, S. M., Ordog, T., Koh, S. D., Baker, S. A., Jun, J. Y., Amberg,

G., Monaghan, K., and Sanders, K. M. (2000). Pacemaking

mechanism driven by a mitochondrial clock. J. Physiol. 525,

355ÿ361.

442 INTERSTITIAL CELLS OF CAJAL



Intestinal Atresia
MORITZ M. ZIEGLER*,y

AND JENNIFER J. GARZA*

*Children's Hospital Boston and yHarvard Medical School

stenosis Incomplete obstruction, with a small opening

secondary to a diaphragm or web.

web Thin sheet of tissue or large mucosal fold protruding

into the lumen of a hollow organ, often causing

obstruction.

An atresia is a complete obstruction caused by the ®lling

of a natural opening; in an intestinal atresia, the obstruc-

tion is caused by pancreatic tissue or simply may be a

muscular continuity of the duodenum without a lumen.

There are three types of intestinal atresia: duodenal,

jejunoileal, and colonic.

DUODENAL ATRESIA

Embryology

The embryologic cause of duodenal stenosis and
atresia is thought to be a failure of recanalization.
The formation of the hepatobiliary system and pancreas
occurs in the third week of gestation, when the second
portion of the duodenum gives rise to biliary and pan-
creatic buds at the junction of the foregut and midgut.
The duodenum also undergoes a luminal reduction or
obliteration during this time, and it is between the
eighth and tenth weeks of gestation that the duodenal
lumen is reestablished by recanalization. It is believed
that an insult during this crucial time period leads to
stenoses, atresias, and webs.

Classi®cation

Atresia of the duodenum may result in formation of a
short, ®brous cord that connects two atretic ends or may
result in two completely disconnected atretic ends. Du-
odenal atresias, unlike more distal atresias, are often
associated with other anomalies. In fact, 50% of duode-
nal atresias are associated with cardiac, anorectal, or
genitourinary anomalies, and it is believed that up to
40% of affected patients have trisomy 21. With these
factors in mind, there should be a low threshold for
testing for suspected associated anomalies. It is gener-
ally the cardiac defects that are related to mortality.

Duodenal obstructions may be either preampullary
or postampullary. However, a majority are considered

periampullary. The degree of obstruction dictates the
amount of resulting pathology. The obstruction causes
dilatation of the proximal duodenum and stomach as
well as hypertrophy and distension of the pylorus. The
distal bowel, as with most obstructions, is collapsed. A
common variation is the windsock anomaly, whereby
the duodenum is dilated distal to the origin of the
point of obstruction because of a prolapsing web or
membrane. Heralding the lesions are maternal poly-
hydramnios and growth retardation of the fetus,
the latter possibly due to the inability of the fetus to
swallow amniotic ¯uid, which contains nutritive
peptides.

Diagnosis

Prenatal diagnosis is possible by several methods.
Ultrasound examination may indicate structural and
associated abnormalities, such as a dilated stomach
and proximal duodenum. Commonly associated anom-
alies may also be found by screening maternal serum and
amniotic ¯uid for elevated levels of a-fetoprotein.
Amniotic ¯uid and fetal blood are useful for
karyotyping.

In the newborn, clear or bilious emesis is evident
within hours of birth and as a result abdominal disten-
sion may or may not be present. As soon as intestinal
obstruction is suspected, a nasogastric tube should
be inserted. An output of more than 20 ml of gastric
contents is indicative of possible obstruction. A delay
in diagnosis is not uncommon with a stenosis or
web, because these may present later as dehydration
or failure to thrive. In an older child with unexplained
recurrent episodes of emesis, a stenosis or web should
be excluded.

Abdominal plain radiographs are helpful in making
the diagnosis. Evidence of gas beyond the duodenum
indicates a partial obstruction. The classic `̀ double bub-
ble'' is associated with complete obstruction, but is not
exclusive to atresia. If a partial obstruction is suspected,
it is necessary to rule out malrotation and volvulus to
determine if immediate operation is necessary. If sur-
gery is not emergently indicated, a contrast study is
necessary. Upright ®lms using air or contrast medium
may con®rm the diagnosis.
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Treatment

The patient diagnosed with duodenal atresia should
be fully resuscitated before surgical correction is at-
tempted, unless volvulus or malrotation is detected,
in which case surgery becomes emergent. Ideally, cor-
rection of ¯uid status and electrolyte abnormalities
should be handled preoperatively. Replacement ¯uid
should be given and urine output should be monitored
closely. Gastric decompression is essential to prevent
aspiration, and thermoregulation should be monitored
at all times. Screening for concurrent abnormalities
should be done, if possible, prior to operation.

There are two basic options for surgical repair. The
®rst and most common repair is a duodenoduodeno-
stomy. The preferred approach for this option is
through a supraumbilical transverse abdominal inci-
sion, which provides adequate exposure of the duode-
num once the ascending and transverse colon segments
are mobilized to the left. Malrotation occurs in 30% of
patients with duodenal obstruction, and this diagnosis
should be excluded by adequate surgical exposure.
A catheter should then be inserted through the stomach
to help isolate the lesion and rule out a windsock lesion,
or bulging membrane. In addition, the whole small
bowel should be explored carefully for other sites of
obstruction or malformations, such as the associated
annular pancreas. Care should be taken to examine
the gallbladder to ensure that a preduodenal portal
vein is not evident, and once the duodenum is open,
it is important to locate the ampulla of Vater to avoid
inadvertent injury. The proximal duodenum is usually
dilated, compared to the thin-walled and ¯at distal du-
odenum and jejunum. A longitudinal incision is placed
in the distal, collapsed end of the duodenum and it is
brought up and anastomosed to the proximal, dilated
portion of the duodenum, where a transverse incision
is made at the inferior aspect of the bulbous blind end.
This anastomosis maybe either a diamond-shaped
or side-to-side duodenoduodenostomy. It is important
to avoid kinking of the bowel or the anastomosis. A
Ladd's procedure is warranted if malrotation is concom-
itantly present. The second approach, which is less com-
mon, involves a duodenotomy with excision of the web,
the origin of which is identi®ed by placing a catheter
through the stomach. The ampulla of Vater should be
identi®ed to avoid injury. The web is then excised and
the duodenum is closed transversely.

Gastric decompression is required until time for
feeding or when the patient is able to tolerate the re-
moval of the tube without nausea or emesis. An anas-
tomotic leak, injury to the bile duct, and sepsis are
early complications. Late or long-term complications

include peptic ulceration secondary to alkaline re¯ux,
blind-loop syndrome with duodenal stasis, abdominal
pain, and diarrhea. Prognosis is generally good for
patients with a repaired duodenal stenosis or atresia;
however, the long-term outcome depends on coexist-
ing diagnoses, such as Down syndrome and cardiac
anomalies.

JEJUNOILEAL ATRESIA

Etiology

Many theories exist regarding the etiology of jeju-
noileal atresias. Most of these theories are based on
experimental models trying to replicate the disease pro-
cess. The most accepted theory regarding the etiology of
jejunoileal atresia is that of an intrauterine vascular ac-
cident resulting in necrosis of the affected segment, with
subsequent resorption or obliteration.

Classi®cation

There are two broad categories of jejunoileal de-
fectsÐstenoses and atresias. A stenosis has an intact
mesentery and is a localized narrowing of the bowel.
There is no loss of continuity of the lumen and the
stenotic portion generally has an irregular muscularis
and thickened submucosa. Four types of jejunoileal
atresias were originally described and a subtype has
been added more recently. The type classi®cation gen-
erally guides both prognosis and therapy.

Type I

The mucosa and submucosa form a web, or intra-
luminal diaphragm, resulting in obstruction in type I
atresias. A windsock effect may be evident secondary to
an increase in intraluminal pressure in the proximal
bowel, causing a portion of the web to protrude into
the distal part of the bowel. A mesenteric defect is not
present, the bowel length is not shortened, the bowel
appears to be in continuity, and only the proximal
and distal size disparity points to the location of the
obstruction.

Type II

The mesentery is intact in type II atresias; however,
the bowel is not joined. The dilated proximal portion
has a bulbous blind end connected by a short, ®brous
cord to the blind end of the distal ¯attened bowel. Small
bowel length is usually not shortened.

Type IIIa

The defect in type IIIa is similar to the type II defect
in that there are blind proximal and distal ends;
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however, there is complete disconnection in this case,
with a V-shaped mesenteric defect present. The proxi-
mal blind end is usually markedly dilated and not peri-
staltic. The compromised bowel undergoes intrauterine
involution, and as a result the bowel in this category is
shortened to varying lengths.

Type IIIb

In addition to a large defect of the mesentery, there is
also signi®cant shortening of the bowel. This lesion, also
known as an `̀ apple peel'' or `̀ Christmas tree deformity''
(because the bowel has the appearance of a tinsel coil
wrapped around a single perfusing vessel, or Christmas
tree), is a proximal jejunal atresia near the ligament
of Treitz. The distal ileum receives its blood supply
from a single ileocolic or right colic artery because the
better part of the superior mesenteric artery is absent.
Prematurity, malrotation, and subsequent short bowel
syndrome have been linked to this deformity, with an
increased morbidity and mortality. There also appears
to be a pattern of heredity or genetic transmission.

Type IV

Type IV involves multiple small bowel atresias of
any combination of types I to III. This defect often
takes on a `̀ string of sausages'' appearance because of
the multiple lesions. The cause is unknown and theories
range from multiple ischemic infarcts, to an early em-
bryological defect of the gastrointestinal tract, to an
in¯ammatory process occurring in utero. This type of
defect may also have a hereditary component.

Diagnosis

Prenatal diagnosis is not as likely for the more
distal atresias. Whereas 30% of neonates with duodenal
atresias have associated anomalies, this percentage falls
to 10% in jejunoileal atresias, making prenatal diagnosis
a challenge. Postnatal diagnosis of jejunoileal atresia is
more likely, and surely essential, because emergency
treatment may be necessary for conditions such as a
midgut volvulus. Neonates with a more proximal atresia
may develop bilious emesis within hours of birth,
whereas neonates with more distal lesions may take
days to begin vomiting. The neonate with a normal or
scaphoid abdomen and bilious emesis should be con-
sidered to have a proximal obstruction until proved
otherwise. If there is a question of an atresia, a nasogas-
tric aspirate should be obtained. A bilious gastric
¯uid may indicate an intestinal obstruction. Other
factors include abdominal distension, usually more
pronounced with distal lesions, and failure to pass
meconium.

Abdominal radiographs are essential for diagnosis.
With more proximal atresias, a few airÿ¯uid levels are
evident, with no apparent gas in the lower part of
the abdomen. A more distal lesion demonstrates
more gas-®lled bowel loops with airÿ¯uid levels, but
the lower abdomen may remain without a gas pattern.
A barium enema is best at de®ning the approx-
imate location of obstruction and is also capable of
ruling out other causes of lower obstruction, such as
a Hirschsprung's disease, meconium plug syndrome, or
a small left colon.

Neonates with intestinal stenosis are more dif®cult
to diagnose and their obstruction may not manifest for
weeks to years. These patients tend to present with a
history of intermittent emesis and failure to thrive. The
clinical presentation and radiographic evidence are de-
pendent on the degree and severity of disease, but for-
tunately this more subtle form of disease is rare.

Treatment

Preoperative care should be the same as that de-
scribed for repair of duodenal lesions, including preop-
erative resuscitation, unless a surgical emergency is
apparent. A transverse supraumbilical incision affords
adequate exposure of the abdominal contents. The full
length of the bowel should be manually explored for
malrotation, as well as for other atresias or stenoses.
Malrotation should be corrected with a Ladd's proce-
dure. The length of intestine that appears functional
should be measured along the antimesenteric border,
because bowel length affects the procedure and overall
prognosis. Saline should be injected into the distal
bowel and followed closely throughout to the cecum
to ensure patency. The same should be done to the
colon. This maneuver will assure that an unrecognized
intraluminal obstructing membrane is not present.

Once patency of the entire length of the bowel has
been established, the repair may proceed. The dilated
proximal bowel generally does not have normal func-
tion and, as a result, if adequate intestinal length is
present, it should be resected to normal size bowel
to avoid problems with abnormal postoperative peri-
stalsis. An end-to-end anastomosis can then be done.
In the presence of short bowel length, the dilated prox-
imal segment can instead be preserved by tapering. Post-
operatively, antibiotics are given for a short course
and gastric drainage should continue until there is ev-
idence of return of bowel function. Total parenteral
nutrition (TPN) should be started shortly after
surgery and continued until enteral feeds are tolerated.
A possible complication is an anastomotic leak. It is
important to follow the baby closely after the operation,
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monitoring abdominal girth, vital signs, temperature,
¯uid status, urine output, gastric drainage, and level
of activity.

Prognosis for the jejunoileal atresia group is depen-
dent on the amount of residual, functional bowel that
exists after surgery. In general, 40 cm of functional small
bowel is considered adequate, and if no other
comorbidities exist, the prognosis is good. The potential
major morbidity and mortality for this group is a short
bowel syndrome (520ÿ40 cm) that requires a depen-
dence on total parenteral nutrition, a therapy at times
complicated by liver failure. Often the only solution for
this latter circumstance is a small bowel and liver trans-
plant, which involves a range of challenges.

COLONIC ATRESIA

Colonic atresia, like jejunoileal atresia, is believed to
be the result of an in utero vascular accident resulting
in ischemic injury. This occurs after the midgut
has returned to the coelomic cavity. Colonic atresia
is the least common type and encompasses 1.8ÿ15%
of all intestinal atresias and stenoses. Atresias may
occur throughout the colon, but lesions to the right
of the splenic ¯exure and distal to the vascular water-
shed area are the most common. Colonic atresia is
often associated with other anomalies, especially
when there is a complicated partial or complete absence
of the hindgut. As a result, anterior wall defects, vesi-
cointestinal ®ssures, and genitourinary defects are fre-
quently associated (for example, the cloacal exstrophy
complex).

Prenatal diagnosis is possible by ultrasound. Expec-
ted ®ndings would include a colon that is larger than
expected for gestational age or an expected bowel
obstruction. Diagnosis after birth is usually timely, be-
cause the newborn demonstrates signs of distal obstruc-
tion and meconium is generally not passed. Abdominal
distension is prominent in the ®rst 24 hours and the
hugely dilated proximal loop is often palpable. This can
be con®rmed by a radiograph showing the large loop

of proximal colonic segment. A contrast enema may
con®rm the diagnosis.

Treatment

Treatment depends on the extent and location of the
lesion and the clinical presentation of the patient. Care
should be taken to avoid perforation secondary to severe
distension. A staged procedure, beginning with resec-
tion of the affected portion and colostomy with mucous
®stulas, is generally the initial treatment of choice. An
initial resection with anastomosis may be appropriate in
selected cases. For those undergoing a staged repair,
ileocolic or colocolic anastomosis should be performed
by 1 year of age and a close second look should be
performed to rule out distal pathology. Outcome is de-
pendent on the residual length of colon, the length of
small bowel, and associated anomalies, including small
bowel atresias. The prognosis is generally good.
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Intestinal Infarction
DAVID B. LAUTZ AND CARLOS M. MERY

Brigham and Women's Hospital and Harvard University

bowel ischemia Acute or chronic syndrome resulting from

inadequate blood perfusion of any portion of the small or

large bowel.

embolism Partial or complete obstruction of a vessel with a

plug extraneous to the site of the obstruction.

intestinal infarction Loss of viability of any portion of the

bowel due to the lack of suf®cient blood supply to ensure

adequate perfusion over a signi®cant period of time.

thrombosis Partial or complete obstruction of a vessel with a

clot originating at the site of the obstruction.

Intestinal infarction is the necrosis of any portion of the

small or large bowel due to insuf®cient blood ¯ow to

supply its basic metabolic demands. It represents one

of the extremes of a continuous spectrum of the bowel

ischemia syndrome that ranges from completely revers-

ible alterations of the bowel to transmural necrosis of the

intestinal wall. Early diagnosis and treatment of acute

bowel ischemia are mandatory to avoid its progression

into necrosis. Intestinal infarction may develop within

hours of the ®rst insult and has a mortality rate as high

as 70 to 100%.

ETIOLOGY

The causes of intestinal infarction are diverse and in
general similar to those that cause acute bowel ischemia.
Chronic mesenteric ischemia resulting from inadequate
perfusion of the midgut during periods of increased
oxygen demand is a chronic clinical syndrome that
rarely causes bowel infarction and as such will not be
considered in this article.

Acute Mesenteric Artery Embolism

Embolization of the superior mesenteric artery
(SMA) accounts for approximately 50% of cases of
acute mesenteric ischemia. The majority of the emboli
originate from the left atrium or ventricle in patients
with either atrial ®brillation or cardiac hypokinesis.

Acute Mesenteric Artery Thrombosis

Thrombosis of the SMA occurs acutely in patients
with preexistent stenotic lesions and accounts for 25%
of cases of acute mesenteric ischemia. It usually presents

in patients with previous symptoms of chronic mesen-
teric ischemia such as postprandial abdominal pain,
early satiety, and weight loss.

Non-occlusive Mesenteric Ischemia

Non-occlusive mesenteric ischemia (NOMI) ac-
counts for the other 25% of cases of acute mesenteric
ischemia. It occurs in the absence of any anatomical
obstruction and is a consequence of low mesenteric
blood ¯ow states. It is caused by mesenteric vasospasm
induced by excessive sympathetic activity during
cardiogenic shock or hypovolemia or after the use of
vasoactive medications such as a-adrenergic agents
and digitalis.

Acute Mesenteric Venous Thrombosis

Mesenteric venous thrombosis represents a rare but
potentially lethal form of mesenteric ischemia, usually
associated with predisposing conditions such as
hypercoagulable states, in¯ammation, portal hyperten-
sion, trauma, bowel obstruction, or dehydration.

Strangulated Hernias

Strangulation of a hernia occurs when the intes-
tinal veins of the bowel contained within the hernial
sac are compressed by the opening of the hernia. This
compression causes edema of the bowel wall with
further compression and obstruction, eventually pro-
gressing to infarction of the loops of bowel. Strangu-
lation is more common in incarcerated hernias (hernias
that are not reducible), in hernias found in patients
of advanced age, and in large hernias with relatively
small openings.

Strangulated Bowel Obstruction

Strangulated obstruction occurs when blood ¯ow to
an obstructed segment of bowel is compromised. It is a
particularly important complication of closed-loop
bowel obstruction, where both in¯ow and out¯ow of
a loop of bowel are occluded. Secretion of mucus and
¯uid into the closed loop of bowel leads to high intra-
lumenal pressure. When this intralumenal pressure
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exceeds the mesenteric venous and capillary perfusion
pressures, bowel viability becomes compromised.

Other Causes of Intestinal Infarction

Unusual reported causes of intestinal ischemia
and infarction include arterial dissection, thrombo-
cytosis, amyloidosis, disseminated intravascular coagu-
lation, vasculitides, and early postoperative jejunal tube
feeding.

PATHOPHYSIOLOGY

With any signi®cant reduction of the perfusion pressure
of the bowel, the intestinal vascular bed reduces its
vascular resistance, arterial collateral pathways open
immediately, and redistribution of ¯ow among the dif-
ferent layers of the bowel occurs (with increasing ¯ow to
the mucosa, the metabolically most active layer). Fur-
thermore, oxygen extraction increases, allowing the
cells to support their metabolic demands. When oxygen
extraction can no longer compensate for the diminished
blood ¯ow, ischemia ensues. Within 20 min of complete
ischemia, the insult affects the villi (the most super®cial
area of the mucosa). The ischemic insult then progresses
centrifugally with time to the outer layers of the bowel.
Transmural infarction is usually seen within 8ÿ16 h of
severe ischemia.

Intestinal infarction is associated with third spacing
of ¯uid into the lumen of the bowel. These ¯uid shifts
induce hemoconcentration and hypovolemia. Further-
more, untreated intestinal necrosis promotes bacterial
translocation into the bloodstream and production
of cytokines, with a resulting sepsis-like syndrome
that in association with the hypovolemia can easily
lead to shock.

DIAGNOSIS

Early diagnosis of bowel ischemia and infarction
is a clinical challenge and requires a high index of
suspicion.

Clinical Manifestations

Bowel ischemia usually presents with poorly local-
ized abdominal pain, out of proportion to the physical
examination. Presentation tends to be more acute and
severe on cases of arterial embolism and more indolent
and vague on cases of venous thrombosis. Pain is usually
worsened with food intake and may be associated
with rapid and forceful bowel movements with
guaiac-positive stools.

As ischemia progresses and infarction ensues, the
abdomen becomes distended and signs of peritoneal
irritation, such as increasing abdominal tenderness, re-
bound, and guarding, appear. Other late signs that in-
dicate compromise of bowel viability include nausea,
vomiting, hematochezia, hematemesis, massive abdom-
inal distension, back pain, and shock.

The clinical picture can be characterized according
to four progressive clinical stages:

1. Hyperactive stage. Three is intermittent severe pain
with passage of loose stools, sometimes with blood
and vomiting. There are hyperactive bowel sounds on
auscultation, re¯ecting hyperperistalsis.

2. Paralytic stage. Pain usually diminishes but becomes
more continuous and diffuse. Abdominal distension
and tenderness appear and bowel sounds disappear.

3. Disarranged ¯uid balance. There is leakage of ¯uid,
proteins, and electrolytes, associated with necrosis
of the bowel and generalized peritonitis.

4. Shock.

Strangulated hernias present with extreme pain,
tenderness, edema, erythema, and irreducibility. Al-
though the diagnosis of strangulation may be relatively
easy on inguinal or ventral hernias, strangulated femoral
or obturator hernias may be dif®cult to detect.

In addition to the usual symptoms and signs of
bowel obstruction, strangulated obstruction of the in-
testine presents with peritoneal signs. Patients manifest
abdominal tenderness, involuntary guarding, de-
creased urine output, fever, and tachycardia. Leukocy-
tosis, metabolic acidosis, increased serum amylase, and
phosphate should raise the suspicion of intestinal in-
farction.

Laboratory

Laboratory abnormalities appear with advanced
ischemia. Leukocytosis with a left shift, metabolic
acidosis, and an elevated hematocrit as a result of
hemoconcentration are manifestations of intestinal
infarction. Serum amylase and phosphate may also be
elevated.

Imaging

Plain Films of the Abdomen

The main utility of plain radiographs of the abdo-
men is to rule out other causes of abdominal pain
such as bowel obstruction or perforated viscus. Bowel
ischemia may present with subtle ®ndings such as ady-
namic ileus and distended, air-®lled loops of bowel.
However, in intestinal infarction, plain ®lms can
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show `̀ thumbprinting'' of the bowel with pneumatosis
of the intestinal wall and gas in the portal vein. These
signs, associated with an ominous prognosis, are rarely
encountered.

Computed Tomography

In current practice, abdominal computed tomogra-
phy (CT) is frequently obtained in patients with abdom-
inal pain of unclear source. In addition to helping
identify the source of the ischemia in certain situations
(e.g., mesenteric venous thrombosis), CT may show
portions of thickened bowel wall, suggestive of ische-
mia. On advanced intestinal infarction, intestinal wall
pneumatosis and portal vein gas may also be seen.

Angiography

Although angiography is the de®nitive diagnostic
study for bowel ischemia, it does not provide informa-
tion about the viability of the involved bowel. It allows
the clinician to determine the mechanism for the ische-
mic insult, de®ne the anatomy of the vessels, and on
certain occasions, administer therapeutic agents such as
urokinase (for thrombosis) or papaverine (for NOMI).

MANAGEMENT

Initial treatment of patients with bowel ischemia/infarc-
tion includes volume resuscitation, correction of acido-
sis if possible, and administration of broad-spectrum
antibiotics. Intravenous heparin is indicated in cases
of thromboembolism to avoid propagation of the clot
and to allow restoration of ¯ow.

Any patient with major arterial occlusion from
thrombosis or embolus that does not respond com-
pletely to vasodilators on angiography, and any patient
with signs of peritoneal irritation regardless of the
mechanism of ischemia, should undergo immediate ex-
ploratory laparotomy. The purpose of the laparotomy is
twofold: to revascularize the affected bowel (if possible)
and to resect all nonviable bowel. This article focuses on
the management of bowel infarction; the treatment of
bowel ischemia per se is beyond its scope.

Evaluation of Intestinal Viability

Revascularization should precede any evaluation of
intestinal viability because bowel that may appear
nonviable initially may show complete recovery after
revascularization. Once revascularization has been
performed, the involved loops of bowel are covered
with warm saline-soaked pads for 20ÿ30 min and
are then visually inspected. Nonviable bowel is dull
gray or black in color, edematous, distended, and

lacking peristaltic activity. Doppler measurements of
arterial ¯ow can also be used to assess bowel viability
in the operating room by showing adequate pulsations
on the anti-mesenteric border of viable bowel. Another
objective method used to assess intestinal viability is the
injection of ¯uorescein followed by the inspection of the
bowel in question under Wood's lamp.

Resection of Nonviable Bowel

Minimal bowel resection with liberal use of sec-
ond-look laparotomy is the hallmark of treatment of
bowel infarction. Clearly nonviable bowel should be
excised. If the margins are unequivocally viable, in-
testinal continuity may be restored. Otherwise, it is
recommended to restore continuity on a second op-
eration. Similarly, areas of questionable or marginal
viability are usually left in place since they may recover
completely with time and a second-look laparotomy is
planned 24ÿ48 h later. This allows a clearer delinea-
tion of viable bowel and permits supportive measures
to render more of the bowel viable. Once the decision
to perform a second-look laparotomy is taken (during
the ®rst operation), it is upheld regardless of the clin-
ical course of the patient.

Since in colonic ischemia it is not unusual to have a
normal serosal appearance with extensive mucosal in-
jury, the extent of the resection should be guided by
preoperative evaluation rather than by the appearance
of the serosa. All specimens resected for colonic ische-
mia should be opened at the time of the operation to
ensure that margins have normal mucosa. Similarly, as
in other colonic surgeries, due to the risk of contami-
nation of the anastomosis from an unprepared bowel,
ischemic emergencies of the left colon should be treated
with colostomies instead of reestablishing intestinal
continuity primarily.

When obvious infarction of all or most of the bowel
is found on the initial laparotomy, a decision must be
made between resecting the entire bowel with the
subsequent need for lifetime TPN or doing nothing
and allowing the patient to die by providing comfort
measures only.

Second-Look Exploration

The decision to perform a second-look laparotomy
is made during the initial procedure and maintained
regardless of the patient's postoperative course. At the
initial laparotomy, bowel segments of marginal via-
bility are often preserved to avoid a short bowel
syndrome. These segments must be reinspected to
ensure viability. Laparoscopy has been proposed as
an alternative method to perform the second-look
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exploration but enough experience has not been ac-
crued to evaluate its adequacy.

CONCLUSIONS

Intestinal infarction represents the end result of severe
bowel ischemia. The only potential for cure lies in
prompt diagnosis and management. Once the suspicion
of bowel necrosis is raised, exploratory laparotomy
should not be delayed. The treatment of intestinal in-
farction consists of the correction of the underlying
cause of ischemia, assessment of viability of the
bowel, and resection of clearly nonviable segments
with liberal use of second-look explorations for reas-
sessment of marginally viable bowel left in place.
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angiography Examination of blood vessels using X rays

following the injection of a radio-opaque substance.

bowel resection Surgical removal of part of the large or small

intestine.

bypass graft Passage created surgically to divert ¯ow of

blood or other bodily ¯uid or to circumvent an

obstructed or diseased organ, with the transplantation

or implantation of tissue to replace the damaged part.

embolectomy Surgical removal of an embolus.

embolism Obstruction or occlusion of a blood vessel caused

by a mass such as an air bubble or clot.

ischemia Decrease in the blood supply to an organ, tissue, or

body part caused by constriction or obstruction of a

vessel.

mesentery Double layer of peritoneum attached to the

abdominal wall, enclosing in its fold certain organs of the

abdominal viscera.

thrombosis Formation of a ®brinous clot in a blood vessel or

in a chamber of the heart.

vasodilator Something (such as a nerve or a drug) that

causes dilation of a blood vessel.

Acute mesenteric ischemia is a life-threatening emer-

gency that comprises several distinct etiologies. The

overall incidence is 1 in 1000 hospital admissions.

Historically, mortality rates for these conditions have

been in excess of 60ÿ70%, which underscores the im-

portance of early diagnosis and treatment. With few

exceptions, patients with acute mesenteric ischemia

present with abdominal pain, often out of proportion

to physical ®ndings. The clinician should have a high

index of suspicion with patients who have this ®nding

in association with risk factors for intestinal ischemia,

so that measures may be taken expeditiously to prevent

the irreversible outcome of bowel infarction.

INTRODUCTION

A thorough understanding of the etiologies of intestinal
ischemia is key to effective treatment. Broadly, intestinal
ischemia can be separated into acute and chronic
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exploration but enough experience has not been ac-
crued to evaluate its adequacy.

CONCLUSIONS

Intestinal infarction represents the end result of severe
bowel ischemia. The only potential for cure lies in
prompt diagnosis and management. Once the suspicion
of bowel necrosis is raised, exploratory laparotomy
should not be delayed. The treatment of intestinal in-
farction consists of the correction of the underlying
cause of ischemia, assessment of viability of the
bowel, and resection of clearly nonviable segments
with liberal use of second-look explorations for reas-
sessment of marginally viable bowel left in place.
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abdominal wall, enclosing in its fold certain organs of the

abdominal viscera.

thrombosis Formation of a ®brinous clot in a blood vessel or

in a chamber of the heart.

vasodilator Something (such as a nerve or a drug) that

causes dilation of a blood vessel.

Acute mesenteric ischemia is a life-threatening emer-

gency that comprises several distinct etiologies. The

overall incidence is 1 in 1000 hospital admissions.

Historically, mortality rates for these conditions have

been in excess of 60ÿ70%, which underscores the im-

portance of early diagnosis and treatment. With few

exceptions, patients with acute mesenteric ischemia

present with abdominal pain, often out of proportion

to physical ®ndings. The clinician should have a high

index of suspicion with patients who have this ®nding

in association with risk factors for intestinal ischemia,

so that measures may be taken expeditiously to prevent

the irreversible outcome of bowel infarction.

INTRODUCTION

A thorough understanding of the etiologies of intestinal
ischemia is key to effective treatment. Broadly, intestinal
ischemia can be separated into acute and chronic
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syndromes. Etiologies of acute mesenteric ischemia in-
clude mesenteric arterial embolism, mesenteric arterial
thrombosis, mesenteric venous thrombosis, and
nonocclusive mesenteric ischemia. The hallmark of
chronic mesenteric ischemia is arterial insuf®ciency
to increased blood ¯ow demand, most often related
to atherosclerotic stenoses of the mesenteric arterial
ori®ces, trunks, and branches. Other causes of mesen-
teric arterial insuf®ciency not covered herein include
vasculopathy, arterial dissection, tumor, or radiation.

ACUTE MESENTERIC ISCHEMIA

Mesenteric Arterial Embolism

The patient with embolism to the superior mesen-
teric artery presents with a history of a sudden onset of
acute abdominal pain. This may be accompanied by
nausea, vomiting, or diarrhea. The pain is constant
and persistent, and, as noted above, may be accompa-
nied by an unremarkable physical exam in the early
stages of the presentation. As the bowel progresses to
infarction, bloody diarrhea and peritoneal signs may
present.

The patient's history may increase the suspicion that
mesenteric arterial embolism is the cause of the intes-
tinal ischemia. The origin of the embolus is most often
the heart, as a consequence of intracardiac thrombus
from atrial ®brillation or other arrhythmias. Other
causes of intracardiac thrombus include myocardial
infarction, ventricular aneurysms, and diseased or
mechanical heart valves. A thromboembolus arising
from a deep venous thrombosis could enter the systemic
circulation if a right-to-left intracardiac shunt exists.
Tumor embolus (e.g., atrial myxoma), atheroembolus
(spontaneous or iatrogenic), and septic embolus have
also been reported. A thorough assessment of the patient
must be made to exclude the possibility of synchronous
or metachronous embolism to other vascular beds.

In general, laboratory tests are nonspeci®c for the
diagnosis of mesenteric arterial embolism and other
causes of acute mesenteric ischemia. Third-space vol-
ume losses into the bowel wall and lumen may be man-
ifested by increased blood urea nitrogen /creatinine
ratios and hemoconcentration. Leukocytosis is com-
mon. Lactic acid levels are sensitive for detecting
bowel ischemia and infarct, but can be elevated in
other etiologies of the acute abdomen. Serum phosphate
is elevated after a signi®cant bowel infarction has
occurred.

The gold standard for diagnosis is selective mes-
enteric angiography. The embolus will typically lodge
at a branch point several centimeters from the origin

of the superior mesenteric artery, thus sparing the ®rst
few jejunal branches. However, because of the overlap
of symptomatology with many other intraabdominal
etiologies of pain, patients with a mesenteric arterial
embolus may have already undergone several other
diagnostic tests to rule out other disease processes.
A plain ®lm of the abdomen may be essentially normal
in the early stages of mesenteric arterial embolism. As
the ischemia worsens, small bowel dilation, airÿ¯uid
levels, and evidence of bowel wall thickening and
eventual pneumatosis intestinalis may be apparent.
Abdominal computed tomography (CT) scan may
be more effective at diagnosing alternative causes
for the patient's abdominal pain, such as diverticulitis
or ureterolithiasis. Although an abdominal CT scan is
able to demonstrate bowel thickening, ileus, pneumat-
osis, and, in some cases, occlusion of the superior
mesenteric artery, it should not be considered the
equivalent of mesenteric angiography.

The treatment for arterial mesenteric embolus
should commence simultaneously with the comple-
tion of the workup. The patient should be aggressively
volume resuscitated and broad-spectrum antibiotics
should be given. Once the diagnosis of mesenteric
arterial embolus has been con®rmed with angiogra-
phy, the patient should be brought to the operating
room for surgical embolectomy. The superior mesen-
teric artery is approached at the root of the transverse
mesocolon and a transverse arteriotomy is made. An
embolectomy catheter is passed anterograde and ret-
rograde to remove the embolus. Once vigorous ¯ow is
achieved, the arteriotomy is closed primarily or with a
patch if stenosis is a concern. Assessment of distal ¯ow
should be made with direct palpation or Doppler
insonation of the vessels.

Only after the blood ¯ow is restored should any
grossly nonviable intestine be resected. Questionably
viable intestine should be reassessed with a `̀ second-
look'' operation in 24ÿ48 hours. This strategy is em-
ployed to minimize resection of any potentially viable
bowel at the ®rst operation, while at the same time en-
suring that marginal bowel that does not recover its
viability is then removed before further complications
ensue. In addition to visual inspection of bowel color,
peristalsis, and edema, viability may be assessed by ad-
junctive measures such as Doppler insonation of anti-
mesenteric blood ¯ow or ¯uorescein injection and
inspection under a Wood's lamp.

Mesenteric Arterial Thrombosis

The patient with mesenteric arterial thrombosis
also presents with abdominal pain out of proportion
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to physical exam, although possibly of a more gradual
onset. Because this acute ischemic syndrome most often
represents the end stage of progressive atherosclerotic
disease of the visceral arteries, it may be possible to elicit
a history of chronic mesenteric ischemic symptoms, i.e.,
intestinal angina (abdominal pain after meals), food
aversion, weight loss, and diarrhea. Similar to mesen-
teric arterial embolism, physical ®ndings and laboratory
studies with mesenteric arterial thrombosis may be un-
remarkable and nonspeci®c until progression of the is-
chemia leads to irreversible infarction of the bowel.

The plain ®lm and abdominal CT ®ndings are sim-
ilar to those for mesenteric arterial embolism. There
may be additional evidence of chronic visceral athero-
sclerosis on CT, such as prominent calci®cations of the
aorta and its branches. Angiography is the mainstay of
diagnosis. Unlike embolism, thrombosis of the superior
mesenteric artery usually leads to occlusion of the vessel
most proximally, up to its origin of the vessel from
the aorta.

Volume resuscitation, heparin anticoagulation, and
broad-spectrum antibiotics should be instituted con-
comitantly with the diagnostic workup. The operative
strategy is to revascularize ®rst, then assess nonviable
bowel for resection. The revascularization may involve
transaortic endarterectomy of the ori®cial lesion, or ret-
rograde or anterograde bypass grafting. Autogenous
vein or prosthetic graft may be used as conduit, though
it has been suggested that vein graft may be preferred in
the setting of bowel infarct, with its attendant bacterial
translocation or peritonitis. Multiple grafts may be nec-
essary to adequately revascularize a diffusely diseased
mesenteric arterial bed, but this more extensive proce-
dure may be less optimal in a sick patient with infarcted
bowel with marginal nutritional status. A second-look
operation again may be employed to most appropriately
resect nonviable bowel.

Nonocclusive Mesenteric Ischemia

Nonocclusive mesenteric ischemia results from per-
sistent vasospasm of the visceral vessels, usually in re-
sponse to diminished mesenteric blood ¯ow. Inciting
events include low-cardiac-output states, sepsis, hypo-
tension, hypovolemia, or numerous vasoactive medi-
cations such as a-adrenergic agents, vasopressin, or
digitalis. Vasospasm may also cause persistent ischemia
after surgical revascularization of mesenteric embolism
or thrombosis. The diagnosis of nonocclusive mesen-
teric ischemia should be considered if a patient has
abdominal pain with these risk factors. The patient's
exam may be out of proportion with complaints of
pain, but with this etiology of acute mesenteric

ischemia in particular, it must be recognized that
the patient's comorbid condition may mask early sub-
jective awareness of symptoms. Laboratory ®ndings of
leukocytosis, lactic acidosis, or hemoconcentration may
be noted. Late ®ndings of infarction are also similar to
those in thrombotic or embolic cases.

Treatment of nonocclusive mesenteric ischemia be-
gins with attempts to correct the underlying condition
and maximize the patient's hemodynamic status. Vaso-
constrictive medications should be stopped if possible.
Expeditious mesenteric angiography is essential, pro-
vided the patient can tolerate it clinically, because both
diagnosis and treatment may be provided with this pro-
cedure. Superior mesenteric arterial branches will show
evidence of severe vasospasm, with an absence of oc-
clusion. Vasodilators (e.g., papaverine) are then selec-
tively administered using a catheter directed into the
superior mesenteric artery.

Mesenteric vasodilator therapy should be instituted
®rst when possible, even if the patient's initial evalua-
tion reveals likely infarcted bowel, which would require
a subsequent operative resection. Often, however, these
patients cannot tolerate vasodilator therapy, in which
case exploration is warranted. Conversely, during infu-
sion of vasodilators in patients who initially appear to
have threatened but not necessarily nonviable bowel,
any sign of progression of bowel ischemia (e.g., wors-
ening leukocytosis, abdominal pain, or acidosis) should
trigger a trip to the operating room for abdominal ex-
ploration. Persistence of symptoms and signs of bowel
ischemia after 12ÿ24 hours of vasodilator therapy
should alert the clinician that an operation will be re-
quired to resect nonviable bowel. During therapy,
the patient should also undergo close hemodynamic
monitoring.

Mesenteric Venous Thrombosis

The patient with mesenteric venous thrombosis may
also present as an acute ischemic syndrome, but the
presentation may be more protracted compared with
nonocclusive mesenteric ischemia or mesenteric arte-
rial embolism or thrombosis. Though abdominal pain is
still a hallmark of the disease, several days may elapse
between the onset of pain and progression of symptoms
to the point where the patient seeks medical attention.
Once evaluated, however, the patient with acute mes-
enteric venous thrombosis may display the classic ®nd-
ing in intestinal ischemia, i.e., pain out of proportion
to physical exam. Symptoms of diarrhea, anorexia,
nausea/vomiting, and bloating are common. Laboratory
®ndings of leukocytosis or lactic acidosis may be less
profound and less prevalent than what is seen with
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other etiologies of acute mesenteric ischemia. Mesen-
teric venous thrombosis is associated with hypercoag-
ulable states, previous deep venous or mesenteric
thrombosis, as well as intraabdominal in¯ammation
or infection and previous abdominal surgery.

Abdominal CT scan is the most useful test in diag-
nosing mesenteric venous thrombosis, with a sensitivity
that exceeds that of mesenteric angiography. Findings
on CT scan include presence of thrombus within the
superior mesenteric vein or portal vein, or less speci®c
®ndings of ascites, bowel wall thickening, mesenteric
congestion, or stranding, or pneumatosis intestinalis.
Angiography may be useful if the possibility of an
arterial etiology needs to be ruled out. Mesenteric
venous thrombosis is diagnosed by angiographic venous
phase ®ndings of thrombus or non®lling of the superior
mesenteric vein, or prolonged emptying of the arterial
phase.

Treatment of mesenteric venous thrombosis begins
with the institution of heparin anticoagulation, which
will be continued as chronic oral anticoagulation after
the acute episode is resolved. The decision of whether
the patient should go to the operating room depends
primarily on the abdominal exam. Evidence of localized
or generalized peritonitis requires that the patient be
explored and nonviable bowel resected.

CHRONIC MESENTERIC ISCHEMIA

As previously mentioned in regard to acute mesenteric
arterial thrombosis, chronic mesenteric symptoms re-
sult most commonly from atherosclerotic lesions in
the visceral arteries. This compromised blood ¯ow
manifests as intestinal angina (abdominal pain after
meals) and may result in food aversion and weight
loss. Diarrhea and other nonspeci®c abdominal
complaints may be present. Though chronic mesenteric
ischemia is not immediately life-threatening or bowel-
threatening, its progression to an acute thrombotic state
is unpredictable.

The diagnosis of chronic mesenteric ischemia is
made with angiography. Multiple stenoses and occlu-
sions may be present. Treatment is intestinal revascu-
larization. Trap-door endarterectomy or bypass grafting
are the operative means to achieve this. Depending
on the anatomy of the mesenteric arteries, single or
multiple grafts may be used. Recent results with percu-
taneous angioplasty and stenting have also demon-
strated effective treatment of this condition.

It should also be noted that mesenteric venous
thrombosis can have a chronic presentation as well.
In these patients, venous collateral ¯ow allows bowel

viability, though symptoms of vague abdominal pain
may be present. Incidental ®ndings of partially or com-
pletely occlusive mesenteric venous thrombus may be
noted during abdominal CT scanning to rule out other
pathology. Long-term anticoagulation may be of bene®t.

SUMMARY

Modern series of acute mesenteric ischemia still dem-
onstrate the lethality of this set of disease entities. Early
recognition of the possibility of acute mesenteric ische-
mia and prompt diagnostic imaging (angiography in
mesenteric arterial embolism, mesenteric arterial
thrombosis, and nonocclusive mesenteric ischemia; ab-
dominal CT scan for mesenteric venous thrombosis)
ensure that adequate perfusion is restored to the ische-
mic intestine as rapidly as possible. Even with expedi-
tious diagnosis, however, there are futile cases in which
the overwhelming extent of bowel infarct precludes any
further surgical intervention.
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Intestinal Pseudoobstruction
JACKIE D. WOOD

The Ohio State University College of Medicine and Public Health

myopathic Pertaining to diseases of the musculature.

neuropathic Pertaining to disordered function caused by

disease or malfunction of the nervous system.

Pseudoobstruction is a neuromuscular disorder of motor

propulsion that occurs most commonly in the small or

large intestine. It is a chronic disorder for which both

myopathic and neuropathic forms are recognized.

Chronic intestinal pseudoobstruction is characterized

by symptoms of intestinal obstruction in the absence of

any form of mechanical obstruction, such as strictures

or tumors. It is a condition in which the mechanisms

for control of organized propulsive motility fail while

the intestinal lumen is patent. The general symptoms

of colicky abdominal pain, nausea, and vomiting and ab-

dominal distension in pseudoobstruction simulate

the symptoms arising from a mechanical obstruction.

MYOPATHIC FORM

Degenerative changes in the musculature underlie the
myopathic form of pseudoobstruction. Familial visceral
myopathies are genetic diseases characterized by degen-
eration and ®brosis of gastrointestinal smooth muscle.
Progressive weakening of the contractile forces the mus-
culature is able to generate compromises propulsive
motility and underlies the clinical symptoms that in-
clude pseudoobstruction in the affected patients.
Hypomotility characterizes this form of chronic intes-
tinal pseudoobstruction when studied manometrically.

There are two well-recognized types of familial vis-
ceral myopathy based on the pattern of inheritance. The
histopathologic appearance of degenerating muscle
®bers and ®brosis is essentially the same for both
types. One type is transmitted by an autosomal domi-
nant gene and the second type by an autosomal recessive
gene. Prognosis is poor for both types of myopathy be-
cause there is no effective treatment and the patients
require long-term parenteral feeding to avoid severe
malnutrition.

NEUROPATHIC FORM

Neuropathic forms of intestinal pseudoobstruction re-
¯ect degenerative changes in the enteric nervous

system. Failure of propulsive motility in the affected
length of bowel re¯ects loss of the neural networks
that program and control the repertoire of motility pat-
terns required for the necessary functions of the affected
region of intestine. Pseudoobstruction occurs in part
because contractile behavior of the circular muscle is
hyperactive but disorganized in the denervated regions.
Hyperactivity of the musculature is a diagnostic sign
of the neuropathic form of chronic intestinal pseudo-
obstruction in humans. The hyperactive and dis-
organized contractile behavior re¯ects the absence of
inhibitory nervous control of the muscles that are self-
excitable(i.e.,autogenic)whenreleasedfromthebraking
action imposed by inhibitory motor neurons. Chronic
pseudoobstruction is therefore symptomatic of the
advanced stages of a progressive enteric neuropathy.

Degenerative nonin¯ammatory and in¯ammatory
enteric neuropathies both culminate in pseudoobstruc-
tion. Nonin¯ammatory neuropathies can be either
familial or sporadic. The mode of inheritance may be
autosomal recessive or dominant. In the former, the
neuropathologic ®ndings include a marked reduction
in the number of neurons in both myenteric and sub-
mucosal plexuses. Members of two families have been
described with intestinal pseudoobstruction associated
with the autosomal dominant form of enteric neuropa-
thy. The numbers of enteric neurons were decreased
in these patients, with no alterations being found in
the central nervous system or parts of the autonomic
nervous system outside the gut.

Degenerative in¯ammatory enteric neuropathies
are characterized by a dense in¯ammatory in®ltrate
con®ned to the enteric nervous system. Paraneoplastic
syndrome, Chagas' disease, and idiopathic enteric
neuronal degenerative disease are recognizable forms
of pseudoobstruction related to in¯ammatory
neuropathies.
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Intrinsic Factor
DAVID H. ALPERS

Washington University School of Medicine, St. Louis, Missouri

cobalamin Refers to the entire vitamin B12 molecule except

for the cyanide moiety, which may be substituted for by

other organic ligands (methyl, adenosyl) and still retain

full activity.

cubilin Multifunctional protein in the apical (luminal)

membrane of intestinal and renal cells; composed of

multiple closely related repeating units, two of which are

responsible for binding the IFÿCbl complex.

haptocorrin Cobalamin-binding glycoprotein of unknown

function produced by the salivary glands, stomach, and

other foregut tissues of mammals.

intrinsic factor Glycoprotein produced by the stomach or

other foregut tissues of mammals; speci®cally binds

vitamin B12 (cobalamin).

transcobalamin Cobalamin-binding nonglycosylated pro-

tein that is produced by all epithelial cells, circulates in

the blood, and delivers cobalamin to the tissues of

mammals.

vitamin B12 Cobalt-containing compound produced by

microorganisms; consists of a planar four-pyrrole ring

(corrin), with a central cobalt molecule coordinately

bound to a dimethylbenzimidazole-ribose moiety below

and to a cyanide above. This vitamin is essential for cell

growth.

Intrinsic factor is a399-amino-acid glycoprotein produced

by mammalian stomach or other foregut tissues, primarily

gastricparietalcells inhumans.Intrinsicfactorspeci®cally

binds cobalamin, a large water-soluble molecule that

cannot be absorbed by diffusion across the intestinal

wall but is essential for growth of mammalian cells.

INTRODUCTION

The intestinal epithelial cell layer does not permit ab-
sorption of peptides larger than ®ve or six amino acids
in size. The enterocytes responsible for this barrier ex-
press apical carriers and transporters that are highly
ef®cient for the uptake of the products of digestion,
such as vitamins, minerals, and amino acids. Cobalamin
(Cbl), which is essential for growth of mammalian cells,
is large (molecular weight, 1356) and cannot be ab-
sorbed by diffusion across the intestinal wall. Gastric
intrinsic factor (IF) and salivary haptocorrin (Hc) are
the main Cbl binders in the gastrointestinal lumen, and
the corresponding receptor for each one is found on the
enterocyte apical membrane. Transcobalamin (TC) also
binds Cbl and is necessary for the transport of Cbl to
peripheral tissues; its receptor is present in basolateral
membranes of all somatic cells (Table I).

OCCURRENCE AND DISTRIBUTION

Intrinsic factor is produced by mammalian tissues
derived from the foregut, especially in the mucosa of
the gastric body (corpus), but not in cardiac or antral
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mucosa in most species. Both parietal cells and chief
cells in the gastric body produce IF. In humans, most
IF is expressed in parietal cells, but IF in rat and mouse is
produced primarily in chief cells. IF is expressed in the
minority of enteroendocrine cells in the gastric body of
dogs and humans. The cells of medium-sized pancreatic
ducts are the principal source of IF in the dog, and these
cells respond to hormonal stimuli that stimulate pan-
creatic function (e.g., cholecystokinin).

SYNTHESIS AND SECRETION

Any increase in acid secretion from the parietal cell (by
histamine, gastrin, or cholinergic stimulation) also in-
creases IF production in those species (including hu-
mans) in which the parietal cell is the principal source of
IF. The regulated step in IF expression is secretion from
the cell, as the rate of IF mRNA content and rate of
synthesis is constant, independent of the addition of
stimulators of secretion. Drugs that directly diminish
acid secretion in man can inhibit IF secretion, including
histamine-2 receptor antagonists and proton pump in-
hibitors. In the rat and mouse, stimulators of chief cell
secretion (cholinergic stimulators and dibutyryl camp),
but not histamine or gastrin, increase IF secretion.

STRUCTURE AND FUNCTION

IF is a 399-amino-acid glycoprotein essential for nearly
all uptake of cobalamin from the intestine of most ver-
tebrates. IF puri®ed by af®nity chromatography using a
Sepharose-coupled monocarboxylic acid derivative of
Cbl has a molecular mass of 45ÿ47 kDa. Larger appar-
ent sizes have been reported, presumably due to the
carbohydrate content of 15%. The sequence of human
IF deduced from its cDNA clone is 80% identical with
that of rat IF, and the gene is found on chromosome 11.
The carbohydrate chains on IF are not important for

binding function, but glycosylation of IF creates a pro-
tein more resistant to degradation by gastric and pan-
creatic proteases.

The entire Cbl molecule is important for IF binding.
Binding of Cbl to IF is dependent on interactions with
both the 5,6-dimethylbenzimidazole and the corrin
ring, initiating a change in folding as IF closes around
the Cbl molecule. This change in structure presumably
accounts for the higher af®nity for the intestinal IF re-
ceptor of the [Cbl : IF] complex versus the IF molecule
alone. The ribazole fragment in the Cbl side chain and
the CoÿN coordination bonds of the lower cobalt nu-
cleotide ligands are needed to promote conformational
changes in IF to allow Cbl binding.

Although there are six regions of high sequence ho-
mology between IF, Hc, and TC, the predicted second-
ary structure within these proteins is not well
conserved, perhaps accounting for the different binding
af®nities of these proteins for cobalamin (Table I) or for
their individual receptors. There are two domains on IF
identi®ed by monoclonal antibody binding, one for
binding Cbl and the other for IFÿCbl receptor binding.
Binding of the IFÿCbl complex to its receptor, cubilin,
is dependent on the N terminus of IF.

CELLULAR UPTAKE AND
METABOLISM OF IFÿCBL

Dietary Cbl is released from Cbl-binding enzymes by
gastric proteases, and binds ®rst to Hc in the stomach.
The HcÿCbl complex is then hydrolyzed by pancreatic
proteases and the Cbl is transferred to IF in the proximal
duodenum. The IFÿCbl complex survives proteolysis
within the intestinal lumen due to its relative protease
resistance, and is bound by the IFÿCbl receptor
located on villous cells of the ileal epithelium. This re-
ceptor is now known to be the multiligand 460-kDa
protein, cubilin. Transcobalamin may be involved in

TABLE I Properties of Cbl-Binding Proteinsa

Property Intrinsic factor Haptocorrin Transcobalamin

Expression Gastric body

Medium-sized ducts

(salivary, pancreatic)

Granulocytes, yolk sac,

mammary glands, salivary

acini, and ducts

Most tissues

Carbohydrate 15% 33ÿ40% 0

Molecular mass 45ÿ59 kDa 58ÿ60 kDa 44 kDa

Number of subunits 1 1 1

Number of Cbl binding sites 1 1 1

Ka for Cblb 1ÿ4 nM 0.1 nM 0.02 nM

a Data are from Schneider and Stroinski (1987); adapted from Allen et al. (1978).
b The large range of values for Ka may represent differences in methods used, and may not re¯ect the true degree of relative af®nity.
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transcytosis of Cbl across the enterocyte, because a low
concentration of TC receptors has been demonstrated
on the apical membrane of enterocytes.

Rapid internalization of IFÿCbl into enterocytes
occurs by receptor-mediated endocytosis, and agents
that inhibit lysosomal enzymes also inhibit
transcytosis of Cbl. Radioautographic studies using
125I-labeled IF have demonstrated localization in en-
dosomes and early lysosomes of the apical cytoplasm.
A half-life of 4 h for degradation of internalized IF has
been estimated from studies in cultured epithelial
cells, and this time frame is consistent with the
2ÿ4 h needed to transfer Cbl from the luminal IFÿCbl
complex to the serum TCÿCbl complex. The initial
mechanism for intracellular IF degradation proceeds
via cathepsin L activity. Following intracellular release
of Cbl, Cbl exits the cell bound to TC, which is prob-
ably produced in the enterocyte.

Cbl de®ciency occurs most commonly in pernicious
anemia (loss of IF from chronic autoimmune gastritis),
following resection of the gastric body (containing pa-
rietal cells the source of IF), with atrophic gastritis (a
sequela of Helicobacter pylori infection), after resection
or disease (usually Crohn's disease) of the terminal
ileum (the site of IFÿCbl absorption via receptor-me-
diated endocytosis), or following malabsorption from
any cause (especially AIDS enteropathy) (Table II). Less
common causes of de®ciency include congenital ab-
sence of IF or TC, ImerslundÿGrasbeck syndrome (ab-
normal IFÿCbl receptor, or cubilin), small bowel
bacterial or parasitic overgrowth (utilization of Cbl),
and pancreatic insuf®ciency (lack of transfer of Cbl
from Hc to IF).

See Also the Following Articles
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TABLE II Physiological Causes of Cobalamin Malabsorption Related to Intrinsic Factor

Organ Disorder/condition Pathophysiology

Stomach Pernicious anemia Insuf®cient IF

Total gastrectomy Absence of IF

Subtotal gastrectomy, atrophic gastritis Decreased acid/pepsin secretion with impaired food

cobalamin release

Abnormal IF expression or structure Genetic variation in IF

Gut lumen Vegetarian diet, anorexia Lack of cobalamin in foods of nonanimal origin

ZollingerÿEllison syndrome Low pH with impaired transfer of cobalamin from

haptocorrin to IF

Pancreatic insuf®ciency Protease de®ciency with impaired transfer of

cobalamin from haptocorrin to IF

Bacterial overgrowth Competition for uptake of cobalamin by bacteria

Small bowel mucosa Ileal resection or disease Decreased number/function of receptors for IFÿCbl complex

ImerslundÿGrasbeck syndrome Abnormal receptor-mediated endocytosis of IFÿCbl complex

AIDS enteropathy Combination of mucosal disease and decreased surface

exposure time
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Intussusception

JOEL SMITH AND ROY MCCAULEY

TuftsÿNew England Medical Center

intussuscepiens The intestinal loop, or sheath, into which

the intussusepting bowel (the intussusceptum) invagi-

nates.

intussusception Telescoping or invagination of one portion

of the bowel into the adjacent, distal intestinal lumen.

intussusceptum Invaginating and returning bowel of the

intussusception, including the adjacent mesentery.

lead point An anatomic or congenital abnormality, neo-

plasm, or postsurgical change in the intussusceptum that

causes secondary invagination into the intussuscepiens.

Intussusception is the telescoping of one region of

the small or large bowel into the adjacent intestinal

lumen, secondary to focally abnormal peristalsis. The

large majority of intussusceptions present as acute

abdominal emergencies in children, although they may

occur at any age, including in utero. When seen in chil-

dren, the cause is almost always idiopathic, occurring

near the ileocecal valve. Reduction is frequently by liquid

or air enema under ¯uoroscopic or ultrasonic guidance,

although some cases require surgery. In adults, intussus-

ception is usually secondary to a de®nable cause and thus

requires surgical reduction and removal of the lead point.

INTRODUCTION

Intussusception has been recognized as a cause of ob-
struction for nearly 300 years and has been successfully
reduced by surgical, hydrostatic, and pneumatic meth-
ods for more than 100 years. The frequency is approx-
imately 2 to 4 in 1000, but varies according to the series.
It is more common in boys than in girls. Two of three
cases are seen within the ®rst year of life, with the vast
majority of cases occurring between 3 months and
6 years of age. Most intussusceptions originate near
the ileocecal valve (ileocolic intussusception), but
may occur elsewhere in the small or large bowel. The
tendency is to occur at junctions between `̀ free'' and
intraperitoneal bowel. Treatment of intussusception
®rst requires resuscitation with ¯uids and antibiotics.
In cases of obstruction, decompression of the stomach
with a nasogastric tube may be necessary.

ETIOLOGY

Idiopathic intussusception is likely secondary to
kinking of the bowel secondary to inequilibrium be-
tween contraction of circular and longitudinal muscles
in the bowel wall. This may be secondary to lymphoid
hyperplasia of the distal ileum. This abnormal peri-
stalsis may also occur at a lead point, such as a Meckel's
diverticulum, neoplasm (lymphoma), polyp (Peutz-
Jeghers syndrome, juvenile polyposis), duplication
cyst, ectopic pancreas, inspissated stool (cystic ®brosis),
hemangioma, or bowel wall hematoma (trauma;
Henoch-Schonlein purpura). Recurrent intussuscep-
tions are more common if a lead point is present.

PRESENTATION

Signs and Symptoms

Classically, children with intussusception are
previously healthy and well nourished, with sudden
onset of severe colic. Approximately 50% will have
the triad of abdominal pain, `̀ red currant jelly'' stool,
and a palpable abdominal mass. These symptoms are
caused by compression of the intramural and mesen-
teric lymphatics and veins, with ultimate arterial com-
promise, resulting in bowel wall edema, hemorrhage,
ischemia, and infarction. Symptoms may progress as
continued normal peristalsis results in lengthening of
the intussusception. Episodes of pallor and `̀ doubling
over'' may occur at intervals of approximately 20 min,
with pulling up of the knees to the chest, cringing in
pain, and occasional vomiting. Between such attacks,
the child may be apathetic, normal, or even playful. As
the bowel mucosa becomes compromised, the stool will
contain the bloody mucus (red currant jelly stool).

Physical Exam

A `̀ sausage-shaped'' mass may be palpated, most fre-
quently in the right upper quadrant. Of course, not all
cases are typical, and children may have no pain, red
currant jelly stool, or mass. In such cases, Henoch-
Schonlien purpura, and other forms of obstruction,
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including malrotation with volvulus, should be consid-
ered. Older children may have pain as their only
symptom. If this is the case, the differential diagnosis
includes simple gastroenteritis. When bowel compro-
mise has occurred, signs of peritonitis may be present.

DIAGNOSIS

Radiographic Evaluation

The role of abdominal radiographs in suspected in-
tussusception is controversial, as false negatives may
occur, and correct diagnosis based on radiographic ®nd-
ings alone occurs in less than 50% of cases (see Table I).
Radiographic ®ndings may include a lack of gas and
stool and/or the presence of a soft tissue mass in the
right lower quadrant. The mass may obscure the liver
edge. Classic radiographic ®ndings include the `̀ menis-
cus sign'' and the `̀ target sign.'' A meniscus is formed if
the gas-®lled distal colon outlines the leading edge of the
intussusceptum (Fig. 1). A target shape may be seen if
the central, lucent, mesenteric fat of the intussusceptum
is identi®able in the soft-tissue mass. With obstruction,
distended small bowel loops may be identi®ed. Free air,
very rarely identi®ed in children with intussuscep-
tion, signi®es perforation and the need for immediate
surgery.

Enema Diagnosis

Until recently, barium enema was the `̀ gold stan-
dard'' diagnostic modality. Air contrast enema and ul-
trasound have largely replaced this technique. The
diagnosis is con®rmed on enema with outlining of
the intussusceptum by barium or air (meniscus sign)
(Fig. 1). With barium, a `̀ coiled spring'' appearance of

the bowel may be present if barium coats the outer
surface of the intussusceptum and the inner surface
of the intussuscipiens.

Ultrasound Diagnosis

Ultrasound is very sensitive for the diagnosis, espe-
cially by an experienced radiologist. The mass is usually
large (�5 cm) and displaces adjacent loops. Ultrasound
diagnosis and reduction is advantageous as it precludes
the need for radiation and is more comfortable for the
patient. False positives are rare, but may occur with
misidenti®cation of abnormal bowel wall thickening,
stool, or psoas muscles. Ultrasound is likely the best
method for depicting a lead point in children. Trans-
verse views along the axis of the bowel show central
echogenic mesenteric fat and vessels and a hypoechoic
outer bowel wall, sometimes referred to as the
`̀ doughnut'' or target sign (Fig. 2). Longitudinal
views may demonstrate a `̀ pseudo-kidney'' or `̀ sand-
wich'' sign when imaging through the middle of the
intussusception and the `̀ hayfork sign'' at images near
the apex of the intussusception. These signs are descrip-
tive variations on the appearance of alternating
hypoechoic muscle (intussusceptum), hyperechoic
mesentery (intussusceptum), and hypoechoic muscle
(intussuscipiens). Incidental peritoneal ¯uid may be
identi®ed, but does not necessarily indicate the presence
of perforation or peritonitis. Lack of Doppler ¯ow in the
intussusceptum may suggest ischemia or necrosis and
often indicates a lower rate of reduction.

Computed Tomography Scan Diagnosis

Computed tomography (CT) scan is sometimes
used for diagnosis, most often in a symptomatic

TABLE I Comparison of Methods for Diagnosing and Treating Intussusception

Diagnosis Reduction rate Advantages Disadvantages

Radiograph Not sensitive or speci®c Ð Noninvasive Diagnostic in less than 50%;

not therapeutic

Barium enema Sensitive and speci®c 70ÿ80% High success rate; low

perforation; evaluation

of lead point

Barium irritates peritoneum

if perforation occurs

Air enema Sensitive and speci®c Higher than barium High success rate; low

perforation; quicker than

barium; less irritating

May not fully evaluate

colon and lead point

Ultrasound Sensitive and speci®c Comparable to enema High success rate; low

perforation; no radiation;

evaluation of lead point

Occasional false-positives

CT scan Used for adults Not therapeutic Evaluates small bowel and

lead points

Not therapeutic

Surgery Ð Very high Can remove lead point Invasive
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adult. Axial images may show a complex target mass,
containing eccentric mesenteric fat (Fig. 3). Mesenteric
vessels are frequently identi®ed in the intussusceptum.
An appearance analogous to the ``coiled spring'' on bar-
ium enema may be present if the oral contrast outlines
intussusceptum. A lead point is occasionally identi®ed.

REDUCTION

Image-Guided Reduction

Introduction

Image-guided reduction is less invasive, has a lower
morbidity and cost, and leads to a shorter length of
hospitalization, when compared to surgery. Such reduc-
tion may be accomplished under ¯uoroscopic guidance
with air, barium, or other contrast material or with ul-
trasound using saline or, occasionally, air. Ultimately,
the choice of technique is often dependent on the ex-
perience of the radiologist. With any image-guided tech-
nique, reduction is approximately 90% successful.
Success rates are lower in younger infants, those with
longer duration of symptoms, and those with more se-
vere obstruction.

Barium Enema Reduction

Traditionally, barium reduction follows the `̀ rule of
threes.'' These include raising the barium bag not more
than 3ÿ3.5 feet above the table, making not more than
three attempts at reduction, and sustaining pressure
for not more than 3 min during each attempt.
This rule is arbitrary and often physicians attempt re-
duction more vigorously. Barium has demonstrated
high reduction rates, 70ÿ80%, infrequent perforation,
and better evaluation of lead points and colonic
pathology than air.

Air Enema Reduction

Air reduction has a higher successful reduction rate,
but may result in higher perforation rates compared
with barium. Reduction is often accomplished more
rapidly, with a secondary decrease in radiation expo-
sure. If perforation does occur, air in the peritoneal
cavity is less irritating than barium, although tension
pneumoperitoneum may rarely occur. Air insuf¯ation

a

b

c

FIGURE 1 (a) Abdominal radiograph demonstrates a `̀ menis-

cus sign'' as the intussusceptum (arrow) is outlined by air in the

proximal transverse colon. (b) Spot radiograph from air enema

reduction demonstrates displacement of the ®lling defect to the

proximal ascending colon (arrow). Complete reduction was con-

®rmed by re¯ux of air into the terminal ileum. (c) Following

recurrent intussusception in the same patient, reduction was ac-

complished by barium enema. The intussusceptum is outlined

by barium (arrow).
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of the colon is usually performed with a pressure release
system and manometer, to avoid pressures above which
perforations usually occur. The initial suspicion that air
had a higher perforation rate than barium was likely
related to the initial learning curve and the true rate
is probably less than 1% with either method. With either
technique, complete reduction is con®rmed with free
re¯ux of barium or air re¯ux into the distal ileum. When
possible, the patient may be requested to perform the
Valsalva maneuver during treatment as it may help re-
duction and decrease the risk of perforation.

Ultrasound Reduction

Hydrostatic (saline) reduction under ultrasound ev-
idence is gaining in popularity. It has the advantage of
having no radiation exposure. Reduction rates are high
and perforation rate is comparable to that of other tech-
niques. Another advantage is a more detailed visualiza-
tion of the intussusceptum and lead point, if present.
Recently, air reduction with ultrasound guidance has
been advocated and also has a high success rate in initial
studies. Ultrasound may have a role after enema reduc-
tion for con®rming reduction and evaluating for a
lead point.

Surgical Reduction

Contraindications to attempted enema reduction in-
clude the presence of peritonitis (`̀ surgical abdomen'').
When symptoms have been present for more than 48 h,
careful evaluation of the abdomen is needed. Surgical
reduction is also necessary if there is perforation during
nonoperative reduction. Therefore, the surgical team
should be informed when an enema reduction is to
be attempted. At surgery, manual reduction is usually
curative, but resection and primary anastomosis may be
necessary, if manual reduction cannot be accomplished
or if a lead point is identi®ed.

PROGNOSIS

Delayed diagnosis or inadequate ¯uid and antibiotic
resuscitation may lead to fatal complications. When
treated promptly, however, recovery almost always oc-
curs. There is an approximately 10% rate of recurrence.
If complete reduction is accomplished by image-guided
methods, each recurrence is considered a new event and
alone is not an indication for surgery. To monitor for
recurrence, patients are usually observed for 12ÿ24 h
after reduction. The major cause of morbidity is perfo-
ration, which tends to occur in younger patients and
those with longer duration of symptoms. Perforation
may occur in the intussusceptum or intussuscipiens.
Ultrasound is useful in evaluating patients with recur-
rence of or persistent abdominal pain after air reduction,
at times revealing recurrent intussusception or ®ndings
suggestive of an in¯ammatory process.

POSTOPERATIVE INTUSSUSCEPTION

Postoperative intussusception is an unusual entity,
making up less than 1% of cases. It most often occurs
after abdominal surgery, but may be seen after thora-
cotomy as well. Unlike idiopathic intussusception in a
child, the jejunum is the most frequent site of origin.
Only rarely is a lead point identi®ed, such as a drain,
tube, suture line, adhesion, or focus of bowel wall
edema. When no lead point is present, the cause is likely
related to bowel manipulation or an electrolyte abnor-
mality, with secondary paralytic ileus. Diagnosis is often
delayed, so this entity should be considered in cases of
postoperative obstruction, especially within 2 weeks of
surgery. Operative reduction is usually curative.

ADULT INTUSSUSCEPTION

Intussusception is rare in adults and, when present,
rarely results in obstruction. Preoperative diagnosis is

FIGURE 2 Ultrasound image of intussusception. Image ob-

tained axially through the abnormal bowel. The hypoechoic mus-

cle of the intussuscipiens (arrow) surrounds the hyperechoic

mesenteric fat and hypoechoic wall of the intussusceptum

(arrowhead).

INTUSSUSCEPTION 461



established in only approximately one-third of patients.
Common symptoms are intermittent pain, nausea, and
vomiting. These symptoms may present acutely, but are
frequently chronic over weeks or months. Mild, focal
tenderness may be elicited on physical exam. Unlike
®ndings in children, bloody stool and abdominal masses
are uncommon. A lead point is almost always present,
necessitating surgery. The intussusception occurs most
frequently within the small bowel and is almost always
secondary to a benign lead point, such as adhesions. The
rarer colonic intussusception is more likely to be related
to a malignant lead point, predominantly metastatic
disease (Fig. 3). CT may be the most accurate means
of diagnosis, as the small bowel is not usually visualized
by enema. Endoscopy is sometimes employed for

diagnosis, and, at times, reduction via air insuf¯ation.
Intussusception of the appendix is a separate, rare
entity, also seen in adults.

See Also the Following Articles
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FIGURE 3 Axial CT scan with IV contrast enhancement. The
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within the colonic intussuscipiens.
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Iron Absorption
DAVID F. NUTTING

University of Tennessee Health Science Center

divalent metal ion transporter-1 (DMT1) Also called

divalent cation transporter-1 (DCT1) and Nramp2.

DMT1 moves ferrous iron from the lumen into

enterocytes.

duodenal cytochrome b (Dcytb) A ferric reductase found in

the brush border membrane of proximal intestinal

enterocytes. Dcytb converts the poorly absorbed ferric

form of iron (Fe3�) to the ferrous form (Fe2�) that is

transported into the cells by divalent metal ion

transporter-1.

ferritin A mainly cytosolic molecule that binds excess iron,

in both enterocytes and the liver. Ferritin complexes

have the capacity to bind approximately 4500 iron

molecules.

hereditary hemochromatosis A disorder of iron meta-

bolism in which affected individuals absorb an exces-

sive amount of iron that accumulates in internal

organs and may eventually interfere with cellular

function.

iron-responsive gene element (IRE) and iron-regulatory

protein (IRP) These participate in the regulation of

expression of some genes involved in iron absorption.

IRPs bind to IREs and increase or decrease the

expression of speci®c genes.

transferrin (Tf) An iron-binding molecule found in several

compartments in the body. Circulating transferrin

carries iron to and from body tissues and may apprise

intestinal cells about body iron status. The cytosol of

villus enterocytes contains a similar, but not identical,

form of transferrin. Some of the cytosolic transferrin (as

apotransferrin, which has no iron bound to it) is secreted

into the intestinal lumen, where it promotes iron

absorption by chelating two molecules of Fe3� and then

binding to a transferrin receptor in the brush border

membrane.

Dietary iron ispoorlyabsorbed inmost circumstances, but

absorption is regulated and increases when needed, such

as in pregnancy and iron de®ciency. In contrast, the body

has few mechanisms for removing excess iron, which must

therefore be stored to prevent it from catalyzing reactions

that may produce undesired products, such as free radi-

cals. Other than blood loss, as occurs during menstrua-

tion, the only mechanism to remove iron is by trapping

some of the iron in enterocytes, which are then sloughed

off. A typical meat-containing diet provides 10ÿ30 mg

iron each day. Of this, only approximately 1 mg is

absorbed (3ÿ10% of dietary iron). During pregnancy,

iron absorption may increase to provide 5ÿ6 mg/day.

However, if a pregnant woman takes iron supplements,

ef®ciency is down-regulated to the normal low percentage

of ingested iron. Thus, the amount of iron absorbed in-

creases linearly with the quantity ingested from all

sources, but the proportion absorbed decreases. Multiple

mechanismsare involved in ironabsorption.Some of them

are regulated; others appear not to be. Furthermore, the

relative contributions of the various pathways to overall

iron absorption have not yet been fully quantitated. Most

iron absorption takes place in the proximal intestine,

mainly the duodenum and proximal jejunum. However,

a small amount of iron is absorbed by the stomach, distal

small intestine, and colon.

LUMENAL IRON METABOLISM

In the stomach, acid helps to release iron from
dietary nutrients and to release heme from ingested
hemoglobin and myoglobin in meat. The low pH in
the stomach promotes dissolution of iron in the
aqueous medium; at very low pH (53), both Fe2�

and Fe3� are soluble. People with de®cient acid pro-
duction absorb iron even more poorly than do normal
individuals. Most dietary iron is not in heme and
most of this nonheme iron is trivalent (ferric) iron.
When the pH is 43, iron (especially the less soluble
Fe3�) must be kept soluble; this occurs through the
binding of iron to other nutrients. A variety of sub-
stances chelate iron, including organic acids (lactic
acid, citric acid, ascorbic acid), bile acids, fatty acids,
some amino acids, mucin, and apotransferrin secreted
by enterocytes. In addition to helping solubilize iron,
ascorbate reduces Fe3� to Fe2�. Not all dietary organic
acids aid iron absorption, though, and signi®cant
amounts of some inhibitors may occur in vegetarian
diets. Examples are phytate and oxalate, which are
well known to interfere with calcium absorption, but
they prevent iron absorption as well. In addition,
iron binds to two intestinal proteins, mucin and
apotransferrin. Mucin is a large glycoprotein with
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multiple ion-binding groups. By binding many
iron molecules, it reduces the formation of large,
insoluble (and thus unabsorbable) ironÿhydroxide
complexes. Once the mucin-bound iron diffuses to
the surface of the enterocyte, the iron can be released
for absorption.

ENTEROCYTE IRON UPTAKE,
PROCESSING, AND RELEASE

A carrier-mediated process takes up heme iron (see
Fig. 1). Fe2� is extracted from heme by the enzyme
heme oxygenase. This iron is then taken up by cytosolic

FIGURE 1 Processes involved in iron absorption in the proximal intestine. Iron is released

from food by acid and enzymes. Heme is removed from hemoglobin and myoglobin. The heme is

absorbed intact, probably by pinocytosis. Inside, heme iron is released and oxidized to Fe3� by

heme oxygenase. In the duodenal lumen, the less acidic environment promotes the oxidation of

ferrous iron (Fe2�) to the trivalent form. Fe3� is poorly absorbed unless bound. Fe3�may bind to

mucin or other molecules, such as ascorbate, or to intestinal apotransferrin (apo-iTf) that has

been secreted by enterocytes. Tf-bound iron is carried in via a Tf receptor (TfR). Lumenal iron

binding stabilizes the iron and reduces the formation of insoluble iron polymers. Ascorbate also

reduces ferric iron back to Fe2�. In addition, Fe3� that reaches the microvilli is either transferred

to b2-integrin, which carries it into the cell, or reduced by duodenal cytochrome b (Dcytb). A

well-regulated uptake pathway exists for Fe2�, which is transported into the cell by DMT1

(divalent metal transporter-1). In the cytosol, iron is bound to iron-binding proteins, such as

mobilferrin and apotransferrin, and carried to the basolateral side. Excess iron is captured by

ferritin. A small amount of iron from ferritin may be released for export, but most stays with the

cell and is lost to the lumen when the enterocyte is sloughed at the villus tip. At the basolateral

membrane, iron is secreted by a transport protein, ferroportin (FP1). In order to be carried to the

body via circulating Tf, it must be oxidized again. This is carried out by a protein, hephaestin

(Hp), that is closely associated with FP1.
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iron-binding proteins, such as mobilferrin, apotrans-
ferrin, and ferritin. The former two transport iron to
the basolateral side for export. Ferritin binds Fe3� in
times of iron excess.

Some nonheme iron that reaches the apical surface
may be absorbed after binding tob-integrin. Once inside
the cell, it binds to ferritin or is carried across the en-
terocyte by cytosolic Fe-binding proteins. The details of
the regulation of this pathway are not yet known. An-
other mechanism involves apotransferrin (apo-Tf ).
Apo-Tf secreted into the lumen binds two molecules
of Fe3�. The ironÿtransferrin complex then binds to
a Tf receptor (TfR) located in the brush border mem-
brane. This complex is absorbed, perhaps by pinocyto-
sis. Once inside, the Fe3�may be reduced, transferred to
another molecule of apotransferrin or other cytosolic
binding proteins for export, or bound to ferritin for
storage or excretion. The physiological regulation of
this pathway also has not been established.

A substantial amount of iron is taken up by carrier-
mediated transport in the brush border of the villus and
this is a regulated process. The transporter is divalent
metal transporter-1 (DMT1), which has a marked pre-
ference for ferrous iron. Since much of the nonheme
iron in the lumen is ferric iron, this carrier-mediated
transport requires prior reduction. Brush border mem-
branes have ferric reductase activity provided by the
enzyme duodenal cytochrome b (Dcytb). An indivi-
dual's iron status regulates both Dcytb and DMT1
expression in parallel.

Iron that is not trapped by enterocyte ferritin is
carried to the basolateral side, where it is transported
outward by a speci®c protein called ferroportin-1
(FP1). This transporter is also known as iron-regulated
gene transcript and metal transport protein-1 and it
carries ferrous iron. The divalent iron released at
the basolateral side must be reoxidized to trivalent
iron before it binds to circulating apotransferrin
for transport to the rest of the body. A protein, hephaes-
tin (Hp), is associated with FP1 and may serve this
function.

REGULATION

Various stimuli increase iron absorption, for example,
increased erythropoiesis following hemorrhage or as-
cent to high altitude, pregnancy, and iron de®ciency.
In most cases, the nature of the signal remains to be
determined. Tissues such as bone marrow and liver
may release as yet unidenti®ed signaling molecules
that regulate duodenal enterocytes. In addition, evi-
dence supports the hypothesis that circulating levels
of transferrin may play a role in some of these situations.

Intestinal iron absorption appears to operate around
a `̀ setpoint'' that changes only under speci®c conditions,
such as those listed above (see Fig. 2). When more iron
is needed, absorption of both heme and nonheme iron
increases, as do the rates of apical iron uptake and
basolateral iron release. Expression of three apically tar-
geted proteins, Dcytb, DMT1, and TfR, increases. Con-
versely, expression of apoferritin decreases, reducing
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Fe
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mRNA-IRE-IRP

Apoferritin
and

FIGURE 2 Regulation of iron absorption. One mechanism is

depicted here. There may be other signals, perhaps originating

from the hematopoietic system or the liver. In the mechanism

shown, the setpoint for iron absorption is determined in the in-

testinal crypts. A high level of plasma iron feedsback negatively on

the newly formed enterocytes to reduce iron absorption once these

cells mature. A fraction of plasma iron-bound transferrin (Tf)

escapes from the capillary lumen. This Tf binds to a Tf receptor

(TfR) located on the basolateral side of cryptal enterocytes, bring-

ing the Tf-bound iron into the cell. TfR is associated with at least

two basolateral membrane proteins,b2-macroglobulin (b2-M) and

a gene product termed HFE. Defects in HFE lead to unregulated

iron absorption, because the iron overload is not sensed by the

developing crypt cells. The iron is released and binds to iron-

regulatory proteins (IRPs). Under conditions of iron-de®ciency,

the IRPs that lack iron interact with iron-responsive gene elements

(IREs) of certain messenger RNAs. This interaction stabilizes

some of the mRNAs, thereby increasing translation (as occurs

for the proteins Dcytb, DMT1, TfR, and FP1), or it inhibits trans-

lation of other mRNAs (as occurs for apoferritin). These effects

become manifest once the cells migrate to the absorptive region

along the villi. Thus, iron absorption is increased and loss of

absorbed iron is reduced (because less iron is bound to ferritin).

The opposite occurs when plasma iron levels are normal or

high: when they contain iron, the IRPs do not bind to the IREs,

so the expression of proteins that promote iron absorption is di-

minished, whereas apoferritin expression is high. The apoferritin

binds more of the iron that does cross the apical membrane and

then takes it back to the intestinal lumen during exfoliation at the

villus tip.
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iron sequestration in the cytosol. Expression of the
basolateral iron exporter FP1 increases, but expression
of Hp does not. Perhaps the amount of Hp normally
present is suf®cient to oxidize any iron transported out-
ward by FP1.

One system of regulation involves iron-regulatory
proteins (IRPs) and iron-responsive elements (IREs),
but likely there are other regulatory mechanisms. In
iron de®ciency, more IRPs bind to the iron-regulatory
elements in the genome. Iron repletion reverses this.
Binding of IRPs increases the transcription of several
proteins whose IREs are at the 30-end of the gene (by
stabilizing their mRNAs), but inhibits the transcription
of those proteins encoded near the 50-end, such as
apoferritin. Thus, iron absorption is facilitated, whereas
iron trapping (and subsequent loss by exfoliation of
villus tip cells) is reduced. The converse processes
occur during iron repletion and excess, presumably
as a consequence of more iron being available to
bind to IRPs and thereby inhibiting IRP association
with IREs.

Surprisingly, much of the regulation apparently
takes place in the newly developing cells in the intestinal
crypts, rather than in mature enterocytes in the villi. The
strongest evidence for this comes from studies of hered-
itary hemochromatosis (HH), in which iron absorption
increases and remains inappropriately high, due to the
lack of normal down-regulating controls. Genetic de-
fects have been identi®ed in a gene product termed HFE.
In the basolateral membranes of intestinal crypt cells,
HFE associates with at least two other molecules, b2-
macroglobulin and a transferrin receptor. A working
hypothesis is that by binding a fraction of transferrin
that escapes into the extracellular space, this TfR

monitors the circulating Tf level. When iron stores
and circulating Tf are adequate, some of this Tf is
taken up by crypt cells and this reprograms them so
that by the time they reach the villus tip, they have
low levels of key proteins such as Dcytb, DMT1, and
FP1 and high levels of ferritin. This reduces iron ab-
sorption and enhances the loss of absorbed iron after
sloughing of the villus tip cells. When HFE is absent or
defective, as in some types of HH, the crypt cells are
incapable of sensing the high levels of circulating Tf iron
and thus produce enterocytes with enhanced iron ab-
sorption. Ultimately, this results in excessive deposition
of iron in various tissues and disruption of cellular and
organ function.

See Also the Following Articles

Dietary Reference Intakes (DRI); Concepts and Imple-

mentation � Hereditary Hemochromatosis � Neonatal

Hemochromatosis
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Irritable Bowel Syndrome

INES SCHWETZ AND LIN CHANG

University of California, Los Angeles

brainÿgut axis Bidirectional communication between the

central nervous system and the gut via nervous and

endocrine pathways to ensure that digestive function is

optimal for the overall state of the organism.

dysmenorrhea A condition marked by painful

menstruation.

dyspareunia Dif®cult or painful sexual intercourse.

high-amplitude propagating contractions Colonic

contractions that produce mass movements when pre-

sent in the transverse and ascending colon and

defecation when present in the descending or sigmoid

colon.

maladaptive coping styles Beliefs and strategies on

how to master a crisis or a problem that are not

helpful or even counterproductive, e.g., catastrophizing,

internalization.

pelvic ¯oor dyssynergia Inappropriate contraction of failure

to relax the pelvic ¯oor and/or anal sphincter muscles

during attempts to defecate, resulting in the impedance

of stool passage.

Sitzmarker colon transit test Simple, validated method

using radiopaque markers to calculate segmental and

colon transit by counting markers on abdominal

radiographs.

stress A perceived threat to homeostasis; an event or

stimulus that causes an often abrupt but always a large

physiologic change from what is expected.

sustained stress Chronically ongoing stressful situations in a

person's life, e.g., marital problems, death of a family

member, change in role in life, change in job, signi®cant

®nancial loss.

Irritable bowel syndrome (IBS) is a functional disorder

characterized by symptoms of abdominal pain or discom-

fort associated with a change in bowel habit. It accounts

for up to 12% of total visits to primary care providers and

is one of the most common conditions diagnosed by gas-

troenterologists. The economic burden in terms of med-

ical expenses, loss of productivity, and work absenteeism

is considerable. The diagnosis of IBS is based on identi-

fying characteristic symptoms and excluding organic dis-

ease. Novel treatments have broadened therapeutic

options that currently include dietary recommendations,

lifestyle modi®cations, pharmacotherapy, and behavioral

and psychological therapy.

EPIDEMIOLOGY

Irritable bowel syndrome (IBS) is a very common
disorder worldwide, with prevalence rates of 9ÿ23%
in the general population. In a recent report on gastro-
intestinal (GI) illnesses in the United States, IBS was
second only to esophageal re¯ux disease in its preva-
lence (15.4 million people). Several population-based
studies have found women to be at least twice as fre-
quently affected as men, with prevalence ratios ranging
from 2 : 1 to 3 : 1.

The ®rst presentation of patients to a physician usu-
ally takes place between the ages of 30 and 50 years, with
a decrease in reporting frequency among older
subjects. However, not all individuals with IBS seek
medical care for their symptoms. Based on epidemio-
logical studies conducted in different countries,
20ÿ75% of persons that meet diagnostic criteria for
IBS will seek medical attention at some point in their
lives. Cultural factors as well as differences in healthcare
systems and access to medical care may in¯uence the
wide range of these rates. Although most persons with
IBS do not consult a physician, there are still between 2.4
and 3.5 million physician visits annually for IBS in the
United States. The burden of illness of the disease was
recently estimated to be $1.6 to $10 billion in direct
costs and $19.2 billion in indirect costs.

PATHOPHYSIOLOGY

In the past, IBS has been considered to be primarily
a disorder of altered gut motility or a purely psycholog-
ical disorder. Currently, a dysregulated brainÿgut
axis resulting in altered gut motility and visceral
hypersensitivity is felt to be the principal pathophysio-
logic mechanism underlying IBS. Many factors (both
central and peripheral) may contribute to this dys-
regulation in IBS and include genetic predisposition,
chronic stress, in¯ammation /infection, and environ-
mental factors.

Central dysregulation can result in alterations of
autonomic out¯ow, pain modulation pathways, and
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neuroendocrine systems. Downstream, these alterations
subsequently may lead to disturbances in intestinal
motility, visceral sensitivity, and mucosal immune re-
sponse and permeability. Peripheral mechanisms that
can contribute to a dysregulated brainÿgut axis include
enteric infections or in¯ammation leading to peripheral
and spinal sensitization and/or the release of in¯amma-
tory mediators (e.g., cytokines) that can further perpet-
uate alterations in the brainÿgut axis.

Altered Intestinal Motility

In the ileum, colon, and rectum, IBS patients show
an enhanced response to a variety of stimuli including
meals, distension, and stress. Altered motility patterns
have been reported in IBS patients but are not consis-
tently found. Patients with diarrhea and abdominal
pain experience signi®cantly more high-amplitude
propagating contractions (HAPCs), which are of higher
amplitude than those found in healthy controls. These
HAPCs are more likely to be associated with a sensation
of pain. Motility abnormalities can interact with alter-
ed perception of visceral events to produce typical
symptoms in IBS. Delayed transit of gas with enhanced
perception of gas causes patients to feel bloated. It
should be noted, however, that altered motility is pres-
ent in a subset of patients and cannot be used as a
diagnostic marker.

Altered Visceral Perception

The initial clinical observations that led to the hy-
pothesis that IBS patients have visceral hypersensitivity
include recurrent abdominal pain, tenderness during
palpitation of the sigmoid colon during physical exam-
ination, and excessive pain during endoscopic evalua-
tion of the sigmoid colon. Experimental evidence
suggests that a variety of perceptual alterations exist in
IBS patients: visceral hypersensitivity involving the
upper and lower GI tract, as well as with a heightened
perception of physiologic intestinal contractions.
Multiple studies using various balloon distension para-
digms have reported lowered colorectal perceptual
thresholds and increased sensory ratings and viscero-
somatic referral areas in IBS patients than in healthy in-
dividuals. In contrast, most studies have demonstrated
that IBS patients do not exhibit generalized hypersensi-
tivity to noxious somatic stimulation. At least two un-
derlying distinct mechanisms contribute to the visceral
hypersensitivity in IBS: a hypervigilance toward expec-
ted aversive events arising from the viscera and a
hyperalgesia, which is inducible by sustained noxious
visceral stimulation.

Alteration of Gut Immune Function

A subset of patients associate the development of IBS
symptoms with the onset of gastroenteritis. In recent
studies, IBS-like symptoms were found in 7ÿ30% of
patients who had recovered from a proven bacterial
gastroenteritis. Risk factors associated with the devel-
opment of postinfective IBS include female gender, du-
ration of acute diarrheal illness, and the presence of
signi®cance life stressors occurring around the time
of the infection. Furthermore, increased cellularity of
colonic mucosa and lamina propria has been
described in IBS patients. These ®ndings suggest
that in a subgroup of patients there is an up-regulation
of gut immune function. Further studies are needed to
explore these ®ndings and their possible association
with clinical factors (e.g., symptom severity, bowel
habit, and gender) in unselected IBS patients.

Central Nervous System Modulation

In general, brainÿgut interactions play a key role in
the modulation of gastrointestinal functioning in health
and disease. Signals from the brain to the gut ensure that
digestive function is optimal for the overall state of the
organism. Signals from the gut to the brain play an im-
portant role in re¯ex regulation of the GI tract and in
modulation of mood states.

A unifying hypothesis to explain functional GI dis-
orders is that they result from a dysregulation of the
brainÿgut neuroenteric system. These proposed alter-
ations in the brainÿgut axis are best supported by recent
®ndings in functional neuroimaging studies. Using
distal colonic stimulation, several studies have demon-
strated alterations in regional brain activation in IBS
patients compared to healthy control subjects. These
brain regions include the anterior and midcingulate
cortices, insula, and dorsal pons (in the region of the
periaqueductal gray), which are some of the most con-
sistently activated brain areas in response to visceral as
well as to somatic nociceptive stimuli. One area that is
consistently activated to a greater degree in IBS patients
than control subjects is the anterior midcingulate cor-
tex, a brain region concerned with cognitive processing
of sensory input including attentional processes and
response selection. Furthermore, midcingulate activa-
tion correlates with the subjective unpleasantness of
visceral and somatic pain. These observations suggest
that IBS patients may fail to use CNS down-regulating
mechanisms in response to incoming or anticipated vis-
ceral pain. They show altered activation or deactivation
of brain areas involved in the emotional or cognitive
processing of visceral stimuli, ultimately resulting in
the ampli®cation of pain perception.

468 IRRITABLE BOWEL SYNDROME



Role of Stress and Psychosocial Factors

Stress is widely believed to play a major role in the
pathophysiology and clinical presentation of IBS. It has
been postulated that in the predisposed individual, sus-
tained stress can result in permanent increased stress
responsiveness of central stress circuits and vulnerabil-
ity to develop functional and affective disorders. Stress
may be central (e.g., psychological distress) or periph-
eral (e.g., infection, surgery). Numerous studies indi-
cate that IBS patients report more lifetime and daily
stressful events, including abuse, than medical compar-
ison groups or healthy controls. In addition, in IBS pa-
tients stress is strongly associated with symptom onset,
exacerbation, and severity. Even though the effects of
stress on gut function are universal, patients with IBS
appear to have greater reactivity to stress than healthy
individuals.

A large proportion of patients with IBS or other
functional bowel disorders have concurrent psycholog-
ical disturbances, particularly those with severe
symptoms or those seen in tertiary care referral centers.
In tertiary care centers, the prevalence of psychiatric
disorders in IBS patients ranges from 40 to 90%. Psy-
chosocial factors have been recognized to modify the
illness experience and in¯uence healthcare utilization
and treatment outcome. Factors that adversely affect
health status and clinical outcome include a history
of emotional, sexual or physical abuse, stressful life
events, chronic social stress, anxiety disorders, or mal-
adaptive coping styles.

A current conceptual model of the role of psycho-
social factors in IBS suggests that early adverse life ex-
periences in¯uence later physiologic functioning, stress
responsiveness, and susceptibility to developing a func-
tional disorder. A stressor may produce symptoms
through changes in gastrointestinal function, through
central ampli®cation of normal gut signals, or through a
combination of both. The combined effect of altered
physiology and psychosocial status via the brainÿgut
axis will modulate symptom experience, illness behav-
iors, and ultimately clinical outcome. Thus, although
psychosocial factors are not etiologic to IBS, they are
important for the understanding and treatment of the
disorder.

Gender Differences in IBS

It is well established that a greater number of women
seek healthcare services for symptoms of IBS than men.
Reports of nausea, bloating, constipation, and extrain-
testinal symptoms seem more prevalent in women
with IBS than in men. Furthermore, recent clinical
trials suggest that gender differences in response to

pharmacological treatments also occur. Numerous fac-
tors need to be considered in the exploration of these
differences. These factors include biological, hormonal,
behavioral, psychological, and sociocultural differences
between men and women. Several studies indicate that
the menstrual cycle in¯uences GI symptoms, which are
reportedly increased immediately before and during
menses. In addition, brain imaging studies have re-
ported gender differences in the central processing of
aversive information originating from pelvic viscera in
IBS. Further studies are needed to provide additional
insight into gender differences in the epidemiology,
pathophysiology, symptom expression, and response
to treatment in IBS.

In summary, IBS is best viewed as a biopsychosocial
disorder in which dysregulation of neuroenteric systems
is heavily in¯uenced by central and/or peripheral stress.
Modulation of brainÿgut pathways, including auto-
nomic and pain modulation systems, by psychologic
and biologic processes results in physiologic alterations
affecting gut motility and visceral perception.

CLINICAL FEATURES

Gastrointestinal Symptoms

Abdominal Pain /Discomfort

The hallmark symptoms of IBS are chronic abdom-
inal pain and/or discomfort. The pain is usually de-
scribed as crampy or as a generalized ache with
superimposed periods of abdominal cramps. The inten-
sity and location of abdominal pain is highly variable
even within a single patient. Several factors can exac-
erbate or reduce pain in IBS. Patients often report wors-
ening of symptoms in periods of stress or emotional
distress such as problems at work or in a relationship.
Ingestion of certain foods may exacerbate symptoms,
usually up to 60 to 90 min after the meal.

Altered Bowel Habits

Based on bowel habits, patients are usually sub-
classi®ed into those having diarrhea-predominant IBS
(IBS-D) or constipation-predominant IBS (IBS-C). In
many patients, the predominant bowel habit is not sta-
ble over time but may alternate between diarrhea and
constipation. If this occurs in a short time period, the
pattern is referred to as alternating bowel habit (IBS-A).
As many as 30ÿ50% of patients alternate between di-
arrhea and constipation.

IBS-D accounts for approximately one-third of
cases. Stools in these patients are typically loose and
watery but of normal daily volume. Usually, diarrhea
occurs only during the waking hours. Many patients
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experience fecal urgency and loose stools associated
with stressful events and an urgent desire to defecate
is often noted postprandially.

In IBS-C (30% of IBS cases), stools are usually hard
and pellet-like and long periods of straining on the toilet
are often reported. A sensation of incomplete evacuation
may prompt patients to make multiple attempts at stool
passage over a short time period.

Other Gastrointestinal Symptoms

Symptoms of upper GI tract dysfunction are com-
mon in IBS patients. These symptoms include early sa-
tiety, heartburn, nausea, abdominal fullness, bloating,
and vomiting. It is possible that upper GI symptoms are
exclusively related to IBS. However, there is evidence for
an overlap in patient populations between IBS and an-
other functional gastrointestinal disorder called func-
tional dyspepsia (FD). FD is de®ned as the presence of
persistent or recurrent pain or discomfort centered in
the upper abdomen, without identi®able cause by con-
ventional diagnostic means. Epidemiological data sug-
gest that the overlap of FD and IBS may range from 13 to
87% of patients. The wide range of reported overlap can
be explained by the different diagnostic criteria applied
across studies, in particular in regards to FD.

Extraintestinal Symptoms

IBS patients commonly report extraintestinal com-
plaints. Prevalent symptoms include fatigue, musculo-
skeletal pain, urinary complaints, sleep, and sexual
disturbances. IBS patients have a high incidence of
genitourinary dysfunction (e.g., dysmenorrhea, dys-
pareunia, impotence, nocturia). Sleep-related distur-
bances such as dif®culty falling asleep or repeated
awakening also occur frequently in IBS patients. Fur-
thermore, a high prevalence of psychiatric diagnoses,
most commonly anxiety disorders and depression, has
been reported. Epidemiologic studies have con®rmed
the clinical impression that IBS and other functional
disorders often overlap in the same patients. In partic-
ular, there seems to be a signi®cant overlap with
®bromyalgia, a chronic somatic pain disorder, and in-
terstitial cystitis, a chronic pelvic pain syndrome with
symptoms referable to the bladder.

DIAGNOSIS

Symptom-Based Criteria

The clinical diagnosis of IBS is based on identifying
symptom criteria with a `̀ positive diagnosis'' and exclud-
ing, in a cost-effective manner, other conditions with
similar clinical presentation, which may include organic

(e.g., in¯ammatory bowel disease, GI infections, and
malabsorption syndromes) or other functional disorders
(e.g., functional diarrhea or bloating, pelvic ¯oor disor-
ders, or slow-transit constipation). Because IBS is a func-
tional disorder and biologic markers do not exist, it is
diagnosed using the recently revised symptom-based
ROME II criteria (Table I). Additional symptoms,
which support the diagnosis of IBS, include bloating,
urgency, sensation of incomplete evacuation, and
mucus in the stool. When `̀ alarm signs'' such as weight
loss, fever, anemia, GI bleeding, family history of colon
cancer, or onset of disease late in life are excluded, the
ROME II criteria reach a sensitivity of 65%, a speci®city
of 100%, and a positive predictive value of 100%. In
a recent study, 93% of patients diagnosed based on
ROME II criteria and the absence of red ¯ags were
found to be true positive cases after 2 years. Hence, if
diagnosis is made properly, the risk of missing organic
disease is low.

Evaluation

Initial Evaluation

During the ®rst visit, a detailed history should be
followed by a physical examination. This is useful to
identify ®ndings not consistent with IBS (e.g., enlarged
liver, abdominal mass, signs of bowel obstruction) and
to meet the patient's expectations of a thorough exam-
ination. In general, physical examination in IBS patients
is unremarkable with the exception of mildÿmoderate
abdominal tenderness consistent with visceral hyper-
sensitivity in these patients. Care should be taken to
avoid unnecessary investigations that are costly and

TABLE I Diagnostic Criteria for Irritable Bowel

Syndrome as Developed by International Consensus

At least 12 weeks, which need not be consecutive, in the

preceding 12 months of abdominal discomfort or pain

that has two out of three features:

1. Relieved with defecation; and/or

2. Onset associated with a change in frequency of stool;

and/or

3. Onset associated with a change in form (appearance) of

stool.

Symptoms that cumulatively support the diagnosis of IBS:

Abnormal stool frequency (> 3 bowel movements per day

or 53 bowel movements per week)

Abnormal stool form (lumpy/hard or loose/watery stool)

Abnormal stool passage (straining, urgency, or feeling of

incomplete evacuation)

Passage of mucus

Bloating or feeling of abdominal distension

Adapted from ROME II (2000), with permission.
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harmful. A recent systematic review of studies investi-
gating the utility of diagnostic tests in IBS concluded
that there is insuf®cient evidence to recommend the
routine performance of a standardized battery of tests
in patients who meet symptom-based criteria.

Minimal diagnostic procedures to exclude organic
disease include complete blood count, erythrocyte sed-
imentation rate, blood chemistries, thyroid panel, and
examination of stool for occult blood and ova, and par-
asites (latter in diarrhea-predominant patients). A colon
examination consisting of a colonoscopy or barium
enema and ¯exible sigmoidoscopy should also be per-
formed in patients 50 years or older. Once the initial
therapeutic strategy is found to be unrevealing, the phy-
sician should initiate symptomatic treatment for IBS and
reassess in 3 to 6 weeks. When red ¯ag signs are present
and for those patients that present with short symptom
duration or worsening severity, onset late in life, or a
family history of colon cancer, a more detailed diagnos-
tic evaluation should be considered (Fig. 1).

Further Diagnostic Approach Based on
Predominant Symptoms

Depending on the quality and severity of a patient's
symptoms and his or her response to treatment, further
diagnostic studies may be performed and are based on

whether diarrhea, constipation, or abdominal pain is the
predominant symptom.

In patients with constipation-predominant IBS with
infrequent bowel movements, a colon transit study by
Sitzmark technique or scintigraphy is recommended.
When symptoms, such as dyschezia or incomplete
evacuation, suggest obstruction to defecation, further
anorectal testing should be considered. This includes
anorectal motility testing with balloon expulsion,
defecography, and possibly dynamic pelvic magnetic
resonance imaging. These studies may be useful in
the diagnosis of pelvic ¯oor dyssynergia, rectal
prolapse, rectocele, and anismus.

If diarrhea is persistent, colonoscopy or sigmoidos-
copy with mucosal biopsies should be performed to rule
out collagenous or lymphocytic colitis even in the ab-
sence of macroscopic mucosal ®ndings. In patients with
refractory diarrhea, especially in those with associated
weight loss, further testing should include 24 h stool
volume and 72 h fecal fat. If an increase in stool volume
is determined (4400 cc/day), screening for electrolytes
and laxatives is useful. Upper endoscopy with biopsy
specimen from distal duodenum or proximal jejunum is
helpful in excluding celiac sprue, Whipple's disease,
intestinal lymphoma, and infections. A jejunal aspirate
can be obtained to rule out Giardia lamblia or bacterial
overgrowth. Finally, when postprandial symptoms of
bloating and gaseousness accompany diarrhea and sug-
gest bacterial overgrowth, a breath hydrogen test can be
considered.

In patients with pain predominance, an abdominal
and pelvic CT scan may help exclude intra-abdominal
masses.

TREATMENT OPTIONS

The treatment of IBS can be challenging to both the
clinician and the patient. It is therefore important for
the physician to strive to gain the patient's con®dence
with a concise, appropriate work-up and by offering
reassurance that IBS is a common, functional disorder
that can impact quality of life but without long-term
health risks. The therapeutic management of IBS pa-
tients requires a multidisciplinary approach including
education, reassurance, dietary recommendations, life-
style modi®cations, pharmacotherapy, and psychoso-
cial intervention in more severe cases.

Severity of Symptoms

Patients can be categorized into groups based
on symptom severity. Many IBS patients have mild
intermittent symptoms that correlate closely with

FIGURE 1 The diagnosis of IBS should be based on the history

and physical examination as well as the presence or absence of red

¯ag signs suggestive of organic disease. Stool should be examined

for ova and parasites in patients who are diarrhea predominant

and not in those who are constipation predominant. CBC, com-

plete blood count; ESR, erythrocyte sedimentation rate; TSH,

thyroid-stimulating hormone.
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 of organic disease 
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• Red flags suggestive of 
 organic disease 
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• New onset or change in 
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• Sigmoidoscopy (optional) 
• Consider other supportive 
 studies based on predominant 
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• Colonoscopy or barium enema 
 with sigmoidoscopy
• Consider other supportive 
 studies based on predominant 
 symptom

Presence of Symptoms Suggestive of IBS



gut-related physiologic events (e.g., pain/diarrhea
worse after meal, stress, or menses). Primary care
physicians, rather than specialists, usually treat these
patients. Treatment is directed toward education, reas-
surance, and dietary/lifestyle changes. Some patients
suffer from moderate symptoms that are intermittent
but can at times be disabling. Symptoms can be associ-
ated with considerable symptom-related distress. These
patients are often evaluated by specialists and seem to
bene®t from a combination of pharmacotherapy and
psychological intervention. Finally, a relatively smaller
subgroup of IBS patients present with severe symptoms
characterized as refractory and severely disabling. They
predominate among patients seen in tertiary referral
centers and frequently have psychiatric co-morbidity
and psychosocial dif®culties (history of adverse life
events or maladaptive coping styles) associated with
high healthcare utilization. In addition to phar-
macological treatment, often with antidepressant med-
ication, and a referral to mental health professionals, an
ongoing and effective relationship with a healthcare
provider through brief and regularly scheduled visits is
bene®cial.

Establishing an Effective PhysicianÿPatient
Relationship

An effective physicianÿpatient relationship is the
cornerstone of successful management of an IBS patient.
The physician is encouraged to listen actively to identify
the patient's concerns and his or her understanding
of the disorder. It is important to set realistic and shared
goals and to involve the patient in treatment decisions
rather than issuing directives.

After the physician assesses the patient's level of
knowledge about the disorder, information should be
provided verbally and/or in print to enhance the
patient's understanding. Patients commonly want to
understand the basis of their symptoms and sometimes
seek validation that their symptoms are `̀ real.'' The cli-
nician can explain that the intestine is overly sensitive to
a variety of stimuli such as food, hormonal changes, or
stress. These stimuli can produce enhanced visceral mo-
tility or visceral perception or both. These alterations in
physiologic function are experienced as pain or discom-
fort, diarrhea or constipation, bloating, or any combi-
nation anywhere in the abdomen.

Reassurance that IBS is a benign disorder even
though it can drastically affect quality of life should
be given after the physician has appreciated the patient's
concerns and worries and after an adequate diagnostic
workup. If reassurance is given prior to evaluation or in
a perfunctory manner, the patient is likely to reject it.

This kind of treatment approach is associated with
improved patient satisfaction and reduced physician
visits. Patients who feel adequately informed tend to
have less healthcare visits.

Dietary Recommendations and
Lifestyle Modi®cations

Symptom Monitoring

Monitoring symptoms by asking the patient to use a
diary for 2ÿ3 weeks can assist the physician in identi-
fying the presence of possible aggravating factors. The
diary may help to reveal dietary indiscretions or speci®c
stressors that were not previously considered and can
give the patient a sense of participation in the planning
of care. Physician and patient together can review diet,
lifestyle, or behavioral modi®cations.

Dietary Measures

Patients often attribute their symptoms to speci®c
food substances. There may be some patients that have
intolerance to certain foods and may bene®t from elim-
ination of foods that trigger their symptoms. It is more
likely, however, that most patients experience symp-
toms as a generalized effect of eating without a speci®c
food trigger. Foods known to be associated with in-
creased ¯atulence include beans, onions, celery, carrots,
raisins, bananas, apricots, prunes, brussels sprouts,
wheat germ, pretzels, and bagels. Patients suffering
from excess gas may bene®t from avoiding these foods.

Lactose intolerance can mimic symptoms of IBS and
may co-exist with IBS. A dietary history for carbohy-
drate intolerance should be assessed, particularly in pa-
tients with excess gas with and without diarrhea.
Intolerance to other carbohydrates (fructose and sorbi-
tol) may also contribute to GI symptoms. Therefore, a
history of carbohydrates should be obtained and man-
aged accordingly if found. However, care should be
taken to avoid an unnecessarily restrictive diet.

Role of Fiber in IBS

The most widely recommended agents for treatment
of IBS are dietary ®ber supplements. These agents serve
to enhance water-holding properties of the stool, form
gels to provide stool lubrication, provide bulk for the
stool, and bind agents such as bile acids that may be
responsible for some symptoms in IBS. Soluble ®ber,
such as pectin, psyllium, or oat bran, is thought to
act by enhancing water-retentive properties of stool,
whereas insoluble ®ber, such as cellulose or lignin, is
likely to be a more effective bulking agent. Increased
dietary ®ber or psyllium products are frequently
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recommended for IBS-C patients, even though, as a
group, these patients do not consume less dietary
®ber than controls. In IBS-C patients, ®ber accelerates
oro-anal transit time and signi®cant improvement of
constipation was demonstrated when 20 to 30 g of ®ber
was consumed. In summary, whereas ®ber has an
established role in relieving constipation symptoms,
its value in IBS for the relief of diarrhea is controversial
and it is not helpful for pain.

Pharmacological Treatment

At present, no pharmacological agent has been
found to improve all symptoms of IBS. Therefore, the
pharmacotherapeutic approach should be tailored to
remedy the patient's most bothersome symptom. How-
ever, novel agents have been shown to improve the
multiple symptoms of IBS.

The Constipation-Predominant Patient

The principles of management of IBS-C patients are
to improve stool frequency and consistency and reduce
the effort needed for defecation. Bulking agents such as
psyllium, bran, and methylcellulose, in concert with a
high-®ber diet, are recommended. Patients should be
informed that ®ber supplementation may take several
weeks to produce a satisfactory result and that ®ber
should be introduced slowly to prevent excess disten-
sion and gas. Patients with an inadequate response
should be given osmotic agents such as milk of magnesia
or polyethylene glycol. If the patient is unresponsive or
intolerant of osmotic laxatives, stimulant laxatives can
be prescribed on an intermittent basis, e.g., three times
per week. Tegaserod is a recently approved 5-HT4 (se-
rotonin type 4) agonist that is recommended for treating
the multiple symptoms of IBS with constipation in
women (see below).

The Diarrhea-Predominant Patient

IBS-D is associated with acceleration of small bowel
and proximal colonic transit. The management of these
patients focuses on the reduction of defecation fre-
quency and urgency and improvement in stool consis-
tency. The agents most commonly employed are the
synthetic opiate derivatives loperamide (Imodium)
and diphenoxylate (Lomotil). Loperamide decreases in-
testinal transit, enhances intestinal water and ion ab-
sorption, and increases anal sphincter tone at rest. These
physiologic actions are thought to explain the improve-
ment in diarrhea, urgency, and fecal soiling observed in
patients with IBS. The effect on resting anal sphincter
tone possibly helps to reduce fecal soiling at nighttime

when the internal sphincter is the predominant mech-
anism of continence. Systematic review of randomized
clinical trials has demonstrated placebo superiority of
loperamide in controlling IBS-associated diarrhea but
not in relieving abdominal pain. Loperamide is pre-
scribed at a dose of 2 mg orally after each loose stool
with a maximum of 16 mg/kg but can also be used to
reduce postprandial urgency. It can also be used pro-
phylactically as a means of improving control at times of
anticipated stress or other adverse stimuli (e.g., before
exercise, social gatherings, or eating in a restaurant).
Common side effects include drowsiness, dizziness, dry
mouth, constipation, nausea, and abdominal pain/dis-
tension. Loperamide is generally favored over di-
phenoxylate because the latter contains atropine and
may cause adverse anticholinergic side effects that
can be worrisome in the elderly (e.g., urinary retention,
glaucoma, tachycardia, and glaucoma).

Cholestyramine may be considered for a subgroup of
patients with cholecystectomy or who may have bile
acid malabsorption. However, evidence for its ef®cacy
in IBS is limited. The starting dose is 4 g orally before
meals and can be increased up to 4 g three times daily.

The Pain-Predominant IBS Patient

Severe abdominal pain represents one of the most
dif®cult symptoms to treat in IBS. Antispasmodic drugs,
especially anticholinergics, are most commonly pre-
scribed and some patients, especially those with post-
prandial symptom exacerbation, may bene®t from such
therapy. The rationale behind the use of antispasmodic
agents is that they relax intestinal smooth muscle and
thereby decrease cramps and painful sensations. In one
meta-analysis of smooth muscle relaxants in IBS, ®ve
drugs showed ef®cacy over placebo in improving ab-
dominal pain: cimetropium bromide, pinaverium bro-
mide, octylonium bromide, mebeverine, and
trimebutine. However, none of these drugs underwent
extensive trials in North America and they have not been
approved by the Food and Drug Administration (FDA)
for use in the United States. Although the available
agents have not been shown to be superior over placebo,
they are often used on an as-needed basis up to four
times a day for acute attacks of pain, distension, or
bloating. Agents such as dicyclomine or mebeverine
seem to retain ef®cacy when used on a pro re nata
basis, but become less effective with chronic use.

Tricyclic antidepressants (TCAs; e.g., amitriptyline,
imipramine, doxepin) are now frequently used in the
treatment of IBS, particularly in patients with more se-
vere or refractory symptoms, impaired daily function,
and associated depression and panic attacks. A recent
systematic review uncovered only one high-quality trial

IRRITABLE BOWEL SYNDROME 473



of amitriptyline, which showed a trend for global
symptom improvement. The ef®cacy of TCAs as a
visceral analgesic agent at lower doses than those
used to treat depression suggests neuromodulatory
analgesic properties. Treatment with these agents
should start with low doses (e.g., 10ÿ25 mg nightly)
and titrated up as needed to the lowest most effective
therapeutic dose, e.g., amitriptyline (Elavil) or doxepin
(Sinequam) at a dose of 10ÿ50 mg at bedtime. These
agents may have strong sedative effects and can be used
to promote sleep with a single nightly dose.

Selective serotonin reuptake inhibitors are often
used to treat IBS patients although they have not yet
been shown to reduce IBS symptoms in well-designed
published studies. They have been shown to be effective
in treating ®bromyalgia alone or in combination with a
TCA. They may be most useful in treating the co-morbid
psychological distress symptoms in IBS patients.

Emerging Therapies

Serotonin type 3 and 4 receptors are involved in
mediating re¯exes that control gastrointestinal motility
and secretion, bowel function, and perception of pain.
They have recently been studied extensively as novel
targets for pharmacological therapy of IBS.

Tegaserod (Zelnorm), a partial 5-HT4 agonist, ap-
pears to be a promising agent for treatment of
constipation-predominant IBS. Tegaserod was associ-
ated with an acceleration of orocecal transit time and
superiority to placebo in global relief of IBS symptoms in
female IBS patients. The effective dose is a total of 12 mg
per day in two divided doses prior to meals. The drug
appears to be safe with no serious adverse events re-
ported in clinical trial programs. Only small but
signi®cant increases in the prevalence of headache
and diarrhea, often transient, were associated with
tegaserod compared to placebo. The FDA approved
this medication in July 2002 for the short-term treat-
ment of the multiple symptoms of IBS with constipation
in females.

Prucalopride, a full 5-HT4 agonist, has recently been
demonstrated to accelerate colonic transit time in func-
tional constipation. The effect of the agent on abdominal
pain has not been adequately investigated. Clinical trials
have been discontinued because of carcinogenicity in
animals.

5-HT3 antagonists reduce visceral pain, rate of
colonic transit, and small intestinal secretion. Alosetron
(Lotronex), a selective 5-HT3 antagonist, is effective in
relieving pain, normalizing bowel frequency, and reduc-
ing urgency in diarrhea-predominant, female patients
with IBS. The most common side effect is constipation.
Acute ischemic colitis was observed in 0.1ÿ1% of

patients receiving the medication, which led to the vol-
untary withdrawal from the market in November 2000.
In June 2002, the FDA approved the restricted use of
alosetron to treat women with severe diarrhea-
predominant IBS. This medication became available
in November 2002. Other drugs in this class (i.e.,
cilansetron) are currently undergoing multicenter
phase III clinical trials.

Other novel drugs that are being investigated as
therapeutic agents for IBS include neurokinin (NK)-1
and NK-3 antagonists, cholecystokinin-1 (CCK1) antag-
onist, and k-opioid agonist. It is hoped that continued
research in the pathophysiologic mechanisms of IBS will
result in the identi®cation of potential targets of action
from which more effective therapies for IBS can be
developed.

Psychological Treatment

Psychological treatment can be considered when IBS
symptoms are moderate to severe, when symptoms have
failed to respond to medical treatments, or when there is
evidence that stress or psychological factors are contrib-
uting to GI symptom exacerbation. The symptoms
associated with a favorable response are diarrhea, ab-
dominal pain, and psychological distress. The patient's
understanding of the rationale for such a treatment and
his or her motivation to engage in it are critical to a
successful outcome. A recent review demonstrated
the superiority of psychological treatment over conven-
tional medical therapy in 8 of 13 studies. To date, no
psychological intervention technique is known to be
superior to another. Therefore, the choice of the speci®c
treatment option depends on patient requirements and
resource availability.

Cognitive-behavioral therapy consists of a wide
range of strategies and procedures designed to bring
about alterations in the patient's perception of his or
her situation and ability to control GI symptoms. Re-
laxation training includes a variety of different methods
to teach patients to counteract the psychological effects
of stress and anxiety. Among the most widely used tech-
niques are progressive muscle relaxation training, bio-
feedback, and autogenic training.

The ef®cacy of gut-directed hypnotherapy in IBS has
been demonstrated in several studies. The hypnotic
state is a state of heightened suggestibility. Following
induction, the therapist couples progressive muscle re-
laxation with `̀ gut-directed'' therapeutic suggestions.
Recent results suggest that hypnotic relaxation in-
creases the distension volume required to induce dis-
comfort, whereas anger induced in the hypnotic state
reduces this threshold.
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SUMMARY

IBS is one of the most common functional bowel disor-
ders and is characterized by the presence of chronic or
recurrent abdominal pain and/or discomfort associated
with altered bowel habits. It is prevalent in 9ÿ23% of the
general population and accounts for 12% of primary
care visits and 28ÿ37% of visits to gastroenterologists.
It appears to be more common in women, particularly
those with constipation-predominant symptoms. The
healthcare and economic burden of IBS is considerable
and has been estimated to be up to $30 billion per year. A
unifying hypothesis to explain functional GI disorders is
that they result from a dysregulation of the brainÿgut
neuroenteric system, which may result in altered GI
motility, visceral perception, autonomic responses,
and central nervous system modulation of visceral sen-
sory information. The diagnostic approach in IBS is
based on making a positive symptom-based diagnosis
of IBS and excluding organic disease. The management
of IBS includes nonpharmacologic (e.g., education,
reassurance, and psychological treatment) and pharma-
cologic approaches and should be based on predomi-
nant symptoms, symptom severity, and the presence of
co-morbid psychological features.
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Kaposi's Sarcoma
SONALI S. MASTER AND JOHN M. CARETHERS

University of California, San Diego

hemorrhage Loss of blood from blood vessels.

intussusception Telescoping or invagination of one portion

of the bowel into the adjacent, distal intestinal lumen.

Kaposi's sarcoma, a multicentric malignant vascular neo-

plasm, was ®rst described in 1872. In its classic form, it

was originally seen in elderly men of Eastern European or

Mediterranean background. With the advent of acquired

immunode®ciency syndrome (AIDS), epidemic Kaposi's

sarcoma became more widely recognized in its cutaneous

form and is one of the most common AIDS-associated

cancers in the United States.

EPIDEMIOLOGY

Extracutaneous Kaposi's sarcoma (KS), including
visceral KS, has been well described in the setting of
cutaneous disease. Reported sites of visceral involve-
ment include the esophagus, stomach, small and large
bowels, liver, spleen, pancreas, mesentery, and biliary
tree. Although KS can develop anywhere in the gastro-
intestinal (GI) tract, the stomach and proximal small
bowel are most often involved. Less commonly, KS may
involve the gastrointestinal tract in the absence of
cutaneous disease.

At one time, gastrointestinal KS was estimated to
occur in up to 40% of patients with AIDS, but more
recently its incidence has declined. In addition to oc-
curring in patients with AIDS, visceral KS has also been
con®rmed in organ transplant recipients as well as in
patients receiving immunosuppressants for other dis-
eases. In these patients, KS occurs several months to
a few years after initiation of immunosuppression.
Although skin lesions may regress with a reduction in
immunosuppression, patients with visceral involve-
ment may succumb to their disease.

DIAGNOSIS

Early gastrointestinal KS consists of asymptomatic
macular, plaquelike lesions with a redÿblue appear-
ance. Endoscopically, these lesions are described as
being multiple, ¯at, violaceous lesions ranging in size

from a few millimeters to 1ÿ2 cm (see Fig. 1). The
lesions may become progressively bulky and nodular,
with central umbilication or ulceration. Tumors may
also be sessile or polypoid. Clinically, nausea, abdom-
inal pain, intussusception, obstruction, or perforation
may occur. Gastrointestinal hemorrhage from KS
lesions has also been described.

Endoscopic biopsies, using standard biopsy forceps,
are low yield in the diagnosis of gastrointestinal KS due
to the submucosal location of these tumors. In one
study, biopsy specimens were positive for KS in only
7 of the 17 patients with macroscopic gastrointestinal
lesions. Diagnosis of gastrointestinal KS is, therefore,
largely based on gross endoscopic ®ndings in the
appropriate clinical setting.

Early gastrointestinal KS is not detectable on
air-contrast barium radiography due to its macular
nature. As a lesion progresses and develops central
umbilication, it may be seen as a target, or bull's eye
lesion. Small intestinal KS may be seen as focal nodular

FIGURE 1 Gastric body. Endoscopic appearance of gastric

Kaposi's sarcoma in an AIDS patient.

K
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thickening. However, because the ®ndings are nonspe-
ci®c, barium studies may be of limited use in diagnosing
gastrointestinal KS.

PATHOLOGY/PATHOGENESIS

Microscopic examination of KS lesions reveals a prolif-
eration of spindle-shaped cells in the lamina propria and
submucosa. The spindle cells form slits and vascular
clefts in which there are extravasated erythrocytes.
Hemorrhage and central necrosis are also often seen
within the tumor. KS is thought to arise from a malig-
nant proliferation of lymphatic endothelial cells, which
may explain its multicentric nature. Evidence suggests
that KS results from an infectious agent. In 1994, a
speci®c type of human herpesvirus was found to be
present in KS lesions. The genomic sequences of this
herpesvirus, also called KS-associated herpesvirus
(KSHV), are found in virtually all KS lesions. KSHV is
also referred to as human herpesvirus-8 (HHV-8) and is
part of the same gammaherpesvirus subfamily that
includes EpsteinÿBarr virus.

PROGNOSIS

Diagnosis of gastrointestinal KS is important, because
prognosis worsens with visceral involvement. The
2-year survival of AIDS patients with endoscopic
evidence of KS was found to be 11% compared to an
88% 2-year survival in those without intestinal KS. This
survival difference reinforces the observation that KS is
yet another manifestation of the compromised immune
state seen in AIDS.

Visceral KS lesions require treatment only if they are
symptomatic. Treatment with immunomodulation,
radiation, or chemotherapy can reduce tumor bulk
and improve symptoms but does not change overall
survival in AIDS patients.

SUMMARY

Gastrointestinal Kaposi's sarcoma is an uncommon
neoplasm that should be considered in patients with
AIDS-related or iatrogenic compromise of their immune
system.
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Kawasaki Syndrome
H. CODY MEISSNER

Tufts University School of Medicine

atypical or incomplete Kawasaki syndrome Variation of

classical Kawasaki syndrome in which fewer than ®ve

criteria are present but coronary artery aneurysms still

develop.

giant aneurysm Most severe complication of Kawasaki

syndrome in which a coronary artery aneurysm develops

and measures more than 8 mm in diameter.

Kawasaki syndrome Vasculitis; has replaced rheumatic fever

as the most common cause of acquired heart disease in

children and is diagnosed on the basis of fever plus ®ve

criteria.

superantigen Protein antigen that differs from a conventional

antigen in several aspects, but one of the most important

is its ability to elicit a massive cytokine response, typical

of what occurs in Kawasaki syndrome.

Kawasaki syndrome is an acute, multisystem vascu-

litis that primarily affects infants and young children

under 5 years of age. The illness was ®rst described by

Tomisaku Kawasaki in 1967 in Japanese in the Journal of

Allergology. Although Kawasaki syndrome was originally

described as a benign illness of early childhood, it is now

recognized that this disease is a leading cause of acquired

heart disease in children in the United States and Western

Europe. Children with Kawasaki syndrome who do not

receive treatment with intravenous immunoglobulin and

aspirin within the ®rst 10 days of onset of fever have a

20ÿ25% risk of developing coronary artery abnormali-

ties. Early recognition and prompt treatment reduce the

prevalence of coronary artery abnormalities to less than

5%, placing emphasis on the need for early diagnosis and

treatment.

INTRODUCTION

A diagnosis of Kawasaki syndrome (KS) is based on the
presence of fever plus at least four of ®ve criteria, just as
a diagnosis of rheumatic fever is based on the Jones
criteria. Although the etiology of Kawasaki syndrome
is not fully de®ned, features of this syndrome are similar
to those found in certain illnesses that are known to be
caused by toxin- or superantigen-producing bacteria,
including toxic shock syndrome and scarlet fever.

Kawasaki syndrome has been reported from coun-
tries throughout the world, although the highest rates of
disease are found in Japan and children of Japanese
ancestry living outside of Japan. In the United States
the prevalence of Kawasaki syndrome is highest in
Asians, intermediate in blacks, and lowest in Cauca-
sians. The hospitalization rate for Kawasaki syndrome
among American Indians and Alaskan natives appears to
be lower than that among Caucasians. Disease occurs in
males about 1.5 times more often than in females. The
peak age at which disease occurs is 12ÿ24 months.
More than 80% of cases occur in patients before
5 years of age and most cases occur before 2 years.
The onset of disease after 8 years is rare, representing
less than 10% of cases reported to the Centers for Dis-
ease Control and Prevention (CDC). Recurrent disease
develops in fewer than 2% of patients. It is not clear
whether older patients are predisposed to more severe
disease or whether older patients are more likely to have
a delay in diagnosis and initiation of treatment later in
the course of their illness, with correspondingly
greater morbidity. Infants less than 12 months of
age and particularly those less than 6 months appear
to be at increased risk of developing coronary artery
abnormalities.

CLINICAL DISEASE

The possibility of Kawasaki syndrome should be con-
sidered in any patient with a fever lasting 5 or more days
without an alternative explanation and the presence of
at least four of the ®ve clinical criteria listed in Table I.
Kawasaki syndrome typically begins with an acute
onset, with daily fevers to 40�C or greater in a toxic-
appearing child. Fever may last 2 weeks or longer with-
out treatment. The mucocutaneous manifestations of
Kawasaki syndrome are varied and not all patients
will exhibit each feature. In the ®rst days of acute febrile
illness, approximately 90% of children with Kawasaki
syndrome develop a polymorphous exanthem, which
may demonstrate a variety of forms. The eruption
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tends to be most prominent on the trunk and extre-
mities. One early sign may be accentuation of a
perineal rash.

In most patients a nonexudative, bilateral conjunc-
tival injection begins shortly after the onset of fever and
generally involves the bulbar conjunctiva to a greater
extent than the palpebral conjunctiva. Conjunctival ves-
sels become engorged and dilated. Purulent discharge is
generally not present. Conjunctival injection is associ-
ated with anterior uveitis in about 80% of patients.

Oral mucosal ®ndings occur in almost all typical
cases. The lips become red, dry, and often cracked,
producing small hemorrhagic ®ssures. There are no
punctate ulcerations such as those seen in herpes
gingivostomatitis and no erosions suggestive of
StevensÿJohnson syndrome. The tongue is often `̀ straw-
berry'' in appearance with hypertrophied papillae and
hyperemia, similar to that seen with streptococcal in-
fections. A generalized erythema of the oropharynx is
common although ulceration of the mucosal surface is
not characteristic.

Changes in the extremities may be the most distinc-
tive ®nding among the ®ve criteria. Erythema and
edema of the hands and feet with fusiform swelling of
the ®ngers and toes are often observed. Swelling usually
begins within a few days of the onset of illness. The
hyperemic areas desquamate during the second or
third week. The desquamation characteristically begins
at the tips of the ®ngers and toes (the periungal region)
and may extend to involve the palms and soles in a
manner similar to that seen in scarlet fever. Lymphade-
nopathy is the least frequent ®nding, seen in 50ÿ75% of
patients. It is most often unilateral and the nodes are
®rm and nontender.

Other associated clinical features of Kawasaki
syndrome are listed in Table II. Polyarticular arthralgia
and arthritis may occur soon after onset of fever
and involve the small joints. Pauciarticular arthritis

involving the large weight-bearing joints (hips, knees,
and ankles) may occur in the second or third week of
illness. Urethritis associated with sterile pyuria is com-
mon. A mononuclear cell pleocytosis of the cerebrospi-
nal ¯uid, with normal glucose and protein levels, occurs
in approximately 1/3 of patients who undergo lumbar
puncture. It should be remembered that a small number
of patients will develop aseptic meningitis (fever, head-
ache, vomiting, and nuchal rigidity) within 48 hours
following intravenous immunoglobulin infusion.

Cardiac abnormalities are the major complication of
Kawasaki syndrome and constitute the most serious
complication of this disease. Myocarditis may develop
during the ®rst few days following onset of fever and is
manifest by tachycardia out of proportion to fever ele-
vation, conduction irregularities, a gallop rhythm, or
electrocardiogram changes. Pericardial effusion may de-
velop as a manifestation of carditis. Congestive heart
failure may develop as a complication of myocardial
dysfunction secondary to ischemia or infarct. Coronary
artery abnormalities occur in 20ÿ25% of untreated pa-
tients. Dilatation of the coronary arteries can be detected
by echocardiography soon after the onset of fever. An-
eurysms of the coronary arteries may be demonstrable
by echocardiography as soon as a few days after onset of
illness, but more typically occur between 1 and 4 weeks
of illness. Rarely, patients experience aortic regurgita-
tion or mitral regurgitation due to valvulitis, transient
papillary muscle dysfunction, or myocardial infarction.
Occasionally, patients develop aneurysm of the bra-
chial, renal, or iliac arteries. This usually occurs in as-
sociation with coronary artery abnormalities.

The likelihood of resolution of the aneurysm is de-
termined by the initial size of the aneurysm, with
smaller aneurysms having a greater likelihood of regres-
sion. Patients with giant aneurysms (diameter 48 mm)
have the worst prognosis. Nakano et al. have reported
that 71% of patients with giant aneurysms progress
to stenosis or obstruction over an 11-month followup

TABLE I Diagnostic Criteria for Kawasaki Syndromea

Fever for � 5 days without other explanation, and at least four

of the following ®ve criteria:

Nonexudative bulbar conjunctival injection

Oropharyngeal changes, including injected or ®ssured

lips, injected pharynx, or strawberry tongue

Extremity changes, including erythema of the palms or

soles, edema of the hands or feet, or periungal

desquamation

Polymorphous rash

Acute nonsuppurative cervical lymphadenopathy

a A diagnosis of atypical Kawasaki syndrome can be made when

more than four criteria are present when coronary artery aneurysms

are present.

TABLE II Associated Features of Kawasaki Syndrome

Cardiovascular abnormalities, including myocarditis, arterial

aneurysms, pericarditis, aortic or mitral regurgitation, and

ventricular arrhythmias

Arthralgia and arthritis

Hepatic dysfunction

Urethritis with sterile pyuria

Aseptic meningitis

Hydrops of the gallbladder

Diarrhea, vomiting, or abdominal pain

Peripheral gangrene

Uveitis

Sensorineural hearing loss
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period. At a mean followup of 32 months, 30% of giant
aneurysms develop obstruction. Nearly all late deaths
from Kawasaki syndrome occur in patients with this
complication.

Kawasaki syndrome is based on diagnostic criteria
using clinical signs and symptoms that overlap with
other illnesses. This can result in diagnostic dilemmas,
particularly in atypical cases that do not completely
ful®ll the diagnostic criteria but are associated with
the development of coronary artery abnormalities. Re-
ports of atypical or incomplete Kawasaki syndrome
have increased in recent years. In certain cases, the de-
cision to treat with intravenous immunoglobulin (IG)
and acetylsalicylic acid (ASA) can be a dif®cult diagnos-
tic dilemma. The risk of coronary artery abnormalities
increases in direct proportion to the interval of time
between the onset of fever and intravenous administra-
tion of IG. Instances of atypical Kawasaki syndrome are
most common in infants, the age group that is at greatest
risk of coronary artery abnormalities. The decision to
initiate therapy in children who do not satisfy the
American Heart Association criteria can be supported
by laboratory results showing acute-phase reactants
(elevated white blood cell count, elevated sedimenta-
tion rate), an ultrasound showing a pericardial effusion,
or a slit lamp exam showing anterior uveitis.

GASTROINTESTINAL ABNORMALITIES

Kawasaki syndrome is a multisystem in¯ammatory
disorder and a number of organ systems may be in-
volved, as shown in Table II. Early in the acute stage,
gastrointestinal complaints include nausea, abdominal
pain, and diarrhea. Mild hepatic dysfunction in associ-
ation with modest elevation of serum transaminases and
elevated bilirubin values may occur during the acute
febrile phase of disease. Hypoalbuminemia is associated
with more severe disease. Hydrops of the gallbladder is
well described in patients with Kawasaki syndrome and
typically presents with a right upper quadrant mass in
the ®rst 10ÿ14 days of illness and may occur with or
without obstructive jaundice. Gallbladder hydrops can
be detected and monitored by ultrasonography. Chole-
cystectomy is not indicated. Involvement of the liver
and gallbladder resolves soon after administration of
intravenous IG and aspirin and is not associated with
any long-term abnormality. Pancreatitis has also been
reported in association with Kawasaki syndrome.

The laboratory features of Kawasaki syndrome in-
clude leukocytosis with an increased band count and an
elevated platelet count by the second week of illness.
During the acute early febrile stage, `̀ acute-phase reac-
tants'' are generally elevated, including the erythrocyte

sedimentation rate, C-reactive protein, a2-globulin, and
a1-antitrypsin. An increase in ®brinogen and a prolon-
gation of prothrombin time (PT) and partial thrombo-
plastin time (PTT) values have been reported.

DIFFERENTIAL DIAGNOSIS

The clinical manifestations of Kawasaki syndrome are
not speci®c and they occur in a number of other infec-
tious and rheumatologic diseases. Other diseases that
may resemble Kawasaki syndrome are shown in Table
III. A ®rm diagnosis of KS is often dif®cult because the
symptoms are not unique and because not all symptoms
are seen in all patients. Because therapy within the ®rst
10 days of onset of fever is clearly desirable in terms of
reducing the risk for cardiac complications, rapid diag-
nosis and treatment are important. In many patients,
differentiation of KS from other illnesses that resemble
this syndrome may be dif®cult. Viral illnesses that may
enter the differential diagnosis include measles,
Epstein-Barr virus, adenovirus, and in¯uenza virus in-
fections. Nasal secretions should be cultured in a patient
whose symptoms include evidence of an upper respira-
tory tract infection, especially to rule out adenovirus
infection. Group A b-hemolytic streptococcus and
Staphylococcus aureus infections may also mimic KS.
Noninfectious diseases that frequently appear in the
differential diagnosis include drug reactions and juve-
nile rheumatoid arthritis. Findings at physical exami-
nation that are not typical of KS include discrete
intraoral ulcerations, exudative conjunctivitis, and
generalized lymphadenopathy.

THERAPY

Management of patients with Kawasaki syndrome is
directed at reducing in¯ammation in the myocardium
and coronary artery wall during the acute phase. Once

TABLE III Differential Diagnosis of Kawasaki

Syndrome

Measles

Scarlet fever

Drug reactions

Toxic shock syndrome

Staphylococcal scalded skin syndrome

StevensÿJohnson syndrome

Rocky Mountain spotted fever

Viral exanthems

Leptospirosis

Juvenile rheumatoid arthritis

Adenovirus infection

EpsteinÿBarr virus infection
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the acute stage has passed, therapy is directed at
prevention of coronary artery thrombosis. ASA in com-
bination with high-dose intravenous IG forms the basis
of current therapy (Table IV). ASA is used for both
antiin¯ammatory and antithrombotic actions, although
convincing data that ASA reduces coronary artery ab-
normalities are not available. Aspirin is administered at
a dose of 80ÿ100 mg/kg/day in four divided doses to
achieve a serum salicylate level of 20ÿ25 mg/dl during
the acute phase of the illness. This is the only dose of
ASA that has been carefully studied in the United States.
Although gastrointestinal hemorrhage is a known com-
plication of aspirin therapy, this adverse event is a rare
complication of high-dose salicylate therapy in patients
with Kawasaki syndrome. Ef®cacy from intravenous IG
therapy has only been demonstrated when administered
within the ®rst 10 days of illness. Patients who present
beyond the tenth day of fever should still be treated with
intravenous IG and ASA, although supporting data are
not available. It is not clear whether different prepara-
tions of intravenous IG have similar ef®cacy in the pre-
vention of coronary artery abnormalities. In afebrile
children, the ASA dose is reduced to 3ÿ5 mg/kg/day
to continue antithrombosis activity. ASA is discontin-
ued if no coronary abnormalities have been detected
by 6ÿ8 weeks after onset of the illness. ASA therapy
is continued inde®nitely if coronary artery aneurysms
develop.

At present, the treatment of choice for acute
Kawasaki syndrome is a single intravenous dose of IG
at 2 g/kg administered over 10ÿ12 hours in combina-
tion with ASA. Using this regimen, the prevalence of
coronary artery abnormalities falls to less than 5%. Peak
adjusted serum globulin levels are lower among patients
who subsequently develop coronary artery abnormali-
ties and are inversely related to fever duration and lab-
oratory indices of acute in¯ammation.

All children diagnosed with Kawasaki syndrome
should have two-dimensional echocardiography at

the time of diagnosis. Repeat studies are recommended
at 4ÿ6 weeks and again at 6ÿ12 months. The major
long-term morbidity in Kawasaki syndrome is related to
cardiovascular complications. Approximately 50% of
children with arterial aneurysms will show angio-
graphic regression within 6 months to 2 years after
onset of their disease.

MECHANISM OF ACTION OF
INTRAVENOUS IMMUNOGLOBULIN

The mechanism by which high-dose intravenous IG
works to reduce the vasculitis associated with Kawasaki
syndrome is unknown. The observation that intrave-
nous IG works rapidly in reducing the laboratory pa-
rameters of the acute-phase response associated with KS
suggests a generalized antiin¯ammatory effect. In this
regard, it has been reported that prior to intravenous IG
therapy, peripheral blood mononuclear cells from
patients with acute Kawasaki syndrome secrete high
levels of interleukin-1 (IL-1), an endogenous pyrogen,
and tissue vascular endothelial cells express IL-1-
inducible endothelial activation antigens. IL-1 secretion
remains elevated in intravenous IG-treated patients in
whom coronary artery abnormalities develop. However,
IL-1 secretion levels fall to normal in-patients who re-
spond to intravenous IG therapy. These data support the
notion that intravenous IG may work in Kawasaki
syndrome by reducing cytokine-inducible endothelial
activation.

Intravenous IG has been shown to contain high con-
centrations of neutralizing antibodies that inhibit
the T cell response to staphylococcal superantigens.
Using af®nity absorption techniques, it has been
shown that this T cell inhibitory effect is mediated by
antitoxin-speci®c antibodies in intravenous IG. Thus
the bene®cial effect of intravenous IG may be due in
part to antibodies that inhibit bacterial toxin-induced
stimulation of the immune response.

The following hypothesis has been proposed to ex-
plain the pathogenesis of this illness (although this has
not been uniformly accepted as the universal pathoge-
netic mechanism): an organism colonizes the mucous
membranes of the gastrointestinal tract of a genetically
susceptible host and produces a toxin that behaves as a
superantigen. Toxin is absorbed through the in¯amed
mucosal surface and stimulates local or circulating
mononuclear cells to produce proin¯ammatory cyto-
kines, which in turn cause fever and the clinical picture
of Kawasaki syndrome. In response to cytokine-induced
stimulation, antigens are expressed on the surface of
vascular endothelial cells, rendering them susceptible
to attack by cytotoxic antibodies and activated T cells.

TABLE IV Treatment of Kawasaki Syndrome

Acute phase

Intravenous immunoglobulin 2 g/kg over 10ÿ12 hours

Aspirin, 80ÿ100 mg/kg/day in four divided doses until

afebrile

Convalescent phase in patients with uncomplicated Kawasaki

syndrome

Aspirin, 3ÿ5 mg/kg/day once daily for 6ÿ8 weeks

For patients with coronary artery disease

Aspirin, 3ÿ5 mg/kg/day once daily

Dipyridamole, 1 mg/kg/day in selected patients

Anticoagulant therapy as needed in patients with arterial

thrombosis
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Neoantigens on endothelial cells render the vessels
more thrombogenic.

Understanding the etiology of Kawasaki syndrome
remains a major unresolved issue of pediatrics. It is
important that the etiology of this illness be resolved
so that a de®nitive test can be developed to identify
children with typical Kawasaki syndrome as well as
those who present with atypical disease and who do
not satisfy the diagnostic criteria, but are still at risk
for coronary artery disease. In addition, it is unlikely
that a more speci®c form of therapy than intravenous
immune globulin will be found without understanding
the etiology.

See Also the Following Article
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Kernicterus
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University of Tennessee Health Science Center

bilirubin A bile pigment formed during the catabolism of

heme-containing compounds, primarily hemoglobin.

Crigler-Najjar Syndrome of severe unconjugated hyperbilir-

ubinemia that presents as congenital familial nonhemo-

lytic jaundice and is related to a lack of ability to

conjugate bilirubin, as well as a blockage in bilirubin

excretion from the hepatocyte.

Kernicterus (German: kern, nucleus; icterus, yellow) is

the condition associated with severe unconjugated

hyperbilirubinemia that causes yellow staining of certain

regions of the brain and presents with neurological man-

ifestations. Bilirubin-related brain damage occurs most

commonly in the neonatal period, but it has also been

reported in adults with Crigler-Najjar syndrome.

ETIOLOGY

All conditions related to increases in serum uncon-
jugated bilirubin levels are potentially capable of induc-
ing kernicterus. Some of the most common causes
are fetalÿmaternal blood group incompatibilities,
accumulation of extravascular blood in body tissues
due to hemorrhage, polycythemia, and red blood cell
abnormalities.

PATHOPHYSIOLOGY

Kernicterus develops when the rate of bilirubin depo-
sition becomes overwhelming as a result of high serum
bilirubin concentration, low albumin-binding capacity,
or low serum pH. Low serum albumin levels or the use of
drugs that displace bilirubin from albumin can increase
the risk for kernicterus. Kernicterus is likely to occur
when serum levels of unconjugated bilirubin are greater
than 30 mg/dl and is unlikely to occur when levels are
lower than 20 mg/dl. The areas of the brain damaged by
bilirubin toxicity are the basal ganglia, hippocampus,
cerebellum, and nuclei of the ¯oor of the fourth ventri-
cle. Early evidence of bilirubin toxicity in the brainstem
has been detected by auditory evoked potentials.

CLINICAL FINDINGS

Acute clinical manifestations include sluggish Moro's
re¯ex, opisthotonos, hypotonia, vomiting, high-pitched
cry, hyperpyrexia, seizures, paresis of gaze, oculogyric
crisis, and death. Long-term clinical manifestations
include hearing loss, spasticity, and choreoathetosis.
Mild forms can present as cognitive dysfunction and
learning disabilities.

MANAGEMENT

Preventive measures such as avoidance of administra-
tion of pharmacologic agents that bind to albumin and
displace bilirubin are reasonable. Therapeutic options
include phototherapy, exchange transfusion, pharma-
cologic interruption of the enterohepatic circulation,
enzyme induction, and alteration of breast-feeding.

Phototherapy consists of irradiation of the jaundiced
child with light. Photon energy changes the structure of
bilirubin, allowing its excretion without hepatic
glucuronidation. Special blue light appears to be better
than white or green light. In general, phototherapy is
used to prevent the serum bilirubin concentration from
rising to a level that necessitates exchange transfusion.
Intensive phototherapy should induce a decline in total
serum bilirubin of 1 to 2 mg/dl within 4 to 6 h. The
bilirubin level should continue to decline until it re-
mains below the level that necessitates exchange trans-
fusion (see below). Failure of phototherapy is evident
when the newborn continues to experience dangerously
high levels of bilirubin.

Exchange transfusion is the best method to acutely
lower the serum bilirubin concentration. Mortality as-
sociated with this procedure is 0.6%. The indications for
exchange transfusion in otherwise healthy term new-
borns are shown in Table I.

Interruption of the enterohepatic circulation is
achieved by the use of agents that prevent the reabsorp-
tion of bilirubin from the intestines, such as chole-
styramine, activated charcoal, and calcium phosphate.

Conjugation of bilirubin takes place because of
the action of the enzyme bilirubin uridine diphosphate
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glucuronosyltransferase (BUGT). The activity of this
enzymatic system is reduced in neonates. The use of
phenobarbital in the neonate has proven to increase
the activity of BUGT, thus inducing an improvement
in the level of unconjugated bilirubin.

Increases in the frequency of breast-feeding to an
average interval between feeds of 2 h and no feeding
supplements may increase intestinal peristalsis with a
subsequent decrease in the absorption of bilirubin.

See Also the Following Articles
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TABLE I Indication for Exchange Transfusion to Prevent Kernicterus

Bilirubin levels 420 mg/dl in newborns between the ages of 25 and 48 h who fail to respond to phototherapy

Bilirubin levels 425 mg/dl in newborns between the ages of 25 and 48 h

Bilirubin levels 425 mg/dl in newborns age 49 h or older that fail to respond to phototherapy

Bilirubin levels 430 mg/dl in newborns age 49 h or older

Bilirubin levels 415 mg/dl for more than 48 h

Ratio of total serum bilirubin level to total serum protein level 43.7
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Laparoscopy
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adnexal disease Diseases of the uterine appendages (ovaries,

fallopian tubes, and uterine ligaments).

pneumoperitoneum Insuf¯ation of carbon dioxide gas into

the abdominal cavity performed in all laparoscopic

procedures to increase the work space available inside

the abdomen.

Laparoscopy refers to the minimally invasive technique of

assessing the abdominal cavity through small incisions for

the purpose of diagnosis and treatment of various intra-

abdominal conditions. Although simple laparoscopy has

been in use since the turn of the 20th century as a tool for

intra-abdominal diagnosis, its popularity has only re-

cently grown as a result of the introduction of many ther-

apeutic laparoscopic procedures. The success of

laparoscopic cholecystectomy, con®rmed in multiple ran-

domized trials over the past 10 years, has reawakened

surgeons' interest in laparoscopy and fueled the develop-

ment of this new ®eld of modern general surgery. Al-

though the laparoscopic approach to cholecystectomy

and fundoplication has proven superior to the open

method, whether these same advantages exist for other

procedures, such as hernia repair, colectomy, and appen-

dectomy, awaits con®rmation of randomized trials. This

article will summarize the current status of diagnostic and

therapeutic laparoscopy and provide an overview of `̀ min-

imally invasive'' gastrointestinal procedures for the gas-

troenterologist.

HISTORY

Modern laparoscopy traces its origins to the Italian phy-
sician Bozzini, who in the 19th century viewed the peri-
toneal cavity using re¯ected candlelight. In 1901,
Kelling performed the ®rst reported `̀ minimally inva-
sive'' examination of the abdomen after creating pneu-
moperitoneum and inserting a cystoscope through a
trocar in a dog. Soon thereafter, Jacobeus used laparos-
copy to diagnose syphilis, tuberculosis, cancer, and
cirrhosis. The technique of diagnostic laparoscopy
was advanced with the subsequent introduction of
the Veress spring-loaded needle in 1938 as well as
CO2 pneumoperitoneum, which improved visualiza-
tion and increased the intra-abdominal working

environment. Unfortunately, the early years of laparos-
copy required the operator to peer into the small lens of
the scope, thus limiting visualization and concomitant
bimanual instrumentation. The advent of computerized
video monitors in the 1980s revolutionized the ®eld and
liberated the surgeon from the role of `̀ scope holder.''
The surgeon could now operate with both hands, using
two separate instruments, while another operator held
the camera. Until a general surgeon named Semm per-
formed the ®rst laparoscopic appendectomy in 1983,
laparoscopy was used almost exclusively by gynecolo-
gists. Shortly thereafter, the French surgeon Mouret
performed the ®rst recorded laparoscopic cholecystec-
tomy in 1987 followed by Reddick and Olsen and also
McKernan and Saye in the United States a year later. The
ensuing decade saw an explosion of interest in laparo-
scopic techniques, partly fueled by the overwhelming
zeal of the lay public for more minimally invasive sur-
gical procedures as well as the growing interest among
general surgeons in these new, intriguing techniques.

TECHNIQUE OF LAPAROSCOPY

Laparoscopic surgery is de®ned by its equipment that
can be grouped into three categories: (1) image produc-
tion, (2) intra-abdominal access, and (3) instruments.
The basic set-up for either diagnostic or therapeutic
laparoscopy includes a camera attached to a video mon-
itor for viewing, trocars that traverse the abdominal wall
and provide airtight access to the peritoneal cavity, and
instruments used to manipulate abdominal contents.

Every laparoscopic procedure begins with safe
access to the peritoneal cavity. The open technique of
intra-peritoneal access, popularized by Hasson, in-
volves making a small, cutaneous incision, usually peri-
umbilical, which is then extended under direct
visualization through the midline abdominal fascia
into the peritoneal cavity in a technique similar to
diagnostic peritoneal lavage (DPL). After the absence
of abdominal adhesions in the area of access is con-
®rmed, the Hasson trocar with a blunt-tipped obturator
is advanced directly into the peritoneal cavity and
secured in place. The closed technique for access is

L

Encyclopedia of Gastroenterology 487 Copyright 2004, Elsevier (USA). All rights reserved.



slightly different and calls for the blunt-tipped Verres
needle. Here, the surgeon advances the Verres needle
through a small cutaneous periumbilical incision into
the pelvis at a 45� angle while maintaining upward trac-
tion on the abdominal wall with clips. Two or three
`̀ clicks'' of the obturator sheath may be heard as the
needle passes through the fascia and peritoneum into
the peritoneal cavity. Absence of blood, urine, or stool
on aspiration and rapid ¯ow of saline through the
needle by gravity corroborate correct needle location.
Although the open technique is claimed to be safer, both
methods can cause serious complications. The open
technique is advantageous in patients with a `̀ hostile''
abdomen, including those who have undergone previ-
ous laparotomies, as well as in pregnancy, where the
exact position of the tip of the Verres needle is in doubt.

After safe access to the peritoneal cavity is achieved,
a working space is created either by insuf¯ating gas into
the peritoneum or by setting up devices that lift the
abdominal wall. Most centers use CO2 as the agent of
choice to create a pneumoperitoneum (PNP) since it is
noncombustible (allowing the use of electrocautery)
and highly soluble in blood (preventing air embolism).
However, the absorbed CO2 is converted into H2CO3

and can lower the plasma pH as well as irritate the
peritoneal surface. Thus, other gases with varying
properties have been used to create PNP. Nitrous
oxide (NO) causes less peritoneal irritation than CO2,
but is combustible, obviating its use in any case requir-
ing electrocautery. Helium (He) is inert and noncom-
bustible, yet poorly soluble in plasma, thus increasing
the risk of air embolism. Mechanical lifters have been
compared to CO2 and He PNP in animal studies and
have been found to create less hemodynamic embarrass-
ment than either technique of PNP; however, other an-
imal studies have con®rmed that the effects of open or
laparoscopic surgery with gasless lifters, He, or CO2

PNP on hemodynamic parameters are minimal and
no method is superior to another. Typically, the abdom-
inal cavity is insuf¯ated to an intra-abdominal pressure
(IAP) of 12ÿ15 mm Hg. The video laparoscope,
connected to an external monitor, is introduced
through the previously placed trocar and the abdominal
cavity is inspected. The standard 0� Hopkins rod-lens
laparoscope ranges in size between 5 and 10 mm in
diameter with options for oblique viewing scopes
(30� and 45�).

Various specially designed laparoscopic instru-
ments are available for diagnostic as well as therapeutic
maneuvers. Basic equipment includes graspers, dissec-
tors, scissors, and a needle holder, along with a clip
applier, stapling device, and suction /irrigator. More ad-
vanced procedures require the use of specialized equip-

ment. Tissue coagulation can be accomplished with
simple electrocoagulation as well as with more ad-
vanced tools such as the harmonic scalpel, a tool that
tamponades a blood vessel between the jaws of the in-
strument and seals the vessel with denatured protein,
achieving precise cutting with minimal lateral thermal
tissue damage. Traditional laparoscopic instruments are
5 to 12 mm in diameter, but a new generation of ®ne-
caliber instruments with outer diameters ranging from
1.7 to 2.5 mm have been developed. These second-gen-
eration instruments produce minimal, if any, postoper-
ative pain, obviate the need for trocar-site closure,
prevent trocar-site hernia, and achieve excellent cos-
metic results, yet are much more fragile to work with.
Reports have con®rmed the feasibility of several oper-
ations (including cholecystectomy, appendectomy, and
fundoplication) with ®ne-caliber instrumentation using
traditional sized laparoscopes. Objective clinical data
must demonstrate a clinical bene®t before widespread
use of ®ne-caliber instrumentation can be adopted.

PHYSIOLOGY OF LAPAROSCOPY

A wide variety of physiologic changes occur with the
administration of PNP during laparoscopic surgery.
As with any surgical procedure, there is a certain up-
regulation of the acute-phase and postoperative in¯am-
matory response. This response occurs in proportion
to the generalized physiologic insult. Laparoscopic
approaches to traditional procedures involve limited
abdominal access and less systemic stress and
subsequently produce a blunted acute-phase response
compared to their open counterparts. At the same time,
however, the additional insult of PNP creates a whole
other set of altered physiologic parameters of which the
surgeon and anesthesiologist must be cognizant for each
individual patient.

During laparoscopy with CO2 PNP, there is a mea-
surable increase in central venous pressure and pulmo-
nary capillary wedge pressure, yet a paradoxical
decrease in cardiac preload and a resultant slight
decrease in stroke volume. Furthermore, there is an
overall increase in mean arterial pressure and systemic
vascular resistance, contributing to an increase in
afterload, likely a result of both increased IAP and a
systemic catecholamine surge. Most studies have
shown no appreciable decline in cardiac output (CO),
in healthy individuals with IAP between 10 and
15 mm Hg, the typical insuf¯ation pressures used in
most diagnostic and therapeutic laparoscopies. In ca-
nine studies, though, there is a noticeable decrease in
CO at an IAP of 25 mm Hg or greater. While most would
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agree that these subtle changes in CO during PNP are
unlikely to adversely affect cardiac function in healthy
subjects, patients with cardiopulmonary disease may
face risks. These concerns were evaluated in multiple
prospective trials that concluded that the effects of PNP
on CO are clinically insigni®cant in patients with com-
promised cardiopulmonary function and that laparos-
copy is safe in this population if appropriately managed
intraoperatively. In addition, this speci®c population
bene®ts the most from the diminished postoperative
pulmonary embarrassment and faster return to function
with laparoscopic approaches. In addition to a decline in
CO with PNP, there is a measurable decrease in mes-
enteric blood ¯ow, which is clinically most evident in a
decline in renal perfusion. Again, in healthy subjects,
this is well tolerated; yet there are no data documenting
the response of patients with preoperatively impaired
renal function to this transient, albeit real decrease in
renal perfusion.

Intraoperative pulmonary function is affected by
laparoscopy with CO2 PNP. The increase in IAP forces
the diaphragm cephalad, compromising ventilation and
increasing the work of breathing, resulting in alveoli
collapse. In plasma, the increased CO2 absorbed
intraperitoneally causes a metabolic acidosis that typi-
cally leads to an increased respiratory rate. Ventilated
patients under anesthesia require higher minute venti-
lations to maintain the same pH. Postoperatively, many
studies have clearly documented that there is less pul-
monary dysfunction and quicker return of spirometry
values in patients undergoing laparoscopic procedures
than in those undergoing open procedures.

A decrease in systemic immune response following
surgery or other major stresses is well documented. The
acute-phase response generated is proportional to the
inciting stress and creates a state of postoperative
immunosuppression. Systemic cell-mediated immunity
is better preserved following laparoscopic procedures,
owing to a blunted acute-phase response, yet intraper-
itoneal cell-mediated immunity appears to be impaired
by PNP. Macrophages incubated in CO2 produce signif-
icantly less tumor necrosis factor and interleukin-1 in
response to stimulus than those incubated in He or air,
thus implicating CO2 as a mechanism behind the
impaired intraperitoneal immunity. Though this may
explain initial reports of increased trocar site recur-
rences following laparoscopic colon resections, more
recent studies have found no recurrences at a 5-year
follow-up. Compared to open procedures, laparoscopy
produces less of an in¯ammatory response and thus
fewer intra-abdominal adhesions.

Intestinal function is affected by surgical proce-
dures, and the rapidity of return of bowel function as

evidenced by ¯atus and bowel movement is directly
correlated with the degree of abdominal stress. Bowel
function returns faster after laparoscopic cholecystec-
tomy and colon resection than after similar open pro-
cedures. Unfortunately, studies of myoelectric activity
do not completely corroborate these clinical ®ndings.

As with all surgical procedures, laparoscopy pro-
duces a transient state of hypercoaguability. Increased
IAP with PNP and certain positions required during
laparoscopic procedures produce a decrease in
antegrade femoral venous ¯ow, further increasing the
risk of deep venous thrombosis (DVT) and pulmonary
embolism (PE). Since these factors were recognized
early and aggressive DVT prophylaxis has been the
rule at most all centers, there have been relatively few
reported cases of PEs.

ADVANTAGES OF LAPAROSCOPY

There are multiple advantages of laparoscopy over
traditional open procedures. The lessened physiologic
stress encountered with laparoscopic approaches trans-
lates into easily identi®able clinical parameters that
the lay press has promulgated. The most frequently
reported bene®ts include decreased postoperative
pain, improved cosmetic result, and a shorter hospital
stay. Detailed prospective randomized studies are cur-
rently under way to discover the advantages of laparos-
copy compared to traditional open surgery with respect
to individual procedures. Currently, only laparoscopic
cholecystectomy and fundoplication have become the
`̀ gold standards'' of their respective procedures.

COMPLICATIONS OF LAPAROSCOPY

Serious complications following laparoscopy are rare,
occurring in less than 1% of all cases. However, there are
speci®c complications of laparoscopic access that must
be considered in addition to those that occur during
traditional open surgery. The initial intra-abdominal
access and trocar placement, the creation of PNP, and
laparoscopic instrumentation are all unique to laparos-
copy and can result in complications. The technique of
initial intra-abdominal access, by either Hasson or
Veress needle technique, has been associated with
injury to internal organs, of which the small bowel is
the most commonly injured (52%), followed by colon,
duodenum, and stomach. Though damage to the small
bowel is easily and safely repaired by externalization
and direct visual repair, injury to other internal struc-
tures can result in more devastating consequences. Dur-
ing initial intra-abdominal access, major vascular
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structures can be violated, resulting in sudden
hemoperitoneum or more delayed retroperitoneal
hematoma formation, both of which must be recognized
and addressed with immediate conversion to open lap-
arotomy. The overall morbidity rate for trocar compli-
cations is between 0.2 and 0.5%, with mortality rates of
0.0033 to 0.1%. In addition to immediate complications
following trocar placement, delayed complications
identical to any abdominal incision can occur, namely,
bleeding, wound infection, or hernia formation. Bleed-
ing from a trocar site is easily managed with electro-
cautery or direct suture ligation. Wound infection can
also occur and is more common at the umbilical port,
especially after laparoscopic cholecystectomy and
removal of the infected gallbladder through that port.
Finally, the creation of PNP can cause complications,
the most devastating of which is an insuf¯ation gas
embolization, which can cause sudden cardiovascular
collapse by obstructing the pulmonary out¯ow tract.
Overall, though, these complications are exceedingly
rare, and with appropriately trained surgeons, laparos-
copy is very safe.

DIAGNOSTIC LAPAROSCOPY

Laparoscopy has recently become a very useful modality
in the evaluation of an acute or chronic abdominal pro-
cess, obviating the need for a laparotomy and providing
addition data to traditional imaging. Laparoscopy is
being increasingly applied in the diagnosis and work-
up of acute and chronic abdominal pain and masses,
triage of trauma, and staging of malignancy. Compared
to traditional noninvasive imaging techniques, diagnos-
tic laparoscopy can more accurately characterize an
intra-abdominal process and detect lesions less than
1 mm, which is below the resolution of magnetic reso-
nance imaging or computed tomography (CT) scans.
Furthermore, compared to exploratory laparotomy,
diagnostic laparoscopy results in a smaller incision,
less postoperative pain, and faster return of bowel func-
tion. Clearly, diagnostic laparoscopy has a place in the
management of both acute and chronic abdominal
processes.

The evaluation of the acute abdomen includes an
extensive list of differential diagnoses that must be
quickly and accurately considered. For example, the
premenopausal female who presents with lower abdom-
inal pain may have appendicitis, pelvis in¯ammatory
disease (PID), or a ruptured ectopic or ovarian cyst.
Laparoscopy has been shown to provide both a diagno-
sis and therapeutic options in such situations. There are
several settings where diagnostic laparoscopy is favored

over traditional exploratory laparotomy:

1.. in patients who have a suspected intra-abdominal
process that could be easily managed laparo-
scopically; such patients may be those in whom
appendicitis or adnexal pathology is suspected;

2.. in patients in whom the suspected diagnosis would
not typically be managed operatively, especially
those with suspected PID, pancreatitis, or low-¯ow
mesenteric ischemia; in these situations, a de®nitive
diagnosis is imperative and usually cannot be accu-
rately provided by conventional imaging modalities;

3.. in trauma patients in whom the inclusion or exclu-
sion of major intra-abdominal pathology is critical to
the management of other life-threatening injuries;

4.. in critically ill ICU patients in whom bedside lapa-
roscopy may avoid the need for hazardous transport
to the operating room.

Similarly, there are situations where diagnostic lap-
aroscopy should not be performed:

1.. in trauma patients who are suspected of having a
myocardial injury, signi®cant hypovolemia, or
closed head injury; and

2.. in ICU patients who are suspected of having a highly
correctable lesion that would necessitate an operative
procedure (whether open or laparoscopic).

Suspected Acute Appendicitis or Gynecologic
Abdominal Disease

Diagnostic laparoscopy has become an accepted
technique for the assessment and management of
lower abdominal pain. Today, appendicitis is often
detected through a combination of CT scan, history,
and physical examination. However, there are many
cases where the radiographic ®ndings are inconclusive,
thus necessitating abdominal exploration. Tradition-
ally, appendicitis was solely a clinical diagnosis and a
negative appendectomy rate of 20% was accepted since
the morbidity and mortality associated with a perforated
appendix was so much higher. Several studies have doc-
umented a decline in the negative appendectomy rate
with the use of diagnostic laparoscopy for cases of acute
lower abdominal pain. Adnexal disease in young women
can mimic acute appendicitis and it is in this population
that diagnostic laparoscopy is especially useful, decreas-
ing `̀ unnecessary'' laparotomies by one-third. Ruptured
ovarian cysts, ovarian torsion, PID, and tubal pregnancy
can all present similarly to appendicitis and can be con-
clusively diagnosed at laparoscopy. Though the treat-
ment of PID and ruptured ovarian cysts is usually
supportive, management of ovarian torsion and tubal
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pregnancy can easily be accomplished laparoscopically.
In fact, laparoscopic treatment of tubal pregnancy is as
safe as open laparotomy and results in a decreased
length of stay, lower cost, and earlier return to full ac-
tivity. Clearly, laparoscopic abdominal exploration is an
excellent method of conclusively determining the etiol-
ogy of lower abdominal pain and in most instances can
be used to treat the offending condition with no added
morbidity or mortality.

Suspected Mesenteric Ischemia and
Abdominal Sepsis

Abdominal sepsis of unknown cause has been suc-
cessfully diagnosed by a systematic method of laparo-
scopic abdominal inspection. In a recent series,
laparoscopic exploration has discovered multiple
causes of abdominal sepsis, including perforated viscus
(colon, appendix), gangrenous cholecystitis, ischemic
bowel disease, and closed-loop small bowel obstruc-
tion, most of which can be successfully treated
laparoscopically. If evaluation reveals no abdominal
source, the patient is spared the physiological insult
of a traditional exploratory laparotomy. Mesenteric is-
chemia can often be a dif®cult diagnosis to con®rm,
especially in the elderly patient with abdominal pain,
multiple medical problems, and nonspeci®c laboratory
®ndings. Laparoscopy can provide a means of examin-
ing the adventitial side of the bowel, whereas concurrent
colonoscopy can evaluate the mucosa for evidence of
intestinal ischemia. Diagnosis can be aided with the
laparoscopic use of adjunctive tools for assessing
blood ¯ow, including Doppler ultrasound, laser Dop-
pler, pulse oximetry, and spectrophotometry. When
mesenteric ischemia is con®rmed and a bowel resection
is performed, laparoscopy can be used to provide a
`̀ second look'' 24ÿ28 h later, sparing a reoperative
laparotomy.

Trauma

The use of laparoscopy in the evaluation of trauma
remains controversial and review of the literature
reveals multiple varying opinions as to appropriate can-
didates for diagnostic laparoscopy. Most importantly,
trauma patients must be hemodynamically stable and
not have signi®cant hypovolemia, closed head injury, or
a de®nitive diagnosis that demands immediate laparot-
omy. Previously, all penetrating wounds of the abdomen
underwent exploration to exclude fascial and /or peri-
toneal penetration, whereas signi®cant blunt abdominal
injury was evaluated with CT scan or DPL. Diagnostic
laparoscopy has been used in the acute evaluation of
both blunt and penetrating abdominal trauma; however,

certain limitations exist. Laparoscopy frequently misses
injuries to the ¯ank and epigastric regions as well as the
retroperitoneum; for injuries to hollow viscera, it carries
100% speci®city but only 18% sensitivity. Many authors
would suggest that the patients most likely to bene®t
from laparoscopy are those with stab wounds to the
¯ank or back or tangential gunshot wounds to the
abdomen. These patients are typically stable and need
abdominal or wound exploration to con®rm that the
peritoneum has not been violated. Laparoscopy could
easily accomplish this task in this limited trauma sub-
group. Thus, while the role of laparoscopy in trauma
patients awaits the results of multiple randomized trials,
diagnostic laparoscopy offers an effective means to
timely diagnosis with little co-morbidity in certain care-
fully selected patients.

Small Bowel Obstruction

The use of laparoscopy in the management of small
bowel obstruction (SBO) is novel, but has recently been
championed by Metzger and colleagues. In a series of
40 patients with symptoms of complete or partial SBO,
laparoscopy was successful in identifying and treating
the cause (usually adhesions) in a majority of patients.
Furthermore, this method led to a decreased length of
stay by avoiding exploratory laparotomy. Unfortu-
nately, many patients with SBO already have signi®cant
abdominal distension, which precludes a thorough
diagnostic or therapeutic laparoscopy.

Chronic Abdominal Pain

Laparoscopy is being used with increasing fre-
quency in the evaluation of patients with chronic ab-
dominal complaints. Compared with exploratory
laparotomy, laparoscopy allows a thorough abdominal
evaluation and results in fewer postoperative adhesions.
Recent studies have suggested that laparoscopy used in
patients with chronic abdominal complaints usually un-
covers adhesions, hernias, or endometriosis, all of
which can be easily treated laparoscopically. Interest-
ingly, it has also been noted that even in the absence of
de®nitive ®ndings, many patients report an improve-
ment in their symptoms after diagnostic laparoscopy.

Staging of Malignancy

Diagnostic laparoscopy has found its place in con-
junction with conventional imaging techniques in de-
termining the nature of intra-abdominal malignancies.
Minimally invasive methods of viewing intra-abdominal
contents and obtaining visually guided biopsies can help
differentiate benign from malignant processes as well as
assess for metastatic spread within the abdomen
and pelvis. With the aid of laparoscopic ultrasound,
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diagnostic laparoscopy can determine the resectibility
of a lesion before proceeding to formal laparotomy and
has been used in the management of benign and malig-
nant hepatic tumors, pancreatic cancer, gastric cancer,
and distal esophageal cancer. Laparoscopy can also be
used to formally stage Hodgkin's lymphoma. Further-
more, if a lesion is found to be unresectable, laparoscopy
can be used to perform palliative procedures such as
loop colostomies, gastrojejunostomies, cholecystoje-
junostomies, and feeding tube placement.

THERAPEUTIC LAPAROSCOPY

The scope of laparoscopic surgery is constantly expand-
ing and with it the need for formal studies comparing
minimally invasive methods with traditional open tech-
niques. After the introduction of a new procedure, re-
®nements in technique occur with an eye toward
increasing safety and ef®cacy. Eventually, investigators
focus on more wide-ranging measures of patient out-
come in an attempt to objectify the overall bene®ts and
disadvantages of a particular laparoscopic procedure in
comparison to the current standard of care. This section
will review the current status of laparoscopy surgery.

Cholecystectomy

Laparoscopic cholecystectomy has replaced the con-
ventional open method as the gold standard for the
treatment of symptomatic cholelithiasis, biliary dyski-
nesia, acalculous cholecystitis, and select patients with
asymptomatic gallstones after several well-designed
multicenter trials clearly demonstrated that laparo-
scopic cholecystectomy results in shorter length of hos-
pital stay, less postoperative pain, less postoperative
pulmonary embarrassment, quicker return of bowel
function, and overall improved patient satisfaction. Fol-
lowing Soper's retrospective and Barkum's randomized
prospective studies in 1992 demonstrating the safety
and ef®cacy of laparoscopic over open cholecystectomy,
the National Institutes of Health Consensus Conference
in 1993 recommended that laparoscopic cholecystec-
tomy replace open cholecystectomy as the preferred
method of management of patients with symptomatic
cholelithiasis. MacFayden et al. showed in a multicenter
retrospective study of 114,005 patients that mortality
from laparoscopic cholecystectomy was 0.06% with a
conversion to open procedure rate of 2.1% and a com-
mon duct injury rate of 0.50%. Though the original
operation was designed for young, thin patients without
previous abdominal procedures, now even elderly and
obese patients, as well as those having had past abdom-
inal surgery, have been shown to bene®t from laparo-
scopic cholecystectomy.

Appendectomy

Although multiple studies have demonstrated the
feasibility and safety of laparoscopic appendectomy,
most surgeons ®nd it dif®cult to improve on the success
of open appendectomy, a procedure that enjoys a short
length of stay, minimal pain, and a small incision,
especially in young, thin male patients. The laparo-
scopic approach allows for a comparable, or shorter,
length of stay and similar complication rates when
compared to open appendectomy. In a meta-analysis
of 17 randomized, controlled trials, Chung et al. found
that laparoscopic appendectomy resulted in less post-
operative pain, faster recovery, and lower infection rate
than open appendectomy. However, most surgeons re-
serve the laparoscopic approach for a select subgroup
of patients. Obese patients or those who have a
retrocecally located appendix typically require a larger
incision for adequate mobilization of the appendix.
These patients may very well bene®t from a laparo-
scopic approach as the larger incision with the open
approach increases postoperative pain and the risk of
wound infection. Finally, patients with lower abdom-
inal pain and an unclear diagnosis of appendicitis are
appropriate candidates for laparoscopy, as a thorough
evaluation of the abdomen and pelvis to exclude other
diagnoses is possible with the laparoscope but not
through a limited lower abdominal incision. Future
outcomes research will need to determine the clear
bene®ts of laparoscopic appendectomy and de®ne its
position in the routine treatment of uncomplicated
appendicitis.

Splenectomy

Laparoscopic splenectomy has become a recognized
modality for the treatment of idiopathic thrombocyto-
penic purpura (ITP) in patients who are surgical
candidates. Studies have shown that laparoscopic sple-
nectomy is safe and feasible, resulting in shorter hospital
stays with costs and complication rates comparable to its
open counterpart. Patients typically leave the hospital
2ÿ4 days earlier and recover much quicker if they have a
laparoscopic splenectomy. Laparoscopy does not allow
as thorough a search for accessory spleens as does open
splenectomy, but the long-term complications of miss-
ing accessory spleens have not been realized. Clearly,
in the hands of skilled laparoscopists, laparoscopic
splenectomy has become the gold standard for treat-
ment of ITP.

Inguinal Hernia Repair

Traditional inguinal hernia repair has evolved sig-
ni®cantly over the past two decades. The original
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time-honored primary repairs (e.g., Bassini, McVay)
have recently been supplanted by tension-free repairs
(e.g., Lichtenstein) that involve the placement of a
prosthetic mesh to either reinforce existing tissue or
plug a defect. The open Lichtenstein repair can be
accomplished under local anesthesia, with a relatively
minimal groin incision, short length of stay, and min-
imal level of postoperative pain, and it has enjoyed
excellent short-term results in various randomized tri-
als. Currently, there are two approaches to laparo-
scopic inguinal hernia repair, the transabdominal
preperitoneal approach (TAPP) and the totally extra-
peritoneal approach (TEPP). In each of these repairs,
a mesh is placed over the myopectineal defect and
held in place by the pressure created from the
intra-abdominal contents. TAPP requires intraperito-
neal access and PNP, and thus general anesthesia,
whereas TEPP can be performed with regional anes-
thesia since it entails access to the properitoneal space
and maintenance of a working environment with CO2

insuf¯ation, avoiding any intraperitoneal instrumenta-
tion. In randomized controlled trials comparing open
Lichtenstein with laparoscopic hernia repairs, there
was no signi®cant difference in lengths of hospital
stay and morbidity, but patients undergoing laparo-
scopic repair recovered quicker and had less postop-
erative pain and narcotic requirement. Laparoscopic
repairs, however, take longer and have higher in-
hospital costs, thus raising questions as to the actual
bene®ts of laparoscopic hernia repair. Most would
agree that laparoscopic repair is clearly superior in
cases of bilateral inguinal hernias (obviating bilateral
groin incisions) and recurrent repairs (thus avoiding
the scar tissue and distorted tissue planes in the
previously used anterior open approach). The largest
and most complete randomized controlled trial thus
far was undertaken by Liem et al. in 1997. They trea-
ted 487 patients with the TEPP technique and 507
patients with a traditional open technique (suture
or mesh repair) and found that those patients who
had the laparoscopic repair had fewer hernia recur-
rences than those who had the open repair (3% versus
6%). As with laparoscopic appendectomy, randomized
controlled trials quantifying outcomes measures will
be needed to conclusively demonstrate bene®ts of lap-
aroscopic inguinal hernia repair in the typical patient
population.

Fundoplication

Gastroesophageal re¯ux disease (GERD) is a very
common disorder in the United States, with one sur-
vey reporting approximately 20% of the population

with re¯ux symptoms occurring on a monthly basis,
14% weekly, and 7% daily. With its introduction in
1991 by Dallemagne of Belgium, laparoscopic Nissen
fundoplication has replaced open fundoplication as
the gold standard for control of severe GERD. The
Nissen repair entails mobilization of the gastric fundus
and gastroesophageal junction, then wrapping of the
distal esophagus full-circle with the gastric fundus.
The Nissen method of GERD surgical correction has
become the accepted method for the majority of
patients, with long-term results showing excellent
control of symptoms and minimal complications at
a mean follow-up of 10 years in patients who had
undergone the traditional open Nissen fundoplication.
The laparoscopic Nissen repair is the same fundamen-
tal operation, just performed in a less invasive man-
ner. For this reason, many authors believe that the
long-term results of the laparoscopic repair will par-
allel those of the traditional open procedure. Multiple
large clinical series have demonstrated that laparo-
scopic Nissen fundoplication affords patients excellent
control of re¯ux symptoms with a signi®cantly shorter
length of hospital stay, less postoperative pain, and
faster return to normal function. Patients are typically
discharged within 3 days and more than 90% report
complete relief of re¯ux symptoms at a mean follow-
up of 5 years.

Small Intestinal Surgery

Laparoscopic small bowel resection for benign and
malignant disease is both safe and feasible and the recent
advances in endoscopic anastomotic devices have re-
kindled interest in laparoscopic bowel surgery. Studies
have shown that laparoscopy can be used to reliably
explore the small bowel, resect various segments, and
complete an anastomosis in a variety of conditions, in-
cluding leiomyomas, carcinoids, diverticula, ischemic
segments of bowel, and localized complications of IBD.
An excellent application of laparoscopy is in patients
with isolated small bowel Crohn's disease who require
limited resection or strictureplasty. This can usually be
easily accomplished through externalization of the in-
volved segment of bowel through a limited incision and
does not necessarily require totally laparoscopic repair.
Also, patients requiring a loop ileostomy to provide
temporary fecal diversion for anorectal Crohn's disease
are excellent candidates for laparoscopy. Laparoscopy
can also be used to create a feeding jejunostomy in
patients who require enteral access for feeding but
have signi®cant gastric re¯ux or gastric outlet obstruc-
tion, which would prevent the use of a percutaneously
placed gastrostomy tube.
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Colon Resection

Laparoscopic colon resection has been successfully
performed for both benign and malignant colon disease
and initial studies showed that it is safe and effective,
resulting in less postoperative pain, a shorter hospital
stay, and faster return to normal function. Initial enthu-
siasm, however, was quelled by reports of an alarmingly
high rate of port site recurrences compared to open
procedures (21% versus 3.3%). In a recent randomized,
prospective clinical study, though, Milsom and col-
leagues documented no trocar site recurrences after
5 years of follow-up. When performed by adequately
trained surgeons, laparoscopic colon resection achieves
equivalent margins of resection, lymph node dissection,
and survival compared to open procedures. Tumor lo-
calization, however, must be accomplished without the
aid of direct palpation and sensory feedback and there-
fore relies on preoperative barium enema, colonoscopy
(with the use of India ink or colored marker), or other
radiographic study. Enthusiasm for laparoscopic or lap-
aroscopic-assisted colon resection for cancer continues
to rise, but long-term follow-up data will be required to
con®rm the excellent results thus far. Laparoscopic
colectomy has also been successfully applied to a variety
of nonmalignant lesions, including complications from
in¯ammatory bowel disease (IBD), benign polyps, and
diverticular disease. Multiple authors have reported fa-
vorable results for laparoscopic colon resections for
Crohn's disease. Laparoscopy is especially successful
in managing isolated ileal or ileocolic Crohn's disease,
for which a limited resection or strictureplasty is re-
quired. Patients typically have faster return of bowel
function, less postoperative narcotic requirement,
shorter length of hospital stay, and no more complica-
tions than comparable open procedures. When severe
in¯ammation, abscess, or ®stula is present, the laparo-
scopic approach becomes more dif®cult and conversion
rates are higher; however, the overall bene®t to the
patient is signi®cantly higher if successfully completed
laparoscopically. With colonic Crohn's disease, in
which a total abdominal colectomy or total procto-
colectomy is required, laparoscopy has not yet proven
superior to open procedures.

Laparoscopy has also become a more commonly
accepted method for the treatment of all forms of
diverticular disease, including acute and chronic
forms. Sher et al. compared laparoscopic and open
colectomies for diverticular disease of varying severity.
The 5-year series found that laparoscopic resection of
diverticulitis can be successfully completed with no
additional morbidity or mortality in patients with
pericolic, distant, or complex abscesses with or with-

out a ®stula. Patients in whom there was generalized
purulent or fecal peritonitis, however, should not un-
dergo laparoscopic resection.

Laparoscopic Surgery in Pregnancy

Laparoscopy during pregnancy does not pose any
threat to the developing fetus. Diseases requiring sur-
gical correction that are normally encountered during
pregnancy, including appendicitis, cholecystitis, and
bowel obstruction, can be managed laparoscopically,
thus saving the expectant female from signi®cant post-
operative pain and fetal narcotic exposure. The same
advantages of laparoscopy exist for the pregnant pa-
tients, namely, decreased postoperative pain, quicker
return of bowel function, and faster recovery. The sec-
ond trimester is the safest time to intervene surgically
in pregnancy and thus surgical procedures should be
appropriately scheduled as best as possible.

Other Procedures

Many common gastrointestinal surgical procedures
have been performed laparoscopically. There has been
recent growth in laparoscopic bariatric surgery for mor-
bid obesity. The traditional vertical banded gastroplasty
and Roux-en-Y gastric bypass have both been performed
laparoscopically with slight modi®cations from their
open counterparts. Initial reports from multiple centers
document excellent results. Living donor nephrectomy
for kidney transplantation has also become a popular
means of procuring a kidney for living-related renal
transplants. Limited hepatic resections, adrenalecto-
mies, gastrectomies, and biliary bypasses have been per-
formed laparoscopically. Randomized prospective trials
will need to be performed to determine the bene®ts of
these procedures.

SUMMARY

Great advances have been made in laparoscopic surgery
over the past decade. Outcomes data have led to new
consensus statements that shifted the gold standard for
cholecystectomy and fundoplication away from conven-
tion open techniques to laparoscopic techniques. So-
phisticated databases have been created to record and
analyze details of patient follow-up in an effort to de®ne
the bene®ts of laparoscopic approaches to various pro-
cedures. Advances in instrumentation have led to the
miniaturization of laparoscopic equipment and pro-
spective trials evaluating the ef®cacy of these instru-
ments will soon become available.
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Large Intestine, Development
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Hirschsprung's disease A disease that is characterized by the

absence of parasympathetic intrinsic ganglion cells in the

hindgut, caused by the failure of neural crest cells to

migrate into the distal end of the intestine.

neural crest cells Cells originating from the dorsal region of

the neural tube, a subpopulation of which migrate into

the wall of the developing intestine and give rise to

enteric neurons.

The primitive gut tube consists of three regions, the fore-

gut, midgut, and hindgut, demarcated by the origins of

their blood supply. The large intestine is derived from part

of the midgut and from the hindgut. As development pro-

ceeds, length increases and the intestines protrude into

the umbilical cord and then are retracted, and the ascend-

ing colon, transverse colon, and descending colon become

identi®able. Less is known of the mechanisms regulating

the development of the large intestine than of other por-

tions of the gastrointestinal tract. The most intensively

studied aspect of large intestine development is that

of neural crest cell migration and development into

the enteric nervous system, because of its role in

Hirschsprung's disease. Because of their application as

in vitro model systems, a number of cell lines derived

from tumors of the large intestine have been widely

studied.

MORPHOGENESIS

As the gut tube lengthens and the vascular system de-
velops, the foregut, midgut, and hindgut regions may be
distinguished as regions supplied by the celiac, superior
mesenteric, and inferior mesenteric arteries, respec-
tively. The cecum, appendix, ascending colon, and
right and middle thirds of the transverse colon arise
from the distal portion of the midgut. The hindgut
will give rise to the left third of the transverse colon,
the descending colon, the rectum, and the upper third of
the anal canal. The gut tube rapidly increases in
length as development proceeds, protruding into the
umbilical cord and subsequently being retracted into
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umbilical cord and subsequently being retracted into
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the abdominal cavity (see Table I). During this process,
the growing intestines rotate around the superior mes-
enteric artery, leaving the large intestine ventral to the
duodenum. As the intestines rotate and return to the
abdominal cavity, the cecum and appendix, initially in
the upper right, come to lie in the right lower quadrant.
The dorsal peritoneum of the ascending and descending
colon fuses with the posterior abdominal wall, making
these segments retroperitoneal. Failures in the rota-
tional process or ®xation can lead to a number of mal-
formations. Initially, the developing gut tube is
contiguous with the urogenital sinus. The anal canal
normally separates from the urogenital tract, but devel-
opmental anomalies sometimes result in ®stulas or an
imperforate anus. The upper and lower portions of the
anorectal canal have distinct embryonic origins that are
re¯ected in their respective blood supplies and enerva-
tion. The pectinate line marks the boundary between the
region derived from the distal hindgut and that derived
from the anal pit, which is ectodermal in origin.

A striking characteristic of the developing fetal
colon is its initial similarity to the small intestine.
The development of the colon is marked by three
important cytodifferentiative stages: the appearance
of a primitive strati®ed epithelium, similar to that
found in the early development of the small intestine,
the conversion of this epithelium to a villus architec-
ture with developing crypts, and the remodeling of the
epithelium when villi disappear and the adult-type
crypt epithelium is established. Stem cells are located
at the base of the colonic crypts and proliferation
occurs in the lower third of the crypt. As they migrate
toward the surface, the epithelial cells differentiate
into colonocytes, goblet cells, and enteroendocrine
cells. The three cell lineages become evident around
the time of villus formation. Emerging evidence

indicates that regulation of colonic goblet cell differ-
entiation is distinct from that of small intestinal goblet
cells. The mRNAs for mucins are detectable in the
early intervillus epithelium, with strong expression
in the crypts later in development.

The apical surface of columnar colonocytes displays
enterocyte-like microvilli and glycogen stores are abun-
dant. The quantity of intracellular glycogen, as well as
the number of glycogen-positive cells, decreases from
the end of the ®rst trimester. By the end of gestation, very
few glycogen-positive cells are found in the fetal colon.
During malignant transformation, glycogen expression
reappears and is a prominent feature of cell lines derived
from human colonic adenocarcinomas.

Concurrent with the presence of villus morphology,
the colonic epithelial cells express differentiation mark-
ers similar to those in small intestinal enterocytes.
Sucraseÿisomaltase becomes detectable early, increases
as the villus architecture emerges, and then decreases
rapidly to barely detectable levels at term. Alkaline
phosphatase and aminopeptidase follow a pattern gen-
erally similar to that of sucraseÿisomaltase. Analysis of
isolated fetal colonic epithelial cells demonstrated low
levels of the disaccharidases typical of the small intes-
tine, including lactase. In addition, the fetal human
colon during the second trimester can synthesize and
process lipids, phospholipids, and apolipoproteins. The
villi disappear by the end of the second trimester. Data
on the functional development of the human colon re-
main sparse. Examination of premature infants suggests
that sodium transport develops in the last trimester,
whereas anion-exchange mechanisms remain immature
until the end of the ®rst year.

Analysis of hox gene expression patterns in experi-
mental animals suggests that these genes are responsible
for patterning of the large intestine and may delineate
the boundaries between different parts. Mice with null
alleles of several distally expressed hox genes display
defects in formation of the anal region. Null alleles
for members of the sonic hedgehog signaling pathway
also result in anal region defects. These data suggest
that, these gene families regulate, at least in part,
overall patterning. In addition, some of the genes reg-
ulating speci®cation of the different colonic cell line-
ages, for example, goblet cells, are now being identi®ed,
but much of the regulatory network remains to
be elucidated.

HIRSCHSPRUNG'S DISEASE

The most extensively studied aspect of the development
of the large intestine is the mechanism of Hirschsprung's
disease, which is characterized by the absence of

TABLE I Development of the Human Large Intestine

4 weeks Intestine present as simple tube

5 weeks Cecum identi®able

7 weeks Intestine protrudes into umbilical cord

8 weeks Circular muscle layer identi®able;

Meissner's plexuses present; peristaltic

waves and motility

10 weeks Intestine reenters abdominal cavity;

enteroendocrine cells identi®able;

longitudinal muscle layer

12 weeks Auberbach's plexuses present;

goblet cells identi®able

14 weeks Villi; sucraseÿisomaltase and other

enzymes detectable

20 weeks Mature anatomic position

23 weeks Disappearance of colonic villi

30 weeks Circular folds of colon complete
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parasympathetic intrinsic ganglion cells in both the sub-
mucosal (Meissner's) and the myenteric (Auerbach's)
plexuses of the hindgut. The disorder is caused by fail-
ure of vagal neural crest cells to migrate into the distal
end of the intestine and represents the most common
form of congenital bowel obstruction.

Analysis of mutant mouse models has elucidated the
causes of the disease. In the lethal spotted mutant
mouse, the terminal segment of the gut is congenitally
aganglionic. The aganglionic colon results from the fail-
ure of migrating neural crest cells to penetrate an ab-
normally thickened basal lamina and colonize the bowel
normally. Laminin in this basal lamina interacts with a
receptor on the neural crest cells and causes them to stop
migration prematurely. In a different mouse model,
the congenital megacolon of transgenic mice over-
expressing hoxa-4 appears to arise from a similar defec-
tive interaction between enteric neuron precursors and
smooth muscle.

The genetic and molecular mechanisms underlying
the disease are the subject of intense investigation and
have generated an extensive and growing literature.
Mutations in ®ve genes affecting neural crest cell devel-
opment that may give rise to Hirschsprung's disease
have been identi®ed thus far. The most extensively stud-
ied are mutations in the ret receptor tyrosine kinase gene
and in the endothelin B receptor gene. The ret proto-
oncogene encodes a transmembrane receptor tyrosine
kinase. Its ligand has been identi®ed as glial cell-line-
derived neurotrophic factor (GDNF), which is ex-
pressed in the developing gut. Current evidence indi-
cates that GDNF binds to another receptor, GDNFRa,
and together they form a signaling complex with Ret.
Mice homozygous for a truncated Ret protein lacking
the kinase domain failed to form enteric ganglia. Nu-
merous mutations in the ret gene have been identi®ed in
patients with Hirschsprung's disease. Similarly, a tar-
geted disruption of the endothelin-B receptor gene pro-
duces mice with aganglionic megacolon, consistent with
a critical role for this receptor as well in migration or
differentiation of the neural crest cells that give rise to
the enteric ganglia. In addition to Ret and endothelin B

receptor defects, de®cits in the ligands GDNF and en-
dothelin 3, as well as in endothelin-converting enzyme,
all result in Hirschsprung's-like phenotypes in mouse
models. Unrelated to either of these receptorÿligand
systems, a mutation in sox-10, a transcription factor
expressed early in neural crest cell development, has
also been identi®ed in Hirschsprung's patients.

ONCOFETAL RELATIONSHIPS IN
CULTURED CELLS

The expression of differentiation markers, for example,
sucraseÿisomaltase, and of small intestinal enterocyte-
like morphology similar to that transiently seen in fetal
colon, by several cell lines derived from human colonic
adenocarcinomas has provided model systems for
in vitro studies of enterocyte development. Of the avail-
able cell lines, the Caco-2, HT-29, and T-84 cell lines are
the most widely used, as under suitable conditions they
display some characteristics of differentiated small in-
testinal epithelial cells. Caco-2 cells have been shown to
express a mixture of colonic and enterocytic markers,
which varied over time in culture. Although useful mod-
els for many purposes, differentiation patterns in these
cell lines may be quite heterogeneous and experimental
data must be interpreted with caution.
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constipation A symptom complex that includes infrequency

of defecation, straining to have a bowel movement, or

increased hardness of stool consistency.

dyschezia Dif®culty in evacuation of stool, including

straining, painful defecation, and incomplete evacuation.

laxatives Agents that induce defecation and thereby increase

stool frequency, soften stools, and ease the passage of

stools.

Laxatives are drugs that induce defecation. Types of lax-

atives include purgatives and cathartics, which produce

voluminous stools, stool softeners and emollients, which

have only a mild effect, and lavage solutions, which are

ingested in large volumes and ¯ush out the gastrointes-

tinal tract in preparation for diagnostic procedures such

as colonoscopy. Laxatives can be usefully categorized as

bulking or hydrophilic agents, which add additional

hydrophilic solids to the stools, osmotic laxatives,

which reduce ¯uid absorption by retaining water

intralumenally, secretagogues, and agents with direct ef-

fects on epithelium, nerves, or smooth muscles, and the

lubricating agent, mineral oil.

PHARMACOLOGY OF LAXATIVES

Bulking or Hydrophilic Agents

Organic polymers, such as dietary and medicinal
®ber preparations, complex with substantial amounts
of water when they are in aqueous solution. This
physiochemical property allows such molecules to
hold extra amounts of water intraluminally, thereby
increasing intraluminal volume, speeding transit
through the colon and increasing fecal weight. Stool
consistency may be softened and defecation eased.

The effectiveness of these agents depends on the
amount ingested, the water-holding capacity of the
agent, the amount of the agent surviving bacterial
fermentation in the colon, and the net effect of fermen-
tation products on water absorption by the colon.
Water-holding capacity varies by an order of magnitude
among the various agents. For example, in vitro bran
complexes with 4.2 g of water per gram of bran, whereas
pectin holds 56.2 g of water per gram. Fermentation
of ®ber by colonic bacteria destroys the polymer and

results in the production of short-chain fatty acids and
gas (mainly carbon dioxide and hydrogen), accounting
for the bloating and ¯atulence that complicate the use of
these agents. To the extent that short-chain fatty acids
are absorbed by the colonic mucosa, the laxative effec-
tiveness of ®ber is reduced. To the extent that they re-
main within the colonic lumen, they obligate water
retention osmotically and increase the laxative effect.
The interactions of these factors are largely unpredict-
able. Thus, bran is more effective at increasing stool
weight than is pectin despite the large difference in
water-holding capacity. Supplementing a general diet
with increasing amounts of cereal rich in bran increases
stool weight linearly by 2.7 g for every gram of increased
®ber intake. Constipated patients should take 20ÿ40 g
of ®ber daily.

Instead of dietary ®ber, `̀ medicinal'' bulking agents,
such as psyllium, polycarbophil, or altered cellulose,
can be used. Psyllium is a natural product that consists
of hydrophilic polysaccharides that form a gel when
mixed with water. Ingestion of 10 g of psyllium daily
increases stool weight by an average of 45 g/24 h, largely
due to excretion of an additional 40 g of water daily.
Polycarbophil is a derivative of polyacrylic acid and
forms a gel that is not subject to fermentation when it
interacts with divalent cations and water. Methylcellu-
lose and carboxymethylcellulose are relatively resistant
to fermentation by gut bacteria and tend to cause
less bloating than dietary ®ber. Medicinal ®ber should
always be taken with extra water to avoid intestinal
obstruction.

Osmotic Laxatives

Osmotic agents are osmotically active ions or mol-
ecules that are poorly absorbed by the intestine and
thereby obligate water retention intralumenally to
maintain isotonicity with plasma. Magnesium salts,
phosphate and sulfate salts, poorly absorbed disaccha-
rides, such as lactulose, sugar alcohols, such as mannitol
and sorbitol, and polyethylene glycol are classi®ed as
osmotic agents. These agents work because gut contents
are in osmotic equilibrium with plasma after equilibra-
tion in the upper intestine and so any water-soluble
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material remaining intraluminally must retain
suf®cient ¯uid to maintain intralumenal osmolality at
290 mosm/kg. For example, stool weight increases lin-
early by 7.3 g for each additional millimole of soluble
magnesium in stool water. Quite large stool outputs can
be achieved; for example, a standard 10 oz. bottle of
citrate of magnesia contains 116 mmol of magnesium
and therefore could increase stool weight by as much as
850 ml.

The side effects of saline laxatives relate to excess
absorption of the poorly absorbed ion in the face of large
intakes. Thus, hypermagnesemia, hyperphosphatemia,
and hypernatremia have been reported with ingestion of
magnesium and phosphate laxatives, especially when
given in high doses or to patients with renal insuf®-
ciency. Complications, such as seizures or congestive
heart failure, have also been observed with these agents.
Mannitol, sorbitol, and lactulose can be fermented by
colonic bacteria; this can produce excess ¯atus and
bloating.

Polyethylene glycol is a large polymer (molecular
weight �3350) that should not exert much osmotic
activity. However, polymers that interact strongly
with water, such as polyethylene glycol, exert an anom-
alous osmotic activity that is proportional to the number
of monomer units in the polymer. Thus, ingestion of 17 g
of polyethylene glycol obligates intraluminal retention
of approximately 80 ml of water. Larger doses of poly-
ethylene glycol and supplemental electrolytes are used
in gastrointestinal lavage solutions that are designed to
be consumed in large volumes and to produce no net
water or electrolyte absorption or secretion. Because
polyethylene glycol is not absorbed appreciably and is
not fermented by bacteria, it typically does not produce
electrolyte disturbances or result in excess ¯atus.

Secretagogues and Agents with Direct Effects
on Epithelium, Nerves, or Smooth Muscle

Many different categories of drugs produce laxation
by various effects on the intestine and its regulatory
elements (Table I). These agents have been called `̀ stim-
ulant'' laxatives because of presumed stimulation of
motility, but they also may have independent effects
on mucosal transport.

The least active of these agents are the surface-active
agents, including docusates and bile acids. These sub-
stances are detergents that inhibit ¯uid and electrolyte
absorption or stimulate secretion. Although these chem-
icals may have measurable (if small) effects in increasing
stool water and thus `̀ softening'' stools, clinical studies
suggest that docusates are of little help in the prophy-
laxis of constipation in the bed-bound elderly.

Diphenylmethane derivatives are frequently used
stimulant laxatives. Bisacodyl is a common component
of over-the-counter laxatives, especially since the with-
drawal of phenolphthalein because of animal studies
suggesting carcinogenicity. Bisacodyl is hydrolyzed in
the small intestine and colon by endogenous esterases to
its free, active form, which inhibits water absorption by
effects on prostaglandins, kinins, and perhaps mucosal
Na�,K�-ATPase. Bisocodyl can be given as 10 mg
tablets, which produce an effect in 6ÿ8 h, or as 5 and
10 mg suppositories, which work within 15ÿ30 min.

Ricinoleic acid is the active component of castor oil
(ricinoleic acid triglyceride). Castor oil is hydrolyzed by
lipase, releasing free ricinoleic acid, which seems to
stimulate both intestinal secretion and motility. Doses
of 30ÿ60 ml of castor oil produce catharsis within a few
hours. Cramping frequently complicates its use and
limits long-term use. Castor oil is most frequently
used for bowel preparation.

TABLE I Classi®cation of Laxatives

I. Bulking or hydrophilic agents

A. Dietary ®ber

B. Psyllium (Plantago)

C. Polycarbophil

D. Methylcellulose, carboxymethylcellulose

II. Osmotic agents

A. Poorly absorbed ions

1. Magnesium sulfate (epsom salt)

2. Magnesium hydroxide (milk of magnesia)

3. Magnesium citrate

4. Sodium phosphate

5. Sodium sulfate (Glauber's salt)

6. Potassium sodium tartrate (Rochelle salt)

B. Poorly absorbed disaccharides, sugar alcohols

1. Lactulose

2. Sorbitol, mannitol

C. Polyethylene glycol

III. Secretagogues and agents with direct effects on epithelium,

nerves, or smooth muscle

A. Surface-active agents

1. Docusates (dioctyl sulfosuccinate)

2. Bile acids

B. Diphenylmethane derivatives

1. Bisacodyl

2. Sodium picosulfate

3. (Phenolphthalein)a

C. Ricinoleic acid (castor oil)

D. Anthraquinones

1. Senna

2. Cascara

3. Aloe

IV. Lubricating agent

A. Mineral oil

a No longer available in the United States.
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Anthraquinones are a group of chemicals that con-
tain the tricyclic anthracene nucleus. Substitutions in
the ring structure de®ne various monoanthrones, in-
cluding aloe-emodin, rhein, and frangula. The
monoanthrones are usually coupled together to form
dianthrones, which are conjugated with sugars to pro-
duce glycosides. Plants that produce these agents in-
clude senna, aloe, cascara, and rhubarb. Available
preparations are derived from plant material and are
mixtures of various chemicals. The conjugated anthra-
quinones pass into the colon, where bacterial metabo-
lism converts them to active forms. The drugs seem to
work by both stimulating secretion and speeding transit
through the colon. Defecation usually occurs 6ÿ8 h
after ingestion. Side effects include allergic reactions,
electrolyte depletion, and melanosis coli, a benign
discoloration of the mucosa due to apoptosis of the
colonic epithelial cells. Anthraquinones have been
blamed for the development of `̀ cathartic colon,'' a neu-
rogenic atony, but this does not seem to occur frequently
with currently available anthraquinone laxatives.

Lubricating Agent

Mineral oil (petrolatum) is a lubricating agent that is
not chemically active within the body, but instead alters
the physical characteristics of stool, thereby easing def-
ecation. It can be taken by mouth or as an enema. As-
piration is a hazard with oral intake and may produce
lipoid pneumonia. Depletion of fat-soluble vitamins
with chronic use and seepage through the anus are
additional side effects.

THERAPEUTIC USE

Laxatives are used to treat the symptom of constipa-
tion, to prepare the colon for procedures, such as
colonoscopy or surgery, and to empty the gastrointes-
tinal tract after ingestion of poisons.

Use in Constipation

The symptom of constipation may mean infre-
quency of defecation, straining to have bowel move-
ments (dyschezia), or excessively hard stools.
Constipation may be due to systemic diseases, such
as diabetes mellitus or hypothyroidism, or to disorders
of the colon, such as diverticulitis or colon cancer, or
may be idiopathic. Idiopathic constipation is attributed
to the slow transit of material through the colon or
functional outlet obstruction due to dysfunction of
the anal sphincters or pelvic ¯oor muscles or to transient
anatomical obstruction.

For mild symptoms, increased dietary ®ber or the
use of medicinal ®ber may be all that is needed. Docu-
sates are frequently utilized by patients with chronic
constipation, but are usually insuf®cient for use in pa-
tients consulting their physicians with constipation. For
severe, acute constipation, more potent laxatives are
needed; stimulant laxatives or large doses of osmotic
laxatives work well in this setting. For more chronic
symptoms, osmotic agents are preferred. When
straining (dyschezia) is the main problem, modi®cation
of stool consistency with osmotic agents or mineral oil
can be useful. Fiber supplementation should be avoided
in patients with straining, since ingestion of more ®ber
results in the need to pass bulkier stools.

Use for Colon Preparation before Procedures

Adequate preparation of the colon for colonoscopy,
radiography, or surgical procedures is essential for ideal
viewing conditions and patient safety. Gastrointestinal
lavage solutions are the standard against which other
preparation regimens are compared. These solutions are
designed to be ingested rapidly in large volumes to
`̀ wash out'' colon contents. Unfortunately, even with
¯avorings they taste badly and it sometimes becomes
dif®cult for patients to ingest the full dose. They remain
the safest option for thorough colon cleansing, however.

Ionic osmotic laxatives, such as sodium phosphate
or magnesium citrate, are popular alternatives. Laxa-
tives that contain lactulose, mannitol, or sorbitol should
not be used for colon preparation because of their po-
tential to produce potentially explosive hydrogen gas.
The ionic osmotic agents can be absorbed and may pro-
duce hyperphosphatemia or hypermagnesemia. They
should not be used in patients with renal insuf®ciency.
Suf®cient water should be ingested with the ionic lax-
atives to avoid dehydration.

Traditional cathartics, such as castor oil and
bisacodyl, can be used in various combinations or
with enemas to prepare the colon. Their use may be
complicated by cramping and dehydration.

Use in Toxic Ingestions

The role of laxatives in reducing absorption of orally
ingested poisons is limited. Most cathartics work too
slowly to have much effect and studies with gastroin-
testinal lavage solution suggest little effect on the
kinetics of absorption of potential toxins.

See Also the Following Articles

Colonoscopy � Constipation � Defecation � Dietary Fiber �
Over-the-Counter Drugs
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ABC-type transporter Members of a large multigene family

of transport proteins expressed in the membranes of

epithelial cells. ABC-type transporters contain an ATP-

binding cassette, signifying that transport of the parti-

cular substrate is energy-dependent. Members of this

family play an important role in lipoprotein metabolism

by regulating lipid transport (particularly cholesterol

and other sterols) both into and out of cells.

apolipoprotein Members of a large multigene family of

proteins with the ability to bind lipids (cholesterol and

triglyceride) in order to facilitate their transport in

plasma.

brush border membrane Apical membrane of the enterocyte,

facing the intestinal lumen. This is the site from which

uptake of dietary lipid occurs.

chylomicron The largest lipoprotein particle. This is the

particle secreted by the intestine following lipid absorp-

tion and allows the transport of triglyceride and

cholesterol out of the enterocyte, into the lymphatic

circulation, and ultimately into plasma. The major

protein components are apolipoprotein B48, apolipo-

protein A-I, and apolipoprotein A-IV.

chylomicron remnant Chylomicron particles enter the

plasma and undergo metabolism of the triglyceride cargo

through the actions of an enzyme called lipoprotein

lipase. This results in liberation of fatty acids to adipose

tissue and muscle. Removal of the core triglyceride leads

to shrinkage of the surface and production of a smaller

particle (chylomicron remnant) that is targeted to the

liver for receptor-dependent uptake, a process facilitated

by apolipoprotein E.

complex lipid The major lipid products of intestinal and

hepatic lipid assembly. The major classes of neutral lipid

include triglyceride and cholesterol ester, whereas

complex polar lipids are represented by phospholipids.

endoplasmic reticulum Compartment of the cell responsible

for the synthesis of complex lipids and apolipoproteins;

it is the site where initiation of lipoprotein synthesis

occurs.

fatty acid-binding protein Two classes of fatty acid-binding

proteins are discussed. The ®rst class comprises mem-

bers of a large multigene family of cytoplasmic trans-

porter proteins participating in shuttling fatty acids in

the liver and small intestine. The second consists of a

family of membrane-associated fatty acid transport

proteins presumed to be involved in the uptake of fatty

acids from plasma.

Golgi complex Compartment of the cell responsible for

maturation of lipoprotein particles prior to their secre-

tion into the plasma.

high-density lipoprotein The smallest and densest lipopro-

tein particle. Sites of formation include the small

intestine, liver, and the plasma compartment following

catabolism of large triglyceride-rich lipoproteins.

lipoprotein receptor Several classes of receptor demonstrate

af®nities for different lipoproteins. Some, such as the

low-density lipoprotein receptor, cluster in coated pits

and participate in the regulation of cholesterol home-

ostasis. Others, such as scavenger receptor type B1 and

the ABC-type transporters ABC-A1, ABC-G5, and ABC-

G8, play a role in cholesterol secretion and /or uptake

that is yet to be fully understood.

low-density lipoprotein (LDL) The major carrier of choles-

terol in plasma of humans. LDL is formed predominantly

from very-low-density lipoprotein as a result of catabo-

lism of the core triglyceride, analagous to the formation

of chylomicron remnants. The major protein component

is apolipoprotein B100.

microsomal triglyceride transfer protein (MTTP) A resident

endoplasmic reticulum protein that is absolutely
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required for the transfer of complex lipid (above) to the

growing polypeptide chain of apolipoprotein B. Defects

in the gene encoding MTTP result in the autosomal

recessive disorder abetalipoproteinemia, a condition that

is associated with lipid accumulation in enterocytes and

hepatocytes.

reverse cholesterol transport The process through which

high-density lipoprotein acquires cholesterol from per-

ipheral cells and transports and delivers it to the liver for

secretion into bile or for use in the synthesis of bile salts.

RNA editing A form of posttranscriptional modi®cation in

which the nucleotide sequence of the transcript is

modi®ed from that encoded in the genome.

transcript messenger RNA The required intermediate

between the genetically encoded sequence and protein

product.

very-low-density lipoprotein (VLDL) A large lipoprotein

particle synthesized in the liver and small intestine

containing complex lipid for export. VLDLs are the

major lipoproteins secreted by the liver and contain

apolipoprotein B100 as the predominant protein.

Lipoproteins are huge multicomponent complexes con-

taining lipids and proteins. These complexes are essential

for the transport of cholesterol and triglyceride through-

out the body. Lipoproteins allow the transport of dietary

lipids, mostly in the chemical form of cholesterol and

triglyceride, following their absorption by the small in-

testine. In addition, the liver synthesizes cholesterol and

triglyceride to supply tissues that may lack the ability to

make suf®cient quantities of these forms of fat. The ability

of the small intestine to absorb dietary lipid and of the

liver to package newly synthesized lipid is absolutely de-

pendent on the process of lipoprotein assembly and se-

cretion. The small intestine and liver produce a range of

different lipoproteins. These different lipoproteins have

distinct importance in lipid delivery as a result of the

protein components that accompany each particular lipo-

protein class. The different protein components play a

central role in targeting each lipoprotein to a speci®c re-

ceptor on the cell surface. This process in turn facilitates

the regulation of cellular lipid metabolism and provides

a mechanism for the cell to regulate its content of

cholesterol. Genetic defects in the expression of certain

transport proteins or of receptors for certain lipoprotein

classes are associated with abnormalities in plasma lipid

levels and in some circumstances accumulation of lipid

within intestinal and hepatic cells.

INTRODUCTION

The challenge of transforming water-insoluble lipids
such as cholesterol and triglyceride into a form
that can be transported through the aqueous
medium of plasma is achieved by the formation of

large macromolecular particles containing both
complex lipid and apolipoproteins into structures called
lipoproteins. Different classes of lipoproteins are pro-
duced by the liver and small intestine, each with distinct
functions in lipid transport and delivery. In view of the
importance of dietary fat as an energy source
(�30ÿ40% of the daily energy requirement of the
average U.S. diet), these transport vehicles assume con-
siderable importance in maintaining nutritional bal-
ance. In addition, lipoproteins are required for
cholesterol delivery to all cells in connection with
their growth, renewal, and proliferation. The need for
cells to acquire cholesterol from circulating lipoproteins
is particularly noteworthy since all cells have the innate
capacity to synthesize their own cholesterol from two-
carbon precursors. This latter observation indicates that
the demands for cholesterol may exceed the capacity of
cellular production in certain circumstances, particu-
larly during growth or for specialized metabolic
purposes. Certain specialized cells, for example, hepa-
tocytes and adrenal cortical cells, require cholesterol for
the synthesis of bile acids and steroid hormones, respec-
tively, and cholesterol destined for these purposes is
derived largely from circulating lipoproteins. In addi-
tion, the developing brain and central nervous system
require prodigious amounts of cholesterol and certain
fat-soluble vitamins, notably vitamins A and E, for ap-
propriate development. Taken together, lipoproteins
represent a vital adaptation for organ-speci®c delivery
and control of nutrient metabolism in addition to play-
ing a role in the regulation of cholesterol homeostasis.
These features are summarized in Fig. 1, elements of
which are discussed in the following paragraphs.

INTESTINAL LIPOPROTEIN ASSEMBLY

Complex Lipid Synthesis

Complex lipid synthesis and the formation of lipo-
proteins within the intestinal enterocyte require several
coordinated steps. Dietary lipid is presented to the brush
border in the form of a mixed micelle containing fatty
acid, monoglyceride, and bile salts, from which fatty
acid and monoglyceride are transported into the entero-
cyte. It is likely that one of several fatty acid transporter
proteins (FATPs) participates in this process, the most
reasonable candidate being FATP4. Cholesterol and
other sterols are transported across the intestinal
brush border membrane, but the mechanisms and trans-
porters involved are not fully de®ned. Potential candi-
dates include ABC-type transporters and scavenger
receptor type B1 (SR-B1) (Fig. 1). Once across the
enterocyte brush border membrane, fatty acids are
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activated to their coenzyme A derivative and transferred
to the endoplasmic reticulum (ER) for assembly into
complex lipid. The role of fatty acid-binding proteins
in this transfer process has been proposed but has not
yet been formally proven. Two fatty acid-binding pro-
teins, known as intestinal fatty acid-binding protein and
liver fatty acid-binding protein, are expressed at high
levels in the enterocyte. Once delivered to the ER, fatty
acids and monoglycerides are used for the assembly of
complex lipids, including phospholipids, triglycerides,
and cholesterol esters. Enzymes that participate in this
process include monoacylglycerol acyltransferase
(MGAT), diacylglycerol acyltransferase I and II, and
acylcholesterol acyltransyltransferase I and II (ACAT
I and II). Some of these enzymes have a more or less
important role in the intestine (MGAT and ACAT II)
than in the liver and other tissues. Once complex lipid
assembly has been initiated in the ER, the process of
intestinal lipoprotein assembly begins almost simulta-
neously (Fig. 1).

Role of Microsomal Triglyceride Transfer
Protein and Apolipoprotein B

The ef®cient assembly of lipoproteins in the intes-
tine requires the coordinated interaction of many genes,
among which two gene products in particular are indis-
pensable. These include microsomal triglyceride trans-
fer protein (MTTP) and apolipoprotein B (apoB).
Neutral lipid, including cholesterol ester and triglycer-
ide, is synthesized in the ER and accumulates as small
droplets. These lipid droplets are transferred to and
appear to fuse with the nascent peptide chains of
apoB within the lumen of the ER (Fig. 1). This neutral
lipid transfer step allows the appropriate folding and
conformation of the apoB protein such that it is trans-
ferred through the secretory pathway. In the absence of
lipid transfer, for example, in the setting of genetic
MTTP de®ciency accompanying abetalipoproteinemia,
apoB is degraded and neutral lipid accumulates within
the ER. Similarly, in the absence of apoB or in the setting
of truncating mutations that eliminate the lipid-binding
domains of apoB, neutral lipid accumulates within
the ER. The prototype for genetic de®ciency of apoB
is homozygous hypobetalipoproteinemia.

ApoB RNA Editing

ApoB is required as an integral structural compo-
nent of lipoproteins. The protein is synthesized in the
liver and in the small intestine, but each organ produces
a distinct isoform. The liver produces a large protein
referred to on a centile scale as apoB100. The intestine
produces a protein approximately half the size of the

liver form, referred to as apoB48. A specialized form of
apoB mRNA processing, which results in the formation
of these two protein products from a single structural
APOB gene, occurs in the small intestine. In this process,
referred to as RNA editing, a cytidine to uridine deam-
ination of the nuclear apoB mRNA results in the intro-
duction of a UAA stop codon and leads to translation of a
truncated apoB protein (apoB48). In humans, the liver
expresses apoB mRNA but synthesizes only the
full-length protein (apoB100) since apoB mRNA is
not edited in the liver. ApoB100 is the major protein
component of low-density lipoproteins (LDL), the prin-
cipal transport vehicle for cholesterol in humans
(Fig. 1). ApoB48 is the major protein component of
chylomicrons (Fig. 1). These two isoforms of apoB
have distinct metabolic fates, as detailed below. ApoB
mRNA editing is postulated to represent a metabolic
advantage by way of targeting dietary lipid from the
small intestine to the liver for rapid delivery as an energy
substrate and also for the delivery of fat-soluble vitamins
that are targeted to liver stores.

INTESTINAL LIPOPROTEIN SECRETION

Enterocytes secrete two major classes of lipoprotein.
Bulk triglyceride transport is achieved through the as-
sembly and secretion of chylomicrons, as detailed
above. These are large (75ÿ1200 nm) particles that
are well adapted for the transport of triglyceride into
the circulation and ultimately to the liver. By virtue of
their size, a limited amount of apoB is capable of trans-
porting a large amount of lipid (Fig. 1). ApoB is pro-
posed to wrap itself around the lipid droplet, belt-like,
and, together with the addition of other apolipopro-
teins, notably apoA-I, apoA-IV is secreted into the lym-
phatic circulation, where it acquires apoE (Fig. 1).
Chylomicrons undergo hydrolysis of their core triglyc-
eride in the peripheral circulation through the action
of an enzyme, lipoprotein lipase, which is tethered
within the capillary endothelium of muscle and adipose
tissue beds. Following hydrolysis of the core triglycer-
ide, the surface of the chylomicron shrinks and the
particle becomes smaller, allowing more apoE to
bind. This step is required for the receptor-dependent
uptake of chylomicron remnants by the liver, through
the chylomicron remnant receptor (Fig. 1). Enterocytes
also secrete high-density lipoprotein (HDL). These are
small (8ÿ12 nm) particles composed mostly of phos-
pholipid, apoA-I, and apoA-IV, together with a small
amount of neutral lipid (Fig. 1). The importance of HDL
secretion from the intestine is unknown although esti-
mates suggest that � 50% of the daily HDL input arises
from this source. HDL plays a central role in `̀ reverse
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cholesterol transport,'' the process by which cholesterol
is removed from the membranes of peripheral cells and
delivered to the liver for excretion. This pathway repre-
sents an important mechanism of the body to rid itself of
excess cholesterol and perhaps is the reason that HDL
(the so-called good cholesterol) is protective against

atherosclerosis. Intestinal cells express the transporter
proteins ABC-A1, ABC-G5, and ABC-G8, recently iden-
ti®ed as cholesterol and sterol transport proteins
(Fig. 1). In addition, enterocytes express the macro-
phage scavenger receptor protein SR-B1, presumed to
function as an HDL receptor. The precise role of these

FIGURE 1 Intestinal and hepatic lipoprotein assembly and secretion and an integrated view of

lipoprotein metabolism. Dietary lipid is absorbed into the intestinal enterocyte with the participation

of members of the fatty acid transport protein (FATP) family. Fatty acids are bound by fatty acid-

binding proteins (FABP) and are transferred to the endoplasmic reticulum (ER) for complex lipid

assembly. Neutral complex lipids (cholesterol ester and triglyceride) are transferred by the micro-

somal triglyceride transfer protein (MTTP) to the growing chain of apolipoprotein B (apoB48) and

this process initiates lipoprotein formation. The lipoprotein particles enlarge through the addition of

progressively more lipid to the core and are secreted into the lymph as a chylomicron. The core lipid

in chylomicrons is largely triglyceride (TG). Additional proteins are added to the chylomicron in the

later stages of lipoprotein assembly, including apoA-I and apoA-IV. Intestinal enterocytes also secrete

small high-density lipoprotein (HDL) particles containing apoA-I and apoA-IV. HDL metabolism in

the intestine is also in¯uenced by the expression of various HDL receptors, including ABC-type

transporters (ABC-A1, ABC-G5, and ABC-G8) as well as the scavenger receptor, SR-B1. These HDL

receptors and transporters likely also play a role in regulating cholesterol absorption from the diet.

The assembly and secretion of lipoproteins from the liver follow many of the same patterns as in the

intestinal cell. Fatty acids and cholesterol are assembled into complex lipid within the ER and are

transferred to the growing chain of apoB100 through the actions of MTTP. Hepatocytes assemble

very-low-density lipoproteins (VLDLs), which are smaller than chylomicrons and contain apoB100

rather than apoB48. The core lipid in VLDL is both TG and cholesterol ester (CE). Both VLDL and

chylomicrons enter the systemic circulation where the core lipids undergo hydrolysis, releasing fatty

acids to muscle and adipose tissue. Chylomicrons are converted into chylomicron remnants and are

directed to the chylomicron remnant receptor (also known as low-density lipoprotein receptor-

related protein, or LRP). This targeting is dependent on the transfer of apoE to the remnant particle.

VLDLs are converted into low-density lipoproteins (LDLs), which are the major transport carrier of

cholesterol in humans. LDLs are directed to the LDL receptor, which localizes in coated pits on the

surface of all cells. This interaction is dependent on a domain in the carboxyl-terminus of apoB100

that is absent from apoB48. HDL transporters and HDL receptors are also expressed on hepatocytes

and may participate in the regulation of cholesterol secretion into bile.
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receptors and transporters in reverse cholesterol trans-
port and their importance in the recognition and trans-
port of cholesterolÐboth into and out of the
enterocyteÐare important questions for future investi-
gation. Increased HDL levels in plasma are protective
against the development of atherosclerosis in humans
and factors that regulate intestinal secretion of HDL are
under investigation. A further aspect of the ability of
intestinal epithelial cells to secrete lipoproteins is that
expression of the ABC-type transporters may allow
these cells to discriminate between cholesterol and
other, more toxic sterols. Rare genetic diseases are as-
sociated with the indiscriminate absorption of plant
sterols, which are normally not absorbed by humans.
Some of these defects have been linked to mutations in
ABC-type transporters.

HEPATIC LIPOPROTEIN ASSEMBLY

Assembly of lipoproteins within the liver follows much
of the same basic principles outlined above for the en-
terocyte. Fatty acids are transported into hepatocytes
through fatty acid transport proteins and are transpor-
ted to the ER by the hepatic fatty acid-binding protein.
Once inside the ER, complex lipid assembly occurs and
transfer of the neutral lipid to a nascent apoB100 protein
again requires binding by MTTP (Fig. 1). Neutral lipid is
fused to the growing apoB protein and protects the pep-
tide from degradation within the ER. During the later
stages of lipoprotein assembly, apoE is added to the
particle, which is then secreted into the circulation.
Lipoprotein assembly in the hepatocyte and enterocyte
differs in several respects (Fig. 1). First, hepatic lipo-
protein assembly and secretion involve the delivery of
complex lipid into the space of Disse in the form of very-
low-density lipoprotein (VLDL) rather than chylomi-
crons (Fig. 1). VLDLs differ from chylomicrons in
two important respects, namely, their smaller size
(30ÿ80 nm) and the presence of apoB100 and apoE
in place of apoB48. In addition, there are two distinct
routes for lipid secretion from hepatocytes since these
cells secrete cholesterol directly into bile in addition to
secreting lipoproteins into plasma (Fig. 1). The meta-
bolic regulation of this partitioning process (i.e., VLDL
versus biliary cholesterol) is poorly understood. A fur-
ther major distinction between hepatic and intestinal
lipoprotein assembly is that VLDL production is driven
by both substrate (e.g., fatty acid delivery) and meta-
bolic demands (e.g., insulin and other hormones) and is
subject to feedback and feed-forward regulation by
numerous genes involved in the bile acid biosynthetic
pathway. Hepatic VLDLs are the major source of

circulating LDL and thus factors that regulate hepatic
secretion rates of VLDL in turn regulate the levels
of LDL.

HEPATIC LIPOPROTEIN SECRETION

The liver plays a central role in the secretion of lipo-
proteins into the circulation as a mechanism for deliv-
ering newly synthesized complex lipid and cholesterol
to peripheral tissues and organs. In addition to its role in
lipoprotein secretion, however, the liver plays an essen-
tial role in regulating circulating lipid levels through
lipoprotein uptake and catabolism. In the process of
receptor-dependent LDL uptake, the liver is quanti-
tatively the most important organ. This property of he-
patocytes is relevant to an understanding of how
cholesterol levels in plasma are maintained in humans
and the accompanying increase in atherosclerotic heart
disease and stroke that accompanies elevated LDL
cholesterol levels. Most of the plasma cholesterol in
humans is transported in LDL, and since elevated levels
are strongly predictive of susceptibility to atherosclero-
sis, LDL is often referred to as the `̀ bad cholesterol.'' Two
major mechanisms contribute to the regulation of LDL
levels. These include VLDL synthesis and LDL clearance
from the circulation. Most of the circulating LDL is
cleared from the circulation through its interaction
with a receptor, the LDL receptor (Fig. 1).

LDL receptors are clustered in coated pits through-
out the basal-lateral membranes of hepatocytes and per-
mit binding and internalization of LDL, which in turn
reduces LDL levels in plasma. The clearance of LDL
through its interaction with the LDL receptor is
quantitatively the dominant mechanism for regulating
plasma cholesterol levels in humans. Genetic defects
in the LDL receptor result in familial hyper-
cholesterolemia, which is associated with extremely
high levels of LDL in plasma and an increased risk of
atherosclerotic heart disease.

The physical interaction of LDL with the LDL
receptor is mediated through two regions that are pres-
ent in the carboxyl-terminus of apoB100. The regions or
domains in apoB100 responsible for the high-af®nity
binding of LDL to the LDL receptor are absent from
apoB48, which cannot bind to the LDL receptor as
ef®ciently as apoB100. As a result, intestinal apoB48-
containing lipoproteins (chylomicrons and remnant
particles) are directed to a different receptor (chylo-
micron remnant receptor or LDL receptor-related pro-
tein) that recognizes apoE (Fig. 1). ApoB RNA editing
thus permits rapid delivery of intestinal lipoproteins to
the liver (the half-life of chylomicrons and remnants is
560 min) versus the ®ne regulation of plasma
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cholesterol levels achieved through their association
with LDL and LDL receptor-dependent transport
(a half-life of approximately 2 days).

Hepatocytes express the transporter proteins ABC-
A1, ABC-G5, and ABC-G8, as well as the HDL receptor
SR-B1. The ABC-type transporters have an important
role in allowing cholesterol to be exported from cell
membranes. This process is separate from the lipopro-
tein secretion pathways outlined above. Cell mem-
branes accumulate cholesterol and other sterols
within the bilayer and this may be transferred to an
HDL acceptor particle from the plasma in the presence
of an ABC-type transporter. The classical example of
such a transporter that functions in this manner is
ABC-A1. This transporter is widely expressed and is
proposed to act as a cholesterol pump, transferring
cholesterol to an acceptor HDL particle. Genetic defects
in ABC-A1 have been linked to Tangier disease, in which
circulating HDL levels are extremely low. The role of
these ABC-type transporters in cholesterol secretion
into bile and their participation in regulating levels of
HDL in plasma are under investigation.

See Also the Following Articles
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tocytes � Hyperlipidemia
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Liver Abscess

NATALIE J. ToÈ RoÈ K AND GREGORY J. GORES

Mayo Clinic and Foundation

hematogenous spread Dissemination via the circulation.

hydatid cyst Vesicular structure formed as a consequence of

Echinococcus infection.

pyogenic Pus forming.

scoleces Anterior parts of the Echinococcus; they are formed

within the hydatid cyst.

trophozoite Vegetative form of a parasite.

Liver abscesses do not represent a speci®c liver disease,

but rather a ®nal common pathway of many pathologic

processes. In the preantibiotic era, liver abscesses were

typically sequelae of intraabdominal infectious processes

(e.g., appendicitis) or of tuberculosis. Currently, most

liver abscesses are secondary to biliary tract diseases or

amebiasis. Many advances, including the development of

antibiotics, recognition of the role of the anaerobic bac-

teria, the advent of noninvasive imaging, and the use of

nonsurgical drainage for pyogenic abscesses, have im-

proved outcome.

EPIDEMIOLOGY

The incidence of liver abscess shows a wide range of
variation, depending on the etiology. The incidence of
pyogenic liver abscess ranges from 8 to 20 cases per
million people. With the availability of effective antimi-
crobials, pyogenic liver abscess has become a disease of
middle-aged persons, probably because of the preva-
lence of biliary disease as a major cause is higher in
this population. No signi®cant sex, ethnic, or geo-
graphic differences seem to exist in disease prevalence,
in contrast to the epidemiology of amebic liver abscess.
Amebic liver abscess is marked by a signi®cant male
preponderance and is a disease seen most commonly
in patients who reside in or have emigrated from an
endemic area, or who have travel history to an endemic
area. Countries with the highest Entamoeba histolytica
endemic activity include Mexico, India, East and South
Africa, and Central and South America. As estimated by
the World Health Organization (WHO) in 1995, ap-
proximately 40 million to 50 million people worldwide
are symptomatic with amebic colitis or liver abscess,
resulting in 40,000ÿ100,000 deaths each year. In the

United States, immunosuppression seems to be an
important risk factor. Patients with HIV infection,
malnourishment, and alcoholism are at risk of devel-
oping amebiasis.Echinococcosis may result in hydatid
liver cyst formation; the most common pathogen is
Echinococcus granulosus. The resulting cystic hydatid
disease has worldwide distribution. In tuberculosis,
the liver is commonly involved, with a granulomatous
reaction, but the formation of tuberculous liver abscess
is rare worldwide and usually is not considered in the
differential diagnosis of liver abscesses. Worldwide,
only 43 cases have been reported.

PATHOGENESIS

Pyogenic liver abscesses are classi®ed by the presumed
route of hepatic invasion: (1) biliary tree, (2) portal vein,
(3) hepatic artery, (4) direct extension from contiguous
focus of infection, and (5) penetrating trauma.
Cholangitis is now the major cause of pyogenic liver
abscess. Patients with Caroli's disease and primary scle-
rosing cholangitis (PSC) have a particularly high rate of
pyogenic abscess formation. In Third World countries,
infection of the biliary tree by Cryptococcus neoformans
or direct invasion by Ascaris lumbricoides may occur.
Mechanical manipulation of the biliary tree, such as
after endoscopic retrograde cholecystopancreatography
(ERCP), or percutaneous biliary tube placement can be
complicated by abscess formation. The portal venous
system drains almost all of the abdominal viscera.
Pylephlebitis from diverticulitis, in¯ammatory bowel
disease, pancreatitis, and prostatitis can result in pyo-
genic abscess formation (Table I). Historically, un-
treated appendicitis was a major cause of liver
abscess in the past, but its occurrence has greatly dimin-
ished with the use of antibiotics. Systemic bacteremia
may also result in microabscess formation in the liver
because bacteria are disseminated via the hepatic artery.
Direct extension from a contiguous source of infection
can occur with cholecystitis and subphrenic abscesses.

In terms of pathogens, Escherichia coli and Klebsiella
species are by the far the most common isolates.
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Klebsiella abscesses are frequently associated with gas
formation. Enterococci and the viridans streptococci are
also common, especially in polymicrobial abscesses,
whereas Staphylococcus aureus is more commonly
associated with monomicrobial abscesses. In hemo-
chromatosis, abscesses are often caused by Yersinia
enterocolitica.

Amebiasis is caused by ingestion of infective
E. histolytica cysts through a fecalÿoral route of expo-
sure. The cysts are resistant to degradation in the stom-
ach and pass to the small intestine, where excystation
and liberation of the trophozoite form of the parasite
occur. The trophozoites then pass to the colon, where
they cause mucosal invasion and subsequent spread to
the liver. The pathology in amebic abscess involves
three consecutive stages: acute in¯ammation, granu-
loma formation, and progressively advancing necrosis
with abscess formation and periportal ®brosis. The ab-
scess contains necrotic tissue surrounded by a rim of
amebic trophozoites.

Echinococcosis causes human disease when humans
become hosts for a cystic intermediate stage of canine
tapeworms. Echinococcus granulosus most often
infects humans in contact with sheep-herding dogs.
The hydatid liver cysts are ¯uid-®lled structures lined
by a parasite-derived membrane. The cysts caused by
Echinococcus multilocularis are less de®ned; they tend to
invade the liver parenchyma and also seed the adjacent
organs.

CLINICAL PRESENTATION

Only 10% of patients with pyogenic liver abscess present
with the classic triad of fever, jaundice, and right upper
quadrant pain. Fever and constitutional symptoms in-
cluding malaise, fatigue, and anorexia are common. In
the presence of cholangitis, pruritus and jaundice may
also be additional features. There seems to be an asso-
ciation between the cause of the abscess and the dura-
tion of the symptoms: hematogenous liver abscesses
present most acutely (3 days), whereas those secondary
to pylephlebitis (42 days) have the longest duration of
symptoms.

In the case of amebic liver abscesses, 80% of patients
present with symptoms that develop over 2ÿ4 weeks.
The symptoms are similar to those in patients with pyo-
genic abscesses; gastrointestinal symptoms also occur in
10ÿ35% of patients and may include nausea, vomiting,
diarrhea, abdominal cramping, diarrhea, or constipation.

Echinococcal liver cysts are often asymptomatic and
present as a hepatic mass with a typical appearance on
computer tomography (CT) or magnetic resonance
imaging (MRI).

DIAGNOSIS

Laboratory tests in cases of pyogenic liver abscesses
reveal leukocytosis in many cases. Liver biochemistries
are also abnormal in most of the patients; however,
normal results do not exclude the diagnosis. Serum
alkaline phosphatase level is elevated in two-thirds of
patients and tends to be more markedly elevated than
transaminase levels. Blood cultures are positive in about
half of the patients. Multiple samples should be ob-
tained, because this may be the only clue to the path-
ogenic agent prior to starting antimicrobial therapy.

Leukocytosis is moderate in cases of amebic liver
abscesses, and eosinophilia is rare. Anemia is a typical
®nding. Overall, the incidence of liver test abnormalities
is the same in patients with amebic liver abscess or with
pyogenic liver abscess. Most patients (470%) with
amebic abscess do not have detectable parasites in
the stool, therefore serologic testing for antibodies to
E. histolytica is the most useful diagnostic test. The most
commonly used serologic test currently is the enzyme
immunoassay (EIA), because it is rapid, stable, and
more speci®c and sensitive than other diagnostic tests.

In hydatid liver disease, the Echinococcus cysts are
rarely found in the stool. Eosinophilia is usually present.
Enzyme-linked immunosorbent assay (ELISA) is the
test of choice and is positive in about 90% of cases
with the disease.

Radiographic imaging studies are essential in mak-
ing the diagnosis. Ultrasonography (US) and CT have
proved particularly useful for abscess visualization and
subsequent drainage (see Fig. 1). US is the study of
choice in patients with suspected biliary disease. Intra-
venous contrast-enhanced CT offers improved sensitiv-
ity and is superior for guiding complex draining
procedures. MRI studies are now also recognized to
be useful alternatives to CT imaging, especially if the
abscesses arise as a result of cholangitis, allowing better
de®nition of disease extent. Magnetic resonance chol-
angiography may further add to the sensitivity, espe-
cially if there is a suspicion of a cholangiocarcinoma.
Chest radiographs are abnormal about half of the time,

TABLE I Occult Causes of Pyogenic Liver Abscesses

Diverticulitis

In¯ammatory bowel disease

Prostatitis

Pelvic in¯ammatory disease

Pancreatitis

Appendicitis
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but are of no real value in making the diagnosis. A 99 mTc
nuclear hepatic scan is useful in differentiating an ame-
bic abscess from a pyogenic abscess. Because amebic
liver abscesses do not contain leukocytes, they appear
as `̀ cold'' lesions on a nuclear scan, with a typical `̀ hot''
halo of radioactivity surrounding the abscess due to
increased focal activity of leukocytes.

TREATMENT

The treatment of pyogenic abscesses consists of antibi-
otic administration and drainage of the abscesses.
Radiographically guided percutaneous drainage is
now pursued in most patients. Over the past 20 years,
several studies have shown that percutaneous catheter
drainage with antibiotic therapy has a success rate
between 70 and 90%. Observations by Giorgio and
co-workers suggest that repeated needle aspiration in
selected patients with low viscous material within the
abscess cavity may be a reasonable alternative.

Antibiotics should be started as soon as the diagnosis
is suspected, after blood cultures are obtained. Pyogenic
abscesses that arise in patients with biliary disease often
include enterococci and enteric gram-negative bacilli.
Biliary drainage is also essential if the abscess is second-
ary to an obstructed bile duct. If the source of the in-
fection is the colon or pelvic organs, antibiotic coverage
for coliforms and anaerobes is needed. The usual course
of treatment is 2ÿ3 weeks of parenteral antibiotic ther-
apy with adequate abscess cavity drainage. The clinical
response is followed by serial interval studies.

Treatment options for uncomplicated amebic liver
abscess include amebicidal drugs and, if indicated, per-
cutaneous or open aspiration of the abscesses. Thera-
peutic aspiration of the amebic liver abscess should be
considered in patients with (1) high risk of abscess rup-
ture as de®ned by a cavity size of 5 cm or greater, (2) left
lobe abscess (because of the associated higher mortality
rate), and (3) failure to respond to drug therapy.
Metronidazole remains the drug of choice for treating
amebic liver disease. Metronidazole, 750 mg orally
three times a day for 10 days, has been reported to be
curative in more than 90% of patients with amebic liver
abscess. If a patient fails to respond to metronidazole in
5 days, then chloroquine (base) may be substituted or
added to the therapy.

Albendazole has become the current standard for
medical therapy of hydatid disease. It is generally ad-
ministered two to three times daily at doses ranging
between 10 and 50 mg/kg/day, for 12 weeks. Frequent
monitoring for leukopenia and elevation of aminotrans-
ferase levels is required. The standard and ®nal therapy
is surgery, with the careful aspiration the of cyst ¯uid to
avoid spillage of viable scoleces or anaphylaxis. Lapa-
roscopic drainage and ultrasound-guided drainage have
also been reported.

See Also the Following Articles
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� Ultrasonography
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Liver Biopsy

CHEN LIU AND JAMES M. CRAWFORD

University of Florida

alcoholic liver disease Liver abnormality caused by excessive

ingestion of alcohol.

hematoxylin and eosin stain A tissue stain that is routinely

used for histology evaluation.

immunostain A laboratory histochemical procedure that

detects a speci®c antigen using a speci®c antibody.

Masson trichrome A histochemical stain that highlights the

connective tissues.

needle biopsy A surgical procedure to obtain liver tissue

using a needle.

periodic acid-Schiff stain A histochemical stain that high-

lights glycogen and glycoproteins.

reticulin stain A histochemical stain that highlights the

delicate collagen ®bers.

viral hepatitis Liver in¯ammation caused by viral infection.

wedge biopsy A surgical procedure to obtain liver tissue by

excision.

Liver biopsy is a medical procedure to remove a small

piece of liver tissue to diagnose liver disease and assist in

disease management. Liver biopsy may be percutaneous,

i.e., through the abdominal skin, or open, as during lap-

aroscopy or laparotomy. It is the required technique for

visualizing disease processes in the liver at the micro-

scopic level. Liver biopsy may be carried out by `̀ cutting,''

whereby intact pieces of tissue are obtained either by

cutting needle or by scalpel for histological processing.

Liver biopsy may also be carried out by `̀ aspiration,'' in

which a thin needle is inserted into the liver substance

and cellular material is withdrawn under suction; this

variant yields dispersed specimens for cytologic analysis

and/or clumps of tissue for histological examination. The

®rst cutting-needle biopsy device was introduced by Vim

and Silverman in 1938 and was used in procedures

requiring several minutes for percutaneous placement

of the needle and withdrawal of tissue specimens. A

key re®nement was the introduction of Menghini cutting

needle in 1958 and the use of this needle in percutaneous

needle biopsy procedures requiring only a second or two

of penetration and withdrawal. The resultant substantial

decrease in bleeding complications enabled percutane-

ous liver biopsy to become a routine procedure in the

evaluation and management of patients with suspected

liver disease. More recently introduced cutting-needle

biopsy devices, such as the Tru-cut biopsy and biopsy

guns, provide for semiautomation of the percutaneous

procedure.

TYPES OF LIVER BIOPSY

Liver biopsy is an invasive procedure. It requires a
skilled clinician and special monitoring of the patient
for postbiopsy complications, of which intra-abdominal
bleeding is the chief concern. The mortality rate from
percutaneous liver biopsy is on the order of 0.1% for
cutting needle biopsies and much less for aspiration
biopsies that utilize a ®ner needle. Percutaneous liver
biopsy is by far the most commonly performed proce-
dure. Blind needle biopsy uses abdominal percussion
only as the guide for needle placement. Guided biopsy
uses computed tomography (CT) or ultrasound to
visualize liver anatomy and guide the placement and
direction of the percutaneous needle biopsy thrust. In
patients with clotting abnormalities, a transvenous
route through jugular vein permits specimens to be
obtained adjacent to the root of the hepatic vein, without
risk of extravascular bleeding. Cutting or aspiration
biopsies may be obtained at the time of laparoscopy
or laparotomy. With a scalpel, a triangular segment of
liver approximately 0.5 cm in maximal dimension is cut
out from the anterior convexity of the liver surface or
from the lower edge of a liver lobe; the defect can be
sutured closed and hemostasis veri®ed before exiting
the abdomen.

The typical cutting-needle biopsy specimen is a 2 to
3 cm cylindrical core of tissue, between 0.4 and 0.8 mm
in diameter, depending on the diameter of the cutting
needle (Fig. 1). This sample represents approximately
1/50,000 of the organ. Liver biopsy thus has an inherent
problem of sampling error in a variety of hepatic disor-
ders. Liver biopsy is well suited to assessment of diffuse
disorders, since the entire liver corpus is affected by
many injurious events, particularly in¯ammatory and
toxic process. Liver biopsy to diagnose disorders that
exhibit irregular distribution of focal lesions within
the liver is more problematic. The latter disorders
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include primary biliary cirrhosis, primary sclerosing
cholangitis, graft-versus-host disease, and nonhepato-
tropic viral infections such as cytomegalovirus. The
needle may harvest tissue exhibiting de®nitive diagnos-
tic histology or it may miss such tissue.

Liver wedge biopsy is excellent for the evaluation
of focal lesions that are immediately below the capsule
of the liver. It is not as well suited to general diagnosis of
liver disease, since the liver tissue obtained from the
subcapsular region is not representative of the whole
liver. In particular, the normal penetration of ®brous
septa from Glisson's capsule into the super®cial 0.5 cm
of the liver substance makes assessment of liver ®brosis
in the immediate subcapsular region unreliable. If
a wedge biopsy is to be obtained for assessment of dif-
fuse liver disease, a cutting-needle biopsy penetrating
deep into the liver should also be obtained. Despite the
smaller size of the sample obtained from the cutting-
needle biopsy, it frequently is the more reliable source of
histologic information.

Fine-needle aspiration biopsy is particularly useful
for evaluating hepatic mass lesions. It is usually per-
formed with ultrasound or CT imaging. Considering
that neoplasms such as liver cell adenomas and hepa-
tocellular carcinomas have a rich arterial circulation,
the lower risk of postbiopsy bleeding often makes
®ne-needle aspiration biopsy greatly preferable to cut-
ting-needle biopsy. If the ®ne needle is properly placed,
the samples obtained often (but not always) provide the
needed information for diagnosis of the mass lesion.
Liver aspiration is not suitable for evaluation of medical
hepatic diseases because the samples do not preserve
much if any of the architecture of the tissue. It should
also be noted that no form of needle biopsy is recom-
mended for diagnosis of hemangiomas. Noninvasive

imaging techniques are usually suf®cient to identify
hemangiomas without incurring the strong likelihood
of bleeding following biopsy of such lesions.

INDICATIONS FOR LIVER BIOPSY

Serum biochemical tests that remain of consistent value
for screening for liver disease include aminotransferases
as measures of hepatocellular injury; alkaline phospha-
tase and g-glutamyl transpeptidase as measures of cho-
lestatic injury to either hepatocytes or bile ducts; serum
bilirubin (direct and total), albumin, and clotting times
as measures of hepatocellular function; and serological
markers for infections and autoimmune events. With
the continued evolution of laboratory testing for liver
disease, a clinical differential diagnosis is usually well
established at the time of liver biopsy. The indications
for liver biopsyÐpercutaneous or openÐinclude the
following: de novo histologic diagnosis of liver disease;
assessment of liver disease severity; guidance in dealing
with a dif®cult differential diagnosis; monitoring of
multiple causes of liver disease simultaneously affecting
the liver; and assessment of focal lesions. Liver biopsy is
now frequently used to provide prognostic as well as
diagnostic information. For these reasons, liver biopsy
plays a critical role in clinical hepatology practice.

In the community care setting, the most common
indication for an initial liver biopsy is an abnormal liver
laboratory test. Many insidious chronic liver diseases
cause mild liver abnormalities and liver biopsy plays
an indispensable role in determining the underlying
etiology. Sustained fever of unknown origin or un-
explained hepatic or splenomegaly also may prompt a
liver biopsy. Identi®cation of a liver mass lesion,
either incidentally or as part of evaluating right upper
quadrant symptomatology, also frequently leads to liver
biopsy. When diagnoses have been established, espe-
cially for viral hepatitis, liver biopsy is used to monitor
the progression of disease and/or ef®cacy of treatment.
Liver biopsy is a critical part of managing liver trans-
plant patients, as early histological identi®cation of
graft injury, allograft rejection, recurrent disease, or
new causes of liver damage greatly assists effective
management of this patient population.

LIVER BIOPSY SPECIMEN PREPARATION
IN THE LABORATORY

In order to accurately interpret a liver biopsy, it is
essential to handle and prepare the tissue specimen

FIGURE 1 Middle portion of a liver needle core biopsy

tissue from a patient with hepatitis C viral infection. Original

magni®cation, �40.
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correctly. Depending on the nature of the suspected
diseases, a variety of laboratory techniques can be
used to enhance the diagnostic sensitivity and speci®c-
ity. Therefore, there must be effective communication
between the clinician and the pathologist about the
patient's status before the biopsy is taken, so that the
correct processing is chosen. In most instances, all liver
biopsy tissue is routinely ®xed in buffered formalin and
processed for microscopy, but this is not always the best
choice. In the setting of possible hematological disor-
ders affecting the liver, it is essential to have some fresh
(not ®xed) tissue submitted for ¯ow cytometric analysis.
When inherited metabolic disorders are suspected, it is
necessary to preserve a portion of the liver tissue by
immediate immersion in liquid nitrogen for biochemi-
cal, enzymatic, and/or molecular analysis; a small por-
tion also should be placed in electron microscopy
®xative for potential ultrastructural analysis. If an
infectious etiology other than hepatotropic viral infec-
tion is suspected, a portion of fresh tissue may be
submitted for microorganism cultures.

Liver tissue ®xed in buffered formalin can be stained
with a variety of techniques. The most common tissue
stain is hematoxylin and eosin. The commonly used
stains and their utility are listed in Table I.

PRINCIPLES FOR LIVER BIOPSY
INTERPRETATION

A systematic approach is best for evaluating liver biopsy.
Individual histopathologic features should be integ-
rated into a clinically relevant differential diagnosis.
It is true that de®nitive diagnosis based on a liver
biopsy cannot be rendered all the time. However, a
thorough and systematic description of the histologic

®ndings forms an important basis for ongoing clinical
management of patients. Conversely, morphological
®ndings must be considered in the context of clinical
information.

Microscopic examination must ®rst determine the
hepatic architecture. This is usually performed under
light microscopy with low magni®cation, e.g., � 40.
This examination includes noting the presence of ade-
quate portal tracts, the presence of focal lesions, the
presence of distortion of hepatic architecture, the dis-
tribution of portal tracts and terminal hepatic veins,
sinusoidal and liver plate architecture, the presence
of in¯ammatory cell in®ltrates in the portal tracts or
in the lobules, and the presence of zonal injury
(i.e., periportal, midzonal, or centrilobular).

Next, attention should be directed to speci®c
anatomic compartments. Portal tracts should be exam-
ined for the status of hepatic arteries and portal veins,
the presence or absence of bile ducts, evidence of bile
duct epithelial damage, bile ductular proliferation, the
composition of in¯ammatory cells if present, the integ-
rity of the hepatocyte-limiting plate at the margin of the
portal tract, the presence of granulomas, and the pres-
ence of signi®cant portal tract or periportal ®brosis.
Examination of the lobular parenchyma should be fo-
cused on the presence or absence of an in¯ammatory
cell in®ltrate; the extent of hepatocellular apoptosis,
necrosis, atrophy, ballooning degeneration (swollen he-
patocytes), and steatosis (microvesicular or macrovesic-
ular); and the presence or absence of retained bile
pigment (cholestasis) and Mallory bodies (clumps
of intermediate ®laments in hepatocytes). In addition,
sinusoids should be examined for dilation and conges-
tion, increased Kupffer cell numbers, and sinusoidal
®brosis (the result of stellate cell activation and
collagen deposition in the space of Disse). Terminal

TABLE I Selected Histological Stains in Liver Biopsy Interpretation

Stain Comment

Hematoxylin and eosin All-purpose stain for histological assessment

Masson trichrome Connective tissue in portal tracts, parenchyma, and around terminal hepatic veins

Reticulin Delicate collagen ®bers of the subendothelial space, parenchymal architecture

Iron Hepatocellular pigmented granules, Kupffer cell granules

Periodic acid-Schiff Hepatocellular glycogen, basement membrane around bile ducts

Periodic acid-Schiff with diastase Hepatocellular glycoproteins (especially a-1-antitrypsin), cellular debris in macrophages

Shikata Elastin ®ber deposition in long-standing ®brosis

Orcein Copper-binding protein in Wilson disease, elastin ®bers, hepatitis B surface antigen

Rubeanic acid Copper granules in Wilson disease

Hall Bilirubin stains green, connective tissue stains red

Oil red O Lipid droplets stain red

Congo red Amyloid
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hepatic veins are examined for vascular injury and
occlusion.

Certain patterns of hepatocellular damage are
particularly signi®cant for diagnosis. Apoptosis of indi-
vidual hepatocytes is common in many liver diseases. It
is pronounced in the setting of viral hepatitis, especially
when it is associated with the in¯ammatory disruption
of limiting plates (interface hepatitis) and a portal tract
and parenchymal in®ltrate that is predominantly
lymphocytic. The term con¯uent necrosis is used
when there are contiguous areas of hepatocyte death.
It occurs in the setting of viral or drug-induced hepatitis.
The term `̀ bridging necrosis'' refers to con¯uent hepa-
tocyte death that links portal tracts one to another or to
terminal hepatic veins. It is commonly associated with
acute hepatitis or fulminant hepatic failure. Ischemic
necrosis of hepatocytes, as results from cardiovascular
shock, leads to ghosts of poorly staining hepatocytes
in the pericentral area. Microvesicular steatosis of
hepatocytes may result from the metabolic overload
of acute alcohol exposure or may signify mitochondrial
injury from drugs, acute fatty liver of pregnancy, or
Reye's syndrome. Macrovesicular steatosis is featured
in alcoholic liver disease and nonalcoholic fatty liver
disease.

Evaluation of cholestasis is an essential part of the
liver biopsy examination. Cholestasis is de®ned as re-
tention of bile substances in hepatocytes, biliary chan-
nels, or both. Cholestasis may be nonobstructive, the
result of hepatocellular dysfunction from many forms of
injury. Hepatocytes become discolored by the brown
bilirubin pigments and bile canaliculi may be expanded
by retained bile. Sepsis may lead to dilation of bile duct-
ules with massive retention of bile. Obstruction of bile
¯ow in major bile ducts leads to edema and neutrophilic

in¯ammation of portal tracts, inspissation of bile in bile
ducts, and bile ductular proliferation, as well as hepa-
tocellular and canalicular cholestasis.

In addition to the above important ®ndings from the
routine hematoxylin and eosin stain, special tissue
stains are an important adjunct in the assessment of a
liver biopsy. A Masson trichrome stain is helpful for
determination of the degree of the ®brosis, up to
and including identi®cation of the liver disruption of
cirrhosis. A reticulin stain de®nes the architecture of the
parenchyma, in particular the width of hepatocellular
plates and whether they are expanded, atrophied, or
collapsed from hepatocyte destruction. Periodic
acid-Schiff stainsÐwithout and with diastase digestion
of glycogenÐare useful for evaluating parenchymal in-
jury at the portal tract interface, accumulation of debris-
containing macrophages, bile duct architecture, and
whether metabolic storage diseases are present (espe-
cially a-1-antitrypsin storage disorder and type IV
glycogen storage disease). An iron stain helps to char-
acterize the nature of hepatocellular and Kupffer cell
pigment granules.

Additional information can be gained from immu-
nohistochemical staining, which allows the pathologist
to identify particular molecular markers in the liver
tissue (Table II). These include immunostains for the
antigens of hepatitis B virus, cytomegalovirus, adenovi-
rus, or herpesvirus. Immunostain for hepatitis C virus
remains of questionable clinical utility, particularly
given the excellent serological and virological markers
that are available. Immunostaining has also been widely
used to characterize the nature of a neoplasm based
on the differential molecular expression of tumor
cells. It should be noted that immunohistochemistry
permits evaluation of metastatic disease to the liver

TABLE II Selected Immunohistochemical Stains in Liver Biopsy Interpretation

Stain Comment

Hepatitis B surface antigen Active hepatitis B infection or the carrier state with retained HBsAg in hepatocytes

Hepatitis B core antigen Active hepatitis B infection

Hepatitis D antigen Active hepatitis D infection (with hepatitis B)

Pancytokeratin All hepatocytes and bile duct epithelial cells

Cytokeratin 7 Bile duct epithelial cells, hepatocytes to variable degrees in cholestatic injury

Cytokeratin 19 Bile duct epithelial cells

Cytokeratin 20 Metastatic adenocarcinoma (as from colon), but not bile duct malignancy

HepPar 1 Hepatocytes, variable staining of hepatocellular carcinoma

a-Fetoprotein Variable staining of hepatocellular carcinoma

Polyclonal carcinoembryonic antigen Bile canaliculi of hepatocytes (including hepatocellular carcinoma), apical

membrane of bile duct epithelial cells

Monoclonoal carcinoembryonic antigen Metastatic adenocarcinoma, cytoplasmic staining

CD34 Endothelium, including sinusoidal endothelium
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and determination of whether a tumor is hepatocellular
carcinoma, cholangiocarcinoma, or a mixture of both.
However, immunohistochemistry is not the basis for
determining whether a hepatocellular nodule is malig-
nant. Rigorous assessment of tissue architecture and
cytology on hematoxylin and eosin stain, with the
assistance of connective tissue stains such as the
reticulin stain, remain the gold standard for diagnosis
of hepatocellular carcinoma. Finally, on occasion in situ
RNA hybridization is of value, particularly for identify-
ing Epstein-Barr virus early mRNA in the diagnosis of
posttransplantation lymphoproliferative disorder.

All the above-mentioned histologic ®ndings must be
considered in the context of the clinical presentation,
laboratory tests, and other physical ®ndings in order to
render an accurate and helpful clinical diagnosis.

LIVER DISEASES WITH
CHARACTERISTIC LIVER
BIOPSY FINDINGS

Comments are made about some of the more common
liver diseases.

Viral Hepatitis

Biopsies from patients who are infected with
hepatitis B or hepatitis C virus usually exhibit a portal
tract lymphocytic in®ltrate, interface hepatitis, lympho-
cytosis in the lobules with associated hepatocyte
apoptosis, and a variable degree of portal ®brosis.
Hepatitis B liver can exhibit hepatocytes with a smudgy
`̀ ground glass'' cytoplasm, the result of accumulated
hepatitis B surface antigen (HBsAg). Hepatitis C liver
tends to have more lymphoid aggregates in the portal
tracts and focal hepatocyte macrovesicular steatosis.

Alcoholic Liver Disease

The characteristic features of alcohol-related liver
histopathology are hepatocellular steatosis (microvesic-
ular and macrovesicularÐfatty liver) and, with severe
alcohol exposure, a parenchymal neutrophilic in®ltrate,
hepatocyte ballooning degeneration and apoptosis,
Mallory bodies (clumps of intermediate ®laments in
the hepatocyte cytoplasm), and sinusoidal and peri-
venular ®brosis (alcoholic hepatitis).

Nonalcoholic Fatty Liver Disease

Bland macrovesicular steatosis may occur in patients
who do not consume alcohol but have mild elevations in

serum aminotransferase levels. This may signify nonal-
coholic fatty liver disease. When the macrovesicular
steatosis is accompanied by a parenchymal neutrophilic
in®ltrate, ballooning degeneration, and apoptosis, non-
alcoholic steatohepatitis merits consideration.

Drug-Induced Hepatitis

Drug-induced liver injury can produce almost
any form of histologic outcome, ranging from a frank
hepatocyte necrosis with direct hepatotoxins, an in¯am-
matory hepatitis with hepatocyte destruction, or vari-
able hepatocyte injury with drugs that induce
immunological injury, ranging from moderate to severe
cholestasis to outright cirrhosis. The possibility of drug-
induced liver injury should be in the differential diag-
nosis of any histological assessment of liver pathology.

Hemochromatosis

The most signi®cant ®nding for a diagnosis of he-
mochromatosis is the marked increase in iron storage,
especially in the hepatocytes. The more reliable crite-
rion is the quanti®cation of iron by chemical analysis of
liver tissue.

a-1-Antitrypsin Storage Disorder

The failure of the liver to secrete a-1-antitrypsin
leads to a-1-antitrypsin de®ciency, with its attendant
lung injury. Some, but not all, patients with a-1-anti-
trypsin de®ciency accumulate mutated protein within
hepatocytes and develop severe liver injury, constitut-
ing a-1-antitrypsin storage disorder. The critical ®nding
for this disease is the presence of periodic acid-Schiff-
diastase-resistant globules in the cytoplasm of hepato-
cytes. Most of the affected hepatocytes surround the
portal tracts.

Primary Biliary Cirrhosis

The key histology of primary biliary cirrhosis is a
dense in®ltrate of lymphocytes and plasma cells in por-
tal tracts, with lymphocytic in®ltration of bile ducts and
bile duct destruction. Portal tract granulomas centered
upon degenerating bile ducts is even more pathogno-
monic. Secondary changes include hepatocellular cho-
lestasis, bile ductular proliferation, and progressive
portal and periportal ®brosis.

Primary Sclerosing Cholangitis

Progressive ®brosis around portal tract bile ducts
leads to their obliteration in this disease; secondary
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changes of hepatocellular cholestasis and progressive
periportal ®brosis develop.

Cirrhosis

Cirrhosis is de®ned as diffuse subdivision of the
liver by interconnecting ®brous tissue, isolating
individual islands of hepatocytes. The islands may
undergo regenerative proliferation, generating spheri-
cal nodules embedded in constricting ®brous tissue. The
nodules may be consistently less than 3 mm in diameter
(micronodular cirrhosis) or variable in size and greater
than 3 mm in diameter (macronodular cirrhosis). Liver
biopsy of the cirrhotic liver frequently yields a frag-
mented specimen consisting of spherical tissue frag-
ments composed of hepatocyte nodules surrounded
by a rim of ®brous tissue. If the needle successfully
cuts through the cirrhotic liver tissue, the biopsy
shows tracts of ®brous septa subdividing a disorganized
hepatocellular parenchyma.

Hepatocellular Carcinoma

Hepatocellular carcinoma is diagnosed on the
basis of both architecture and cytology. Markedly
thickened liver cell plates consistently greater than
three cells thick is the single most important archi-
tectural feature. Unlike essentially any other form of
solid malignancy, hepatocellular carcinoma tissue
consists of thick tongues of hepatocytes (trabeculae)
coated by a thin external endothelial layer. Unlike
normal liver cell plates, there is diminished to absent
reticular staining of collagen ®bers in the subendo-
thelial space of malignant trabeculae in hepatocellular
carcinoma. Other architectural con®gurations of he-
patocellular carcinoma include circular `̀ pseudo-
acinar'' con®gurations of hepatocytes and thick
cords of hepatocytes invading ®brous tissue of an
otherwise cirrhotic liver. The cytologic features of
hepatocellular carcinoma are a modest increase in
hepatocellular diameter, with an increased nuclear:
cytoplasmic ratio and variable degrees of nuclear
atypia. Well-differentiated hepatocellular carcinomas
may have little cytologic atypia, hence the importance
of assessing architecture.

Metastatic Malignancy

By far the most common malignancy in the liver is
metastatic disease. Metastases in the liver frequently
originate from colon carcinoma, pancreatobiliary carci-
noma, breast carcinoma, lung carcinoma, hematologic
malignancy, and malignant melanoma.

CONCLUSION

The key to liver biopsy evaluation is systematic
examination of the parenchyma, portal tracts, and
component cellular populations. Rigorous identi®ca-
tion of patterns of injury and their distribution
among cellular elements permits alignment of histologic
®ndings with the clinical differential diagnosis and
possible de®nitive diagnosis of the cause of liver
injury. Even without de®nitive understanding of the
cause of liver disease, the liver biopsy ®ndings provide
important information for patient management and
prognostication.
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autosomal dominant polycystic kidney disease A disease

characterized by the presence of multiple kidney, and

often liver, cysts. The condition is inherited in an

autosomal dominant pattern.

Caroli's disease Congenital cystic dilatation of the intrahe-

patic bile ducts.

cavernous hemangioma A benign vascular malformation

presenting as a vascular mass in the liver. These may

show cystic characteristics.

choledochal cyst A congenital, cystic structure arising from

the biliary tree, often in association with abdominal pain

and jaundice.

ciliated hepatic foregut cyst A solitary cystic lesion lined

with ciliated, pseudo-strati®ed columnar epithelium.

cystadenocarcinoma A malignant cystic lesion derived from

glandular epithelium.

cystadenoma A benign cystic lesion derived from glandular

epithelium.

Echinococcus A genus of tapeworms, capable of causing

hydatid cysts in humans.

hydatid cyst A cyst formed by the larval form of

Echinococcus. Often appears as a `̀ mother'' cyst with

several smaller `̀ daughter'' cysts.

microhamartoma A rare, benign lesion of hepatocytes and

biliary epithelium encased by a ®brous stroma.

peliosis hepatis A condition associated with blood-®lled

cavities in the liver. This disease is found mostly in

patients with acquired immune de®ciency syndrome and

anabolic steroid users.

polycystic liver disease A disease characterized by the

presence of multiple liver cysts. This condition often

occurs in association with autosomal dominant poly-

cystic kidney disease. The condition is inherited in an

autosomal dominant pattern.

Hepatic cysts are a common group of disorders that

differ in etiology, physical manifestations, and clinical

signi®cance. Most cysts occur without symptoms and

may be found incidentally by radiological imaging.

The majority of cystic lesions are benign and only a

small minority will be associated with serious morbidity

or mortality. A universally accepted, standardized

classi®cation of hepatic cysts is lacking and there is

also no consensus regarding the treatment of

symptomatic lesions. This article reviews the various

etiologies and diagnostic and treatment modalities of

hepatic cysts.

BENIGN CYSTIC HEPATIC LESIONS

Simple Cysts

Simple cysts are cystic lesions that do not communi-
catewiththeintrahepaticbiliarytree.Althoughgenerally
occurring as solitary lesions, patients may present with
multiple cysts. Simple cysts are common lesions with an
autopsyprevalenceofapproximately1%.Themajorityof
the cysts are less than 1 cm in diameter, but rarely can be
large enough to occupy the entire upper abdomen. Sim-
ple cysts are principally located in the right lobe of the
liver. They are more common in women, with a male to
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female ratio of 1 : 5 for asymptomatic cysts and 1 : 9 for
symptomatic or complex cysts. Symptomatic cysts tend
to present in the fourth and ®fth decades of life.

Small cysts are usually asymptomatic and found in-
cidentally on radiologic studies. Larger cysts tend to
cause symptoms such as abdominal fullness or pain
and nausea, due to compression of adjacent intra-ab-
dominal structures. Physical examination of these pa-
tients generally reveals a palpable right upper quadrant
mass. Laboratory examination is almost always normal
unless the cyst impinges on the biliary tree and gives
evidence of obstructive jaundice. Larger lesions may
cause atrophy of the adjacent hepatic tissue with com-
pensatory hypertrophy of the other lobe. Hemorrhage
into the cyst, bacterial superinfection, torsion, or biliary
obstruction can be seen with larger cysts. There is no
convincing evidence of neoplastic transformation from
simple cysts.

The most useful radiologic modality may be ultra-
sound, with simple cysts appearing as unilocular, thin-
walled (less than 1 cm), anechoic, ¯uid-®lled lesions
with posterior acoustic enhancement. Computerized
tomography (CT) scan shows well-demarcated, non-
enhancing lesions of ¯uid density (see Fig. 1). If intra-
cystic hemorrhage has occurred, septations may be
visible, making diagnosis more complicated. Magnetic
resonance imaging (MRI) of simple cysts reveals well-
de®ned, water-attenuation lesions that do not enhance
with gadolinium. T2-weighted images reveal a high
level of enhancement, whereas the level of enhancement
in T1 images is low.

Histologic assessment is rarely necessary for diag-
nosis. Needle aspiration reveals sterile ¯uid ranging
from clear to brown in color. Cytologic examination
of the ¯uid does not reveal any cellular atypia or
dysplasia. On pathologic sections, the cysts demon-

strate a single layer of cuboidal or columnar epithe-
lium without mesenchymal stroma or cellular atypia.
They are usually surrounded by three layers of dense
®brous tissue.

Asymptomatic cysts do not require any treatment,
but periodic ultrasonic monitoring of larger lesions may
be prudent to ensure stability of size. If the cyst remains
stable for 2 to 3 years, further monitoring is probably
unnecessary. If the lesions increase in size, alternate
diagnoses such as cystadenoma or cystadenocarcinoma
should be considered and surgical intervention may be
indicated.

Patients with symptomatic cysts should be consid-
ered for treatment. Percutaneous needle drainage with
or without injection of sclerosants may provide imme-
diate relief, but has been associated with a high failure
rate and rapid recurrence. Internal drainage via
cystgastrostomy or cystjejunostomy can be performed
via upper endoscopy with or without the aid of endo-
scopic ultrasound. Surgical unroo®ng of the cyst has
been associated with low recurrence rates and few com-
plications. A laparoscopic approach has been shown to
be as effective as the open approach and obviates the
need for a large abdominal incision. Recurrence and
morbidity rates are less than 15% and this has become
the intervention of choice for accessible lesions. Hepatic
resection, including lobectomy, is generally reserved
for large symptomatic lesions refractory to other
treatments.

Cystadenomas

Cystadenomas are rare cystic lesions that occur
within the liver parenchyma, extrahepatic bile ducts,
or gallbladder. Cystadenomas are more prevalent in
women. More than 60% present in patients over
40 years of age. These lesions can reach up to 15 cm
in diameter.

Most cystadenomas are asymptomatic and are inci-
dental ®ndings on abdominal imaging studies. When
present, the most common clinical manifestations are
abdominal fullness, a palpable upper abdominal mass,
abdominal pain or discomfort, and anorexia. Biliary
obstruction is an uncommon complication. The most
signi®cant complication is malignant transformation,
occurring in up to 15% of patients.

Ultrasound imaging reveals a well-de®ned cystic le-
sion with or without septations, often with slight
irregularities of the cyst wall. CT scanning reveals a
low-attenuation, uni- or multilocular cystic mass,
often with septations, and a thickened and /or
irregular cyst wall. MRI reveals a ¯uid-containing,
multiloculated mass with homogenous low signal

FIGURE 1 CT scan showing a large simple liver cyst. Courtesy

of Abraham H. Dachman, M.D.
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intensity on T1-weighted images and high signal inten-
sity on T2-weighted images.

Radiologic studies cannot always differentiate cyst-
adenomas from cystadenocarcinomas; thus, the de®ni-
tive diagnosis of a cystadenoma requires histology.
Gross pathologic examination typically reveals a mul-
tilocular cystic lesion with a smooth external surface.
The wall is usually thick with a smooth internal lining
(see Fig. 2) and the lesions often contain blood or
dark brown liquid. Histologically, the cysts are lined
by biliary-appearing mucous-producing cuboidal or
columnar epithelium. The lining of the cyst is often
surrounded by a dense mesenchymal ®brous stroma
and a loose collagenous layer. Cystadenomas sur-
rounded by a more cellular (and less ®brous)
stroma may be a subtype with less associated risk of
malignancy.

Due to the high rate of malignant degeneration and
the high rates of recurrence with incomplete resection
or needle aspiration, therapy almost exclusively in-
volves complete surgical resection. The excision of
the cystadenoma is accomplished by enucleating the
lesion from the surrounding liver parenchyma.

Polycystic Liver Disease

Liver cysts can occur in association with autosomal
dominant polycystic kidney disease (ADPKD). The in-
cidence increases with age and worsening renal dys-
function. The incidence of polycystic liver disease is
similar between the sexes, but the presence of massive
cysts is almost exclusively observed in multiparous
females. This may be due to sensitivity of the cysts to
female hormones, a fact supported by the observation of

cyst enlargement in certain patients receiving oral con-
traceptives or postmenopausal hormone replacement
therapy.

The pathogenesis of ADPKD appears to involve a
generalized defect in epithelial cell differentiation
and /or extracellular matrix function. The liver lesions
are derived from biliary epithelium. In addition to
renal, hepatic, and pancreatic cysts, af¯icted patients
may have cerebral aneurysms, cardiac valvular disease,
colonic diverticuli, and abdominal or inguinal hernias.
Most patients are asymptomatic with preserved he-
patic function, but some patients may present with
abdominal pain from distension of the liver capsule
or compression of adjacent structures. Acute pain sug-
gests the possibility of cyst infection, hemorrhage,
rupture, or torsion.

Radiologic (see Fig. 3) and histologic characteristics
of the lesions are similar to those of simple cysts, with
much larger numbers of cysts visualized.

Treatment should be reserved for symptomatic pa-
tients. Varying degrees of success have been reported
with partial hepatectomy, but surgical intervention
should be performed only at centers with experience
in hepatic resection. Orthotopic or living-related liver
transplantation has been performed as de®nitive ther-
apy in patients with disease not amenable to local re-
section. The limited availability of donor organs and the
preserved liver function in patients with ADPKD have
made this intervention somewhat controversial.

Cavernous Hemangiomas

Cavernous hemangiomas are benign blood vessel
tumors of the liver that may appear cystic in nature.

FIGURE 3 CT scan showing polycystic liver disease. Note the

multiple simple cysts of varying sizes throughout both hepatic

lobes.

FIGURE 2 Gross liver specimen showing a cross-sectional

view of a hepatic cystadenoma. The white rim of tissue lining

the cyst cavity is composed of mesenchymal stroma. Courtesy

of John Hart, M.D.
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They represent the most common benign hepatic tu-
mors, with an autopsy incidence of 5ÿ7%. The lesions
appear to be equally divided among the sexes, but larger,
symptomatic lesions tend to occur in women. The cysts
are usually solitary and tend to involve the right lobe.
However, 20% may involve both lobes. Size ranges from
several millimeters to 45 cm in diameter.

Symptoms are more common in elderly patients
with larger (greater than 4 cm) lesions. Symptoms in-
clude abdominal fullness, pain, nausea, and vomiting.
Examination may reveal abdominal distension or a
mass. Rare complications can include rupture, hemor-
rhage, or Kasabach-Merritt syndrome (consumptive
coagulopathy within the hemangioma presenting as
disseminated intravascular coagulopathy). There is no
evidence of malignant transformation of hemangiomas.

Ultrasound demonstrates a well-de®ned hyper-
echoic mass. CT shows a mass with contrast accumu-
lation spreading from the periphery to the center of
the lesion. MRI is extremely useful, demonstrating a
hyperintense signal on T2-weighted images (light
bulb sign). Tagged red cell scanning shows initial hypo-
perfusion followed by gradual increase of the tracer
uptake.

Pathologic examination should come from surgical
specimens as biopsy is contraindicated due to the
extremely vascular nature of these tumors. Grossly,
the lesions are blue to purple in color and very vascular.
Histology reveals large, dilated channels lined by
vascular endothelium. A variable amount of surround-
ing ®brous tissue is present.

Treatment is necessary only for symptomatic pa-
tients. Wedge resection and lobectomy are the treat-
ments of choice. Radiation therapy or arterial
embolization may be useful as temporizing measures
in patients with acute bleeding or Kasabach-Merritt
syndrome.

Miscellaneous Benign Cysts

Ciliated Hepatic Foregut Cysts

This rare, benign condition presents as a solitary
hepatic cyst lined with ciliated, pseudo-strati®ed colum-
nar epithelium surrounded by subepithelial connective
tissue, a smooth muscle layer, and an outer ®brous cap-
sule. Only 60 cases have been reported, with cyst sizes
ranging from 0.4 to 9.0 cm. These cysts are found more
commonly in men and occur more frequently in the left
lobe. Malignant transformation has not been reported
and the clinical signi®cance is restricted to differentiat-
ing ciliated hepatic foregut cysts from other lesions with
malignant potential.

Microhamartomas
(von Meyenberg Complexes)

Microhamartomas are rare lesions presenting in
young children. They may occasionally be cystic in na-
ture. They tend to occur in males. The presentation is
that of a painless right upper quadrant mass. Imaging
techniques demonstrate a multiloculated cystic les-
ion, predominantly in the right hepatic lobe. Histology
reveals hepatocytes and biliary channels trapped in a
variable cellular and ®brous stroma. Treatment is gen-
erally not necessary due to the benign nature of these
lesions. For symptomatic patients, surgical excision is
curative.

Peliosis Hepatis

Peliosis hepatis is a rare condition characterized by
blood-®lled cavities in the hepatic parenchyma. This
condition is most commonly associated with anabolic
steroid use. Peliosis also occurs in human immunode-
®ciency virus (HIV)-positive patients infected with
Bartonella henselae. Peliosis is generally asymptomatic,
with no evidence of malignant degeneration. Treatment,
although inconsistently effective, targets the likely
cause. In cases associated with anabolic steroid use,
discontinuation of these agents has been shown to
cause disease regression. In HIV-positive patients,
peliosis may respond to prolonged courses of erythro-
mycin or doxycycline.

Miscellaneous

Glands adjacent to the biliary tree can expand and
present as periductal cysts. In patients with prolonged
cholestasis, biliary cysts can form. Blood-®lled cysts can
develop as a result of trauma, most commonly after a
liver biopsy. Duodenal duplication cysts, extremely rare
embryologic abnormalities involving duplication of the
duodenal lumen, can present as cystic lesions in the
hepatic parenchyma.

MALIGNANT CYSTIC
HEPATIC LESIONS

Cystadenocarcinoma

Cystadenocarcinomas likely arise from the malig-
nant transformation of cystadenomas (see above).
These lesions occur in the hepatic parenchyma, but
have not been found arising from the extrahepatic bil-
iary tree. Although they have been reported in patients
as young as 30 years of age, this tumor is generally found
in the elderly.
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The presenting symptoms are similar to those seen
with a cystadenoma (i.e., abdominal pain, mass). How-
ever, acute worsening of the symptoms associated with a
rapid increase in size of a previously stable lesion is
suggestive of malignant transformation.

Radiologically, cystadenomas and cystadeno-
carcinomas appear similar on ultrasound and CT.
Both reveal multilocular, septated cystic lesions.

The differentiation between cystadenoma and cyst-
adenocarcinoma requires histologic examination. Pre-
operative diagnosis is dif®cult, as needle aspiration
carries the risk of peritoneal seeding of tumor. On path-
ologic examination, cystadenocarcinomas have a
thicker cyst wall than cystadenomas and may have tissue
extruding from the internal cyst lining. Histologically,
cellular atypia, increased cellular proliferation, and
malignant changes are typically found in the inner
epithelial lining.

If cystadenocarcinoma is suspected, complete exci-
sion by segmental liver resection is the treatment of
choice. Enucleation of the cyst, as performed for cyst-
adenoma, is not acceptable, as there is an increased risk
of recurrence. Nonsurgical treatments such as radia-
tion or chemotherapy are unproven and thus not
recommended.

Cystadenocarcinomas may invade locally and me-
tastasize distantly, but may be curable with complete
excision. The prognosis is generally better than that
associated with cholangiocarcinoma.

Liver Metastases

The liver is a common site of metastasis for many
abdominal and pelvic neoplasms. Rarely, metastatic
lesions may outgrow their blood supply, resulting in
central necrosis, which may appear as cystic lesions
on radiologic studies. The primary lesions include
colorectal, ovarian, pancreatic, kidney, and neuroendo-
crine tumors. Segmental resection of accessible metas-
tases is the only curative intervention, but there must be
no involvement of the hepatic artery, portal vein, or
major bile ducts, and there must be suf®cient postre-
section functional hepatic reserve. Although laparos-
copy may identify occult metastases obviating the
need for laparotomy, a clinical risk score involving
®ve factors (lymph node positivity, relapse-free interval
512 months, 41 hepatic metastases on preoperative
imaging, serum CEA (carcinoembryonic antigen, a se-
rologic colon cancer marker) 4200 ng/ml within 1
month of surgery, and any metastasis 45 cm) has
been suggested to predict nonresectability in metastatic
colon cancer. Only 12% of patients with a score � 2 had
occult metastases on laparoscopy versus 42% of those

with a score 42. Five-year survival after resection of
hepatic metastasis is 24ÿ38% in most studies. However,
fewer than 10% of patients with hepatic metastasis are
candidates for curative resection at the time of presen-
tation. Other alternatives for liver metastases, regardless
of the primary tumor, include local tumor ablation with
injection of ethanol or acetic acid, intraoperative cryo-
therapy, percutaneous hyperthermic coagulation,
radiofrequency or microwave ablation, and hepatic
intra-arterial and systemic chemotherapy.

Primary Squamous Cell Carcinoma

Several reports have been published describing the
development of primary squamous cell carcinoma
within solitary congenital hepatic cysts lined with strat-
i®ed squamous epithelium. The prognosis appears poor
despite surgical resection due to local recurrence. The
number of published cases remains small and no formal
trials of therapy have been conducted.

CHOLEDOCHAL CYSTS AND
CAROLI'S DISEASE

Choledochal cysts are congenital cystic dilatations of
the intra- and extrahepatic biliary tree. A system of clas-
si®cation based on morphology has been well accepted
(see Fig. 4). Class I choledochal cysts, de®ned as
segmental or diffuse fusiform dilatations of the extra-
hepatic biliary tree, account for 80 to 90% of cases. Class
II cysts are true choledochal diverticuli, class III consists

Type IVa

Type I Type II Type III

Type IVb Type V

Normal

FIGURE 4 Subtypes of choledochal cysts including Caroli's

disease. Courtesy of Kenneth D. Chi, M.D.
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of dilatations of the intraduodenal common bile
duct, and class IV is made up of either multiple
intra- and extrahepatic cysts (subtype IVa) or just
multiple extrahepatic cysts (subtype IVb). Caroli's dis-
ease (Class V) consists of cystic dilatations of the intra-
hepatic ductal system.

The incidence of choledochal cysts varies geograph-
ically, with approximately 1 : 100,000ÿ150,000 in
Western countries and up to 1 : 10,000 in Japan. Al-
though choledochal cysts have been documented at
all ages, 60ÿ80% of cases present before the age of
10 years. Females are more commonly affected with
choledochal cysts, whereas Caroli's disease occurs
more commonly in males. Neither of these conditions
is familial.

Patients often present in infancy with the classic
triad of pain, jaundice, and a palpable abdominal
mass. Other symptoms include cholestatic jaundice,
acholic stools, hepatomegaly, vomiting, irritability,
and failure to thrive. Portal hypertension and ascites
may also be evident on presentation, especially in
Caroli's disease patients with associated congenital he-
patic ®brosis. Adult patients tend to present with epi-
gastric pain or intermittent fever and jaundice. Only
approximately 20% of adult patients will present
with the classic symptom triad. Complications of
choledochal cysts include biliary obstruction, stone for-
mation, cholangitis, hepatic abscess, biliary perforation,
pancreatitis, and malignant degeneration. The risk of
cholangiocarcinoma correlates with duration of disease.
The risk is approximately 1% in the ®rst decade of life,
6ÿ7% in the second decade, and 14% in successive
decades. The prognosis of these malignancies is ex-
tremely poor.

The diagnosis of choledochal cysts is made by ultra-
sonography, which reveals the cystic dilations of the
bile ducts. Percutaneous cholangiography transhepatic
(PTC) or endoscopic retrograde cholangiopancreato-
graphy (ERCP) can de®ne the site of biliary origin
and the extent of both extra- and intrahepatic disease.
PTC and ERCP can also reveal an anomalous arrange-
ment of the pancreaticobiliary junction, which occurs in
up to 40% of cases.

On pathologic examination, the cysts are composed
of a ®brous wall, with or without a lining of columnar
epithelium. Calculi frequently develop within the di-
lated bile ducts. Liver biopsy may reveal portal tract
edema and ®brosis in early disease or biliary cirrhosis
with or without carcinoma of the cyst wall in older
patients.

Due to a 20-fold increased risk of malignancy in the
cystic lesions, the preferred method of treatment is sur-
gical excision of the cyst and reconstruction of the

extrahepatic biliary tree, usually with a Roux-en-Y
hepaticojejunostomy or choledochojejunostomy for
biliary drainage. Cholecystectomy should also be per-
formed due to the subsequent risk of gallbladder cancer.
Recurrent cholangitis, stone formation, pancreatitis,
and malignancy anywhere along the remaining pancre-
aticobiliary tree may develop many years after recon-
struction, necessitating long-term follow-up. Hepatic
resection is indicated for disease limited to a single
lobe. Simple decompression and internal drainage are
reserved for inoperable cases or as temporizing therapy
prior to surgery. Ursodeoxycholic acid therapy may be
effective in dissolving intrahepatic stones. Liver trans-
plantation is a therapeutic option in patients with fre-
quent complications, in patients with extensive disease
that precludes other surgical alternatives, and in
patients with Caroli's disease.

INFECTIOUS /PARASTIC HEPATIC
CYSTIC LESIONS

Echinococcal/Hyatid Cysts

Echinococcal disease is caused by the metacestode
stage of the tapeworm, Echinococcus, family Taeniidae.
There are four species that cause disease in human.
E. granulosus and E. multilocularis are the most com-
mon, causing cystic and alveolar disease, respectively.
E. vogeli and E. oligarthrus are rarely associated with
disease in humans.

Humans are an incidental host and do not play a role
in the biologic cycle of the organism (see Fig. 5). There-
fore, human to human infection does not occur.
Inter- and intraspecies differences exist in regards to
geographical distributions and hosts. The adult tape-
worm is usually found in the intestinal tract of the ca-
nine host acquired by ingestion of sheep viscera infected
with hydatid cysts. Scoleces adhere to the dog's intestine
and become adult taenia, which shed eggs into the in-
testinal lumen. The eggs are expelled in the feces and are
ingested by sheep, cattle, or rodents or directly contam-
inate the environment. Humans are usually infected by
ingestion of contaminated vegetables or by direct con-
tact with an infected pet through fecalÿoral contact.
The pathophysiology in humans is similar to that of
the typical intermediate host, with formation of hyatid
cysts, typically in the liver.

Approximately 50% of hydatid cysts occur in asymp-
tomatic patients and many more are found incidentally
at autopsy. The average age at diagnosis is 36 years. The
right lobe is affected in 60ÿ85% of cases. The cysts
typically grow at a rate of 1 to 5 cm per year. Symptoms

LIVER CYSTS 527



of abdominal fullness, right upper quadrant pain,
nausea, and vomiting typically occur when cysts
reach 10 cm or more in diameter. Clinical features are
due to mass effect on adjacent organs, obstruction of
blood or lymphatic ¯ow, or complications such as
rupture or bacterial superinfection.

Diagnosis is made by a combination of radiologic
and serologic studies. The hyatid cysts may appear as
calci®ed cystic lesions on plain radiograph, whereas the
ultrasound appearance is that of an anechoic, smooth,
round cyst, similar in appearance to simple cysts. A
¯attened or elliptical shape, detachment of the germinal
layer from the cyst wall (the `̀ water lily'' sign), or cal-
ci®cations within the cyst wall suggest an inactive le-
sion. When daughter cysts are present, characteristic
internal septations are also visible on ultrasound or
CT imaging. `̀ Hyatid sand,'' consisting of scoleces and
hooklets of protoscoleces, may also be visualized, par-
ticularly if the patient shifts position during imaging. CT
has been reported to be more sensitive than ultrasound
in diagnosis (95ÿ100% versus 90ÿ95%, respectively).

Many serologic tests have been used to aid in
the diagnosis of echinococcal infection. Immunoglob-
ulin G enzyme-linked immunosorbent assay and hem-
agglutination assays have sensitivities of 80ÿ90%.

Immunoblot or antigen gel diffusion assays are more
speci®c and may be used for con®rmation.

Diagnostic aspiration or biopsy carries the risk of
cyst rupture and anaphylaxis, or secondary spread of
infection, and should be reserved for situations when
other diagnostic methods are inconclusive. Aspiration
should be performed only under CT or ultrasound
guidance. Grossly, the cysts are thick-walled lesions
often containing smaller, thin-walled daughter cysts
(see Fig. 6). Microscopically, a cyst with possible
calci®cations in the wall is seen. The cyst contains
cellular debris and occasionally viable scoleces.

Surgery is the treatment of choice in patients who
can tolerate the operation and who have accessible cysts
(approximately 90% of patients). Techniques include
removal of the intact cyst, aspiration and cyst excision
or external drainage, and partial hepatectomy. The in-
stillation of protoscolicidal agents has not been de®ni-
tively shown to reduce recurrence risk and may cause
sclerosing cholangitis or pancreatitis if communica-
tion exists between the cyst and the biliary tree.
Mebendazole or albendazole should be administered
at least 4 days before surgery and for 1 (albendazole)
to 3 (mebendazole) months afterward.

In poor surgical candidates, patients with multiple
cysts, or patients with cyst recurrence, percutaneous
aspiration /instillation of a protoscolicidal agent/reaspi-
ration (PAIR) may be used as a therapeutic option. The
procedure involves ultrasound-guided aspiration of the
cyst ¯uid, followed by instillation of a scolicidal agent.
The remaining cystic contents are then removed. PAIR
has been shown to be effective in 70ÿ99% of cases.
Medical therapy alone can be considered in patients
who cannot tolerate surgical or PAIR interventions. Al-
though mebendazole or albendazole may be associated

FIGURE 5 The life cycle of Echinococcus. Courtesy of Kenneth

D. Chi, M.D.

FIGURE 6 Gross specimen of a hydatid cyst ®lled with

multiple daughter cysts. Courtesy of John Hart, M.D.
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with shrinkage of the lesions in 50% of cases, cure
occurs in less than 30% of patients.

Hepatic Abscesses

Liver abscesses may cavitate and form cystic lesions
due to infection with gas-forming organisms or ameba.

SUMMARY

Cystic lesions of the liver are increasingly being diag-
nosed. Clinical and radiologic characteristics can help
differentiate benign from malignant conditions. Needle
aspiration and histology are generally not required for
diagnosis of simple cysts. Complex, symptomatic, or
enlarging lesions require further evaluation. The treat-
ment for such lesions is generally surgical; however,
percutaneous and endoscopic approaches are available.
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tree. However, studies in model systems are now making
the long list of developmental defects seem more ratio-
nal (Fig. 2).
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acute fatty liver of pregnancy Acute liver failure due to

microvesicular fatty in®ltration of hepatocytes in the

third trimester of pregnancy.

HELLP syndrome Triad of hemolysis, elevated liver tests,

and low platelet count in the third trimester of

pregnancy.

hyperemesis gravidarum Intractable vomiting in the ®rst

trimester of pregnancy.

intrahepatic cholestasis of pregnancy Pruritus and liver

dysfunction in the second half of pregnancy.

preeclampsia triad of hypertension, edema, and proteinuria

in the third trimester of pregnancy.

Pregnancy is an altered physiologic state associated with

many hemodynamic and metabolic adaptations to sup-

port the placenta and fetus. Although most pregnant

women remain healthy, pathophysiologic changes can

occur, including ®ve unique liver diseases seen only in

the pregnant or postpartum patient. These pregnancy-

associated liver diseases have characteristic clinical

features and timing of onset in relation to pregnancy.

Hyperemesis gravidarum is intractable nausea and

vomiting in the ®rst trimester; intrahepatic cholestasis

of pregnancy, a disease of pruritus and abnormal liver

tests, occurs in the second half of pregnancy; and pre-

eclampsia and its complications of HELLP (hemolysis,

elevated liver tests, and low platelets) syndrome and

acute fatty liver of pregnancy are third-trimester

diseases.

INTRODUCTION

Any liver disease, acute or chronic, occurring in
young adult women may also occur coincidentally in
pregnancy. Viral hepatitis is a common cause of
jaundice in pregnancy and hepatitis A, hepatitis B,
and hepatitis C occur with the same frequency and
with the same clinical features as in nonpregnant indi-
viduals, with pregnancy and the viral hepatitis having
little effect on each other. Gallstones are common, par-
ticularly in multiparous patients, but fortunately they
are rarely symptomatic with biliary colic, pancreatitis,
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or cholecystitis. Pregnancy in the patient with cirrhosis
and/or portal hypertension is rare and guidelines for
management are sparse; the main maternal risk is
variceal bleeding.

This article will be limited to discussion of the ®ve
liver diseases unique to pregnancy. The incidence and
etiology of the pregnancy-associated liver diseases will
be discussed, followed by a description of the clinical
features and management of each of these disorders
(Tables I and II).

INCIDENCE

A recent prospective population study in the United
Kingdom found that, of 4377 deliveries, 3% of patients
had liver dysfunction, with elevations of transaminases
(84%), bilirubin (17%), and bile acids (14%). Surpris-
ingly, 80% of these patients had pregnancy-associated
disorders and only 12% (0.4% of the total population)
had coincidental or preexisting hepatobiliary problems;
sepsis and postpartum problems contributed in approx-
imately one-third of affected patients.

Nausea and vomiting are very common in pregnancy
but the overall reported incidence of hyperemesis
gravidarum is 2ÿ10 per 1000 pregnancies with high
transaminase levels in 25ÿ50% of patients. Intrahepatic
cholestasis of pregnancy (ICP) is a worldwide disease
with striking geographical variations. In the United
States, it occurs in 0.1% of pregnancies, with jaundice
in 20% of cases.

The preeclampsia-associated liver diseases are pre-
eclampsia itself, the HELLP (hemolysis, elevated liver
tests, and low platelets) syndrome, and acute fatty liver
of pregnancy (AFLP). Preeclampsia occurs in 5ÿ10% of
pregnancies and, although liver involvement is consid-
ered uncommon, it was the commonest cause of liver
dysfunction in pregnancy (1.4% of all deliveries) in a
recent prospective study. In 2ÿ12% of cases of severe
preeclampsia (0.1ÿ0.6% of all pregnancies), this is
further complicated by the HELLP syndrome. The
most severe of the pregnancy-associated liver diseases,
AFLP, is the least common in most studies, reportedly
occurring in 0.005% of pregnancies but its incidence
was considerably higher in the recent prospective
study.

TABLE I Incidence and Clinical Features of Liver Diseases Unique to Pregnancy

Disease

Incidence

(per 1000 pregnancies) Trimester Risk factors

Hyperemesis gravidarum 2ÿ10 1st Multiparity, adolescent mother,

twins, hydatiform mole

Intrahepatic cholestasis of pregnancy 1 (USA) 2nd and 3rd Family history

Preeclampsia with liver dysfunction 1ÿ6 3rd

HELLP syndrome 1ÿ6 3rd Older mother, multiparity, preeclampsia

Acute fatty liver of pregnancy 0.05ÿ1 3rd Primigravida, twins, preeclampsia

TABLE II Management of Liver Diseases Unique to Pregnancy

Disease Hospitalization Fetal management Maternal management

Hyperemesis gravidarum Yes Routine Intravenous hydration

Antiemetics

? High-dose steroids

Intrahepatic cholestasis No Fetal monitoring, delivery535 weeks UDCA

? Cholestyramine

? Steroids

Preeclampsia with liver dysfunction Yes Immediate delivery Antihypertensives

Seizure prophylaxis

HELLP syndrome Yes Immediate delivery Treatment for preeclampsia

CT abdomen

Blood/blood products

? Plasmapheresis/OLT

Acute fatty liver of pregnancy Yes Immediate delivery Supportive care for liver failure

? OLT
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ETIOLOGY

The etiologies of the liver diseases unique to pregnancy
remain obscure but new knowledge is emerging,
particularly about ICP and AFLP. The pathophysiology
of hyperemesis gravidarum is complex, with evidence
for hormonal (elevated estrogen levels, transient hyper-
thyroidism, and elevated chorionic gonadotropin) and
immunologic abnormalities; the role of psychological
factors remains poorly de®ned. The etiology of ICP is
probably multifactorial. The geographic and seasonal
variability, the potential role of dietary factors such as
selenium, and the 45ÿ70% recurrence rate in multipa-
rous patients clearly suggest the importance of
exogenous factors. Female sex hormones are of patho-
genic importance, perhaps by a genetically abnormal or
exaggerated hepatic metabolic response to the physio-
logic increase in estrogens during pregnancy. Patients
with ICP have abnormalities in progesterone metabo-
lism and exogenous progesterone is the only proven
exogenous precipitant of ICP. The familial cases and
high ethnic variations strongly suggest a genetic
predisposition to ICP. Mothers with ICP who are het-
erozygous, with homozygous babies, for genetic abnor-
malities in biliary (canalicular) transport proteins have
been identi®ed; these abnormalities are responsible for
the rare group of diseases known as the progressive
familial intrahepatic cholestasis syndromes. Abnormal-
ities in placental bile acid transport systems and/or high
circulating bile acid levels with vasospasm of the pla-
cental vessels may contribute to fetal loss in ICP.

Preeclampsia is associated with generalized endo-
thelial dysfunction. In the HELLP syndrome,
microangiopathic hemolytic anemia causes periportal
hemorrhage, necrosis, and ®brin deposition in the
liver. With increasing severity, areas of infarction en-
large and hemorrhage dissects from zone 1 diffusely
to involve the whole lobule, leading to widespread
necrosis, large hematomas, capsular tears, and hepatic
rupture.

In AFLP, acute hepatic failure is due to microvesic-
ular fatty in®ltration of hepatocytes, perhaps due to
abnormalities in intramitochondrial fatty acid oxidation
(FAO). FAO helps to meet the increased metabolic de-
mands of pregnancy but is reduced in later pregnancy
even as metabolic demands are increasing, especially
with preeclampsia. Some babies of AFLP mothers are
homozygous for de®ciencies in enzymes necessary for
normal FAO, the best characterized being LCHAD
(long-chain 3-hydroxyacyl-coenzyme A dehydroge-
nase) de®ciency. Maternal heterozygosity, with fetal
homozygosity, for de®ciency of an enzyme essential
for the normal metabolism of fatty acids may overwhelm

the increased demands of FAO in pregnancy and
cause AFLP.

CLINICAL FEATURES
AND MANAGEMENT

Hyperemesis Gravidarum

Clinical Features and Diagnosis

Hyperemesis gravidarum (HG) is intractable vom-
iting of such severity as to necessitate intravenous hy-
dration. HG occurs in the ®rst trimester of pregnancy,
typically between 4 and 10 weeks of gestation, with risk
factors being adolescent pregnancy, multiparity, twins,
and hydatiform mole. Patients become severely dehy-
drated and may lose 45% of prepregnancy weight.
High transaminase levels (up to a 20-fold increase)
occur in 25ÿ50% of cases and occasionally patients
have mild jaundice. A clinical diagnosis is made
based on the severity and timing of vomiting; mild to
moderate vomiting in pregnancy does not cause
liver dysfunction. Viral hepatitis must be considered
but liver biopsy is necessary only to exclude other
serious diagnoses.

Management

Hospitalization is necessary for hydration and,
in severe cases, parenteral nutrition. Symptomatic
therapy with antihistamines is safe and successful in
many patients; oral ginger root extract or pyridoxine
(vitamin B6) may occasionally give relief. Short-term,
high-dose steroids may be effective in refractory cases.

Intrahepatic Cholestasis of Pregnancy

Clinical Features and Diagnosis

ICP is characterized by severe, generalized pruritus
and liver dysfunction in the second half of pregnancy,
typically at 25ÿ32 weeks of gestation, in a patient with
no other signs of liver disease; it disappears after deliv-
ery, to recur in subsequent pregnancies. Maternal dis-
tress can be great and skin excoriations are obvious.
Jaundice will follow the pruritus in 10ÿ25% of patients
but rarely occurs without pruritus. Severe cholestasis
may be complicated by steatorrhea and malabsorption
of fat-soluble vitamins.

Mild to 20-fold elevations of transaminases occur
but bilirubin remains 55 mg/dl. With placental pro-
duction, alkaline phosphatase is of little diagnostic
value in pregnancy and the most speci®c and sensitive
diagnostic marker of ICP is a serum bile acid level that
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is always elevated, up to 100 times above normal,
and which may correlate with fetal risk. Generally, in
a primigravida, a presumptive clinical diagnosis is made
based on typical clinical features, consistent biochem-
ical changes, and no evidence of obstructive gallstone
disease, viral hepatitis, or other skin condition; the di-
agnosis is con®rmed by rapid postpartum resolution. A
liver biopsy is needed only to exclude more serious liver
disease.

Management

Maternal management is symptomatic relief of pru-
ritus. Three small trials have shown that
ursodeoxycholic acid (UDCA) is safe and effective at
doses of 600ÿ1200 mg/day with symptomatic relief,
biochemical improvement, and perhaps improved
fetal outcome. Higher doses of UDCA (up to 2 g/day)
have been shown to improve the bile acid pro®le in both
mothers and babiesÐhopefully a bene®t to improve
fetal outcome. Cholestyramine may be used for
symptomatic relief but does not affect the cholestasis.
Dexamethasone (12 mg/day for 7 days), by suppressing
fetoplacental estrogen production, may give
symptomatic relief and it promotes fetal lung maturity
to allow early delivery of the baby. No other agents are of
proven ef®cacy for maternal relief in ICP. Therapy with
vitamin K may be required at the time of delivery.

ICP results in a high-risk pregnancy for the fetus
with premature deliveries, perinatal deaths, and fetal
distress. Fetal monitoring for chronic placental insuf®-
ciency is necessary but will not prevent intrauterine
deaths from acute anoxic injury. Careful obstetric
intervention will improve fetal prognosis and early
delivery is recommended by 35 weeks or earlier, as
soon as there is fetal lung maturity. Whether maternal
UDCA therapy will improve fetal outcome remains to be
proven.

Symptoms of ICP will resolve by 4 weeks postpar-
tum but will recur in 45ÿ70% of subsequent pregnan-
cies. Rare familial cases of apparent ICP have persisted
after delivery with eventual progression to ®brosis and
cirrhosis.

Preeclampsia

Preeclampsia is the triad of hypertension, edema,
and proteinuria in the third trimester of pregnancy
and, if severe, right upper abdominal pain and tender-
ness and mild jaundice (bilirubin 5 5 mg/dl) may
develop. Transaminases are elevated, from mild to
20-fold elevations. Hepatic involvement in pre-
eclampsia signi®es severe disease but requires no ther-
apy other than that for the preeclampsia; the patient

must be stabilized and then immediate delivery effected
to avoid eclampsia, hepatic rupture, or necrosis.

HELLP Syndrome

Clinical Features and Diagnostic Criteria

The typical patient with HELLP syndrome is
the older, multiparous patient who presents between
27 and 36 weeks of gestation. Most, but not all, have
preeclampsia with hypertension, edema, and weight
gain. The most common presenting symptoms are
epigastric or right upper quadrant pain and tenderness,
nausea and vomiting, a ¯u-like illness, and headache.
Jaundice is uncommon (5%). Early diagnosis and
management are essential to reduce maternal and
fetal mortality.

Diagnosis requires the presence of all three of the
following criteria: (1) hemolysis with an abnormal
blood smear, an elevated lactate dehydrogenase
(4600 U/liter), and an increase in indirect bilirubin;
(2) an aspartate aminotransferase level of 470 U/liter
(up to 20-fold elevation); and (3) a platelet count of
5100,000� 106/liter or 5100� 109/liter and, in se-
vere cases, 550,000. Coagulation is usually normal
but occasionally disseminated intravascular coagulation
(DIC) occurs. Bilirubin is usually 55 mg/dl. Computed
tomography of the liver is indicated to detect hepatic
rupture, subcapsular hematomas, intraparenchymal
hemorrhage, or infarction.

Management

Expeditious management is required for optimal
maternal and fetal outcomes. Treatment of hypertension
and seizure prophylaxis is implemented. Severe cases
will require full obstetric, surgical, and intensive care
facilities and transfer to a tertiary referral center is es-
sential. Delivery is the only de®nitive therapy and
should be effected immediately near term or with
fetal lung maturity. Uncomplicated vaginal delivery
can be allowed to proceed but many patients require
a cesarean section. Blood or blood products are required
for hypovolemia, anemia, or coagulopathy, and broad-
spectrum antibiotics are given. Management remote
from term is more controversial. In severe cases,
delivery must proceed despite the fetal risk but occa-
sionally in milder cases at 534 weeks, high-dose
glucocorticoids are given to improve fetal lung maturity
and to prolong the pregnancy.

Large subcapsular hematomas and diffuse
intrahepatic hemorrhage without rupture are managed
with close hemodynamic monitoring in an intensive
care unit, correction of coagulopathy, availability of

536 LIVER DISEASE, PREGNANCY AND



large volumes of blood/blood products, and immediate
intervention for hemodynamic instability or rupture.
Exogenous trauma such as abdominal palpation,
convulsions, emesis, and unnecessary transportation
should be avoided. Liver rupture is rare but life-threat-
ening, and rapid, aggressive medical management and
immediate surgery are essential for survival.

In most cases, HELLP syndrome will rapidly resolve
within 5 days of delivery with normalization of platelet
counts but some patients have persisting thrombocyto-
penia, hemolysis, worsening hyperbilirubinemia, and
impaired renal function. Life-threatening complications
persisting for 472 h after delivery are usually taken as
an indication for plasmapheresis or plasma exchange
but if there is no response, liver transplantation must
be considered. Unfortunately, life-threatening maternal
complications are common and include DIC, abruptio
placentae, acute renal failure, pulmonary edema, and
rarely acute respiratory distress syndrome, hepatic
failure, or hepatic rupture. The risk of recurrence of
HELLP in subsequent pregnancies is poorly established
but with subsequent pregnancies, these patients have an
increased risk of preeclampsia, preterm delivery, intra-
uterine growth retardation, and abruptio placentae.

Acute Fatty Liver of Pregnancy

Clinical Features and Diagnosis

Many patients with AFLP are primigravidae, espe-
cially with twin pregnancies. The commonest time of
presentation is 36 weeks, but it can occur at any time in
the third trimester and in the postpartum period. The
typical patient has 1ÿ2 weeks of anorexia, nausea, vom-
iting, and right upper quadrant pain and is ill-looking
with jaundice, hypertension (50% of patients have pre-
eclampsia), edema, ascites, a small liver, and hepatic
encephalopathy.

Transaminases are often 10-fold elevated but can
vary from near normal to 1000 U/liter. Other typical
abnormalities are anemia, a high white blood cell
count, a normal to low platelet count, abnormal
protime, activated partial thromboplastin and decreased
®brinogen with or without DIC, metabolic acidosis,
renal dysfunction (often progressing to oliguric renal
failure), hypoglycemia, high ammonia, and often bio-
chemical pancreatitis. Liver biopsy is rarely indicated
for management but is essential for a de®nitive diagnosis
of AFLP; it shows microvesicular, and infrequently ma-
crovesicular, fatty in®ltration, most prominent in zone
3. Occasionally, in the severely ill third-trimester pa-
tient, it is dif®cult to differentiate between HELLP
syndrome and AFLP and in some patients these condi-
tions may overlap. Fortunately, delivery of the baby and

supportive care for the mother are required in both
conditions.

Management

AFLP must be diagnosed quickly with immediate
termination of pregnancy and intensive supportive
care for the mother until liver function recovers. Trans-
fer to a center with intensive care and liver transplant
facilities should ideally be effected. If conditions are
favorable, rapid controlled vaginal delivery with fetal
monitoring is probably safest but often a cesarean sec-
tion is performed with blood products to maintain an
international normalized ratio of 51.5 and a platelet
count of 450,000� 106/liter during and after delivery
and with prophylactic antibiotics. With correction of
the coagulopathy, epidural anesthesia is probably the
best choice and will allow better ongoing assessment of
the patient's level of consciousness.

Liver tests and encephalopathy will start to improve
after 2ÿ3 days but intensive supportive care is needed to
manage the many complications, particularly infections
and bleeding complications, of fulminant hepatic failure
until this recovery occurs over days or many weeks.
There is no speci®c effective therapy for AFLP. Liver
transplantation has a very limited role here because of
the great potential for recovery with delivery but should
be considered in patients whose clinical course contin-
ues to deteriorate with advancing fulminant hepatic fail-
ure after the ®rst 1ÿ2 days postpartum without signs of
hepatic regeneration.

Many patients have no further pregnancies after the
devastating illness of AFLP, either by choice or from
complications of the illness, but AFLP rarely recurs
in subsequent pregnancies. Because LCHAD de®ciency
is present in many of these infants, later neonatal prob-
lems may occur.
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acute-on-chronic liver failure Refers to an individual with

chronic liver disease who decompensates as a result of an

intercurrent infection or as the result of progressive liver

disease.

fulminant liver failure Acute hepatitis occurring within 2ÿ8

weeks of the onset of illness in the absence of preexisting

liver disease, complicated by hepatic encephalopathy,

massive hepatic necrosis, and a prolonged prothrombin

time.

subfulminant liver failure Acute hepatitis accompanied by

encephalopathy that begins after 2 weeks, but within

8ÿ12 weeks from the presentation of jaundice.

Fulminant liver failure is a rare but devastating sequel of

hepatic injury. It is de®ned as an acute hepatitis occurring

within 2ÿ8 weeks of the onset of illness in the absence of

preexisting liver disease, complicated by hepatic enceph-

alopathy, massive hepatic necrosis on histologic exami-

nation of the liver, and a prolonged prothrombin time. In

spite of advances in medical therapy and intensive care,

the mortality rate in the literature ranges between 40 and

80% and is often related to complications of cerebral

edema, hypoglycemia, sepsis, gastrointestinal bleeding,

and acute renal failure. Liver transplantation currently

is the only de®nitive treatment for those who do not spon-

taneously recover, and early recognition may allow for

stabilization of the patient prior to transfer to a liver

transplant center.

INTRODUCTION

In assessing fulminant liver failure, the time of onset of
encephalopathy is an important prognostic factor.
Severe acute hepatitis consists of hepatic injury accom-
panied by jaundice and coagulopathy without enceph-
alopathy and typically has an excellent prognosis.
Fulminant liver failure consists of severe acute hepa-
titis with hepatic encephalopathy occurring within
2 weeks of the onset of jaundice. Survival is only
about 40% without liver transplantation. Subfulminant
liver failure consists of acute hepatitis accompanied by
encephalopathy that begins after 2 weeks, but within
8ÿ12 weeks from the presentation of jaundice.
Subfulminant hepatitis has a poor prognosis.

Often, the term `̀ liver failure'' is used to de®ne the
status of an individual with chronic liver disease who
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about 40% without liver transplantation. Subfulminant
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Often, the term `̀ liver failure'' is used to de®ne the
status of an individual with chronic liver disease who
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decompensates as a result of an intercurrent infection or
as the result of progressive liver disease. This is better
de®ned as acute-on-chronic liver failure. It is critically
important that de®nitions are clear so that there is no
misunderstanding regarding the disorder under discus-
sion here, i.e., fulminant or acute liver failure.

ETIOLOGY

A list of potential etiologies of acute liver failure is pres-
ented in Table I. Etiologies are often age dependent.
Although the cause of acute liver failure is unknown
in over half of pediatric cases; in known cases, drug-
induced hepatic injury and hepatotrophic viral infec-
tions are the most commonly recognized causes in the
United States. Hepatitis A and hepatitis B viral infections
are the most common infectious causes in all age groups
beyond the neonatal period.

In the neonate, the differential diagnosis of liver
failure includes infectious, metabolic, ischemic, and per-
fusion disorders. Infectious etiologies include herpesvi-
rus, echovirus, adenovirus, and hepatitis B. Inborn
errors of metabolism presenting as acute liver failure
in the neonate include hereditary fructose intolerance,
galactosemia, tyrosinemia type I, urea cycle defects,
inborn errors of bile acid synthesis, and neonatal hemo-
chromatosis. Ischemic and perfusion defects may be the
result of congenital heart disease, cardiac surgery, myo-
carditis, or severe asphyxia. In infants or toddlers, drug
and toxin ingestion, including seizure medications
(valproate), antituberculin drugs (isoniazid), acetamin-
ophen, and poison mushrooms (Amanita), must be
considered. Additionally, infants and children may
be exposed to hepatitis A from siblings or day care.

Hereditary fructose intolerance may present with liver
failure after the introduction of sucrose- and/or fructose-
containing formulas or solid foods (fruits/ vegetables)
into the diet.

In older children and adolescents, besides infection,
drugs, toxins, and perfusion defects, Wilson's disease
must be considered in the differential diagnosis. In the
appropriate adolescent female, acute fatty liver of preg-
nancy and fatty acid oxidation defects can be seen.
Autoimmune hepatitis with or without a hemolytic ane-
mia may be present. Rarely, malignancy (hepatoblas-
toma, leukemia, non-Hodgkin lymphoma), radiation,
and hyperthermia may result in acute liver failure.

Reye's syndrome is associated with microvesicular
fat on liver biopsy, encephalopathy, elevated serum ami-
notransferase levels, and prolonged prothrombin time,
usually arising during convalescence from a viral
syndrome such as in¯uenza or varicella. The incidence
of Reye's syndrome in recent years has signi®cantly
diminished with the reduced use of aspirin for fever
control in children and improved recognition and di-
agnosis of fatty acid oxidation defects that may exhibit
similar ®ndings.

It is becoming increasingly apparent that some
herbal preparations may also result in acute liver failure
and a careful history that includes herbal remedy inges-
tion must be sought.

PRESENTATION AND
DIFFERENTIAL DIAGNOSIS

The hallmarks of acute liver failure are the acute onset
of jaundice, biochemical evidence of elevated serum

TABLE I Potential Etiologies of Acute Liver Failure in Childrena

Cause Examples

Infection Hepatitis A or B, hepatitis B with hepatitis D super- or coinfection, hepatitis E, non-AÿG hepatitis,

cytomegalovirus, varicella-zoster virus, adenovirus, yellow fever, Q-fever

Drugs

Dose-dependent Acetaminophen, haloalkanes

Idiosyncratic Isoniazid, dilantin, valproate, phenytoin, propylthiouracil, penicillin, tetracyclines, sulfonamides,

amiodarone, ketoconazole, nonsteroidal antiin¯ammatory drugs

Synergistic drug reactions Alcohol and acetaminophen, isoniazid � rifampicin, bactrim, barbiturates � acetaminophen,

amoxacillin � clauvulinic acid

Metabolic disorders Wilson's disease, acute fatty liver of pregnancy, galactosemia, tyrosinemia, errors of fatty

acid metabolism

Toxins Amanita phalloides, industrial solvents, carbon tetrachloride, herbal medicines

Systemic disorders Autoimmune hepatitis, malignancy, hyperthermia, sepsis

Miscellaneous BuddÿChiari syndrome, portal vein thrombosis, indeterminate

a Adapted with permission from Perkin (2003), Acute liver failure In `̀ Pediatric Hospital Medicine: Textbook of Inpatient Management.''

Copyright Lippincott Williams & Wilkins.

LIVER FAILURE, PEDIATRIC 539



aminotransferase levels, prolonged prothrombin time,
and encephalopathy in a previously healthy patient.
Initial symptoms may be nonspeci®c, such as jaundice,
nausea, vomiting, and abdominal pain. A careful med-
ical history focusing on a history of ingestion (accidental
or intentional), medications, mushroom picking, recre-
ational drugs, blood transfusions, immunizations (par-
ticularly hepatitis A and B vaccines), and travel must be
sought. An accurate acetaminophen history should in-
clude the amount and interval of doses, carefully iden-
tifying all acetaminophen derivatives because many
combination medications include acetaminophen as a
component. On occasion, parents have mistakenly sub-
stituted acetaminophen infant drops for the children's
elixir, resulting in a signi®cant overdose. In infants, a
previous hypoglycemic event, developmental delay, or
history of seizures may suggest a metabolic disorder.
Rarely, in adolescents, acute liver failure secondary to
Wilson's disease may be preceded by neuropsychiatric
manifestations.

On physical examination, the child is usually
jaundiced and icteric. There may or may not be hepato-
megaly. The remainder of the physical exam may be
noncontributory. There may be occasional petechiae
or bruises attributable to the coagulopathy. A careful
assessment of neurological status is imperative but is

often a challenge in the young child. The grading scale
utilized by the Pediatric Acute Liver Failure Study
Group is presented in Table II as a means of evaluating
and scoring the degree of encephalopathy.

Biochemical features of acute liver failure include
marked elevations in serum aminotransferases (aspar-
tate transaminase, alanine transaminase), total and
direct-reacting bilirubins, and prolongation of the pro-
thrombin time. Although the serum aminotransferase
levels may rise into the thousands (units/liter), the peak
value and rate of decline are not predictive of outcome.
The most frequently observed electrolyte disturbances
are hyponatremia, hypokalemia, hypocalcemia, and
hypomagnesemia. Due to a combination of liver glyco-
gen dysregulation, and central nervous system and
multiorgan dysfunction, hypoglycemia is frequently
observed. More commonly accompanying non-
Aÿnon-G hepatitis is an aplastic anemia. Wilson's
disease may present with a constellation of laboratory
®ndings, including a Coombs-negative hemolytic
anemia, low serum alkaline phosphatase level, and hy-
peruricemia. Serum copper values are often markedly
elevated. Serum ceruloplasmin levels classically are
decreased in Wilson's disease. However, a normal
serum ceruloplasmin does not rule out Wilson's disease,
and analysis of 24-hour urinary copper excretion a may

TABLE II Encephalopathy Staging Criteria (Pediatric Acute Liver Failure Study Group)a

Stage Clinical Asterixis/re¯exes Neurologic signs EEG changes

0 None None/normal Psychological

testing only

Normal

I Confused, mood changes,

altered sleep habits,

loss of spatial

orientation, forgetful

None/normal Tremor, apraxia,

impaired handwriting

Normal or diffuse

slowing to theta

rhythm, triphasic waves

II Drowsy, inappropriate

behavior, decreased

inhibitions

None/hyperre¯exic Dysarthria, ataxia Abnormal generalized

slowing, triphasic waves

III Stuporous obeys simple

commands

None/hyperre¯exia,

upgoing

toes (� Babinski)

Rigidity Abnormal generalized

slowing, triphasic waves

IV Comatose, arouses with

painful stimuli (IVa),

or no response (IVb)

Absent Decerebrate of

decorticate

Abnormal, very slow

delta activity

For younger children

Early (I and II) Inconsolable crying,

sleep reversal,

inattention to task

Unreliable/normal or

hyperre¯exic

Untestable

Middle (III) Somnolence, stupor,

combativeness

Unreliable/

hyperre¯exic

Most likely untestable

Late (IV) Comatose, arouses with

painful stimuli (IVa),

or no response (IVb)

Absent Decerebrate or decorticate

a Adapted with permission from Perkin (2003), Acute liver failure In `̀ Pediatric Hospital Medicine: Textbook of Inpatient Management.''

Copyright Lippincott Williams & Wilkins.
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be necessary. If autoimmune hepatitis is suspected,
autoimmune markers including antinuclear antibody,
anti-smooth-muscle antibody, anticardiolipin, anti-
liverÿkidney microsomal antibody, and antimitochon-
drial antibody should be obtained. A reversed albumin/
globulin serum protein ratio may also be suggestive of
autoimmune disease.

THERAPY

Initial management should focus on stabilization and
support to allow for possible recovery or liver
transplantation if necessary. All patients with severe
acute hepatitis who progress to any stage of encepha-
lopathy should be managed in an intensive care unit.
Early referral to a liver transplant center is imperative
for all children whose condition is not improving. Room
noise should be kept to a minimum and room lighting
should be used sparingly to avoid agitating the child.
Signi®cant morbidity and mortality may result from the
complications of acute liver failure even if the liver
spontaneously recovers. Venous access is mandatory.
An arterial line should be considered if the child's con-
dition is deteriorating and blood gas analysis is neces-
sary prior to intubation and monitoring of ventilatory
support. A nasogastric tube may be required to monitor
for gastric bleeding and for administration of medica-
tions. A urinary catheter may be placed to monitor ¯uid
status and renal function. If available, the patient's bed
should have a built-in scale that enables weighing the
patient with minimal disturbance. Frequent scheduled
repositioning and involvement of a specialized skin care
team especially in the obtunded or comatose patient
should avoid bedsores and decubitus ulcers.

Medical management of acute liver failure must be
multidisciplinary because of the complexity of the dis-
ease and its potential progression to multiorgan failure,
characterized by increased cardiac output, peripheral
vasodilatation, respiratory distress, and renal failure.
Useful laboratory tests include a complete blood
count with differential and platelet count, and levels
of serum electrolytes, blood urea nitrogen, creatinine,
calcium, magnesium, phosphorus, blood sugar,
alanine transaminase, aspartate transaminase, alkaline
phosphatase, g-glutamyl transferase, total and direct-
reacting bilirubins, prothrombin and partial
thomboplastin times, international normalized ratio
(INR), amylase, lipase, and serum ammonia. If the his-
tory is suggestive, a toxicology screen, acetaminophen,
or aspirin levels should be obtained. Hepatitis sero-
logies, including antihepatitis A virus immunoglobulin
M (IgM), hepatitis B surface antigen, antihepatitis B core
antibody (IgM), and antihepatitis C virus, should be

acquired. Culture specimens (blood, urine, stool)
should be sent to the lab. Prothrombin times (a measure
of vitamin K-dependent clotting factors synthesized by
the liver) or INRs are often the most useful laboratory
parameters to follow serial progression of the patient's
condition. Obviously, administration of fresh frozen
plasma or clotting factors will negate the usefulness
of serial prothrombin time values. Thus, the judicious
use of fresh frozen plasma and clotting factors is man-
datory in these patients and is reserved for the presence
of active bleeding. If the prothrombin time is prolonged,
a trial of intravenous vitamin K daily for 3 consecutive
days should be undertaken. Giving the dose intrave-
nously eliminates the possibility of poor intestinal ab-
sorption of this fat-soluble vitamin in a patient who is
cholestatic. Improvement in the prothrombin time sug-
gests viable hepatocytes capable of synthesizing clotting
factors and having the potential for regeneration and
recovery, whereas no improvement or a continued pro-
longation of the prothrombin time is an indication of
a poor prognosis.

Because electrolyte and acidÿbase disturbances fre-
quently occur in acute liver failure, ¯uid management
and electrolyte replacement and supplementation must
be meticulously monitored. Fluid management requires
a balance to avoid ¯uid overload and dehydration as
multiorgan failure develops. Renal failure can occur
in the face of pulmonary edema and peripheral vascular
collapse. Cerebral edema and intracranial hypertension
necessitate careful ¯uid administration to avoid intra-
vascular space expansion and exacerbation of cerebral
edema.

Nutritional support in acute liver failure is dif®cult.
Hypoglycemia occurs frequently, necessitating intra-
venous dextrose infusion. Amino acids should be re-
stricted in the initial management of acute liver
failure to avoid an excess nitrogen load. However, to
prevent a catabolic state, limited protein supplementa-
tion (0.5ÿ1 g/kg/day) by day 3 of illness may be con-
sidered. The type of proteins and amino acids may
in¯uence hepatic encephalopathy. a-Keto analogues
of amino acids are transaminated in the intestinal
mucosa into amino acids without supplying additional
nitrogen. Limited studies suggest that ketoacids are
ef®ciently converted to amino acids and converted
into protein while maintaining nitrogen balance.
Branched-chain amino acid solutions administered par-
enterally have also been studied with inconclusive
results. Their high expense with limited effectiveness
suggests they be restricted at present to investigational
protocols.

An abdominal ultrasound with Doppler interroga-
tion is useful to evaluate anatomic or vascular etiologies.
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Unless the patient has clinical evidence suggesting
cerebral edema, computed tomographic examination
of the head is not useful in the evaluation of hepatic
encephalopathy.

N-Acetylcysteine should be administered to any
patient suspected of toxic acetaminophen ingestion
to replenish glutathione stores. Most effective within
12 hours of ingestion, it has demonstrated effects up
to 36 hours after the initial overdose. The published
acetaminophen level nomogram is useful only in guid-
ing the treatment for a one-time single overdose and
does not predict outcome in chronic ingestion cases.
Adolescent medicine/psychiatric consultation is im-
perative if the overdose was intentional or represented
a suicidal threat and should be obtained prior to the
patient progressing into coma, because this assessment
may be crucial in determining the appropriateness of
liver transplant.

The cause of hepatic encephalopathy is multifacto-
rial. Current theory includes the accumulation of neu-
rotoxic and neuroactive substances. Although most are
poorly de®ned, hyperammonemia has been associated
with acute liver failure-induced encephalopathy. Lim-
iting protein intake to �1 g/kg/day may decrease
colonic bacterial ammonia production and allow the
compromised liver to metabolize the protein load.
Lactulose, a nonabsorbable carbohydrate, acts as a ca-
thartic to induce diarrhea and ammonia removal via the
intestinal tract, and it acidi®es the colon to trap ammo-
nia (NH3) by converting it to NH4

� in the gut,
promoting ammonia excretion. Oral neomycin has
been advocated as a relatively nonabsorbable antibiotic
to rid the colon of its ammonia-producing bacterial
¯ora. Unfortunately, chronic oral administration of neo-
mycin may result in its absorption, allowing oto- and
nephrotoxicity, which may outweigh any possible ben-
e®t. All sedating drugs, even if the child is combative, are
to be avoided because most are predominantly metab-
olized via the liver and their administration may con-
found the mental status examination. Restraints may be
necessary to protect the comatose child from self-injury.
Acid suppression with histamine-2 (H2) blockers or
proton pump inhibitors is indicated as prophylaxis
for gastrointestinal bleeding.

Cerebral edema and brain herniation are the most
frequent complications leading to death in acute liver
failure. The pathophysiology is unclear and treatment is
controversial. Intensive care unit admission, transfer to
a liver transplant center, and listing for liver transplant-
ation should be instituted early in the course to optimize
outcomes. Cerebral edema must be managed aggres-
sively. Neurologic physical examination may not be
sensitive enough for detecting increased intracranial

pressure, so clinical suspicion must be maintained.
Early signs and symptoms of cerebral edema include
systolic hypertension and increased muscle tone. Head-
ache, vomiting, and papilledema are present inconsis-
tently. If progressive, cerebral edema will be associated
with decerebrate posturing, hyperventilation, myoclo-
nus, seizures, trismus, and opisthotonos. Although
computed axial tomography may not be sensitive for
detecting early cerebral edema, its use may be warranted
to rule out intracranial bleeding. Intracranial pressure
monitoring is required in comatose patients and in those
with neurologic deterioration. Several types of devices
are available. Intraventricular monitors are accurate and
precise, but suffer from complications, especially bleed-
ing. Epidural monitors are the safest but are often in-
accurate. Subdural placement of monitors has
intermediate risk and relatively accurate readings. All
intracranial pressure monitors increase the risk for
infection.

Increased intracranial pressure management in-
cludes use of hyperventilation, minimal stimulation,
head elevation to 30�, maintenance of hemodynamic
stability, and mannitol infusion. Steroid administration
has not been found bene®cial and should be avoided.
Attention to avoidance of rapid ¯uid boluses or aggres-
sive correction of electrolyte imbalances that can aggra-
vate the situation is important. The goal is to maintain
cerebral perfusion pressure (the difference between
mean arterial pressure and intracranial pressure)
above 50 torr. This usually requires maintaining the
intracranial pressure in children in the normal range
(10ÿ15 torr).

Mechanical hyperventilation lowers intracranial
pressure but does not improve patient morbidity. Be-
tween 20 and 60 torr, cerebral blood ¯ow is linearly
related to the partial pressure of blood carbon dioxide.
Lowering carbon dioxide content to 25ÿ30 torr maxi-
mizes cerebral vascular constriction and reduces blood
¯ow. This vascular effect progressively diminishes after
6 hours of therapy, although the clinical response may
last for a few days. Hyperventilating the patient by in-
creasing tidal volume may raise positive end expiratory
pressure and restrict venous return. This may occur
especially if there is pulmonary edema. Increased pos-
itive end expiratory pressure also reduces diastolic ®ll-
ing volume and may reduce cerebral perfusion pressure.

In patients without renal failure, mannitol infusions
have an 80% response rate and may improve survival.
Serum osmolality must be monitored frequently and
maintained in the range of 300ÿ320 mOsm. Mannitol
should not be given if serum osmolality is over
320 mOsm, if renal failure ensues, or if oliguria and
a rising serum osmolality develop simultaneously.
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Repeated mannitol infusions may reverse the osmotic
gradient. Mannitol should be discontinued if the intra-
cranial pressure does not respond after the ®rst few
boluses.

Renal failure occurs in up to half of patients with
acute liver failure, often due to hepatorenal syndrome.
Hepatorenal syndrome is the unexplained development
of reversible renal failure in both acute and chronic liver
disease, characterized by azotemia, oliguria, low urinary
sodium excretion (510 mEq/day), and an increased uri-
ne:serum osmolality ratio in the absence of active uri-
nary sediment. Attention should be paid to diminished
cardiac output and blood pooling from peripheral
vasodilatation as possible etiologic factors for poor
renal perfusion. Adequate urine output can be
maintained with judicious use of loop diuretics and
low-dose dopamine infusion. Depleted intravascular
volume can be corrected with blood components or
volume expanders. Because plasma albumin is invari-
ably low, salt-poor albumin solutions may be preferred
to carbohydrate-based volume expanders. If oliguria
develops, hemodialysis/hemo®ltration may be required
to maintain optimal ¯uid volume and serum osmolality.
Fluid restriction must be used if renal failure is estab-
lished. Sodium and potassium losses should be esti-
mated and replaced appropriately. Hyponatremia
should not be replaced by use of hypertonic saline un-
less a hyponatremic seizure occurs. Excess free water
may be removed by dialysis and will resolve the
hyponatremia problem without altering the total body
sodium content.

Pulmonary complications occur frequently in
acute liver failure patients. These patients have a pre-
disposition to low pressure pulmonary edema and de-
velopment of adult respiratory distress syndrome.
Pulmonary edema is observed in about 40% of acute
liver failure patients. It is believed to result from pul-
monary capillary changes that cause increased perme-
ability. Management is supportive. Continuous pulse
oximetry, frequent arterial blood gas measurements,
administration of supplemental oxygen, and use of
mechanical ventilation are all appropriate. Sedative
and paralytic agents may be required to ensure tolerance
of mechanical ventilation. These need to be used spar-
ingly if they will alter neurologic evaluation, and they
may have prolonged effects due to longer half-lives from
decreased hepatic metabolism and renal excretion. Fur-
ther, the neurologically depressed patient is at risk for the
development of aspiration pneumonia.

Infection plays a serious threat to the patient with
acute liver failure. It places the patient at risk for sepsis
and is a contraindication to liver transplantation. Bac-
terial infections of either the respiratory or the urinary

tract are prevalent. Organisms frequently seen include
Staphylococcus spp., Streptococcus spp., and gram-
negative rods. Iatrogenic sources of infection must
also be considered because these patients often have
indwelling lines and urinary catheters. Despite the
high rates of infection, prophylactic antibiotic admin-
istration is not advocated. However, a low threshold for
starting antibiotics should be used because the usual
presentation of infection with fever and leukocytosis
may be absent. Surveillance cultures for bacteria and
fungi from blood, urine, sputum, and open wounds
should be routine. Ascitic ¯uid should be cultured
if present. High-dose broad-spectrum antibiotics
should be started at the ®rst sign of infection, with
coverage narrowed as soon as a speci®c organism is
identi®ed.

OUTCOME

In general, acute liver failure is associated with signif-
icant morbidity and mortality. Fortunately, it is a
rare disorder in children. Spontaneous recovery is
unusual except for prompt treatment of acetaminophen
overdose in young children. Intensive care support and
liver transplantation are crucial for the management of
these critically ill children, necessitating early referral to
transplant centers. The shortage of donor organs con-
tinues to in¯uence survival for children with fulminant
hepatic failure. Improved outcomes may be obtained
by the use of living-related transplants, split-liver
transplants, and auxiliary transplants in selected pa-
tients. Experimental therapies, including the use of
bioarti®cial liver support and hepatocyte transplanta-
tion, hold promise in providing temporary hepatic sup-
port, allowing the native liver to repair, recover, and
regenerate, thereby reducing complications and avoid-
ing transplantation and lifelong immunosuppression.

Unfortunately, there are several major limitations to
attempts to better de®ne and develop therapeutic reg-
imens for severe, acute liver failure. Acute liver failure
has varying etiologies (viral, drug, toxin, etc.) and thus
may actually be several different conditions. There is no
clear understanding of the pathophysiology of the dis-
ease, making it dif®cult to develop speci®c treatment
strategies. There is no single marker of liver dysfunc-
tion allowing for strati®cation of hepatic injury. Rela-
tively few individuals with acute liver failure are seen at
a single institution. Progression of the disease is rapid
and little time is available to initiate therapy. Therefore,
multicenter collaborative trials, such as those of the
Pediatric Acute Liver Failure Study Group, are
imperative so that standardized data collection and
management protocols can be utilized to de®ne and
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improve therapies for children with this devastating
diagnosis.

LIVER-ASSIST DEVICES

The development of an `̀ arti®cial'' liver system capable of
supporting liver functions in patients with liver failure
has been in preparation for over four decades. Recent
work has focused on the use of mammalian hepatocytes
to provide metabolic assistance to the failing liver. Sev-
eral extracorporeal hepatocyte liver-assist systems have
been reported in a small number of pilot clinical trials.
One such device was utilized successfully in the care of a
10-year-old child with fulminant liver failure as a bridge
to liver transplant. A large, randomized controlled trial
in adults utilizing porcine hepatocytes in a hollow-®ber
cartridge (Circe Biomedical, HepatAssist 2000) showed
encouraging results, but the design of the study was such
that it failed to demonstrate statistical signi®cance. A
recent systematic review of arti®cial and bioarti®cial
support systems for acute and acute-on-chronic liver
failure has suggested that arti®cial support systems re-
duce mortality in acute-on-chronic liver failure com-
pared with standard medical therapy. Arti®cial and
bioarti®cial support systems do not appear to affect
mortality in acute liver failure.

SUMMARY

Acute liver failure is a dramatic syndrome in which
previously healthy children rapidly lose hepatic func-
tion, develop encephalopathy, and become critically ill.

In spite of liver transplantation, many patients die due to
complications of the disease or because of a lack of
timely donors. Because acute liver failure occurs infre-
quently, no single center has a large enough experience
to conduct important clinical studies to investigate
natural history or treatment. Investigations by the Pe-
diatric Acute Liver Failure Study Group should de®ne
patient demographics, presenting symptoms, clinical
course, suspected etiology, and outcome of children
with acute liver failure. This important data collection
registry should eventually aid in re®ning our under-
standing of the etiology, management, and treatment
of this devastating disorder in children.
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Liver Ischemia
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cold ischemia Technique to slow the metabolism of an organ

in order to reduce oxygen consumption; used in the

transplant setting and during organ harvesting and

preservation.

intermittent clamping Strategy to prevent ischemic injury by

interrupting long ischemic insults with multiple short

intervals of reperfusion.

ischemic preconditioning Regimen used to prime an organ

against subsequent long ischemic insults; consists of a

short period of ischemia followed by a brief interval of

reperfusion prior to the prolonged ischemic insult.

warm ischemia Interruption of in¯ow of blood and oxygen

during liver surgery, shock, and trauma; occurs at

normothermic (body) temperature.

Ischemia reperfusion injuries in the liver have important

implications in a number of clinical settings, including

transplantation, liver resection, trauma, and shock. Ische-

mia reperfusion injury occurs in two main forms, cold

ischemic injury (occurring during organ preservation)

and warm ischemic injury (occurring during liver surgery,

shock, and trauma). The mechanisms of injury are com-

plex, and only very few protective strategies are currently

applied in routine clinical practice.

INTRODUCTION

Injuries to the liver caused by prolonged periods of
interrupted blood ¯ow or low-level oxygen delivery
are important in many clinical situations. Lack of insight
into the mechanisms associated with these types of in-
juries has signi®cantly hampered the development of
hepatic surgery and transplantation. Over the past
two decades, efforts have been invested in the search
for protective strategies, and important discoveries have
been made over the past few years. In this article, the
current literature on the mechanisms of ischemic injury
in the liver is summarized and novel protective ap-
proaches are discussed.

Hepatic ischemia/reperfusion (I/Rp) injury can be
divided into two types: (1) warm (normothermic) I/Rp,
which occurs during liver resection, trauma, various
forms of shock, and transplantation, and (2) cold
I/Rp injury, which occurs in the transplant setting

during the period of organ preservation at 1�ÿ4�C. Al-
though several mechanisms of injury appear to share
common pathways, recent evidence suggests important
differences between warm and cold I/Rp.

WARM (NORMOTHERMIC) ISCHEMIA

Warm ischemia injury is common during liver
surgery, trauma, and transplantation. For example,
ischemia is intentionally achieved during major liver
resections by occluding hepatic arterial in¯ow (Pringle
maneuver) during the time of transsection of the liver
parenchyma, to prevent bleeding. Ischemia is tolerated
only for a period of about 1 hour in normal livers and
about 30 minutes in cirrhotic livers, and the duration
of ischemia correlates with the degree of reperfusion
injury.

Many studies have shown that death of endothelial
cells and hepatocytes does not occur during the period
of ischemia but rather during subsequent reperfusion.
Furthermore, accumulating evidence suggests that cell
injury occurs by apoptosis (programmed cell death),
which, unlike necrosis, is an active and energy-requir-
ing form of cell death. Some investigators, however,
suggest that necrosis, rather than apoptosis, is the
major cause of cell death in the ischemic liver. The
reason for this ongoing controversy might be
related to the fact that the distinction between apoptosis
and necrosis is not always clear. There are shared
pathways, common features, and transitions from
apoptotic pathways to necrosis. In addition, differences
in the energy status and ATP levels (e.g., starved vs.
fed condition) might be critical to induce a switch
from apoptotic to necrotic forms of cell death.
Nevertheless, active apoptotic mediators have been
well documented in the ischemic liver, mainly after
reperfusion.

The balance between pro and antiapoptotic media-
tors prevents and regulates death in healthy cells. In the
setting of I/Rp, this tightly regulated `̀ survival'' balance is
severely disturbed in favor of cell death. Recent ad-
vances in our understanding of several mediators of
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apoptosis have enabled new insights into the me-
chanisms of injury in the ischemic liver. For example,
apoptotic cell death is initiated by binding of tumor
necrosis factor a (TNFa) to the speci®c receptor,
TNF-R1, on the cell membrane of hepatocytes in a
mouse model of normothermic I/Rp injury (Fig. 1).
The apoptotic signal is then transferred into the cell,
where the speci®c protease caspase-8 is activated. This
initial step is followed by the activation of a cascade of
various proteases and other cellular events. First, a
protein that is a BH3-interacting death domain (BID)
agonist is activated and translocates to the mitochon-
dria, inducing the release of cytochrome C, which binds
to the apotosis protease-activating factor-1 (APAF-1).
This compound activates caspase-9 with subsequent
activation of caspase-3, the `̀ executioner'' caspase.
This process leads to DNA fragmentation and cell
death. Due to the presence of inactive proforms of
the speci®c apoptotic proteases, signal transduction
does not depend on protein synthesis and can occur

rather quickly. In this process, the mitochondria act
as ampli®ers of the deadly signal, allowing even weak
signals to have deleterious effects.

The activation of Kupffer cells also contributes to I/
Rp injury in the liver. Activated Kupffer cells release a
variety of potentially harmful mediators, including
TNFa and reactive oxygen species. In high concentra-
tions, oxygen radicals induce peroxidation of lipids, an
effect that leads to membranous dysfunction and favors
cell death. The release of highly reactive radicals might
be critical for initiation of apoptotic cell death after
ischemia, inasmuch as several cell types, including he-
patocytes, are resistant to TNFa alone. From this per-
spective, oxidative stress might act as a sensitizer for the
deleterious effect of TNF signaling.

Prolonged hypoxic conditions are associated with
an impaired energy status within cells, which has severe
consequences for the regulation of cellular pH and cell
volume. The ATP-dependent ef¯ux of Na� through
Na�,K�-ATPase as well as the impaired function of
Na�/H� exchangers and Na�/HCO3

ÿ cotransporters
lead to acidi®cation of the cytosol and cell swelling.
However, the link between these disturbances of ion
distribution, cell swelling, and simultaneously ongoing
apoptotic processes remains unclear.

Ischemia in the Diseased Liver

Chronic liver diseases such as steatosis and cirrhosis
are associated with increased sensitivity to ischemia and
hypoxia. Although mild steatosis (530%) has little im-
pact on the results of liver resection and transplantation,
severe steatosis (460%) is associated with an increased
risk of liver failure after surgery. We recently hypoth-
esized that the devastating effects of ischemia on the
fatty liver are due to a dysfunction in the apoptotic
pathway and to a predominant necrotic form of cell
death. We used a model of Zucker rats, which develop
severe steatosis at the age of 8 weeks due to overeating.
After 1 hour of hepatic ischemia, there was an associated
dramatic increase in liver injury (e.g., serum transam-
inases) and impaired survival. However, markers of
apoptosis [caspase-8 and caspase-3 activity, cytochrome
C release, and terminal deoxynucleotidyl transferase-
mediated dUTP nick end-labeling (TUNEL) staining]
were decreased compared to lean animals, suggesting a
low apoptotic activity level. Morphological analysis of
a hematoxylin/eosin-stained biopsy revealed massive
coagulative necrosis in fatty animals, whereas apoptosis
was predominant in lean animals.

Although the increased sensitivity of the cirrhotic
liver to warm or cold ischemia has been well described,
the underlying mechanisms of cell injury are still

s

FIGURE 1 Several mechanisms of normothermic ischemic in-

jury have been postulated to date, including tumor necrosis factor

a (TNFa)-mediated apoptosis, dysregulation of ion distribution,

and generation of reactive oxygen intermediates (ROI). The

mechanisms of injury appear to involve multiple cell systems

and pathways. APAF-1, Apotosis protease-activating factor-1;

BID, BH3-interacting death domain agonist.
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unknown. Future studies in animal models are needed
to further identify mechanisms and to develop effective
protective strategies in cirrhosis.

Protective Strategies

Many strategies to protect against warm ischemic
injury have been proposed in various animal models,
but only two, intermittent clamping and ischemic pre-
conditioning, have ®nally made the transition into clin-
ical practice. Intermittent clamping consists of multiple
cycles of short intervals of ischemia (10ÿ30 minutes)
and reperfusion (5ÿ15 minutes) (Fig. 2b). The protocol
for ischemic preconditioning consists of a single brief
ischemic interval (10 minutes) followed by a short pe-
riod of reperfusion (10ÿ15 minutes) prior to the
prolonged ischemic interval (Fig. 2c). We have recently
evaluated protection conferred by these two approaches
using a mouse model of prolonged hepatic ischemia. We
found that protection was similar for ischemic insults of
up to 75 minutes, whereas intermittent clamping was
more effective for ischemic intervals of 120 minutes.
Ischemic preconditioning appears preferable in most
cases because it avoids the blood loss that occurs during
the multiple periods of reperfusion inherent to intermit-
tent clamping. In addition, a great majority of cases
require an ischemic interval shorter than 60 minutes,
and protection appears comparable in ischemic precon-
ditioning and intermittent clamping.

The mechanisms of the biologic adaptation to ische-
mia initiated by ischemic preconditioning are still
poorly understood. Several mediators have been
suggested to be involved in these protective pathways,
including adenosine, nitric oxide, oxygen radicals,
protein kinases, ATPases, and prostaglandins. We have
recently shown that preconditioning causes a down-
regulation of the apoptotic pathway following ischemia.
Better understanding of these protective pathways may
lead to the design of speci®c protective interventions by
pharmacological means. Such approaches are appealing
because the negative effects of preconditioning due to
the short period of ischemia would be avoided (e.g., a
possible decrease in ATP levels).

COLD ISCHEMIA

Liver transplantation has experienced a dramatic suc-
cess over the past 15 years and has become the treatment
of choice for patients with end-stage liver disease. Al-
though major progress has been made in several areas of
transplantation, such as selection of recipients and im-
munosuppression, ischemic injury remains an impor-
tant limiting factor in some aspects of the procedure.
During the various phases of transplantation, the liver
graft is exposed to different types of ischemic stress,
including normothermic ischemia prior or during har-
vesting, cold ischemia (at 1�ÿ4�C) during the period of
preservation, and rewarming during graft implantation
(Fig. 2d).

It is currently believed that nonparenchymal cells
(i.e., sinusoidal endothelial cells) are the major targets
of cold ischemic injury (cold preservation). In contrast
to sinusoidal endothelial cells (SECs), parenchymal
liver cells (hepatocytes) remain morphologically well
preserved even after extended periods of cold preserva-
tion. It is thought that later injuries to the hepatocytes
are a consequence of nonparenchymal injury, the
®nal demonstration of this relationship is not yet
available.

Injuries due to low-temperature preservation are
different from warm ischemic injuries in many aspects.
The main feature of warm ischemia injury is massive
and early (3ÿ6 hours) apoptosis of hepatocytes after
reperfusion. In contrast, cold storage is associated
with diffuse SEC damage within 30ÿ60 minutes of
reperfusion, but hepatocytes are mostly preserved.
The degree of SEC injury correlates with functional
impairment of the graft following transplantation.
The SEC injury is characterized by alteration of the
extracellular matrix and cytoskeleton and detachment
and rounding of endothelial cells. We have observed
that similar processes also occur during the early

FIGURE 2 Several surgical strategies exist to overcome the

negative effects of (a) prolonged ischemia (¥) and reperfusion

(¤). To overcome warm ischemic injuries, options include ische-

mic preconditioning (b) and intermittent in¯ow occlusion (c).

Experimental studies suggest that normothermic ischemic pre-

conditioning prior to hypothermic preservation also protects

against cold ischemic injuries (d).
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stage of angiogenesis. Angiogenesis is a fundamental
process during wound healing, tissue collateralization,
and neoplasia and occurs as a result of low oxygen ten-
sion. The manifestations of angiogenesis consist of cy-
toskeletal and extracellular matrix changes by matrix
metalloproteinases, resulting in endothelial cell detach-
ment, rounding, and, ®nally, proliferation. We have
recently demonstrated that inhibition of antiangiogenic
protease inhibitors (such as minocycline, interferon,
and fumagillin) is able to prevent SEC detachment dur-
ing cold ischemia, reducing preservation injury. Several
recent reports point to matrix metalloproteinases
(MMPs) as having critical roles in the mechanisms of
SEC detachment during cold hepatic preservation.
MMPs are important contributors to angiogenesis.

On reperfusion of the cold preserved graft, SECs
undergo apoptosis, with subsequent DNA fragmenta-
tion and cell death. The strong correlation between
the degree of apoptosis and graft viability suggests
that SEC apoptosis is a critical process of cold ischemic
injury. Although a number of intracellular mediators of
apoptosis are known, the data regarding the initiating
extracellular processes are scarce. Experimental studies
have shown that platelets are sequestered in the ische-
mic liver after reperfusion and contribute to organ in-
jury. In addition, strong evidence suggests a pivotal role
of leukocytes in the mechanisms of cell death during
reperfusion after cold ischemia. Sindram et al. have re-
cently demonstrated that the action of platelets and
leukocytes is not independent but rather is synergistic
in nature. Jaeschke has shown that oxygen free radicals
and proteases are involved in blood cell-mediated kill-
ing of hepatocytes. Neutralization of oxygen species
may represent a promising approach to minimize pres-
ervation injury. Further studies are needed to detail how
the signal from platelets and leukocytes is transferred
into the cell, causing endothelial cell apoptosis.

Protective Strategies

Development of cold preservation solution by the
University of Wisconsin (UW) in the mid-1980s was a
breakthrough in liver transplantation, allowing safe
organ preservation for up to 24ÿ30 hours. The solution
was empirically developed and contains a cocktail of
substances such as lactobionate, raf®nose, phosphate
buffer, glutathione, colloids (hydroxyethyl starch),
and various ions. Despite no de®nitive understanding
of how the ingredients confer protection, the UW solu-
tion still remains the most widely used preservation
solution. Other solutions, such as Eurocollins (with
high glucose content and very high osmolarity) or
Celsior (with mannitol, glutamate, and histidine

buffer), have never gained wide acceptance among
liver transplant surgeons.

As in the warm ischemic liver, ischemic precondi-
tioning is potentially an effective approach to prevent
preservation injury in the transplant setting. Although
the impact on the outcome of clinical transplantation is
not known, protection has been demonstrated in animal
models and some pathways of protection have been
identi®ed. Several mechanisms appear to be similar to
those of the normothermic setting, including involve-
ment of adenosine or protein kinases. We have recently
demonstrated that a moderate burst of oxygen radicals
during the brief period of ischemic injury might be
critical in triggering defense mechanisms. However,
prospective randomized studies are needed to
determine the clinical bene®t and applicability of ische-
mic preconditioning in liver transplantation.

CONCLUSION

Ischemia and reperfusion injuries remain important
in liver surgery, transplantation, and various forms of
shock. Although some injurious mechanisms (e.g.,
apoptotic cell death) are common to the two types of
ischemia injuryÐnormothermic (warm) and cold
(organ preservation)Ðcritical differences exist, such
as the resistance of hepatocytes to cold ischemic injury.
Better understanding of the underlying mechanism of
injury and some protective strategies, such as ischemic
preconditioning, may lead to the discovery of innovative
and effective protocols to prevent injury.
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ascites The excessive accumulation of ¯uid in the peritoneal

cavity.

cross-matching Test for compatibility between a donor's

blood and a recipient's blood.

E Ag positive Result in which a patient's blood tests positive

for the presence of hepatitis B `̀ E'' antigen.

encephalopathy A set of neurological symptoms that may

occur due to damage to the brain (e.g., as a result of liver

disease).

hepatorenal syndrome The development of renal failure in

patients with acute or chronic liver failure in the absence

of any other known cause of renal disease.

HLA matching Test that matches two people with the same

human leukocyte antigens.

immunosuppression A condition in which the immune

response is reduced or absent.

INR (International Normalized Ratio) A test that measures

clotting impairment.

The ®rst successful liver transplant was performed by

Thomas Starzl at the University of Colorado in 1967.

The patient lived approximately 1 year before dying of

recurrence of the hepatocellular carcinoma for which she

was transplanted. In the ensuing years, the mortality rate

for patients undergoing liver transplant remained high,

due to the complexity of the procedure and the lack of

drugs that could selectively work against rejection with-

out creating a state of overwhelming immunosuppression

and associated life-threatening infections. In 1979, with

the introduction of cyclosporine, a more selective

calcineurin inhibitor, results following liver transplanta-

tion began to improve. At a 1983 National Institutes of

Health consensus conference, it was declared that liver

transplantation was the procedure of choice for patients

with end-stage liver disease and should no longer be con-

sidered experimental.

INDICATIONS AND
CONTRAINDICATIONS

The common causes of liver disease in children and
adults are shown in Table I. Liver disease can be chronic
or acute. Indications for transplantation in patients with
chronic liver disease are the complications of end-stage
liver disease, such as poor synthetic function, intracta-
ble ascites, encephalopathy, and hepatorenal syndrome.
Hepatocellular carcinoma is a known complication of
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end-stage liver disease but may also be seen in patients
with chronic in¯ammation (e.g., hepatitis B or
hematomochrosis) in the absence of cirrhosis. Trans-
plant may be the treatment of choice in patients with
unresectable hepatocellular carcinoma.

Acute liver failure is the new onset of liver disease
with poor synthetic function and encephalopathy in a
patient who 12 weeks previously had normal liver
function. In patients with acute liver failure, trans-
plant is necessary before the patient develops cerebral
edema.

Prioritizing Patients on the
Transplant Waiting List

The disparity between the number of organ donors
and the number of patients waiting for transplants
makes necessary the very dif®cult task of determining
who should be given priority when a liver becomes
available. The United Network for Organ Sharing has
recently adopted a new scoring system for determining
waiting list priority, based on the Model for End-Stage
Liver Disease (MELD). MELD is an objective scoring
system based on creatinine, bilirubin, and tests of co-
agulation (INR) that predicts which patients are more
likely to die within 3 months without a transplant. The
maximum MELD score is 40; the higher the score, the
worse the prognosis is. Under the previous system, pri-
ority for transplant was based in part on the amount of
time patients had spent on the waiting list. The impact of
waiting time could therefore be detrimental to very sick
patients who were referred to the transplant center late
in the course of their disease. In an attempt to reduce the
number of patients dying on the waiting list and to

minimize the impact of `̀ waiting time,'' patients are
now prioritized according to their MELD score. Time
spent on the list is used only among patients with the
same MELD score.

Patients with hepatocellular carcinoma are particu-
larly disadvantaged by the long waits for organs, because
while they wait, their tumors may grow to a point that
renders them ineligible for transplant. Tumor patients
who are at a high risk for disease progression but who
are still likely to have good outcomes with transplant-
ation are given increasingly higher MELD scores, so they
can be transplanted in a timely fashion.

One of the arguments against MELD is that it does
not predict (and was not meant to predict) peri-trans-
plant survival. The question that will remain unan-
swered until results of the new system can be studied
is whether transplants will now be performed mainly in
very ill candidates with poorer posttransplant survival.

Transplantation in Patients with Tumors

Before the development of advanced radiological
techniques that could reveal small cancers during the
pretransplant workup, tumors were often discovered
after transplant in the explanted liver. Long-term out-
comes in patients with incidental tumors were no dif-
ferent than outcomes in patients without incidental
tumors and recurrent tumors were rare. It is now be-
lieved that transplantation in patients with tumors
�3 cm is associated with an extremely low recurrence
rate. Furthermore, transplantation in patients with ei-
ther a single tumor 55 cm or up to three tumors
53 cm, without evidence of major vascular invasion
or extrahepatic disease, is associated with excellent
results.

Transplantation for Metabolic Problems

Infrequently, liver transplant is recommended for
patients with essentially normal livers who have enzyme
de®ciencies that may be cured by transplant. Examples
of such disorders include familial amyloidosis and
oxaluria.

Transplantation for Alcoholic Liver Disease

Patients with end-stage liver disease secondary to
alcoholic abuse undergo a rigorous evaluation. Patients
are considered for transplant if they have a history of
abstinence (most programs use 6 months as a mini-
mum), have developed insight into their disease, main-
tain good family support systems, and have entered
some sort of Alcoholics Anonymous or rehabilitation
program. The recidivism rate after transplant is reported

TABLE I Common Causes of Liver Disease in

Children and Adults

Chronic liver disease Acute fulminant hepatic

failureHepatitis B

Viral hepatitisHepatitis C

Alcoholic cirrhosis Drug-induced (e.g.,

halothane, sulfonamides)

Metabolic liver disease

(e.g., Wilson's disease,

Reyes' syndrome)

Autoimmune disease

Biliary atresia

Inborn errors of metabolism

Primary biliary cirrhosis

Glycogen storage disease

Primary sclerosing

cholangitis

a1-Antitrypsin disease
Cryptogenic cirrhosis

Wilson's disease
BuddÿChiari syndrome

Primary hepatic malignancies
Veno-occlusive disease

Hepatoma with or

without cirrhosis
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to be approximately 20%; long-term survival, however,
is good.

TYPES OF TRANSPLANTS

Transplants from Cadaveric Donors

The most common liver transplant is the orthotopic
cadaveric transplant, in which a whole cadaveric liver
with the suprahepatic and infrahepatic cava is trans-
planted into a recipient. What makes a good cadaveric
liver? To be worthy of initial consideration, a cadaveric
liver donor must only be ABO-compatible and
somewhat size-matched to the recipient (i.e., a liver
from a 200 lb. male is unlikely to ®t into a 98 lb. female
with a shrunken liver). HLA matching and cross-
matching are not necessary. Other important factors
in the evaluation of a potential cadaveric donor are
the donor's past medical history (including history of
alcoholism, diabetes, and cholesterol), length of hospi-
tal stay, and need for pressors after the declaration of
brain death. Weight is important, because fatty livers do
not function well. Liver function tests must be per-
formed to evaluate damage to the liver. Viral studies
are performed to rule out hepatitis C, hepatitis B, and
human immunode®ciency virus (HIV).

The only absolute contraindication to use of a ca-
daveric donor liver is positive serology for HIV or hep-
atitis B surface antigen. A history of active or recent
cancer in the donor (other than primary brain
malignancies, which rarely metastasize to the liver) is
also generally a contraindication. Livers from donors
with poor liver function tests or with signi®cant
amounts of macrovesicular fat in their livers do not
tolerate ischemia and do not function well. Although
age is not an absolute contraindication to donation, and
some centers transplant livers from donors as old as 80
years, livers from older donors do not tolerate long cold
or warm ischemic times.

In children, whole cadaveric livers are often too
large and the left lateral segment or left lobe alone
may be transplanted. The reduction of the liver is per-
formed ex vivo. The liver is kept in a basin of ice and
saline to prevent rewarming while it is cut down to the
right size. It is now recognized that if the left lateral
segment or left lobe of a cadaveric liver is used for a
child, careful splitting of the liver, with close attention to
the blood supply of both sides, permits the right lobe to
be used for transplantation in an adult patient. More
recently, these `̀ splits'' are being performed in vivo, dur-
ing the donor operation, so that cold and warm ischemia
times are minimized.

Transplants from Living Donors

Living donor transplants in pediatric patients were
®rst reported by Raia in Brazil in 1989 and by Broelsch in
Chicago in 1991. Before the introduction of living donor
liver transplants, mortality among children waiting for
liver transplants was very high because small cadaver
organs were extremely scarce. With the use of left lateral
segments from living donors, mortality among children
on the waiting list fell dramatically.

More recently, with persistent shortages of cadaver
organs and continuing increases in waiting list mortality
among adult transplant candidates, left lobes and right
lobes have been taken from living donors for transplant-
ation into adult recipients. The use of the left lobe was
initially thought to be more desirable, as it was the
smaller of the two sides and thus safer for the donor.
Results with left lobe transplants were not as good, how-
ever, in part because left lobe transplants are technically
more dif®cult but mainly because left lobes were inad-
equate for recipients with severe liver disease and portal
hypertension. Right lobe transplants from living donors
have therefore become the more viable option.

Not all recipients are good candidates for living
donor donation, however. Patients with severe portal
hypertension or renal failure or patients who are very ill
need a full-size graft. On the other hand, it is particularly
reasonable to consider living donor transplants for pa-
tients who might not receive an organ in a timely fashion
under the present allocation system, such as those with
larger tumors or those with poor quality of life but with-
out corresponding poor liver function tests.

Any individual over the age of 18 can be considered
for living donation. Potential living donors undergo
careful screening and intensive evaluation of their gen-
eral health as well as cardiac, pulmonary, and renal
function. They are also evaluated for the presence of
any unknown liver disease. Imaging studies (i.e., com-
puted tomography scans, magnetic resonance imaging,
and, when necessary, angiography) are performed to
evaluate liver size (both right and left lobes) and arte-
rial and venous anatomy. Donors with any signi®cant
co-morbidity or with inadequate liver volume to sus-
tain either the recipient or themselves after resection
are ruled out as candidates. They are also evaluated
for their psychological ability to understand the
risks and bene®ts of the procedure and for their desire
to donate without coercion. The morbidity to the
donor includes bile leaks from the cut surface,
wound infection, small bowel obstruction, postopera-
tive pain, and 8ÿ12 weeks of disability. There is a small
but very real risk of mortality to the donor (approxi-
mately 1/350).
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COMPLICATIONS AND SIDE EFFECTS

Early Posttransplant Complications

Primary nonfunction is the term used to describe
a situation in which a transplanted liver does not
function and the patient needs to be urgently retrans-
planted. Primary nonfunction is diagnosed by increas-
ingly elevated liver function tests and bilirubin, failure
of the coagulapathy to normalize, and poor bile
production. Renal failure and hemodynamic instabil-
ity may also occur. Retransplantation is the only
treatment.

Poor early graft function is diagnosed when the liver
does not initially function well, with elevated liver func-
tion tests and coagulopathy for the ®rst few days post-
transplant. Poor early graft function resolves without
long-term sequelae in the liver.

Technical complications are also seen early after
transplant. Hepatic artery thrombosis occurs in approx-
imately 4% of cases. Hepatic artery thrombosis (HAT)
can cause abnormal liver function tests but is usually
detected due to biliary complications. As the blood sup-
ply of the bile ducts is dependent on the artery, early
HAT usually results in bile leaks secondary to necrosis of
the anastomosis. Other complications may include liver
abscesses and, rarely, liver failure. Most centers perform
duplex ultrasonography on postoperative day 1 to
screen for HAT. Early diagnosis before secondary com-
plications occur can allow for successful surgical recon-
struction of the artery and salvage of the liver. Late
hepatic artery thrombosis (occurring more than 30 days
posttransplant) usually results in bile duct strictures
and retransplant is often required.

Portal vein thrombosis is a much less common but
more devastating early posttransplant complication.
The portal vein supplies 75% of the blood ¯ow to the
liver. Acute thrombosis results in liver necrosis, massive
ascites, and hemodynamic instability. Rapid diagnosis
may occasionally allow for surgical repair. More often,
retransplantation is urgently needed.

Possible posttransplant complications also include
bile leaks from the biliary anastomosis (which may or
may not be associated with HAT).

Side Effects of Immunosuppression

The goal of immunosuppression is to prevent rejec-
tion of the transplanted organ. At the same time, immu-
nosuppressive medications must be carefully and
individually titrated to minimize side effects. Fortu-
nately, as the interval from transplantation lengthens,
most patients require less and less immunosuppression
to maintain their freedom from rejection.

Immunosuppression has many major side effects.
Immunosuppressive drugs in general make patients
more vulnerable to infectious complications and certain
malignancies. Steroids are well known to predispose
patients to diabetes, hypertension, osteoporosis, and
weight gain. Cyclosporine and tacrolimus, two of the
mainstays of transplant immunosuppression, can cause
hypertension, diabetes, neurotoxicity, nephrotoxicity,
and decreased bone density.

In a study at the Mount Sinai Medical Center,
Sheiner et al. examined 88 liver transplant recipients
who had survived at least 5 years after their transplant
and compared results from these patients with U. S.
population statistics. After controlling for confounding
variables, they found that hypertension and diabetes
were signi®cantly more prevalent in liver transplant
recipients. Furthermore, more than 60% of the study
patients had hypertension, making it the most common
medical condition in the long-term transplant survivors.
Half the patients with hypertension required more than
one medication to control it.

Numerous authors have observed that transplant
recipients have increased prevalences of impaired
glucose tolerance and overt diabetes. In the Mount
Sinai study, nearly 18% of the long-term survivors
became diabetic. Almost 50% of the long-term survivors
were moderately to severely obese, which may also
have contributed to the increased prevalence of
diabetes.

Weight gain and hypercholesterolemia have been
well described in association with immunosuppressive
therapy. Both conditions, common in the general pub-
lic, were also common in the transplant recipients.
Forty-eight percent were obese by standard criteria,
compared to 33% of the general population. Although
steroids may be a major risk factor for weight gain and
hypercholesterolemia early after transplant, Sheiner
et al. found that even long after transplant, when steroid
doses were low, weight gain and high cholesterol levels
persisted.

Despite the apparently high prevalence of obesity
and hypercholesterolemia, however, the prevalence of
heart disease in the liver transplant patients was not
statistically different from that in the general popula-
tion. This ®nding is in contrast to the accelerated ath-
eromatous disease, associated with premature death,
that has been reported in long-term survivors of heart
and renal transplant.

Both steroids and cyclosporine are known to cause
bone loss. Glucocorticoids directly suppress osteoblast
function, inhibit intestinal calcium absorption, and
stimulate renal calcium excretion. In heart transplant
patients, cyclosporine was found to induce high bone
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turnover. The Mount Sinai study patients were not
screened for bone loss; osteoporosis was diagnosed
only after symptoms became evident (i.e., back pain
with radiological evidence of bone loss or compression
fracture). Even without formal screening, there was a
higher prevalence of fractures in female liver recipients
than in the general population.

The association of peptic ulcers with corticosteroids
was ®rst reported more than 50 years ago. Researchers
who have reported an increase in ulcer disease in trans-
plant recipients have suggested that anti-ulcer prophy-
laxis be routine. There is evidence that the risk of
ulcers may be greatly increased when certain medica-
tions, such as nonsteroidal anti-in¯ammatory drugs
(NSAIDs), are taken with steroids. Liver transplant re-
cipients are generally advised not to take NSAIDS, but
mainly because of the associated nephrotoxicity.

Chronic immunosuppression can also cause renal
toxicity and renal failure. In liver recipients followed for
more than 2 years posttransplant, researchers in Sydney
found elevated serum creatinine levels, but no patient
required dialysis or renal transplantation. Among 68 pe-
diatric heart recipients from Pittsburgh who survived
45 years, 2 required renal transplant. Results were
similar in Mount Sinai's long-term survivors. Although
creatinine clearance rates were generally lower after
transplant, only 4 of 88 patients developed chronic
renal failure requiring hemodialysis. It must be remem-
bered, however, that the patients had already survived
5 years and were probably a particularly good risk
group.

Finally, Mount Sinai analyzed the incidence of can-
cer in all their liver recipients (not just the 5-year sur-
vivors) to see whether malignancies were a signi®cant
source of early death. In fact, most patients who devel-
oped a malignancy went on to survive 45 years.
Reported cancer incidences in transplant patients
range from 4 to 18%, with the incidence apparently
related to the duration of immunosuppression expo-
sure. The most common malignancies in the Mount
Sinai population were non-Hodgkin's lymphoma and
nonmelanotic skin cancers. The incidences of these
were similar to those reported in the general transplant
literature.

The increased incidence of certain de novo
malignancies (i.e., non-Hodgkin's lymphoma and
nonmelanotic skin cancers) in transplant patients and
their association with immunosuppression is well
known. Direct mutagenic effects of the immunosup-
pressive drugs, length of exposure to these drugs,
and/or decreased immune surveillance (allowing acti-
vation or proliferation of oncogenic viruses) may be
responsible.

RECURRENT DISEASE
AFTER TRANSPLANT

Hepatitis C

Hepatitis C virus is now the major cause of end-
stage liver disease leading to transplantation. Unfortu-
nately, hepatitis C recurs in the new liver. Although
most studies have yet to show a difference in survival
between patients transplanted for hepatitis C and
those transplanted for other diseases, recurrent
disease is a major source of morbidity and mortality
after transplant.

Given the impact of recurrent disease not only on
survival but on quality of life as well, it is important to
look at ways to prevent or diminish the severity of re-
current disease. Treatment of recurrent hepatitis C after
transplant with interferon has not been shown to be
effective. Newer approaches, such as combination ther-
apy with interferon and ribavirin or pegylated inter-
feron, may yield better response rates but in the
author's experience has not been well tolerated and
the long-term effect is still unknown.

Perhaps, until better antiviral medications become
available, the effects of immunosuppressive agents
should be examined more closely and immunosuppres-
sion regimens should be tailored to reduce the risk of
recurrent hepatitis C. It is has become increasingly clear
that immunosuppression, especially steroids, plays a
role in the recurrence of hepatitis C. Furthermore, aug-
mented immunosuppression for treatment of rejection
has been shown to be a particular risk factor for recur-
rence. Given that steroids seem to be the main culprit in
recurrence of hepatitis C, the goal of transplant immu-
nosuppression in hepatitis C patients may be the rapid
withdrawal of steroids or steroid-free immunosuppres-
sion. Some centers have begun to study the use of
induction immunosuppression with the rapid with-
drawal of steroids in their hepatitis C population.

Hepatitis B

Results after transplantation for hepatitis B were
initially poor due to recurrent hepatitis in the allograft.
In fact, it was thought that patients who were DNA
positive or E antigen (Ag) positive were at particularly
high risk for poor transplant outcomes and these pa-
tients were generally excluded from candidacy. Even-
tually, however, it became apparent that passive
immunization with monthly infusions of hepatitis B
immunoglobulin (HBIg) improves survival, with recur-
rence rates ranging from 5 to 30% (recurrence is report-
edly increased in the high-risk patients mentioned
above). Lamivudine may be used in conjunction with
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HBIg or as a rescue for patients who recur despite pro-
phylaxis. Adefovir, a newer antiviral agent, may provide
further improvement in long-term results but is still in
clinical trials.

Autoimmune Hepatitis

Autoimmune hepatitis is another disease that can
recur in the liver allograft despite immunosuppression.
Although steroid withdrawal after transplant is gener-
ally considered bene®cial, it has been suggested that
steroids may need to be maintained in patients trans-
planted for autoimmune hepatitis, to prevent recur-
rence. Recurrence is treated with steroids and/or
azathioprine or 6-mercaptopurine. Retransplant for re-
current autoimmune hepatitis has been necessary in a
small proportion of patients.

Primary Biliary Cirrhosis and
Primary Sclerosing Cholangitis

Primary biliary cirrhosis (PBC) and primary scleros-
ing cholangitis (PSC) are primary cholestatic disorders
of the liver. Both diseases can recur after transplant.
Biliary strictures from ischemia might mimic PSC, how-
ever, and chronic rejection might mimic PBC, making
the diagnosis of recurrent disease more dif®cult.

THE FUTURE OF
LIVER TRANSPLANTATION

Further advances in immunosuppression and in
tolerization will help improve the results of

transplantation while decreasing the risk of side effects
from long-term immunosuppression.

Improvement in the treatment of hepatitis C, pre-
vention of recurrent disease, and development of an
effective immunoprophylaxis are necessary. Further re-
®nements in the techniques of living donor surgery, as
well as educational programs to increase public aware-
ness of the importance and value of organ donation, will
also be important.
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Liver, Anatomy

CHEN LIU AND JAMES M. CRAWFORD

University of Florida College of Medicine

bile canaliculus Minute canal between the abutting hepato-

cytes; passes bile from hepatocyte to the biliary system.

bile duct Structure that passes bile from the liver to the

gallbladder or to the duodenum.

canals of Hering Structures lined by both cholangiocytes and

hepatocytes; the most peripheral portion of the biliary

system.

cholangiocyte Epithelial cell that lines the bile ducts.

Glisson's capsule External capsule of the liver.

hepatic acinus Triangular hepatic parenchymal mass with a

terminal hepatic vein at the apex and portal venous

channels at the base.

hepatocyte Polygonal epithelial parenchymal cells of the

liver.

Kupffer cell Hepatic macrophage that presents in the lumen

of hepatic sinusoids.

portal tract (portal triads) Structures composed of bile duct,

hepatic artery, and portal vein, embedded within

connective tissue.

sinusoid Channel between the hepatic cords.

space of Disse Region between the sinusoidal side of the

hepatocytes and the sinusoidal wall.

stellate cell Located in the space of Disse; has long

cytoplasmic processes.

The liver is the single largest organ in the human body. It

serves as the primary regulatory site for metabolism,

processing nutrients entering via the splanchnic circula-

tion for controlled distribution to extrahepatic tissues via

the systemic circulation. It synthesizes essential circu-

lating proteins, including albumin and selected clotting

factors, and is a major processor of circulating proteins

such as lipoproteins. It is responsible for the detoxi®ca-

tion of many endogenous and exogenous substances,

including bilirubin and xenobiotics. In addition to uri-

nary secretion, hepatic secretion of bile constitutes the

other major route for elimination of waste substances,

including cholesterol, bilirubin pigments, copper, and

amphiphilic xenobiotics. The liver may also be critical

in modulating the immune system through its resident

macrophages and lymphocytes. The anatomic structure

of the liver is well suited for these functions: it receives

almost the entirety of blood derived from the intestines

as well as a component of systemic arterial blood, has

an extensive perfusion bed for contact of blood with

hepatic cells, and then delivers its ef¯uent to the inferior

vena cava.

LIVER DEVELOPMENT

The liver is derived from the endodermal lining of the
most distal portion of the foregut during the third to
fourth weeks of gestation, arising as a diverticular bud
off the ventral portion of the foregut. The proliferating
epithelial cells in this diverticulum, termed hepato-
blasts, invade the immediately adjacent septum trans-
versum, a mesenchymal plate that separates the thoracic
cavity from the abdominal cavity. The hepatoblasts form
cohesive cords and plates within the mesenchyme of
the septum transversum, coincident with the ingrowth
of a network of vascular tributaries derived from the
vitelline vein and a second vascular system derived
from the hepatic artery. These vascular networks run
in parallel and are invested with a mesenchyme, forming
the so-called portal tracts of the liver. The terminal
vascular channels run between the hepatoblast cords,
forming sinusoids; scattered mesenchymal cells grow
between the endothelial cells of the sinusoids and the
hepatic cords to form the connective tissue cellular com-
ponents of the hepatic sinusoid.

The foregut diverticulum also develops a patent lu-
minal channel that will become the extrahepatic biliary
tree. Within the liver, two layers of hepatoblasts imme-
diately adjacent to the mesenchyme of the portal tracts
mature into a cuboidal biliary-type epithelial layer. This
paired epithelial layer is circumferential around the por-
tal tract mesenchyme, and is termed the `̀ limiting plate.''
This circumferential architecture reorganizes into a se-
ries of ductular channels that tether the parenchyma to
mature bile ducts running along the axis of the portal
tract. The mature portal tract is then achieved, contain-
ing portal vein, hepatic artery, and bile duct (Fig. 1).
This pattern of maturation moves from the hilum out-
ward and continues after birth; the biliary channels are
at all times in continuity with the lumen of the devel-
oping extrahepatic biliary tree.
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The primordial liver separates from the septum
transversum, leaving behind a mesenchymal remnant
that will become the diaphragm. As the redundant major
vessels of the embryonal circulation reorganize into
the mature abdominal vascular system, the fetal liver
receives some vascular supply from the umbilical vein
through a vitelline vein remnant, while also receiving
blood from the portal vein and hepatic artery. Most of
the umbilical vein blood enters directly into the inferior
vena cava through the short ductus venosus in the liver
hilar area. At the time of birth, the mature hepatic cir-
culation is achieved through closure of the ductus
venosus and atrophy of the vitelline vein to produce
the nonpatent falciform ligament connecting the
hilum of the liver to the umbilicus.

The developing liver is an important metabolic
center in the developing fetus; as the largest organ, it
represents 10% of the fetal weight, falling to around 5%
of body weight at the time of birth. The liver is also the
main hematopoietic organ in fetal life, with hematopoi-
etic elements constituting half of the liver mass at mid-
term, falling to almost zero at term. Although the
hepatic organization and development begin in the
third week of gestation, the functional and architectural
maturation is not complete at birth and continues well
into the postnatal period. The liver doubles in size in the
®rst year of life alone; full maturation of the liver is not
achieved until about 15 years of age.

GROSS ANATOMY

The liver is situated in the right hypochondrium and
epigastric regions under the rib cage and extends from
the right ®fth intercostal space at the midclavicular line

to just below the costal margin. The mean weight of the
liver in the adult man and woman is 1800 g and 1400 g,
respectively. It accounts for approximately 1.8ÿ3.1% of
body weight in adults. The liver is wedge shaped and is
covered by Glisson's capsule (hepatic capsule), which is
composed of the visceral peritoneum (a mesothelial epi-
thelial layer), and an underlying shallow network of
connective tissue. From Glisson's capsule, ®brous
septa project inward into the hepatic parenchyma to
a depth of about 0.5 cm. The superior convexity of
the liver is not completely invested with peritoneum;
a re¯ection of peritoneum onto the diaphragm produces
a triangular `̀ bare spot'' on the most superior portion of
the liver. The inferior surface of the liver has a deep
concave recess with a central hilus, referred to as the
liver hilum, or `̀ porta hepatis,'' where major blood ves-
sels, bile ducts, lymphatic vessels, and nerve trunks
enter or leave the liver. To the right of the hilum
is the gallbladder fossa, a concavity in which lies the
gallbladder.

The liver is connected to the diaphragm and abdom-
inal cavity by ®ve ligaments. The anterior falciform lig-
ament is a crescentic fold of peritoneum extending from
the diaphragm to the umbilicus. The round ligament
(ligamentum teres) is the ®brous remnant of the vitel-
line vein, forming the inferior border of the falciform
ligament. The superior coronary ligament is composed
of the peritoneal re¯ections onto the diaphragm. The
right and left triangular ligaments are the respective
lateral borders of the coronary ligament. Hence, the
liver is held in place only by ligaments to the diaphragm
and anterior abdominal wall, and by vasculature to
the inferior vena cava posteriorly, and through the
hilum to the posterior abdominal wall inferiorly. Mobi-
lization of the liver during surgery is therefore readily
accomplished.

The midline falciform ligament divides the liver into
the historical right and left lobes. The protuberant
caudate lobe projects posteriorly between the sulcus
for the inferior vena cava and the ®ssure for the
ligamentum venosus. The quadrate lobe lies inferiorly
between the gallbladder fossa and the ®ssure for the
round ligament.

VASCULAR ANATOMY

Liver anatomy is better de®ned by its vascular beds. In
1897, Cantlie noted that the right and left portal veins
fed the right and left lobes, divided along a plane several
centimeters right of midline, extending anterior to pos-
terior from the gallbladder fossa to the vena cava. This
plane is referred to as Cantlie's line, and constitutes
the watershed between the right and left hepatic

FIGURE 1 Micrograph of normal liver. The portal tract

contains portal vein (double arrowheads), hepatic artery (single

arrowhead), and bile duct (arrow).
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circulations. Couinaud further described the functional
anatomy of the liver and demonstrated that the vascular
distribution network further divided the liver into four
sectors and eight segments. By this nomenclature, the
liver is divided by vertical and oblique planes, or
scissurae, de®ned by branches of the three main hepatic
veins, and a vertical plane separating the right and left
portal vein branches. These four sectors are further di-
vided by the transverse scissura into eight segments,
named clockwise in the frontal plane, with the segment I
corresponding to the caudate lobe; the quadrate lobe is
viewed as part of the right lobe. Each segment is an
independent functional unit supplied by a single vascu-
lar trunk containing both portal vein and hepatic artery
branches. These anatomic subdivisions de®ne the
dissection planes for partial hepatic resections.

The liver receives approximately 25% of the cardiac
output. Venous blood containing nutrients from the
gastrointestinal tract is brought to the liver by the he-
patic portal vein, which accounts for 75% of the liver
blood supply. The hepatic artery branches off the celiac
artery and provides 25% of hepatic blood. Branches of
the portal vein and hepatic artery ramify within progres-
sively smaller portal tracts, ending in terminal portal
veins and terminal hepatic arteries. The volume of
liver parenchyma supplied by terminal vasculature is
on the order of 2 to 3 mm3, giving rise to so-called
microarchitectural units. Detailed structural studies
have shown that there are between 18 and 20 orders
of branches of portal tract circulation, producing an
estimated 400,000 to 500,000 microarchitectural
units in the adult liver.

The portal veins give rise to small venous channels
that branch off at many points along the rami®cation of
the portal vein system; these channels penetrate the liver
parenchyma as the primary blood supply to sinusoids.
The hepatic artery supplies the mesenchymal stroma of
portal tracts, the peribiliary vascular plexus, the vasa
vasorum of major blood vessels (including the vasa
vasorum of major hepatic veins), and Glisson's capsule.
Postcapillary blood from these distributions may enter
the portal vein, the parenchyma directly, or the hepatic
veins. Arterial blood may also supply sinusoids directly,
although this does not appear to be a major component
of arterial blood ¯ow in humans.

Regardless of how portal vein and hepatic arterial
blood reaches the parenchyma, blood percolates
through the sinusoidal network to collect within termi-
nal hepatic veins. The terminal hepatic veins collect into
a conducting hepatic venous system, which drains ul-
timately into three major hepatic venous branches:
right, middle, and left hepatic veins. The left and middle
hepatic veins often join together, forming a common

trunk before entering the inferior vena cava. There
are also variable short venous segments that drain the
posterior surface of the liver directly into the inferior
vena cava.

BILE DUCTS

Bile is secreted by hepatocytes into bile canaliculi, small
channels between abutting hepatocytes delineated
along their length by tight junctions between hepato-
cytes. Bile canaliculi ramify throughout the hepatic
parenchyma, depositing bile within the most peripheral
portion of the biliary tree, the canals of Hering. Each
canal of Hering is a `̀ trough''-like channel bounded on
one side by bile duct epithelial cells (cholangiocytes)
and on the other by hepatocytes. Canals of Hering may
lie circumferentially along the interface of the hepato-
cellular parenchyma and portal tract mesenchyme, or
may penetrate the parenchyma to up to one-third the
distance to the terminal hepatic vein. From a ¯uid dy-
namic standpoint, the canal of Hering provides a broad
entry point for ¯ow of bile from bile canaliculi into the
biliary tree.

Canals of Hering connect to bile ductules, circular
channels fully surrounded by cholangiocytes and a
basement membrane. Ductules are the bridges between
canals of Hering and the terminal bile ducts within por-
tal tracts. In keeping with the variable canal of Hering
anatomy, bile ductules may have both intraportal and
short intraparenchymal segments. Terminal bile ducts
collect ductular bile and convey it downstream to
conducting bile ducts, and ®nally to the hepatic
hilum for drainage into the gut through the extrahepatic
biliary tree.

Terminal and conducting bile ducts run in parallel
with hepatic arteries in a 1 : 1 relationship. The diameter
of the bile duct (measured from basement membrane to
basement membrane) is essentially equal to the diam-
eter of the companion hepatic artery along most of the
intrahepatic portal tree; the largest bile ducts are accom-
panied by multiple smaller hepatic artery branches.
Hence, identi®cation of hepatic arteries without com-
panion bile ducts is indication of bile duct loss; a very
helpful sign in assessing microscopic liver damage.

LYMPHATIC SYSTEM

Lymphatic vessels are abundant in portal tracts and
are thought to begin as blind-ended channels in the
terminal portal tracts. Extrasinusoidal ¯uid from the
parenchyma draining retrograde into the portal tract
mesenchyme collects in these lymphatics. Lymph
travels downstream through a rich plexus of lymphatic
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channels in the portal tree, converging around the major
hepatic arteries, bile ducts, and portal vein to form 12 to
15 lymph vessels draining at the portal hilum. From
there, lymph ¯ows to the foraminal node at the epiploic
foramen, the superior aortic nodes, and the ipsilateral
aortic nodes. The lymph ultimately drains into the cis-
terna chyli superior to the celiac artery root, and then to
the thoracic duct. Lymph collecting in lymphatics of
Glisson's capsule drains either via hilar lymphatics or
posteriorly and superiorly into lymphatics exiting along
the hepatic veins and the inferior vena cava.

INNERVATION

The liver is innervated by both sympathetic and
parasympathetic nerve ®bers. They both contribute to
the perivascular nerve plexus within the portal
tree. Innervation of hepatocytes and sinusoids is rela-
tively sparse and not uniform between lobules. Both
sympathetic and parasympathetic nerve ®bers in¯uence
hepatic metabolic activity, and play a role in regulating
¯uid secretion by cholangiocytes lining the biliary tree.
This regulation may not be essential for normal liver
function, because the transplanted liver apparently
functions in the absence of regenerated nerve ®bers.
However, neural regulation may play a critical role in
modulating cellular proliferation following hepatic in-
jury, raising questions about the biology of liver damage
following hepatic transplantation.

MICROSCOPIC ANATOMY

Microscopic Organization

Unlike the prototype nephron in the kidney, the
liver does not have a de®ned smallest, structurally dis-
tinct, `̀ self-suf®cient'' unit. Because terminal hepatic
veins lie roughly 1 mm from portal tracts on several
sides, nineteenth century microscopists viewed the
liver `̀ lobule'' as having portal tracts at the periphery
of a hexagon and terminal hepatic veins at the center.
This classic lobule enables reference to parenchyma that
is `̀ centrilobular,'' `̀ midzonal,'' and `̀ periportal,'' a termi-
nology that is well established in current practice.

In 1954, Rappaport demonstrated that blood ¯ow
from the penetrating venous channels ¯owed along par-
allel sinusoids to converge on the terminal hepatic veins,
thereby de®ning a triangular hepatic `̀ acinus'' as having
penetrating portal venous channels at the base and a
terminal hepatic vein at the apex. The parenchyma of
the hepatic acinus is divided into three zones, zone 1
being the closest to the vascular supply and hence
best oxygenated, zone 3 abutting the terminal hepatic

venule, and zone 2 being intermediate. This zonation is
of considerable metabolic consequence, because a lob-
ular gradient exists for oxygenation and solute content
of sinusoidal blood and for the activity of many hepa-
tocellular enzymes. This is called `̀ zonation,'' or the
`̀ lobular gradient.'' Many forms of hepatic injury exhibit
a zonal distribution, owing to variable exposure and
susceptibility to injury of hepatocytes along the sinu-
soid. These microanatomic concepts have continued to
undergo re®nement, including efforts to de®ne hepatic
microanatomy on the basis of biliary drainage. The key
concept is that hepatocytes along the sinusoids are not
uniform, but behave variably on the basis of their po-
sition along the lobular gradient.

Microscopic Structure

The hepatic parenchyma is organized into cribri-
form, anastomosing sheets or plates of hepatocytes,
seen in two-dimensional histologic sections as cords
of cells (Fig. 1). The hepatocyte cords immediately abut-
ting the portal tract are referred to as the limiting plate,
forming a discontinuous rim around the mesenchyme of
the portal tract. Between the hepatocyte cords is the
sinusoid, conducting blood from the penetrating venous
channels of the portal vein and hepatic arterial system to
terminal hepatic venules. Hepatocytes are thus bathed
on two sides by well-mixed portal venous and hepatic
arterial blood.

Sinusoids are lined by a unique fenestrated endothe-
lium that lacks a basement membrane. This is unlike any
other vascular bed in the body. The absence of a perfu-
sion barrier permits free exchange of plasma proteins
with the perisinusoidal space, and hence with hepato-
cytes. This is the so-called space of Disse, between the
sinusoidal endothelium and hepatocytes. Instead of a
basement membrane, delicate connective tissue ®bers
traverse the space of Disse.

Hepatocytes

Hepatocytes constitute 80% of the cell population of
the liver. There are approximately 100 billion of hepa-
tocytes in an adult liver. An individual hepatocyte is a
polygonal epithelial cell approximately 25 mm in diam-
eter. The nucleus is centrally located and contains con-
spicuous nucleoli (Fig. 2). With increasing age, up to
20% of hepatocytes are binucleated and tetraploid. The
hepatocyte is a polarized cell consisting of two function-
ally specialized membrane domainsÐthe basolateral
domain, which faces the perisinusoidal space of Disse
and the lateral region between adjacent hepatocytes,
and the apical domain, which forms the bile canaliculus
midway between adjacent hepatocytes. Tight junctions
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separate the bile canaliculus from the lateral space be-
tween hepatocytes, thereby constraining bile to ¯ow
within the canalicular space. The basolateral domain
constitutes about 88% of the hepatocyte plasma mem-
brane surface, and the apical domain about 12%. The
basolateral domain is occupied by transport and endo-
cytic/exocytic events pertaining to exchange with sinu-
soidal plasma. The apical domain is responsible for the
secretion of bile.

The hepatocellular cytoplasm contains numerous
organelles, including rough endoplasmic reticulum
(RER), smooth endoplasmic reticulum (SER), Golgi
complexes, mitochondria, lysosomes, and peroxisomes.
The RER is mostly involved in synthesis of membrane
proteins or soluble proteins for extracellular secretion.
The SER is rich in enzymes for drug metabolism, bio-
synthesis of cholesterol and conversion of cholesterol to
bile acids, and the cytochrome P450 enzyme system.
The Golgi complex of hepatocytes, located in the vicin-
ity of the bile canaliculus, is necessary for processing of
membrane proteins and secretory proteins prior to ®nal
targeting, including terminal glycosylation, and also
plays a role in synthesis of very-low-density lipopro-
teins. There are approximately 1000 mitochondria in
an individual hepatocyte, constituting between 13 and
20% of the cytoplasmic volume. Mitochondria are a
major metabolic compartment, including the tricarbox-
ylic acid cycle, fatty acid oxidation, and half of the urea
cycle. They provide the essential oxidative energy for
hepatic metabolism. Mitochondria are much smaller
and more numerous in hepatocytes of acinar zone 3
compared to those in zone 1. Lysosomes in the hepato-
cyte are responsible for degradation of endocytosed

proteins and are capable of discharging their contents
into bile as a normal mechanism for eliminating some
substances such as copper. Lysosomes can accumulate
lipofuscin as a long-term by-product of autophagy, fer-
ritin in iron-overload states, copper in Wilson disease,
and lipids in a number of lysosomal storage disorders.
There are approximately 300 to 600 peroxisomes in an
individual hepatocyte. Peroxisomes contain oxidases
and catalases and are responsible for 20% of hepatocel-
lular oxygen consumption. Omega oxidation of long-
chain fatty acids also occurs in peroxisomes.

The cytosol of the hepatocyte is occupied 80% on
a volume basis by the aforementioned organelles. The
remainder is a dense ¯uid containing cytosolic enzymes
and a dynamic three-dimensional network of cytoske-
letal proteins forming micro®laments, intermediate
®laments, and microtubules. Each cytoskeletal element
exists in a depolymerized and a polymerized state. In-
termediate ®laments are composed predominantly of
cytokeratins 8 and 18, and are relatively stable; almost
all micro®lament protein is polymerized. In contrast,
micro®laments and microtubules are highly dynamic
structures, with rapid exchange of protein subunits
between solubilized and polymerized states. The
proportion of polymerized micro®laments and micro-
tubules, and their location and polarity, are dictated
on a moment-to-moment basis by the needs of the
hepatocyte.

Hepatic Stellate Cells

Hepatic stellate cells lie within the space of Disse,
and have extensions that wrap around the sinusoidal
channel or extend into the lateral space between hepa-
tocytes. Under normal conditions, they are scattered
within the space of Disse and contain lipid droplets
rich in vitamin A. They contain contractile ®laments
and are capable of regulating vascular tone within the
sinusoid. They produce the delicate extracellular matrix
of the space of Disse and secrete growth factors such
as hepatic growth factor (HGF) or insulin-like growth
factor-2 to regulate hepatocyte regeneration. When he-
patic injury occurs, stellate cells are activated and rap-
idly proliferate, losing their lipid droplets in the process.
In their activated state, they lay down abundant extra-
cellular matrix and render the space of Disse ®brotic and
relatively impermeant to plasma proteins. Activation of
stellate cells is a major contributor to the development
of liver cirrhosis.

Kupffer Cells

Scattered Kupffer cells of the monocyteÿphagocyte
system are attached to the luminal side of the endothelial
cells (Fig. 2). These cells are the major macrophages of

FIGURE 2 Micrograph of normal hepatocytes. The hepato-

cytes form hepatic cords and the sinusoids are lined with endo-

thelial cells (arrow) and Kupffer cells (arrowhead).
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the hepatic corpus and clear particulate matter and bac-
terial endotoxin from the splanchnic circulation. Hence,
they are a major `̀ ®lter'' for intestinal blood before it
enters the systemic circulation. Kupffer cells are a
major source of cytokines in in¯ammatory states such
as hepatitis, in¯uencing in particular in¯ammatory in-
jury of the subjacent sinusoidal endothelium and hepa-
tocytes. Kupffer cells have an irregular stellate shape
with bean-shaped nuclei. The cytoplasm of Kupffer
cells often contains vacuoles and granular aggregates
of ceroid pigments. The cells can actively proliferate
in response to many in¯ammatory stimuli, including
viral infections.

Lymphocytes

Liver-associated lymphocytes are abundantly pres-
ent in the liver. It is estimated that there are approxi-
mately 1� 1010 lymphoid cells in a normal human liver.
So-called pit cells are present in the space of Disse;
portal tracts also normally contain lymphocytes. He-
patic lymphocytes are heterogeneous in terms of the
molecular markers on the cell surface. Natural killer
(NK) cells and T lymphocytes are present in the liver
cell population. Lymphocyte apoptosis is high in
the liver, prompting the hypothesis that T lymphocytes
are normally cleared by the liver and undergo apoptosis.
The liver thus may be an important immuno-
regulatory organ through its selective removal of T lym-
phocytes from the circulation. The details of the
physiological function of liver-associated lymphocytes
are still unclear.

Bile Duct Epithelial Cells

The epithelium of the biliary tree, including the ca-
nals of Hering, is a continuous layer of tightly coupled
cells, the so-called bile duct epithelial cells, or
cholangiocytes. The smaller bile ducts are lined by cu-
boidal cells. The larger bile ducts are lined by columnar
cells and may include goblet cells. Bile duct epithelial
cells have prominent Golgi complexes, numerous cyto-
plasmic vesicles, and short luminal microvilli. Bile duct
epithelial cells rest on a basement membrane and the
biliary channel is highly impermeable to ¯uid leakage
under normal conditions. The nuclei of the bile duct
epithelial cells are located near the basement mem-
brane. Bile duct epithelial cells are responsible for reg-
ulated secretion of approximately 30 to 40% of the
volume of bile as a bicarbonate-rich ¯uid, and hence
are signi®cant modi®ers of hepatic bile en route to the
alimentary tract. Bile acids may be absorbed by the bil-
iary epithelium, and so there is opportunity for
intrahepatic recirculation of bile acids. This may be

of value when the biliary tree is obstructed, allowing
removal of bile acids from bile for redirection to urinary
secretion.

CONCLUSION

Although the macroscopic anatomy of the liver is some-
what mundane, the microscopic anatomy is uniquely
suited for its specialized physiologic functions: serving
as a major metabolic organ for the entire body,
synthesizing and secreting a critical set of plasma pro-
teins, processing circulating plasma proteins, clearing
noxious matter from the splanchnic circulation, and
elimination of waste products via biliary secretion. It
is small wonder that only the brain and kidneys receive
more blood ¯ow than the liver, and that the liver is a
major producer of body heat.
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®broblast growth factors Proteins expressed by the cardiac

mesoderm; extracellular signals for inducing liver

progenitor cells.

homeobox Segment of nucleic acid base pairs that is

conserved in genes involved in controlling the develop-

ment of an organ or structure that produces factors that

control gene expression.

phrygian cap Congenital gallbladder anatomical abnormal-

ity, resulting in a conical cap shape (the traditional

ancient Phrygian headgear) at the gallbladder tip.

Obtaining genetic knowledge about the development and

morphogenesis of the liver has been a challenging topic.

Because the functions of the liver are essential to life, and

many developmental mutations are lethal to the embryo.

Despite the challenges, progress has been made on the

molecular and cellular mechanisms of liver development.

Transcription factors and signal transducers play an im-

portant role in the development of hepatoblasts from en-

dodermal progenitor cells and in their continued growth

and differentiation into hepatocytes and cholangiocytes.

Abnormalities of these events may lead to developmental

disorders of the liver, its vasculature, or the biliary

system.

DEVELOPMENT OF THE
LIVER PARENCHYMA

Functions of the liver include processing nutrients de-
livered by the vitelline umbilical vein or portal vein,
synthesizing critical blood metabolites and serum pro-
teins, detoxi®cation, and supporting hematopoiesis
during gestation. The liver develops from an outgrowth
from the ventral foregut endoderm during the third
week of intrauterine life and the biliary system origi-
nates from further outpouching of the liver bud. Early
development can be divided into three stages that in-
volve differentiation of the progenitor cells into hepato-
blasts, growth of hepatoblasts, and ultimately
morphogenesis of the liver.

Embryology and Gene Regulation

Early liver development starts with formation
and patterning of the endoderm. The ventral endoderm

differentiates into thyroid, lung, liver, and pancreas and
the dorsal endoderm differentiates into pancreas and
intestines (Fig. 1). The events leading to differentiation
of the ventral endoderm to hepatoblasts, then the liver
bud, and eventually a formed liver are due to liver spe-
ci®c transcriptional programs and external signaling
events originating from the cardiac mesoderm. The fork-
head box A (FoxA) genes are highly regulated and control
gut development throughout the animal kingdom. Fox
A proteins regulate almost all liver-speci®c genes as well
as a number of genes speci®c to the lung and pancreas.
These proteins have a 110-amino-acid DNA-binding
domain and regulate gene transcription. In addition
to the FoxA proteins, a subclass of the GATA zinc ®nger
transcription factors is important for liver-speci®c gene
expression (e.g., albumin).

Model systems have demonstrated that the
cardiogenic mesoderm, which is transiently adjacent
to the prospective hepatic endoderm, provides critical
extracellular signals for inducing liver progenitor cells
(Fig. 1). The cardiac mesoderm expresses a minimum of

FIGURE 1 Formation and patterning of the mouse endoderm

into the visceral organs at the sixth somite stage (approx. 8.25 days

of gestation). The cardiogenic mesoderm sends extracellular

signals to the ventral endoderm and promotes formation of the

liver bud. Without the cardiogenic mesoderm, the endoderm dif-

ferentiates into pancreatic tissue by default. The septum trans-

versum initiates formation of separate body chambers and

eventually forms the diaphragm.
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three different ®broblast growth factor (FGF) proteins
and the ventral endoderm expresses at least two of
the four FGF receptors. Inhibitory FGF signaling
blocks hepatic induction by the cardiogenic mesoderm
whereas FGF treatment of endoderm explants induces
early hepatic gene expression. These events occur at
the seven- to eight-somite stage of the mouse
embryo (approximately 8.3 days of gestation). The
septum transversum mesenchyme also plays a signaling
role by expressing bone morphogenetic proteins 2 and
4 (transforming growth factor-b family) before and dur-
ing the induction of hepatoblasts within the endoderm.
Without these signaling events, the ventral foregut en-
doderm differentiates by default into pancreatic
tissue.

Another major step in liver development is the or-
ganization of hepatoblasts within the endoderm into a
liver bud. Two genes, the hematopoietically expressed
and Prospero-related homeoboxes, Hex and Prox 1,
which encode transcriptional regulatory proteins, are
required for early steps in liver bud development. Ex-
tracellular matrix proteins that interact with b1 integrin
receptors also play a role in forming the liver bud, which
occurs at day 9 to 10 of embryonic gestation in the
mouse. By day 14.5, the liver becomes a large vascular-
ized hematopoietic organ; this development does not
occur if a septum transversum homeobox gene, Hlx,
is knocked out. This indicates that soluble factors orig-
inating from the septum transversum are critical for
developing the hematopoietic component of the embry-
onic liver.

Developmental Anomalies

Abnormalities of these early events can lead to
anomalous development of the liver bud. Lobulation
can be affected, leading to accessory lobes such as a
supradiaphragmatic lobe or ectopic liver tissue (mesen-
tery, or surface of the gall bladder, spleen, or adrenals).
The right lobe can be abnormally enlarged (Reidel's
lobe) and foregut diverticula can give rise to simple
hepatic foregut cysts. However, most hepatic cysts are
associated with abnormalities of the bile ducts.

DEVELOPMENT OF THE
BILIARY SYSTEM

Embryology and Gene Regulation

A diverticulum (pars cystica) arises from the caudal
surface of the liver bud and develops into the gallblad-
der, cystic, and extrahepatic bile duct. This is initially a

solid cord, which develops a lumen. The adjacent
parenchyma forms the developing biliary ductal
epithelium and this structure migrates into the liver,
following the branches of the portal vein during the
sixth week of human fetal development. The hepatic
artery also migrates into the liver along the portal
vein. The forkhead transcription factor (Foxf1) ex-
pressed in the septum transversum mesenchyme is
thought to play an important role in biliary morphogen-
esis. In addition, hepatocyte nuclear factors (Hnf6 and
Hnf1 b) play a role in regulating hepatoblast differen-
tiation into biliary cells. Perturbations in these tran-
scription and signaling events can lead to defects in
the biliary tree.

Developmental Anomalies

Anomalies of the biliary tract occur in 10ÿ20% of
the population. Anomalies include atresia, hypoplasia,
or dilatation. Extrahepatic biliary atresia is the most
frequent major anomaly and occurs in 1/10,000 live
births. Although it usually presents during the ®rst
month of life, the process originates during the ®fth
week of fetal development. The cause is unknown but
may involve perinatal viral infections. Patients with
biliary atresia usually have persistent in¯ammation of
the intrahepatic biliary tree, suggesting that the atresia
may re¯ect a dynamic process of the entire hepatobiliary
system. A hepatoportoenterostomy procedure of Kasai
is the treatment of choice and has the best results
when performed within 8 weeks postnatally. The
short-term bene®t of this surgery is decompression
and biliary drainage to forestall the rapid onset of
cirrhosis and sustain growth until a liver transplant
can be done.

Cystic lesions are the result of developmental dila-
tations of the bile duct and can be either intrahepatic or
extrahepatic, segmental or diffuse, and can involve the
large or small bile ducts. Dilatation of the common bile
duct leads to choledochal cysts, which are usually ex-
trahepatic, but may sometimes extend into the liver.
Their pathogenesis remains uncertain. Diverticulae of
the common bile duct or dilatation of the intraduodenal
portion of the common duct (choledochocele) can also
occur.

Hepatocytes along branches of the portal vein form a
biliary ductal plate that gives rise to the bile canaliculi.
Error in remodeling of the embryonic ductal plate
leads to ®bropolycystic disorders of the biliary system.
For example, Caroli's disease is an autosomal recessive
condition with saccular dilatation of several segments of
the large intrahepatic bile ducts. Saccular dilatation of
small bile ducts can also occur with ®brosis (congenital
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hepatic ®brosis) and with cystic changes in the collect-
ing ducts of the kidney (autosomal recessive polycystic
kidney disease). The gene for polycystic kidney and
hepatic disease 1 (PKHD1), located on chromosome
6p21.1ÿp12, has been linked to classical forms of
this disorder. Caroli's syndrome involves dilatations
of the large intrahepatic bile ducts, with ®brosis and /
or renal involvement. Autosomal dominant polycystic
kidney disease can be also associated with liver cystic
lesions, which may or may not communicate with the
biliary system.

Intrahepatic biliary hypoplasia, another disorder of
infancy or early childhood, involves an absence or de-
crease in the number of interlobular bile ducts or duct-
ules, but the hepatic artery and portal vein maintain a
normal size. The pathogenesis remains obscure. Acces-
sory bile ducts are rare and usually are an extension of
the right hepatic bile duct. Cholecystohepatic ducts
are seen due to persistence of fetal connections between
the liver and the gall bladder. They are usually associ-
ated with atresia of the right and left hepatic duct.
Although the genetic defects explaining these biliary
abnormalities remain unknown, Hnf6-null homozy-
gous mice show an absence of the gall bladder. Other
abnormalities of the gall bladder include duplication,
oversized gallbladder, diverticula, or a phrygian cap.
The anatomic location of the gallbladder may also
vary (Fig. 2).

DEVELOPMENT OF
HEPATIC VASCULATURE

Embryology and the Role of Endothelial Cells

Increasing evidence supports a critical role for en-
dothelial cells during early development of the liver.
This includes a role for angioblasts, which invade the
septum transversum coincident with hepatocyte prolif-
eration. Vascular endothelial growth factor (VEGF) sig-
naling plays an important role in endothelial
cellÿhepatocyte interactions. During embryonic devel-
opment, the portal vein originates from the paired
vitelline veins and the hepatic artery originates from
the celiac trunk.

Developmental Anomalies

Complete atresia or malformations in the shape,
size, and number of the portal veins have been reported
and can produce portal hypertension. Other congenital
defects include clusters of dilated vessels within the
periportal region and dilated portal veins, large or mul-
tiple hepatic arteries, or arterioportal anastomoses.

CONCLUSION

Much remains to be discovered about the regulation of
hepatogenesis and development of the liver and biliary

FIGURE 2 Developmental disorders of the liver arising from defects in various stages of

liver development. The genetic or developmental explanations for most of these disorders remain

unknown.
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tree. However, studies in model systems are now making
the long list of developmental defects seem more ratio-
nal (Fig. 2).
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Liver Disease, Pregnancy and

J. EILEEN HAY

Mayo Clinic and Foundation

acute fatty liver of pregnancy Acute liver failure due to

microvesicular fatty in®ltration of hepatocytes in the

third trimester of pregnancy.

HELLP syndrome Triad of hemolysis, elevated liver tests,

and low platelet count in the third trimester of

pregnancy.

hyperemesis gravidarum Intractable vomiting in the ®rst

trimester of pregnancy.

intrahepatic cholestasis of pregnancy Pruritus and liver

dysfunction in the second half of pregnancy.

preeclampsia triad of hypertension, edema, and proteinuria

in the third trimester of pregnancy.

Pregnancy is an altered physiologic state associated with

many hemodynamic and metabolic adaptations to sup-

port the placenta and fetus. Although most pregnant

women remain healthy, pathophysiologic changes can

occur, including ®ve unique liver diseases seen only in

the pregnant or postpartum patient. These pregnancy-

associated liver diseases have characteristic clinical

features and timing of onset in relation to pregnancy.

Hyperemesis gravidarum is intractable nausea and

vomiting in the ®rst trimester; intrahepatic cholestasis

of pregnancy, a disease of pruritus and abnormal liver

tests, occurs in the second half of pregnancy; and pre-

eclampsia and its complications of HELLP (hemolysis,

elevated liver tests, and low platelets) syndrome and

acute fatty liver of pregnancy are third-trimester

diseases.

INTRODUCTION

Any liver disease, acute or chronic, occurring in
young adult women may also occur coincidentally in
pregnancy. Viral hepatitis is a common cause of
jaundice in pregnancy and hepatitis A, hepatitis B,
and hepatitis C occur with the same frequency and
with the same clinical features as in nonpregnant indi-
viduals, with pregnancy and the viral hepatitis having
little effect on each other. Gallstones are common, par-
ticularly in multiparous patients, but fortunately they
are rarely symptomatic with biliary colic, pancreatitis,
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Lower Gastrointestinal Bleeding and
Severe Hematochezia
GUSTAVO A. MACHICADO AND DENNIS M. JENSEN

University of California, Los Angeles and Veteran's Administration Greater Los Angeles Healthcare System

angioma Arteriovenous malformation or proliferation, with

or without dilation, of the blood vessels.

coagulopathy Disorder affecting the coagulability of the

blood.

hematemesis Vomiting of blood, either red, clotted, or

coffee-ground appearance.

hematochezia Passage of bloody stools, in contradistinction

to melena (tarry stools).

hematocrit Percentage of the blood sample volume occupied

by cells.

ischemia Low blood ¯ow to the gut with tissue injury, either

due to mechanical obstruction of the blood supply or

reduction in local perfusion.

lower gastrointestinal Pertaining to the colon.

shock (hypovolemic) Caused by a reduction in the

intravascular volume of blood, as from hemorrhage or

dehydration.

stigmata (of recent hemorrhage) Endoscopically visible

signs of recent hemorrhage such as active bleeding,

adherent clot, or visible vessel.

thrombocytopenia Reduction in the number of platelets in

the circulating blood.

upper gastrointestinal Pertaining to the esophagus, stomach,

or duodenum.

varices (varix) Dilated veins (vein) in the esophagus and/or

stomach related to portal hypertension.

Hematochezia is de®ned as passage of red blood or clots

per rectum. It may be associated with diarrhea or pain, but

often is painless. Hematochezia is a common reason for

adults both young and old to present for medical atten-

tion. The approach to the diagnosis and treatment de-

pends on the acuteness and severity of the hemorrhage.

Patients with recurrent or severe hematochezia, with hy-

povolemia, or with severe anemia causing symptoms usu-

ally require hospitalization. Some with very severe blood

loss or comorbid medical or surgical problems should be

considered for intensive care unit management. Those

patients with severe anemia and slower bleeding may

also need to be hospitalized for blood transfusions and

evaluation. The type and timing of diagnostic and thera-

peutic interventions will also be dictated by the severity of

the hemorrhage.

INITIAL EVALUATION

Patients with presumed lower gastrointestinal (LGI)
bleeding may present for medical attention with se-
vere, persistent hematochezia and hypotension or
shock. The majority of patients with this type of pre-
sentation have colonic sources of bleeding but some
have upper gastrointestinal (UGI) or small bowel
sources (Fig. 1). More commonly, the presentation
of colonic bleeding is with recurrent bouts of self-
limited hematochezia or with stools positive for occult
blood with or without anemia.

The initial management of patients who present
with severe hematochezia is similar to that of any
patient presenting with severe bleeding from any
source. Initial resuscitation efforts for patients pre-
senting in shock (hypotension, tachycardia, and obvi-
ous intravascular volume depletion) include intensive
care unit monitoring, adequate intravenous access,
and vigorous volume replacement. If anemia is signif-
icant and/or the patient has severe or symptomatic
heart, pulmonary, or vascular disease, transfusion
of packed red blood cells (RBCs) is recommended.
For patients with coagulopathies such as hypopro-
thrombinemia, administration of fresh frozen plasma

Colonic sites 
77.7%

UGI sources 
14.8%

No source 
6.9%

Small bowel 0.7%

FIGURE 1 The distribution of bleeding sites for 291 consec-

utive patients (from the CURE Hemostasis Research Group study)

with severe hematochezia, hospitalized and evaluated with urgent

colonoscopy, anoscopy, panendoscopy, and/or push enteroscopy.

UGI, Upper gastrointestinal.
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is indicated in cases of severe or ongoing hemato-
chezia. Those with ongoing hematochezia and throm-
bocytopenia or severe renal insuf®ciency may require
transfusions of platelets or desmopressin acetate
(DDAVP). Table I summarizes resuscitation and initial
management of patients with severe hematochezia.

A careful medical history and physical examination
may yield important clues about the potential source of
GI hemorrhage. A history of cirrhosis might suggest
esophageal or gastric varices or angiomas of the gut.
Severe chronic renal disease on hemodialysis could in-
dicate angiomas. Severe heart disease can be associated
with colonic angiomas or intestinal ischemia. A history
of peptic ulcer disease, diverticulosis, in¯ammatory
bowel disease, or internal hemorrhoids might direct
the physician to these diagnoses as the potential
bleeding site. Similarly, a history of crampy abdominal
pain, anorexia, diarrhea, or fever with hematochezia
may indicate a diagnosis of in¯ammatory bowel disease,
ischemic bowel disease, or infectious colitis. A malig-
nancy should be considered with weight loss, anorexia,
constipation, or a change in bowel habits with anemia
and hematochezia. A careful medical history should
include questions about all medications the patient in-
gested recently, because many over-the-counter (OTC)
and prescription drugs may cause or be associated with
acute or chronic GI bleeding. Speci®cally, patients
should be queried about recent use of aspirin or non-
steroidal antiin¯ammatory agents (NSAIDs), which
commonly cause GI ulcerations and hemorrhage or ag-
gravate bleeding from preexisting GI lesions. Anticoag-
ulants or gingko may also aggravate GI bleeding from
gut lesions.

DIAGNOSTIC APPROACH TO
SEVERE HEMATOCHEZIA

Initial Management

While patients with severe hematochezia and ane-
mia or hypotension are being resuscitated, the initial

evaluation should include the passage of a nasogastric
(NG) tube and gastric lavage to exclude the possibility of
upper gastrointestinal (UGI) bleeding in patients with-
out hematemesis. If bile is obtained in the presence of
ongoing hematochezia, there is continuity with the du-
odenum and an upper gastrointestinal lesion is unlikely
as the source of the hematochezia unless the bleeding is
intermittent. When only clear ¯uid is obtained and no
bile is present, continuity with the duodenum is not
ascertained and the study should be regarded non-
diagnostic. If there is evidence of blood (red or dark
blood, clots, or coffee-ground appearing) in the NG
aspirate, then an esophagogastroduodenoscopy
(EGD) is indicated to exclude the possibility that a le-
sion in the upper gastrointestinal tract is responsible for
the hematochezia (Fig. 1). Selected patients with
suspected rectal lesions (such as internal hemorrhoids,
®ssures, or proctocolitis) should be given enemas and
have urgent ¯exible sigmoidoscopy and anoscopy with a
slotted anoscope before purge and urgent colonoscopy.
Table I provides other general recommendations
about the acute management of patients with severe
hematochezia.

Urgent Colonoscopy

The CURE Hemostasis Group advocates an urgent
approach to the diagnosis and treatment of patients with
severe hematochezia similar to that currently used for
patients with severe UGI hemorrhage. While resuscitat-
ing the patient, the approach is to purge the colon of
clots, blood, and stool with a balanced electrolyte solu-
tion. Then, an urgent colonoscopy is performed for di-
agnosis and, if necessary, colonoscopic hemostasis
during the same examination. This approach has dra-
matically changed the diagnosis, treatment, and cost of
management of patients with severe hematochezia
hospitalized in the CURE group institutions.

A polyethylene glycol (PEG)-based purge (Golytely
or Colyte) is the commercially available preparation
now utilized as preparation for urgent colonoscopy. If
there is no evidence of UGI bleeding and the patient
already has a nasogastric tube in place, the solution is
administered via the tube. Alternatively, some patients
can drink enough purge solution at a rapid enough rate
(e.g., 1 liter every 30ÿ45 minutes) to effectively prepare
their colons. Metoclopramide (Reglan, 10 mg) is admin-
istered intravenously 10ÿ15 minutes prior to starting
the purge for its prokinetic and antiemetic effects. A liter
of purge solution (Golytely or Colyte) is administered or
drunk every 30ÿ45 minutes until the rectal ef¯uent is
clear of blood, clots, and particulate matter. Usually
6ÿ10 liters over 3ÿ6 hours is needed to accomplish

TABLE I Resuscitation and Management of Patients

with Severe Hematochezia

Establish one or preferably two large-bore intravenous lines

Assess intravenous volume and replace vigorously

Evaluate degree of blood loss and replace with packed red blood

cells

Evaluate coagulation and correct with fresh frozen plasma,

platelets, and/or desmopressin acetate

Place a nasogastric tube to check for a possible upper

gastrointestinal sourceÐblood or bile

Treat comorbid conditions
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this goal. Following this, an urgent colonoscopy is per-
formed at the bedside or in an in-patient endoscopy
unit, while monitoring the patient.

Patients who have congestive heart failure often re-
quire diuresis during or after colonic purge. Similarly,
patients with chronic renal failure who are on dialysis
usually require hemodialysis during or just after the
bowel preparation, because 10ÿ20% ¯uid absorption
is expected during the rapid purge in such patients.
During colonic purge, volume overload is common
with these and other severe comorbid conditions,
such as end-stage liver disease with large-volume
ascites. Table II provides general recommendations
on this method of bowel preparation.

Results for Urgent Colonoscopy

The CURE group recently prospectively studied 291
consecutive patients who were hospitalized because of
severe hematochezia. Patients who had ongoing, severe
hematochezia and those who appeared to stop bleeding
after hospitalization were included in this study. All
patients had NG aspiration and lavage, purging of the
colon and performance of urgent colonoscopy, and/or
performance of upper endoscopy (or enteroscopy) for
positive NG lavage or if the colonoscopy was negative.

A speci®c diagnosis was made by either stigmata of
recent hemorrhage on the lesion (such as active bleed-
ing, nonbleeding visible vessel, or adherent clot) at en-
doscopic examination or the identi®cation of a GI lesion
without stigmata, but in the absence of other signi®cant
GI lesions that might have caused the hemorrhage. A
colonic bleeding site was found in 77.7% of patients
admitted with hematochezia, an UGI source was present
in 14.8%, a small bowel source was found in 0.7%, and
no source could be found in 6.9% (see Fig. 1).

A variety of lesions were found in patients bleeding
from a colonic site (77.7%). The three most common

diagnoses were diverticulosis, internal hemorrhoids,
and ischemic colitis. Table III lists these and other
frequent colonic diagnoses.

Red Cell Scanning

Technetium-labeled red blood cell (RBC) scans can
be useful to localize the bleeding site in patients with
severe hematochezia. Early RBC scans (e.g., baseline
and up to 1ÿ4 hours only) are recommended in selected
patients with severe, ongoing hematochezia. Selected
patients include those with recurrent GI bleeding
that has de®ed diagnosis by urgent colonoscopy,
enteroscopy, and anoscopy; hospitalized patients who
have ongoing severe hematochezia during colonic purg-
ing; and patients with severe ongoing hematochezia for
whom a visceral angiogram is being considered.

The advantages of RBC scanning are that it can be
performed while the patient is undergoing resuscitative
efforts and purging. Although RBC scanning requires
active bleeding to show extravasation into the gut, it is
reported to be positive with a bleeding rate as low as
0.1 ml/min. In addition, the scanning can be repeated
because the labeled RBCs remain in the circulation at
least 24 hours. There are also disadvantages of RBC
scanning. In most patients, the scans will be negative
because patients have stopped bleeding before the scan
is done. Another major disadvantage is limited ability to
establish the location of small bowel lesions, when scans
are read as positive, particularly delayed scans (after
4 hours). If the RBC scan is positive, a con®rmatory
test such as colonoscopy, push enteroscopy, angio-
graphy, or intraoperative enteroscopy is recommended
to identify the precise location of the hemorrhage and
clarify the nature of the bleeding lesion. Empiric surgi-
cal resection is not recommended based on the results of

TABLE III Colonic Sources of Severe Hematocheziaa

Diagnosis Colonic source (%)

Diverticulosis 29.6

Internal hemorrhoids 14.2

Ischemic colitis 12.4

Solitary rectal ulcers 9.2

Ulcerative or other colitis 8.8

Delayed post polypectomy ulcer 8.0

Colon angiomas 5.7

Colon polyp or cancer 6.2

Other lower gastrointestinal 7.0

a Expressed as the percent of all colonic sources of severe hemato-

chezia. From the CURE Hemostasis Research Group Study ( Jensen,

2001; Kovacs et al., 2001). N� 291 total severe hematochezia patients.

TABLE II Colon Preparation Prior to Urgent

Colonoscopy in Patients with Severe Hematochezia

Give metoclopramide (Reglan) if no contraindications, 10 mg

intravenously or intramuscularly 5ÿ30 minutes prior to

starting purge

Give a polyethylene glycol-based purge for colonoscopy

(Nulytely or Colyte) orally or via nasogastric tube at 1 liter

every 30ÿ45 minutes until ef¯uent is clear of clots, stool, and

bloodÐusually 6ÿ10 liters required over 3ÿ6 hours

In patients with tense ascites, perform therapeutic paracentesis

to prevent respiratory compromise during colonoscopy

If patient is in congestive heart failure, treat with intravenous

diurectics; if in renal failure, use concurrent hemodialysis
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a RBC scan alone, because localization is often poor,
especially with delayed scans (more than 4 hours) that
are positive. Whereas early scans (less than 4 hours after
baseline) have been reported to be helpful for localiza-
tion (positive yields more than 75% at surgery), delayed
scans have not proved reliable for localization (yield less
than 40% at surgery).

Emergency Visceral Angiography

Visceral angiography may be useful in the diagnosis
and localization of bleeding sites in patients with severe
or ongoing hematochezia. Its diagnostic yield has been
reported to be from 12 to 69% in patients with presumed
active bleeding. Angiography may also identify non-
bleeding lesions such as angiomas or tumors. An advan-
tage is that angiography can be performed without a
bowel preparation or during bowel preparation. Skilled
angiographers can also treat bleeding lesions by selec-
tive embolization. The disadvantages of angiography are
that critically ill patients have to be transported to the
radiology department for the procedure. High blood
¯ow (� 0.5 ml/minute) is also required to see extrava-
sation into the gut lumen, and this high bleeding rate is
unusual for colonic lesions. The contrast agent may
cause serious complications, particularly in the elderly,
such as volume overload or renal insuf®ciency. Emer-
gency angiography is recommended in severely bleed-
ing patients when urgent anoscopy, colonoscopy, and
enteroscopy have failed to yield a diagnosis and there is
continued or recurrent bleeding. Screening of these
patients ®rst with a RBC scan may increase the yield
of angiography, if only those with positive early scans
are selected for emergency angiography.

DIAGNOSTIC APPROACH TO LESS
SEVERE BLEEDING

Most patients who present with self-limited hemato-
chezia or occult blood positive stools and anemia can
be managed as outpatients. The exceptions are those
who present with severe comorbid conditions and
symptoms (such as angina pectoris or dizziness) or
signs of the severe anemia (such as hypotension,
syncope, or shock). These patients usually require hos-
pitalization and RBC blood transfusions. Patients with
severe comorbid conditions such as heart disease or
renal disease may also require concomitant diuresis
or dialysis, during intravascular volume repletion or
transfusion. Patients with slow GI bleeding who do
not require RBC transfusions can be managed with
iron supplements and outpatient evaluations.

ENDOSCOPIC DIAGNOSIS AND
TREATMENT OF BLEEDING
COLONIC LESIONS

Diverticular Hemorrhage

Diverticulosis is the most frequent colonic lesion
responsible for severe hematochezia. Patients with di-
verticular hemorrhage do not present with slow GI hem-
orrhage, anemia, and Hemoccult positive stools.
Instead, they present with overt bleeding and usually
with hematochezia. Diverticulosis was diagnosed as the
cause of hematochezia in 24.1% of all patients admitted
with severe hematochezia in a recent study. In the study,
the majority of patients had colonic diverticulosis, be-
cause they were over 65 years of age and diverticulosis is
common in the elderly. However, for all patients with
diverticulosis of the colon admitted with severe hemato-
chezia, more than 50% were found to have bleeding
from nondiverticular colonic, sources. These were re-
ported as `̀ incidental diverticulosis.'' If an urgent
colonoscopy after good colonic preparation had not
been performed, many of these nondiverticular lesions
would have been missed or overlooked because stigmata
of colonic hemorrhages tend to disappear in 1ÿ3 days.
`̀ De®nitive diverticular bleeding'' was diagnosed when
there were stigmata of recent hemorrhages (active
bleeding, a nonbleeding visible vessel, or an adherent
clot) in a diverticulum on urgent colonoscopy. Ade-
quate colonic cleansing with the purge and target
water-jet irrigation facilitated identi®cation of stigmata
of hemorrhages during colonoscopy. `̀ Presumptive di-
verticular hemorrhage'' was diagnosed when only
colonic diverticulosis and no other potential bleeding
lesions were found on colonoscopy, anoscopy, and en-
teroscopy (see Fig. 2).

Thirty-four patients with de®nitive diverticular
hemorrhages have been studied to compare medical-
surgical with medical-colonoscopic management. Sev-
enteen patients received medical-surgical treatment in
an initial observational study to de®ne the natural his-
tory of de®nitive diverticular hemorrhage. In a
subsequent study of de®nitive diverticular bleeding,
17 patients had medical treatment and hemostasis at
the time the stigmata were diagnosed at urgent
colonoscopy. Both groups of de®nitive diverticular
bleeds were comparable in terms of age, comorbid con-
ditions, recent aspirin and/or NSAID ingestion, and
blood transfusion requirements prior to colonoscopy.
Patients in the medical-surgical cohort of the study
underwent emergency colonoscopy for diagnosis
but did not receive any colonoscopic treatment.
Medical-colonoscopic treated patients also underwent
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emergency colonoscopic treatment for stigmata of hem-
orrhage (active bleeding, adherent clot, or a nonbleed-
ing visible vessel). Colonoscopic treatment consisted of
epinephrine injection, bipolar cautery, or both. For both
cohorts of patients, the diverticulum with the stigmata
of hemorrhage was tattooed with India ink to facilitate
localization at surgery or retreatment. After the urgent
colonoscopy, ongoing or recurrent hemorrhage that re-
quired transfusions of two or more units of packed red
blood cells was observed in 53% of the medical-surgical
treated patients, in contrast to 6% of the medical-
colonoscopic treated group. Severe bleeding requiring
transfusion with more than three units of packed red
blood cells and subsequently requiring surgery was
seen in 35% of the medical-surgical group in contrast
to 6% of the medical-colonoscopic treated group. No
complications were seen from colonoscopic treatment
of bleeding diverticulosis. The median time to hospital
discharge was 5 days for the medical-surgical group
and 2 days for the medical-colonoscopic group (see
Table IV). None of the patients in either group had
recurrent bleeding on long-term (mean 36 months)
followup. In contrast, patients with `̀ presumed diverti-
cular hemorrhage'' had a recurrent bleeding rate of
5.7% during a mean of 36 months of followup.
This is in contrast to surgical series that report
38ÿ50% recurrent bleeding rates during 3ÿ5 months
of followup.

Colonic Angiomas

Colonic angiomas are also referred to as telangiec-
tasia, arteriovenous malformations, or angiodysplasia.
These lesions may occur sporadically or can be part of a
congenital syndrome such as hereditary hemorrhagic
telangiectasia (OslerÿWeberÿRendu syndrome). The
etiology of sporadic colonic angiomas is unknown.
However, they have been observed to occur with in-
creased frequency with advanced age and in patients
with severe heart disease (particularly valvular heart
disease), chronic renal insuf®ciency, cirrhosis of the
liver, and collagen vascular disorders.

In a previous prospective study of 100 patients who
were hospitalized with very severe, persistent hemato-
chezia, 30% were found to be bleeding from colonic
angiomas. All of these patients were elderly and most
had severe comorbid conditions, such as heart, renal, or
liver disease. In contrast, in a subsequent prospective
study of 291 patients hospitalized with either self-
limited hematochezia or ongoing hematochezia, colon
angiomas were diagnosed as the cause of hemorrhage
in 4.7%. Another prospective study of patients with
hemorrhage from colonic angiomas included 100 con-
secutive patients. Approximately 75% presented with
anemia, Hemoccult positive stools, and self-limited
hematochezia. In contrast, 25% had severe hemato-
chezia requiring resuscitation and transfusions. These
were hospitalized and had urgent colonoscopy. Angio-
mas varied in size from 1 to 30 mm, but a majority were
smaller than 10 mm and could be coagulated easily via
colonoscopy. The most common location was the right
colon: the cecum and ascending colon accounted for
72%. A less common location for angiomas was the
left colon (the descending and sigmoid colon accounted
for 22%).

The CURE group randomized 100 patients with
bleeding from colonic angiomas for hemostasis at

Incidental 
Diverticulosis 

50%

Presumptive 
TIC Bleed 

30%

Definitive 
TIC Bleed 

20%

FIGURE 2 Prevalence of incidental diverticulosis and pre-

sumptive and de®nitive diverticular hemorrhage (56 patients

with diverticulosis and severe hematochezia in a study by the

CURE Hemostasis Group). The types of diverticular hemorrhage

are designated in patients with severe hematochezia, evaluated by

urgent colonoscopy, after colonic purge. De®nitive diverticular

hemorrhage is ®nding a stigma of recent hemorrhage (active

bleeding, nonbleeding visible vessel, or adherent clot) on or in

a single diverticulum, resistant to target water irrigation and

suctioning. Presumptive diverticular hemorrhage is diagnosed

when only colonic diverticulosis (without stigmata of hemor-

rhage) and no other potential bleeding lesions are found on

colonoscopy, anoscopy, and push enteroscopy. Incidental diver-

ticulosis refers to patients with colonic diverticulosis, but some

other de®nitive source of hemorrhage is found on urgent

colonoscopy, anoscopy, endoscopy, or push enteroscopy.

TABLE IV Outcomes of Treatments of 34 Consecutive

Patients with De®nitive Diverticular Hemorrhagea

Med-Surg

(N� 17)

Med-Colon

(N� 17)

Endoscopic hemostasis 0 17 (100%)

Additional bleeding 9 (53%) 1 (6%)*

Severe bleeding 6 (35%) 1 (6%)*

Emergency surgery 6 (35%) 1 (6%)*

Median time to discharge after

colonoscopy (days)

5 2

Complications 2 (12%) 0

a From Jensen (2000, 2001). *P5 0.05.
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colonoscopy with either bipolar coagulation or heater
probe. Both coagulation devices have been shown to be
equally effective for the treatment of GI angiomas. In
these patients, the clinical course signi®cantly improved
after, compared to before, colonoscopic hemostasis in
terms of recurrent bouts of hemorrhage, need for blood
transfusions, and serum hemoglobins. Complications
occurred in 5.7%. Two patients developed postcoagu-
lation syndrome and recovered with medical therapy
alone and four others developed delayed bleeding due
to ulcers at the coagulated site. Two of the latter patients
with severe coagulopathies required surgery for control
of recurrent colonic bleeding. No colonic perforations
occurred in this group, although perforations have been
reported by other groups who have treated colonic an-
giomas with other coagulation devices, such as mono-
polar probes or lasers, and also in those patients who
had repeat coagulation at the same site with heater probe
or bipolar coagulation.

Colonic Carcinomas, Polyps, and
Postpolypectomy Bleeds

Patients with colonic cancers or polyps usually pres-
ent with occult gastrointestinal bleeding and anemia
and rarely with gross hematochezia. In a prospective
study of 100 patients with severe, persistent hemato-
chezia, urgent colonoscopy revealed ulcerated cancer or
polyps in 9% of patients. In a second series of 291 pa-
tients admitted for hematochezia, ulcerated polyps or
cancers were found in 5.2%. Bleeding from ulcerated
cancers or polyps usually does not involve arterial
bleeding but rather tends to be oozing bleeding. Endo-
scopic control of such bleeding can usually be achieved
with the injection of 1 : 10,000 epinephrine with or
without bipolar probe coagulation in the case of cancers.
During the same colonoscopy, lesions are biopsied to
obtain a histologic diagnosis. Subsequently, surgical re-
section is recommended. In contrast, bleeding polyps
can usually be removed with a polypectomy snare and
electrocautery. For large sessile polyps that are not ame-
nable to complete endoscopic removal, hemostasis and
biopsy are recommended to establish a histologic diag-
nosis, prior to consideration for surgical resection.

Signi®cant bleeding can occur immediately after a
polypectomy and this is usually due to ineffective or
inadequate coagulation of the vessels within the
polyp stalk. If bleeding occurs immediately following
polypectomy, hemorrhage can be arrested with the
same polypectomy snare by resnaring the stalk and
applying pressure with or without electrocautery. If
resnaring is not feasible, the area can be injected with
epinephrine and subsequently cauterized with bipolar

or heater probe, but other devices, such as the endoloop
or hemoclips, have also been used.

Delayed hemorrhage occurs due to the coagulum
sloughing off the polyp stalk, or the polypectomy
base in the case of sessile polyps. In the series of 291
patients with severe hematochezia, postpolypectomy
delayed bleeding accounted for 8.0% of colonic diag-
noses. Most reported rates of postpolypectomy bleeding
are less than 6%. In the original series of patients with
severe hematochezia, this diagnosis was not reported.
With the colonoscopy initiatives for colorectal cancer
screening in the past 5 years, this is now the sixth
leading colonic cause of severe hematochezia (see
Table III). Delayed bleeding in the patients discussed
here occurred a median of 9 days (range 2ÿ73)
postpolypectomy. The mean size of the index polyps
was 20 mm. Ulcers with a mean size of 11 mm were
found in the patients who presented with delayed post-
polypectomy hemorrhage and underwent emergency
colonoscopy following a bowel purge. Active bleeding
was present in 23%, nonbleeding visible vessel was pres-
ent in 23%, adherent clot was present in 38%, a ¯at spot
was present in 8%, and clean ulcer was present in 8%.
The majority (92%) of the patients achieved complete
hemostasis with epinephrine injection and cautery.
Only one patient rebled. Endoscopic treatment of
these lesions was effective and safe.

Internal Hemorrhoids

Internal hemorrhoids are the most common lesion
causing self-limited rectal bleeding in ambulatory
adults. Rarely, internal hemorrhoids cause persistent
bleeding needing emergency hemostasis. In the original
series of 100 patients with severe, persistent hemato-
chezia, internal hemorrhoids were the bleeding site in
less than 4%. Often, a simple slotted anoscopy exami-
nation at the bedside will yield the diagnosis, obviating
the need for urgent colonoscopy. Several effective meth-
ods can be used to control bleeding from internal hem-
orrhoids without surgery. In one randomized study,
bipolar probe and heater probe coagulation were re-
ported to be equally effective in controlling bleeding
from internal hemorrhoids in a randomized study of
patients who had failed medical therapy. Internal hem-
orrhoid banding has also been used successfully for
many years. Endoscopic banding is commonly used
after urgent colonoscopy, when internal hemorrhoids
are diagnosed as the bleeding site, because of the effec-
tiveness of this technique. Injection sclerotherapy has
also been used in the past with a variety of sclerosants for
the treatment of internal hemorrhoids. Complications
such as thrombosis, infection, ulceration, or delayed
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bleeding are reported for all these techniques of internal
hemorrhoid hemostasis. However, complication rates
are low and most physicians and patients favor this
approach over surgical hemorrhoidectomy.

See Also the Following Articles

Colonoscopy � Diverticulosis � Hemorrhage � Hemorrhoids

� Occult Gastrointestinal Bleeding � Upper Gastrointestinal

Bleeding � Variceal Bleeding
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Lupus Erythematosus

SALAHUDDIN KAZI

University of Texas Southwestern Medical Center, Dallas

antinuclear antibodies (ANAs) Autoantibodies that are

directed against nuclear antigens and measured by

indirect immuno¯uorescence. Speci®c ANAs are directed

against DNA, histones, components of the spliceosome

(Sm, RNP, Ro, and La), and other nuclear antigens

(centromere, topoisomerase I).

drug-induced lupus erythematosus A distinct form of lupus

caused by sustained exposure to certain drugs (procai-

namide, phenytoin, and isoniazid are the commonest)

associated with the production of anti-histone antibodies

and clinically with fever, arthralgia, myalgia, rash, and

serositis and the absence of renal or central nervous

system involvement.

major histocompatibility complex The genetic region on the

short arm of chromosome 6 encoding groups of highly

polymorphic surface proteins that are expressed on the

surface of all living cells and that are important in

antigen presentation and shaping of the immune

repertoire.

Lupus erythematosus is a complex multisystem autoim-

mune disorder characterized by in¯ammation in many

organ systems and by the formation of distinct autoanti-

bodies often associated with speci®c end-organ involve-

ment. There is considerable phenotypic heterogeneity

accounting for a wide spectrum of disease expression

ranging from mild to life-threatening forms of this disease.

CLASSIFICATION

Several interrelated and overlapping clinical disease
subsets of lupus erythematosus (LE) are recognized.
Historically, LE was ®rst described as a cutaneous dis-
ease and in many patients LE is exclusively a cutaneous
disease. Systemic lupus erythematosus (SLE) is the clas-
sic systemic form of the disease, typically with some
combination of cutaneous, musculoskeletal, hemato-
logic, and renal involvement. Drug-induced lupus ery-
thematosus is a distinct form of the disease associated
with the production of anti-histone antibodies and clin-
ically with fever, arthralgia, myalgia, rash, and serositis
as well as the absence of renal or central nervous system
involvement.

EPIDEMIOLOGY

SLE is a relatively uncommon disease with an incidence
of approximately 5 per 100,000 per year and prevalence
of between 25 and 50 per 100,000. Certain racial groups
are at increased risk for SLE and include African Amer-
icans and African Caribbean individuals. The peak in-
cidence is between 15 and 45 years of age. There is a
striking female predominance with a female : male ratio
of 9 : 1. Twin studies indicate that SLE is predominantly
a genetic disease, although several extrinsic triggers
have been implicated. These include ultraviolet light,
hair products, smoking, estrogens, and viral agents like
Epstein-Barr virus and hepatitis C virus (HCV).

ETIOLOGY AND PATHOGENESIS

SLE appears to be a multigenic disease resulting from
complex interactions between susceptibility genes and
environmental factors resulting in the generation and
persistence of an autoimmune state with subsequent
destructive in¯ammatory events. It is useful to concep-
tualize the pathogenesis of SLE as a set of preclinical
events occurring in a genetically predisposed individual
characterized by the induction and expansion of auto-
immunity followed by immune-mediated injury causing
clinically recognizable disease.

The genes conferring susceptibility to SLE include
certain allelic major histocompatibility complex mole-
cules and several other immunoregulatory genes that
have been partially identi®ed. Acting in concert with
other factors, these genes lead to the development of
autoreactive T cells, followed by an expansion phase
that is characterized by considerable clonal expansion
of B and T cells that recognize self-antigens. Once ma-
ture, high-af®nity autoantibodies form and have access
to autoantigen and immune-mediated injury ensues,
resulting in clinical forms of this disease. It is very likely
that cell-mediated processes are also involved but their
role in SLE pathogenesis is less well understood.
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CLINICAL FEATURES

General

Fatigue is the commonest feature of SLE, sometimes
re¯ecting disease activity, but equally prevalent even
when the disease is inactive when it can represent the
effects of depression, stress, ®bromyalgia, or medication
side effects. Fever is alsoa common feature of disease and
is typically episodic. Constant fever is more suggestive of
infection. Weight loss may precede the diagnosis of SLE,
whereas weight gain may be the result of steroid therapy.

Cutaneous

The most characteristic skin lesion associated with
lupus is the diffuse, macular, erythematous facial erup-
tion in a malar distribution, also known as the `̀ butter¯y''
rash. It is referred to as acute LE, since it is associated
with active SLE. Other less common but equally distinct
cutaneous lesions include chronic cutaneous LE (dis-
coid LE) and subacute cutaneous LE, both of which may
also occur in patients without systemic features.

Musculoskeletal

Though exceedingly common, arthritis associated
with SLE is usually mild and not associated with the
development of deformities. It may be migratory and
most often involves the hand joints. Myalgia is common
but true myositis is rare.

Renal

The majority of patients with SLE have renal in-
volvement, often subclinical. In 50ÿ75% of patients,
this will become clinically apparent in a few years
after disease onset. Renal disease appears to be the result
of immune complex damage and in some cases is asso-
ciated with elevated anti-DNA antibody titers and low
levels of complement proteins C3 and C4. There are six
different histologic patterns described in patients with
SLE in whom renal biopsy is performed: normal (type I),
mesangial (type II), focal proliferative (type III), diffuse
proliferative (type IV), membranous (type V), and scle-
rosing (type VI). Although some of these histologic le-
sions are associated with distinct clinic syndromes,
there is substantial overlap and histologic transition
over time. Type IV disease is both the commonest
and severest form of lupus nephritis.

Hematologic

All three cell lines are affected in patients with SLE.
Leukopenia is common, but rarely is clinically signif-

icant. Autoimmune hemolytic anemia is seen in a small
number of patients with SLE, with most patients who
are anemic exhibiting an anemia of chronic disease.
Mild thrombocytopenia is common; occasionally it is
severe. Anti-phospholipid antibodies directed against
a variety of clotting factors occur in up to one-third
of SLE patients and may cause a prolongation in
the activated partial thromboplastin time (lupus
anticoagulant).

Gastrointestinal

Most gastrointestinal symptoms in SLE are related to
medication-related side effects [nonsteroidal anti-in-
¯ammatory drugs (NSAIDs), corticosteroids, immuno-
modulators]. SLE has also been associated with direct
involvement of the gastrointestinal tract. Oral ulcers are
exceedingly common. Dysphagia is less common and
often multifactorial (most often related to hypomotil-
ity). Vasculitis of mesenteric vessels is a rare but serious
complication of SLE. It may present with an acute
abdomen or may have an insidious onset. Complica-
tions include bowel necrosis and perforation. Bland
mesenteric thrombosis may occur secondary to a
hypercoagulable state associated with anti-phospho-
lipid antibodies. Pancreatitis is seen in up to 8% of pa-
tients with SLE. It is occasionally secondary to
mesenteric vasculitis. Liver disease in SLE is frequent.
Lupoid hepatitis refers to an antinuclear antibody
(ANA)-positive autoimmune hepatitis, most often asso-
ciated with anti-smooth muscle antibodies and some-
times with anti-mitochondrial antibodies as well (which
are rare in SLE). In contrast, the term `̀ lupus hepatitis'' is
increasingly employed to refer to an autoimmune hep-
atitis occurring in patients with SLE. It has been asso-
ciated with antibodies to ribosomal P antigen and
typically occurs in patients with clinically overt SLE.
Protein-losing enteropathy is an uncommon clinical
feature of SLE.

Other

Neurologic disease is very common in SLE and most
often presents as neuropathy, mononeuritis multiplex,
meningitis, cerebritis, neurocognitive dysfunction, sei-
zures, and stroke syndromes. Headaches are a relatively
common complaint and are often not an indicator of
underlying disease activity. Pulmonary manifestations
include pleuritis, pleural effusions, pneumonitis, inter-
stitial lung disease, pulmonary hypertension, and alve-
olar hemorrhage. Myocarditis, pericarditis, valve
abnormalities, and coronary arteritis can all occur in
patients with SLE.
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DIAGNOSIS

Classic SLE can be readily diagnosed when a patient
from a high-risk epidemiologic group (for example,
young African American women) presents with the
typical constellation of symptoms and signs. Diag-
nostic dif®culties arise when the disease occurs in
low-risk epidemiologic groups (such as, children or
older males) or when it presents with involvement
of just a few organ systems. Chronic human immu-
node®ciency virus and hepatitis C virus infection
can phenotypically mimic SLE. Criteria have been

developed for the classi®cation of SLE by an expert
consensus panel. Although the criteria were devised
to create uniformity in clinical studies, the criteria
are frequently used to diagnose SLE (see Table I).
ANA testing in SLE is widely performed but suffers
from low speci®city while maintaining high sensitiv-
ity. The rational use of ANA testing is dependent
on generating clinical pretest probabilities of SLE
and avoiding ANA testing when the clinical proba-
bility of SLE is low. Though less sensitive, anti-DNA
and anti-Sm antibodies are considered speci®c for
SLE.

TABLE I The ACR 1982 Revised Criteria for the Classi®cation of Systemic Lupus Erythematosus

Criterion De®nition

Malar rash Fixed erythema, ¯at or raised, over the malar eminences, tending to spare the nasolabial folds

Discoid rash Erythematous raised patches with adherent keratotic scaling and follicular plugging; atrophic scarring

may occur in older lesions

Photosensitivity Skin rash as a result of unusual reaction to sunlight, reported in patient history or observed by

physician

Oral ulcers Oral or nasopharyngeal ulceration, usually painless, observed by physician

Arthritis Nonerosive arthritis involving 2 or more peripheral joints, characterized by tenderness, swelling, or

effusion

Serositis (1) PleuritisÐconvincing history of pleuritic pain or rub heard by a physician or evidence of

pleural effusion

OR

(2) PericarditisÐdocumented by ECG or rub or evidence of pericardial effusion

Renal disorder (1) Persistent proteinuria > 0.5 g per day or > 3� if quantitation not performed

OR

(2) Cellular castsÐmay be red cell, hemoglobin, granular, tubular, or mixed

Neurologic disorder (1) SeizuresÐin the absence of offending drugs or known metabolic disorder derangements,

e.g., uremia, ketoacidosis, or electrolyte imbalance

OR

(2) PsychosisÐin the absence of offending drugs or known metabolic derangements, e.g.,

uremia, ketoacidosis, or electrolyte imbalance

Hematologic disorder (1) Hemolytic anemia with reticulocytosis

OR

(2) LeukopeniaÐ54000/mm3 total on 2 or more occasions

OR

(3) LymphopeniaÐ51500/mm3 on 2 or more occasions

OR

(4) ThrombocytopeniaÐ5100,000/mm3 in the absence of offending drugs

Immunologic disorder (1) Anti-DNA: antibody to native DNA in abnormal titer

OR

(2) Anti-Sm: presence of antibody to Sm nuclear antigen

OR

(3) Positive®ndingofantiphospholipidantibodiesbasedon(i)anabnormalserumlevelofIgGorIgManti-

cardiolipin antibodies, (ii) a positive test result for lupus anticoagulant using a standard method,

or (iii) a false-positive serologic test for syphilis known to be positive for at least 6 months and

con®rmed by Treponema pallidum immobilization or ¯uorescence treponemal antibody absorption

test

Antinuclear antibody An abnormal titer of antinuclear antibody by immuno¯uorescence or an equivalent assay at any point

in time and in the absence of drugs known to be associated with `̀ drug-induced lupus'' syndrome

Note. The proposed classi®cation is based on 11 criteria. For the purpose of identifying patients in clinical studies, a person shall be said to have

systemic lupus erythematosus if any 4 or more of the 11 criteria are present, serially or simultaneously, during any interval of observation. Criterion

10 (Immunologic disorder) was updated in 1997. Sensitivity and speci®city 96%. Data taken from Tan et al. (1982) and Hochberg (1997).
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THERAPY AND PROGNOSIS

SLE is marked by substantial clinical heterogeneity with
resulting variations in natural history and prognosis.
Patients from lower socioeconomic backgrounds, Afri-
can Americans, and those with renal disease have a
worse prognosis. Therapy is thus dependent on an ac-
curate assessment of organ involvement and disease
activity. Overall, the outlook for SLE has improved re-
markably over the past 50 years with an improvement in
10-year survival from 40 to 490%.

Treatment involves the consideration of general is-
sues such as photoprotection, nutrition, cardiovascular
risk factor modi®cation, osteoporosis prevention, infec-
tion control, exercise, and pregnancy counseling as well
as therapies directed at speci®c organ systems. NSAIDs
are employed for treating arthritis, antimalarial drugs
(principally hydroxychloroquine) are useful in manag-
ing cutaneous and joint disease, and corticosteroids are
reserved for major organ system involvement. Intrave-
nous pulse cyclophosphamide is the treatment of choice
for proliferative lupus nephritis. Azathioprine is often
employed as a ®rst-line steroid-sparing agent. Newer
therapeutic approaches are focusing on interrupting
immune cellÿcell signaling mechanisms.

See Also the Following Articles

Dysphagia � Hepatitis C � Lymphocytes � Vasculitis
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Lymph, Lymphatics, and Lymph Flow
PATRICK TSO AND RONALD JANDACEK

University of Cincinnati Medical Center

alkaline phosphatase Enzyme (pH optimum 9.5ÿ10.5) that

hydrolyzes many orthophosphoric monoesters and

serves as an important component of intracellular pH

buffering.

chylomicrons Large, spherical lipoproteins made exclu-

sively by the small intestine; their major function is to

transport from the enterocytes to the lymph the

large amount of dietary fat absorbed by the small

intestine.

cirrhosis Degenerative disease of the liver that results in

damage to hepatic parenchymal cells and decreased

blood ¯ow to the liver; characterized by the development

of ®broids and nodes.

diamine oxidase Enzyme (also known as amine oxidase or

histaminase) secreted by enterocytes; plays an important

role in the breakdown of histamine and polyamines.

hepatic lymph hepatic lymph Derived from the perisinusoi-

dal space, or space of Disse, it is through these channels

that ¯uid and proteins are drained from the liver.

lipid absorption Process by which lipids are digested, mainly

in the intestinal lumen, where they are absorbed by

enterocytes and then packaged and secreted as chylomi-

crons into the lymph. Bile salt plays a critical role in the

absorption. A concentrated form of energy, lipids are

composed of a number of classes of compounds that are

insoluble in water but soluble in organic solvents;

triacylglycerols and triglycerides are the most abundant

of all dietary lipids.

lymph Fluid that is collected from the tissues throughout the

body and transported via the lymphatic vessels to the

venous blood.

small intestine Consists of the duodenum, jejunum, and

ileum and is where most digestion and absorption of

nutrients takes place.

Lymphatic vessels, composed of countless microvessels
of endothelial tubing, form an interconnected system that
collects and transports ¯uids from the tissue of various
organs in the body and channels them into the venous
blood circulation. The gastrointestinal tract has the most
extensive lymphatic system, which is essential to the ab-
sorption and digestion of nutrients and of some gastroin-
testinal hormones by the small intestine and their
eventual transport to the general circulation via entero-
cyte processing. To a certain degree, lymphatics are in-
volved in every pathological process.

ANATOMICAL CONSIDERATIONS

The historical aspects of knowledge about the gastroin-
testinal lymphatic system have been described in an
excellent book written by Dr. James A. Barrowman in
1978. The formation of lymph begins in the lamina
propria (interstitial compartment) of the small intes-
tine. This interstitial compartment is best viewed as a
complex noncellular matrix that supports the cells as
well as the capillaries and lacteals. The main compo-
nents of the interstitial matrix are bundles of collagen
®bers and glycosaminoglycan chains, which are me-
chanically entangled and cross-linked, producing a
gel-like structure. Hyaluronic acid, the main interstitial
glycosaminoglycan, is a polymer of N-acetylglucos-
amine and glycuronic acid; it has a molecular weight
that varies from a few thousand to several million. The
anionic nature of hyaluronic acid causes pockets of neg-
ative charge within the gel matrix. The rate of diffusion
of water and water-soluble molecules across the inter-
stitial matrix (also called the hydraulic conductivity)
depends mostly on the degree of hydration of
the matrix. For example, doubling of the interstitial
volume (therefore hydration) is believed to increase
the hydraulic conductance more than a thousandfold.
The interstitial matrix probably undergoes continuous
modi®cation, especially during periods when the matrix
is markedly expanded (hydrated), e.g., during fat ab-
sorption. For instance, hyaluronic acid, which can
be found in thoracic duct lymph, increases markedly
during the absorption of fat.

Initial lymphatic vessels (lacteals), ®ne vessels
found in the villus, range between 100 and 500 nm in
length. They have only a single layer of endothelial cells
with a fragmented basement membrane. The endothe-
lial cells of the initial lymphatic vessel are joined to-
gether quite variably. For instance, they can be joined
together by tight junctions, or there may be gaps be-
tween endothelial cells. As shown in Fig. 1, the gap
between endothelial cells of the lacteals allows the chy-
lomicrons to enter the lacteal. Three-dimensional
reconstruction from electron micrographs show a
special type of open junction formed by processes of
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lymphatic endothelium that enclose channels from the
interstitial matrix (interstitium) to the lymphatic lumen
along the length of the initial lymphatics.

The ®ne lymphatic vessels merge progressively,
forming collecting vessels that transport the lymph to
the main intestinal lymph duct, the cisterna chyli,
and the thoracic duct. The thoracic duct then carries
the lymph, which enters the general circulation by
emptying into the subclavian vein. Valves are present
in the main intestinal lymph duct and the thoracic
duct. Although not well studied, a number of papers
have reported innervation of the lymph vessels by
sensory ®bers.

FORMATION OF
GASTROINTESTINAL LYMPH

In the small intestine, unlike most other organs, the
source of ¯uids, electrolytes, peptides, and lipoproteins
is the capillary ®ltrate and the intestinal absorption and
secretion by enterocytes that line the intestinal epithe-
lium. Various factors affect lymph ¯ow as a result
of changes in ®ltration of ¯uids and solutes from the

capillaries. Plasma ¯uids, electrolytes, and proteins
cross the capillary to diffuse through the interstitium
and return to the circulation through the lymph. Be-
cause the plasma ®ltrate contributes to lymph ¯ow, fac-
tors that affect the ®ltration of ¯uid from the capillaries
also affect lymph ¯ow. For example, in portal hyperten-
sion (elevation of venous pressure), enhanced intestinal
lymph ¯ow occurs as a result of the increase in trans-
capillary hydrostatic pressure gradient. In contrast, re-
duced hydrostatic pressure occurs during arterial
hypotension (i.e., hemorrhage), which leads to reduc-
tion in lymph ¯ow. It can also be predicted that a
reduction in plasma protein concentration (hypo-
proteinemia) increases lymph ¯ow by a reduction
in the transcapillary oncotic pressure gradient (as ex-
plained by the Starling force equation). The lymph-
to-plasma ratio, which is inversely proportional to the
size of the protein, is another important factor regulating
the amount of protein ®ltered from the capillaries. The
biggertheprotein, thelesstheamountthat is®lteredfrom
the capillaries to the interstitium. For total protein, how-
ever, the lymph-to-plasma ratio is between 0.5 and 0.65.

The small intestine absorbs a large amount of ¯uid
and solutes (especially sodium) from the intestinal
lumen daily. This absorbed ¯uid expands the interstitial
space, thereby increasing the interstitial pressure. This
increase in interstitial pressure causes ¯uid to move
from the interstitium to the initial lymphatics. Thus,
the lymphatic system plays an important role in
¯uid absorption from the small intestine to the general
circulation.

The liver also contributes to the lymph ¯ow in the
thoracic duct. Although no direct anatomical evidence
is available to trace the origin of hepatic lymph, it is
generally believed that hepatic lymph is formed at the
space of Disse. The permeability of the endothelial lin-
ing of the liver sinusoids, unlike that of the small intes-
tine, is very porous, allowing most proteins to travel
through with little dif®culty. Consequently, the protein
concentration in liver lymph is almost as high as the
protein concentration in the circulating blood. The pro-
tein in liver lymph is composed of protein ®ltered from
blood and protein produced by the liver. Hepatic lymph
¯ow increases dramatically with liver cirrhosis.

The Transport of Lipids in Lymph

Dietary lipid, chie¯y triglyceride, undergoes
hydrolysis in the small intestinal lumen to form
2-monoglycerides and fatty acids. The reaction is cata-
lyzed by pancreatic lipase. After triglyceride digestion
products are taken up by enterocytes, they are resyn-
thesized to form triglycerides. These triglyceride lipid

FIGURE 1 Chylomicrons produced by enterocytes entering

lymphatic vessels (Ly) by moving through gaps (arrow) that de-

velop between cytoplasmic extensions of the endothelial lining of

the vessel.
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droplets are then coated with phospholipids and apo-
lipoproteins to form triglyceride-rich lipoproteins. The
small intestine secretes both very-low-density lipopro-
teins (during fasting) and chylomicrons (during
active fat absorption). Chylomicrons are richer in
triglyceride and much larger compared to very-low-
density lipoproteins (100ÿ200 nm versus 50ÿ80 nm).
Using electron microscopy, enterocytes secrete chylo-
microns by exocytosis. The interstitium is resistant to
chylomicron movement. Therefore, the increased hy-
dration of the interstitial matrix and the resulting
increase in lymph ¯ow are believed to facilitate
chylomicron movement across the interstitial matrix
and into the initial lymphatics. Chylomicrons are not
only important in the transport of dietary fats by the
small intestine, but they are also vehicles for the trans-
port of fat-soluble vitamins and drugs. For instance, it
has been demonstrated that p-aminosalicylic acid, tet-
racycline, and the highly lipophilic antimalarial, halo-
fantrine, are transported in lymph. There is tremendous
interest from the pharmaceutical industry in studying
drug delivery via the lymphatic route.

Gastrointestinal Hormones in Lymph

In addition to transporting macromolecules, lymph
is also a potential avenue by which gastrointestinal hor-
mones enter the general circulation. The presence of
gastrointestinal hormones in lymph has been docu-
mented previously by bioassays and radioimmunoas-
says of the gastrointestinal hormones. However, the
relative importance of the lymphatic route versus the
portal route in the transport of gastrointestinal hor-
mones remains to be explored.

Lymphatic Transport of Proteins

As with lymph from other regions of the body,
plasma provides the greatest source of proteins to in-
testinal lymph. There are, however, proteins in intesti-
nal lymph derived from the small intestine.
Apolipoproteins A-I, A-IV, and B48, the major apolipo-
proteins associated with lymph lipoproteins, are derived
from the small intestine. The intestine is a major source
of circulating apolipoproteins A-I and A-IV. The intes-
tinal lymph also contains a number of enzymes secreted
by enterocytes. For instance, enterocytes secrete alka-
line phosphatase, which is associated with surfactant-
like particles that appear in lymph during fat absorption.
There is a linear relationship between the amount of fat
and the amount of alkaline phosphatase in lymph. An-
other enzyme secreted by enterocytes is diamine oxi-
dase (histaminase). It plays an important role in the
breakdown of histamine and polyamines.

A major component of the lymphoid system, the
gastrointestinal-associated lymphoid tissue (GALT), is
located in the gastrointestinal tract. The GALT consists
of three components: (1) Peyer's patches, (2) intra-
epithelial lymphocytes,and(3)plasmacellsandlympho-
cytes in the lamina propria. The plasma cells secrete
immunoglobulin A (IgA). Transported in lymph, the
concentration of IgA is signi®cantly higher in lymph
than in blood.

The Transport of Xenobiotics in Lymph

In general, the degree of lipophilicity of foreign
substances appears to determine the route of transport
of these compounds from the small intestine, and the
more lipid-soluble compounds tend to favor the lym-
phatic route. Clearly, the importance of lymphatic
transport of xenobiotics rests on the fact that the
liver is bypassed, thus allowing extensive systemic dis-
tribution of the compound. However, the small intes-
tinal epithelial cells have the capacity to carry out both
phase I and phase II reactions. Therefore, they can
convert the absorbed lipophilic compounds to more
hydrophilic compounds and direct more polar metab-
olites to the portal route. Lymphatic transport of
numerous xenobiotics, including benzo[a]pyrene,
7,12-dimethylbenzanthracene, polychlorinated biphe-
nyls, and dichlorodiphenyltrichloroethane (DDT), has
been demonstrated. For this reason, the intestinal lym-
phatic transport of lipophilic toxic xenobiotics is of
considerable interest, particularly as related to their
potential role in cancer development.

PATHOPHYSIOLOGY OF
GASTROINTESTINAL LYMPHATICS

To some extent, lymphatics are involved in every path-
ological process. One important example is their role in
the dissemination of epithelial malignant tumors that
arise in the gut and its associated structures. The role of
disordered lymphatic function in the pathogenesis of
selected gastrointestinal diseases is considered in the
following discussions.

Primary Intestinal Lymphangiectasia

This disorder is thought to result from congenital
structural abnormalities in the lymphatics of the intes-
tinal wall or its mesenteries, causing impaired drainage
of the mucosal initial lymphatics. Chylous effusions in
the pleural or peritoneal cavity are often associated with
intestinal lymphangiectasia. The central lymphatics of
the intestinal villi are dilated and ®lled with protein and
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chylomicron-rich lymph; the villi are clubbed as a result
of mucosal edema. Gastrointestinal symptoms are gen-
erally mild, though abdominal pain, nausea, vomiting,
and diarrhea with steatorrhea can occur. Severe protein
depletion can lead to hypoproteinemic edema, causing
impaired growth in children.

Primary intestinal lymphangiectasia is diagnosed by
protein-losing enteropathy and mucosal biopsy. It can
be treated in several ways: (1) by resection, if only
a short segment of small intestine is affected,
(2) by lymphovenous anastomosis, to correct the local-
ized anomaly, and (3) by reduction in dietary long-chain
triglycerides. This last treatment reduces the lipid
required for transport by the lymphatics and reduces
intestinal lymph formation, because fat feeding is a pow-
erful intestinal lymphagogue (an agent that promotes
lymph formation).

Secondary Intestinal Lymphangiectasia

Secondary intestinal lymphangiectasia is caused by
any pathological process that obstructs major lymph
trunks from draining the intestine. Crohn's disease,
which involves the intestine or mesentery, is an example
of this pathological condition. Chronic pancreatitis is
another example and is caused by in¯ammation of
the retroperitoneal tissues. Whipple's disease displays
a moderate degree of secondary intestinal lymphan-
giectasia and results from the in®ltration of lymph
nodes with periodic acid Schiff (PAS)-positive macro-
phages. Cirrhotic patients with enteric loss of plasma
proteins exhibit intestinal lymphangiectasia in small
intestinal biopsies.

In¯ammatory Bowel Disease

Edema is a prominent histopathological feature of
all forms of in¯ammatory bowel disease. The pathogen-
esis of edema is complex. There is evidence that capil-
lary permeability is enhanced as a result of local
liberation of chemical mediators of in¯ammation
such as histamine, serotonin, bradykinin, and other
such substances. Bacterial endotoxins may also produce
enhanced vascular permeability to protein, as may ox-
ygen free radicals derived from leukocyte activity.

The extent to which abnormalities of lymphatic
drainage play a part in edema of the intestine in in¯am-
matory bowel disease is unclear. In Crohn's disease,
there is lymphatic dilatation in all layers of the bowel
wall, notably in the submucosa. It is suggested that an

element of lymphatic obstruction from in¯ammatory
changes in adjacent tissues and lymph nodes may be
involved. Additionally, a defect in the function of intes-
tinal lymphatic vessels may occur in Crohn's disease.

Acute Pancreatitis

Gross edema of the gland occurs in both acute in-
terstitial (edematous) pancreatitis and necrotizing
(hemorrhagic) pancreatitis. Distended lymphatics can
usually be observed by morphological examination. It is
unlikely that lymphatic obstruction plays a primary role
in the pathogenesis of acute pancreatitis, but some
evidence suggests that lymphatic obstruction may ag-
gravate the autodigestive process by allowing toxic
products to accumulate in the tissue. For instance, ob-
struction of lymph ¯ow in experimental acute pancre-
atitis in animals increases the in¯ammatory process.

Chyluria

Chyluria results from situations in which a major
lymph trunk communicates with the urinary tract.
Patients with chyluria have afforded investigators the
opportunity to study the human intestinal lymph lipo-
protein and apoprotein spectrum.

See Also the Following Articles

Apoproteins � Barrier Function in Lipid Absorption �
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Lymphocytes
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antigen Any molecule that can speci®cally bind to an

antibody.

antigen-presenting cells Have the ability to internalize

protein antigens, process them into peptides, and present

these peptides on their surface in association with MHC

II molecules. The primary antigen-presenting cells are

dendritic cells, macrophages, and B lymphocytes.

B cell receptors Molecules present on B lymphocytes;

contain cell surface immunoglobulin speci®c for antigen.

cytokines Small soluble proteins made by cells; can affect the

behavior of other cells.

cytotoxins Proteins produced by cytotoxic T lymphocytes;

participate in the destruction of target cells.

immunoglobulin Protein (antibody) produced by plasma

cells; has the ability to bind speci®c antigen.

intraepithelial lymphocyte compartment Collection of T

lymphocytes and NK cells interspersed between the

intestinal epithelial cells.

lamina propria lymphocyte compartment Collection of bone

marrow-derived cells (including lymphocytes and anti-

gen-presenting cells) dispersed throughout the stroma,

supporting the intestinal villi.

major histocompatibility complex molecules Polymorphic

cell surface glycoproteins with the ability to bind peptide

antigens and to stimulate T lymphocytes bearing recep-

tors speci®c for these antigen/glycoprotein complexes.

Peyer's patches Organized lymphoid structures located on

the antimesenteric border of the small intestine; contain

lymphocytes and antigen-presenting cells and are

important for the induction of immune responses against

antigens from the intestinal lumen.

poly-Ig receptor Polymeric immunoglobulin receptor

located on the basolateral surface of epithelial cells; binds

polymeric immunoglobulins (IgA and IgM) and plays a

critical role in transporting IgA produced by plasma cells

in the lamina propria to the intestinal lumen.

T cell receptors Complexes on the surface of T lymphocytes;

contain a disul®de-linked heterodimer of either a and b
chains or g and d chains and are responsible for the

recognition by T lymphocytes of speci®c antigen/major

histocompatibility glycoprotein complexes.

The immune response can grossly be divided into innate

and adaptive responses, which interact effectively in a

complex series of coordinated events to protect higher

organisms from invading pathogens. The innate immune

response is important early in immune-mediated events,

is present in individuals at all times, and does not increase

in magnitude on repeated exposure to pathogens, whereas

the adaptive or acquired immune response is directed at

speci®c antigens, increases in magnitude with repeated

exposure to those antigens, and results in immunological

memory. The roles lymphocytes play in the immune re-

sponse encompass a spectrum covering both innate and

adaptive immune responses. Cell lineages include B lym-

phocytes, T lymphocytes, and natural killer cells. The B

and T lymphocytes bear antigen-speci®c receptors and are

the primary effector cells responsible for adaptive im-

mune responses; conversely, natural killer cells lack

antigen-speci®c receptors and play a role in innate im-

mune responses.

INTRODUCTION

Lymphocytes are bone marrow-derived cell lineages
arising from a common lymphoid progenitor (Table I).
In general, lymphocytes can be classi®ed by cell surface
receptors and by the speci®c immune functions attrib-
uted to each cell type. In this scheme, understanding
how lymphocytes are classi®ed is fundamental to assign-
ing a function for lymphocytes in the immune response.
Lymphocytes circulate freely throughout the body and
perform their functions in concert with other immuno-
logically relevant cells and factors. An in-depth under-
standingof lymphocyte functionrequiresunderstanding
how lymphocytes circulate, interact with other cells,
and perform their effector functions; although this is
beyond the scope of this article, lymphocytes and
their classi®cation and function will be discussed within
the structural framework of their functions in the im-
mune response.

NATURAL KILLER CELLS

Natural killer (NK) cells, in contrast to B cells and T
cells, lack antigen-speci®c receptors and play a role in
the innate immune response. NK cells are functionally
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de®ned by their ability to kill tumor cell lines without
prior immunization. The mechanism by which NK cells
kill their targets is similar to that of cytotoxic T lym-
phocytes. Cytotoxic granules are released by NK cells
onto the surface of the target cell, penetrating the target
cell membrane and resulting in programmed cell death
of the target. NK cells bear two classes of receptors,
activating receptors and inhibitory receptors. Inhibitory
receptors recognize `̀ normal'' self major histocompati-
bility complex (MHC) class I molecules, expressed on
all nucleated cells, and thus inhibit the killing of self
when normal self MHC I is expressed. Activating recep-
tors recognize a variety of ligands present on infected or
malignant cells. NK cell function requires the express-
ion of activating ligands by target cells as well as de-
creased or abnormal expression of self MHC I, thus
allowing NK cells to receive an activating signal in
the absence of an inhibitory signal. NK cell function
can be enhanced by exposure to some cytokines, in
particular interferon g (IFNg) and interleukin-12 (IL-
12) produced by macrophages early in the immune re-
sponse. Therefore, NK cells are a key component of the
early (innate) immune response and are crucial for re-
moval of abnormal and/or infected cells. The variety,
repertoire, and restriction of the inhibitory and activat-
ing receptors on NK cells are not well understood and
provide an area of active investigation.

COMMON PROPERTIES OF
B AND T LYMPHOCYTES

In comparison to other cell types in the body, and to
other cell types in the immune system speci®cally, B and
T lymphocytes share many unique properties. The B and
T lymphocytes are the cornerstones of the adaptive im-
mune response, which is remarkable for its diversity,
speci®city, and memory. These characteristics are pri-
marily due to the unique B and T lymphocyte surface
receptors, the B cell receptor (BCR) and the T cell re-
ceptor (TCR). These receptors are generated by gene
rearrangement of somatic DNA during the development

of each B or T lymphocyte. This process results in the
generation of billions of B and T lymphocytes, each
expressing a unique receptor with its individual antigen
speci®city. Importantly, B and T lymphocytes express
multiple copies of a single rearranged receptor on their
surface, allowing them to recognize exclusively a single
antigen. The development and function of lymphocytes
are determined by signals received through these recep-
tors. Through these unique antigen-speci®c receptors,
B and T lymphocytes have the ability to respond to a
diverse repertoire of antigens in a very speci®c way. The
B and T lymphocytes also share the property of clonal
expansion. When mature B and T lymphocytes encoun-
ter antigens speci®c for their receptors, in the appropri-
ate environment, they respond and divide multiple
times to produce clonal populations of lymphocytes
expressing the same receptor. This clonal population
has the ability to produce an augmented immune re-
sponse on reexposure to the same antigen, and thus
forms the basis for immunological memory, the princi-
ple behind vaccination.

B LYMPHOCYTES

The B lymphocytes recognize native antigen via their
BCR and can participate in the immune response at
multiple levels; however, one function unique to B lym-
phocytes is their differentiation into plasma cells, which
produce secreted immunoglobulin, or antibody. After
activation of mature B lymphocytes by ligation of the
BCR by speci®c antigen, B lymphocytes may undergo
additional rearrangement of their somatic DNA and dif-
ferentiate into plasma cells to produce different classes,
or isotypes, of immunoglobulins (IgA, IgM, IgG, IgE,
and IgD). The various isotypes of immunoglobulins
produced retain the antigen speci®city of the progenitor
B lymphocyte, although different isotypes of immuno-
globulin perform distinct functions in the immune re-
sponse. A prime example of these distinct functions is
the role luminal IgA plays in protecting the host from
invading pathogens at mucosal surfaces. In addition

TABLE I Lymphocyte Cell Lineages

Natural killer cells B lymphocytes T lymphocytes

Arise from a common lymphoid

progenitor in the bone marrow

Arise from a common lymphoid

progenitor in the bone marrow

Arise from a common lymphoid

progenitor in the bone marrow

Non-antigen-speci®c inhibitory

and activating receptors

Antigen-speci®c receptors recognizing

native antigen

Antigen-speci®c receptors recognizing

antigen in association with MHC molecules

Important in innate immune

responses

Important in adaptive immune responses Important in adaptive immune responses
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to this unique effector function, B lymphocytes may also
act as antigen-presenting cells (APCs), which, in asso-
ciation with class II MHC on their cell surface, present
antigen to responding T cells.

The B lymphocytes can be divided into two cate-
gories, B-1 and B-2 B lymphocytes (Table II), which
can be distinguished by the expression of cell surface
molecules. Although both B-1 and B-2 B lymphocytes
can differentiate into antibody-producing plasma cells,
the pathways they take to achieve this state differ. B-2
B lymphocytes require cognate T lymphocyte interac-
tions in order to differentiate optimally into antibody-
producing plasma cells. The optimal differentiation of
these B cells into high-af®nity antibody-producing
plasma cells is also dependent on the presence of orga-
nized lymphoid structures. These structures facilitate
somatic hypermutation, a process in which B lympho-
cytes modify the genetic coding of the hypervariable
region of the immunoglobulin gene responsible for
binding antigen. This allows the development and se-
lection of B lymphocytes expressing immunoglobulin
genes with high af®nity for a speci®c antigen. Mature B-
2 B lymphocytes are continually produced by the bone
marrow and circulate throughout the body.

In contrast to B-2 B lymphocytes, B-1 lymphocytes
arise from a self renewing pool located primarily in the
peritoneal and, to a lesser extent, pleural cavities. In
comparison to B-2 B lymphocytes, B-1 B lymphocytes
express a restricted repertoire of BCR, and do not re-
quire cognate T lymphocyte interactions for their dif-
ferentiation into plasma cells, although they can bene®t
from cytokines produced by T lymphocytes. B-1 B lym-
phocytes do not undergo the process of somatic hyper-
mutation and therefore are not optimal producers of
high-af®nity antibodies. In addition, B-1 B lymphocytes
do not display a strong memory response. Collectively,
these observations suggest that B-1 B lymphocytes may
play a role in the nonadaptive (innate) phase of the
immune response.

T LYMPHOCYTES

ab and gd T Lymphocytes

The T lymphocytes can be categorized by the chains
comprising their TCR. The TCR present on the surface
of T lymphocytes is a heterodimer composed of either
a and b chains or g and d chains, thus dividing T lym-
phocytes into two distinct categories, ab T lymphocytes
and gd T lymphocytes. The gd T lymphocytes are pref-
erentially enriched at some mucosal surfaces and bind
antigen in association with nonclassical MHC mole-
cules. The TCR repertoire of gd T lymphocytes is
more restricted when compared with the TCR reper-
toire of ab T lymphocytes. The function of gd T lym-
phocytes is poorly understood, and they are felt to
represent a more primitive form of the adaptive immune
response.

T Lymphocytes Recognize Antigen in the
Context of MHC

In contrast to B lymphocytes, which recognize
native antigen via the BCR, T lymphocytes recognize
antigen peptides bound to specialized cell surface gly-
coproteins, MHC molecules. There are two classes of
MHC molecules with different patterns of expression.
Class I MHC, or MHC I, is expressed on all nucleated
cells in higher organisms, whereas MHC II expression is
primarily restricted to APCs. In contrast to B lympho-
cytes, T lymphocytes undergo maturation and selection
in the thymus. During this time, T lymphocytes with
gene rearrangements that produce a functional TCR
with the ability to bind self MHC complexes on stromal
cells in the thymus are either positively or negatively
selected. Only T lymphocytes bearing TCRs binding
self MHC with the appropriate af®nity are positively
selected. The T lymphocytes expressing TCRs binding
self MHC with high af®nity represent self-reactive T
lymphocytes and are eliminated, as are T lymphocytes

TABLE II Properties of B-1 and B-2 B lymphocytes

B-1 B lymphocytes B-2 B lymphocytes

Self-renewing from the peritoneal and

pleural cavity

Renewed from the bone marrow

Spontaneous immunoglobulin production Low or no spontaneous immunoglobulin production

Do not require cognate T lymphocyte

interactions for differentiation into

plasma cells

Require cognate T lymphocyte interaction for differentiation

into plasma cells

Little or no somatic hypermutation Somatic hypermutation to produce high-af®nity antibody

Little or no memory response Strong memory response

Contribute to fecal immunoglobulin production Contribute to fecal immunoglobulin reproduction
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bearing TCRs lacking the ability to bind self MHC,
because these thymocytes will be unable to respond
to antigen presented by self MHC-bearing antigen-
presenting cells. This process generates a diverse pop-
ulation of T lymphocytes with the capacity to recognize
antigens in association with self MHC.

CD4 (Helper) and CD8 (Cytotoxic)
T Lymphocytes

The T lymphocytes may be further classi®ed by their
expression of the CD4 and CD8 coreceptors (Table III).
The CD4 coreceptor facilitates interactions between the
TCR and the class II MHC expressed on APCs, and
the CD8 coreceptor facilitates interactions between
the TCR and the class I MHC expressed on nucleated
cells. Thus, T lymphocytes expressing the CD4 corecep-
tor can recognize antigens only in the context of self
MHC II, and are appropriately named `̀ helper'' T lym-
phocytes, based on their function. T Lymphocytes ex-
pressing the CD8 coreceptor can recognize antigens
only in the context of self MHC I and are thus named
`̀ cytotoxic'' T lymphocytes, based on their function.

The T lymphocytes produce two classes of effector
molecules, cytotoxins and cytokines. Cytotoxins are
primarily produced by CD8 T lymphocytes responding
to antigens presented in association with self MHC I. On
the recognition of antigen/MHC complexes by the liga-
tion of the TCR, CD8� T lymphocytes release lytic
granules, resulting in the death of their targets. In
this way CD8� T lymphocytes selectively eliminate
infected or damaged target cells.

Although both CD4 and CD8 T lymphocytes
produce cytokines, cytokines are the primary mecha-
nism by which CD4 T lymphocytes mediate their effects.
Previously activated CD4 T lymphocytes produce spe-
ci®c patterns of cytokines on reactivation, resulting in
phenotypic patterns of immune responses. For example,
one pattern of cytokine expression by CD4 T lympho-
cytes may facilitate immunoglobulin class switch by B
lymphocytes and their subsequent differentiation into
plasma cells, whereas another pattern of cytokine

expression may promote proin¯ammatory cell-
mediated immune responses. The production of speci®c
patterns of cytokines is reproducible once a CD4
T lymphocyte has fully differentiated, and thus the
pattern of cytokines produced by differentiated CD4
T lymphocytes is a means to further subdivide these
T lymphocytes into functional groups, or subsets. The
factors directing the differentiation of CD4 T lympho-
cytes into the different subsets are at least partially
dependent on the cytokine milieu present when an un-
differentiated, or naive, T lymphocyte ®rst encounters
antigen and MHC. Thus, although CD4 T lymphocytes
are primary effectors of the acquired immune response,
they can promote a spectrum of phenotypic responses,
including tolerance, humoral (antibody-mediated) im-
mune responses, and proin¯ammatory cellular immune
responses.

LYMPHOCYTE FUNCTIONS RELEVANT
TO THE GASTROINTESTINAL TRACT

Lymphocyte Location in the
Gastrointestinal Tract

The gastrointestinal tract contains the largest num-
ber of lymphocytes in the body. These lymphocytes are
distributed throughout the gastrointestinal tract in three
phenotypically and physically distinct compart-
ments: the Peyer's patches (PPs), the lamina propria
lymphocyte (LPL) compartment, and the intraepithelial
lymphocyte (IEL) compartment (Fig. 1).

Peyer's patches are organized lymphoid structures
located on the antimesenteric border of the small intes-
tine. These structures resemble lymph nodes in archi-
tecture and composition, however they lack afferent
lymphatics and sample luminal antigens via specialized
antigen-transporting cells known as microfold cells
(M cells), which are located in the overlying follicle-
associated epithelium. Peyer's patches contain predom-
inantly B-2 B lymphocytes and some ab T lymphocytes.
The organization of the Peyer's patches allows optimal
interactions of B lymphocytes, T lymphocytes, and

TABLE III Properties of CD4 and CD8 T Lymphocytes

CD4� (helper) T lymphocytes CD8� (cytotoxic) T lymphocytes

Undergo selection and maturation in the thymus Undergo selection and maturation in the thymus

Recognize antigen in association with

MHC II expressed on antigen-presenting cells

Recognize antigen in association with MHC I

expressed on nucleated cells

Major effector functions mediated by the

production of cytokines

Major effector functions mediated by the release

of cytotoxins

Mediate a variety of effects, depending on the

pro®le of cytokines produced

Kill cellular targets
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APCs for the induction of immune responses. Thus,
Peyer's patches are thought to be the site of induction
of intestinal immune responses. In the colon, lymphoid
nodules, which are structures with an architecture
similar to that of the Peyer's patch, are felt to perform
analogous functions.

The lamina propria is a loosely organized lymphoid
compartment within the supporting stroma of the in-
testine. The composition of the bone marrow-derived
cells within the lamina propria resembles that of the
Peyer's patch; in addition, the lamina propria contains
a population of NK cells. However, in contrast to the
Peyer's patch, a majority of lymphocytes within the lam-
ina propria have a phenotype consistent with previous
activation. The lamina propria is the major effector com-
partment for the intestinal immune response, contain-
ing a majority of plasma cells responsible for fecal
immunoglobulin production, and is the site of mono-
nuclear cell in®ltration and inappropriate in¯ammatory
responses in intestinal in¯ammatory disorders.

The IEL compartment contains T lymphocytes and
NK cells, interspersed among the intestinal epithelial
cells. In contrast to more classic lymphoid structures,
an increased proportion of T lymphocytes in the IEL
compartment bear the gd TCR and the CD8aa isoform
of the CD8 coreceptor, which have been associated with
extrathymic T lymphocyte development. The function
of intraepithelial lymphocytes is poorly understood.

Homing

The mucosal immune system in general, and the
intestine speci®cally, have a unique ability to transmit
antigen-speci®c immune responses selectively between
distant mucosal surfaces. The mechanism allowing
these coordinated immune responses is lymphocyte
homing, a series of events in which lymphocytes acti-
vated by speci®c antigen at a mucosal surface selectively
migrate to and reside in a distant mucosal surface to
perform their effector function. Lymphocyte homing to
the intestine is a multistep process involving antigen-
speci®c activation of lymphocytes, resulting in the se-
lective migration of these lymphocytes to their effector
sites, the LPL and IEL compartments (Fig. 1). Homing is
at least partially dependent on induced expression of
cell surface molecules (integrins) by lymphocytes in the
Peyer's patch. Integrins bind speci®c receptors on spe-
cialized venules in the lamina propria, thus allowing
lymphocytes activated in the Peyer's patch to cross
these venules and reside in the lamina propria. This
multistep process allows for the coordinated transmis-
sion of antigen-speci®c responses between distant
mucosal surfaces.

Fecal Immunoglobulin Production

A primary function of the intestinal immune system
is the production of fecal immunoglobulin, which is

FIGURE 1 Distribution of lymphocytes in the gastrointestinal tract.
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important for protection against invading organisms at
mucosal surfaces. The events resulting in the produc-
tion of fecal immunoglobulin are complex and involve
the activation, migration, and differentiation of both B-1
and B-2 B lymphocytes (Fig. 1). B-1 B-lymphocytes con-
tributing to the pool of plasma cells that produce fecal
immunoglobulin arise primarily from the peritoneal
cavity and migrate to the intestinal lamina propria to
perform their effector function. These B-1 B-lympho-
cytes undergo differentiation into plasma cells during
their migration or shortly after their arrival in the in-
testinal lamina propria. In contrast, B-2 B-lymphocytes
contributing to the pool of plasma cells that produce
fecal immunoglobulin arise from organized lymphoid
structures and differentiate into plasma cells after their
arrival in the intestinal lamina propria. Therefore,
understanding the regulation of fecal immunoglobulin
production requires accounting for factors inducing
the migration and differentiation of two phenotypically
and physically distinct subsets of B lymphocytes.

Fecal immunoglobulin is predominantly of the IgA
isotype and to a lesser extent of the IgM isotype. Mech-
anistically, this arises for two reasons: (1) the need for
antibody to cross the intestinal epithelium to enter the
intestinal lumen and (2) the preference for lamina
propria plasma cells to produce immunoglobulin of
the IgA isotype. Antibody of the IgA isotype can be
formed as monomers or dimers held together by a poly-
peptide, the J chain. Monomeric IgA is predominant in
the serum whereas dimeric IgA predominates in intes-
tinal secretions. Dimeric IgA produced by plasma cells
in the intestinal lamina propria has the ability to bind a
polymeric immunoglobulin (poly-Ig) receptor on the
basolateral surface of intestinal epithelial cells. Binding
the poly-Ig receptor allows for the uptake and transport
of dimeric IgA across the epithelium into the intestinal
lumen. IgM is a pentameric immunoglobulin with the
ability to bind the polymeric Ig receptor as well, and
therefore IgM may also be transported across the intes-
tinal epithelium into the intestinal lumen. The prepon-
derance of IgA-producing plasma cells in the intestinal

lamina propria and the preferential production of di-
meric IgA by these plasma cells contribute to making
IgA the most abundant immunoglobulin isotype in the
intestinal lumen.

CONCLUSION

Lymphocytes are cells comprising B lymphocytes,
T lymphocytes, and natural killer cells, all lineages aris-
ing from a common lymphoid progenitor in the bone
marrow. Lymphocytes circulate throughout the body
and perform a wide variety of effector functions in
both the early (innate) and late (adaptive) phases of
the immune response. In general, lymphocytes can be
subclassi®ed into cell types by their expression of cell
surface molecules, and by speci®c immune functions
assigned to these cell types. Lymphocytes play a prom-
inent role in host defense and are speci®cally responsi-
ble for carrying out coordinated immune responses
between mucosal surfaces and for the production of
fecal immunoglobulin. An in-depth understanding of
lymphocyte function requires understanding how lym-
phocytes mature, differentiate into effector cells, and
interact with other cells, both bone marrow derived
and non-bone marrow derived.

See Also the Following Articles
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Lymphomas

HYUN SIL KIM

University of California, San Diego

enteropathy-associated T-cell lymphoma (EATL) A clini-

cally aggressive tumor typically seen in patients with a

long history of celiac disease. Unlike other gastrointest-

inal lymphomas, EALT is a T-cell lymphoma derived

from the intestinal intraepithelial T-cell population.

mucosa-associated lymphoid tissue (MALT) lymphoma A

low-grade primary B-cell gastric lymphoma associated

with Helicobacter pylori infection; a MALT-like organiza-

tion of the stomach is induced by chronic gastric

in¯ammation and development of lymphoma.

The gastrointestinal tract is the most common site

of extranodal primary lymphoma involvement. The

non-Hodgkin's lymphoma is the predominant variety,

usually involving the stomach and small intestine, as pri-

mary colonic lymphoma constitutes 510% of all gastro-

intestinal lymphomas. Primary intestinal Hodgkin's

lymphoma is relatively rare. Patients who have immuno-

logic disorders, such as collagen vascular disease, congen-

ital immune de®ciency syndromes, and acquired

immunode®ciency syndrome, have an increased risk of

developing gastrointestinal lymphomas. In addition,

organ-transplanted patients who have received immuno-

suppressive agents are at risk of developing lymphomas of

the intestine.

NON-HODGKIN'S LYMPHOMA

The majority of intestinal lymphomas are of the non-
Hodgkin's type and, except for enteropathy-associated
T-cell lymphoma, the B-cell variety predominates.
These B-cell lymphomas are categorized according to
their histological features: diffuse large cell or small
noncleaved cell lymphomas. The stomach is often the
most common site of primary lymphoma in Western
countries and is seen in 50ÿ80% of cases, followed
by the small intestine (10ÿ30%) and the colon (510%).

Clinical Features

The initial presenting symptoms depend on the site
and the extent of lymphomatous involvement, but usu-
ally patients will have nonspeci®c abdominal pain/

cramps, weight loss, malaise, abdominal distension,
malabsorption, or anemia. Intestinal perforation can
also occur, particularly in small intestinal lymphomas.
Other complications, such as intussuception and ob-
struction, have also been reported. Physical examina-
tion may be normal, but often abdominal distension or
mass may be detected along with occult blood in the
stool. Along with history and physical examination, the
diagnostic workup usually includes endoscopies for a
diagnosis and to obtain tissue specimens, abdominal
and pelvic computed tomography, and barium studies
of the upper and lower gastrointestinal (GI) tract for
localization. Endoscopically, intestinal lymphomas
have varied appearances and may present as multifocal
ulcerations with irregular margins, nodules, large
masses, or diffuse mucosal thickening with loss of
normal intestinal folds.

Disease Course

The important considerations for the staging of lym-
phomas include tumor histology, extraintestinal lymph
node involvement, extent of metastasis, and size of the
tumor. Poor prognostic features include advanced stage,
aggressive tumor growth, tumor mass 47 cm, invasion
through the intestinal wall, unresectability, and bcl-2
oncogene rearrangement. The 2-year survival rate is
� 80% for the early stage lymphomas, but in the ad-
vanced stage, the survival rate decreases to 530%.

Treatment

The therapy for intestinal lymphoma depends on the
stage of the disease. Surgical debulking is recommended
for patients with high tumor burden followed by che-
motherapy and/or radiotherapy to improve survival,
even for patients with stage IV disease. Surgical inter-
ventions have shown survival bene®ts, particularly in
patients with obstructive tumors and in those who are at
high risk of tumor perforation or massive hemorrhage.
Since curative resection has been dif®cult to achieve,
especially for the advanced aggressive tumor, a com-
bined treatment plan with surgery, chemotherapy,
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and radiotherapy has most often been utilized. The most
commonly used chemotherapeutic agents for intestinal
lymphoma are cyclophosphamide, doxorubicin, pred-
nisone, methotrexate, vincristine, and bleomycin,
which are used as a combination treatment. For those
patients who demonstrate a complete response to che-
motherapy, the predicted 4-year survival rate is
80ÿ85%.

Lymphomas in Human
Immunode®ciency Virus

In patients with human immunode®ciency virus in-
fection, the non-Hodgkin's lymphoma of the intestine is
the second most common extranodal site affected and
has been known to occur in approximately 10% of pa-
tients. The majority of these B-cell lymphomas are of a
highly aggressive, immunoblastic type. In addition to
vague abdominal symptoms, some patients have
presented with entero-colonic ®stulas and bowel perfo-
ration. EpsteinÿBarr virus, human herpesvirus 8,
and Kaposi's sarcoma-associated herpesvirus have
been associated with intestinal lymphomas in acquired
immunode®ciency syndrome. Treatment options are
similar to those for other non-Hodgkin's lymphomas,
and surgical debulking procedures, chemotherapy (cy-
clophosphamide, doxorubicin, vincristine, and predni-
sone to name a few), and radiation therapy have all been
used with variable success. Successful treatment and
response depend on the stage of the lymphoma
and other prognostic factors, such as tumor histology
and cytogenetic abnormalities.

MUCOSA-ASSOCIATED LYMPHOID
TISSUE-TYPE LYMPHOMA

Of the primary gastric lymphomas, mucosa-associated
lymphoid tissue (MALT) lymphoma has been of a par-
ticular interest due to its indolent clinical course and
the causative agent that is associated with this type of
lymphoma. Helicobacter pylori is a multi¯agellate
microaerophilic bacterium that colonizes the stomach
and has been correlated with the induction of gastritis
and peptic ulcer disease. In addition, H. pylori is asso-
ciated with low-grade B-cell gastric MALT lymphoma in
80ÿ90% of cases. Low gastric pH is an important aspect
of the host defense system against bacterial infection in
the stomach; however, H. pylori produces urease, which
is active at low pH and produces ammonium, which
creates a neutral environment where the bacteria can
live and multiply. Although the exact pathogenesis of
MALT lymphoma from H. pylori infection has not been
de®ned, the bacterial infection clearly exerts a strong

antigenic stimulus on the host immune response and a
prolonged, chronic H. pylori infection most likely in-
duces a malignant transformation of activated B cells.

In healthy individuals, MALT is found mostly in the
terminal ileumÐPeyer's patches being a prime example
of this type of organized lymphoid follicleÐbut MALT
lymphoid follicles do not exist in the stomach. However,
in the setting of H. pylori infection, gastric MALT
formation has been demonstrated consistently in all
gastric tissues examined and the organism itself has
been shown to be an important driving force in the
stimulation of tumor-in®ltrating lymphocytes. Due to
its association with gastric MALT lymphoma and gastric
cancer, H. pylori is now considered an infectious
carcinogen.

Patients with MALT lymphoma will have clinical
symptoms similar to those with peptic ulcer disease
or gastritis, which include epigastric pain, nausea, dys-
pepsia, and bleeding. Endoscopy of the stomach may
show gastritis, ulceration, or erosion. Since the antrum
and distal body are common sites of H. pylori infection,
gastric MALT lymphomas occur mostly at these sites,
although any area of the stomach can be affected. His-
tologically, the structure of the MALT lymphoma re-
sembles Peyer's patches and displays diffuse reactive
polymorphic lymphoid follicles, which are notable for
small- to medium-sized B cells in®ltrating the epithe-
lium in low-grade MALT lymphoma. Characteristic
lymphoepithelial lesions with invasion of the epithe-
lium by neoplastic B cells, or centrocytes, are prominent
histologic features and immunohistologic staining of
these lesions with pan-B-cell antibodies will be positive.
Unlike other nodal B-cell lymphomas, MALT lym-
phoma has different genotypes and is characteristically
negative for bcl-2 oncogene rearrangement. It has also
been reported that trisomy 3 occurs in 460% cases
of low-grade MALT lymphoma. One genetic defect,
t(11;18) (q21;q21), has been observed to occur specif-
ically in MALT lymphomas and this particular translo-
cation defect was seen in approximately 65% of patients
who do not respond to H. pylori eradication.

For the treatment of low-grade MALT lymphoma,
eradication of H. pylori with various combinations of
antibiotics has been shown to induce clinical remission
in 70ÿ90% of cases. Zithromycin, ampicillin, ¯agyl, and
tetracycline along with acid suppressive agents have
been commonly used for H. pylori treatment. Although
MALT lymphoma is an indolent tumor and responds
well to antibiotics for tumor regression, high-grade
MALT lymphoma generally does not respond to the
standard H. pylori therapy. Combinations of chemother-
apy with cyclophosphamide, doxorubicin, vincristine,
and prednisone, radiotherapy, and (or) gastric resection
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have shown various survival rates ranging from 50 to
100% in those patients who did not respond to
anti-H. pylori treatment.

ENTEROPATHY-ASSOCIATED
T-CELL LYMPHOMA

In a subset of patients with a long history of celiac dis-
ease, enteropathy-associated T-cell lymphoma (EATL)
has been observed. In contrast to the majority of primary
intestinal lymphomas, which are of B-cell origin, EATL
is strictly a T-cell lymphoma. As a complication of the
disease, EATL is typically seen in the ®fth decade of life
and can occur even in the setting of a strict compliance
with a gluten-free diet. Patients can present with abdom-
inal pain, diarrhea, weight loss, and anemia and
symptoms may resemble those with recurrent or refrac-
tory celiac disease.

The most common site of EATL involvement is the
jejunum and EATL can be multifocal. Endoscopically,
mucosal ulcerations of the small intestine may be ob-
served. Immunohistologic studies of the bowel speci-
mens from EATL demonstrate clonal rearrangements of
the T-cell receptor in 490% of the tumors examined
and, in some patients, showed identical T-cell receptor
gene arrangements in the tumor and in the adjacent
diseased intestine. Thus, EATL is believed to arise
from a clonal transformation of in¯ammatory intestinal
intraepithelial T cells into malignant lymphoma. The
exact mechanism of development of enteropathy-asso-
ciated T-cell lymphoma from chronic enteropathy due
to gluten intolerance is unknown, although some
studies have linked Epstein-Barr virus infection with
the development of EATL in patients with celiac disease.

Generally, EATL follows a highly aggressive clinical
course and carries a poor prognosis. One study has re-
ported a 5-year survival of 510% with �50% mortality
rate within 6 months of diagnosis. Therefore, although
current chemotherapeutic regimens and surgical

intervention have shown some success, early clinical
suspicion and detection in patients with long-standing
celiac disease who develop diarrhea and other
symptoms are strongly recommended.
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Lynch Syndrome/Hereditary Non-Polyposis
Colorectal Cancer (HNPCC)
C. RICHARD BOLAND

Baylor University Medical Center, Dallas

DNA mismatch repair system Group of proteins that

recognize and correct errors made by DNA polymerase

during DNA replication.

germ-line mutation Parentally inherited mutation that is

present in every cell of the body.

human Mut S homologue 2 Mismatch repair gene.

microsatellite Short, repetitive DNA sequence; repeats

consist most commonly of mononucleotide repeats (An,

Gn, etc.), dinucleotide repeats ([Can]), trinucleotide

repeats, or occasionally tetranucleotide or pentanucleo-

tide repeats. Poly(A) or dinucleotide repeats are, by far,

the most common of these. These repetitive sequences

are highly prone to insertion or deletion mutations

during DNA replication, and require DNA mismatch

repair activity for faithful replication.

microsatellite instability Mutational signature in which

ubiquitous errors are seen in repetitive DNA sequences

as a consequence of losing mismatch repair activity.

somatic mutation Acquired mutation in a non-germ-line

tissue.

Lynch syndrome is one of the familial, genetic forms of

colorectal cancer. It is inherited as an autosomal dominant

disease caused by a germ-line mutation in one of the genes

involved in DNA mismatch. Historically, the disease

has also been called hereditary non-polyposis colorectal

cancer to distinguish it from the far less common, but

phenotypically more distinctive disease, familial adeno-

matous polyposis. Familial adenomatous polyposis is

characterized by hundreds to thousands of premalignant

adenomatous polyps, which antedate the onset of cancer.

In Lynch syndrome, the number of antecedent adenomas

is relatively small, but these are prone to rapid conversion

into cancers. Thus, Lynch syndrome is characterized by

some precursor polyps, but not ¯orid polyposis, and a

very high risk for cancers of the colorectum and

other sites.

INTRODUCTION

Colorectal cancer is a very common and highly lethal
disease that affects approximately 150,000 Americans
each year. Approximately one-third of these patients
will succumb to this disease; however, the outcome is

highly dependent on the stage of disease at the time of
diagnosis. Diagnosis of the disease in stage 1 or 2 can
lead to a cure in 80ÿ95% of the cases.

Familial clusters of cancer occurring inyoungpeople
raise the possibility of Lynch syndrome. The diagnosis is
®rst suspectedonclinical groundswhen the `̀ Amsterdam
criteria'' are met. These consist of a family with at least
three members with a characteristic cancer of this dis-
ease (see later), one of whom is a ®rst-degree relative of
the other two, in which one person has developed cancer
at age 50 or less, and familial adenomatous polyposis
(FAP) has been ruled out. About 2ÿ3% of all colorectal
cancers are thought to be Lynch syndrome on the basis of
a germ-line mutation in a DNA mismatch repair (MMR)
gene. The actual number of cancers that are caused by
germ-line mutations in a DNA MMR gene is probably
higher than currently appreciated, because the current
technologies can identify mutations only half the time,
even in well-characterized families. When a de®nitive
diagnosis can be madeby ®ndinga germ-line mutation in
a DNA MMR gene, the disease can be called Lynch
syndrome. Other names historically associated with
this disease include cancer family syndrome and site-
speci®c hereditary colon cancer. These terms are mis-
leading because they imply that the colon is the exclusive
organ at risk for cancer, which is not the case.

CLINICAL MANIFESTATIONS

The average age to develop a sporadic colon cancer in the
United States is approximately 69 years. In the setting of
Lynch syndrome, the average age is approximately
40ÿ45 years. Patients with Lynch syndrome are at
risk for cancer of several different organs; however,
not every organ is at increased risk for cancer. The life-
time risk for any cancer by age 70 in this disease is es-
timated to be 91% for men and 69% for women. The
lifetime risk of colon cancer is approximately 70%
for men and 30% for women. Women with Lynch
syndrome have a 40% lifetime risk of developing
endometrial cancer. There are substantially increased
risks for cancers of the stomach, small intestine, ovaries,
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renal pelvis, ureter, pancreas, central nervous system,
andhepatobiliary system. However, there isno increased
risk for cancers of the lung or breast, for example. The
premorbid phenotype is, with some exceptions, normal
for carriers of a mutant DNA MMR gene. The premier
feature of the disease is the sharp increase in cancer risk
and the earlier age of onset of disease compared with the
sporadic forms. In general, these cancers develop about
25 years earlier than would be expected for sporadic
disease. Approximately 75% of sporadic colon cancers
occur distal to the splenic ¯exure, most occurring in the
sigmoid colon and rectum. In Lynch syndrome, 60ÿ70%
of colon cancers occur proximal to the splenic ¯exure.
The biological basis of the proximal predilection is
unknown.

Lynch syndrome colon cancers have a tendency to be
associated with certain unique pathological features.
These colon cancers have a tendency to appear poorly
differentiated or medullary and to be mucinous, and a
very high proportion is diploid or near-diploid. Some of
these tumors show an intense Crohn-like reaction
with a large number of tumor-in®ltrating lymphocytes.
Although none of these features is present in the majority
of colon cancers, one or more of the features will be
present often enough that an experienced pathologist
can be suspicious of Lynch syndrome in a young
patient with a proximal colon cancer that has these
pathological features. The colons of patients with
Lynch syndrome are not characterized by diffuse poly-
posis; however, there is an excess number of adenoma-
tous polyps in young people with Lynch syndrome. The
available data suggest that these benign polyps progress
to malignancy at an accelerated rate compared to spo-
radic polyps. Thus, accelerated progression of the dis-
ease is thought to be a key clinical characteristic, which
dictates the management as well. A study of patients with
Lynch syndrome at a median age of 42 years found an
incidence of adenomatous polyps of 30%; 18% of the
patients had proximal colonic adenomas and 20% had
multiple colonic adenomas. By contrast, control age-
matched patients had an overall incidence of adenoma-
tous polyps of 11%, in which 1% were proximal, and
4% of patients had multiple polyps. Additionally, there is
a striking increase in polyps with advancing age as seen
in Lynch syndrome patients compared with sporadic
patients.

THE GENETIC BASIS OF
LYNCH SYNDROME

The DNA MMR system consists of a group of proteins
that cooperate to recognize and repair errors made in

the DNA sequence during replication; some of these
genes are linked to Lynch syndrome (see Table I).
Two of the genes, human Mut L homologue 2 and
human Mut L homologue 6 (hMSH2 and hMLH1), are
the `̀ major'' DNA MMR genes. The proteins coded by
these genes will heterodimerize with a homologous pro-
tein, hMSH6 and hPMS2, respectively, to form working
protein complexes that will both recognize mismatched
DNA during its replication and lead to excision of that
region followed by resynthesis, which repairs the error.
hMSH2� hMSH6 is the principal heterodimer that rec-
ognizes single base-pair mismatches and short `̀ loop-
outs'' in the DNA that occasionally occur during an
attempt to replicate a repetitive sequence. When the
DNA polymerase encounters a mononucleotide repeat
or a dinucleotide repeat, a small proportion of these,
perhaps 1 in 100 to 1 in 1000, suffer a deletion of one or
more repetitive elements in the newly synthesized
strand, and the nascent double-stranded DNA will
have a loop-out on the template strand. If not corrected,
the daughter DNA strand will be shorter by one repeat
element after the next round of replication. The DNA
MMR system recognizes these errors, and corrects them.

The hMSH2 protein can alternatively hetero-
dimerize with the hMSH3 protein, and this protein
pair has speci®city that recognizes larger loop-outs
than those bound by hMSH2� hMSH6. Thus, by having
diverse proteins within the cell, a broad range of

TABLE I DNA Mismatch Repair Gene Mutations and

Lynch Syndrome

Gene Chromosome Link with cancer

Common cause

hMSH2 2p16 40ÿ50% of families meeting

Amsterdam criteria

hMLH1 3p21 40ÿ50% of families meeting

Amsterdam criteria

hMSH6 2p16 Causes attenuated Lynch

syndrome in 8% of familial

clusters of colon cancer

that do not meet

Amsterdam criteria

Less common

hPMS2 7p22 Uncommon cause; mutations

may be homozygous

in some families (AR)

hMLH3 14q24.3 Uncommon cause of

Lynch syndrome

No apparent

link

hPMS1 2q31 Not found in Lynch syndrome

families

hMSH3 5q11ÿq13 Not found in Lynch syndrome

families
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replication errors can be recognized. The hMLH1 pro-
tein dimerizes with hPMS2 to complete the DNA repair
process. The biochemical and biophysical details of this
are not completely understood. Two additional pro-
teins, hMLH3 and hPMS1, can also heterodimerize
with hMLH1, but again, the functions of these
complexes are not entirely understood; presumably,
they add to the ability of the system to recognize and
repair different types of replication errors.

Lynch syndrome is suspected on the basis of a strong
family history in which the Amsterdam criteria are met.
In about half of such families, a germ-line mutation can
be found in either hMSH2 or hMLH1. The proportion of
mutations found in these two genes is approximately
equal and depends on `̀ founder effects'' in the popula-
tion. In addition, a small proportion of families with
Lynch syndrome will have germ-line mutations in the
hMSH6 gene. However, because hMSH6 is not absolutely
essential for at least partial DNA MMR activity, patients
with this mutation have an attenuated form of the dis-
ease. In the case of hMSH6 germ-line mutations, the
median age to develop cancer is approximately
60 years and the penetrance for colon cancer is substan-
tially lower, but women are still at a similar risk for
endometrial cancer. Thus, germ-line mutations in
hMSH6 have been called `̀ attenuated Lynch syndrome.''
In one study of familial clusters of colon cancer in which
the Amsterdam criteria were not met, over 8% had germ-
line mutations in hMSH6.

Rare families have germ-line mutations in hPMS2;
some of these families have homozygous mutations in
this gene. It is not clear whether the very small number
of families linked to this gene re¯ect the requirement for
homozygous mutations, but if this is the case, it could
explain recessive inheritance patterns. Germ-line mu-
tations in hMLH3 have been found in Lynch syndrome,
but these are much less common compared to mutations
in hMSH2 or hMLH1. Individuals who have a germ-line
mutation in a critical DNA MMR gene have one mutated
and one wild-type copy of the gene. The DNA MMR
activity in these cells is normal. A second mutation or
other genetic event is required to inactivate the wild-
type allele inherited from the unaffected parent. When
this occurs, the cell becomes de®cient in DNA MMR
activity. MMR de®ciency is not, per se, suf®cient to
create a neoplastic phenotype. Loss of DNA MMR ac-
tivity accelerates the accumulation of mutations occur-
ring throughout the genome, particularly at
microsatellite sequences.

Most microsatellite sequences occur in introns or
between genes. Mutations in these sequences are
thought to be innocuous. However, point mutations
can occur in critical genes, and deletion mutations

are very likely to occur at microsatellite sequences in
the coding regions of genes. Many genes with coding
microsatellites have been identi®ed that encode a pro-
tein critical to the regulation of the growth of epithelial
cells (see Table II). Mutations in these `̀ target genes''
mediate the development of neoplasms in the colon,
endometrium, and elsewhere. These genes are normal
in most tissues but are mutated in the tumors.

A tumor from a patient with Lynch syndrome con-
tains thousands of microsatellite mutations, referred to
as microsatellite instability (MSI). (There are hundreds
of thousands of these sequences in the genome.) An
indirect way to help con®rm a suspicion of Lynch
syndrome is to determine whether the tumor has
MSI. Finding this molecular signature in a tumor indi-
cates that the tumor developed in the absence of DNA
MMR activity. About 12ÿ15% of all colorectal cancers
have MSI, but only about 25% of these are attributable to
Lynch syndrome. The other 75% are due to an acquired
silencing of the hMLH1 gene, by hypermethylation of
the gene promoter. When a tumor has MSI, immuno-
histochemistry can detect hMSH2 and hMLH1 proteins.
The absence of expression of one of these two proteins
strongly suggests its involvement in causing the disease.
The absence of hMSH2 expression almost always indi-
cates Lynch syndrome. However, hMLH1 staining in-
volves additional consideration. It may not be expressed
due to the acquired silencing of its gene (which usually
occurs in older individuals, making it easier to distin-
guish from Lynch syndrome). Also, some missense mu-
tations in hMLH1 inactivate the protein, but do not
abrogate its immunoreactivity.

Some complexity in genotypeÿphenotype relation-
ships has been found. The simultaneous presence of a
common and otherwise innocuous polymorphism in
the cyclin D1 gene is associated with a median onset
of cancer 10 years younger in some kindreds with
hMSH2 mutations, creating a more virulent situation.
Germ-line mutations in the hMSH6 gene lead to a more
attenuated form of the disease, with lower penetrance,
later onset, and a slight modi®cation of target organs
that develop cancer. Some patients have additional skin
lesions, including multiple sebaceous neoplasms and
keratoacanthomas; this is referred to as the MuirÿTorre
syndrome and is usually associated with germ-line
mutations in the hMSH2 gene.

MANAGEMENT OF LYNCH SYNDROME

Managing families with Lynch syndrome is a multidis-
ciplinary undertaking. First, such families are identi®ed
by obtaining a family history; the diagnosis is con®rmed
with a blood test (commercially available) for a
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germ-line mutation. Before patients have blood drawn
for genetic testing, they should be evaluated by a genetic
counselor, to ensure that they understand all of the
implications of testing before the blood is drawn. Ge-
netic counseling can be performed successfully by in-
terviewing several family members at once; however, it
may be wise to counsel members individually, because,
in some cases, patients may elect not to be tested. It is not
universally guaranteed that patients carrying a germ-
line mutation in one of these genes will not suffer dis-
crimination when attempting to obtain health or life
insurance.

Genetic testing for germ-line mutations in the DNA
MMR genes is successful in only 50% of well-character-
ized families. The family member most likely on a clin-
ical basis to be a true carrier of the mutation should be
tested. A positive test in this person can be used to make
or exclude the diagnosis in other members of that fam-
ily. A negative test is useful only once the index case is
characterized. Otherwise, negative genetic tests cannot
be interpreted, because it is not possible to distinguish
between a mutation not being present and one that is
simply not detectable.

Patients with Lynch syndrome who develop invasive
colon cancers should undergo surgical resection. If sur-
gery is to be undertaken, a subtotal colectomy is pre-
ferred over more localized surgeries to remove as much

at-risk colon as possible. It is not necessary to remove
the rectum in such patients, which makes the treat-
ment more acceptable to most individuals. The rectal
segment must be examined on a regular basis there-
after. Some patients may inquire about a prophylactic
colectomy should they be a gene carrier. This is an ac-
ceptable approach; however, careful intensive surveil-
lance colonoscopy may obviate the necessity for colonic
resection.

Patients with advanced (stage 3 or 4) colorectal can-
cer should be offered chemotherapy. Interestingly, loss
of the DNA MMR activity in vitro confers resistance to
many chemotherapeutic agents. However, empirically,
patients with Lynch syndrome have a better survival rate
than do patients with sporadic disease, and those given
adjuvant chemotherapy have a better response than is
seen in the sporadic situation. Moreover, because
patients are typically younger when they present
with the disease, they characteristically tolerate the
treatment well.

When a germ-line mutation is found in an individual
who has not yet developed a colorectal cancer,
colonoscopy should be performed every 1ÿ2 years.
One clinical study indicated that performance of a
colonoscopy every 3 years signi®cantly reduced the
mortality due to colorectal cancer. Performing
colonoscopy with careful inspection for tiny adenomas

TABLE II Target Genes of Microsatellite Instability

Repeat sequence: A10 Repeat sequence: A6

TGFb2R (regulates colonic cell growth) PTEN (has two A6 sequences)

CASPASE-5 (programmed cell death gene)

MBD4 (DNA repair gene)

Repeat sequence: C9

RIZ (programmed cell death gene)

SLC23A1

AIM2

Repeat sequence: C8

OGT

MSH6 (DNA mismatch repair gene)

SEC63 (also has A9)

Repeat sequence: G8

Repeat sequence: A9

BAX (programmed cell death gene)

BLM (DNA repair gene)

IGF2R (programmed cell death gene)

CHK1 (DNA repair gene)

Repeat sequence: G7

MLH3 (DNA mismatch repair gene)

AXIN-2 (also has C6 and A6x2)

RAD50 (DNA repair gene)

CDX2 (transcription factor)

RIZ (programmed cell death gene; also A8)

Repeat sequence: T10

TCF-4 (regulates colonic cell growth)

OGT

WISP-3 (regulates colonic cell growth)

Repeat sequence: T9

GRB-14

KIAA0977

RHAMM

NADH-UOB

Repeat sequence: A8

Repeat sequence: T7

ACTRII (growth factor receptor)

FAS (programmed cell death gene)

APAF (programmed cell death gene)

BCL-10 (programmed cell death gene)

IGFIIR (regulates colonic cell growth)

MSH3 (DNA mismatch repair gene)

hG4-1
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and removing all such lesions may prevent the devel-
opment of cancer, and surveillance is also likely to de-
tect earlier stage cancers. It is not known whether the
bene®ts of annual colonoscopy outweigh the potential
hazards of such repetitive surveillance, so the optimal
surveillance interval is still debatable.

Patients with Lynch syndrome are at increased risk
for cancer of the endometrium and ovaries. Surveillance
of these organs is not as effective in preventing invasive
cancer compared to colonoscopic surveillance in reduc-
ing colorectal cancer. Thus, women with Lynch
syndrome should be encouraged to have their uterus
and ovaries removed once they have completed their
childbearing.

Lynch syndrome patients have fourfold increase in
gastric cancer, and the median onset of disease is ap-
proximately 56 years. It is not known whether surveil-
lance endoscopic examinations will be of bene®t in
preventing death due to gastric cancer. This disease
does not develop through an adenomaÿcarcinoma se-
quence, so there is no apparent bene®t by periodic ex-
amination to remove premalignant lesions. Likewise, no
preventive strategies have been reported to be useful in
preventing death due to cancers of the small intestine,
urinary tract, pancreas, or brain. Periodic history
and physical examination and prompt attention to
new symptoms are all that can be offered. Finally, it
is not known whether aspirin or other nonsteroidal
antiin¯ammatory drugs will prevent this disease or

alter the natural history of patients with Lynch
syndrome.
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Magnetic Resonance Imaging (MRI)
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gadolinium chelate Magnetic resonance imaging intravenous

contrast agent consisting of a complex of an organic

ligand and a lanthanide metal.

in-phase gradient echo Magnetic resonance pulse sequence

in which signals from lipid and water are additive.

opposed-phase gradient echo Magnetic resonance pulse

sequence in which signals from lipid and water are

subtractive. Used to demonstrate the presence of lipid.

pulse sequence Technical parameters consisting of a set of

radiofrequency pulses, magnetic gradient pulses, and the

time intervals between pulses used to create the image

and image contrast on magnetic resonance images.

short tau inversion recovery (STIR) Magnetic resonance

pulse sequence in which T1- and T2-dependent contrasts

are additive and signal from fat is suppressed.

susceptibility Ratio of the intensity of magnetization

induced in a substance to the intensity of the magnetic

®eld to which the substance is exposed.

T1 weighted Magnetic resonance pulse sequence designed to

distinguish tissues with differing T1 relaxation times.

T2 weighted Magnetic resonance pulse sequence designed to

distinguish tissues with differing T2 relaxation times.

Objectives of liver, biliary, and pancreatic imaging with

magnetic resonance include screening for the presence of

disease, characterization of lesions, anatomic localiza-

tion, evaluation of interval change during the course of

treatment, and assessment of vascular anatomy and

patency. Magnetic resonance imaging offers excellent

soft tissue contrast, versatility, multiplanar capability,

and the possibility of a comprehensive exam that can

obviate the need for other studies. In clinical practice,

magnetic resonance imaging may be utilized as a primary

diagnostic imaging exam or as a problem solver when

other imaging studies are inconclusive.

INTRODUCTION

Because of the versatility and complexity of magnetic
resonance imaging (MRI), exams must be tailored for
speci®c clinical indications. Routine MRI examinations
are designed to utilize different techniques to maximize
tissue contrast and characterize tissue composition. The
basic pulse sequences include a T1-weighted sequence,
a T2-weighted sequence, and dynamic contrast-

enhanced T1-weighted sequences. Tissues are described
according to their signal intensity on the different
sequences. For instance, ¯uid will demonstrate hyper-
intensity on T2-weighted sequences and hypointensity
on T1-weighted sequences. Adipose tissue will demon-
strate hyperintensity on T1-weighted sequences. A
signal from lipid may be eliminated with a variety of
fat-suppression techniques.

LIVER

Technique

In general, a hepatic MRI exam consists of the fol-
lowing pulse sequences:

1.. T2 weighted or short tau inversion recovery (STIR).
2.. In-phase and opposed-phase breath-hold T1-

weighted gradient echo (GRE).
3.. Dynamic gadolinium-chelate-enhanced breath-hold

fat-suppressed T1-weighted gradient echo obtained
during the arterial dominant, portal venous, and
equilibrium phases. Three-dimensional volume
acquisitions permit multiplanar reconstruction,
volumetric renderings, and MR angiograms
(MRAs), which may be useful for diagnosis and sur-
gical planning.

4.. Additional pulse sequences may used for speci®c
indications.

Specialized `̀ liver speci®c'' intravenous contrast agents,
such as various forms of superparamagnetic iron oxide
(SPIO) particles and mangafodipir trisodium, may
improve the detection and characterization of some
liver tumors.

Diffuse Liver Disease

Fatty In®ltration

Diffuse fatty in®ltration, or hepatic steatosis, is a
common condition characterized by accumulation of
lipid within hepatocytes. The most common causes
include alcohol, obesity, diabetes mellitus, and malnu-
trition. Although fatty in®ltration is a benign condition,
a subset of patients may a progress to a hepatitis-like

M

Encyclopedia of Gastroenterology 585 Copyright 2004, Elsevier (USA). All rights reserved.



picture and ultimately cirrhosis. Consequently, MRI
may play a role in establishing the diagnosis as well
as in monitoring patients for complications.

Diffuse fatty in®ltration is diagnosed by the loss of
liver signal on opposed-phase images, compared to that
on in-phase ones (Fig. 1). Focal forms of fatty in®ltra-
tion, which can simulate a tumor on computed tomo-
graphy (CT) or ultrasound, can be readily distinguished
from a mass lesion on MRI by the absence of associated
mass effect and the demonstration of lipid using chemi-
cal shift techniques.

Iron Deposition

MRI characteristics of iron deposition rely on the
magnetic susceptibility effects of iron, resulting in loss
of signal intensity on MR images with certain pulse
sequences (Fig. 2). Primary or hereditary hemochroma-
tosis is an autosomal recessive disorder exhibiting
incomplete penetrance. Commonly involved organs
includethe liver,pancreas,myocardium,pituitarygland,
and synovium. In the liver, the iron is deposited in hepa-
tocytes. Untreated, patients may develop cirrhosis and
liver failure. MRI clari®es the distribution of iron deposi-
tion within the body and monitors for the progression of
complications. MRI can demonstrate the ®ndings of cir-
rhosis and development of hepatocellular carcinoma. It
is not uncommon for hemochromatosis to be diagnosed
initially by MRI performed for unrelated reasons.

Hemosiderosis occurs secondary to dyserythropoi-
esis or transfusional iron overload states. Excess iron
accumulates in the reticuloendothelial system, includ-
ing the spleen, bone marrow, and Kupffer cells in the
liver.

Cirrhosis

Cirrhosis is a chronic diffuse liver disease character-
ized by hepatic regeneration and ®brosis. The most

common causes include alcohol abuse, chronic viral
hepatitis, hemochromatosis, autoimmune chronic
hepatitis, primary biliary cirrhosis, primary sclerosing
cholangitis, and drug toxicity. MRI can be used to estab-
lish the diagnosis and monitor for the development of
complications, including ascites, varices, portal vein
thrombosis, and hepatocellular carcinoma.

Although the morphologic changes in cirrhosis are
quite variable, depending on the etiology, early cirrhosis
may include `̀ central atrophy'' characterized by enlarge-
ment of the hilar periportal space and expansion of the
major interlobar ®ssure and gallbladder fossa. As cir-
rhosis progresses, morphologic changes include nodu-
larity of the surface contour and parenchyma secondary
to regenerative nodules and proliferating hepatocytes
surrounded by ®brous septa (Fig. 3).

Regenerative nodules have characteristic features
on MRI that usually allow con®dent distinction from
hepatocellular carcinoma. Most commonly, they are
isointense with other background nodules on both
T1-weighted and T2-weighted images. Occasionally,
they may be hyperintense on T1-weighted images and

BA

FIGURE 1 Opposed-phase (A) gradient echo image, showing a decrease in liver signal compared with in-phase image (B), which is

diagnostic of diffuse fatty in®ltration.

FIGURE 2 T2-weighted image, showing extremely dark liver

due to iron overload.
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hypointense on T2-weighted images. However, unlike
hepatocellular carcinoma, they are rarely hyperintense
on T2-weighted images with the exception of those that
occur in the setting of chronic BuddÿChiari syndrome.
Some regenerative nodules contain iron and demon-
strate low signal intensity on all nonenhanced
sequences. However, these benign siderotic regenera-
tive nodules cannot be reliably differentiated from iron-
containing dysplastic nodules, which may be premalig-
nant lesions. Because regenerative nodules invariably
have a portal venous blood supply with minimal con-

tribution from the hepatic artery, they rarely enhance
more than background liver during the hepatic arterial
phase of gadolinium-enhanced study.

Another manifestation of cirrhosis, which may
mimic a mass lesion, is con¯uent hepatic ®brosis. On
MRI, con¯uent hepatic ®brosis may be isointense or
hypointense on T1-weighted images and hyperintense
on T2-weighted images. The contrast enhancement
pattern is variable. The presence of capsular retraction
from volume loss and scarring helps differentiate this
process from a hepatoma (Fig. 4).

A B

FIGURE 3 T1-weighted (A) and T2-weighted (B) images, showing nodular contour of a cirrhotic liver containing innumerable

regenerative nodules.

A B

FIGURE 4 T1-weighted (A) and fat-suppressed T2-weighted (B) images of a liver with cirrhosis secondary to sclerosing cholangitis,

showing liver capsule retraction adjacent to an area of con¯uent hepatic ®brosis in the posterior segment of the right lobe.
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Focal Liver Disease

Cavernous Hemangioma

Cavernous hemangiomas are the most common
benign hepatic neoplasm. They are often discovered
incidentally with no clinical consequences. On MRI,
cavernous hemangiomas are well-de®ned round or
lobulated lesions. They are usually hypointense on
T1-weighted sequences and very hyperintense on
T2-weighted sequences, approaching the signal charac-
teristics of ¯uid. The contrast-enhanced features of
cavernous hemangiomas differentiate them from
hypervascular or cystic malignant neoplasms. Most
commonly, cavernous hemangiomas demonstrate per-
ipheral nodular enhancement with progressive centri-
petal ®lling in. In some cavernous hemangiomas smaller
than 1.5 cm, immediate homogeneous enhancement
may be observed. In larger cavernous hemangiomas,
the central portion may not enhance owing to ®brosis,
thrombosis, or calci®cation.

Hepatic Cyst

Hepatic cysts are common benign lesions that occur
in 2ÿ10% of the population. They may be solitary or
multiple and range in size from a few millimeters to
several centimeters. Hepatic cysts are usually discov-
ered incidentally and have no malignant potential.
On MRI, they are well-de®ned round or oval lesions
with thin, almost imperceptible walls. Simple cysts
are very hypointense on T1-weighted sequences and
very hyperintense on T2-weighted sequences, corre-
sponding to the signal characteristics of ¯uid. Addition-
ally, simple cysts demonstrate no internal architecture
and no gadolinium contrast enhancement. Biliary
hamartoma may be indistinguishable from simple hepa-
tic cysts but are also benign entities.

Hepatic Abscess

Hepatic abscesses may result from bacterial, fungal,
or parasitic infection. In the United States, bacterial
abscesses are most common. Worldwide, however,
parasitic abscesses, in particular, are most common.
On MRI, hepatic abscesses have nonspeci®c imaging
characteristics. In the appropriate clinical setting,
multiple lesions demonstrating hyperintensity on
T2-weighted images with perilesional edema and rim
enhancement are suggestive of abscesses.

Focal Nodular Hyperplasia

Focal nodular hyperplasia (FNH) is the second most
commonbenign hepatic neoplasm. It is believed to result
from a hyperplastic response to a preexisting vascular

malformation. FNHs contain disorganized nodules of
hepatocytes and Kupffer cells that are separated by
small bile ducts lacking communication with the nor-
mal biliary tree. FNHs are usually solitary and less than
5 cm in diameter. They are most often found in women.

MRI characteristics of FNH include isointensity or
slight hypointensity compared with normal hepatic par-
enchyma on the T1-weighted sequences and slight
hyperintensity or isointensity on the T2-weighted
sequences (Fig. 5). FNH is usually homogeneous in
signal intensity with the exception of the central scar.
The central scar is hypointense to the lesion and
surrounding liver on the T1-weighted sequences (T1-
Ws) and hyperintense on the T2-weighted sequences.

A

B

FIGURE 5 Characteristic MRI appearance of focal nodular

hyperplasia that is slightly hypointense on the T1-weighted

image (A) and slightly hyperintense on the T2-weighted image (B).
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Following gadolinium chelate administration, the
lesion demonstrates marked homogeneous intense
enhancement in the arterial phase, homogeneous wash-
out in the portal venous phase, and isointensity or
mild hyperintensity in the portal venous phase. The
central scar demonstrates delayed enhancement. Only
approximately 40% of FNHs exhibit all of these MRI
characteristics and can be de®nitively characterized
with MRI.

Hepatocellular Adenoma

Hepatocellular adenoma is a benign hepatic neo-
plasm composed of hepatocytes with an absence of nor-
mal portal structures. This rare neoplasm is seen in
association with oral contraceptive use, anabolicÿ
androgenic steroid use, and glycogen storage disease
types I and III. Complications include acute hemorrhage
and rare malignant transformation.

On MRI, hepatic adenomas demonstrate heteroge-
neous signal intensity on T1-weighted and T2-weighted
sequences (Fig. 6). On T1-weighted images, foci of
hyperintensity may be present from prior hemorrhage.
Foci of hypointensity may represent necrosis or calci-
®cation. Adenomas commonly contain lipid. With
dynamic gadolinium-enhanced imaging, intense het-
erogeneous arterial phase enhancement is often seen.

Dysplastic Nodules

Dysplastic nodules (DNs) are found in 14ÿ38% of
cirrhotic livers and are considered by many to be pre-
malignant lesions. On gross pathological examination,
DNs are distinguished from regenerative nodules (RNs)
on the basis of size (usually 48 mm), color, texture, or
the degree to which they bulge from the cut surface of
the liver.

DNs are categorized as low- and high-grade lesions.
Histologically, low-grade DNs contain hepatocytes that
are minimally abnormal without architectural or cyto-
logical atypia. They usually contain portal tracts and
hepatic venules and may contain iron or copper.
High-grade DNs have cellular and architectural atypia.
Some high-grade dysplastic nodules may contain sub-
nodules of overt hepatocellular carcinomas (HCCs), the
majority of which are well differentiated.

There is signi®cant overlap in the MRI appearance of
DNs and small hepatocellular carcinomas. Most com-
monly, DNs are hyperintense on T1-Ws and hypoin-
tense on T2-Ws (Fig. 7), a pattern that is also present
with some small HCCs. Close MRI monitoring of cir-
rhotic patients who have known DNs is recommended
in order to detect changes that may herald transforma-
tion into hepatocellular carcinoma.

Hepatocellular Carcinoma

Hepatocellular carcinoma is the most common pri-
mary hepatic malignancy. It usually occurs in the setting
of chronic liver disease and cirrhosis secondary to hepa-
titis B and C, alcohol abuse, hemochromatosis, and a¯a-
toxin exposure. On MRI, hepatocellular carcinoma may
present as a solitary mass, multifocal masses, or a diffu-
sely in®ltrating lesion. Vascular invasion is common.

A

B

FIGURE 6 Characteristic MRI appearance of hepatocellular

adenoma, which demonstrates heterogeneous signal intensity

on T1-weighted (A) and T2-weighted sequences (B).
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The signal intensity characteristics on T1-weighted and
T2-weighted images are highly variable, but they are
most commonly moderately hyperintense on T2-
weighted images (Fig. 8).

The contrast enhancement pattern is dependent on
the degree of tumor differentiation and vascularity. The
most common enhancement pattern for small HCCs
(52.0 cm) is diffuse, homogeneous enhancement dur-
ing the arterial phase with rapid washout during the
portal venous phase (Fig. 8). Enhancement of a nodule
or a focus within a nodule during the arterial phase
favors a diagnosis of hepatocellular carcinoma, because
DNs usually have a predominantly portal venous blood
supply. Well-differentiated hepatomas demonstrate
minimal arterial enhancement that washes out on the

portal venous phase. Moderate and poorly differentiated
tumors demonstrate marked arterial enhancement. In a
cirrhotic liver, any focus of abnormal arterial phase
enhancement should be considered a hepatocellular
carcinoma until proved otherwise. However, as many
as 4% of low-grade DNs and 32% of high-grade DNs may
have an arterial blood supply. Thus, enhancement
of a hepatic nodule during the arterial phase, once
thought to be diagnostic of malignancy, can also
occur with DNs.

In one study, triphasic helical CT detected 17% of
HCCs 2ÿ10 mm in size, 29% 11ÿ20 mm in size, and
63% that were 420 mm; 8% had a false positive CT. In
another study, dynamic contrast-enhanced MRI had an
overall sensitivity of 37% for HCCs due to the inability
to detect the large number of tumors less than 10 mm in
size. However, the sensitivity for detecting HCCs
410 mm was 89%.

Metastasis

On MRI, hepatic metastases often demonstrate
hypointensity on T1-weighted images and hyperinten-
sity on T2-weighted images (Fig. 9). Occasionally they
are dif®cult to detect on non-contrast-enhanced images.
Hypervascular metastases may be identi®ed only on
arterial phase images. On the portal venous phase,
metastases may demonstrate inhomogeneous or ring
enhancement with early peripheral washout (Fig. 9).

BILIARY SYSTEM

Technique

With MRI, the biliary system is usually evaluated
with MR cholangiopancreatography (MRCP). The
goal with MRCP is to produce a `̀ hydrogram'' in which
the entire biliary system is bright due to the presence of
bile ¯uid (Fig. 10). There are numerous techniques for
producing T2-weighted images in which ¯uids are
bright. The trade-offs between spatial resolution,
image acquisition time, and image quality will deter-
mine the preferred technique on a particular scanner.

Cholelithiasis and Choledocholithiasis

Cholelithiasis and choledocholithiasis are common
conditions. Although many patients remain asympto-
matic, others may develop cholecystitis, pancreatitis, or
biliary tract obstruction. Additionally, patients with
biliary tract calculi may have a higher risk of developing
subsequent cholangiocarcinoma.

MRCP demonstrates the biliary and pancreatic
ductal anatomy by using T2-weighted sequences that
depict ¯uid-containing structures as hyperintense.

AAA

B

FIGURE 7 Characteristic MRI appearance in a cirrhotic liver

of dysplastic nodules (arrows) that are hyperintense on T1-

weighted images (A) and hypointense on T2-weighted images (B).
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Consequently, calculi will be seen as intraluminal ®lling
defects. Other causes of ®lling defects that must be dis-
tinguished from calculi include pneumobilia, blood
clots, and tumor. Most patients with suspected biliary
calculi are adequately evaluated with ultrasound and
nuclear medicine studies. However, ultrasound fails
to detect many common bile ducts stones in nondilated
ducts. MRCP can depict the presence or absence of
biliary tract obstruction in 91ÿ100% of cases. For cho-
ledocholithiasis, the reported sensitivity is 490% and
speci®city 494%. MRCP also provides a road map of
the biliary tree and a more comprehensive assessment of
the extrabiliary structures.

Primary Sclerosing Cholangitis

Primary sclerosing cholangitis (PSC) is a disease of
unknown etiology characterized by in¯ammation,
®brosis, and destruction of the intrahepatic and extra-
hepatic biliary tree. Approximately 70% of patients with
PSC have in¯ammatory bowel disease, most commonly
ulcerative colitis.

MRCP characteristics of PSC include beading
characterized by focal dilatation of the intrahepatic
and extrahepatic bile ducts alternating with segmental
stenoses (Fig. 11). As the ®brosis progresses, the per-
ipheral bile ducts become obliterated and the biliary
tree assumes a characteristic pruned appearance. Con-
trast-enhanced MRI may demonstrate thickening
and enhancement of the bile ducts. The hepatic par-
enchyma may demonstrate concomitant peripheral
patchy areas of atrophy with abnormal signal intensity
and enhancement.

As an adjunct imaging modality to endoscopic retro-
grade cholangiopancreatography (ERCP), MRCP offers
several potential advantages. It is noninvasive, can
depict the entire biliary tree (even in the presence of
strictures and obstruction), and may detect early
cholangiocarcinoma.

Primary Biliary Cirrhosis

Primary biliary cirrhosis (PBC) is a chronic autoim-
mune cholecystic liver disease characterized by the
destruction of small intrahepatic bile ducts. It affects
predominantly middle-aged women. The diagnosis of
PBC is based on a combination of ®ndings, including
cholestatic liver enzymes, a positive antimitochondrial

B

A

C

FIGURE 8 MRI appearance of a hepatoma. The short tau inver-

sion recovery image (A) shows a hyperintense mass in the hepatic

dome. On the arterial-phase contrast-enhanced image (B), the

mass enhances briskly. On the equilibrium-phase image (C),

the mass is isointense with the liver, but there is an enhanced

capsule.
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antibody (AMA) assay, and characteristic liver biopsy
®ndings.

In the early stages, the liver appears normal on MRI.
The hallmark of the disease is lymphadenopathy in unu-
sual locations and out of proportion to the degree of
liver disease. The presence of the `̀ periportal halo'' sign is
considered speci®c for the disease (Fig. 12). This
appears as low-signal rounded lesions centered on a
portal venous branch, 5ÿ10 mm in size, involving all
segments of liver. It corresponds pathologically to the
in¯ammatory process involving portal triads with devel-
opment of dense in®ltrate and mild ®brosis.

Cholangiocarcinoma

Most cholangiocarcinomas are ductal adenocarcino-
mas that arise from the intra- and extrahepatic bile duct
epithelium. Many predisposing conditions have been
described, most of which involve preexisting biliary
tract disease. Cholangiocarcinomas exhibit several dif-
ferent growth patterns, including polypoid, in®ltrative,
and exophytic. There is almost always some degree of
biliary dilatation, which may be localized in the case of
focal intrahepatic disease or generalized if the common
hepatic or common bile ducts are involved. The tumors
may be hypointense on T1-weighted images and mildly
hyperintense on T2-weighted ones, but they are often
dif®cult to identify on non-contrast-enhanced images.
Dynamic gadolinium-enhanced imaging may show pro-
gressive enhancement of larger tumors. This enhance-
ment may appear and be most conspicuous only on
scans delayed for 10ÿ15 minutes.

PANCREAS

Technique

MRI assessment of the pancreas usually includes an
evaluation of the pancreatic parenchyma as well as the
ductal system using an MRI protocol similar to that for
MRI of the liver and the biliary system. Fat-suppressed
T1-weighted images followed by dynamic contrast-
enhanced fat-suppressed images with thin slices (on
the order of 2ÿ3 mm) are particularly useful for diag-
nosis of pancreatic carcinoma.

Normal Pancreas

Normal pancreatic tissue demonstrates uniform
high signal on fat-suppressed T1-weighted images, pos-
sibly due to the presence of aqueous protein within the

B
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FIGURE 9 MRI appearance of lung metastases that are hypoin-

tense on T1-weighted images (A), hyperintense on T2-weighted

images (B), and show ring enhancement (C).
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acini. Immediately after the administration of gadoli-
nium chelate, there is a uniform parenchymal blush.

Pancreas Divisum

Pancreas divisum is the most common anatomic
variant of the pancreas. It results from failure of fusion
of the dorsal and ventral pancreatic ducts. The major
regions of the pancreas, including the superiorÿ
anterior parts of the head, the body, and the tail, are

drained by the long dorsal pancreatic duct through the
accessory papilla. The inferiorÿposterior parts of the
head and uncinate process are drained by the short
ventral pancreatic duct that joins the common bile
duct in the ampulla. Although it is usually an incidental
®nding, pancreas divisum is thought to be a causative
factor in some cases of recurrent pancreatitis as a result
of a functional obstruction of the minor papilla. Pan-
creas divisum may be missed with ERCP because the
standard procedure opaci®es only the ventral duct after
cannulation.

On MRCP, pancreas divisum can be diagnosed
when a dominant dorsal duct is visualized from body

A

B

FIGURE 11 MR cholangiopancreatogram in two views (A and

B) shows the beaded appearance of intrahepatic bile ducts sec-

ondary to alternating dilatation and strictures in primary scleros-

ing cholangitis.

B

A

FIGURE 10 MR cholangiopancreatogram in two views (A and

B) shows a dilated common bile duct and pancreatic duct second-

ary to metastatic ovarian carcinoma in the pancreatic head.
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to head crossing anterior to the common bile duct
(CBD) and draining superiorly and separately from
the CBD. Although it is helpful to identify the ventral
duct draining separately into the major papilla with the
CBD, this ®nding is not required for a diagnosis.

Pancreatitis

Pancreatitis is an in¯ammatory disease of the pan-
creas with acute and chronic clinical presentations. The
most common etiologies include alcoholism and
cholelithiasis. When diagnostic imaging studies are
required, CT scanning remains the study of choice.
In those patients unable to receive iodinated contrast
and in selected cases in which a biliary etiology is

suspected, MRI provides a valuable alternative imaging
modality.

In patients with pancreatitis, the pancreas may have
a diffuse low signal and decreased contrast enhance-
ment on T1-weighted images. As with CT, contrast-
enhanced scans can be used to assess necrosis. A
focal form of pancreatitis may mimic a mass. Pancreatic
duct dilatation, pseudocysts, and peripancreatic ¯uid
are readily identi®ed on T2-weighted images, and
in¯ammatory pseudocysts are the most common
small pancreatic cystic lesions.

Carcinoma

Pancreatic adenocarcinoma is the most common
malignant neoplasm of the pancreas. It is also the
most common cause of malignant biliary obstruction.
Patients typically present with advanced local disease or
metastases at the time of diagnosis. Imaging studies
assist in making the diagnosis and determining which
patients are candidates for surgical intervention.

On MRI, pancreatic adenocarcinomas are typically
hypointense compared to normal pancreatic parench-
yma on fat-suppressed T1-weighted images, and this
may be more apparent immediately after contrast injec-
tion (Fig. 13).

The role of imaging is to determine the presence of
disease and of local invasion and metastases. The major
potential bene®ts of MRI compared to CT are that it is
easier to detect very small non-contour-deforming
tumors with MRI, easier to determine if a contour
abnormality is due to a tumor or an anatomic variant,
and it is easier to detect and characterize concomitant
liver lesions. MRI is also useful in patients who have
diminished renal function or iodine contrast allergy. CT
and MRI are considered equivalent for the assessment of
vascular invasion and adenopathy, and both have lim-
itations in the detection of peritoneal and liver metas-
tases. In most patients, there is no demonstrable
advantage of MRI compared to high-quality CT for
the detection or staging of pancreatic neoplasms.

Pancreatic Cystic Tumors

Pancreatic cystic tumors are classi®ed into benign
microcystic adenomas and mucinous cystic neoplasms
that may be potentially malignant or malignant. Micro-
cystic adenomas (formerly called serous cystadenoma)
are well-de®ned, lobulated cystic neoplasms containing
numerous small cysts, often having a honeycombed
appearance. Each cyst measures less than 2 cm in dia-
meter. The presence of a central stellate scar is a char-
acteristic feature. On dynamic contrast-enhanced
sequences, this scar demonstrates delayed contrast

A

B

FIGURE 12 T2-weighted (A) and postcontrast fat-suppressed

T1-weighted (B) images show a nodular contour and periportal

halo sign (low-signal rounded lesions centered on a portal venous

branch, 5ÿ10 mm in size, involving all segments of liver) second-

ary to primary biliary cirrhosis.
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enhancement. Central calci®cations may be seen on CT
but are usually not appreciated on MRI.

Mucinous cystic neoplasms (formerly called
mucinous cystadenoma and cystadenocarcinoma) are
thick-walled, unilocular or multilocular neoplasms
containing a small number of cysts measuring greater
than 2 cm in diameter. Features of malignant trans-
formation include the presence of solid nodular enhan-
cing components within the cysts as well as adjacent
vascular encasement or occlusion. They usually occur in
the pancreatic tail, most commonly in middle aged
women. In many cases, it is impossible to reliably dif-
ferentiate between microcystic and mucinous cystic
neoplasms on the basis of imaging features alone.

Intraductal Papillary Mucinous Neoplasms

Intraductal papillary mucinous neoplasms (IPMNs)
have been designated in the literature under vari-
ous names, including mucinous duct ectasia,
mucin-producing tumor of the pancreas, intraductal
mucin-hypersecreting neoplasm of the pancreas,
mucus-hypersecreting tumor of the pancreas, mucus
cell hypertrophy, nonpapillary hyperplasia, and papil-
lary hyperplasia. An IPMN is characterized by epithelial

proliferation in the main pancreatic duct or its major
tributaries or both, with focal or diffuse mucinous trans-
formation of the ductal epithelium. The changes can
range from cellular atypia without malignancy to carci-
noma-in-situ. When the mucin production is extensive,
there is cystic dilatation of the duct, which can result in
the appearance of a cystic mass on MRI. An IPMN is
considered to be a premalignant lesion, and malignant
transformation ranges from a dilated pancreatic duct
without a stricture or mass to papillary projections
into the duct lumen.

When symptoms are present, patients may present
with recurrent attacks of pancreatitis, presumably sec-
ondary to intermittent obstruction of the pancreatic
duct either by polypoid tumor or inspissated mucus.
Currently, most IPMNs are found incidentally on
abdominal MRI or CT exams. On endoscopic examina-
tion, a gaping ampulla extruding mucus is a pathogno-
monic ®nding. IPMNs differ from mucinous cystic
neoplasms in that the latter are thought to result
form the mucinous neoplastic transformation of the
epithelium lining parenchymal ductules, whereas
IPMNs arise in the main or intermediate-size ducts,
most commonly in the head or uncinate. Mucinous cys-
tic neoplasms rarely communicate with the main duct,
and when they do it is in the form of a ®stula.

ERCP establishes the diagnosis of IPMN by demon-
strating a bulging papilla with mucinous extrusion and
communication of the lesion with the pancreatic ductal
system. Although ERCP remains the diagnostic imaging
modality of choice, MRCP may yield suf®cient diagnos-
tic information in some patients unsuitable for ERCP or
when technically dif®cult cases arise from the inability
to opacify the pancreatic ductal system secondary to
excessive mucin production or a patulous papilla.

On MRI, IPMNs demonstrate low signal intensity on
T1-weighted images and high signal intensity on T2-
weighted images secondary to mucinous contents
(Fig. 14). Communication with the pancreatic ductal
system is highly suggestive of the diagnosis.

Pancreatic Islet Cell Tumor

Pancreatic islet cell tumors develop from the amine
precursor uptake and decarboxylation cell line and may
be functioning or nonfunctioning. The most common
tumors, in order of frequency, are insulinoma, gastri-
noma, and nonfunctioning islet cell tumor.

On MRI, insulinomas are usually less than 2 cm in
diameter. These tumors are commonly hypointense on
fat-suppressed T1-weighted images and hyperintense
on T2-weighted sequences. Because these tumors
are often hypervascular, they may be best seen on the

A

B

FIGURE 13 Fat-suppressed arterial-phase contrast-enhanced

images, showing a pancreatic head carcinoma (A) with proximal

pancreatic duct dilatation (B).
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arterial phase of the dynamic contrast-enhanced
sequences. Gastrinomas and nonfunctioning islet cell
tumors share imaging features with insulinomas but
typically present as larger tumors with a higher inci-
dence of metastases.

Functional Studies

Occasionally, the pancreatic duct, particularly its
tail and side branches, is dif®cult to visualize and char-
acterize on MRCP. This can result in false positive exam-
inations. Intravenous secretin can ameliorate this

problem. In healthy subjects, secretin induces pancrea-
tic ¯uid secretion and is followed by duodenal ®lling.
The ¯uid secretion results in a transient increase in the
main pancreatic duct caliber, improving its visualiza-
tion. Side branches are not usually depicted in healthy
subjects.

Dynamic secretin-stimulated MR pancreatography
can also be useful for diagnosing pancreatic papillary
stenosis or dysfunction and for detecting reduced pan-
creatic exocrine reserve. In patients with chronic pan-
creatitis, there may be reduced duodenal ®lling due to a
decrease in pancreatic exocrine reserve. Acinar ®lling
during dynamic secretin MR pancreatography may be a
speci®c but insensitive ®nding of early pancreatitis.

SUMMARY

MRI is a versatile diagnostic tool that can be used to
diagnose and evaluate a wide spectrum of diseases of the
liver, biliary system, and pancreas.
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FIGURE 14 T2-weighted images, showing side branch intra-

ductal papillary mucinous neoplasms with no main duct dilatation

in two patients.
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Malabsorption
CHARLES M. MANSBACH

University of Tennessee and Veterans Administration Medical Center, Memphis

enterocytes Mature absorptive cells that line the villi of the

small intestine.

malabsorption Failure to digest and absorb dietary

nutrients.

sprue A word anglicized by Patrick Manson in 1880 from the

Dutch sprouw, meaning `̀ thrush''; used in seventeenth-

century Europe to describe a diarrheal disorder with oral

aphthous ulcerations.

steatorrhea Increased fat in stool due to malabsorption.

When considering malabsorption, most people think of

the malabsorption of dietary fat, or steatorrhea. It

should be realized that humans also commonly malab-

sorb carbohydrates, especially lactose-containing foods,

and less commonly, speci®c metals (calcium or iron)

and vitamins (the fat-soluble vitamins or vitamin B12).

All of these dietary components play a role in nutrition

and disease. Although ideas of nutrition with respect to

heart disease or dietary vitamin requirements change

over time, what does not change is the body's built-in

ability to absorb almost all of what we eat under normal

conditions.

BRIEF OVERVIEW OF FAT ABSORPTION

Humans normally absorb 95% of their dietary fat
intake. Truly remarkable levels of intake can be
achieved without overloading the system. For exam-
ple, because of their caloric density, fat-laden foods
are carried by Arctic explorers, who may consume up
to 500 g of fat per day without malabsorption. The
normal American diet contains 100ÿ150 g of fat per
day. Although fat is absorbed ef®ciently, cholesterol is
not. Only about half of the cholesterol that is eaten is
absorbed.

The absorption of dietary fat is quite complex,
with the primary reason being the water insolubility
of the lipid. Fat does not interact with water and if it is
not processed to do so, it will be excreted, with only
small amounts being absorbed. The chemical structure
of fat, as triacylglycerol (TAG), can be graphically
visualized as having the shape of the letter E, with
the glycerol backbone forming the vertical part of the

E and the three fatty acids (FAs), which are attached
to glycerol in ester linkages, appearing as the horizon-
tal lines. Digestion of TAG starts in the stomach with
the gastric enzyme lipase and progresses further in the
duodenum, where the lipid interacts with pancreatic
lipase. The end product of this is monoacylglycerol
(MAG), which can be visualized as the middle FA
attached to the glycerol backbone, and two FAs.
These products, which can interact with water, are
absorbed. The rapidity of absorption is enhanced
greatly by the presence of bile salts, which are
excreted from the gallbladder, where they are stored
after their synthesis in the liver. Both gallbladder con-
traction and the elaboration of pancreatic lipase are
under the control of the hormone cholecystokinin.
Specialized cells localized to the duodenum sample
duodenal luminal contents and secrete this hormone.
The absorbed FAs and MAGs are resynthesized to
TAG in the intestinal absorptive cell and are packaged
in a chylomicron (the major lipid transport lipopro-
tein of the intestines), which is ultimately secreted
into the lymph and then into the circulation.

THE CAUSE OF DIARRHEA
IN STEATORRHEA

Normally, humans produce 100 to 200 g of stool per
day. Anything over 250 g per day is considered diar-
rhea. There are there reasons for the diarrhea in
patients who malabsorb lipid: (1) The malabsorption
of fat is usually, but not always, associated with the
malabsorption of carbohydrates and proteins as well.
These osmotically active particles enter the colon and
require the colon to secrete water to maintain equiva-
lent osmolality. (2) FAs entering the colon cause water
and salts to be excreted rather than absorbed because
they induce Clÿ-driven water excretion. (3) Ricinoleic
acid, the active laxative in castor oil (glyceryl tri-
ricinoleate), is 12-hydroxy stearate. Oleic acid, a com-
mon FA constituent of fat, is easily converted to
10-hydroxy stearate by bacterial hydroxylation of
the double bond at the 9ÿ10 position of oleate.
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DISEASES CAUSING MALABSORPTION

Celiac Sprue

Celiac sprue, a relatively common genetically and
immunologically based disease, has a prevalence rate of
� 1 : 200. Most patients have either the DQ2 or DQ8
human leukocyte antigen (HLA) haplotype, which
will interact with the inciting dietary protein, gliadin,
found in wheat, rye, and barley, to cause the disease.
Gliadin is an unusual protein in that 30% or more of the
protein is made up of glutamine residues and there are
large amounts of proline as well. The peptide compo-
nent of gliadin that appears to be the proximal causative
agent has been discovered by hypothesizing that the
inciting gliadin peptide would resist the normal proteo-
lysis occurring in the intestine. This turns out to be a
peptide composed of 33 amino acids. The peptide resists
hydrolysis because of its prolyl residues, which are
known to resist proteolysis by gastro/pancreatic pepti-
dases. This peptide interacts with tissue transglutami-
nase, the autoantigen of celiac patients, and its
incubation with intestinal T cells from celiac patients
causes their induction.

Classically, celiac sprue causes steatorrhea, weight
loss, and abdominal cramps. Currently, more subtle
signs of the disease are recognized as common present-
ing symptoms. These may be unexplained osteoporosis
due to vitamin D de®ciency and/or calcium malabsorp-
tion, iron de®ciency without intestinal blood loss, or
easy bruising associated with vitamin K depletion.
The disease is also associated with other autoimmune
disorders, such as type 1 diabetes or Hashimoto's
thyroiditis.

Causes of Fat Malabsorption in Celiac Sprue

There are multiple causes of fat malabsorption in
celiac disease. Because the condition induces enlarge-
ment of the intestinal crypts, both vertically and hor-
izontally, there is an increase in salt and water
secretion from the crypts, the normal site of such
secretion. Normally, ¯ow out of the crypts is sensed
by the tips of the villi that are further up the villus
than the crypts. These mature villus cells are the sites
of normal salt and water absorption. In celiac disease,
the villus tip cells are relatively immature, resulting in
impaired absorption. The result is that the intestine is
in a secretory rather than in the normal absorptive
state. The resulting increase in salt and water in the
lumen of the intestine reduces the concentration of
bile salts in the lumen. In order to function properly
in the solubilization of the products of TAG hydro-
lysis, bile salts must self-associate to form micelles.

This is concentration dependent and does not begin
in humans until bile salt concentrations exceed
1.8 mM. A concentration of 10 mM bile salts is seen
postprandially in normal persons. Therefore, a reduc-
tion of bile salt concentration by dilution would have
a greater effect on bile salt micelle formation than
what would have been predicted by the reduction
in bile salt concentration alone.

Because of villus atrophy, there is a reduction in the
surface area of the intestine. This is magni®ed by the fact
that the microvilli, which jut out into the intestinal
lumen from the surface of the absorptive cells, also
become atrophic. The microvillus surface area forms
the majority of the total surface area of the intestines.
This results in a reduction of the total surface available
for nutrient absorption.

Another reason for fat malabsorption in celiac sprue
is that the endocrine cells in the duodenum, which
release cholecystokinin (CCK), become dysfunctional
or atrophic. Normal stimuli to CCK release, such as
essential amino acids, result in a reduced amount of
hormone production in celiac sprue. However, if intra-
venous CCK is given to these patients, their gallbladder
contracts normally, showing that the defect is not in
CCK receptors in the gallbladder. A reduction in
CCK in the duodenal mucosa can be demonstrated
directly. This results in a further reduction of bile salt
concentration in the intestinal lumen and a reduction of
lipase and proteolytic enzymes released by the pancreas
in response to a meal as well.

Finally, the cells at the intestinal surface are more
immature than normal in celiac sprue. This results in the
impaired processing of absorbed lipids and likely a
reduction in the absorption of amino acids, peptides,
and carbohydrates that depend on speci®c active trans-
porters found in mature enterocytes for their normal
uptake.

Other Malabsorbed Nutrients in Celiac Sprue

Because celiac sprue affects the most proximal
intestine the most severely, vitamins and nutrients
that are absorbed in this area of the gut can be malab-
sorbed even when the overall absorption of fat is not.
Fat absorption can occur more distally in the less
affected part of the bowel because adequate absorption
does not require specialized transporters. For this rea-
son, calcium, iron, and/or folate may be malabsorbed
in the absence of steatorrhea. By contrast, vitamin B12,
which is absorbed in the distal ileum, is usually
absorbed normally in celiac sprue patients. The fat-
soluble vitamins, A, D, E, and K, may be malabsorbed
due either to an insuf®cient concentration of bile salts
in the gut lumen or to a reduction in the products

598 MALABSORPTION



of TAG hydrolysis that aid in the absorption of the
vitamins.

Diagnosis of Celiac Sprue

The classic way to diagnose celiac sprue is by intest-
inal biopsy. This is not always easy because of the pos-
sibility of poorly oriented tissue or other problems,
leading to either a false positive or a missed diagnosis
in the hands of an inexperienced pathologist. At best,
because there are no speci®c pathologic characteristics
of celiac sprue on biopsy, the pathologist can only state
that the tissue is consistent with a diagnosis of celiac
disease. Two new blood tests, antitissue transglutami-
nase and antiendomysial antibodies, are now available
and both appear to have few false positives and false
negatives. When suspicion is high that the patient has
celiac sprue, such as with a primary member of a family
known to have the disease, a positive blood test is all that
should be required. As more experience is acquired with
the blood tests, it is likely that a positive biopsy result
will become a lesser part of the diagnosis and that it will
be reserved for those patients who do not respond to the
gluten exclusion diet or who have other specialized
issues. Some patients have a dermatological condition,
dermatitis herpetiformis, a pruritic herpetic-like lesion
appearing most commonly over extensor surfaces.

The diagnosis is not secured until the patient
responds to a gluten exclusion diet. It is no longer cur-
rent practice to challenge patients with gluten to see if
they reacquire symptoms. Usually, however, the patient
will assume after a period of time that they are cured
and will have a dietary indiscretion. Eating gluten will
rapidly cause the recrudescence of symptoms. In young
children, eating gluten after a period of abstention can
cause an illness similar to serum sickness, which can be
quite severe.

Treatment of Celiac Sprue

Because the dietary cause of the celiac sprue is
known, treatment is directed toward removal of gluten
from the diet. All patients with celiac sprue respond to a
diet devoid of wheat, rye, and barley. Oats are usually
excluded as well until the patient has a response to the
diet. Symptomatic improvement is usually seen within 2
weeks, but histologic improvement of the intestinal
mucosa takes much longer and may never completely
revert to normal. If symptomatic improvement does not
occur, the most likely problem is dietary indiscretion.
The labels of all food bought at grocery stores must be
read carefully to exclude the introduction of gluten-
containing material such as stabilizers or other non-
speci®c components used in foodstuffs such as ice
cream. If the diet is correct, then the nonresponsive

patient may have pancreatic insuf®ciency or stasis syn-
drome with bacterial overgrowth. If these are ruled out,
the patient may have ulcerative ileojejunitis, collage-
nous sprue, or a chain disease, all of which are not
responsive to gluten exclusion.

Stasis Syndrome

Diseases and Conditions Associated with
Stasis Syndrome

Stasis syndrome, or blind-loop syndrome, is
caused by the lack of forward propulsion of intestinal
contents. In this environment, bacteria proliferate,
causing damage to enterocytes. Diseases that reduce
intestinal propulsion, such as scleroderma and dia-
betes, or idiopathic problems can cause stasis.
Other potential causes are small bowel diverticulosis,
in which bacteria proliferate within the diverticulae,
which then seed the intestinal luminal contents. Nar-
cotics, which slow intestinal propulsion, do not cause
symptomatic stasis syndrome. The proton pump inhi-
bitors, which reduce gastric acid production, also
increase small bowel bacterial content, but likewise
do not cause symptoms.

Pathophysiology of Stasis Syndrome

The proliferating bacteria in stasis syndrome release
glycosidases, which digest some of the protective glyco-
sides from the surface of the enterocytes. Proteases and
pancreatic phospholipase, which are plentiful in the
intestinal lumen, are then postulated to gain access to
the cell interior. This results in damage to the enterocyte
that can be seen at the electron microscopic level as
dilated endoplasmic reticulum (ER), a sign of cellular
distress. Impaired lipid absorption is suggested by the
®nding that the endoplasmic reticulum is engorged with
prechylomicrons, with few chylomicrons in the Golgi.
This suggests a blockade in the normal movement of
chylomicrons from the ER to the Golgi. A modest stea-
torrhea may result. Albumin is also thought to leak into
the bowel in the stasis syndrome, resulting in protein-
losing enteropathy and a reduction in serum albumin
concentrations. Although there is bacterially caused
deconjugation of bile salts, with a resultant increase
in bile salt pKa that leads to bile salt protonation passive
absorption, the potential reduction in intestinal luminal
bile salt concentration is minimal, and normal amounts
of hydrolyzed lipids are found in the aqueous phase of
intestinal contents. Because of bacterial folate synthesis,
folate levels are usually increased in the serum of these
patients. Vitamin B12 levels may be low due to the bind-
ing of B12 to the surface of the bacteria, its metabolism by
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the bacteria to inactive metabolites, and the utilization
of B12 by the bacteria for their own metabolism.

Diagnosis

The diagnosis of stasis syndrome can be suspected in
patients who have multiple diverticulae as seen on
small-bowel follow-through X rays or who are shown
to have a Billroth II anastomosis with an enlarged affer-
ent loop. Establishing the diagnosis is more dif®cult.
The classical way is to collect intestinal luminal ¯uid
for quantitative bacterial counts, especially anaerobic
bacteria. Counts greater than 105/ml anaerobic bacteria
suggest the diagnosis. Bile acid deconjugation can be
documented in ¯uid collected from the upper intestine
by separating the bile salts using thin layer chromato-
graphy. Although a modest steatorrhea may be seen, this
is a nonspeci®c ®nding.

Treatment

Treatment is directed toward ridding the bowel of
anaerobic bacteria. This can be done using antibiotics
such as tetracycline, which are given for 3 weeks at 1 g/
day and then treatment is stopped. The patient is
observed and retreated if required. Some patients will
need to be on chronic antibiotic therapy for the least
number of days per month that will reduce symptoms.
Surgical revision of a blocked afferent loop or removal
of small bowel diverticulae, if feasible, can be helpful
as well.

Chronic Pancreatitis and
Pancreatic Insuf®ciency

Diseases Associated with
Pancreatic Insuf®ciency

Chronic pancreatitis is the condition that most fre-
quently leads to pancreatic insuf®ciency. A diagnosis of
pancreatic insuf®ciency requires showing that the pan-
creas is dysfunctional at the exocrine or endocrine level.
Because of the great functional reserve of the pancreas, it
takes 90ÿ95% glandular destruction before the result-
ing lipase de®ciency leads to steatorrhea.

By far the most common cause of pancreatic insuf-
®ciency in the United States is alcoholic pancreatitis.
Minor amounts of pancreatic insuf®ciency are caused by
cystic ®brosis or hereditary pancreatitis. Painless pan-
creatitis leading to pancreatic insuf®ciency is well
described. Not all diseases that cause acute pancreatitis
are associated with the development of chronic pancrea-
titis, however. For example, biliary pancreatitis never
leads to the chronic form of the disease.

Symptoms of Chronic Pancreatitis

Symptoms are related to the development of either
exocrine or endocrine insuf®ciency or both. In the case
of exocrine insuf®ciency, steatorrhea may be marked,
with up to 70% of ingested fat excreted. That there is not
more is due to the action of gastric lipase. The amount of
fat may be so great that oil droplets ooze from the rec-
tum. The weight of the stool is not as great as one would
expect for the amount of lipid in the stool because there
is poor hydrolysis of proteins and (to a lesser extent)
carbohydrates, leading to fewer osmotically active par-
ticles in the stool. Endocrine insuf®ciency manifests by
thedevelopmentofdiabetes.Thistypeofdiabetesusually
requires insulin, but not as much as in type 1 diabetes,
because there is no immunological component. The side
effects associated with diabetes, such as renal failure or
neurological problems, are rarely seen in pancreatogen-
ous diabetes for unclear reasons. A possibility is the
reduced life span of these patients following diagnosis,
compared to patients with type 1 diabetes.

Diagnosis

Chronic pancreatitis can be diagnosed by the obser-
vation of calci®cations in the pancreas either by stan-
dard X ray, computed tomography (CT) scan, or
ultrasound. A dilated pancreatic duct at CT scan is
also helpful. In general, however, the diagnosis is not
made until late in the course. The most sensitive test is
the pancreatic secretin test, in which the hormone secre-
tin is injected intravenously and pancreatic juice is col-
lected by a tube placed in the duodenum. The volume of
¯uid and its bicarbonate concentration are measured.
More than 70% of the gland must be destroyed before
the test becomes abnormal. In Europe, similar studies
are performed after a Lundth test meal. An abnormally
low serum trypsinogen is also an indicator of chronic
pancreatitis.

Treatment

The simplest treatment is for the diabetic complica-
tion of chronic pancreatitis, for which insulin is usually
required rather than oral medication. Treating the stea-
torrhea is more dif®cult. The major problem is that the
enzymes that are given orally are in part acid inactivated
in the stomach. It is estimated that only 10% of these
are still active in the duodenum. Some preparations,
such as Viokase, are given as active enzymes in a capsule
form. Others, such as Creon, have the active enzymes
embedded in a resin so that the active enzymes are not
released until the pH of the surrounding luminal ¯uid is
more alkaline. Combining enzyme therapy with a pro-
ton pump inhibitor is another way of preserving enzyme
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activity. Despite these steps, it is rare to completely
reverse the steatorrhea of chronic pancreatitis. The asso-
ciated pain experienced by patients with chronic pan-
creatitis is a therapeutic dilemma if medications for pain
relief, i.e., narcotics, are supplied to persons with an
addictive personality. For this reason, narcotics should
not be used, especially over the long term. Milder
analgesics such as acetaminophen are more appropriate.
An occasional patient can be helped by giving Viokase,
with the theory being that the active enzymes reduce
pancreatic secretion by hydrolyzing cholecystokinin-
releasing peptide, which controls pancreatic secretion
in a feedback loop fashion.

Cholestasis

Cause and Physiological Effects

Because bile salts play an important role in the ef®-
cientabsorption of lipidsand are required for the absorp-
tion of fat-soluble vitamins, any process that limits the
delivery of bile salts to the intestinal lumen in response to
ameal reduces theeffectivenessofbilesalts in theabsorp-
tion process. This would include conditions that are
localized to the liver, such as intrahepatic cholestasis,
or obstruction of the extrahepatic bile ducts, as in pan-
creatic cancer or gallstones. Because extrahepatic con-
ditions that obstruct bile ¯ow are usually dealt with by
relieving the obstruction (failure to do so usually leads to
the death of the patient within a short period of time), the
physiological effects of a reduction in bile salt delivery to
the intestine in terms of lipid or vitamin absorption are
usually only seen in patients with intrahepatic cholesta-
sis. For example, in primary biliary cirrhosis, in which
there is failure to excrete bile salts before the develop-
ment of cirrhosis, osteoporosis due to impaired vitamin
D absorption may be seen. The steatorrhea found under
these conditions is not severe, usually in the range of
10 to 20 g of fat per day.

Treatment

Treatment is directed at the disease causing the
bile ¯ow restriction. If the problem is extrahepatic,
the treatment is usually surgical; if intrahepatic, treat-
ment depends on the cause. For example, some drugs
cause intrahepatic cholestasis that is relieved on
removal of the drug. Primary biliary cirrhosis is helped
by the administration of ursodesoxycholic acid.

Whipple's Disease

Description and Pathophysiology

Whipple's disease, a relatively rare condition affect-
ing mostly middle-aged men, is invariably fatal if not

detected and treated. It is caused by the bacterium
Tropherema whippelii. Symptoms usually start with mul-
tiple joint pains and swelling, which may occur years
before the more localizing symptoms of fever, steator-
rhea, lymph node swelling, and weight loss. Other
organs can be involved, including the heart or the
brain. The neurological symptoms, which can be ocular
or a progressive dementia, are particularly insidious
because they are usually irreversible. Neurological
symptoms may occur after antibiotic treatment for
Whipple's disease if the antibiotic used does not cross
the bloodÿbrain barrier.

Tropherema whippelii is able to exist in macrophages
for many years, both in the intestine and in draining
lymph nodes. The lymph nodes may become blocked,
resulting in impaired lymph ¯ow from the intestinal
villi. This leads to swollen, clublike villus structures
and dilated lymphatics that can be seen at both the
light and electron microscopic levels. Rarely, the
mucosa can become ¯attened and the biopsy may be
confused with celiac sprue. The lymphatic blockade
leads to a reduction in the ability of the intestine to
transport chylomicrons to the thoracic duct. Because
there are other mechanisms of transporting lipid into
the body besides the normally used lymphatic system,
the amount of steatorrhea seen in this condition is mod-
est, at 20 to 25 g of fat per day.

Diagnosis

A small bowel biopsy is the usual way that the con-
dition is diagnosed. Once the condition is suspected and
a biopsy is obtained, the biopsy results are usually
straightforward. The striking ®nding is that the lamina
propria is packed with macrophages, which have
enlarged regions of cytoplasm with a foamy appearance.
With periodic acidÿSchiff (PAS) stain, the macrophages
are stained a bright red due to the numerous bacteria
contained within them. Some of these bacteria can be
seen with electron microscopy to be dividing, a sign that
the bacteria are alive and proliferating. In patients who
are HIV positive and have the AIDS complex, PAS-posi-
tive macrophages can also be found due to the presence
of Mycobacterium avium-intracellulare. These organisms
can be distinguished from T. whippelii on electron
microscopy because of differences in morphology.

Treatment

The current treatment of choice is sulfameth-
oxazoleÿtrimethoprim (SMÿTM). This antibiotic era-
dicates T. whippelii in the intestines and elsewhere in the
body. Importantly, SMÿTM crosses the bloodÿ brain
barrier and attacks the bacteria in the central nervous
system (CNS). Rarely, patients treated with SMÿTM
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will develop CNS symptoms. Treatment should be given
for 1 year. If an antibiotic that does not cross the bloodÿ
brain barrier is chosen, CNS symptoms may occur 1 to
3 years later, even though other systemic or intestinal
symptoms have cleared. In patients who have been fol-
lowed for long periods (up to 25 years) and who have
become asymptomatic, PAS-positive macrophages can
still be seen in the intestine, although at a greatly
reduced number over that which was originally present.

Intestinal Ischemia

Presentation and Diagnosis

There are three levels of intestinal ischemia. The ®rst
is intestinal angina, in which the patient experiences
upper abdominal, usually severe, crampy pain asso-
ciated with meals. The pain is so severe that the patient
begins to eat progressively less, resulting in weight loss.
The weight loss may be extensive. Early in the course,
when the patient is eating well, steatorrhea may occur as
a result of poor intestinal perfusion and oxygenation.
Ultrasonic Doppler evaluation of the three arteries sup-
plying the small intestine, i.e., the celiac, the superior
mesenteric, and the inferior mesenteric arteries, should
show reduced ¯ow in at least two of the three arteries.
This is usually followed by an aortogram, in which
radio-opaque dye is injected into the aorta to outline
the lumens of the three arteries. To substantiate the
diagnosis, there must be signi®cant obstruction of at
least two of the three arteries. The second level of ische-
mia is mucosal infarction and the third level is infarction
of the entire thickness of the gut. In either case, steator-
rhea does not result because the patient is too sick to eat.

Treatment

Treatment is surgical, either bypassing or endarter-
ectomizing the obstructed arteries.

ZollingerÿEllison Syndrome

Presentation and Diagnosis

ZollingerÿEllison syndrome is caused by a tumor
that elaborates the hormone gastrin. Gastrin drives the
stomach to produce large amounts of acid, with the
result that patients usually present with a severe peptic
ulcer, a perforated ulcer, or an ulcer that bleeds. The
tumor is discovered on investigation because of the
unusual location of the ulcer (for example in the distal
duodenum) or because of the persistent recurrence of
the ulcer after therapy. Occasionally, diarrhea with
malabsorption is seen. This is due to the acidic envir-
onment of the duodenum, where a pH of 1.5 can be
found. This pH irreversibly denatures lipase, with the

result that the patient is rendered essentially lipase
insuf®cient.

The diagnosis is made by measuring gastrin in the
serum; if the results are inconclusive, the hormone
secretin is given intravenously and the gastrin response
in the serum is followed. If gastrin rises to a level of
200 pg/ml or more above fasting levels, the patient is
likely to have the ZollingerÿEllison syndrome.

Treatment

With the advent of proton pump inhibitors, sympto-
matic relief is available. The objective is to reduce gastric
acid output to 10 mEq H�/hour or less; below 10 mEq/
hour, ulceration seems not to occur. Approximately
60% of the tumors are malignant at the outset and
they are slow growing. If the tumor can be shown to
be localized, surgical resection is an option.

Systemic Mastocytosis

Symptoms, Diagnosis, and Treatment

Systemic mastocytosis is manifested by tan to brown
macules (urticaria pigmentosa) distributed over the
trunk and extremities. The hallmark of the disease is
the raising of a pruritic wheal on trauma to the skin,
caused by mast cell release of histamine. This is a con-
dition in which mast cells may proliferate in the skin,
bone marrow, liver, spleen, lymph nodes, and intestine.
The cause of the malabsorption in this condition is not
known, but may be related to histamine release and
overproduction of gastric acid. The diagnosis is sug-
gested by the classic skin lesions but occasionally sub-
mucosal nodules can be seen on barium X ray of the
small intestine. A small bowel biopsy shows dilated villi
packed with eosinophils. Urinary levels of a metabolite
of prostaglandin D2 are increased. Treatment is non-
speci®c. Disodium cromoglycate may be helpful in
relieving the intestinal symptoms.

Giardiasis

Symptoms, Diagnosis, and Treatment

Giardia lamblia is a common parasitic contaminant
of drinking water in various parts of the world, includ-
ing the United States. A famous outbreak occurred in
Aspen, Colorado due to cross-contamination of the
freshwater line with the sewage line. Giardia also com-
monly contaminates freshwater streams because of
infected beavers. Symptoms are usually abdominal dis-
tension, crampy abdominal pain, excessive ¯atus, diar-
rhea, and, less often, steatorrhea. There is no known
cause for the steatorrhea. The diagnosis is made by ®nd-
ing cysts in the stool or, more accurately, trophs in the
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duodenal contents or next to the surface of the duode-
num on a biopsy. When cysts or trophs are found, treat-
ment is a 10-day course of metronidazole. Antibiotic
resistance is rare.

Short Bowel Syndrome

Diagnosis and Treatment

Short bowel syndrome is usually the result of surgi-
cal resection of the bowel. The extent of the resection
can be estimated from a small bowel follow-through
examination (a barium X-ray study). Alternatively,
the amount of bowel removed at surgery may have
been recorded and the records may be available. Malab-
sorption occurs because of the reduction in bowel sur-
face area. Malabsorption is usually worse with distal
resections because of the lack of ileal absorption of
bile acids. Further, the ileum adapts to the absence of
the jejunum, but the jejunum does not adapt to the
absence of the ileum. By adaptation, it is meant that
the intestinal villi become enlarged and elongated.

Treatment is dif®cult, but predigested meals using
casein hydrolysates may be helpful. The protein hydro-
lysates are preferred over the crystalline amino acid
preparations because di- and tripeptides are better
absorbed than are single amino acids. A low-fat diet
is usually best. Patients can also be given a small amount
of oil prior to a meal; this is thought to slow intestinal
transit of food, thus prolonging contact time between
the food and the intestinal absorptive cells.

Lactose Intolerance

Symptoms, Diagnosis, and Treatment

Lactose intolerance is one of the commonest forms
of intestinal `̀ malfunction.'' In most mammals, loose
stools occur if milk is ingested after weaning. In
humans, this is also true for 90% of Asians, for 70%
of African Americans, and for many tribes in Africa,
with symptoms usually occurring at age 7 to 9 years.
People of northern European descent and a few tribes in
Africa retain the ability to drink milk throughout their
lives without ill affect.

Symptoms of lactase insuf®ciency usually are
abdominal cramps, ¯atus, and acidic loose stools shortly
after milk ingestion. The milk sugar, lactose, must be
split into its component monosaccharides, glucose and
galactose, by the enzyme, lactase, which is present at the
surface of intestinal absorptive cells. The decrease in
lactase activity at weaning is a programmed enzymatic
depletion, because feeding milk continuously does not

change the developmental stage at which lactose
becomes malabsorbed. The malabsorbed lactose enters
the colon, where bacteria can digest the sugar and pro-
duce short-chain fatty acids. Treatment is either avoid-
ing milk or foods containing dairy products, or treating
milk prior to drinking with lactose-containing bacteria
(Lactaid) or live bacteria containing lactase, such as
Lactinex granules.

See Also the Following Articles
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MalloryÿWeiss Tear

BRYAN T. GREEN

Duke University Medical Center

angiography The radiographic visualization of blood vessels

following introduction of contrast material.

gastrointestinal endoscopy Visual inspection of the lumen of

the gastrointestinal tract by means of an endoscope

passed through the mouth, anus, or ostomy.

hematemesis The vomiting of blood.

hematochezia The passage of red blood and/or clots from the

rectum.

hemostasis The arrest of bleeding.

MalloryÿWeiss tear Linear, nonperforating mucosal tear at

or near the gastroesophageal junction.

melena The passage of black, tarry stools due to altered

blood.

retching A strong involuntary effort to vomit.

upper gastrointestinal bleeding Blood loss from any portion

of the digestive tract proximal to the ligament of Trietz

(fourth portion of the duodenum).

MalloryÿWeiss tears are linear, nonperforating mucosal

tears near the gastroesophageal junction, classically

induced by retching. They usually involve the gastric

mucosa of the cardia but may involve the esophageal

mucosa. They account for 5ÿ15% of all cases of upper

gastrointestinal bleeding. Although bleeding will stop

spontaneously in the majority of cases, some cases will

require therapeutic intervention.

CLINICAL FEATURES

Associated Conditions

In 1929, Mallory and Weiss described a syndrome
of hematemesis and gastric hemorrhage that followed
a long and intense alcoholic debauch. Early descrip-
tions of the MalloryÿWeiss syndrome emphasized the
association with chronic and/or binge alcohol use and
persistent vomiting, retching, and increased abdom-
inal pressure. Although these features are present in
many cases, numerous patients lack them. Conditions
predisposing to MalloryÿWeiss tears may be broadly
grouped in two categories: conditions that produce
increased intra-abdominal pressure and conditions
that weaken the gastroesophageal (GE) junction.
MalloryÿWeiss tears have been produced by numer-
ous conditions that increase intra-abdominal pressure,

including the following: retching, nausea, vomiting,
prolonged or paroxysmal coughing, hiccups, straining
efforts, status asthmaticus, seizures, blunt abdominal
trauma, and cardiac resuscitation. Conditions that
weaken the GE junction include hiatus hernia and
esophagitis. Nonsteroidal anti-in¯ammatory agent
use is a risk factor, likely due to the adverse effect
on platelet function. Portal hypertension is also asso-
ciated with MalloryÿWeiss tears and its presence
portends a poor prognosis.

Iatrogenic Causes

MalloryÿWeiss tears are uncommon during upper
gastrointestinal (GI) endoscopy but are reported to
occur in 0.07 to 0.4% of procedures. They have occurred
in all types of upper GI endoscopy including standard
esophogastroduodenoscopy, endoscopic retrograde
cholangiopancreatography, percutaneous endoscopic
gastrostomy tube placement, pneumatic balloon dila-
tion, and standard dilation. They are induced by either
direct trauma or more commonly retching and/or strug-
gling during the procedure. The use of large-caliber or
side-viewing endoscopes may be a risk factor. Malloryÿ
Weiss tears induced during endoscopy typically have a
benign course with spontaneous resolution of bleeding
and only rarely require blood transfusion. If bleeding
persists, the standard treatment modalities may be
utilized.

Nasogastric and nasoduodenal tubes have been
reported to produce MalloryÿWeiss tears, usually
due to retching while the tube is being placed. Polyethy-
lene glycol electrolyte lavage solution ingestion to
prepare the bowel for colonoscopy has been reported
to produce MalloryÿWeiss tears due to the vomiting it
may induce, but such incidents are rare.

Clinical Presentation

MalloryÿWeiss tears typically present with hema-
temesis (vomiting blood), classically after the patient
has had several nonbloody episodes of emesis. The
hematemesis may be frank red blood, suggesting an
acute tear, or resemble coffee grounds, suggesting
blood that has been altered while in the stomach for
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several hours. Up to one-half of patients may have hema-
temesis on ®rst emesis. Anticedent nausea, vomiting,
retching, regurgitation, or abdominal pain is present
in over one-half of patients. Less commonly, patients
may have no hematemesis but pass melena (dark black
tarry stools). Rarely, MalloryÿWeiss tears may cause
hematochezia (red, bloody bowel movements). This
indicates a very rapidly bleeding lesion and predicts a
poor outcome. One-third of patients will have hemody-
namic instability at presentation, particularly those who
present with hematochezia.

MANAGEMENT

Diagnosis

MalloryÿWeiss tears were initially diagnosed either
at surgery or autopsy but the advent of ¯exible endo-
scopy has made gastrointestinal endoscopy the gold
standard for diagnosis. Although barium radiographs
may occasionally be diagnostic, their use for this pur-
pose is of historical interest only. Through the endo-
scope a MalloryÿWeiss tear will appear as a linear
laceration at or near the GE junction. Often they are
seen only when the endoscope is retro¯exed and the
gastric side of GE junction is carefully inspected. The
length of the tear may range from several millimeters to
several centimeters, with the majority of lesions mea-
suring near the shorter extreme. Roughly one-third of
patients will have either active bleeding or stigmata of
recent bleeding (visible vessel, adherent clot, or pig-
mented protuberance) at the time of endoscopy.
These characteristics predict a complicated course
(rebleeding, high transfusion requirements, or death)
and endoscopic treatment with a variety of means
(described below) is recommended. Patients without
active bleeding or stigmata of recent bleeding, coa-
gulopathy, portal hypertension, or hemodynamic
instability can usually be managed by a brief period
of observation.

Treatment

Resuscitation

As with all forms of GI bleeding, initial resuscitation
with intravenous ¯uids and blood transfusion is essen-
tial. Anti-emetics should be administered and any coa-
gulopathy corrected. Intravenous histamine 2 receptor
antagonists are generally given but their bene®t is
unproven.

Endoscopy

Roughly one-third of patients with MalloryÿWeiss
tears will require endoscopic therapy. This is generally
performed at the time of diagnosis with the same endo-
scope. A variety of means have successfully been
employed, including electrocoagulation, injection,
band ligation, and hemoclipping. Bipolar cautery or
heater probe coaptive coagulation was initially used
to treat bleeding from ulcers but can be effective at
achieving hemostasis and reducing rebleeding rates
for MalloryÿWeiss tears. A variety of substances have
been injected into and around MalloryÿWeiss tears to
achieve hemostasis. Epinephrine at a concentration of
1:10,000 is most commonly used and has been proven
successful. It may be used alone or prior to electrocau-
tery. The combination may be more effective than either
agent alone. Injection with 98% alcohol, a sclerosing
agent, has also been effective. Endoscopic band ligation
and hemoclipping have been successful but are not yet
widely used for MalloryÿWeiss tears.

Radiology

Angiography with embolization or selective intra-
arterial vasopressin infusion is effective when endo-
scopy fails to achieve hemostasis.

Surgery

Although once the only available treatment, surgery
is now rarely required and utilized only when other
measures have failed.

OUTCOME

Two-thirds of patients with a MalloryÿWeiss tear will
not require endoscopic therapy and will heal sponta-
neously. Blood transfusion is required in roughly one-
half of patients. Less than 10% of patients will rebleed
during the index hospitalization and usually within
24 h. Hematochezia, hemodynamic instability, portal
hypertension, coagulopathy, a low admission hemato-
crit, and active bleeding or stigmata of recent bleeding
are predictors of a complicated course. The mortality of
MalloryÿWeiss tears approaches 5%.

See Also the Following Articles

Emesis � Hiccups (Singultus) � Nausea � Upper Gastroin-

testinal Bleeding � Upper Gastrointestinal Endoscopy
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Malnutrition
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bacterial translocation Migration of various bacteria from

the gastrointestinal mucosal surfaces to local lymphatic

vessels and blood vessels.

bioimpedance analysis Using imperceptible electric currents

of various frequencies, the resistance and reactivity of

body tissues, re¯ecting total body water, can be used to

assess body cell mass and lean body mass indirectly.

body cell mass The actively metabolic component of lean

body mass, representing approximately 40% of body

mass (weight) and consisting principally of skeletal

muscle and visceral organs.

body mass index (BMI) Body weight in kilograms divided by

height in meters squared; this index provides a good

measure of nutritional states including malnutrition,

normal status, overweight, and obesity. The BMI is not

gender-speci®c and is relatively independent of height.

counterregulatory hormones The various hormones of

intermediary metabolism, including growth hormone,

catecholamines, cortisol, and glucagon, that counter the

effects of insulin to lower glucose levels.

creatinineÿheight index The 24 h urinary excretion of

creatinine is an indirect measure of skeletal muscle,

which, when related to height and gender, can be used to

estimate the degree of protein calorie malnutrition.

kwashiorkor Also known as protein malnutrition, this

condition is due to a moderate to severe systemic

in¯ammatory response with some degree of accompany-

ing semistarvation.

lean body mass The fat-free compartment of the body, which

contains nitrogen, is termed the lean body mass and

makes up approximately 75% of body mass or weight. It

includes the body cell mass, the extracellular ¯uid

compartment, and the supporting tissues.

marasmus Also known as protein calorie malnutrition, this

condition is primarily due to prolonged periods of inade-

quate intake of nutrients. It is often seen in the chronically

ill with little or no underlying systemic in¯ammation.

mid-arm muscle circumference (MAMC) This index is

derived by measuring the triceps skinfold (TSF) and

mid-upper arm circumference (AC) midway between the

shoulders and the elbow according to the following

formula: MAMC � AC ÿ 3.14 � (TSF in centimeters).

nitrogen balance The net difference between intake of nitro-

genous sources of nutrients (i.e., proteins) and nitrogen

losses, principally in the urine. Nitrogen intake is esti-

mated by protein intake in grams divided by 6.25. The 24 h

urinary urea nitrogen excretion in grams plus 4 is used to

estimate nitrogen output. Each gram of nitrogen lost or

gained represents 28 to 30 g of lean tissue loss or gain.

subjective global assessment A comprehensive assessment

of nutritional status using both objective and subjective

clinical ®ndings.

upper arm anthropometry An indirect means of measuring

one's fat and muscle mass using triceps and subscapular

skin folds (indexes of body fat) and the mid-upper arm

circumference (an index of skeletal muscle).
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bacterial translocation Migration of various bacteria from

the gastrointestinal mucosal surfaces to local lymphatic

vessels and blood vessels.

bioimpedance analysis Using imperceptible electric currents

of various frequencies, the resistance and reactivity of

body tissues, re¯ecting total body water, can be used to

assess body cell mass and lean body mass indirectly.

body cell mass The actively metabolic component of lean

body mass, representing approximately 40% of body

mass (weight) and consisting principally of skeletal

muscle and visceral organs.

body mass index (BMI) Body weight in kilograms divided by

height in meters squared; this index provides a good

measure of nutritional states including malnutrition,

normal status, overweight, and obesity. The BMI is not

gender-speci®c and is relatively independent of height.

counterregulatory hormones The various hormones of

intermediary metabolism, including growth hormone,

catecholamines, cortisol, and glucagon, that counter the

effects of insulin to lower glucose levels.

creatinineÿheight index The 24 h urinary excretion of

creatinine is an indirect measure of skeletal muscle,

which, when related to height and gender, can be used to

estimate the degree of protein calorie malnutrition.

kwashiorkor Also known as protein malnutrition, this

condition is due to a moderate to severe systemic

in¯ammatory response with some degree of accompany-

ing semistarvation.

lean body mass The fat-free compartment of the body, which

contains nitrogen, is termed the lean body mass and

makes up approximately 75% of body mass or weight. It

includes the body cell mass, the extracellular ¯uid

compartment, and the supporting tissues.

marasmus Also known as protein calorie malnutrition, this

condition is primarily due to prolonged periods of inade-

quate intake of nutrients. It is often seen in the chronically

ill with little or no underlying systemic in¯ammation.

mid-arm muscle circumference (MAMC) This index is

derived by measuring the triceps skinfold (TSF) and

mid-upper arm circumference (AC) midway between the

shoulders and the elbow according to the following

formula: MAMC � AC ÿ 3.14 � (TSF in centimeters).

nitrogen balance The net difference between intake of nitro-

genous sources of nutrients (i.e., proteins) and nitrogen

losses, principally in the urine. Nitrogen intake is esti-

mated by protein intake in grams divided by 6.25. The 24 h

urinary urea nitrogen excretion in grams plus 4 is used to

estimate nitrogen output. Each gram of nitrogen lost or

gained represents 28 to 30 g of lean tissue loss or gain.

subjective global assessment A comprehensive assessment

of nutritional status using both objective and subjective

clinical ®ndings.

upper arm anthropometry An indirect means of measuring

one's fat and muscle mass using triceps and subscapular

skin folds (indexes of body fat) and the mid-upper arm

circumference (an index of skeletal muscle).
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whole-body neutron activation In vivo neutron activation

analysis that uses a neutron beam to activate body

nitrogen, which can then be measured in a whole-

body radiation counter. This is the gold standard for

body composition analysis, but it is largely a research

tool for the investigation of important clinical problems.

Malnutrition remains one of the oldest and most prevalent

global challenges for medicine, the scienti®c community,

and public health organizations. The World Health Orga-

nization reported in 1999 that approximately one billion

humans were either undernourished or malnourished. In

many developing countries, where food insecurity and

socioeconomic limitations are severe, malnutrition is

endemic. It has been estimated that worldwide 40,000

deaths per day are attributable to malnutrition. Until

the early 1970s, malnutrition was only clearly recognized

in the developing world and during cataclysmic events,

such as war, in the developed world. However, a number

of surveys in the mid-1970s identi®ed a high prevalence of

malnutrition among certain populations in the developed

world and even among the more `̀ af¯uent'' adults. This is

protein calorie malnutrition (PCM), which is related to

underlying illness. Grossly de®ned as unintentional

weight loss of more than 10%, PCM is particularly com-

mon among hospitalized patients. Even in the era of mod-

ern medicine, malnutrition remains prevalent and is often

unrecognized. Surveys comparing hospitalized patients

in the 1970s to those in the late 1980s show that despite

improved recognition of malnutrition, approximately

50% of surgical and medical patients are still identi®ed

as malnourished. No matter what the underlying cause,

malnutrition is associated with poorer medical and sur-

gical outcomes (greater risks of postoperative complica-

tions and poorer wound healing), longer hospital stays,

and increased risk of death. A number of gastrointestinal

diseases are associated with malnutrition. Some chronic

illnesses, such as in¯ammatory bowel disease, malabsorp-

tive conditions, and cirrhosis, have easily identi®ed signs

of malnutrition, whereas more acute conditions, such as

severe pancreatitis, biliary sepsis, and toxic colitis, often

have occult malnutrition, where signi®cant losses of lean

tissue and associated nutritional derangements com-

monly occur but are not realized. In order to optimize

clinical outcome, it is therefore imperative for all clini-

cians and especially gastroenterologists to assess all

patients and recognize those at risk for malnutrition.

DEFINITION

Malnutrition is a rather broad description of various
disorders of poor dietary intake and/or enhanced cata-
bolic losses. It has been used to describe the underfeed-
ing conditions of marasmus and kwashiorkor seen in
underdeveloped countries. It has also been applied to

the overfeeding condition of obesity in the developed
world and increasingly in the developing world. It has
also been used to refer to de®ciencies of various vitamins
and minerals that accompany states of inadequate nutri-
ent intake surrounding illness. This article focuses on
states of suboptimal caloric and protein intakes leading
to signi®cant weight loss along with physiologic and
functional impairments.

Protein Calorie Malnutrition

Protein calorie malnutrition (PCM) is the state of
inadequate intake of food (as a source of protein, cal-
ories, and other essential nutrients) occurring in the
absence of signi®cant in¯ammation, injury, or another
condition that elicits a systemic in¯ammatory response.
This is also known as protein energy malnutrition (see
Table I). It ranges from complete deprivation of non-
¯uid dietary intake (starvation) to a more common state
of semistarvation, in which the intake of protein and
energy is suboptimal. This has classically been referred
to as marasmus. Common clinical conditions in which
mainly starvation or semistarvation leads to PCM
include anorexia nervosa, severe malabsorptive syn-
dromes, states of gastrointestinal dysmotility, and
upper gastrointestinal obstructions (i.e., esophageal
strictures).

Protein Malnutrition

A condition that is more commonly encountered in
the hospitalized setting is that of hypoalbuminemic mal-
nutrition (also known as protein malnutrition or kwa-
shiorkor). This generally occurs as a consequence of a
moderate to severe systemic in¯ammatory response fol-
lowing acute illness or injury. Although dietary depri-
vation of protein alone could theoretically lead to the
classic condition of kwashiorkor, the hallmark of
protein malnutrition seen in the hospitalized patient
is that of a systemic in¯ammatory response (SIR). This
SIR reduces dietary intake due to anorexia, enhances

TABLE I Differentiating Features of the Two Major

Types of Malnutrition

Protein malnutrition

(kwashiorkor)

Protein calorie malnutrition

(marasmus)

Develops over weeks Develops over months

May not have weight loss Signi®cant weight loss

Due to systemic in¯ammation

and semistarvation

Due to low intake of nutrients

Hypoalbuminemia Serum albumin is normal

Excess body water Edema is not a typical feature
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catabolic losses of energy and protein stores, and invari-
ably leads to hypoalbuminemia. A moderate systemic
in¯ammatory response is seen with major bleeding, the
in¯ammation seen in conditions such as severe pancrea-
titis or in¯ammatory bowel disease, and various sys-
temic infections such as peritonitis or pneumonias.
Common clinical conditions that induce a severe sys-
temic in¯ammatory response include major burns,
closed head injury, multiple trauma, and severe sepsis
often associated with multiorgan dysfunction.

Although for descriptive purposes, marasmus and
kwashiorkor are considered separate entities, in general
most states of malnutrition have some element of a
systemic in¯ammatory response. For instance, many
patients suffering from chronic diseases such as cirrho-
sis, renal failure, chronic pancreatitis, and chronic car-
diac or pulmonary failure exhibit a persistent, low-grade
in¯ammatory response and are usually malnourished
prior to their hospital admission. Meanwhile, others
with normal nutritional status on hospital admission,
such as those undergoing elective surgeries, can quickly
develop protein malnutrition, making them susceptible
to postoperative infectious complications.

Cachexia Syndrome

In a number of chronic medical conditions, a third
form of malnutrition, known as the cachexia syndrome,
develops. This is characterized by severe weight loss
(more than 20%). This is usually seen at the end stages
of medical diseases such as cirrhosis, renal failure, con-
gestive heart failure, COPD, autoimmune de®ciency
syndrome, and various forms of malignancies, particu-
larly those involving the upper gastrointestinal tract
(esophagus, stomach, and pancreas). In these condi-
tions, a mild to moderate systemic in¯ammatory
response, manifested by the presence of enhanced cyto-
kine production, elevated acute-phase protein levels,
and hypoalbuminemia, generally accompanies the
severe loss of lean tissue and fat.

METABOLIC RESPONSE TO
MALNUTRITION

Body Compartments

To appreciate the physiologic changes occurring in
starvation, protein calorie malnutrition, and protein
malnutrition, one must have an understanding of nor-
mal body composition. Energy provision in the form of
ATP, which is the body's means of converting chemical
energy to mechanical work, is the net result of the meta-
bolism of three basic fuels: glucose, protein, and fat. The

three body compartments where these energy substrates
are stored are the body fat, extracellular mass (ECM),
and the body cell mass (BCM) (see Table II). The mobi-
lizable pool of protein primarily derives from the BCM
(approximately 40% of body mass), consisting of ske-
letal muscle (75%) and visceral tissues (25%). The visc-
eral tissues include the highly metabolic organs like the
liver, which has high energy requirements (i.e.,
200 kcal/kg of tissue). The fat compartment is quantita-
tively the largest storage of energy, but unlike the BCM,
it has limited metabolic activity and energy require-
ments. The ECM is principally a supporting compart-
ment with limited metabolic and energy requirements.

Physiology of Starvation and Semistarvation

Under normal physiologic conditions, immediately
after feeding, insulin secretion is increased in response
to absorbed carbohydrates and amino acids. Insulin sti-
mulates the uptake of amino acids and glucose by liver
and skeletal muscle, where glucose is stored as glycogen
and the amino acids are used for the synthesis of pro-
teins. Once feeding ends, the systemic pool of glucose is
gradually reduced. This is paralleled by a fall in circu-
lating insulin levels, a change that leads to: (1) a reduc-
tion in glucose uptake by peripheral tissues for energy
production and repletion of glycogen stores, (2) an
increase in gluconeogenesis and glycogenolysis by the
liver to release glucose to the circulation as a fuel, and
(3) increases in the oxidation of fatty acids released from
adipose tissue. Finally, after an overnight fast, in a per-
iod referred to as the postabsorptive state, there is even
greater mobilization of the liver glycogen and increased
gluconeogenesis (from skeletal muscle release of amino
acids) and enhanced fat oxidation, in order to maintain
circulating glucose levels. In fact, during the postab-
sorptive state, fat oxidation is the major source of
fuel for energy production.

In pure starvation, in the absence of a systemic
in¯ammatory response, there is a shift over time toward
preserving lean tissues by diminishing protein losses.
One way such adaptation is achieved is by lowering the
body's basal energy expenditure by 25 to 30% through

TABLE II Body Compartments

Fat compartment (25%)

Body cell mass (40%)

Skeletal muscle (30%)

Viscera (10%)

Extracellular mass (35%)

Skeleton (10%)

Plasma proteins (5%)

Extracellular ¯uids (20%)
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changes in thyroid and catecholamine metabolism (see
Table III). Meanwhile, as fasting continues beyond 2 to 3
days, the glycogen stores in the liver become completely
depleted and almost half of the muscle glycogen is
exhausted. The body then relies on the mobilization
of amino acids (from skeletal muscle) and glycerol
(from fat) to the liver in order to make glucose via
gluconeogenesis. This is essential for tissues such as
the red blood cells, renal medulla, and peripheral nerves
that can use only glucose as fuel. The lowering of insu-
lin, together with a rise of glucagon, further stimulates
fatty acid oxidation to produce the ketone bodies acet-
oacetate and b-hydroxybutyrate. In this condition,
called starvation ketosis, ketone bodies become an
important source of fuel for skeletal muscle, visceral
tissue, and brain. This adaptation diminishes the
requirement for peripheral amino acid mobilization
by providing an alternate fuel (ketone bodies) for
those organs that are not glucose-dependent. In states
of semistarvation, intakes of at least 100 g of carbohy-
drates will prevent starvation ketosis.

Physiologic Response to Injury and
Critical Illness

What distinguishes the body's response to injury
compared to that of starvation is the activation of the
hypothalamicÿpituitaryÿadrenal axis as well as the
induced presence of a number of in¯ammatory media-
tors (cytokines). Irrespective of the cause of injury (i.e.,
severe trauma, sepsis, burn, in¯ammation, infection, or
major surgery), there is a sudden increase in systemic
cortisol concentrations as stimulated by adrenocortico-
tropin hormone release from the pituitary gland. Corti-
sol secretion, partially mediated and enhanced by
cytokine production [interleukin-1 (IL-1), interleu-

kin-6 (IL-6), and tumor necrosis factor (TNF)], has
principally catabolic effects. Meanwhile, cytokine-
mediated resistance to anabolic hormones including
insulin, growth hormone, insulin-like growth factor-I,
and androgens produces net protein catabolism. The
resulting net mobilization of amino acids from skeletal
muscles and connective tissue provides circulating sub-
strates for hepatic gluconeogenesis, wound healing, and
support of the immune system. Meanwhile, the adrenal
medulla and sympathetic nervous system are also sti-
mulated with the systemic in¯ammatory response, via
such triggers as pain, volume depletion, and fever. Sur-
vival becomes the priority for the body at the temporary
expense of skeletal muscle mass.

In summary, supraphysiologic levels of these coun-
terregulatory hormones lead to the net catabolism of
protein, glycogen, and fat, in order to meet the heigh-
tened demands of the severe systemic in¯ammatory
response. For the short term (7 to 10 days) in the pre-
viously well-nourished host with a mild to moderate
degree of systemic in¯ammation, this trade-off provides
a net bene®t in terms of morbidity and mortality.

Cytokines and Their Role in Injury

The systemic in¯ammatory response, whether due
to gram-negative sepsis or in response to severe injury or
infection, leads to the production of a number of poly-
peptide mediators that are synthesized by the liver, ®xed
tissue, and circulating cytokine-producing cells (macro-
phages, endothelial cells, monocytes, and lympho-
cytes). Those most studied include the principal
proximate cytokines (TNF, IL-1, and IL-6) that result
from the activation of innate immunity. Their role in the
metabolism of the critically ill is important due to their
effects on insulin and counterregulatory hormone

TABLE III Metabolic Responses to Starvation and Injury

Starvation Injury and stress

Decreased basal metabolic rate Increased basal metabolic rate

Increased gluconeogenesis (�) Increased gluconeogenesis (���)

Increased glycogenolysis (�) Increased glycogenolysis (���)

Increased lipolysis (��) Increased lipolysis (��)

Increased amino acid breakdown Increased amino acid breakdown (���)

Increased free fatty acid use Increased free fatty acid use

Ketone bodies (��) Ketone bodies (�)

Low insulin levels High insulin levels

Counterregulatory hormones (low to normal) Very high levels of counterregulatory hormones

Typical clinical situations: COPD, chronic liver and renal

disease, CHF

Typical clinical situations: trauma, severe sepsis, ARDS, SIRS

Note. COPD, Chronic obstructive pulmonary disease; CHF, Congestive heart failure; ARDS, Acute respiratory distress syndrome;

SIRS, Severe in¯ammatory response syndrome.
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release, as well as their direct effects on amino acid, fat,
and glucose metabolism. Insulin is the principal hor-
mone involved in glucose homeostasis, acting to regu-
late glucose production in the liver and to foster
peripheral glucose uptake mainly by skeletal muscle.
In normal circumstances, insulin also inhibits lipolysis,
proteolysis, and glycogenolysis. However, in critical ill-
ness, despite relatively higher levels of insulin, the coun-
terregulatory hormones and other mediators such as
IL-1, IL-6, and TNF oppose these inhibitory effects of
insulin, resulting in insulin resistance. This affects insu-
lin's ability to reduce hepatic glucose production and to
stimulate muscle glucose uptake.

CONSEQUENCES OF MALNUTRITION

In critical illness, the increase in resting energy expen-
diture is often overcompensated for by a dramatic
reduction in activity-related energy expenditure, so
that total energy expenditure may be less than in normal
healthy individuals of similar body size. However, anor-
exia generally leads to a negative energy balance, and
when combined with reduced activity, increased cata-
bolism, and reduced protein synthetic ef®ciency, it pro-
duces an accelerated loss of body cell mass. After 7 to 10
days of combined semistarvation and moderate in¯am-
matory response in an individual with an initially nor-
mal nutritional status, the body's ability to heal wounds
and to support immune function begins to be impaired.
Such effects are also seen with shorter periods of
semistarvation in an individual with either preexisting
malnutrition or severe in¯ammation alone. In such cir-
cumstances, likely complications include dysfunction
of most aspects of immune function. Such impairments
consist of diminished innate immunity, complement
and immunoglubulin production, and cellular immu-
nity as well as impairment of various aspects of leu-
kocyte action including chemotaxis, phagocytosis,
oxidative burst, and killing function. Other conse-
quences are poor wound healing, as well as reduced
performance of cardiac, respiratory, gastrointestinal,
and other vital organ function. Indeed, numerous stu-
dies have clearly shown increased infectious risk, longer
hospital stay, poorer outcome, and increased mortality
in patients with signi®cant unintentional weight loss
(more than 10%) or signi®cant hypoalbuminemia
(53.0 g/dl) prior to their acute illness.

NUTRITIONAL ASSESSMENT

To identify patients at high risk for protein malnutrition
and those with prior protein calorie malnutrition, a
systematic and comprehensive nutritional assessment

is crucial. Such an assessment begins with a thorough
history and physical examination. Through this eval-
uation, the clinician should be able to estimate the
body composition and analyze the pertinent laboratory
values, with an effort to compile all of the subjective
and objective data required to de®ne the patient's
nutritional state.

Clinical History and Physical Examination

A nutritional history should include the patient's
recent state of health and current complaints and symp-
toms related to recent dietary intake, signs of systemic
in¯ammation, and voluntary motor activity. Special
attention should be given to any gastrointestinal symp-
toms, such as nausea, vomiting, diarrhea, and dyspha-
gia, as well as to the patient's dietary and weight history.
An unintentional weight loss of approximately 10% in
the recent past indicates a signi®cant degree of semi-
starvation and a mild degree of PCM. Moderate PCM is
usually characterized by a 10 to 20% weight loss and
severe PCM should be considered when there is weight
loss of more than 20% from baseline. Generally, in unin-
tentional weight loss that develops with disease,
approximately 50% of the loss is from body fat stores.
Prior to hospitalization, if a premorbid weight is not
available, the patient's weight can be compared to the
established standards of weight in relation to height. A
weight of 85% or less of the desirable range for a parti-
cular height indicates the likelihood of PCM. Body mass
index (BMI), which is weight in kilograms divided by
the height in meters squared, is another helpful para-
meter for diagnosing malnutrition, because it is inde-
pendent of the patient's gender and height. The normal
range is 20 to 25 kg/m2 and a value less than 18.5 kg/m2

represents signi®cant PCM. Death from PCM is likely
when the BMI falls in the range of 12 to 14 kg/m2. A BMI
of 25 to 30 kg/m2 is considered to represent overweight
and values greater than 30 kg/m2 indicate the presence
of obesity. In two common settings, body weight
becomes a less speci®c marker of malnutrition. First,
in many chronically ill patients who have a relative
increase of their total body water due to decompensated
hepatic, renal, or cardiac function, the increase in
weight represents overhydrated lean tissue. Up to
one-half of such patients will have severe PCM when
assessed by speci®c measures such as upper arm anthro-
pometry or total body nitrogen. Second, after hospita-
lization, particularly in critically ill patients, an increase
in the total body water is expected due to elevated anti-
natriuretic and antidiuretic activity characteristic of the
systemic in¯ammatory response related to the increased
secretion of aldosterone, vasopressin, and insulin. This
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state of overhydration is often compounded by massive
volume resuscitation in the most critically ill patients or
more commonly by the failure to restrict total ¯uid
intake in the critically ill particularly when it is consid-
ered that 1.5 to 2 liters/day is necessary for adequate
nutritional support in the absence of increased ¯uid
losses.

Assessments of the Body Compartments

Anthropometry

During starvation alone or with accompanying
stress, the contribution of the lean tissue to body weight
loss ranges from 25 to 50%, respectively. Although indi-
viduals who suffer from more critical illnesses (i.e.,
closed head injury, multiple trauma, severe sepsis, or
major burns) sustain lean tissue to fat loss ratios of
75 : 25, when not fed, their lean tissue and weight
loss is usually masked by ¯uid retention. Simple assess-
ment of body compartments can still be a valuable and
an important task in determining an individual's nutri-
tional status. One simple and inexpensive estimation of
the body reserves is via upper arm anthropometry, par-
ticularly in patients with marasmus and in patients with
volume overload states, such as those with chronic
hepatic, renal, and cardiac failure. The triceps skinfold
(TSF) and subscapular skinfold thickness are generally
used as indexes of body fat. Such measurements have
fallen out of favor due to their low level of sensitivity,
lack of correction for hydration status, and heterogene-
ity in normal individuals. By themselves, they are not
very sensitive, since many healthy individuals have a
body fat composition of less than 5%. However, due
to their relative simplicity, such measurements should
be considered with the intent of identifying the most
severely malnourished patients, a group who can cer-
tainly bene®t from nutritional support. Upper arm
anthropometry consists of the measurement of TSF
thickness with skinfold calipers (in centimeters), mea-
surement of the mid-arm circumference with a tape, and
the calculation of the mid-arm muscle circumference
(MAMC) using the following calculation: MAMC (cen-
timeters) � arm circumference ÿ (3.14) � (TSF in
centimeters). MAMC is used to estimate the total ske-
letal muscle mass. A value of less than the ®fth percentile
of the normal standard indicates the presence of severe
PCM and losses of at least 30% of normal lean tissue.

CreatinineÿHeight Index

Another means of estimating lean tissue stores, spe-
ci®cally the muscle mass, is by measuring urinary crea-
tinine excretion over a 24 h period. Once normalized
for height, this measure is a reasonable index of the

skeletal muscle mass, which is the body's largest com-
partment of actively metabolizing lean tissue, and a
good estimate of body cell mass and lean body mass.
What makes this a dif®cult parameter to rely on is the
relative inconvenience and frequent inaccuracy of the
collection in ambulatory patients. It is also not as reli-
able in patients with diminished creatinine clearance,
with serum creatinine in the range of 4 to 6 mg/dl. Crea-
tinineÿheight indexes (CHIs) of less than 75% and less
than 60% of normal indicate moderate and severe pro-
tein depletion, respectively. A CHI of 60% of normal also
correlates well with a MAMC below the ®fth percentile,
again indicating severe PCM.

Other Methods

Methods of total body water measurement, directly
using isotope dilution or indirectly by bioimpedance
analysis and underwater weighing, are much more accu-
rate means of estimating the lean body mass and body
cell mass. These techniques are based on the concept
that fat-free body mass (lean body mass) and body water
maintain a relatively close and stable relationship,
which is true in health but not in disease. One can
calculate the fat compartment by subtracting the fat-
free body mass from the body weight. The value of
these methods of body composition analysis is most
evident in patients with marasmus, but they are of little
value in patients with chronic cardiac, renal, or hepatic
disease with ¯uid retention or in patients with critical
illness leading to distortions in tissue composition.
Dual-energy X-ray absorptiometry (DEXA) and total
body nitrogen by neutron activation are more recent
and more accurate techniques of estimating body com-
partments. The latter technique is valid even in the
critically ill. Despite the accuracy and the sensitivity
of DEXA and the neutron activation method, due to
their expense and limited availability, as well as lack
of a general knowledge of their role among most clin-
icians, they remain essentially research tools.

Serum Markers

Serum albumin is the most studied and cited value
associated with the assessment of nutritional status. It is
the most abundant serum protein and quantitatively the
largest synthetic product of the liver. A low serum albu-
min can help differentiate between marasmus and
hypoalbuminemic malnutrition (protein malnutrition).
In marasmus, the albumin level is always above 3 g/dl
and often normal. However, as the sole indicator of
nutritional status, albumin is not a very sensitive mar-
ker. In fact, with ongoing stress, even with adequate
nutritional support, serum albumin levels cannot be
restored to normal. A low albumin level is seen in all
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conditions of chronic in¯ammation and levels are
severely depressed when the systemic in¯ammatory
response is severe (i.e., major burns, severe sepsis,
closed head injury, and multiple trauma). An under-
standing of the physiology of albumin clari®es these
changes. The decline in serum albumin in the setting
of injury, stress, and severe infection is due to several
forces that are cytokine-mediated: (1) extravasations of
the albumin molecule into the extravascular space as a
result of an increased capillary permeability, (2) cyto-
kine-induced reduction of hepatic albumin synthesis,
(3) an increase in the breakdown of albumin, and (4) a
reduction in hepatic production due to low protein
intake. In addition, untreated edematous states due to
volume overload are almost always manifested with
serum albumin levels below normal. And since albumin
is a negative acute-phase protein, when abnormally low,
it indicates the recent presence of a systemic in¯amma-
tory response that also causes a reduction in dietary
intake, increased rates of lean tissue catabolism, and
reduced rates of protein synthesis. Thus, hypoalbumi-
nemia results as a consequence of the systemic in¯am-
matory response, which then commonly leads to protein
calorie malnutrition. Studies have demonstrated a
strong association between hypoalbuminemia and
increased medical and surgical complications in hospi-
talized patients and poorer prognosis in outpatients
with disease. A low serum albumin is an excellent pre-
dictor of morbidity, mortality, and longer hospital stay.
Although not a speci®c index of malnutrition, it is a
valuable tool in identifying the group of individuals
with the greatest need for nutritional supportÐthose
with severe metabolic stress who are likely to have sig-
ni®cant loss of lean tissue.

A number of other serum proteins (transferrin, reti-
nol-binding protein, and prealbumin) have been used in
the evaluation of malnutrition. Due to their shorter half-
lives, they have been studied as potential alternatives to
albumin. Like albumin, they are also negative acute-
phase proteins; they have not been shown to be superior
to albumin as indicators of the systemic in¯ammatory
response. As with albumin, their response to nutritional
support is limited until the systemic in¯ammatory
response remits.

FUNCTIONAL TESTS
FOR MALNUTRITION

To assess the physiologic and functional consequences
of malnutrition and to evaluate the effects of nutritional
support, a number of tests have been designed to
address this issue on more subjective grounds. Delayed

hypersensitivity skin testing can be used to assess
cell-mediated immunity, which is often impaired in
malnutrition of many varieties, including protein, cal-
orie, iron, zinc, essential fatty acid, vitamin B12, and
folate de®ciencies. Even though the skin anergy of
malnutrition is correctable with nutritional repletion,
the multifactorial nature of this type of immune sup-
pression makes skin testing a very insensitive tool.
Other functional tests, for instance, hand-grip strength
using an ergometer, electrophysiologic studies of the
adductor pollicis muscle relaxation, and assessment
of respiratory muscle strength, have all been shown
to be good indices of nutritional changes due to illness,
as well as reasonable predictors of postoperative mor-
bidity. However, the use of such techniques is limited to
those individuals who can cooperate and have good
cardiopulmonary status and they have not found
wide applicability as measures of response to nutritional
support.

SUBJECTIVE GLOBAL ASSESSMENT

In an effort to combine all of the objective data along
with the clinical and historical elements, an approach
termed subjective global assessment (SGA) has been
proposed. This systematic approach tries to incorporate
the relevant clinical factors in¯uencing the patient's
nutritional state. The SGA is a bedside clinical assess-
ment focusing on ®ve areas: severity, duration, and the
pattern of weight loss; dietary intake; presence of gas-
trointestinal symptoms; the individual's functional
capacity; and ®nally, the metabolic demands of the
patient's illness. Furthermore, several aspects of the
physical examination, such as estimation of the subcu-
taneous fat and muscle bulk, cutaneous and hair lesions,
and the ¯uid status, are all incorporated in the assess-
ment to ®nally categorize the patient as being well
nourished (category A), moderately malnourished
(category B), or severely malnourished (category C).
Studies show that the SGA is a reproducible way of
categorizing one's nutritional state and it is a more accu-
rate predictor of postoperative complications than
serum albumin, anthropometry, creatinineÿheight
index, and many other traditional markers of nutritional
status taken individually.

NUTRITIONAL SUPPORT

Due to the prevalence of protein calorie malnutrition in
hospitalized patients and the well-documented asso-
ciation between poor nutrition and increased mor-
bidity and mortality, invasive nutritional therapies are
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commonly employed in hospitalized patients. In order
to identify the patients at risk and to provide appropriate
and effective nutritional support, a thorough and early
evaluation by a team of physicians and dieticians is
crucial. The timing of initiation of nutritional support
depends on the patient's nutritional assessment. In the
absence of prior malnutrition and with an on-going
moderate systemic in¯ammatory response, initiating
invasive feeding 5 to 7 days or, even more conserva-
tively, 7 to 10 days after a period of fasting, if oral intake
has not resumed, is a reasonable and well-accepted
guide. Those with a poor premorbid nutritional status
(i.e., more than 10% weight loss or a BMI of less than
18.5 kg/m2) and superimposed illness are not as able to
mount an adequate in¯ammatory response. They often
have nutritionally related impairment of their protein
synthetic capacity and are more prone to organ failure. It
is therefore important not to delay nutritional therapy in
such individuals and to intervene within the ®rst several
days. Although it is even more effective to feed moder-
ately malnourished individuals for 7 days prior to an
elective major operative procedure, present-day reality
is that early postinjury feeding is generally the rule. On
the other hand, those with the most severe injuries, such
as multiple trauma, major burns, closed head injury,
and severe sepsis, can have lean tissue losses of 600
to 900 g/day and early feeding is essential. In this
group of patients, even in the absence of pre-illness
weight loss, adjuvant nutritional therapy should be
started soon after the acute resuscitation and metabolic
issues are resolved. Although many patients with major
traumatic or burn injury are not malnourished at the
time of presentation, their heightened degree of catabo-
lism and increased metabolic demands quickly lead to
severe protein malnutrition.

Thus, the goals of nutritional provision should be to
provide adequate amino acids and energy along with
essential nutrients, so as to allow optimal protein synth-
esis for the support of the immune system, wound
healing, and vital organ function. The initial goal is to
diminishbutnot tocompletely reverseprotein loss, since
this is not possible initially, given the intensity of the
systemic in¯ammatory response and the major reduc-
tion in voluntary muscle activity. It is important to keep
in mind that, in order to safely provide nutritional sup-
port for optimal protein synthesis, energy intake to meet
balance is not necessary. Additionally, it should not be
the goal of therapy in the ®rst weeks of most injuries, as
efforts to match and particularly to exceed the high
metabolic energy needs of the injured and the critically
ill have not been shown to be bene®cial. In fact, they can
lead to overfeeding complications such as hyperglyce-
mia, hepatosteatosis, and immune suppression.

Modes of Nutritional Delivery

With a functional gastrointestinal tract, the tradi-
tional approach has been to deliver nutritional therapies
enterally. Enteral feeding is a more physiologic route; in
addition, theoretical reasoning has been used in support
of this method. Bacterial translocation, in the absence of
lumenal gut content, has been postulated to lead to
septic complications. Although bacterial translocation
has been demonstrated to be signi®cant in animal mod-
els, con®rmatory studies in humans have been incon-
clusive. To date, no studies in human have convincingly
shown that such translocation is reduced via enteral
feeding or promoted by parenteral nutrition. Although
fasting does lead to minor architectural changes in the
intestinal mucosa, the gut mucosal barrier in human
does not seem to be impaired. Furthermore, in the cri-
tically ill and in many postsurgical patients, intolerance
of enteral feeding, particularly when feeding into
the stomach, is common. Total parenteral nutrition
(TPN) is a well-established means of providing nutri-
tional support in such patients and there is no clear
evidence that this method has more risks or is less effec-
tive than enteral nutrition. Although many clinicians
recommend the use of the enteral route versus the par-
enteral route based on the belief that parenteral nutri-
tion is more likely to produce infectious complications,
it appears from a closer review of the literature that
many of the complications were more clearly related
to overfeeding. When provided appropriately and
with care, there are no signi®cant differences between
the two different modes of delivery. When it is possible
to use enteral feeding to meet nutritional goals, this
method is preferred, but TPN exclusively or in combi-
nation with enteral feeding should be considered when
such goals are not achievable by enteral feeding alone.
An added bene®t to combination feeding is that such
individuals tend to transition to full enteral feeding
more quickly than those who are fed exclusively via
the parenteral route.

CONCLUSION

Malnutrition in clinical practice is very common and,
although it is an independent risk factor for morbidity,
when accompanied by disease it can have an even more
negative impact on outcome. The recognition of mal-
nutrition requires an understanding of its physiological
and functional consequences as well as an appreciation
of its effects on body composition. There is a sizable
body of suggestive evidence demonstrating that adju-
vant nutritional support, when administered ade-
quately, to the right group of patients, and in a timely
fashion, can signi®cantly improve outcomes.
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Ladd's bands Peritoneal attachments to an abnormally

positioned cecum. They can cause obstruction of the

duodenum by extrinsic compression.

short bowel syndrome A spectrum of intestinal malabsorp-

tion that occurs after major resection of the small

intestine.

volvulus A twisting or displacement of the intestine around a

®xed focal point that can cause obstruction and/or

strangulation.

Malrotation is de®ned as an abnormal position of bowel

created by a variance in its embryologic development.

Normal development of the human intestine includes

rotation and ®xation of the embryonic midgut. Abnorm-

alities of this process create a spectrum of anomalies,

which vary in their clinical signi®cance from asympto-

matic presentations to a twist of the midgut (volvulus)

and abdominal catastrophe.

INTRODUCTION

Embryologic variation in midgut formation has long
been recognized. Calder, in 1752, ®rst described con-
genital duodenal obstruction due to malrotation. In
1898, Mall described the embryology of abnormal
intestinal rotation. Dott, in 1923, correlated embryolo-
gic observations with clinical evidence and suggested a
surgical treatment for duodenal obstruction. In his land-
mark article in 1932, Ladd described the surgical pro-
cedure that bears his name and remains the gold
standard treatment for this condition.

The true incidence of malrotation of the midgut
is dif®cult to determine. The autopsy prevalence may
be as high as 0.5 to 1% of the total population, but
the incidence in patients with clinical symptoms may
be much less. The clinical presentation in the infant may
occur in 1 in 6000 live births. Malrotation accounts for
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Normal development of the human intestine includes

rotation and ®xation of the embryonic midgut. Abnorm-

alities of this process create a spectrum of anomalies,

which vary in their clinical signi®cance from asympto-

matic presentations to a twist of the midgut (volvulus)
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INTRODUCTION

Embryologic variation in midgut formation has long
been recognized. Calder, in 1752, ®rst described con-
genital duodenal obstruction due to malrotation. In
1898, Mall described the embryology of abnormal
intestinal rotation. Dott, in 1923, correlated embryolo-
gic observations with clinical evidence and suggested a
surgical treatment for duodenal obstruction. In his land-
mark article in 1932, Ladd described the surgical pro-
cedure that bears his name and remains the gold
standard treatment for this condition.

The true incidence of malrotation of the midgut
is dif®cult to determine. The autopsy prevalence may
be as high as 0.5 to 1% of the total population, but
the incidence in patients with clinical symptoms may
be much less. The clinical presentation in the infant may
occur in 1 in 6000 live births. Malrotation accounts for
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approximately 1 in 25,000 of all hospital admissions.
Fifty to 75% of these patients will present with symp-
toms in the ®rst month of life, with 90% of all patients
presenting within the ®rst year of life. Although volvu-
lus and bowel ischemia present more frequently before 1
year of age, they can occur at any age. In
the neonatal age group, males predominate in a 2 : 1
ratio, but this difference disappears with age. Sixty-
two percent of patients with malrotation have associated
gastrointestinal anomalies including intestinal atresia,
duodenal web, Meckel's diverticulum, intussusception,
Hirschsprung's disease, extrahepatic biliary system
anomalies, and gastric volvulus.

EMBRYOLOGY AND
DEVELOPMENTAL PATHOLOGY

The primitive gut is initially a tubular structure com-
posed of endoderm. In the human, the intestinal seg-
ment that opens ventrally into the yolk sac is de®ned as
the midgut (see Fig. 1). This portion will come to be
supplied by the superior mesenteric artery (SMA),
which serves as its axis, with the omphalomesenteric
duct located at its apex. The primary loop rotates 180�

counterclockwise such that the proximal `̀ prearterial''
loop lies posterior to the SMA. The cranial section of this
limb will become the duodenum and its proximal posi-
tion is ®xed to the right of the SMA. The more distal

portion of the prearterial loop becomes ®xed to the left
of the SMA and becomes the third and fourth portions of
the duodenum, attached by the ligament of Treitz to the
body wall to the left of the aorta, at or just above the level
of the gastric outlet. Thus, the distal portion of the
duodenum ultimately completes a 270� turn counter-
clockwise (Fig. 1).

The jejunum and proximal ileum undergo elonga-
tion to eventually form the primary loops of bowel at
birth. The postarterial limb of the midgut becomes the
terminal ileum, the cecum, and the proximal transverse
colon. This segment also rotates 270� counterclockwise
but does so anterior to the SMA.

Following the initial growth and rotation phases
of the midgut outside of the fetal body stalk, the midgut
retracts into the abdominal cavity. The duodenalÿ
jejunal junction will come to lie posterior to the
SMA, the small bowel will lie both to the right and to
the left of midline, and the cecum and ascending colon
will end up anterior to the SMA.

The ®nal step in midgut positioning is ®xation to the
posterior body wall (see Fig. 2). After reduction into the
left abdomen, the cecum descends and is ®xed normally
in the right iliac fossa. The intestinal mesentery is ®xed
in an oblique orientation from this point to the left upper
quadrant where the ligament of Treitz secures the duo-
denum. This broad-based ®xation is critical for the sta-
bility of the intestine and mesentery (Figs. 2 and 3).
When considering rotational abnormalities, it is useful

FIGURE 1 The primitive midgut grows to form an intestinal

loop and its blood supply is from the superior mesenteric artery.

Figure is from the personal collection of M. M. Ziegler.

FIGURE 2 The correct anatomical location of the midgut after

it rotates 270� counterclockwise around the axis of the superior

mesenteric artery. Figure is from the personal collection of

M. M. Ziegler.
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to think of embryologic development in three main
stages: herniation, rotation and return, and ®xation.
Herniation usually commences during the 5th to 10th
weeks of gestation. Failure to go beyond this stage
results in an omphalocele. Although not usually con-
sidered a true malrotation, the embryologic abnormality
of intestinal orientation in this entity is a form of non-
rotation.

The return of the intestinal contents to the abdomen
is usually accomplished during the 10th to 12th weeks
and associated abnormalities create a variety of patho-
logic entities. One form of rotational anomaly (nonrota-
tion) occurs when the gut fails to rotate; that is, the gut
turns less than 90� instead of the normal 270�. The distal
cecocolic limb enters the abdomen ®rst instead of last.
Thus, nonrotation occurs when the duodenum des-
cends inferiorly to the right of the SMA. The small
bowel lies to the right and the colon lies on the left.
The cecum is located at or near the midline and the
small intestine lies to the right of midline. This condi-
tion may produce subtle symptoms and volvulus can
occur. This variant has been reported in 0.2% of gastro-
intestinal contrast studies (Fig. 4).

Incomplete rotation is characterized by the arrest of
normal rotation at 180� and may cause duodenal
obstruction by either extrinsic compression or volvulus.

The prearterial segment fails to complete the position-
ing posteriorly and to the left of the SMA. The cecum
comes to lie in the upper abdomen usually to the left of
the SMA and posterior wall attachment is accomplished
by peritoneal bands, known as Ladd's bands, that can
potentially cross and obstruct the duodenum. These
bands are derived from embryonic dorsal mesogastrium
and usually serve to secure the cecum and mesocolon to
the posterior body wall (Fig. 5). As with nonrotation,
the resulting narrow vascular pedicle provides an
opportunity for volvulus to occur (Fig. 6).

Reverse or mixed rotations are less common forms of
malrotation that can be caused by rotational arrest any-
where in midgut development. This creates a wide spec-
trum of anomalies that range from an incompletely
descended cecum to more serious conditions that pre-
dispose to volvulus. For example, reverse rotation
occurs when there is an abnormal 90� clockwise turn
instead of the opposite 270� counterclockwise rotation.
The distal limb enters the cavity ®rst and rotates in a
counterclockwise manner 180� about the SMA base.
The duodenum will then lie in front of the transverse
colon, producing a retroarterial tunnel, which may
result in vascular or lymphatic occlusion (Fig. 7).

Paraduodenal or mesocolic hernias are a rare
group of anomalies that occur when the small bowel
is trapped behind the mesocolon as the colon attaches

FIGURE 3 The normal attachment of the small bowel mesen-

tery. Its broad base extends from the ligament of Treitz to the

cecum. The ascending colon and descending colon are ®xed

retroperitoneally. Figure is from the personal collection of

M. M. Ziegler.

FIGURE 4 Nonrotation. Return of the postarterial segment

®rst leaves the colon on the left and the small intestine on the

right. Note that the ileum enters the cecum from the right side.

Figure is from the personal collection of M. M. Ziegler.

616 MALROTATION



to the retroperitoneum. Failure of proper mesoco-
licÿposterior body wall ®xation offers potential space
on either side for bowel sequestration and entrapment.
Right-sided hernias occur as the prearterial limb fails
to rotate around the SMA and is entrapped by the

mesocolon of the cecum and ascending colon. A left-
sided hernia occurs when the prearterial limb rotates to
the left and invaginates the mesocolon of the descending
colon. The colon continues its normal positioning and
the small bowel becomes encased in a mesenteric sac. As
with any hernia, these situations present a potential risk
for obstruction, incarceration, and strangulation of the
intestine.

Fixation normally begins after the 12th week of
gestation. Failure of this process results in a mobile
or subhepatic cecum or a retrocecal appendix. The
subsequent mesenteric mobility may increase the risk
for volvulus.

PRESENTATION AND DIAGNOSIS

The symptoms of malrotation generally result from
either partial duodenal obstruction or midgut volvulus.
The manner of presentation usually follows an age
distribution.

Presentation in the newborn period is usually acute.
Bilious emesis is a cardinal manifestation of neonatal
intestinal obstruction and demands that malrotation be
included in the differential diagnosis. Less common
symptoms include coffee ground emesis, distension,
pain, and bloody stools. Duodenal obstruction is
most often caused by extrinsic compression from Ladd's

FIGURE 5 Malrotation. Duodenal obstruction can occur

from Ladd's bands. Figure is from the personal collection of

M. M. Ziegler.

FIGURE 6 Malrotation. Duodenal obstruction can occur from

volvulus. Figure is from the personal collection of M. M. Ziegler.

FIGURE 7 Reverse rotation. The duodenum is anterior to

the superior mesenteric artery, which in turn is anterior to the

transverse colon. Figure is from the personal collection of

M. M. Ziegler.
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bands. Ladd's bands cross anteriorly and laterally to the
descending duodenum; thus, a postampullary site is the
typical point of obstruction with characteristic bilious
vomiting. There is a low but signi®cant incidence of
associated intrinsic duodenal obstruction, which may
occur in the form of a web, stenosis, or true atresia. This
is seen in 8ÿ12% of patients who undergo operation for
malrotation and it should be excluded by either careful
inspection or by passage of a trans-lumenal balloon-
tipped catheter. The physical examination may be nor-
mal in up to 50% of patients. Among older patients,
presentations include chronic abdominal pain, weight
loss or failure to thrive, chronic pancreatitis, or other
relatively nonspeci®c gastrointestinal complaints. A
number of patients present asymptomatically, in
which the lesion is discovered incidentally.

The most pressing clinical concern is the presence of
SMA pedicle torsion and volvulus. Midgut volvulus is
the presentation in approximately half of the patients
who come to operation for rotational abnormalities.
Guiac-positive stool or hematochezia resulting from
mucosal injury is a relatively common early ®nding.
The patient may present in extremis and midgut volvulus
has the tragic sequelae of bowel necrosis, sepsis, hypo-
tension, acidosis, respiratory failure, and coagulopathy.
The outcome for midgut volvulus is time-dependent,
which is the reason that all suspected neonatal intestinal
obstruction is aggressively diagnosed and treated.

For pediatric intestinal obstruction, the adjunct
diagnostic algorithm generally begins with a plain
abdominal radiograph. Classic early ®ndings may reveal
a nonspeci®c bowel gas pattern or may show gastric or
duodenal distension. The `̀ duodenal triangle,'' a trian-
gular gas shadow in the right upper quadrant, thought to
be the liver edge overlying the duodenum, has been
described as a reliable radiologic sign for malrotation.
Plain ®lms, however, cannot rule out malrotation and
may not distinguish between intrinsic and extrinsic
duodenal compression.

The study of choice when malrotation is suspected is
the upper gastrointestinal contrast series. Typically, it
will show an abnormally located duodenojejunal junc-
tion; normally this junction lies to the left of the midline,
at the level of the pylorus and ®xated posteriorly. In
malrotation, the junction is seen lower, more anterior,
and in the midline or to the right. The presence of distal
contrast will rule out duodenal atresia, but it does not
differentiate malrotation from duodenal stenosis or an
intrinsic web. Typically, in the presence of volvulus,
narrowing of the duodenum will produce signs of tor-
sion or compression, with image descriptors such as
`̀ bird beak,'' `̀ corkscrew,'' or `̀ coiled'' used. Diagnostic
uncertainty requires immediate operation.

The use of contrast enemas may de®ne a high, abnor-
mally located cecum and it may help in investigating
more distal neonatal intestinal obstruction. It has lim-
ited utility in the diagnosis of malrotation.

Other modalities such as ultrasonography, com-
puted tomography, and angiography have shown
some ef®cacy in identifying axial relationships of the
SMA pedicle. The typical ®nding is a reversed anatomic
relationship of the SMA and SMV, which in malrotation
cases would ®nd the SMA in an aberrant anterior or
left position. Angiographic ®ndings of volvulus are
described as a `̀ barber pole'' sign, due to the whirling
of the mesenteric vessels and the dilated SMV with
developed, dilated collateral vessels. As with plain
®lms, a normal axial investigation does not rule out
malrotation. These studies are helpful in diagnosis,
but have no role in the acute setting, especially in the
newborn, when time is of the essence. The most prudent
diagnostic and therapeutic evaluation may be explora-
tory laparotomy.

TREATMENT

Neonates and infants who are diagnosed with malrota-
tion require emergent operative management. Prompt
evaluation, aggressive resuscitation, and timely pre-
operative preparation are essential for successful out-
comes. The urgent nature of this disease must be
stressed to the clinician. If the midgut is found to be
unsalvageable at laparotomy, the survival rate falls to
50% and lifelong short bowel syndrome requiring par-
enteral nutrition is indicated.

The modern operative procedure is still based on the
classic description by Ladd and proceeds as follows:
abdominal entry is made through a wide transverse
supraumbilical incision. Rapid exploration is then car-
ried out with complete evisceration of the midgut. The
usual ®nding at operation is either midgut volvulus or
an aberrant location of the cecum and right colon. After
the root of the mesentery is inspected, the volvulus, if
present, is relieved by counterclockwise rotation of the
affected segment (Fig. 8). The bowel may require a
period of intraoperative warming and observation to
assess viability. Ladd's bands stretching across the duo-
denum from the right upper quadrant are then divided
(Fig. 9). To prevent recurrence, the base of the mesen-
tery is broadened by dividing the peritoneal attachments
of the cecum, small bowel mesentery, mesocolon, and
duodenum (Fig. 10). The second, third, and fourth parts
of the duodenum are then straightened and positioned
along the right abdomen. The ileocecal junction is posi-
tioned in the left lower quadrant. If the bowel is deemed
to be viable, intestinal contents are milked distally to
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assess lumenal patency. An appendectomy is performed
before the cecum is placed in the left lower quadrant
(Fig. 11). Cecopexy has not been shown to offer any
bene®t.

Mesocolic hernias are addressed by dividing the lat-
eral peritoneal attachments. Left hernias require mobi-

lization of the inferior mesentericveinandreductionand
closure of the hernia sac. If properly performed, recur-
rence is rare. The overall incidence of adhesive small
bowel obstruction following surgery approaches 10%.

If a limited segment of bowel is necrotic, resection
and primary anastomosis is performed. In some cases,
the severity of bowel edema prevents primary closure
and silo or Gortex closure should be used. After appro-
priate resuscitation and hydration, a second-look lapar-
otomy is performed in 36ÿ48 h. In tragic situations
where most or all of the midgut is necrotic, closure
and family discussion should take place before a total
enterectomy is performed.

OUTCOME AND FUTURE DIRECTION

In Ladd's original report, 8 of 35 patients died and there
were no recurrences in the remaining patients (27 of
35). In current practice, the Ladd procedure is the ther-
apy of choice and carries an overall mortality of 3ÿ9%.
The mortality rate increases with the presence of intest-
inal necrosis and prematurity. Eighteen percent of
patients with short bowel syndrome had midgut volvu-
lus and subsequent bowel resection as the etiology of
their disease.

In patients found to have malrotation as an inci-
dental ®nding on radiologic studies or at laparotomy
for other reasons, a Ladd procedure should be per-
formed. There is no way to accurately predict which
patients are at risk for potentially catastrophic volvulus;
therefore, early treatment minimizes morbidity and
mortality.

FIGURE 8 Counterclockwise detorsion of midgut volvulus.

Figure is from the personal collection of M. M. Ziegler.

FIGURE 9 Incision of Ladd's bands is critical in order to relieve

duodenal obstruction. Figure is from the personal collection of

M. M. Ziegler.

FIGURE 10 The peritoneal layers on the anterior surface of the

small bowel mesentery are incised in order to broaden the base of

the mesentery. Figure is from the personal collection of M. M.

Ziegler.
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In the past 10 years, several groups have shown
the safety and ef®cacy of laparoscopic Ladd's procedures
in cases of malrotation without volvulus. The advantage

of this technique includes minimal morbidity from tro-
car sites compared with the generous supraumbilical
incision. Return to full feeding can occur as soon as
24 h after surgery compared with several days following
open surgery, leading to an overall decrease in hospital
stay. There is general agreement that this approach
should be limited to cases without volvulus due to
the friability and delicate nature of the compromised
bowel.
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FIGURE 11 The operative ®ndings at the end of a Ladd's pro-

cedure. Note that the duodenum is straightened out in the right

¯ank. The cecum is now in the left lower quadrant and an appen-

dectomy has been performed. Figure is from the personal collec-

tion of M. M. Ziegler.
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Manometry
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achalasia Ineffective esophageal peristalsis and defective

relaxation of the lower esophageal sphincter in response

to swallowing, due to depletion of inhibitory nerves in

the esophageal smooth muscle.

diffuse esophageal spasm Disordered esophageal peristalsis;

diagnosed by manometry; frequently associated with

chest pain or dysphagia of unknown origin.

Hirschsprung's disease Congenital disorder characterized by

severe constipation due to absence of neurones in the

myenteric plexus of the distal gut.

hypertensive lower esophageal sphincter Manometric ®nd-

ing of uncertain clinical signi®cance; frequently found in

patients with noncardiac chest pain or nonorganic

dysphagia without detectable underlying cause.

intestinal pseudo-obstruction Clinical symptoms, either

recurrent or chronic, resembling a mechanical obstruction

of the gut without demonstrable luminal compromise.

nutcracker esophagus Vigorous peristaltic contractions of

the esophageal body; frequently associated with chest

pain or other symptoms, such as depression, anxiety, and

somatization, without a clear underlying cause and with

uncertain clinical signi®cance.

Gut manometry, the measurement of intraluminal pres-

sures in a segment of the gut in order to study motor

function. Pressures in the alimentary canal can be mea-

sured using an intraluminal tube, either with microsen-

sors mounted over the tube or with a multilumen tube in

which each lumen has a distal intraluminal opening and is

proximally connected to an external pressure transducer.

ESOPHAGEAL MANOMETRY

De®nition and Technique

Esophageal manometry is a well-established and
standardized test that measures the motor activity of
the esophagus and the sphincters during basal condi-
tions and in response to swallowing. The esophagus is
a muscular tube with sphincters on each end. It is sepa-
rated from the pharynx by an upper sphincter with a
basal contraction of about 40ÿ120 mmHg, and is sepa-
rated from the stomach by a lower sphincter with a basal
contraction of about 10ÿ45 mmHg above intragastric
pressure. The body of the esophagus is intrathoracic and

has negative intraluminal pressure. Pharyngeal contrac-
tion during swallowing is associated with a complete
relaxation of both the upper and the lower esophageal
sphincters, and once the bolus has entered the esopha-
gus, a contraction of the upper sphincter is followed by a
peristaltic contraction that migrates distally at a velocity
of 2ÿ4 cm/sec. The magnitude of the esophageal con-
traction increases distally (up to 40ÿ130 mmHg in the
lower third). Once the contraction reaches the lower
sphincter, it recontracts.

Outcome Measures

Esophageal manometry has several possible
outcomes:

1. Achalasia. The manometric diagnosis is based on
100% failed peristalsis (no peristaltic contractions),
usually in the form of simultaneous contractions of
the esophageal body in response to swallowing. Second-
ary criteria are incomplete or absent relaxation of the
lower sphincter and positive basal pressure in the eso-
phageal body due to retention.

2. Diffuse esophageal spasm. This disorder is de®ned
by normal peristalsis alternating with more than 30% of
the swallows with failed peristalsis, usually with simul-
taneous contractions. No characteristic lesion has been
uniformly found in association with this entity.

3. Nutcracker esophagus. This disorder is de®ned by
hypertensive but otherwise normal peristalsis (distal
contractions4180 mmHg).

4. Hypertensive lower sphincter. This disorder is
de®ned by increased basal pressure (445 mmHg)
with otherwise normal function.

5. Nonspeci®c motor disorders. These disorders are
represented by a series of manometric ®ndings that seem
to occur more frequently in patients with unexplained
symptoms, such as dysphagia or noncardiac chest pain,
than in healthy subjects; their true clinical signi®cance
is not known. These disorders are de®ned by normal
peristalsis plus one or more of the following symptoms:
nontransmitted contractions (420%), prolonged con-
tractions (46 sec), triple-peak contractions, retrograde
contractions, and weak contractions (535 mmHg).
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Indications

Suspected achalasia, suspected diffuse esophageal
spasm, and symptoms of presumed esophageal origin
without detectable abnormalities by conventional
radiologic and endoscopic tests; however, the clinical
signi®cance of nonspeci®c motor disorders in this con-
text is not clear. In cases involving systemic diseases,
particularly connective tissue diseases, diabetes, and
somatic myopathies, manometry may help to establish
esophageal involvement by identifying weak peristalsis,
weak lower sphincter, and/or nonspeci®c motor dis-
orders. In patients with gastroesophageal re¯ux disease,
manometry may be indicated before surgery to de®ni-
tively rule out primary motor disorders and to assess
peristaltic function, although the impact of the latter
on treatment remains debatable. Because manometry
locates the lower esophageal sphincter, it may be
used to guide positioning of intraluminal devices, par-
ticularly electrodes for pH monitoring. Finally, abnor-
mal esophageal motility may mimic various disorders,
such as anorexia nervosa, that may be correctly identi-
®ed by manometry.

INTESTINAL MANOMETRY

De®nition and Technique

Intestinal manometry measures the motor activity
of the upper small intestine either with or without
simultaneous recording of antral activity. Evalua-
tion of intestinal activity requires long observation
periods (�5 hours) both during fasting and in response
to ingestion of a meal. Intubation of the small bowel
is usually guided by a steerable catheter or by endo-
scopy. Normally, during fasting, the upper gut exhibits
a cyclical motility pattern of alternating periods of
quiescence and activity. The periods of activity develop
at variable intervals of about 100 min, initiate in the
antrum, and migrate into the intestine at about
5ÿ10 cm/min. After a meal, this cyclical motility pattern
is interrupted and converted into a fed pattern, with
regular antral activity at three contractions per minute
and continuous irregular intestinal activity. The dura-
tion of the fed pattern depends on the type and volume
of the meal.

Outcome Measures

Intestinal manometry has several possible out-
comes:

1. Myopathic pattern. Impaired contractile capabil-
ity of the intestinal wall produces low-amplitude

contractions with otherwise preserved motor patterns.
This type of pattern corresponds either to a myopathy
(hollow visceral myopathy, myotonic dystrophy, or
dermatomyositis) or to an in®ltrative process (sclero-
derma or amyloidosis).

2. Neurophatic pattern. This pattern is characterized
by contractions of normal strength but abnormal orga-
nization, due to an alteration of the neural mechanisms
that control motility. The neuropathy may affect neural
pathways at any level between the brain and the gut
(brain tumor, autonomic neuropathy, or enteric neuro-
pathy), without distinguishable manometric character-
istics. The types of abnormalities are de®ned as
abnormal migration or con®guration of the activity per-
iods during fasting (simultaneous appearance, retro-
grade propagation over 30 cm, or discrete elevation
of the baseline of 430 mmHg for 43 min), bursts of
nonpropagated activity (periods 42 min with waves
420 mmHg at 10ÿ12/min registered in one or
more consecutive manometric ports simultaneously),
sustained uncoordinated phasic pressure activity
(430 min of intense and frequent contractions in one
intestinal site uncoordinated with the rest of the gut),
and failure to convert to a fed pattern.

3. Obstructive pattern. This is a form of intermittent
repetitive activity that develops in the postprandial per-
iod, with clusters of waves or prolonged waves repeat-
ing rhythmically every 1ÿ3 min. This pattern suggests
a partial mechanical obstruction of the gut that may
have been overlooked in the previous workup of the
patient.

4. Antral hypomotility. Reduced amplitude or fre-
quency of antral waves after a meal is frequent in
patients complaining of symptoms without demon-
strable cause. The signi®cance of this pattern is doubt-
ful, and hence, the indication for antral recording is
debatable.

Indications and Clinical Value

Manometry facilitates management of patients with
intestinal pseudo-obstruction by showing either a myo-
pathy, a neuropathy, or an obstructive pattern. In
patients with gastroparesis, i.e., gastric retention due
to impaired gastric function, it is important to determine
whether the intestine is also affected. The same applies
to patients with colonic inertia, i.e., severe, intractable
constipation due to impaired colonic motility. In
patients with functional gastrointestinal disorders,
i.e., symptoms such as diarrhea, bloating, or pain with-
out demonstrable cause, intestinal manometry may be
indicated if the symptoms are severe, to rule out intest-
inal neuropathy.
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ANORECTAL MANOMETRY

De®nition and General Technique

Anorectal manometry evaluates the function of the
rectum and anal canal, which is maintenance of con-
tinence and controlled evacuation of fecal residues. This
function is achieved by a combined action of the rectal
reservoir function and regulated anal closure. Evalua-
tion of anorectal function consists of the following
battery of tests:

1. Anal sphincters. The anal canal is surrounded by
two concentric muscular cylinders. The internal anal
sphincter is a smooth muscle that exerts a continuous
tonic contraction, thereby maintaining anal closure dur-
ing basal conditions. The external anal sphincter is a
peripheral cylinder of striated muscle that produces
additional contraction at will during squeeze. Sphinc-
teric function is evaluated by measuring the pressure at
different levels of the anal canal: basal pressures largely
re¯ect the activity of the internal sphincter and volun-
tary squeeze contractions re¯ect the activity of the exter-
nal sphincter.

2. Re¯exes. Sphincteric function is controlled by a
relatively complex series of neural circuits. The internal
sphincter, which can be considered a thickening of the
circular muscle layer of the intestinal wall, is innervated
by the myenteric plexus, which can be evaluated using
the anorectal inhibitory re¯ex: rectal distension, e.g., by
means of a balloon, normally produces a relaxation of
the internal anal sphincter and hence a pressure drop in
the anal canal. The external sphincter is controlled in
part by spinal re¯exes that can be evaluated using the
cough re¯ex: an intraabdominal pressure increment,
e.g., coughing, normally produces a re¯ex contraction
of the external anal sphincter and hence a pressure
increment in the anal canal.

3. Defecatory maneuver. Rectal evacuation, i.e.,
defecation, is normally produced by an abdominal com-
pression associated with anal relaxation. This maneuver
can be evaluated by asking the patient to attempt defe-
cation while simultaneously measuring the pressure in
an intrarectal balloon (intraabdominal pressure) and
the pressures at different levels in the anal canal.

4. Rectal reservoir function. The rectal wall has a
distensibility and a sensitivity that allow the rectum to
®ll and elicit conscious perception. This function is
evaluated by metered rectal distension, using an intrar-
ectal bag or balloon, and by measuring both the com-
pliance (pressure at different distending volumes) and
the intensity of conscious perception (for instance, the
distending levels that induce ®rst perception, urge to
defecate, and discomfort).

Outcome Measures

Isolated dysfunctions may not have clinical rele-
vance, and symptoms may occur only when multiple
parameters are affected. The following parameters are
usually evaluated:

1. Anal pressures. Decreased resting pressure indi-
cates a weak or disrupted internal anal sphincter.
Increased resting pressure may indicate internal anal
hypertony, a key pathophysiological factor in anal ®s-
sure, or striated muscle spasm, frequently associated
to anoperineal pain syndromes. Decreased voluntary
squeeze pressure re¯ects impaired external sphincter
contraction.

2. Re¯exes. The presence of an anorectal inhibitory
re¯ex rules out Hirschsprung's disease. Impaired cough
re¯ex (anal pressure increment in response to cough
smaller than the voluntary squeeze) indicates a defect
in the sacropudendal re¯ex arc.

3. Defecatory maneuver. Impaired relaxation during
attempted defecation (incomplete pressure drop) indi-
cates a functional outlet obstruction, which is frequently
associated with excessive straining (excessive abdom-
inal compression). A weak abdominal compression, i.e.,
ineffective straining, may be due to a neuromuscular
disease.

4. Rectal evaluation. Increased rectal capacity
(megarectum) may be associated with functional outlet
obstruction; decreased capacity may be associated with
fecal incontinence. Increased rectal sensitivity may be
associated with urge and fecal incontinence. Patients
with severely reduced sensitivity may be at risk of incon-
tinence due to impaired perception of rectal ®lling.

Indications

1. Constipation. Manometry can identify a func-
tional outlet obstruction, and these patients may be
taught to produce a normal defecatory maneuver. Sus-
pected Hirschsprung's disease is excluded by a normal
anorectal inhibitory re¯ex; if the re¯ex is repeatedly
absent, a deep rectal wall biopsy should be done for
histologic evaluation of the status of the enteric
nervous system.

2. Anal incontinence. Any type of leakage, soiling,
gas, liquid, or solid incontinence should be investig-
ated, particularly in the absence of gross anatomical
defects, because these patients may respond to func-
tional treatment.

3. Pelvic ¯oor disorders. Some cases may be related
to functional outlet obstruction and perineal stress by
excessive straining. In other cases, the disorder affects
multiple systems, including the anorectum.
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4. Diseases associated with neuromyopathies when
anorectal affectation is suspected.

5. Pre- and postanorectal surgery, particularly if
anorectal dysfunction is suspected.

6. Anoperineal pain or discomfort syndromes.
Manometry may detect a neuromuscular dysfunction
or a functional outlet obstruction with defecatory
trauma, and these patients may respond to appropriate
treatment.

See Also the Following Articles
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marginal ulcers Also termed stomal or anastomotic ulcers;

those peptic ulcers that occur at or near a surgically

created gastroduodenostomy or gastrojejunostomy.

Marginal ulcers (also known as stomal or anastomotic

ulcers) are peptic ulcers that occur at or near a surgically

created gastroduodenostomy or gastrojejunostomy. The

original operative procedure may have been performed for

the treatment of peptic ulcer disease or benign or malig-

nant gastric, duodenal, or pancreatic diseases. This article

discusses the etiology, clinical presentation, diagnostic

strategy,andmanagementofpatientswithmarginalulcers.

INCIDENCE AND TIME
TO OCCURRENCE

The incidence of marginal ulcers in patients undergoing
vagotomy, resection, and gastroenteric anastomoses for
peptic ulcer disease is less than 5%. In these patients,

ulcer recurrence occurs most often within the ®rst 3 to 5
postoperative years. Marginal ulcers following gastro-
enterostomy for diseases other than peptic ulcer disease
may occur many years following the original procedure.
Marginal ulcers have also been reported in as many as
8% of morbidly obese patients undergoing gastric
bypass as an adjunct to weight loss.

ETIOLOGY AND PATHOGENESIS

The most common causes of marginal ulcers are
(1) incomplete gastric acid suppression (e.g., incom-
plete vagotomy or absence or failure of appropriate
ulcer prophylaxis with histamine 2 receptor antagonists
(H2-RA) or proton pump inhibitors (PPIs) and
(2) ulcerogenic medications, particularly aspirin or
nonsteroidal anti-in¯ammatory drugs (NSAIDs). Less
common causes include hypersecretory states, such as
gastrinoma and retained/excluded gastric antrum. In
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4. Diseases associated with neuromyopathies when
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5. Pre- and postanorectal surgery, particularly if
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Marginal ulcers have also been reported in as many as
8% of morbidly obese patients undergoing gastric
bypass as an adjunct to weight loss.
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The most common causes of marginal ulcers are
(1) incomplete gastric acid suppression (e.g., incom-
plete vagotomy or absence or failure of appropriate
ulcer prophylaxis with histamine 2 receptor antagonists
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(2) ulcerogenic medications, particularly aspirin or
nonsteroidal anti-in¯ammatory drugs (NSAIDs). Less
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gastrinoma and retained/excluded gastric antrum. In
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contrast to the well-known pathogenic role that
Helicobacter pylori plays in primary ulcer disease, the
relationship between H. pylori infection and marginal
ulcer formation is unclear.

CLINICAL PRESENTATION

The most frequent signs and symptoms of marginal
ulceration are abdominal pain or evidence of a compli-
cation such as hemorrhage, perforation, or obstruction.
Schirmer et al. found that 41% of their patients with
marginal ulcer presented with hemorrhage, a rate
twice that of patients initially presenting with peptic
ulcers. Although perforation into the peritoneal cavity
is uncommon in patients with marginal ulcers due to
inadequate inhibition of gastric acid secretion, recent
studies have found that marginal ulcers due to aspirin,
and perhaps other NSAIDs, are associated with severe
complications including obstruction, bleeding, and
even perforation.

DIAGNOSTIC EVALUATION

History and physical examination will identify symp-
toms and signs of ulcer disease or evidence of complica-
tions, (e.g., hematemesis and melena, anemia, vomiting,
or weight loss). The history may also provide evidence
of aspirin or NSAID use. In the absence of perforation,
the diagnosis of marginal ulceration is best made by
esophagogastroduodenoscopy, which will document
the presence and location of the ulcer and the presence
of H. pylori. Multiple ulcers and those in atypical loca-
tions strongly suggest a hypersecretory syndrome or
the use of NSAIDs. Retained food, a gastric bezoar, or
a stenotic anastomosis suggests associated impairment
of gastric emptying. Endoscopic biopsy of gastric ulcers
is of particular importance in detecting cancer in these
patients who are at a greater risk than the general popu-
lation in developing gastric adenocarcinoma. Upper
gastrointestinal endoscopy is invaluable in the evalua-
tion and treatment of patients bleeding from a marginal
ulcer.

Barium contrast studies of the stomach are of limited
value in diagnosing marginal ulcers because of the dif-
®culty in detecting ulcerations in the presence of post-
operative deformities of the stomach, duodenum, and
small intestine. Contrast radiographs do, however, pro-
vide important information in the evaluation of patients
with suspected gastric outlet obstruction and in those
whose postoperative anatomy is uncertain.

A fasting serum gastrin level should be measured in
all patients with marginal ulcers to identify patients with
gastrin-mediated hypersecretory syndromes. A normal

fasting serum gastrin concentration essentially excludes
the possibility of Zollinger-Ellison syndrome, whereas a
serum gastrin level greater than 1000 pg/ml, combined
with a fasting gastric pH52.5, is virtually diagnostic.
Patients with lesser degrees of hypergastrinemia require
a secretin stimulation test to con®rm the diagnosis of
gastrinoma.

MEDICAL MANAGEMENT

In the setting in which a patient presents with upper
abdominal pain and endoscopy demonstrates a mar-
ginal ulcer, appropriate medical therapy consists of a
PPI or H2-RA and antibiotics directed at H. pylori,
if present. The optimal duration of treatment with a
PPI or H2-RA is unknown although most evidence sup-
ports long-term maintenance PPI or H2-RA therapy.
Although no data directly support the eradication of
H. pylori in patients with postoperative ulcer recur-
rence, the critical role this infection plays in primary
peptic ulcer disease (PUD), the possibility that H. pylori
promotes NSAID-induced mucosal injury, and the
minimal risks associated with H. pylori eradication
strongly support the use of antibiotic therapy when
H. pylori is present.

Patients should be carefully counseled regarding the
important relationship between NSAID use (including
over-the-counter preparations) and ulcer disease, and
the necessity of discontinuing these medications.
NSAID use, including low-dose aspirin, should be dis-
continued during the period of ulcer healing, if feasible.
Once ulcer healing has been documented endoscopi-
cally, non-NSAID analgesic agents should be substi-
tuted for the NSAIDs and if these are ineffective, then
nonacetylated NSAIDs or a cyclooxygenase 2-speci®c
NSAID should be considered. Consideration should
be given for substituting clopidogrel for low-dose
aspirin for cardiovascular prophylaxis. If patients are
to be continued on low-dose aspirin, they should receive
ulcer prophylaxis with misoprostol or a PPI.

SURGICAL MANAGEMENT

The adequacy of prior medical management and the
elimination of risk factors for ulcer recurrence (e.g.,
NSAIDs) are important considerations in determining
whether a patient is an appropriate candidate for opera-
tive therapy. The choice of a particular operation for a
patient with a marginal ulcer should be that with the
lowest recurrence risk that the patient is medically able
to tolerate and tailored according to the adequacy of a
prior vagotomy and drainage procedure, medical co-
morbidities, presence of complications of the ulcer,
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and the extent of the prior resection. Non-acid-reducing
procedures, such as local ulcer excision, revision of
drainage procedures alone, and closure of perforations,
are associated with extremely high failure rates.

The operative approach to patients with marginal
ulcer formation after a vagotomy and antrectomy or a
distal gastrectomy is partial gastric resection. Recurrent
ulcer disease following vagotomy and antrectomy or
partial gastrectomy strongly suggests NSAID use or a
hypersecretory state. Several recent reports have
demonstrated the importance of aspirin abuse in the
etiology of such virulent ulcer disease and very high
rates of ulcer recurrence following even very aggressive
operative intervention. In this setting, further gastric
resection may necessitate subtotal or even total gastrect-
omy, procedures associated with severe postgastrect-
omy symptoms in as many as 20ÿ40% of patients.

Patients with marginal ulcer and an incomplete
vagotomy may bene®t from a thoracoscopic truncal
vagotomy so long as NSAID use has been eliminated
and there is no evidence of gastric stasis or gastric outlet
obstruction. This approach avoids a dif®cult dissection
in the upper abdomen and eliminates a likely cause of
ulcer recurrence. In those instances of ulcer recurrence
accompanied by gastric outlet obstruction, vagotomy
and revision of the anastomosis are necessary to relieve
the mechanical obstruction and further reduce gastric
acid secretion. Also, patients who underwent resection
for gastric ulcers appear to have a threefold increase in
the risk of gastric adenocarcinoma when followed for
more than 25 years following a Billroth II reconstruc-
tion. Clearly, an aggressive diagnostic approach includ-
ing endoscopic biopsy is necessary in patients with
gastric ulcers.

The frequency of postoperative ulcer recurrence
varies from 8 to 22% depending upon the remedial pro-
cedure performed and the persistence of aspirin, and
probably NSAID, use. The highest rates of recurrent
ulcer formation occur after repeat vagotomy alone, revi-
sion of a gastroenterostomy alone, or any other non-
acid-reducing operation. Lower rates are associated
with re-vagotomy and antrectomy or distal gastrectomy.
Patients who continue to take aspirin following the
operative management of their marginal ulcer are at
particularly high risk of recurrence (80ÿ90%) regard-
less of the operative procedure performed. The viru-
lence of the ulcer disease is suggested by the high
rate of gastric outlet obstruction, perforation, and

death in these patients. The mortality rate of operations
for recurrent ulcer disease is 2ÿ4%. The presence of
complications of ulcer disease necessitating an emer-
gent operation appears to signi®cantly increase the
risk of operative mortality. The chronic postoperative
complications of both primary and remedial acid-
reducing operations include diarrhea, dumping,
chronic abdominal pain syndromes, impaired gastric
emptying, osteoporosis, and anemia. Most authors
report that 60 to 80% of patients who undergo remedial
operations for recurrent ulcer disease will have either
no or only occasional mild symptoms, whereas 20 to
40% will have severe or incapacitating symptoms
including ulcer recurrence. Excluding ulcer recurrence,
approximately 10ÿ20% of patients undergoing reme-
dial operative procedures will have chronic symptoms
that signi®cantly impact the patients' life.

See Also the Following Articles
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Mast Cells
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anaphylatoxin A substance (e.g., C5a, C3a) that is capable of

directly inducing mast cell mediator release.

anaphylaxis Hypersensitivity reaction triggered by immuno-

logical or anaphylatoxin-mediated mast cell mediator

release, resulting in vasodilation and smooth muscle

contraction. Anaphylactic shock is often fatal.

Fc (fragment crystallizable) Non-antigen-binding fragment

of an immunoglobulin molecule.

FcERi High-af®nity receptor for immunoglobulin E. Fc

receptors are cell surface receptors that bind the Fc

portion of a particular immunoglobulin.

heterogeneity Generally mast cells exhibit signi®cant varia-

tion in biochemical, histochemical, and functional

aspects of their phenotype with varying tissue location.

histamine Vasoactive amine found in mast cells and

basophils. On release, it induces smooth muscle

contraction and increased vascular permeability.

immunoglobulin E One of the ®ve major classes of

antibodies. Immunoglobulins are globular proteins

produced by B cells. They are designed to recognize

and bind to speci®c molecules known as antigens. IgE is

associated with allergic reactions.

metachromasia Result obtained when a stain is applied to

cells or tissues and gives a color different from that of the

stain solution.

Mast cells are mononuclear cells distributed ubiquitously

throughout the body, particularly in submucosal tissues

that interface with the external environment. These

include the gastrointestinal, genitourinary, and respira-

tory tracts. Mast cells may also be found in close associa-

tion with blood vessels and peripheral nerves. Mast cells

do not represent a homogenous population. Evidence of

morphological, histochemical, and functional differences

has been observed in different anatomical locations, sug-

gesting that differentiation of mast cells is not complete

until they reach their target tissue, where microenviron-

mental factors are crucial in their development and

maturation. Activation of mast cells results in the release

of both preformed and newly synthesized mediators, the

best known being histamine. Hence, the mast cell is con-

sidered, along with the basophil, to be a main effector of

acute allergic and in¯ammatory responses. However, the

mast cell is now implicated in a diversity of other biolo-

gical functions, which include angiogenesis, chronic

in¯ammation, and immunological disorders. Mast cell

activity may be modulated by a variety of endogenous

and exogenous factors.

HISTORY OF THE MAST CELL

In 1863, Friedrich von Recklinghausen ®rst observed
the mast cell. Fifteen years later, a German medical
student, Paul Ehrlich, described a cell with cytoplasmic
granules, which took up blue aniline dyes in histological
sections, but stained a pinkish purple color. Ehrlich
called this process metachromasia; he believed that
these large cytoplasmic granules represented phagocy-
tosed material and hence named these cells `̀ Mastzellen,''
meaning well-fed cells.

The ®rst important discovery regarding the mast cell
granule was in 1937 when Holmgren and Wilander
established the presence of heparin in mast cell granules
by correlating the heparin concentration in tissues with
the number of mast cells present. The mystery of meta-
chromasia was also solved around this period, when it
was demonstrated that sulfated glycosaminoglycan
heparin changed the color of blue aniline dyes to a
reddish purple color.

Richet and Portier ®rst described anaphylaxis in
1902. However, a link between the mast cell and ana-
phylaxis was not made until 1941, when Jacques and
Walters proved that anticoagulation in dogs undergoing
anaphylactic reactions was due to the release of heparin.
In 1927, the identi®cation of histamine in normal tissues
was carried out by Best and co-workers. The ®rst impor-
tant experiments designed to show an actual release of
histamine in association with anaphylactic shock were
those of Watanbe, showing differences in the histamine
content of guinea pig lung before and after shock. In
fact, it was not until 1953 that Riley and West identi®ed
mast cells as the major source of tissue histamine after
they observed a striking correlation between the hista-
mine content of a tissue and the number of mast cells
present.

In the early 1970s, Ishizaka and Ishizaka demon-
strated that immunoglobulin E (IgE) induced histamine

Encyclopedia of Gastroenterology 627 Copyright 2004, Elsevier (USA). All rights reserved.



release from mast cells. Injection of a puri®ed ragweed
IgE preparation into normal skin resulted in sensitiza-
tion of the skin, which disappeared on removal of the
IgE antibody. It is now well established that IgE mole-
cules have a high af®nity for speci®c IgE receptors
expressed on the mast cell surface and that cross-linkage
of these receptors results in mast cell mediator release,
thus establishing a central role for mast cells in IgE-
mediated hypersensitivity.

ORIGIN, DISTRIBUTION, AND
DEVELOPMENT OF MAST CELLS

Origin and Distribution

Mast cells are widely distributed in vertebrates,
where they are found within organs, especially in con-
nective tissues and in areas interfacing the external
environment, such as the skin, lungs, and gastrointest-
inal tract. Transplantation studies with beige (C57BL-
Bg J/ Bg J) mice provided the ®rst evidence that mast cells
are of hematopoietic origin. Beige mice possess two
mutant alleles at the Bg locus and are characterized
by the presence of mast cells with giant granules.
Bone marrow cells from beige mice injected into normal
irradiated (C57BL- �/�) recipients revealed typical
mast cells containing giant granules developing in the
recipient within 2ÿ3 months of bone marrow
transplantation.

Further studies using mast cell-de®cient mice pro-
vided new insights into the origin and differentiation of
mast cells. Mast cell-de®cient mice have a double dose of
mutant alleles at either the W (W/ Wv) or the Sl (Sl / Sld)
locus. These mice manifest macrocytic anemia, sterility,
and lack of hair pigmentation. In addition, they are
virtually devoid of mature morphologically identi®able
mast cells in all organs and anatomical sites examined.

Transplantation of bone marrow from normal litter-
mates or beige mice into W/ Wv mice corrected the mast
cell de®ciency, suggesting that the defect in mast cell
development was in the early progenitor cells of mast
cell lineage. However, bone marrow transplantation did
not correct mast cell de®ciency in Sl / Sld mice, re¯ecting
an abnormality in microenvironmental factors that pro-
mote mast cell differentiation and maturation in the
tissue.

Subsequent studies demonstrated that mast cells ori-
ginate from multipotential hematopoietic stem cells as
demonstrated by the formation of other hematopoietic
cells in addition to mast cells from spleen colony-
forming units. In sharp contrast to other cells of hema-
topoietic stem cell lineage, mast cells do not circulate as
mature mast cells. Morphologically identi®able mast

cell precursors, originating from pluripotential
CD34�c-kit� CD13 cells in humans, circulate in the
blood and lymphatics before invading connective and
mucosal tissues. Once in the tissues, these precursors
gain their mature morphologic and functional charac-
teristics under the in¯uence of local microenvir-
onmental factors.

Stem Cell Factor and the c-kit Ligand

Stem cell factor (SCF) is a glycosylated protein with
a molecular weight of 2ÿ35 kDa; the main sources of
SCF in vivo are ®broblasts and bone marrow stromal
cells. SCF exists in membrane-bound and soluble
forms, both of which are biologically active. Molecular
analysis of the W locus revealed that it encoded the
tyrosine kinase receptor c-kit. SCF exerts its effects
by binding to the c-kit receptor. The c-kit receptor con-
sists of an extracellular domain with ®ve immuno-
globulin-like repeats and a tyrosine kinase split into
two domains by an insert sequence. This structure is
well preserved in both rats and humans.

Mast cell de®ciency in W/ Wv mice is now known as
a de®ciency of the c-kit receptor, whereas mast cell
de®ciency in Sl/Sld mice is due to an inability to produce
functional SCF. The work of Kitamura and colleagues
with mast cell-de®cient mice clearly demonstrates the
critical importance of SCF/c-kit interactions. In addi-
tion to promoting the proliferation and development of
mast cells, SCF has been implicated in the process of
chemotaxis, adhesion, survival, and the synthesis med-
iators. Thus, SCF is a multifunctional mast cell growth
factor.

MAST CELL HETEROGENEITY

Histochemical Characteristics

Mast cells from different tissues exhibit heterogene-
ity in terms of their morphological, biochemical, and
functional properties. EnerbaÈck reported differences in
histochemical and secretory properties between rodent
mast cells of the intestinal mucosa and rodent skin mast
cells. He discovered that conditions of ®xation and his-
tochemical staining could discriminate between mast
cell subtypes. The classi®cation of rodent mast cell sub-
types is based on the phenotypical differences between
connective tissue mast cells (CTMC) of the skin, peri-
toneal cavity, and other sites in the rats and mucosal
mast cells (MMC) observed in the intestinal lamina
propria. By analogy to rodent mast cells, variations in
®xation properties provided the ®rst documented evi-
dence of the existence of different types of human mast
cells. Human intestinal MMC display metachromatic

628 MAST CELLS



staining after ®xation in Carnoy's solution but not
when ®xed in neutral buffered formalin, whereas
CTMC found in the intestinal submucosa retain meta-
chromatic staining properties regardless of the ®xative
used. The variation in dye-binding properties observed
between the two types of mast cell re¯ects the different
proteoglycans in the two subpopulations. Metachro-
matic staining occurs as a result of interaction of the
cationic dyes with the anionic proteoglycan matrix. The
different charges of the proteoglycans account for the
diverse staining characteristics of MMC and CTMC.
Glycosaminoglycan chondroitin sulfate found in
MMC is less sulfated and has a lower charge than the
highly sulfated heparin, which is the major proteogly-
can in the CTMC. However, subpopulations of mast
cells are not con®ned to particular anatomical regions;
consequently, it is inaccurate to designate human mast
cells as `̀ mucosal mast cells'' or `̀ connective tissue mast
cells'' on the basis of the cells' sensitivity to formalin.

Biochemical Characteristics

The two principal types of human mast cells are also
distinguished by the observation of distinct protease
patterns in mast cells in different anatomical locations.
Mast cells containing only tryptase are named MCT;
these cells predominate in the alveolar septa of the
lung and in the intestinal mucosa. Other human mast
cells contain measurable levels of tryptase, chymase, a
cathepsin G-like protease, and carboxypeptidase; these
cells are designated MCTC for their tryptase and chy-
mase and predominate in the skin and intestinal sub-
mucosa. However, all of the tissues mentioned contain
representatives of both mast cell subpopulations and
therefore cannot be classi®ed as MCT or MCTC on the
basis of tissue locality alone. There have also been iso-
lated reports of mast cells expressing chymase but not
tryptase (MCC).

Heterogeneity in rats may also be distinguished
by protease content. Rat CTMC contain the chymotryp-
sin-like at mast cell protease I (RMCP I) and carboxy-
peptidase A, whereas rat MMC contain another
chymotrypsin-like neutral protease, RMCP II. The tis-
sue localization of human MCT corresponds most clo-
sely to that of rodent MMC, whereas the tissue
localization of MCTC corresponds most closely to that
of rodent CTMC.

Functional Characteristics

Variation in functional characteristics is also
observed between mast cell subpopulations. This is
demonstrated by varying sensitivity to drugs and secre-
tagogues. For example, human skin mast cells have

been demonstrated to respond to stimulation with the
neuropeptide substance P but not to inhibition by the
anti-allergy drug disodium cromoglycate. In contrast,
mast cells isolated from the lung were insensitive to
substance P, yet histamine release was inhibited by dis-
odium cromoglycate.

Similarly, in the rat, there appears to be a correlation
between mast cell protease phenotype and histamine
release in response to stimulation with compound
48/80 or substance P and between the phenotype and
susceptibility to inhibition by disodium cromoglycate.
Rat CTMC containing RMCP I are sensitive to com-
pound 48/80 and substance P and also to inhibition
by disodium cromoglycate, whereas rat MMC contain-
ing RMCP II are insensitive to these compounds.

Origins of Heterogeneity

Factors in¯uencing the development of heteroge-
neous populations of mast cells have been the subject
of extensive investigation. The failure to detect granu-
lated mast cells in the circulation under normal condi-
tions, coupled with the characterization of progenitor
cells for both murine and human mast cells, supports the
hypothesis that the mast cell does not establish func-
tional and phenotypic maturity until it reaches its resi-
dent tissue or microenvironment. Mast cell phenotype
is considered to be regulated by microenvironmental
factors from a variety of sources. Mast cells are in contact
with a number of immune cells, which may synthesize
and secrete mediators such as cytokines, chemokines,
growth factors, and histamine-releasing agents, all of
which may affect the mast cell population. The mast
cell itself, through cytokine production, may participate
in the regulation of its own numbers and phenotype,
particularly during immunological or disease processes.

MAST CELL ACTIVATION

Activation of mast cells may occur via two possible
mechanisms: immunological and nonimmunological.

Immunological Activation

The presence of a multivalent allergen stimulates the
production of speci®c IgE antibodies. These antibodies
bind with high af®nity to FcERi receptors on the mast
cell surface. Following cross-linkage of antigen-bound
IgEÿFcERi complex, receptor aggregation occurs and
mast cell exocytosis is triggered (Fig. 1).

The FcERI receptor is a tetrameric member of
the antigen receptor family, consisting of one a-chain
(45 kDa), one b-chain (33 kDa), and two g-chain
subunits (9 kDa). The a-chain contains one
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membrane-spanning region and a single IgE-binding
site and does not contribute to the signal transduction
properties of the receptor. The b-chain has four
membrane-spanning domains, with its amino- and car-
boxy-termini protruding into the cell cytoplasm, and
the g-chains have one membrane-spanning domain and
a long cytoplasmic tail but no extracellular amino-term-
inal. The g-chain is thought to belong to the same gene/
protein family as the z-chain of the T-cell receptor and
so the two probably share a common role in signaling.

Nonimmunological Activation

Many other substances and conditions are capable of
triggering mast cell secretion. These nonimmunological
stimuli can be subdivided into two classes based on
whether the mode is cytotoxic or noncytotoxic. Cyto-
toxic compounds such as the detergent Tween 20
disrupt the plasma membrane, thereby releasing intra-
cellular contents. Noncytotoxic compounds stimulate
mediator secretion while the plasma membrane remains
intact. Compound 48/80 and the calcium ionophores
A23187 and ionomycin are three such known sub-
stances. Numerous physiological compounds have
been observed to induce mast cell secretion in vitro.
These include growth factors, cytokines, neuropeptides,
and anaphylatoxins. Cold, pressure, stress, and free

radicals are also known to initiate mast cell mediator
secretion.

MAST CELL MEDIATORS

On activation, mast cells secrete a diverse array of potent
biologically active mediators, some of which are stored
preformed in the cells' cytoplasmic granules and others
of which are synthesized on appropriate cell activation.

Preformed Mediators

Biogenic Amines

Histamine is the single amine known to be stored in
human mast cells. Mast cells of other species are known
to store additional amines; for example, the rat mast cell
stores serotonin. Histamine is formed in the Golgi appa-
ratus of mast cells and basophils during decarboxylation
of histidine by the pyridoxal phosphate-dependent
enzyme, histidine decarboxylase (Fig. 2). Histamine
is then stored by ionic linkage with the carboxyl groups
of proteins and proteoglycans of the secretory granules
at an acidic pH. During degranulation, histamine dis-
sociates from the proteoglycanÿprotein complex by
cation exchange for extracellular sodium at neutral
pH. Rat peritoneal mast cells contain 10ÿ30 pg of his-
tamine per cell, whereas rat mucosal cells contain only
1ÿ3 pg of histamine per cell. In mast cells isolated from
human lung, skin, lymphoid tissue, and small intestine,
approximately 3ÿ8 pg of histamine per cell has been
reported. On release, histamine is rapidly metabolized
into methylhistamine, methylimidazole acetic acid, or
imidazole acetic acid. For this reason, it is likely that
histamine usually in¯uences events at or close to the site
of its release. Speci®c histamine receptors, of which
there are four classes, H2, H2, H3, and H4, mediate
the wide-ranging biological activities of histamine.
One or more of these receptor subtypes are expressed
on many different tissues and cell types, including
smooth muscle of the respiratory tract, cardiac atrium,
uterus, T and B cells, monocytes, neutrophils, glial cells,
and nerve cells. H1 receptor signaling differs from H2

Antigen, anti-lgE, anti-lgG

Cross-linking of FcεRl

FIGURE 1 Cross-linking of the FceRI by a speci®c antigen,

IgE or IgG, results in mast cell degranulation.

N

N

CH2CH2NH2

H

FIGURE 2 Structure of histamine.
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signaling; in the H1 pathway, enhanced breakdown of
phosphatidylinositol results in the mobilization of intra-
cellular Ca2�, whereas in H2 signaling, the second mes-
senger is cyclic AMP. Although the H1 and H2 receptors
were cloned a decade ago, cloning of the H3 receptor did
not occur until 1999 and this elucidation quickly led
to the discovery of H3 receptor subtypes. Molecular
studies have identi®ed H3A, H3B, and H3C mRNA iso-
forms in the rat and H3L and H3S in the guinea pig.
However, similar variants in humans have yet to be
identi®ed. A fourth histamine receptor subtype, H4,
has recently been cloned and characterized with a
gene sequence and imidazole-based pharmacology
similar to that of the H3 receptor.

Proteoglycans

Proteoglycans are the major granular constituent of
all mast cells and are composed of a central protein core
of repeating serine and glycine residues with extended,
unbranched carbohydrate side chains of repeating dis-
accharide subunits constructed of uronic acid and hex-
osamine moieties. The presence of sulfate groups on
each disaccharide gives proteoglycans a high charge,
which enables proteoglycans to act as extracellular med-
iators and as storage matrices for other preformed
mediators.

The predominant type of proteoglycan stored in
mast cells varies among subpopulations. For example,
rat peritoneal and skin mast cells, mouse CTMC, and
human cutaneous mast cells all contain heparin,
whereas rat intestinal MMC and rat basophilic leukemia
cells all contain chondroitin sulfate di-B. The proteo-
glycans heparin and chondroitin sulfate E are associated
with human mast cells. Both stabilize mast cell proteases
and alter the biological activity of many enzymes.

Mast cells are thought to be the only source of
heparin in the body. Heparin has numerous functions
beyond the regulation of mediator storage in the cyto-
plasmic granule. In addition to being an anticoagulant,
heparin can bind certain cytokines, chemokines, and
growth factors as well as modulate the proliferation
and migration of cells involved in atherosclerosis,
wound healing, and tissue remodeling.

Neutral Proteases

Mast cell populations in different species and at
varying stages of development may be de®ned by
their granule content of serine proteases. The distinc-
tion is most obvious in rodent mast cells but has also
been observed in humans and sheep. RMCP I is known
to have properties similar to those of a-chymotrypsin, in
that it cleaves ester and peptide bonds of carboxy-terminal
aromatic amino acids, whereas RMCP II is chemically

and antigenically distinct and is localized to mucosal
mast cells of the gastrointestinal and respiratory tracts.

The major proteases in human mast cells are tryptase
and chymase. Tryptase is the predominant enzyme,
composed of a tetramer of 134 kDa, with two subunits
of 31ÿ34 kDa and associated with all human mast cells
examined. Tryptase is stored bound to heparin and is
released as a complex with this proteoglycan. This pro-
tease cleaves ®brinogen, activates latent collagenase,
hydrolyzes some neuropeptides, and may cause
mucus secretion and be mitogenic.

Chymase is stored in the granules of some but not all
human mast cells. This monomer of 30 kDa is
unaffected by heparin and its function is inhibited by
biological inhibitors of serine proteases, such as
a1- antichymotrypsin. Biological functions of chymase
include conversion of angiotensin I to II, stimulation of
mucus secretion, neuropeptide degradation, and
conversion of interleukin-1b (IL-1b) to an active form.

Newly Synthesized Mediators

Lipid-Derived Mediators

The most important mast cell-derived lipid
mediators are believed to be the cyclooxygenase and
lipoxygenase metabolites of arachidonic acid. When
mast cell activation occurs, arachidonic acid is mobi-
lized from storage pools by various phospholipases
and subsequently converted to prostanoids by cyclo-
oxygenases and to leukotrienes by 5-lipoxygenase.
Prostaglandin D2 (PGD2) is the major cyclooxygenase
product of mast cells, whereas the major lipoxygenase
products are the sul®dopeptide leukotrienes (LTs;
LTC4, LTD4, LTE4,). Human mast cells also have the
capacity to produce LTB4, but in smaller quantities
than either PGD2 or LTC4.

PGD2 is generated following immunological activa-
tion of human mast cells and its many functions include
inhibition of platelet aggregation, mediation of neutro-
phil accumulation in human skin, and chemokinesis of
human neutrophils. PGD2 has been detected in super-
natants of dispersed and puri®ed human pulmonary
mast cells after IgE-mediated activation.

LTB4, LTC4, LTD4, and LTE4 are all derived from
5-hydroperoxyeicosatetraenoic acid. LTC4 is formed
from LTA4 by the enzymatic addition of glutathione.
Once formed, LTC4 is released into the extracellular
¯uid and converted to LTD4 and LTE4 by the release
of glutamic acid and glycine, respectively. Leukotrienes
stimulate prolonged bronchoconstriction with an effect
10ÿ1000 times more potent than that of histamine.
They also have the ability to enhance venular perme-
ability, promote bronchial mucus secretion, and induce
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the constriction of arterial, arteriolar, and intestinal
smooth muscle. LTB4 is derived from LTA4 by the enzy-
matic addition of water and has been demonstrated to
possess potent chemotactic activity for neutrophils and
eosinophils, to enhance lysosomal enzyme release, and
to augment superoxide anion production.

Platelet-activating factor (PAF) has also been
detected in some mast cell populations. PAF has been
detected following activation of mouse bone marrow-
derived mast cells, rabbit basophils, and human mast
cells. The synthesis of PAF is closely linked with that of
the leukotrienes. The ®rst step of PAF synthesis involves
the cleavage of alkylarachidonyl-GPC, and subsequent
liberation of lyso-PAF and arachidonic acid. When lyso-
PAF is acetylated in the 2-position of the glycerol resi-
due, PAF is formed. Arachidonic acid may be channeled
down the 5-lipoxygenase pathway, resulting in leuko-
triene production. PAF is a potent chemotactic agent for
neutrophils and eosinophils, and in addition, it causes
eosinophils to adhere to endothelial cells and synthesize
LTC4 and more PAF. PAF causes dose-related aggrega-
tion and calcium in¯ux in platelets as well as neutrophil
exocytosis, superoxide generation, and chemilumines-
cence. PAF also induces bronchoconstriction in many
species including humans, guinea pig, rhesus monkey,
and baboon.

Cytokines

Cytokines are a group of protein or glycoprotein
molecules that possess a wide range of bioactivities
and have been observed to play roles in cell growth
and repair, in¯ammation, and the immune response.
The ®rst evidence that mast cell populations produced
cytokines was the observation that cells transformed
with Abelson murine leukemia virus constitutively pro-
duced granulocyte/macrophage colony-stimulating

factor (GM-CSF) and IL-4 mRNA and released GM-
CSF and IL-4. It is unclear whether mast cells produce
several cytokines simultaneously or whether pheno-
types exist with regard to cytokine production. Immu-
nohistochemical studies demonstrate that some mast
cells synthesize combinations of cytokines and others
appear to produce only one type of cytokine. Immature
HMC-1 cells fail to secrete IL-3 and IL-13 and up-reg-
ulate IL-4 mRNA only transiently, whereas human cuta-
neous mast cells fail to secrete IL-3, IL-4, IL-5, and IL-13
after stimulation with anti-IgE, substance P, or com-
pound 48/80.

Rodent and human mast cells secrete a wide range
of multifunctional cytokines. Following IgE-mediated
stimulation, mast cells produce a broad range of cyto-
kines (Table I), mainly of a TH2 pro®le, which include
IL-4, IL-5, IL-13, GM-CSF, and tumor necrosis factor a
(TNFa), all of which are up-regulated in allergic in¯am-
mation. Mast cells are also capable of responding
to nonimmunological stimuli by synthesis of pro-
in¯ammatory cytokines. The release of cytokines by the
mast cell can in¯uence the recruitment and /or function
of additional effector cells, such as vascular endothelial
cell, ®broblasts, epithelial cells, and nerves.

Differential Release of Mediators

It is well known that mast cells secrete their med-
iators by degranulation and compound exocytosis as
typically seen in anaphylactic reactions. However,
mast cells may, by a more subtle intragranular change
known as piecemeal degranulation, selectively release
particular mediators. Piecemeal degranulation is
characterized by intragranular changes showing differ-
ent electron densities and crystalline substructures in
association with the appearance of small vesicles
frequently containing electron-dense material.

TABLE I The Major Mast Cell-Derived Cytokines and Their Primary Biological Function

Cytokine Function

IL-1 Activates lymphocytes; stimulates macrophages; increases leukocyte/endothelial adhesion; induces acute-phase

proteins

IL-3 Mast cell colony-stimulating factor

IL-4 B-cell growth factor; isotype switching of IgE and IgG1; mast cell growth cofactor

IL-5 B-cell growth and differentiation factor; eosinophil differentiation factor

IL-6 B-cell differentiation induces acute-phase proteins

IL-8 Chemotactic for neutrophils and basophils; activates neutrophils

IL-13 B-lymphocyte isotype switching to IgE production

TNFa Activates macrophages, granulocytes, and cytotoxic cells; increases leukocyte/endothelial cell

adhesion; induces acute-phase proteins; stimulates angiogenesis; enhances MHC class I production

TGFb Stimulates connective tissue growth and collagen formulation; inhibits most immune functions

GM-CSF Stimulates proliferation of granulocyte and macrophage precursors
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Differential mediator release may be regulated by
small differences in the cytoplasmic levels of free
calcium ions.

SCF has been demonstrated to induce bone marrow-
derived cultured mouse mast cells to release IL-6
accompanied by little or no detectable release of
TNFa, leukotriene C4, histamine, or serotonin.
Substance P selectively induces TNFa mRNA expres-
sion and secretion from a murine cell line. High con-
centrations of progesterone trigger the release of
serotonin from RPMC, without histamine. Piecemeal
degranulation has also been observed in mast cells
from patients with interstitial cystitis and irritable
bowel syndrome.

MAST CELLS AND THE
GASTROINTESTINAL TRACT

Mast cells have been proposed to play a role in the
in¯ammatory response in several gastrointestinal dis-
eases including celiac disease and in¯ammatory bowel
disease. Mucosal mast cells are present in all layers of the
gastrointestinal tract, where they are located predomi-
nantly in the lamina propria of the mucosal layer and the
submucosal layer. Mast cell activation and the subse-
quent release of mediators induce epithelial ion secre-
tion and enhance permeability of the intestine. This may
occur through direct action of mast cell mediators on the
epithelial cells or indirectly via cross talk between the
mast cells and the nervous system.

Mast cells are frequently found in close proximity to
the epithelial surface of the gastrointestinal mucosa,
where they are strategically located to ensure early inter-
action with an invading pathogen. The capacity of the
mast cell to release both preformed and newly synthe-
sized mediators and to undergo multiple cycles of
release permits a rapid and sustained response to bac-
terial invasion. Mast cells not only can phagocytose
bacteria, they also have the ability to recognize infec-
tious agents through speci®c receptors present on the
mast cell surface. The long life span of mast cells means
that it is likely that they will encounter a particular
pathogen more than once in their lifetime.

Mast cells also contribute to aspects of the adaptive
immune response to pathogens, including the well-
known response to parasitic infection. Mast cells are
known to accumulate in large numbers in the intestinal
mucosa in certain parasitic infections and many of these
parasite infections are associated with the development
of parasite-speci®c IgE. In vivo studies of rats and mice
infected with the intestinal nematodes Nippostronglylus
brasiliensis or Trichinella spiralis demonstrate marked

mastocytosis in the intestinal lamina propria. Increased
mast cell numbers and elevation of mast cell products at
the site of infection may cause direct damage to the
invading parasite while also recruiting other effector
cells such as eosinophils. For example, rat mast cells
have been demonstrated to kill Schistosoma mansoni by
the secretion of RMCP II.

CONCLUSION

Mast cells are regarded as the main tissue-based effector
cells in allergic diseases and it is this aspect of mast cell
biology that has driven many investigators in attempts
to modify mast cell behavior and thus modify allergic
in¯ammation. Despite their detrimental role in allergic
disease, mast cells also have an important protective role
in host defense mechanisms against parasites, a process
that shares many of the characteristic features of allergic
in¯ammation including IgE production and basophil
and eosinophil recruitment. An increased understand-
ing of the multifaceted nature of the mast cell has led to
the acceptance of a much broader role for the cell in
physiological and pathophysiological processes (Fig. 3).
The discovery that mast cells could generate and release
cytokines in addition to their preformed and newly
synthesized in¯ammatory mediators indicates that
mast cells play an important role in immunoregulation.
Mast cells have been implicated in a diversity of
biological responses including angiogenesis, wound
healing, bone remodeling, rheumatoid arthritis, and
in¯ammatory bowel disease.

Immunological and other disease processes may
alter mast cell numbers or phenotype by inducing
changes in the microenvironment, which alters the
mast cell populations residing in that area. The mast
cell itself may serve as an important regulator of its
own microenvironment. Mast cell mediators can aug-
ment local vascular permeability, allowing them to
in¯uence the levels of regulatory factors present in
the microenvironment. Furthermore, they are able to
recruit other cells that may also modulate the mast cell
population. Considering the capacity of the mast cell to
in¯uence its own growth, differentiation, and activation
state by regulating the local microenvironment, inves-
tigation of the modulatory effects of autocrine, para-
crine, and neuroendocrine agents on mast cell
activity is crucial in gaining a comprehensive under-
standing of the role of the mast cell in health and disease.
The mast cell is a unique and complex cell that parti-
cipates in a number of diverse biological functions. It is
well over 100 years since Friedrich von Recklinghausen
®rst observed the mast cell, yet many aspects of mast cell
biology remain to be elucidated.
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Mastocytosis, Gastrointestinal
Manifestations of
ROBERT T. JENSEN AND DEAN D. METCALFE

National Institutes of Health

histamine A vasoactive amine, vasodilator, and smooth

muscle constrictor that is found in high concentrations

in mast cells.

mast cell A cell of hematopoietic origin that matures within

tissues and functions in both innate and acquired

immunity through the release of mediators of in¯amma-

tion following speci®c activation.

mastocytosis A term collectively used for a group of rare

disorders characterized by an abnormal accumulation of

mast cells in one or more organ systems.

Systemic mastocytosis is a disorder characterized by mast

cell in®ltration of organs other than the skin, especially

bone marrow, liver, spleen, lymph nodes, and the gastro-

intestinal (GI) tract. Gastrointestinal disease in the form

of peptic ulcer disease and /or malabsorption is often diag-

nosed in patients with mastocytosis. Because mastocyto-

sis remains without a cure, the selection of appropriate

therapy for GI disease remains a persistent challenge as

disease progresses. Involvement of the liver through mast

cell in®ltration with subsequent ®brosis and venopathy

further complicates the picture.

INTRODUCTION

Systemic mastocytosis is a disorder characterized by
mast cell in®ltration of organs other than the skin, espe-
cially bone marrow, liver, spleen, lymph nodes, and the
gastrointestinal (GI) tract. Systemic mastocytosis is not
a uniform entity and is now divided into clinical variants:
cutaneous mastocytosis, indolent systemic mastocytosis
(ISM), systemic mastocytosis with associated clonal he-
matologic non-mast-cell lineage disease (SM-AHNMD),
aggressive systemic mastocytosis (ASM), and mast cell
leukemia. The involvement of the GI tract varies with
the different clinical patterns, with more aggressive
forms of disease often having more severe GI disease.
The GI involvement is clinically important because it is
frequently chronic and can cause signi®cant morbidity.

FREQUENCY OF GI INVOLVEMENT

The overall frequency of symptomatic involvement of
the GI tract varies greatly in different series with a range

of 14ÿ85% and a mean of 51% (16 series). Most series
since 1985 report that 60ÿ80% of patients with masto-
cytosis have GI symptoms and in the only prospective
study of GI manifestations in these patients, 80% had GI
symptoms. In this series, GI symptoms were almost as
frequent as pruritis (88%) and twice as common as
¯ushing (43%). The frequency of various GI symp-
toms/signs is summarized from 13 series in Table I.
Abdominal pain and diarrhea are the most common
symptoms and an enlarged liver and (or) spleen are
frequent physical ®ndings, especially in patients with
SM-AHNMD or ASM.

GI ABNORMALITIES IN PATIENTS
WITH SYSTEMIC MASTOCYTOSIS

Esophageal Abnormalities

Esophageal abnormalities (re¯ux, motility disor-
ders) are uncommon in these patients, occurring in
less than 25%.

Gastric Abnormalities

Between 85 and 100% of patients with mastocytosis
have increased production of histamine, which is a
potent stimulant of gastric acid secretion. In two studies,

TABLE I Frequency of Different Gastrointestinal

Symptoms/Signs in Patients with Systemic Mastocytosis

Clinical feature Frequency mean (range)

Symptom

Abdominal pain 51% (12ÿ100)

Diarrhea 43% (14ÿ100)

Nausea /vomiting 28% (0ÿ57)

Gastrointestinal bleeding 11% (0ÿ24)

Peptic ulcer disease 23% (5ÿ44)

Sign

Steatorrhea /malabsorption 13% (5ÿ24)

Hepatomegaly 48% (12ÿ83)

Splenomegaly 45% (11ÿ86)

Note. Data are from 13 different series ( Jensen, 2000).
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20ÿ40% of these patients had increased acid secretion
and a mean of 23% developed peptic ulcers in various
series (Table I). On endoscopic studies, up to 30%
of patients have gastric mucosal abnormalities includ-
ing nodules, ulcers, and urticarial lesions. In one
prospective study, almost 60% of the abdominal pain
was categorized as dyspeptic due to increased acid
production.

Small Intestinal Abnormalities

Malabsorption occurs with a mean frequency of 13%
in different series of patients with mastocytosis (Table I);
however, in a prospective study 31% had impaired small
intestinal (SI) function. In general, the malabsorption is
mild. The malabsorption, in addition to fat and carbohy-
drate absorption, can involve fat-soluble vitamins, vita-
min B12, and elements such as calcium /iron. In patients
with malabsorption, the SI villi are frequently abnormal
(blunted, atrophic) and in®ltrated by mast cells. With
barium X-ray studies, up to 29ÿ73% of these patients
have SI mucosal abnormalities, especially small nodules,
edema with thickened folds, and polypoid lesions.

Colon /Rectal Abnormalities

Except for diarrhea (Table I), colonic symptoms are
not frequently reported in these patients with mastocy-
tosis. However, on barium X-ray or endoscopic studies,
10ÿ20% had abnormalities including nodules, edema,
thickened folds, and polypoid lesions.

Liver Abnormalities

Liver involvement is frequent in these patients with
mastocytosis, whether assessed by abnormal liver func-
tion studies (16ÿ78%), by detection of hepatomegaly
(mean 48%; range 12ÿ83%; Table I), or by clinical evi-
dence of liver malfunction (portal hypertension /ascites:
5ÿ40%). In various studies, hepatomegaly was pre-
sentin 0ÿ22% of patients with ISM and in 40% of
patients with SM-AHNMD or ASM. Liver biopsies fre-
quently show increased ®brosis (14ÿ100%), cirrhosis
(0ÿ15%), mast cell in®ltration (34%), in¯ammatory
in®ltrates (100%), focal hepatocyte necrosis (59%),
and evidence of portal venopathy (12%). The hepato-
megaly correlates with the degree of mast cell in®ltra-
tion. The portal hypertension is primarily due to
intrahepatic venous obstruction secondary to ®brosis
and possibly to increased blood ¯ow from the splenic vein.

Splenic Abnormalities

Splenomegaly occurs with a mean frequency of 45%
in patients with mastocytosis (Table I), varying from 11

to 80% in different series. Mast cell in®ltration occurs in
34ÿ100% and is likely one of the main mechanisms
causing the splenomegaly.

PATHOGENESIS OF THE PRINCIPAL
GI SYMPTOMS

General

Numerous studies show that GI, as well as other
symptoms commonly occurring in patients with mas-
tocytosis, can be precipitated in some individuals by
drugs (antibiotics, narcotics, aspirin, procaine, anti-
in¯ammatory agents), changes in temperature, stress
(trauma, medical procedures), exercise, or ingestion
of various foods (chocolate, nuts, red wine, alcohol).
Rarely, these agents can cause vascular collapse, hypo-
tension, or syncope.

Pathogenesis of Abdominal Pain

Abdominal pain has been attributed to mast cell
in®ltration in the GI tract, peptic ulcer disease, a moti-
lity disorder, and release of mediators from mast cells
resulting in altered bowel function. In a prospective
study of the 80% of patients with abdominal pain, in
45% the pain was dyspeptic in nature (relieved by
acid suppressants, usually epigastric in location) and
in 35% it was nondyspeptic (usually lower GI in loca-
tion, not relieved by acid suppressants). Most patients
(85ÿ100%) with systemic mastocytosis have increased
histamine release, which can stimulate acid secretion,
and this likely plays an important role in leading to pain
in the dyspeptic patient. The nondyspeptic pain has
been shown not to be due to increased acid secretion
and its mechanism remains unclear, although it is fre-
quently proposed that abnormal motility may be an
important factor.

Pathogenesis of Diarrhea

Diarrhea in patients with mastocytosis is frequently
an episodic increase in the number of bowel movements
per day, which can be accompanied by increased stool
weight (4200 g/day) with or without malabsorption. In
one prospective study, 50% of the patients with diarrhea
had increased stool weight and in most of these patients
this was associated with gastric acid hypersecretion,
which can cause diarrhea. Other proposed causes of
diarrhea in these patients include overproduction of
prostaglandin D2, fat malabsorption secondary to
mast cell in®ltration of the small intestine resulting in
generation of hydroxy fatty acids, or altered GI transit
due to mediators released by the mast cells.
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Pathogenesis of GI Malabsorption

Fat malabsorption is not only uncommon in patients
with mastocytosis (5ÿ24%, Table I), it is usually mild
(520 g/day) (normal: 57 g/day). The most important
mechanism is likely proximal SI dysfunction. Abnormal
morphology of villi (blunted, atrophy, mast cell in®l-
trates) in the proximal SI has been described and in
barium X-ray studies, 29ÿ73% of patients with masto-
cytosis have abnormalities that may contribute to the SI
absorptive dysfunction. In various patients it has been
proposed that the malabsorption might also be due to
gastric acid hypersecretion, in¯ammatory in®ltration
in the SI, association with celiac sprue, or disturbed
SI motility.

TREATMENT OF GI MANIFESTATIONS
OF SYSTEMIC MASTOCYTOSIS

The treatment of GI symptoms (Table I) is dictated by
the severity of the abdominal pain, diarrhea, malabsorp-
tion, and nausea. The possible contribution of gastric
acid hypersecretion can be treated by using proton
pump inhibitors or histamine-2 (H2)-receptor antago-
nists. For nondyspeptic pain, H2-receptor antagonists
or a combination of H1- and H2-receptor antagonists are
frequently effective. The mast cell membrane-stabiliz-
ing drug, disodium cromoglycate, has been used in a
number of studies to treat GI manifestations including
diarrhea, pain, nausea, and vomiting. In patients with
prostaglandin D2 contributing to the diarrhea, it is
reported that low doses of aspirin (40 mg/day) or
other anti-in¯ammatory agents may be helpful. In
rare patients with severe malabsorption, systemic ster-
oids may be effective. Ascites and /or portal hyperten-
sion may be dif®cult to control with the usual treatment
of beta-blocking agents, diuretics, and salt reduction.
Portal hypertension was successfully treated in one

patient by portacaval shunting. Finally, interferon-a-
2b resulted in partial responses in a small number of
patients with the malignant forms of mastocytosis.
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Meckel's Diverticulum

CYNTHIA D. DOWNARD, SARA LEWICKE, AND MORITZ M. ZIEGLER

Children's Hospital Boston

diverticulum Pouch protruding from a tubular organ.

ectopic Out of place, not in a proper position.

intussusception Infolding of one part of the intestine into

another.

Meckel's diverticulum is a 2- to 6-cm out-pocketing of the

ileum along the antimesenteric border, usually located 50

to 180 cm proximal to the ileocecal valve. It is the most

common congenital aberration of the gastrointestinal

tract, occurring in an estimated 2ÿ3% of the population,

more commonly in men than women. It is a true diverti-

culum in that it is composed of tissue from all sections of

the ileal wall. Meckel's diverticulum is often described by

the `̀ rule of twos''Ðit may contain of two types of ectopic

tissue (gastric and pancreatic), is usually located within 2

feet of the ileocecal junction, occurs in 2% of the popula-

tion, is close to 2 inches in length, and patients are usually

symptomatic before 2 years of age.

INTRODUCTION

History

Meckel's diverticulum was ®rst described in 1598 by
Fabricius Hidanus as an `̀ unusual diverticulum'' of the
small intestine. Littre reported presence of a diverticu-
lum of small bowel present in a hernia in 1742. In 1809,
Johann Friedrich Meckel the Younger described the
embryological aspects and pathologic nature of an
ileal diverticulum, which led to the subsequent adop-
tion of his name for this anomaly.

Embryology

Meckel's diverticulum results from the abnormal
persistence of the vitelline (or omphalomesenteric)
duct during development. In embryonic life, the vitel-
line duct is a stalk connecting the midgut of the dev-
eloping embryo to the yolk sac, and is involved in
nutrient transfer and hematopoiesis. Typically, at
the end of the sixth week of gestation, the vitelline
duct degenerates and the yolk sac detaches from
the midgut loop. It is thought that a Meckel's diverti-
culum develops when the proximal portion of this

connection fails to degrade properly. If the entire vitel-
line duct fails to obliterate, the midgut can remain
attached to the umbilicus as a ®stula, also called a
patent omphalomesenteric duct. Fibrous cords from
the diverticulum, with or without cysts, may also
remain attached to the umbilicus.

PRESENTATION

General Presentation

Although autopsy series estimate that 2% of the
population has a Meckel's diverticulum, less than
20% of people with this anomaly will ever come
to clinical attention. A vast majority of Meckel's diver-
ticula are discovered incidentally during laparotomy,
during contrast studies for unrelated reasons, or at
autopsy.

Symptomatic Presentation

Intestinal Hemorrhage

Intestinal hemorrhage is the most common presen-
tation of symptomatic Meckel's diverticulum in chil-
dren less than 18 years of age. Ectopic gastric tissue
is estimated to be present in 60% of symptomatic Meck-
el's diverticula. This functional gastric mucosa can pro-
duce acid, in turn causing ulceration of the surrounding
tissue. Ulcers of this type usually occur at the junction
between gastric mucosa within the diverticulum and
normal ileal mucosa or opposite the diverticulum on
the ileal wall, and can erode into surrounding blood
vessels. Interestingly, Helicobacter pylori, although
often implicated in peptic ulcer disease, is almost
never associated with ileal ulceration in Meckel's
diverticulum.

Bowel Obstruction

Bowel obstruction is the most common presentation
of symptomatic Meckel's diverticulum in the adult popu-
lation, occurring in over 50% of cases. Intestinal obstruc-
tion frequently develops when a ®brous band of a vitelline
artery remnant from the Meckel's diverticulum to the
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umbilicus provides a ®xed point for intestinal torsion
and closed-loop bowel obstruction. Obstruction may
also be due to intussusception with an inverted diverti-
culum serving as the lead point. This occurs more
often in children than in adults. In addition, obstruction
may also result due to incarceration of a Littre's hernia,
with a Meckel's diverticulum contained within the
hernia sac.

Meckel's Diverticulitis

Meckel's diverticulitis occurs in up to one-third of
presenting cases, attributable to the irritating effect of
peptic acids produced by ectopic gastric mucosa within
the diverticulum. Often the symptoms of Meckel's
diverticulitis will imitate those of acute appendicitis,
highlighting the necessity of examining the ileum
for the presence of an irritated Meckel's diver-
ticulum during a negative exploration for presumed
appendicitis.

DIAGNOSIS

Meckel's diverticulum is among the most dif®cult con-
ditions to diagnose preoperatively. Although Meckel's
diverticulum is frequently within a differential diagno-
sis of abdominal pain, only 5ÿ6% of cases are correctly
de®nitively identi®ed preoperatively. Diagnostic tests
rely on the unique features of a Meckel's diverticulum,
namely, ectopic gastric tissue and ulceration with bleed-
ing, for conclusive identi®cation.

Radionuclide Scanning

The best tool for diagnosing Meckel's diverticulum in
children is scintigraphy using [99mTc]pertechnetate, an
isotope taken up by mucus-secreting cells of the gastric
mucosa and ectopic gastric tissue within a Meckel's
diverticulum. The high incidence of ectopic gastric tissue
within symptomatic Meckel's diverticula, particularly in
children, makes this scan a useful diagnostic tool. Several
agents, such as pentagastrin to increase gastric mucosal
absorption, histamine-2 (H2) blockers to decrease excre-
tion of the isotope, and glucagon to decrease peristalsis,
can be used to help increase the accuracy and precision of
this test.

When intestinal hemorrhage is the presenting symp-
tom of a Meckel's diverticulum, [99mTc]pertechnetate
scintigraphy loses accuracy. Alternatively, erythrocytes
can be labeled with a 99mTcÿsulfur colloid to pinpoint a
site of hemorrhage in patients losing blood at a rate of at
least 0.1 ml/min. If an identi®ed site of bleeding corre-
lates with the terminal ileum, an ulcer associated with a
Meckel's diverticulum is the most likely cause. This test

is sensitive for identifying bleeding, but is not speci®c
for Meckel's diverticulum.

Angiography

If scintigraphy is not de®nitive in a patient with
continued intestinal bleeding, angiography may be
used to identify a site of hemorrhage. When a Meckel's
diverticulum is the suspected source, selective superior
mesenteric arteriography can be diagnostic. Features
highly suspicious for a Meckel's diverticulum are visua-
lization of a vascular blush at the expected site of a
diverticulum or persistence of the vitelline artery.
False positive results may be obtained on angiography
if there is irregular arterial branching from a distal
ileocolic artery.

Other Studies

Other radiologic tools, such as ultrasound and com-
puted tomography, have a limited role in the diagnosis of
Meckel's diverticulum, but may be employed when other
studies are inconclusive. Contrast evaluation may
demonstrate a characteristic triangular folding pattern
at the site of ileal attachment, a gastric rugal pattern
within the diverticulum, or, when the diverticulum is
inverted, a polyplike defect within the lumen of the
intestine. Air-contrast enema is both diagnostic and ther-
apeutic in cases of intussusception, but it rarely results in
a de®nitive diagnosis of Meckel's diverticulum.

TREATMENT

Symptomatic Diverticula

Symptomatic Meckel's diverticula should be surgi-
cally resected. Simple diverticulectomy may suf®ce
when the diverticular opening is small and no ectopic
tissue is present. Ileal wedge resection and primary ana-
stomosis are recommended in cases of hemorrhage,
ulceration, neoplasia, and chronic in¯ammation.
Long diverticula, with ectopic gastric tissue at the distal
end, can be removed by simple transverse resection at
the diverticular neck. Shorter diverticula, with gastric
tissue on any area, are best removed by wedge resection
and end-to-end anastomosis to avoid retention of ecto-
pic gastric mucosa. Simple ligation of the diverticulum
and stump invagination are not recommended because
the neck of a diverticulum is often too wide to accom-
plish this effectively.

Asymptomatic Diverticula

Considerable controversy surrounds the treatment
of an asymptomatic Meckel's diverticulum because most
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Meckel's diverticula are incidentally discovered during
laparotomy. It is agreed that the likelihood of a Meckel's
diverticulum ever becoming symptomatic is low, but
con¯icting evidence exists as to whether this usually
happens in the earlier decades of life. In addition, vary-
ing rates of complication have been reported following
incidental diverticulectomy. Prior studies have
attempted to offer intraoperative guidelines regarding
age of the patient, length of the diverticulum, and pre-
sence or absence of ectopic mucosa to determine which
asymptomatic diverticula should be resected. In an
extensive epidemiologic, population-based project,
Cullen and colleagues utilized comprehensive records
over a 42-year period from Olmsted County, Minnesota
to evaluate incidence and complications arising from
Meckel's diverticulum. After assessing all cases of symp-
tomatic and asymptomatic Meckel's diverticulum
requiring operation, it was determined that the risk
of a Meckel's diverticulum becoming symptomatic
does not decrease with age. In addition, the rate of
morbidity of incidental removal was suf®ciently low
(2%) and the rate of early postoperative complication
after symptomatic diverticulectomy was adequately
high (12%) to warrant a recommendation of routine
removal of incidentally discovered Meckel's diverticula.
Because this is the most comprehensive review of this
subject to date, these suggestions are currently the best
supported criteria.

OUTCOME

Full recovery should be expected following diverticu-
lectomy for symptomatic or asymptomatic Meckel's
diverticulum. Although up to 12% of patients develop
complications such as adhesions, sepsis, and wound
infection following symptomatic Meckel's diverticulect-
omy, these are usually easily treated nonoperatively
with antimicrobials and other agents. Mortality, even
for symptomatic Meckel's diverticulectomy, is rare.

See Also the Following Articles
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Megacolon: Neuromuscular
Enteric Abnormalities
SAMUEL NURKO

Children's Hospital Boston

Hirschsprung's disease Disease with varying degrees of

distal intestinal aganglionosis.

megacolon A condition in which the colon has abnormally

large dimensions.

Megacolon in children is a poorly de®ned entity. Even

though functional constipation is the most common etiol-

ogy, there are some rare neuromuscular enteric abnorm-

alities that present with megacolon. These occur because

there are problems with the enteric nervous system, the

enteric smooth muscle, or both. This article focuses pri-

marily on the neuromuscular enteric disorders that pri-

marily affect the gastrointestinal tract.

HIRSCHSPRUNG'S DISEASE

Hirschsprung's disease is the most common neuroen-
teric disorder. This article focuses mostly on the clinical
aspects of the disease.

Hirschsprung's disease is a congenital problem in
which varying degrees of aganglionosis occur in distal
segments of the intestinal tract. The length of the agan-
glionic segment varies. It is limited to the rectum and
sigmoid in 75% of cases, involves the whole colon in 8%
of cases, and rarely involves the small bowel. The agan-
glionosis in Hirschsprung's disease results in a lack of
intrinsic enteric inhibitory nerves. Intestinal obstruc-
tion is produced because there is a lack of nonadrener-
gic, noncholinergic innervation in the aganglionic
segments with a resultant failure to relax during peri-
stalsis. The segment proximal to the obstruction then
becomes dilated.

The incidence of Hirschsprung's disease varies from
1 in 5000 to 1 in 10,000 live births. There seems to be a
male preponderance with a ratio of 3 : 1 to 5 : 1, parti-
cularly in those with short segments. However, the inci-
dence in both sexes seems to be the same in those with
long-segment disease.

The mean age at the time of diagnosis has been
decreasing over the years. The diagnosis is established
in 15% of patients within the ®rst month of life, in

40ÿ50% of patients in the ®rst 3 months, in 60% of
patients at the end of the ®rst year of age, and in 85%
of patients by 4 years. The diagnosis of Hirschsprung's
disease is rarely delayed until adulthood.

The symptoms vary with the age of the patient and
the extent of the disease. In the newborn period, bilious
emesis, abdominal distension, and failure to pass meco-
nium or abnormal stool frequency are common. Com-
plete intestinal obstruction may occur and perforation
of the cecum or the appendix occurs in 3ÿ5% of cases. If
the diagnosis is not established in the newborn, the
infant may present with mild constipation that may
be followed with acute obstruction, frequent episodes
of fecal impaction, or the development of acute life-
threatening enterocolitis. Enterocolitis develops in 15
to 50% of cases and may be the presenting feature of
Hirschsprung's disease in up to 12% of patients. It
remains the main cause of death and the mortality
rate can reach 20 to 50%.

From infancy until adulthood, mild to severe con-
stipation may be the only symptom, so Hirschsprung's
disease must be differentiated from functional constipa-
tion. Because clinical features do not allow a complete
differentiation between these problems, the diagnosis of
Hirschsprung's disease must always be considered in
any child, adolescent, or adult with severe intractable
constipation.

Diagnosis

Once the diagnosis of Hirschsprung's disease is sus-
pected, con®rmation is necessary. The ®nal diagnosis
needs to be based on the pathologic demonstration of
aganglionosis. Because obtaining biopsies involves
risks, other less invasive techniques, such as barium
enema and anorectal manometry, can be used to select
those patients who require a biopsy.

The barium enema (BE), although not diagnostic
can be strongly suggestive and supportive. Single-con-
trast barium enemas are used and the colon is not pre-
pared. In infants with Hirschsprung's disease, a
transition zone from the distal nondilated colon is
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usually easily detected. The absence of a transition zone,
however, does not exclude the diagnosis. BE may be less
helpful in the newborn because a visible transition zone
is often not present.

Anorectal manometry is a noninvasive technique
that allows the detection of the recto-anal inhibitory
re¯ex. In normal individuals, distension of the rectal
ampulla causes relaxation of the internal anal sphincter.
Intrinsic nerves mediate this effect, which is absent in
patients with Hirschsprung's disease. After the newborn
period, manometry has been shown to accurately diag-
nose Hirschsprung's disease in 90 to 100% of the
patients, with a speci®city of 97% and a sensitivity of
79%. Therefore, in this age group, anorectal manometry
is the diagnostic study of choice.

Con®rming the absence of ganglion cells in the dis-
eased segment is a necessary step in the diagnosis of
Hirschsprung's disease. Rectal suction biopsy, which
produces a specimen of mucosa and submucosa, is a
commonly employed tool. When ganglion cells are pre-
sent, the diagnosis of Hirschsprung's disease is clearly
excluded. The use of immunohistochemical stains for
acetylcholinesterase (AChE) in combination with the
hematoxylin and eosin stain can increase the accuracy.
There is a marked increase in AChE activity in the
lamina propria and muscularis of the patient with
Hirschsprung's disease.

For those cases in whom the suction biopsy has
produced equivocal results, it may be necessary to
obtain a full-thickness biopsy of the rectal wall.

Treatment

The treatment of Hirschsprung's disease is surgical.
Initial medical management is important, however, in
stabilizing the patient before surgical therapy is under-
taken. This includes the correction of ¯uid and electro-
lyte imbalances, antibiotic therapy if enterocolitis is
present, and rectal decompression with the use of rectal
irrigations and rectal tubes until the time of surgery.

The basic principle for the de®nitive surgical ther-
apy is resection of the aganglionic segment followed by
a pull-through of ganglionic bowel down to the anus.
The three most common operations performed include
the Swenson pull-through (rectosigmoidectomy), the
Duhamel pull-through (retrorectal transanal pull-
through), and the Soave pull-through (endorectal pull-
through). It is dif®cult to compare the results obtained
with the three techniques, because the incidence of
complications may be closely related to the skill of
the individual surgeon, to the institution, or to the
year of the study. Nevertheless, the long-term outcome
of these procedures appears to be similar. Independent

of the type of surgery, long-term survival is excellent,
although death from enterocolitis may occur years after
successful surgical reconstruction. Many studies show a
higher than anticipated incidence of problems post-
operatively, in particular, persistent obstruction, fecal
incontinence, or enterocolitis.

The most common problems encountered after sur-
gical repair are shown in Table I. The treatment will vary
depending on the diagnosis and may include laxatives,
antibiotics, rectal decompression, surgery, or adminis-
tration of botulinum toxin to the internal anal sphincter.

OTHER NEUROMUSCULAR DISEASES
THAT AFFECT THE INTESTINE

Other disorders that mimic the distal obstruction seen in
Hirschsprung's disease are mentioned in Table II. They
encompass clinical entities in which there is disruption
of the normal control mechanisms of the motor function
of the intestine and they include abnormalities of the
myenteric plexus or the smooth muscle. Those abnorm-
alities produce ineffective antegrade peristalsis and
recurrent symptoms of bowel obstruction.

The clinical presentation will vary depending on the
type and extent of the abnormality. It usually includes
functional obstruction, delayed intestinal transit, and
abdominal pain and there may be associated urinary
problems or bacterial overgrowth.

Diseases of the enteric nervous system or the smooth
muscle may be familial or sporadic and may be limited to

TABLE I Common Problems after Hirschsprung's

Surgical Repair

Obstructive symptoms and constipation

Anatomic

Anal stenosis, strictures

Functional

Aganglionosis: Residual or new

Neuronal intestinal dysplasia

Dismotility

Internal anal sphincter hypertonicity

Functional fecal retention

Fecal incontinence

Over¯ow incontinence from constipation

Abnormal sphincteric function

Diarrhea

Bacterial overgrowth syndrome

Enterocolitis

Clostridium dif®cile

Other pathogens

Growth problems

Diarrhea and malabsorption

Speci®c nutrient de®ciencies
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the colon or they may be part of a more generalized
disorder that can affect the whole gastrointestinal
(GI) tract. In some cases, there may also be extraintest-
inal involvement or the enteric dysfunction may be a
result of abnormal extraintestinal regulation.

Of the primary diseases that affect the smooth mus-
cle, the most common are either hollow visceral myo-
pathy or megacystis microcolon hypoperistalsis
syndrome (MMIHS). MMIHS is the most severe form
of pseudo-obstruction and affects predominantly female
infants. It is characterized by marked dilation of the
bladder, a dilated nonperistaltic small bowel, and a mal-
rotated microcolon. Most patients require multiple sur-
gical procedures and are dependent on total parenteral
nutrition. The prognosis is poor and most patients die at
a very young age from renal insuf®ciency or sepsis.

Of the primary diseases that affect the enteric ner-
vous system, Hirschsprung's disease is the most com-
mon. After Hirschsprung's disease, the most common
disorders are those in which there are malformations of
intestinal neurons. Among those conditions, neuronal
intestinal dysplasia (NID) has been the most controver-
sial. This term has been used to describe qualitative and
quantitative abnormalities of the myenteric plexus.
These include hyperganglionosis, with the presence
of giant ganglia, heterotopic ganglion cells, and abnor-
mal ®ndings using acetylcholinesterase stain. Different
types of NID have been recognized and it may be asso-
ciated with an aganglionic segment. Part of the problem
in deciding if NID is a clinically distinct entity stems
from the fact that there are no clear and validated criteria
for its diagnosis. Recent prospective, controlled studies
have tried to validate pathologic criteria for innervation
abnormalities like Hirschsprung's disease or NID using
rectal biopsies. These investigations demonstrated that
even though there is complete agreement in the diag-
nosis of Hirschsprung's disease, there is great inter-
observer disagreement and a lack of concordance in
making a diagnosis of NID even by a group of experi-
enced pathologists. This lack of agreement probably
stems from the lack of information about the normal
developmental process that occurs in the myenteric
neurons after birth. Further studies of age-dependent
normal variation in the morphology of the myenteric
plexus are needed.

NID is a pathologic diagnosis and does not seem to
represent a distinct clinical problem. When the diagno-
sis has been made, the clinical symptoms have included
intractable constipation and megacolon. Multiple stu-
dies have shown, however, that there does not seem to
be a correlation between the pathologic ®ndings and the
clinical presentation, abnormal functional testing, or
outcome. Therefore, caution needs to be exercised in
the clinical management of those children who are diag-
nosed with NID.

Neuromuscular enteric problems can also be sec-
ondary to systemic disorders. These include mitochon-
drial and neurologic diseases, endocrinologic and
metabolic abnormalities, connective tissue diseases,
neurologic diseases, or after the administration of drugs.

Evaluation and Treatment

The differential diagnosis of megacolon in children
includes the problems mentioned in Table II. Most chil-
dren will have functional constipation and their diag-
nosis is established clinically after a careful history and
physical examination. It is important to exclude ana-
tomic malformations, such as anal stenosis, imperforate

TABLE II Etiology of Megacolon in Children

Functional constipation

Anatomic problems

Anal stenosis

Anorectal malformations

Neuromuscular abnormalities

Disorders of the enteric nervous system

Hirschsprung's disease

Primary visceral neuropathies

Familial

Autosomic dominant

Autosomic recessive with intranuclear inclusions

Autosomic X-linked

Associated with multiple endocrine neoplasia

type 2B

Nonfamilial

Intestinal ganglioneuromatosis

Neuronal intestinal dysplasia

Hypoganglionosis

Hyperganglionosis

Other qualitative abnormalities

Secondary visceral neuropathies

Infections

Autoimmune

In¯ammatory

Metabolic /endocrine

Drugs

Disorders of the smooth muscle

Primary visceral myopathies

Familial

Autosomic dominant (hollow visceral myopathy

and others)

Autosomic recessive (mitochondrialÿ
gastrointestinal encephalomyopathy)

Nonfamilial

Childhood visceral myopathy

Other mitochondrial disorders

Megacystisÿmicrocolonÿhypoperistalsis syndrome

Secondary visceral neuropathies
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anus, or a mechanical obstruction. The presence of a
neuromuscular enteric disorder needs to be excluded in
patients with intractable constipation or those with
severe obstructive symptoms. Initially, Hirschsprung's
disease needs to be excluded as mentioned previously.

If there is no Hirschsprung's disease and there is
evidence of a generalized motility disorder, systemic
problems need to be excluded. Objective measurements
of gastrointestinal transit may be necessary. These
include gastric emptying, transit, and motility studies.
Antroduodenal manometry may be indicated to evalu-
ate upper GI motility and may help to establish whether
the patient's problem is myopathic or neuropathic in
nature. If the problem seems to be con®ned only to the
large intestine, a colonic motility test may be necessary.
This may reveal evidence of neuropathy or myopathy. A
full-thickness biopsy of the rectum may be indicated
when there is evidence of a neuroenteric motility dis-
order of the colon.

In most cases, there is no speci®c treatment. Nutri-
tional support is important, particularly patients with a
generalized problem. Enteral feedings should be tried,
but total parenteral nutrition may be necessary. Bacter-
ial overgrowth should be treated. The use of prokinetic
agents may be bene®cial, as long as there is remaining
function of the enteric nerves. Cisapride may be
obtained under special programs and octreotide may
be used, particularly if there is small bowel dysfunction.

Patients with Hirschsprung's disease need to have
surgical resections, and for those patients with normal
ganglion cells and a nonrelaxing internal anal sphincter,
botulinum toxin or myectomy is indicated. Other sur-
gical therapy should be reserved only for patients with
involvement of small and speci®cally affected segments.
The creation of venting ostomies is necessary to relieve
pain in those with more severe obstructive symptoms.
An ileostomy may be necessary when there is severe
colonic dysfunction and a cecostomy may be indicated
for the administration of colonic lavage. For patients
with severe small bowel dismotility, an intestinal trans-
plant may be the only option for long-term survival.
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antral sparing Pattern of gastropathy in which the proximal

stomach (fundus and body) is primarily involved and the

distal stomach (antrum and pylorus) is relatively or

totally free of disease (`̀ spared'').

epidermal growth factor Peptide that is tropic for the growth

of epithelial cells in the gastrointestinal mucosa and

elsewhere.

gastropathy Disorder of the stomach that may or may not be

associated with mucosal in¯ammation (gastritis).

MeÂneÂtrier's disease Form of gastropathy characterized by

hyperplasia of the lining epithelium and hypertrophy of

the mucosa, with or without in¯ammation (gastritis).

MeÂneÂtrier's disease (hypoproteinemic hypertrophic gas-

tropathy) is gastropathy characterized by decreased acid

production (hypochlorhydria), excessive mucin produc-

tion, hyperproliferation of the gastric folds, and hypopro-

teinemia associated with selective loss of serum proteins

across the gastric mucosa into the gastric lumen. The

disease linkage with MeÂneÂtrier dates to 1888 with the

description of enlarged gastric folds, `̀ polyadenomes en

nappe rugae,'' that resembled cerebral convolutions. The

disease is rare, acquired, and a premalignant disorder.

Gastric cancer has been reported at diagnosis and during

followup of patients with hypertrophic gastropathy. No

speci®c therapy is predictive of response to symptoms.

The disease has been linked with ligands of the epidermal

growth factor receptor, thus antagonism of this receptor

as a therapeutic modality is being investigated.

ETIOLOGY

The cause of MeÂneÂtrier's disease is unknown. Helicobac-
ter pylori and cytomegalovirus infection have been asso-
ciated with a reversible hypertrophic gastropathy.
Cytomegalovirus infection is noted predominantly in
pediatric presentations but also has been reported in
immunocompetent adults. Eradication of H. pylori
has correlated with resolution of hypertrophic gastro-
pathy and clinical expression in some patients. The
hypothesis that up-regulation of transforming growth
factor-a is a feature of this disease is supported by stu-
dies of transgenic mice and human data. Increased
expression of transforming growth factor-a in the sto-
mach can recapitulate the phenotype of MeÂneÂtrier's

disease, including reduced acid production, excessive
mucin production, and hyperproliferation of mucosa.
Transforming growth factor-a is one of seven mamma-
lian ligands of the epidermal growth factor (EGF) recep-
tor. Thus, increased expression of any of these ligands
may contribute to the disease. Blockade of EGF receptor
in a patient with MeÂneÂtrier's disease results in decreased
clinical and biochemical expression of the disease.
There is an accompanying decrease in the proliferation
of the mucosa and emergence of parietal cells after EGF
blockade. The collective data from transgenic mice,
humans, and response to EGF blockade are supportive
of a role of enhanced epidermal growth factor receptor
signaling in the pathogenesis of MeÂneÂtrier's disease.

PATHOLOGY

MeÂneÂtrier's disease is a form of hypertrophic gastropa-
thy characterized by foveolar hyperplasia and glandular
atrophy. The ®ndings of mucosal in¯ammation and
glandular atrophy are quite variable. The lymphocytic
in¯ammatory response and the foveolar hyperplasia
have been used to separate the gastropathy into two
groups, hypertrophic lymphocytic gastritis and massive
foveolar hyperplasia. Hypertrophic lymphocytic gastri-
tis is associated with severe in¯ammation with numer-
ous intraepithelial lymphocytes and mild foveolar
hyperplasia, whereas massive foveolar hyperplasia has
greater foveolar hyperplasia, thicker mucosa, and
greater mucosal edema. Hypertrophic lymphocytic
gastropathy is considered a spectrum of lymphocytic
gastritis by several researchers.

CLINICAL

Patients with MeÂneÂtrier's disease frequently present
with complaints of epigastric pain, fatigue, weight
loss, edema, and vomiting. Severe presentations of
MeÂneÂtrier's disease include hypoalbuminemia and
iron de®ciency anemia. Giant rugae are the hallmark
of the disease. Normal folds are around 5 mm in width
and are parallel to the long axis of the stomach. The folds
in MeÂneÂtrier's are thick, tortuous, and convoluted. The
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enlarged folds are particularly noted in the fundus
and body of the stomach (Fig. 1). However, the entire
stomach can be involved in approximately 50% of cases
and duodenal involvement may occur in 3%. Excessive
mucus production and hyposecretion of acid occur. The
selective loss of proteins across the gastric mucosa may

lead to hypoalbuminemia. Thick gastric fold changes
are not speci®c to MeÂneÂtrier's disease and it is necessary
to consider other diseases, including ZollingerÿEllison
syndrome, H. pylori infection, gastritis, cytomegalovirus
infection, gastritis, lymphoma, eosinophilic gastritis,
sarcoid, syphilis, histoplasmosis, and in®ltrative dis-
eases, including neoplasms and amyloid. Large-forcep
biopsies and snare biopsies may aid the pathologic eva-
luation. Endoscopic ultrasound changes include 5-mm
thickenings of the second hypoechoic layer and cystic
changes.

Partial regression of abnormalities may occur
but spontaneous resolution is rare. In a review of
40 patients, 55% improved with or without medical
therapy at a mean followup of 7.6 years. No randomized
trials are available to compare treatments. However,
retrospective reviews and reports of various therapies
are available. This experience indicates that no single
agent uniformly leads to a clinical response. Anticholi-
nergic therapy, the somatostatin analogue octreotide,
histamine-2 (H2) receptor antagonists, and proton
pump inhibitors have been used. Surgery is an option
for severe disease and is required in around 10% of
cases. Currently, an investigative protocol using an epi-
dermal growth factor receptor antagonist is available for
patients with severe disease. Multiple case series studies
report the concomitant diagnosis of gastric cancer and
MeÂneÂtrier's disease a initial presentation. Additionally,
on followup, gastric cancer developed in over 7% of
cases. The risk of developing gastric cancer suggests a
need for continued endoscopic surveillance.
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A

B

FIGURE 1 Gastroscopic appearance of MeÂneÂtrier's disease.

(A) Note the enlarged folds, with excessive mucus production,

in the gastric body and fundus. In the same patient, the distal

stomach (B) appears fairly normal (`̀ antral sparing'').
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commensalism State of colonization that results in either no

damage or clinically inapparent damage to the host,

though it can elicit an immune response.

germ free Gnotobiotic (Greek for `̀ known ¯ora'') state in

which all micro¯ora are absent.

probiotics Living bacteria that colonize a host in

amounts suf®cient to alter the normal host micro-

¯ora, resulting in a bene®cial health effect for the

host.

The normal intestinal micro¯ora, which are mostly bac-

terial, consist of the resident populations of microbial

species that inhabit the digestive tract of their host.

Because `̀ normal'' is often unde®nable, `̀ indigenous''

micro¯ora, or biota, is a better term. The colonizing

microbes are diverse: bacteria are in the majority, but

fungi and protozoa are also present. Understanding the

complex interplay between the indigenous biota, their

associated metabolisms, and the host digestive tract

forms the basis of understanding the microbial role in

disease, but also in maintaining health. There are more

than 400ÿ500 bacterial species in the human colon of a

single healthy individual, amounting to about 1012 viable

bacteria per gram of colonic content. Considering this, the

intestinal micro¯ora can be viewed as a potential meta-

bolic organ.

INTRODUCTION

Environmental and microbial factors contribute to the
pathogenesis of many intestinal diseases. The role that
indigenous micro¯ora play in the health of their hosts
has been point of controversy since Pasteur hypothe-
sized a necessary but sometimes detrimental role, and
Metchnikoff argued a more bene®cial one. Most of the
published work on (development of) the human gas-
trointestinal ¯ora has been restricted to analysis of the
fecal ¯ora using conventional methods such as cultures.
However, culture results from fecal micro¯ora re¯ect
only 50ÿ80% of the total microscopic bacterial count.
Studies using novel tools to identify greater numbers of
micro¯ora by molecular methods are emerging and have

the potential to provide new insights on how micro¯ora
in¯uence their host in health and disease.

IDENTIFICATION TECHNIQUES

Most of our knowledge of the micro¯ora of the human
digestive tract is derived from studies using traditional
techniques of culture and microscopy. Most of the stu-
dies of intestinal micro¯ora use fecal cultures, assuming
that fecal micro¯ora and large bowel micro¯ora are
equivalent. Micro¯ora of the upper digestive tract
have been studied through a sampling method,
described by Gorbach, using a ¯exible plastic tube to
aspirate samples. It is unlikely that all of the important
organisms that are present in the intestinal crypts or
gastric mucosa are present in such collected samples.
The interpretation of micro¯ora data is further compli-
cated considering sampling, storage, and culture meth-
ods. Sampling in the highly inaccessible digestive tract is
complex, and most samples are gathered in nonphysio-
logic situations, such as during surgery or postmortem.
Ideally, the bulk of micro¯ora should be stored in abso-
lutely anaerobic conditions, which cannot typically be
met in a standard setting. Only 10ÿ20% of intestinal
bacteria can be cultured, meaning that 80ÿ90% of the
microorganisms are uncultivatable. Novel techniques to
identify micro¯ora, without requiring culture, have
therefore been established. One of these improved spe-
cies identi®cation techniques involves detection of bac-
terial 16S ribosomal RNA. This small ribosomal subunit
contains the hypervariable V regions, which de®ne the
signature of phylogenetic groups and species of bacteria.
Identi®cation of genera, species, and even strains of the
micro¯ora of the digestive tract using detection methods
for 16S ribosomal bacterial RNA sequences will substan-
tially increase our knowledge of the composition of the
intestinal micro¯ora. In addition, molecular techniques
such as denaturation or temperature gradientÿpulsed
gel electrophoresis (D/TGGE), ¯uorescence in situ
hybridization (FISH), ¯ow cytometry, and genetic ®n-
gerprinting with DNA microarrays have been used as
novel micro¯ora identi®cation methods.
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MICROFLORA OF THE
DIGESTIVE TRACT

Microbial commensalism occurs within a few days of
birth, with development of a succession of organisms as
localmicroenvironmentschange.Commensalismbegins
perorally, as demonstrated in infants with congenital
small bowel obstruction, in which a fecal-type ¯ora is
present proximal of the site of obstruction, whereas the
distal bowel remains sterile. The ®rst bacteria that colo-
nize the human gut are derived from the aerobic and
anaerobic ¯ora of the birth canal; in neonates, Escher-
ichia coli, Clostridium spp., Streptococcus spp., Lactoba-
cillus spp., Bacteroides spp., and Bi®dobacterium spp.
predominate. After 4ÿ6 days, the micro¯ora of vagin-
ally delivered, formula-fed, full-term newborns consist
of mostly anaerobes, mainly Bacteroides fragilis, whereas
the fecal micro¯ora of breast-fed newborns consist of
signi®cantly more bi®dobacteria. In contrast, the diges-
tive tract of newborns delivered by cesarean section
contains only 60% anaerobes (of which only 9% is B.
fragilis). These results indicate the effects of delivery
route and dietary constituents (breast milk or formula),
but other early exogenous factors, such as eruption of
teeth, gestational age, hospitalization, geographic var-
iations, and sanitary conditions, can also determine the
composition of the intestinal micro¯ora. A few weeks
after, birth, numerous colonizing organisms are present,
maintaining an orderly and stable presence in the niches
of the stomach, small intestine, and large intestine.

The stomach is often considered to be `̀ sterile,''
de®ned as 5103 colony-forming units (CFUs)/ml
of gastric aspirate. The most important factor control-
ling the gastric ¯ora is acidity. The bactericidal nature of
gastric secretions is affected by alterations in pH. In
health, when stomach pH is less than 2, gastric micro-
¯ora consist of predominantly gram-positive aerobic
bacteria, including streptococci, staphylococci, lacto-
bacilli, and various fungi. Oral anaerobes such as Pep-
tostreptococcus, Fusobacterium, and Bacteroides species
are present in very low numbers. Hypochlorhydria and
gastric surgery can increase the number of bacteria
found in the stomach, which can include oral micro¯ora
as well as fecal-type bacteria. Since Helicobacter pylori
was identi®ed, it has become clear that many gastric
microbes are Helicobacter species or closely related
microaerophilic spiral organisms. Helicobacter pylori
is considered a pathogen and is associated with peptic
ulcers. In contrast to the pathogenic role of H. pylori,
some non-pylori species are indigenous to the human
stomach and could even have a bene®cial role.

The small intestine serves as a transition zone
between the relatively `̀ sterile'' upper digestive tract

and the densely populated lower digestive tract. The
key factor regulating commensalism in the small intes-
tine is peristalsis. The composition of micro¯ora of the
proximal small intestine is similar to that of the sto-
mach, although a higher concentration of the various
microorganisms can be detected (105 CFUs/ml of jeju-
nal aspirate). Anaerobic and coliform bacteria are pre-
sent in relatively low concentrations.

The micro¯ora composition of the distal small intes-
tine resembles that of the large intestine. In the colon,
themicrobialconcentrationisapproximately1012 CFUs/
ml, whereas in the distal small bowel this is 107 to
108 CFUs/ml. The large intestine of individuals con-
suming a Western diet contains mostly obligate
anaerobic bacterial species (Table I). These include
gram-negativerodssuchasBacteroides(predominantly),
Fusobacterium, E. coli, Enterobacter, and Klebsiella, as
well as gram-positive bacteria such as Eubacterium,
but bi®dobacteria, lactobacilli, clostridia, and gram-
positive cocci such as Peptostreptococcus, Enterococcus,
Streptococcus, and Staphylococcus are also found. Several
bacterial species have been associated with pathogenic
properties (B. fragilis, Enterococcus faecium, Clostridium
dif®cile, E. coli O157:H7) as well with nonpathogenic
characteristics (Lactobacillus fermentum).

ESTABLISHING A STABLE MICROFLORA

Each individual has a unique composition of indigenous
micro¯ora; within this population, there is both com-
petition and cooperation. The micro¯oral makeup is
shaped by various events exclusively connected to the
speci®c host and its environment. Once established,
many of the biota persist for years if not for the life of
the host. However, there can be a marked variation in
the complexity and stability of micro¯ora between
hosts. The stability of the micro¯ora is remarkable con-
sidering the complexity of the ecologic environment of
the digestive tract and the perpetual introduction of

TABLE I Dominant Genera of the Human intestinal

Micro¯ora (Most Common Species)

Genus Species

Bacteroides thetaiotamicron, fragilis,

vulgatus, ovatus

Fusobacterium mortiferum, necrophorum

Eubacterium aerofaciens, lentum, contortum

Bi®dobacterium infantis, adolescentus, longum

Lactobacillus acidophilus, fermentum, plantarum

Clostridium perfringens, bifermentans, ramosum

Peptostreptococcus productus

Enterococcus faecium, faecalis
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microorganisms. This persevering microbial stability is
the result of regulation of micro¯ora and host inter-
actions, even after multiple environmental insults.

The ability to colonize the intestinal tract correlates
with the capacity to adhere to mucosal surfaces. Adher-
ence capacity is not only bacterial species speci®c but is
also dependent on host intestinal epithelial cell factors.
Bacterial adherence is mediated by binding of microbial
adhesins or lectins to complementary host epithelial cell
receptors. These receptors consist of a variety of glyco-
lipids, glycoproteins, and carbohydrate chain struc-
tures. However, not all microorganisms are capable of
colonizing, because host defense mechanisms have
evolved in order to block adherence of various species.
Microbe-speci®c factors (production of speci®c secre-
tory immunoglobulins, such as IgA; epithelial receptor
analogues) as well as local environmental host factors
(e.g., motility, the availability of essential nutrients,
redox potential, and enteric secretions such as gastric
acid and unconjugated bile) are means of controlling
commensalism, maintaining the status quo, and pre-
venting bacterial overgrowth. Interactions between
the various microbes also form an important regulating
factor. Resident ¯ora may interact to promote or prevent
the growth of other species and of themselves. Produc-
tion of bacteriocin or short-chain fatty acids results in
direct prevention of adherence and of growth of gram-
positive bacteria such as the streptococci. Stimulation of
the phagocytic system and other immunologic clearance
systems has also been demonstrated to be a host resident
¯ora defense mechanism against potential pathogens.

Environmental factors can alter the composition of
the intestinal micro¯ora. Chronic use of alcohol can
induce a higher prevalence of gram-negative microor-
ganisms in the upper digestive tract. Stress is also known
to in¯uence the gastrointestinal micro¯ora, and Lacto-
bacillus populations are among the species that are
affected. Reports demonstrating a marked in¯uence
of diet on the gastrointestinal ¯ora contradict studies
comparing standardized institutional diets to random
diets, which fail to demonstrate a signi®cant effect of
diet on the stable resident micro¯ora.

Selective decontamination of (parts of ) the digestive
tract has been used in neutropenic patients and in many
clinical situations to prevent postoperative wound
infection. Although selective bowel decontamination
can prevent opportunistic infections and bacterial trans-
location, the resident ¯ora can shift toward a relative
overgrowth of certain species, notoriously C. dif®cile
and Candida albicans, resulting in disease. This suggests
that some species of the indigenous ¯ora can protect
against bacterial and fungal pathogens. Antimicrobial
agents can have a long-lasting effect on the normal

gastrointestinal ¯ora; amoxicillin treatment for only 7
days results in predominant antibiotic-resistant strains
for up to 6 months.

BENEFICIAL MICROFLORA

Probiotic components of the intestinal bacterial ¯ora
are bene®cial for the host. Probiotics include bacteria
such as lactobacilli, bi®dobacteria, and nonpathogenic
E. coli. Lactobacilli play an important role in the
maintenance of colonization resistance and in preven-
tion of overgrowth of enteric pathogens. Lactobacilli
species, albeit not predominant, are present throughout
the gastrointestinal tract of healthy humans. Among the
Lactobacillus species able to colonize the digestive tract
are Lactobacillus plantarum, Lactobacillus acidophilus,
Lactobacillus fermentum, and Lactobacillus casei strain
GG. Probiotics can reduce fecal bacterial b-glucuroni-
dase, a marker of intestinal bacterial metabolism, and
produce antimicrobial substances that inhibit growth of
anaerobic bacteria in vitro. Lactobacilli confer many
other nutritional and protective bene®ts, ranging
from ®ber fermentation, removal of toxins, and
enhancement of intestinal IgA secretion and macro-
phage responses. Probiotics are also capable of prevent-
ing adherence of pathogenic bacteria to intestinal
epithelial cells. Several human clinical trials have
shown the ef®cacy of several species of probiotics in
viral- and bacterial-induced infectious colitis as well
as in antibiotic-associated diarrhea. Rectal administra-
tion of native murine Lactobacillus spp. prevented colitis
in interleukin (IL-10)-de®cient mice and a similar effect
was shown by oral prebiotic lactulose, which stimulated
the growth of endogenous Lactobacillus species. Con-
tinuous oral administration of Lactobacillus plantarum
299v to germ-free IL-10-de®cient mice colonized with
speci®c pathogen-free (SPF) ¯ora could attenuate estab-
lished colitis, whereas oral administration of Lactoba-
cillus rhamnosus GG prevented relapse of colitis in
SPF HLA-B27 transgenic rats after antibiotic treatment.
A probiotic preparation including four species of
Lactobacillus, three species of Bi®dobacterium, and
Streptococcus salivarius (VSL#3) maintained remission
of refractory pouchitis in patients after transient
antibiotic therapy. This probiotic cocktail (VSL#3)
was also bene®cial in the treatment of colitis in
IL-10-de®cient mice.

See Also the Following Articles

Bacterial Overgrowth � Candidiasis � Helicobacter pylori
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Migrating Motor Complex
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enterohepatic circulation Movement of bile from the

gallbladder to the small intestine and from the small

intestine to the hepatic portal vein, then on to the liver,

where it is again secreted for storage in the gallbladder.

interdigestive state Period of time between the end of the

digestion and absorption of a meal and the ingestion of

the next meal.

lithogenesis Formation of stones in the gallbladder or

kidneys.

The motility detected in the stomach and small intestine

during the interdigestive state consists of a migratory

pattern of contractions called the migrating motor com-

plex. This motility is present in most mammals, including

humans, and is seen in conscious states and during

sleep. It starts in the distal stomach as an increase in

the strength of the regularly occurring propulsive contrac-

tions. From the stomach, the activity front progresses into

the duodenum and on down the small intestine. In

humans and other large mammals, it takes 80ÿ120 min-

utes for the activity front to reach the ileum. As one activ-

ity front terminates in the ileum, another starts in the

stomach.

INTRODUCTION

The interdigestive pattern of gastrointestinal motility
begins from 2 to 3 hours after a meal and after digestion
and absorption of the nutrients in the meal have taken
place. The contractile behavior in the interdigestive
state is detected either by placement of pressure sensors
into the lumen or by attachment of electrodes to the
gastrointestinal surface. At a single recording site, the
migrating motor complex (MMC) pattern consists of
three periods. The ®rst is a silent period, called
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the strength of the regularly occurring propulsive contrac-

tions. From the stomach, the activity front progresses into
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humans and other large mammals, it takes 80ÿ120 min-

utes for the activity front to reach the ileum. As one activ-

ity front terminates in the ileum, another starts in the
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INTRODUCTION

The interdigestive pattern of gastrointestinal motility
begins from 2 to 3 hours after a meal and after digestion
and absorption of the nutrients in the meal have taken
place. The contractile behavior in the interdigestive
state is detected either by placement of pressure sensors
into the lumen or by attachment of electrodes to the
gastrointestinal surface. At a single recording site, the
migrating motor complex (MMC) pattern consists of
three periods. The ®rst is a silent period, called
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Phase I, which has no contractile activity; the second
period, Phase II, follows, consisting of irregularly occur-
ring contractions. Phase II is followed by Phase III,
which consists of regularly occurring contractions,
and then Phase I begins again at the end of Phase III,
to repeat the cycle. Multiple sensors positioned on the
stomach and continuing at equally spaced intervals
along the small intestine reveal that activity represent-
ing Phase II and Phase III starts in the stomach and
propagates slowly down the intestine. The migratory
nature of the contractions is the basis for describing
the interdigestive pattern as the MMC.

Migrating Motor Complex Activity Front

The MMC, at any given time, occupies a limited
length of intestine termed the `̀ activity front.'' As
such, the activity front has an upper boundary, where
it begins, and a lower boundary, where it ends (Fig. 1).
The activity front slowly advances (migrates) along the

intestine at a rate that progressively slows as it
approaches the ileum. Peristaltic propulsion of luminal
contents in the anal direction occurs repeatedly within
the activity front. Each successive peristaltic wave starts
at the upper boundary of the activity front, propagates
over the length of the activity front, and stops at the
lower boundary. Successive peristaltic waves start a
short distance further along the intestine than the pre-
vious one and propagate a short distance beyond the
lower boundary where the last one stopped. This causes
the activity front to migrate slowly down the intestine,
sweeping the lumen clean as it progresses.

In humans, the time between cycles is longer during
the day than at night. The activity front travels at
3ÿ6 cm per minute in the duodenum and progressively
slows to 1ÿ2 cm per minute in the ileum. The speed of
travel of the activity front is much slower that of the
electrical slow waves, action potentials, and peristaltic
contractions that make up the activity front. Slow waves
with associated action potentials and contractions
within the activity front travel 10 times faster than
the activity front.

Phase III of the MMC re¯ects the propulsive con-
tractions within the activity front as it slowly progresses
along the intestine. Phase III lasts for 8ÿ15 minutes
as the activity front passes by a single recording site
(Fig. 1). The shortest duration of Phase III is in the
duodenum, with a progressive increase in duration
occurring as the complex migrates toward the ileum.
Each slow wave, with action potentials and associated
contractions, re¯ects a single propulsive event occur-
ring within the activity front. Phases I and II each occupy
about half of the rest of the cycle as recorded at a single
site. The irregular electrical and contractile activity of
Phase II re¯ects the activity at the leading and trailing
edges of the activity front as it moves along the intestine.
At the leading edge, the irregularity re¯ects failure of
some of the peristaltic waves within the front to propa-
gate as far as others. At the trailing edge, irregular activ-
ity indicates failure of some slow-wave cycles to initiate
the propulsive contractions as the end of the front passes
the point on the bowel where the electrode or device for
detecting contractions is placed.

A MEAL STOPS THE MIGRATING
MOTOR COMPLEX

The MMC continues until it is terminated by the inges-
tion of food. Ingestion of a meal with suf®cient caloric
content halts the MMC. Termination requires contact of
the meal with the upper digestive tract, because intra-
venous feeding does not end the fasting pattern. The

FIGURE 1 The activity front of the migrating motor complex

consists of repetitive cycles of peristaltic propulsion as it slowly

advances down the intestine. Peristaltic propulsion of luminal

contents in the aboral direction occurs between the orad and

aborad boundaries of the activity front. Successive waves of peri-

staltic propulsion start on average slightly further along in the

aborad direction and propagate on average slightly beyond the

boundary where the previous one stopped. This is responsible for

the impression that the activity front migrates slowly in the aborad

direction. Contractile activity described as Phase II or Phase III

occurs because of irregularity of the orad boundary where each

consecutive peristaltic wave starts and irregularity of the arrival of

the contractile wave at the aborad boundary. As the leading and

trailing edges of the activity front pass a contractile sensor, only

the peristaltic waves that pass the sensor are recorded, and this

gives the appearance of irregular contractions (i.e., Phase II).

When the central region of the activity front passes a sensor,

every recurrent peristaltic wave is recorded, giving the appearance

of regular contractions at higher frequency (i.e., Phase III).

Physiologic ileus is in effect in the regions of intestine outside

the activity front (i.e., Phase I).
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short time required for postprandial termination of the
MMC suggests a neural or hormonal mechanism. Two
hormones, gastrin and cholecystokinin, which are
released on ingestion of a meal, terminate the MMC
when injected intravenously. Nevertheless, this effect
occurs only in the stomach and upper small intestine,
not in the ileum.

The MMC is one of the motor programs in the pro-
gram library of the enteric nervous system and requires
that the enteric nervous system be fully functional. The
MMC continues in the small intestine after interruption
of all inputs from the central nervous system, but stops
when it reaches a region of the intestine where the
enteric nervous system has been interrupted experimen-
tally. In experimental animal models, MMCs occur in
autotransplanted stomachs that have no connections
with the central nervous system. Presumably, command
signals to the enteric neural circuits are necessary for
initiation of the interdigestive pattern; however,
whether the commands are neural or hormonal or
both is unknown. Although levels of the hormone moti-
lin increase in the blood at the onset of the interdigestive
state, it is unclear whether motilin is a hormonal com-
mand to the enteric nervous system, to call up the MMC
from its program library, or is released secondary to start
up of the MMC program.

FUNCTIONAL SIGNIFICANCE

The adaptive signi®cance of the MMC appears to be a
mechanism for clearing indigestible debris, mucus
secretions, and sloughed mucosal epithelial cells from
the stomach and intestine during the fasting state. Large
indigestible particles are emptied from the stomach only
during the interdigestive state. Contraction of the
gallbladder and delivery of bile into the duodenum
occur as the activity front approaches the site where
the bile duct enters the duodenum. Once in the duode-
num, the activity front carries the bile downward to the
ileum, where it is absorbed and transported to the liver

to be secreted and again stored in the gallbladder. Con-
traction of the gallbladder and emptying of bile into the
intestine are components of the neural program for the
MMC and may be a mechanism that prevents bile from
becoming overly concentrated in the gallbladder during
the interdigestive state, when the digestive functions of
bile are not required. Because gallstones form when bile
becomes overly concentrated, the MMC may ensure
movement of bile in the enterohepatic circulation dur-
ing the interdigestive state and thereby protect against
lithogenesis.

Bacterial overgrowth in the small intestine is asso-
ciated with absence of the MMC in human patients. This
suggests that the `̀ housekeeper'' function of the MMC
may play a role in preventing the overgrowth of micro-
organisms that might occur in the small intestine if the
contents were allowed to stagnate in the lumen.

See Also the Following Articles
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Minimally Invasive Surgery
THOMAS E. CLANCY AND DAVID C. BROOKS
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fundoplication Fixation of the gastric fundus, usually around

the distal esophagus, for the purpose of treating

gastroesophageal re¯ux disease.

laparoscopic surgery The use of laparoscopy to perform

diagnostic and therapeutic procedures in the abdominal

cavity.

laparoscopy Visual inspection of the abdominal cavity via an

endoscope or telescope, most often utilizing video

monitoring via attachment of a camera to the endoscope.

pneumoperitoneum The presence of air in the peritoneal

cavity; the condition is created to provide a working

space in the abdomen.

With the introduction of minimally invasive surgery in

the late 1980s, a revolutionary change has taken place in

the way in which surgical problems are approached and

the way in which operations are performed. Laparoscopic

cholecystectomy was ®rst performed in 1987 and subse-

quently was rapidly adopted by general surgeons as the

standard of care of routine cholecystectomy. The ability to

perform surgery with minimal trauma and the possibility

for reduced postoperative pain, shorter hospitalization,

and less disability led to the rapid development of a wide

variety of laparoscopic applications for intra-abdominal

operations. Minimally invasive approaches are now com-

monplace for the treatment of common bile duct stones,

gastroesophageal re¯ux disease, preoperative staging of

many intra-abdominal malignancies, splenectomy, and

appendectomy in addition to cholecystectomy. The cur-

rent article, although not comprehensive, will focus pri-

marily on minimally invasive surgery for gastrointestinal

disorders.

BACKGROUND

The majority of laparoscopic surgery utilizes carbon
dioxide (CO2) gas insuf¯ation into the peritoneal cavity
to a pressure of 10 to 15 mm Hg. The pneumo-
peritoneum allows for a working space within the abdo-
men. Carbon dioxide has the advantage of being
noncombustible as well as rapidly eliminated via sys-
temic absorption and excretion through the lungs.
Pneumoperitoneum is established by either a closed
or an open technique. With the closed method, CO2

is insuf¯ated via a Veress needle placed into the abdom-
inal cavity and the initial trochar and sheath are placed
blindly. In the open technique, a small incision is made
and a sheath without the trochar (Hasson cannula) is
inserted under direct vision. The laparoscope is inserted
through this sheath and accessory sheaths of 5 or 10 mm
in diameter are inserted under direct vision to allow
access for laparoscopic instruments. The use of a
video camera attached to the eyepiece of the laparoscope
allows magni®cation as well as the ability for multiple
viewers to see the operative ®eld.

Many studies have demonstrated that laparoscopic
surgery has a reduced effect on postoperative cardiac
performance and perioperative pulmonary function.
Stress responses, as measured by cortisol and catecho-
lamine levels, are decreased compared to open surgery.
Cellular immune function is preserved to a greater
degree following laparoscopic procedures. Clinically,
these bene®ts translate into decreased postoperative
pain and ileus, more rapid return to full activity, shorter
hospitalization, and often decreased costs.

Despite the advantages of minimally invasive
procedures compared to standard `̀ open'' surgical
approaches, several disadvantages exist. The two-
dimensional video image limits perspective, there is
somewhat limited freedom of movement of instruments,
there is little tactile feedback when manipulating tis-
sues, and potential adverse effects of carbon dioxide
pneumoperitoneum have been described, including
hypercarbia, acidosis, and arrhythmia. Clinically, com-
plications with CO2 pneumoperitoneum are quite rare.
When minimally invasive procedures were introduced,
several conditions were considered absolute contrain-
dications to laparoscopic surgery, including pregnancy,
bowel obstruction, obesity, cirrhosis, coagulopathy, and
acute cholecystitis. With improvements in technique
and increased experience, these are now considered
only relative contraindications or are not considered
contraindications at all (Table I).

Prior surgery was originally considered a con-
traindication due to the risk of bowel injury from
trochar insertion with multiple adhesions. However,
the formation and extent of adhesions are unpredictable
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and laparoscopic adhesiolysis can be performed.
Obese patients may present dif®culties with trochar
insertion and cannula displacement; however, with
the use of longer trochars and slightly higher insuf-
¯ation pressures, few patients with morbid obesity
need be denied laparoscopy. With pregnancy, concerns
about the effects of CO2 pneumoperitoneum on the
mother and fetus include increased intra-abdominal
pressure on venous return, cardiac output, and uterine
blood ¯ow, with possible maternal and fetal acidosis.
Risks include teratogenesis and miscarriage in the
®rst trimester and preterm labor in the third trimester,
with decreased risks of all complications in the
second trimester. There have been multiple reports
of safe laparoscopic procedures in all trimesters and
pregnancy is therefore considered only a relative
contraindication.

LAPAROSCOPIC CHOLECYSTECTOMY

First performed in the late 1980s, laparoscopic chole-
cystectomy was rapidly adopted as the method of choice
for treating symptomatic cholelithiasis and some cho-
lecystitis. The procedure was ®rst popularized in the
community setting and soon thereafter in academia.
By 1993, it was estimated that greater than 85% of all
cholecystectomies in the United States were performed
laparoscopically. Now just over 10 years later, laparo-
scopic cholecystectomy is one of the most commonly
performed general surgery operations.

The indications for laparoscopic cholecystectomy
are the same as for open cholecystectomy and pri-
marily include symptomatic cholelithiasis (biliary
colic), cholecystitis, gallstone pancreatitis, and symp-
tomatic biliary dyskinesia. Less than 20% of people
with asymptomatic gallstones develop symptoms over
many years, so generally cholecystectomy is not
performed in these cases due to potential risks of sur-
gery. With typical biliary colic, the only preoperative

evaluation necessary is an ultrasound to document the
presence and number of gallstones, gallbladder wall
thickness, pericholecystic ¯uid, sludge, and the dia-
meter of the common bile duct. A technetium-99-
iminodiacetic acid scan may be useful in con®rmation
of acute cholecystitis. Biliary dyskinesia can be shown
using cholecystokinin-stimulated gallbladder emptying
of radionuclide. Endoscopic retrograde cholangiopan-
creatography (ERCP) is indicated for patients with gall-
stone pancreatitis without improvement or for those
with abnormal liver function tests suggesting common
bile duct (CBD) stones.

General anesthesia is utilized in all cases. The cam-
era is inserted through a 10 mm periumbilical trochar;
additional `̀ working'' trochar sites usually include two
5 mm subcostal trochars and a 10 mm epigastric trochar.
A reverse trendelenberg position is used to increase
visualization. The gallbladder is retracted superiorly
over the liver and toward the diaphragm with a grasping
instrument placed through the lateral subcostal port,
and the neck of the gallbladder is retracted anteriorly
and laterally using another grasping instrument placed
in the medial subcostal trochar. Using blunt and sharp
dissection with instruments placed through the 10 mm
epigastric port, adhesions are dissected off the gallblad-
der, the cystic duct and artery are identi®ed, clipped,
and divided, and the gallbladder is dissected from the
liver with electrocautery. The gallbladder is removed
through the umbilical port after the laparoscope is
moved to the epigastric cannula.

Cholangiography is usually performed selectively
based on either history or anatomy. History of jaundice,
pancreatitis, ultrasound evidence of choledocholithia-
sis, elevations of bilirubin, alkaline phosphatase, amy-
lase, or lipase, and presence of a large cystic duct and
small gallstones all have been considered indications.
Before the cystic duct is clipped and divided, it may be
incised anteriorly with introduction of a small catheter.
Evaluation of the cholangiogram includes the size of
the common bile duct, ®lling defects, location of the
junction between cystic duct and CBD, free ¯ow of con-
trast into the duodenum, and anatomy of the proximal
biliary tree.

Conversion to open cholecystectomy occurs in 1.8
to 8.5% of cases and is usually greater earlier in a sur-
geon's career. Reasons for conversion include suspected
bile duct or blood vessel injury, unclear anatomy, failure
to progress in dissection, or unexpected pathology.
Acute cholecystitis, if approached surgically more
than 48 to 72 h after presentation, can provide unique
challenges. The gallbladder is in¯amed, thick-walled,
and tensely distended with thickened and edema-
tous surrounding tissue. Initiation of laparoscopic

TABLE I Contraindications to Laparoscopic Surgery

Absolute Relative

Unable to tolerate

general anesthesia

Severe obstructive lung disease

Uncorrected coagulopathy Prior abdominal surgery;

adhesions

Generalized peritonitis Morbid obesity

Other condition

requiring laparotomy

Pregnancy

Cirrhosis/portal hypertension

Possible malignancy

(other than staging procedures)
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cholecystectomy during this subacute phase will likely
result in an increased chance of conversion to open
cholecystectomy. With regards to other complications,
most series report major complications in the 0.7 to
4.0% range, with bile duct injuries under 0.5ÿ0.7%.
Although low, this still exceeds the rate of bile duct
injuries seen with open cholecystectomy. Mortality is
extremely rare.

LAPAROSCOPIC
CHOLEDOCHOLITHOTOMY

Choledocholithiasis is present in approximately 10%
of patients who present with cholelithiasis. De®nitive
treatment of these patients includes clearance of the
entire biliary ductal system. With the increased use of
laparoscopic cholecystectomy, many surgeons have
turned to methods such as ERCP. However, laparo-
scopic methods may be used for the management of
CBD stones, including balloon catheter manipulation
and choledochoscopy.

If CBD stones are suspected preoperatively, one
option is to attempt ductal treatment preoperatively
with ERCP and stone extraction with or without sphinc-
terotomy. This is successful in clearing the duct in over
90% of cases, but is associated with slight morbidity
(5ÿ19%). Similarly, laparoscopic common bile duct
exploration is successful in clearing the duct in over
90% of cases. Small CBD stones detected on intraopera-
tive cholangiogram can usually be ¯ushed out with a
catheter threaded into the CBD after administration of
IV glucagon, which relaxes the sphincter. If unsuccess-
ful, a 4-French Fogarty balloon catheter may be used to
retrieve stones and debris under ¯uoroscopic monitor-
ing; similarly, a stone retrieval basket may be inserted
into the cystic duct and followed with ¯uoroscopic gui-
dance. If stones are large and the ducts are large
(5ÿ12 mm), extraction may be performed using a cho-
ledochoscope and stone basket or ¯exible electrohy-
draulic lithotriptor. Dilation of the cystic duct may be
required to allow insertion of a 10-French choledocho-
scope. If stones are large or the cystic duct cannot be
used to gain access to the CBD, the anterior wall of the
CBD may be incised directly to allow insertion of a larger
choledochoscope. The choledochotomy is traditionally
closed over a T-tube, although primary closure of the
choledochotomy is widely reported. Failure of the above
techniques may require either postoperative ERCP and
papillotomy or laparotomy and transduodenal sphinc-
teroplasty. Generally, sphincterotomy is dif®cult to
perform via the laparoscopic antegrade approach and
is performed with the endoscopic retrograde approach.

LAPAROSCOPIC ANTIREFLUX SURGERY

Laparoscopic esophageal surgery is second only to bili-
ary surgery in frequency of minimally invasive proce-
dures in general surgery practice. Most common of these
procedures on the esophagus is laparoscopic fundopli-
cation for gastroesophageal re¯ux disease (GERD).
Mechanisms thought to be important for the establish-
ment of re¯ux control with fundoplication include
(1) reconstruction of anatomical relations at the gastro-
esophageal junction, i.e., diaphragmatic crura, and (2)
®xation of an adequate length of lower esophageal
sphincter in the abdomen. Fundoplication is indicated
for severe GERD, including patients with esophagitis,
stricture, Barrett's esophagus, and patients dependent
on proton pump inhibitors for symptomatic control.
The most common indication is GERD in patients
who have residual symptoms on maximal medical ther-
apy or who are unwilling to accept lifelong medical
therapy. Of note, fundoplication does not cause regres-
sion of Barrett's metaplasia and does not protect against
malignant transformation and patients with Barrett's
esophagus must therefore undergo long-term endo-
scopic surveillance for the presence of dysplasia.
Whereas intestinal metaplasia and perhaps low-grade
dysplasia are indications for an antire¯ux procedure,
higher-grade dysplasia may be an indication for pre-
emptive resection of the esophagus.

All patients under consideration for antire¯ux sur-
gery should undergo a detailed diagnostic evaluation to
corroborate the diagnosis and rule out other pathology.
Upper endoscopy allows examination and/or biopsy of
the esophagus, gastroesophageal junction (GEJ), sto-
mach, and duodenum. Barrett's esophagus, as well as
strictures or rings, may be identi®ed. Distance to the GEJ
is measured to rule out esophageal shortening. Twenty-
four-hour pH monitoring, the de®nitive test for re¯ux,
should be performed if the diagnosis is in question. A
pH drop below 4 for more than 4% of a 24 h period is
considered abnormal. Esophageal manometry must be
performed to detect unsuspected functional motility
disorders such as achalasia or scleroderma that would
cause dif®culty in propulsion of food into the stomach
after a fundoplication. Barium swallow (esophagogra-
phy) may demonstrate hiatal hernia, stricture, and eso-
phageal shortening, but generally endoscopy is used for
this anatomic information. Barium swallow is therefore
not routinely utilized. Gastric emptying studies are
employed selectively in patients with gastric symptoms,
diabetes, peptic ulcer diseases, or history of bezoar.
Delayed gastric emptying may require concurrent pylor-
oplasty or pyloromyotomy and may in fact indicate dif-
fuse intestinal motility dysfunction.
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One of the most commonly performed antire¯ux
procedures is the Nissen fundoplication, which involves
a 360� wrap of the fundus around the GEJ. The intra-
abdominal esophagus and distal mediastinal esophagus
are dissected and the short gastric vessels are divided.
The right and left diaphragmatic crura are approxi-
mated with interrupted sutures and the fundus of the
stomach is wrapped behind the esophagus, usually with
a bougie in the esophagus. A fundoplication is created
with interrupted sutures including two sides of the fun-
dus and the esophagus. The Toupet fundoplication,
similar in initial dissection but utilizing a 270� wrap,
is indicated in patients with GERD but with poor eso-
phageal motility. Such patients may otherwise experi-
ence postoperative dysphagia with a full 360� wrap.
In patients with esophageal shortening (approximately
5% of patients presenting for surgery), a standard
fundoplication may `̀ slip'' or herniate postoperatively.
Such patients may be candidates for a Collis-Nissen
technique to elongate the esophagus. This procedure
uses stapling to create a tube of stomach as a continua-
tion of the distal esophagus that easily lies beneath
the diaphragm and may be followed by a standard
fundoplication.

Multiple studies have shown that laparoscopic
fundoplication can relieve typical re¯ux symptoms
of regurgitation and dysphagia in more than 90%
of patients at up to 3 years follow-up. Dysphagia is
common postoperatively but commonly resolves by
3 months. Rare complications include gastric and eso-
phageal perforation (0.5ÿ0.8%), conversion to open
technique (2ÿ3%), pneumothorax or pneumomedias-
tinum, and rarely bleeding.

OTHER APPLICATIONSÐMINIMALLY
INVASIVE ESOPHAGEAL SURGERY

Paraesophageal hernias, involving herniation of the gas-
tric fundus into the thorax with or without cephalad
displacement of the GEJ, may be associated with sig-
ni®cant complications. Although the presence of an
asymptomatic paraesophageal hernia is not universally
recognized as an indication for surgery, given the risks
of obstruction, perforation, and emergency surgery,
most surgeons recommend elective repair. Laparoscopic
repair of paraesophageal hernias is well described.
However, volvulus of the stomach is associated with
dif®culty in identi®cation of anatomy and the laparo-
scopic approach can be signi®cantly more dif®cult than
standard laparoscopic fundoplication. Surgery requires
reduction of the hernia and removal of the entire peri-
toneal sac, followed by closure of the diaphragm. Given

a high association with re¯ux and likely disruption of
the normal antire¯ux mechanism during surgery, a fun-
doplication is performed after reduction of the hernia to
maintain the GEJ in an intra-abdominal position. Com-
plication rates are slightly higher than those for standard
fundoplication.

Treatment of achalasia by eliminating the functional
gastroesophageal obstruction includes pharmacologic
methods, endoscopic injection of botulinum toxin,
pneumatic dilation, and surgical cardiomyotomy. Sur-
gery has been associated with some of the more durable
symptomatic relief reported. Minimally invasive Heller
myotomy can be performed through abdominal or thor-
acic approaches. Through the abdominal approach, the
distal esophagus is mobilized and a myotomy is created
with electrocautery for a distance of 4ÿ6 cm. Taking
care to preserve the anterior vagus nerve, the myotomy
is carried 1 cm onto the anterior stomach. To minimize
postoperative re¯ux after dissection of the hiatus, myot-
omy is followed by fundoplication, usually the Toupet
procedure. Reported results are excellent, with approxi-
mately 90% of patients reporting good or excellent
relief of dysphagia.

MINIMALLY INVASIVE
GASTRIC SURGERY

Unlike many other commonly accepted laparoscopic
applications, minimally invasive gastric surgery is lar-
gely in its infancy. Although applications exist for
laparoscopic management of peptic ulcer disease,
most minimally invasive gastric surgery consists of
resection for benign and malignant masses. Critical to
these procedures is the need to follow strict oncologic
principles for resection of malignancy.

Rarely will optimal medical therapy for intractable
peptic ulcer disease fail, leading to surgical intervention.
Highly selective vagotomy (HSV) is associated with
recurrence rates under 15% with a very low rate of
complications. In the presence of a prepyloric ulcer
(type II or III gastric ulcer), however, recurrence
rates of greater than 30% are reported. Similarly, HSV
is dif®cult with in¯ammation on the lesser curve of the
stomach often present in type I gastric ulcers. Unlike
duodenal ulcers, gastric ulcers may be managed best
with either distal gastrectomy or truncal vagotomy
with drainage procedure. Laparoscopic truncal vagot-
omy with gastrojejunostomy has been described but is
not considered a standard of practice.

Laparoscopic gastric wedge resections may be per-
formed for benign lesions such as leiomyomas. How-
ever, laparoscopic resection of gastric carcinoma
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remains experimental. Although the role of staging
laparoscopy in gastric carcinoma is well recognized
(see below), pertinent questions include the suf®ciency
of lymphadenectomy with laparoscopy and the seeding
of trochar sites with tumor cells.

MINIMALLY INVASIVE SURGERY
FOR MORBID OBESITY

Severe obesity, de®ned as twice the ideal body weight or
a body mass index (BMI) of more than 40 kg/m2, is a
source of serious health problems for millions people in
the United States. However, conservative treatment is
notoriously unsuccessful, with failure of more than 95%
of treatment attempts. A number of surgical procedures
have been developed to produce weight loss; two per-
formed commonly today by laparotomy include the ver-
tical banded gastroplasty (VBG) and the Roux-en-Y
gastric bypass (RYGB). Due to the complexity of per-
forming these procedures laparoscopically in morbidly
obese patients, the minimally invasive variants of bar-
iatric operations were slow to emerge but as experience
has been gained they are more frequently performed. It
is thought, however, that the well-documented bene®ts
of laparoscopic surgery in nonobese patients may be
more signi®cant in the obese patient with associated
higher risk for cardiopulmonary, infectious, and
wound-related morbidity.

The VBG is primarily a gastric restrictive operation.
Stapling techniques are utilized to create a narrow gas-
tric pouch, thereby restricting enteral intake. In small
series, patients undergoing laparoscopic VBG lost
roughly 50% of excess weight at 2-year follow-up,
results comparable to those with traditional VBG. A
newer procedure, adjustable gastric banding, has
been performed in some centers with encouraging
results. The surgical approach is similar to the VBG
but an in¯atable band is placed around the 15 to
30 ml gastric pouch; band restriction is adjustable by
manipulating a subcutaneous port on the abdominal
wall. Weight loss is generally comparable to that
obtained by VBG. Complications may be more common,
with approximately one-third of patients requiring
repeat surgery within 3 years, often for band erosion.
The RYGB, which combines gastric restriction with
intentional malabsorption, is now the most commonly
performed bariatric operation in the United States.
Long-term weight loss is reported to be far more durable
than with the VBG, with 50ÿ60% of excess body weight
commonly reported at 5- to 15-year follow-up. The
laparoscopic approach mimics the open procedure,
which creates a 15 to 30 ml gastric pouch with an

anastamosis to a 75 to 100 cm retrocolic, retrogastric
Roux-en-Y limb of jejunum. Short (1- to 4-year) follow-
up of patients after laparoscopic RYGB suggests weight
loss similar to that obtained with the open technique,
with 65ÿ80% of extra weight lost. Complications are
reported to be slightly higher with laparoscopic bariatric
surgery, particularly leaks at the gastrojejunal anasta-
mosis. Given the demonstrated bene®ts of gastric bypass
for weight loss and the potential advantages of the mini-
mally invasive approach, the incidence of laparoscopic
RYGB will likely continue to increase.

MINIMALLY INVASIVE SURGERY FOR
STAGING OF MALIGNANCY

Precise staging information is paramount in the man-
agement of patients with malignancy, for both prognos-
tic and therapeutic considerations. Preoperative
imaging modalities, including computerized tomogra-
phy (CT), magnetic resonance imaging, ultrasound, and
endoscopic procedures, although valuable, can often
understage and lead to unnecessary surgery. The use
of laparoscopy, particularly in combination with laparo-
scopic ultrasound, has been shown to improve the ac-
curacy of staging, particularly in the recognition of
metastases. Although surgery provides the only chance
of cure with localized disease, it has no effect on out-
come in most patients with metastatic disease. Identi-
®cation of those patients with metastatic diseases
through minimally invasive means has the potential
to decrease nontherapeutic laparotomies and thus mor-
bidity. Although laparoscopy is sometimes performed
immediately prior to laparotomy to rule out unresect-
able disease or peritoneal metastases, staging laparo-
scopy should ideally be performed as a separate
procedure to allow assessment of cytology or biopsy
specimens.

Many different staging algorithms exist at different
institutions and the role of laparoscopy is not univer-
sally agreed upon. However, studies have demonstrated
excellent sensitivity of laparoscopy for detection
of hepatic metastases and peritoneal dissemination.
Evaluation generally consists of a systemic evaluation
of the abdomen, inspection of the peritoneum and liver,
and ¯uid sampling for cytology. The lesser omentum
may be divided to inspect the celiac axis for lympha-
denopathy, particularly in cases of esophageal, gastric,
or pancreatic cancer. With pancreatic cancer, the pan-
creas may be inspected from a supragastric approach
through the lesser omentum, from an infragastric
approach through the gastrocolic ligament, or from
an infracolic approach to the left of the middle colic
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vessels. Laparoscopic staging of Hodgkin's lymphoma is
reported in some centers, including sampling of portal,
celiac, and splenic lymph nodes as well as liver biopsy
and splenectomy. Non-Hodgkin's lymphomas are gen-
erally not staged laparoscopically.

Laparoscopic staging for colon cancer has not been
as widely accepted as the above modalities. The mini-
mally invasive approach prohibits the standard palpa-
tion of the liver and porta hepatis of conventional colon
surgery and preoperative CT may detect only 70ÿ80%
of liver metastasis. Intraoperative ultrasound has been
used by some clinicians to assess the liver for metastasis
with good results. Preoperative laparoscopy to assess
for metastasis from colorectal cancer does not have
the same bene®t as it does for other cancers since
most patients will require resection even without
liver or other distant metastases.

One potentially problematic issue with the use of
minimally invasive surgery in cancer patients is implan-
tation of tumor cells in the laparoscopic trochar sites
(port site metastasis). Such metastases have been
described with numerous types of tumors, including
biliary, pancreatic, colonic, and gynecologic tumors.
The risk of spread, however, is small and is not a contra-
indication to staging laparoscopy.

Of note, laparoscopic approaches to gastrointestinal
malignancyÐparticularly colorectal cancerÐhave not
been de®nitively proven to provide equivalent oncolo-
gic bene®t to standard approaches. Minimally invasive
surgery for cure of GI cancers should be performed
primarily in the setting of prospective clinical trials.

MINIMALLY INVASIVE SURGERY FOR
CROHN'S DISEASE

Complications requiring surgical intervention are com-
mon in patients with Crohn's disease, including stric-
tures and obstruction, ®stulas, bleeding, and
intractability. Most of these, when requiring operation,
have led to conservative enteric resection. Minimally
invasive approaches to this disease are attractive in
that Crohn's primarily affects young patients who
often require multiple procedures. Some centers have
recently described laparoscopic approaches to treating
Crohn's disease with good outcomes. The minimally
invasive approach can be quite technically challenging
in Crohn's disease, however, given the presence of
in¯amed friable bowel and thickened mesentery with
tendency for abscess and ®stula formation. Chronic
in¯ammation can obscure normal anatomical planes
and may increase the risk of injury to other anatomic
structures. The range of minimally invasive procedures

for Crohn's disease includes the following: diagnostic
laparoscopy, lysis of adhesions, fecal diversion for
perineal sepsis or complex ®stulas, closure of stomas,
segmental bowel resection, and strictureplasty. Contra-
indications to laparoscopy for the above situations
include the presence of dense adhesions (a `̀ frozen abdo-
men''), critical illness or free perforation, peritonitis,
and multiple complex ®stulas.

LAPAROSCOPIC APPENDECTOMY

The issue of whether laparoscopic appendectomy pro-
vides bene®t compared to standard open appendectomy
remains to be shown. However, laparoscopic appen-
dectomy may be particularly useful in several condi-
tions. Reproductive-age women often have possible
pelvic/gynecologic processes in the differential diagno-
sis, with a high rate of negative diagnostic laparotomy.
Diagnostic laparoscopy may be performed with full view
of intra-abdominal structures, followed by appendect-
omy if indicated. With no appendicitis on exploration,
the appendix is often removed to avoid future confusion
in care, unless signi®cant regional pathology exists,
such as severe pelvic in¯ammatory disease that could
put the staple line at risk. Laparoscopic appendectomy
is also particularly useful in obese patients who would
otherwise require a larger incision. The laparoscopic
approach is generally contraindicated in pregnancy or
in patients with cardiorespiratory insuf®ciency. Patients
with signi®cant involvement of the cecum or base of
the appendix may be at risk for stump leak in the
case of laparoscopic appendectomy and an open proce-
dure should be performed instead.

Whereas some authors have shown laparoscopic
appendectomy to be a superior approach to appendici-
tis, other authors have reported the opposite result. In
most cases, compared to open appendectomy, the
lengths of hospital stay are similar or shorter, with simi-
lar or earlier return to normal activities and less post-
operative pain. In addition, there is a clear advantage in
cases of diagnostic uncertainty. Most authors, however,
feel that there are not suf®ciently clear data to consider
it the gold standard for appendicitis.

SUMMARY

Minimally invasive surgery has dramatically altered
the surgical approach to a host of intra-abdominal and
gastrointestinal conditions and has provided, in most
cases, comparable short- and long-term outcomes with
minimal morbidity. This has led to increased patient
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acceptance and satisfaction. Additionally, increased
surgeon experience and technical advances have made
performance of these procedures easier and safer.
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Motilin
PIERRE POITRAS

UniversiteÂ de MontreÂal, Canada

gastrointestinal motility Movements induced by contrac-

tions of the gastrointestinal wall muscles to transport the

nutrient luminal content along the entire gastrointestinal

tract, from the mouth to the anus.

hormone Term frequently used in a general sense as a

synonym for regulatory peptide. A more precise de®ni-

tion relates to the endocrine action, i.e., mediated

through variations in plasma levels, of a regulatory

peptide (that could also be active via neurocrine,

paracrine, or autocrine pathways).

interdigestive motility Two types of motility pro®les can be

seen in the stomach and small intestine: the intermittent

and powerful cyclic contractions of the interdigestive

fasting period and the constant mixing contraction seen

during the digestive postprandial period.

migrating motor complex Organizational basic structure of

the gastrointestinal tract motility during the interdiges-

tive period; it is made of three successive patterns of

contractions (Phases I, II, and III) that are cyclically

recurring as long as fasting is maintained and that

disappear after eating.

Motilin is one of the numerous gut-manufactured pep-

tides that are involved in control of gut physiological

activity. Intestinal wall contractions that transport nutri-

ents along the gut are in¯uenced by neural mechanisms as

well as by circulating hormonal substances. Motilin is

released periodically into the blood to help regulate

motility of the upper gut during the interdigestive fasting

period.

STRUCTURE AND LOCALIZATION

Motilin is a 22-amino-acid peptide synthesized in
endocrine cells (M cells) of the duodenal and jejunal
mucosae. Its existence was ®rst suspected in the early
1970s by John Brown in Vancouver; working on phy-
siological experiments, Brown found that antral con-
tractions were stimulated by an alkaline solution
instilled into the duodenum of dogs, even when the
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acceptance and satisfaction. Additionally, increased
surgeon experience and technical advances have made
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Motilin
PIERRE POITRAS

UniversiteÂ de MontreÂal, Canada

gastrointestinal motility Movements induced by contrac-

tions of the gastrointestinal wall muscles to transport the

nutrient luminal content along the entire gastrointestinal

tract, from the mouth to the anus.

hormone Term frequently used in a general sense as a

synonym for regulatory peptide. A more precise de®ni-

tion relates to the endocrine action, i.e., mediated

through variations in plasma levels, of a regulatory

peptide (that could also be active via neurocrine,

paracrine, or autocrine pathways).

interdigestive motility Two types of motility pro®les can be

seen in the stomach and small intestine: the intermittent

and powerful cyclic contractions of the interdigestive

fasting period and the constant mixing contraction seen

during the digestive postprandial period.

migrating motor complex Organizational basic structure of

the gastrointestinal tract motility during the interdiges-

tive period; it is made of three successive patterns of

contractions (Phases I, II, and III) that are cyclically

recurring as long as fasting is maintained and that

disappear after eating.

Motilin is one of the numerous gut-manufactured pep-

tides that are involved in control of gut physiological

activity. Intestinal wall contractions that transport nutri-

ents along the gut are in¯uenced by neural mechanisms as

well as by circulating hormonal substances. Motilin is

released periodically into the blood to help regulate

motility of the upper gut during the interdigestive fasting

period.

STRUCTURE AND LOCALIZATION

Motilin is a 22-amino-acid peptide synthesized in
endocrine cells (M cells) of the duodenal and jejunal
mucosae. Its existence was ®rst suspected in the early
1970s by John Brown in Vancouver; working on phy-
siological experiments, Brown found that antral con-
tractions were stimulated by an alkaline solution
instilled into the duodenum of dogs, even when the
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stomach had been totally denervated, leaving it under
the sole control of circulating hormonal substances.
Eventually, motilin was identi®ed and the structure
of motilin was deduced using an extract of porcine
small intestine with a side fraction material prepared
for the puri®cation of cholecystokinin in the laboratory
of Professor Victor Mutt at Karolinska Institute. The
active peptide was puri®ed by successive chromatogra-
phies (gel permeation and ion exchange), using the dog
stomach in vivo as a bioassay for its recognition. Brown
called the substance motilin because of its obvious
action on gastrointestinal motility. Biochemical puri®-
cation through successive chromatographies (gel per-
meation, ion exchange, and high-performance liquid
chromatography) and using a radioimmunoassay
(RIA) to recognize the immunoreactive material subse-
quently allowed the identi®cation of dog motilin. Since
1980, molecular biology techniques have characterized
motilin from numerous species, including humans, rab-
bits, chickens, horses, monkeys, and guinea pigs. Two
points characterize the biochemistry of motilin, species
heterogeneity and the marked structural heterogeneity
of rodent motilin. Human motilin is identical to the
originally puri®ed peptide found in pigs, but the struc-
ture is much different in other species. This structural
heterogeneity has led to dif®culties in recognition of the
molecule by RIA and may also be responsible for speci®c
patterns of bioactivities. Rodent motilin has never been
sequenced. The logical explanation is that the structural
heterogeneity is so marked in rodents that tools (anti-
sera or probes) developed from known motilin structure
in other species cannot recognize rodent motilin. The
practical consequence is that the most common and
useful laboratory animals cannot be used in the ®eld
of motilin research.

STRUCTUREÿACTIVITY
AND RECEPTOR

Using a goal-directed approach with a motilin probe for
motilin receptor recognition, all attempts have failed to
sequence the intestinal motilin receptor. In 1999,
researchers in the Merck laboratories followed a differ-
ent strategy by ®rst cloning and sequencing a large vari-
ety of G-protein-coupled receptors, and then looking at
the nature of ligands for these receptors. Starting from
an orphan receptor found in the thyroid with close
structural similarity to the receptor for the growth hor-
mone secretagogue (GHS), mass screening of more than
500 peptide and nonpeptide molecules was performed
to obtain positive results for motilin. Much of our
knowledge on the motilin receptor has been derived

up to now from structureÿactivity studies of peptide
analogues and binding of radioactive ligands on various
tissue membranes prepared in vitro.

Nuclear magnetic resonance shows that the motilin
molecule (Fig. 1) is shaped like a golf club or shepherd's
crook. The N-terminal portion is responsible for recep-
tor binding and in vitro bioactivity. Peptide fragments
containing the ®rst 12 amino acids of the molecule have
demonstrated full binding capacity in vitro, whereas
removal of the ®rst amino acid is enough to abolish
motilin activity. Amino acids 4 and 7 also seem to
play a major role in this N-terminal sequence. Interest-
ingly, the C-terminal structure, not required for in vitro
bioactivity, is essential for in vivo bioactivity. The
N-terminal fragments of 15 amino acids, fully active
in vitro, are inactive in vivo, whereas longer fragments
with 19, 20, or 21 amino acids can mimic the motor
activity of the 22-amino-acid peptide. In the ®eld of
peptide pharmacology, the apparent importance of
the a-helix-shaped C-terminal structure in protecting
the whole molecule, probably against circulating
degrading enzymes is an interesting concept.

PHE-1

GLN-22

9

7

3

FIGURE 1 Structure of the 22-amino-acid motilin peptide

revealed by nuclear magnetic resonance. The N-terminal curved

sequence binds to the receptor whereas the a-helix C-terminal

structure protects the molecule for in vivo bioactivity.
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Receptors have been studied in membrane solutions
prepared from various species (mostly humans or rab-
bits) and from neural or muscle elements of the intest-
inal wall. The binding of motilin analogues is different in
membranes prepared from human or rabbit antrum,
suggesting that motilin receptor structure is, as for moti-
lin,, different among species. Solutions enriched in mus-
cle or in neural elements of the intestinal wall have
allowed the identi®cation of speci®c and distinct
responses to various motilin synthetic analogues, indi-
cating the existence of structurally heterogeneous moti-
lin receptor subtypes speci®c to muscle or neural
elements (M and N receptor subtypes).

PHARMACOLOGICAL ACTION

As its name implies, motilin acts on digestive motility.
Figure 2 shows the expected effect in humans after the
administration of motilin or motilin receptor agonists.
Stimulation of antroduodenal motility remains the
dominant action of the peptide.

Initial in vitro studies with intestinal tissues from
rabbits and humans have revealed that motilin can sti-
mulate smooth muscle contraction by a direct effect on
muscle cells; the peptide action was seen despite the
addition of all neural blockers, including tetrodotoxin.
Experiments with isolated muscle cells have con®rmed
the presence of motilin receptors on muscle cell mem-
branes. However, in vivo studies in dog and human
tissues clearly indicate that the motor action of motilin

is mediated by muscarinic transmitters. As discussed
previously, binding experiments support the existence
of motilin receptor subtypes (M and N) that are func-
tionally and structurally different. Currently, the most
interesting hypothesis proposes that the interdigestive
motor action of motilin (induction of Phase III contrac-
tion) is elicited at low doses through an action via neural
cholinergic receptors, whereas postprandial stimulation
of antral motility is evoked at higher doses via muscle
receptors.

PHYSIOLOGICAL ROLE

The characteristic action of motilin is the induction of
Phase III contractions of the migrating motor complex
(MMC). The MMC is the basic organization of motor
activity of the gut during the fasting interdigestive per-
iod. It lasts 80 to 120 min and comprises three succes-
sive phases: in Phase I, no signi®cant contraction is seen
for 20 to 60 min; in Phase II, intermittent and irregular
contractions start to occur during 20 to 60 min before
Phase III, when strong peristaltic contractions, lasting
3 to 10 min, start from the stomach and lower esopha-
gus, migrating distally to the duodenum, jejunum, and
ileum until reaching the colon. This Phase III peristaltic
wave has been proposed to clean bacteria or nutrients
from the gastrointestinal tract; accumulated micro¯ora
during the digestive period could have deleterious
effects on the gut (bacterial overgrowth, etc.). Feeding
interrupts the intermittent cyclical fasting motility and

Gallbladder contraction
LES contraction

Fundus contraction

Antral contraction

Sigmoid contraction

Accelerates colon transit ?

Accelerates gastric
emptying

Induces Phase III
contraction

Pyloric relaxation

Duodenal
Phase III contraction

FIGURE 2 Activation of motilin receptors. Biological effects in the human gastrointestinal tract in

response to injection of motilin or a motilin receptor agonist such as erythromycin. LES, Lower

esophageal sphincter.
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induces a more constant motor activity of moderate
amplitude to allow the optimal absorption of ingested
nutrients; accelerated transit during Phase III would
impair nutrient absorption.

Regulatory peptides can exert their in¯uence via
different pathways: endocrine (hormonal), neurocrine,
paracrine, or autocrine. Motilin is in the unique posi-
tion, as a gastrointestinal (GI) regulatory peptide, of
being an interdigestive hormone. This has been well
established in the dog, for which all four of the criteria
of Morton Grossman establishing the endocrine contri-
butions of peptides have been ful®lled: (1) regulation of
the cyclical pattern of the MMC is under the control of
circulating factors, as shown in various experiments in
which the MMC persisted in animals when the stomach
had been completely denervated; (2) perfect correlation
exists between circulating peak levels of motilin and the
initiation of Phase III contractions from the stomach or
proximal duodenum; (3) there is induction of Phase III
contractions of the MMC by small doses of exogenous
motilin, reproducing physiological plasma variations;
and (4) inhibition of circulating motilin occurs
following the administration of speci®c motilin antisera,
which blocks Phase III contractions from the upper gut.
Although the situation cannot be explored under such
perfect experimental conditions in humans, most evi-
dence suggests that circulating motilin also plays a key
role in the regulation of Phase III initiated from the
human antrum.

RELEASE MECHANISMS

Most gastrointestinal hormones are released after a meal
to allow or facilitate the digestion and absorption of
nutrients. Motilin is a unique hormone. It is released
periodically during the interdigestive fasting period,
and its cyclical release is abolished after a meal, as
shown schematically in Fig. 3. Therefore, a `̀ biological
clock'' somewhere in the organism periodically signals
motilin cells to release the peptide into the circulation.
In vitro preparations of intestinal mucosal cells enriched
in motilin cells show that muscarinic receptors are pre-
sent on the motilin cell membrane and that protein
kinase C activators are the most potent second messen-
gers eliciting motilin release. In the ex vivo perfused
canine intestine, bombesin has been identi®ed as a
direct stimulant of motilin release, whereas the effect
of opiates is mediated by acetylcholine. Phenylephrine
and somatostatin appear to act on M cell membrane
receptors to block release of the peptide. In humans,
meal ingestion is followed by a very early and brief
increase in plasma motilin before the interdigestive
release cycle is interrupted. This early release can be

mimicked by central stimulation with modi®ed sham
feeding and by distension of the fundus with an air-®lled
balloon. The contribution of this postprandial motilin
release (not present in the dog) in the process of nutrient
digestion remains to be characterized.

CONTRIBUTION TO
CLINICAL MEDICINE

Some GI hormones, such as gastrin or vasoactive intest-
inal polypeptide (VIP), are important to clinicians
because of the disease symptoms they can generate.
Up to now, there has been no clinical phenotype attrib-
uted to motilin hypersecretion. High levels of circulat-
ing motilin have been documented in some patients with
pancreatic tumors and ZollingerÿEllison syndrome, as
well as in subjects with carcinoid tumors of the gut.
Although it is tempting to speculate on the role of moti-
lin in the diarrhea found in these patients, its contribu-
tion to the biological alterations remains unknown.

Because motilin hypersecretion could be expected to
generate GI hypermotricity and hypersecretion with
probable diarrhea, it is logical to expect that hypomo-
tilinemia will induce GI hypomotility. Some investiga-
tors have indeed found low levels of plasma motilin in
patients with idiopathic intestinal pseudo-obstruction
and idiopathic or postoperative gastroparesis. Up to
now, however, plasma motilin measurement has not
proved useful for inclusion in the workup diagnosis
of any clinical situations.
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FIGURE 3 Schematic representation of canine plasma motilin

variations. During the fasting interdigestive period, motilin is

released cyclically every 80ÿ120 min (lower panel) to induce

Phase III contraction of the migrating motor complex from the

stomach to the ileum (indicated by boxes in the upper panel).

After eating, motilin cyclical peak increases are abolished for 2ÿ8

hours (depending on the content and nature of the meal) while the

fed pattern motility pro®le is taking place.
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On the other hand, motilin has been recently of
major interest to medical clinicians because of the capa-
city of motilin receptor agonists to act as powerful sti-
mulants of GI motor activity in patients with
hypokinetic disorders. Zen Itoh in Japan was the ®rst
to observe that erythromycin could mimic the motor
effect of motilin when injected in dogs. It was soon
established that erythromycin was in fact acting on
motilin receptors, and Janssens et al. in Leuven made
the capital observation that erythromycin was the most
potent gastrokinetic ever tested to stimulate gastric
emptying in diabetic patients with gastroparesis.
Since then, intravenous or periorbital erythromycin
has been used by many clinicians for the treatment of
patients with gastroparesis or intestinal pseudo-
obstruction. Motilides, i.e., motilin receptor agonist
substances derived from the erythromycin macrolide
and with improved gastrokinetic activity but devoid
of antibiotic properties, have been developed by
many pharmaceutical companies. At least three moti-
lides have been tested in humans, but, for various rea-
sons (rapid tachyphylaxis, no signi®cant clinical
bene®t, or potential side effects), clinical trials with
these newly derived molecules have failed to substanti-
ate the impressive pharmacological potential seen with
intravenous erythromycin. Whether the gastrokinetic
capacity of motilin receptor agonists will be amenable
to commercial development and clinical exploitation
remains to be seen.

CENTRAL NERVOUS SYSTEM AND
THE PEPTIDE FAMILY

Most GI peptides are found in the brain and/or act
as neuropeptides, but the situation remains unclear
for motilin. Motilin mRNA has been identi®ed in

brain tissues, but RIA determination of motilin content
has provided ambiguous results. Motilin administration
in brain tissue induces activities (suggesting that there
are motilin receptors in the brain) that are quite unex-
pected, including appetite stimulation, growth hor-
mone (GH) release, and anxiety suppression. Yet no
valid data support the role of motilin as a neuropeptide.

Most peptides are members of a `̀ peptide family'' that
includes structurally related compounds; gastrin /cho-
lecystokinin and secretin / VIP are typical examples. A
recent discovered peptide in the gastric mucosa shows
25% similarity to motilin. It has been called motilin
related peptide (MTL-RP) by some, but the name
`̀ ghrelin,'' because of its effect on GH release, is more
commonly used. Interestingly, ghrelin administra-
tion induces central actions that are similar to those
described for motilin (such as GH release or appetite
stimulation). Peripherally, ghrelin mimics motilin and
appears to be the most potent gastrokinetic agent we
have ever tested in the rodent. Future studies should tell
us more about the importance of this new family of
peptides.

See Also the Following Articles

Gastric Motility � Migrating Motor Complex
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Mucosa-Associated Lymphoid Tissue (MALT)

HYUN SIL KIM

University of California, San Diego

M cell Specialized type of epithelial microfold cell that

is found in the epithelium overlying organized lym-

phoid follicles, the Peyer's patches. Endocytosis and

transport of intestinal microbial organisms and large

molecules from the lumen into the underlying lymphoid

tissues are the main functions of M cells.

mucosa-associated lymphoid tissue Organized immune

system found in mucosal sites. Gut-associated lymphoid

tissue is a component of MALT; these are inductive sites

where luminal antigens are processed.

Peyer's patch Lymphoid nodule located underneath M cells

in the lamina propria; the sites of antigen recognition

and processing, which induce activation of resident B

and T cells.

The gastrointestinal tract represents a unique immunolo-

gic compartment that is actively involved in managing

responses to luminal food antigens and protecting the

host from infectious agents and environmental toxins.

Given these exposures, one method the intestine has

devised to defend itself from such antigenic challenges

is by creating a physical barrier in the form of an epithelial

single-cell layer that lines the mucosa from the esophagus

to rectum. A mucosa-associated lymphoid tissue com-

prises the immune system that responds to disruption

of the mucosal barrier.

INTRODUCTION

For intestinal luminal antigens, such as food particles
and/or intestinal bacteria, to elicit a local and/or sys-
temic immune response, an antigen must either cross
an intact epithelium or secrete noxious mediators that
disrupt the tight protective gastrointestinal barrier,
allowing for entry into the lamina propria and inter-
action with immune-responsive cells. Many infectious
diseases of the gastrointestinal tract involve the dis-
ruption of this protective epithelial barrier by bacteria
or viruses and the invasion of these foreign pathogens
into the host. Therefore, in addition to the physical
barrier, the intestine has also devised an elaborate
system of mucosal immunity to limit injury and reg-
ulate immune responses from potentially deleterious
agents.

INNATE/ACQUIRED
IMMUNE RESPONSES

The immune system is composed of innate (or natural)
and adaptive (or acquired) immunity. The innate
immune system consists of (a) cells, including mono-
cytes, neutrophils, and intestinal epithelial cells (IECs);
(b) toll-like receptors, which are cell surface and intra-
cellular proteins that recognize bacterial components
such as lipopolysaccharide (LPS), lipid/carbohydrate
components of the bacterial wall, and bacterial DNA;
and (c) soluble proteins, such as cytokines and comple-
ment products that can be released rapidly to initiate
host immune response. The cells, receptors, and soluble
mediators of the innate immune system provide
immediate recognition of a general class of foreign anti-
gens. In contrast, acquired immunity is mediated pri-
marily by B and T lymphocytes. Such adaptive immunity
develops over a longer period of time and provides
recognition of speci®c antigens. The two types of immu-
nity are closely dependent on each other for activation.
In addition, the innate immune system play a key role
in the selection of particular types of B and T cells
needed to participate in an acquired immune response.

PEYER'S PATCHES AND M CELLS

As seen in Fig. 1, the gastrointestinal (GI) tract contains
immune-responsive cells that reside both within the
epithelial and subepithelial layers and that are impor-
tant regulators of the mucosal immune system. These
cellular elements function in direct phagocytosis/
cytolysis of foreign intruders, in antibody and cyto-
kine production, and in recruitment of additional
immune-reactive cells to areas of infection and/or
injury. The gut-associated lymphoid tissue (GALT) con-
tains a loosely af®liated group of immune cells in the
lamina propria and an organized component (Peyer's
patches). Found predominantly in the small intestine,
Peyer's patches are lymphoid nodules that are composed
of a central B cell zone and a parafollicular T cell zone.
Over the dome of Peyer's patches, a specialized epithe-
lium containing microvillus fold cells (M cells)
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functions in the transport of antigens from the lumen to
the Peyer's patches. Macrophages and dendritic cells
exist in close proximity to M cells within Peyer's
patches. Known infectious agents that adhere to and
are transported by M cells include human immunode-
®ciency virus, reovirus, poliovirus, Vibrio cholerae,
mycobacteria, Salmonella, and Shigella. Within Peyer's
patches antigen-speci®c B cells and T cells are activated.
Some of these activated lymphocytes migrate from the
lamina propria via lymphatics to mesenteric lymph
nodes and eventually enter the systemic circulation,
and may return to the lamina propria and other mucosal
tissues. As such, the organized lymphoid tissue func-
tions as an inductive or afferent site and the loosely
af®liated cells in the lamina propria function as an effer-
ent or effector site.

INTESTINAL EPITHELIAL CELLS

In addition to their function in nutrient absorption,
IECs serve an important immune regulatory function
in the GI tract. As a component of the innate immune
system within the gut, IECs constitutively produce fac-
tors such as tumor growth factor-b (TGF-b), comple-
ment proteins (C3, C4, and factor B), and leukotrienes,
all of which are involved in providing immune protec-
tion and controlling the recruitment and activation state
of local T cells. TGF-b secreted by the IECs, for example,
may regulate expression of an adhesive molecule on
IECs that functions in intestinal intraepithelial lympho-
cyte (iIEL) and IEC interactions (see later). In addition,
as shown in various in vitro models of bacterial infec-
tions, IECs produce a variety of chemokines and proin-
¯ammatory cytokines, including interleukin-8 (IL-8),
granulocyteÿmacrophage colony-stimulating factor
(GM-CSF), and IL-6. Similarly, pathogenic bacteria
such as Shigella dysenteriae, Yersinia enterocolitica,
enteroinvasive Escherichia coli, and Salmonella dublin
induce IL-8, monocyte chemotactic protein, and tumor
necrosis factor a (TNFa). IL-8 is a potent chemoattrac-
tant for neutrophils. Thus, the constitutive and induced
expression of a speci®c set of cytokines by IECs demon-
strates that IECs serve a vital role in initiating and
amplifying the mucosal in¯ammatory response as an
important aspect of gastrointestinal innate immunity.
The paracrine and autocrine signals provided by IECs
alert the local mucosal immune system to respond
appropriately in an infectious process and initiate the
processes of T cell activation and recruitment. Further-
more, IECs have been shown to process and present
soluble antigens to activate mucosal T cells. Extracel-
lular antigens that are internalized by IECs appear to

enter an endolysosomal route and are presented on the
IEC surface. Therefore, IECs have been shown to act as
an important regulator of mucosal immune responses
by responding to and secreting cytokines and poten-
tially participating indirectly (through M cells) and
directly in antigen presentation.

MUCOSAL B LYMPHOCYTES

Another crucial component of the mucosal immune
system is B cells, which are abundantly present within
the lamina propria. These lymphocytes mainly produce
IgA, the principal immunoglobulin found in mucosal
secretions. IgA in secretions recognizes antigens in the
gut lumen while they are external and thus prevents
pathogens from entering the host systemically. There-
fore, the immune exclusion function of IgA represents
one of the ®rst lines of defense against many microbial
organisms. In infections with noninvasive pathogens, as
seen in V. cholerae and enterotoxigenic E. coli, secretory
IgA is an important host defense mechanism along with
other aspects of cell-mediated immunity. As seen in Fig. 1,
B cells and plasma cells are located in the loose correc-
tive tissue of the lamina propria. The basolateral sur-
faces of the epithelial cells lining the GI tract express a
receptor, the polymeric Ig receptor, that functions in the
transport of IgA and IgM. The dimeric IgA secreted by B
cells and plasma cells in the lamina propria binds to the
polymeric Ig receptor (pIgR) on the basolateral surface
of IEC, after which it is internalized and transported
through a vesicular pathway to the apical surface of
the IEC facing the lumen. Prior to its release, the
pIgR is cleaved at the transmembrane domain, and
the extracellular portion of the receptor and IgA is
released into the lumen as secretory IgA (sIgA). This
form of IgA is resistant to proteolytic degradation by
normal intestinal proteases, allowing it to bind to any
pathogenic microorganisms and their associated toxins
that are present in the lumen, thus preventing their
attachment and/or absorption. The immune function
of sIgA is not limited to binding luminal antigens;
IgA can also neutralize infectious agents present within
epithelial cells. It is thought that during the transport of
IgA across epithelial cells, IgA can recognize and neu-
tralize speci®c antigens within infected epithelial cells.
In addition, IgA produced locally within the lamina
propria has been shown to bind antigens that have
gained access across the epithelial lining into the lamina
propria. IgA can form immune complexes with these
antigens and extrude viral pathogens back onto the
lumen via the pIgR, thus containing infection locally
and limiting local and/or systemic infection.
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MUCOSAL T LYMPHOCYTES

The interactions between IECs and T cells must be
tightly regulated in order to coordinate appropriate
mucosal responses in normal and disease states. The
careful balance between the two immunologic states
is determined, in part, by speci®c IEC/T cell interactions
that trigger differential expression of various cell
surface molecules and secretion of cytokines. Depend-
ing on the recognition of a speci®c antigen in the context
of major histocompatibility complex (MHC) or MHC-
like molecules, T cells undergo activation either to
maintain the normal hemostasis of the gut mucosa or
to initiate in¯ammatory processes, as occurs in
infections and idiopathic in¯ammatory diseases of
the bowel.

Two types of T cells are observed throughout the GI
tract: (1) intraepithelial T lymphocytes (iTEL) that are
found between epithelial cells adjacent to the basolat-
eral surfaces of IECs and (2) lamina propria T lympho-
cytes (LPLs) (see Fig. 1). The activation of T cells occurs
when a T cell receptor (TCR) expressed on the surface of

the T cell recognizes a speci®c antigen presented by an
MHC molecule expressed on the surface of an antigen-
presenting cell (APC) such as an IEC, macrophage,
dendritic cell, or B cell. Along with the TCR, T cells
also express a coreceptor, either the CD8 or CD4 mole-
cule, on the cell surface. The processed antigen is
usually a small peptide derived from a larger polypep-
tide, such as a viral or bacterial protein that entered the
APC. Virtually all cells express MHC class I molecules
on their surface; however, the expression of MHC class
II molecules is primarily restricted to professional
APCs, namely, B cells and mononuclear phagocytes,
and nonprofessional APCs exposed to cytokines such
as interferon g (IFNg). An antigen presented by an APC
in the context of an MHC class I molecule and in the
context of an MHC class II molecule activates CD8� T
cells and CD4� T cells, respectively. CD8� T cells are
commonly referred to as cytolytic T cells because they
can directly lyse and kill infected APCs expressing
peptides derived from intracellular pathogens or
tumors. CD4� T cells are commonly known as helper
T cells, which are activated by peptides derived from

FIGURE 1 Mucosa-associated lymphoid tissue is an organized lymphoid tissue found in the

intestine; it consists of M cells and intestinal epithelial cells (IECs) that transport and process

luminal antigens (food particles and microbial organisms). The follicle-associated M cells are

located above Peyer's patches, and B cells are found within germinal center (GC). The antigen-

activated T cellsÐintraepithelial lymphocytes (IELs) and lamina propria T lymphocytes

(LPLs)Ðare an important source of cytokines such as interferon g (IFN-g), interleukin-4

(IL-4), and tumor necrosis factor a (TNF-a) which are potent in¯ammatory cytokines that

able to regulate local immune responses. A macrophage (M), a natural killer (NK) cell, and B and

T lymphocytes are depicted. MHC, Major histocompatibility complex.
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extracellular pathogens; on activation helper T cells
release many important cytokines, such as IL-2, IL-4,
IL-10, TGF-b, and interferon g, which recruit other T
cells, activate B cells to produce antibodies, and enhance
the phagocytic function of macrophages and natural
killer (NK) cells.

iIELs are located immediately adjacent to the baso-
lateral surface of IECs in a unique compartment sepa-
rated by a basement membrane from other immune cells
found within the lamina propria. The proximity of the
iIEL to the IEC suggests that iIELs may play a vital role in
immunoregulation and immunosurveillance within the
epithelium. Human iIELs are predominantly T cells and
display a limited number of sets of TCRs on their cell
surface, despite direct exposure of these cells to numer-
ous antigens contained in the gut lumen. A majority of
these cells are CD8� memory T cells, which suggests
that iIELs have already been activated to respond to a
limited set of speci®c antigens in the context of an MHC
class I or MHC class I-like molecule.

Lamina propria lymphocytes are most likely thymi-
cally derived lymphocytes that have previously
responded to luminal gut antigens. These gut antigen-
activated lymphocytes enter the systemic circulation
after initial antigen encounter within the Peyer's patches
and return to the lamina propria by a characteristic
homing mechanism. The majority of LPLs are memory
T cells. Similar to iIELs, many LPLs show a limited range
of TCR expression on their surface. Some studies show
overlap in TCR usage for iIELs and LPLs, suggesting
that lymphocytes may be mobile between the epithe-
lium and lamina propria compartments. Several fea-
tures of LPLs indicate that they are a special subset of
lymphocytes that have distinct modes of activation and
function. First, LPLs exhibit an increased basal level of
activation by expressing the IL-2 receptor, which is not
seen in unactivated peripheral blood or splenic lympho-
cytes. LPLs also express other cell surface molecules that
are markers of lymphocyte activation. Second, LPLs
respond to antigens primarily with cytokine produc-
tion, which may be responsible for the high levels of
IgA production characteristic of this compartment.
Finally, LPLs undergo programmed cell death, also
known as apoptosis. Apoptosis may serve an important

regulatory mechanism in which LPLs undergo cell death
to limit in¯ammation and clonal expansion of antigen-
activated LPLs, which may otherwise harm the host by
initiating and/or perpetuating deleterious in¯ammatory
processes.

SUMMARY

The gastrointestinal tract represents an important
immunologic compartment in which active immune
recognition and activation take place. The mucosa-acti-
vated lymphoid tissue is an organized immune system at
mucosal sites and in the intestinal tract; it is composed of
a variety of cell types, including M cells, dendritic cells,
and macrophages and effector cells, represented by
T cells, B cells, and NK cells. Challenged by luminal
antigens such as food particles and microbial organisms,
the MALT serves a vital role in protecting the host from
foreign organisms and in the recognition of self from
non-self antigens via activities of resident immune-
responsive cells located within the intestine.
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Mucosal Biopsies
HARVEY GOLDMAN

Beth Israel Deaconess Medical Center and Harvard Medical School

Barrett's esophagus Condition of chronic esophagitis,

characterized by a change (metaplasia) of the normal

squamous epithelium to a glandular mucosa.

collagenous colitis Condition of chronic colitis, character-

ized by thickening of the collagen layer beneath the

surface epithelium. Typically seen in middle-aged and

older women with watery diarrhea.

dysplasia Lesion of the epithelium (squamous or gland-

ular), characterized by irregular and atypical proli-

feration and cytologic abnormalities. When seen in a

patient with a chronic in¯ammatory disorder (Barrett's

esophagus, chronic gastritis, ulcerative colitis, and

Crohn's disease), the ®nding of dysplasia serves as a

marker that the patient has or is especially apt to develop

adenocarcinoma.

lymphocytic colitis Condition of chronic colitis, character-

ized by watery diarrhea, no gross radiographic or

endoscopic abnormality, and biopsies showing promi-

nent increase of lymphocytes within the surface and

upper crypt epithelium.

metaplasia Change from the normal histology to a different

mature differentiation. The ®nding of metaplasia serves

as a marker that the patient has a chronic in¯ammatory

lesion. Examples in the alimentary tract include the

glandular metaplasia in Barrett's esophagus, intestinal

metaplasia in chronic gastritis, gastric mucous cell

metaplasia in chronic duodenitis, pyloric gland meta-

plasia in Crohn's enteritis, and Paneth cell metaplasia in

ulcerative colitis.

mucosa-associated lymphoid tissue lymphoma Malignant

lymphoma of the marginal-type B lymphocytes within

the alimentary tract. This is most commonly seen in the

stomach as a complication of chronic Helicobacter pylori

gastritis.

pouchitis In¯ammatory condition, either acute or chronic,

involving the ileal pouch following a colectomy and ileal

pouchÿanal anastomosis.

pseudomembranous colitis In¯ammatory condition, char-

acterized by the presence of prominent in¯ammatory

membranes on the colonic mucosal surface. Typically

present in patients with Clostridium dif®cile colitis, but

can be seen as well in cases of ischemic disease and other

infections of the colon.

With the widespread use of ¯exible endoscopes, there has

been a large and steady increase in the procurement of and

dependence on mucosal biopsies of the gut. Lesions are

being detected and evaluated at early stages, in some

instances before they are grossly evident. Furthermore,

with serial examinations, the spectrum of stages and the

evolution of many disorders are being appreciated. Endo-

scopic biopsies are used not only to determine a speci®c

diagnosis but also to assess the extent and severity of a

lesion, to monitor the course, and to detect complications.

It is imperative that relevant clinical information and par-

ticular reason for the examination be provided to ensure

an appropriate and intelligent analysis of the biopsy, and

the questions posed should be speci®cally answered in

the pathologic report.

GENERAL FEATURES

This article concentrates on biopsy uses and interpreta-
tion in selected in¯ammatory disorders of the gut, with
brief mention of the utility of mucosal biopsies in tumor
detection. The jejunum, which is not ordinarily visua-
lized by endoscopy, is not included.

Technical Aspects

Mucosal biopsies of the gut include those obtained
directly at endoscopy and those obtained by aspiration
to secure submucosal tissue. Orientation of the biopsy
specimen is essential for analysis of the jejunal mucosa
and is optimal when the endoscopist places the speci-
men luminal side upward on ®lter paper or other
substrate that can be embedded and cut. For other biop-
sies, suf®cient orientation is ordinarily achieved by
obtaining multiple sections. Buffered formalin is an ade-
quate ®xative for most studies, provided that tissue and
cellular shrinkage are considered. When ®ner nuclear
detail is desired, as in the identi®cation of lymphomas
and other cellular tumors, a mercury- or picric acid-
containing solution such as Bouin's or Hollande's is
preferable. Because many mucosal lesions are tiny,
two to three levels of any biopsy, with at least four
sections at each level, are recommended. Ordinary
hematoxylin and eosin (H&E) stain is usually suf®cient,
using special procedures when indicated. Cytologic
smears are an important adjunct for identi®cation
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of tumor cells and organisms (viral inclusions, fungi,
protozoa, and ova).

Effects of Preparation, Endoscopy, and
Biopsy Procedures

Preparation, endoscopy, and biopsy procedures may
cause variable degrees of trauma to the tissue, resulting
in distortion and tears, ¯attening or denudation of sur-
face epithelium, edema, congestion, and hemorrhage.
These effects must be discounted before considering
abnormalities. For evidence of injury, it is best to
look for sure signs of epithelial damage coupled with
the presence of neutrophils, eosinophils, or increased
mononuclear in¯ammatory cells in the epithelial
layer.

ESOPHAGUS

Normal Esophageal Mucosa

The esophagus is covered by a layer of nonkeratiniz-
ing, strati®ed squamous epithelium. The basal zone of
proliferative cells is ordinarily only a few cells thick but
may extend to up to 15% of the epithelial thickness;
the papillae of the lamina propria reach up to 50% of
the epithelial thickness. Squamous epithelium contains
small number of mononuclear in¯ammatory cells (lym-
phocytes, Langerhans cells) but no neutrophils and only
rare eosinophils. Endoscopic biopsies typically contain
little or no lamina propria, resulting usually in less than
optimal orientation of the epithelium. Aspiration-type
biopsies contain substantial amounts of lamina propria
and typically extend into the muscularis mucosae,
which is normally very thick in the esophagus. The
submucosa is usually not sampled.

Re¯ux Esophagitis

Features of milder acute (or active) lesions include
basal zone hyperplasia exceeding 20ÿ25% of total
epithelial thickness, the presence of intraepithelial eosi-
nophils or neutrophils, and elongation of papillae with
dilated venules beyond 75% of the epithelial layer.
Accurate estimates of basal zone hyperplasia and papil-
lae length require well-oriented biopsies that are usually
of the aspiration type, whereas intraepithelial granulo-
cytes can be readily appreciated in the smaller endo-
scopic biopsies. More marked lesions show necrosis
with ulceration and granulation tissue. Chronic lesions
reveal the presence of glandular metaplasia (Barrett's
esophagus), consisting of any admixture of gastric car-
diac and intestinal mucous cell epithelia (Fig. 1). This

must be differentiated from normal gastric fundic
mucosa, which indicates a hiatal hernia; and from car-
ditis, which is often due to Helicobacter pylori.

Other Forms of Esophagitis

Esophagitis may manifest in other forms:

1. Infections. Biopsy is used principally to demon-
strate viral inclusions of herpes simplex in the epithe-
lium, cytomegalovirus in ulcers, and fungi such as
Candida. The lesions are often focal and may spare
the distal esophagus, the typical site of re¯ux disease.

2. Radiation. Biopsy is done mainly to exclude
tumor or opportunistic infections. Features of radia-
tion at the mucosal level are relatively nonspeci®c;
atypical mesenchymal cells and vascular ectasia may
be seen.

3. Drug effects. Most cases are due to localized
entrapment and pressure injury from a pill, resulting
in a focal ulcer with nonspeci®c acute in¯ammation.

4. Neuromuscular disorders. Most common are
systemic sclerosis and late effects of esophageal atresia.
Injury is due to impaired motility (and acid clearance)
and/or lower sphincter incompetence, which pro-
mote development of peptic esophagitis. Biopsy may
also assist in surveillance for late tumors in cases of
achalasia.

5. Immune disorders. Allergic (eosinophilic) gas-
troenteritis is more common in children, and the
esophagus may also be involved. The features are sim-
ilar to re¯ux injury, with a tendency to show large

FIGURE 1 Esophageal mucosal biopsy, showing Barrett's eso-

phagus. There is a small portion of normal epithelium in the upper

left section, consisting of nonkeratinizing strati®ed squamous

epithelium. The rest of the mucosa consists of glandular tissue,

including gastric-type cells that are narrow and have mucus in the

luminal end, and distended mucus-®lled goblet-type cells of the

intestinal type.
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aggregates of eosinophils; functional tests are needed to
separate.

6. Rare disorders. Include pemphigus and other
skin conditions, Crohn's disease, sarcoidosis, and
BehcËet's disease.

Tumors of the Esophagus

Squamous cell papilloma is a rare, small, wart-like
lesion, and biopsy reveals a papillary hyperplasia of the
squamous layer without dysplasia. Biopsy and cytology
are used to detect and monitor lesions of squamous cell
dysplasia and carcinoma. Adenocarcinomas arise from
the gastric cardia, Barrett's metaplasia, heterotopic sto-
mach, or esophageal glands. Cases developing in
Barrett's mucosa are usually associated with glandular
dysplasia, and this dysplasia should be sought as the
precursor lesion. Adenocarcinomas located in the distal
esophagus, esophagogastric junction, and gastric cardia
have a common histology. Other tumors include
lymphomas, endocrine and mesenchymal lesions, rare
primary melanoma, and metastatic tumors.

STOMACH

Normal Gastric Mucosa

The antral mucosa has relatively long pits (foveolae)
and prominent ®bromuscular stroma in its lamina pro-
pria. Chronic in¯ammatory cells are commonly present
in the lamina propria of the antrum and cardia, and this
increases with age. The body and fundus have short pits,
few in¯ammatory cells, and are composed mainly of
compact glands containing parietal and chief cells.
Also present are a variety of endocrine cells that are
mainly located at the gland bases; the cells have central
nuclei and clear cytoplasm and are best visualized with
silver-binding stain (Grimelius) or speci®c immuno-
cytochemical stains (chromogranin, synaptophysin,
gastrin, or somatostatin).

Chemical and Drug Gastritis

Common causes are re¯ux of bile salts, ethanol,
aspirin, and nonsteroidal antiin¯ammatory drugs
(NSAIDS). The major histologic effects are edema
and congestion, elongation and regeneration of the
pits, with minimal or no in¯ammation; hemorrhage
and erosion occur in severe cases (Fig. 2).

Chronic Gastritis

General features of chronic gastritis include
an increase of mononuclear in¯ammatory cells with

lymphoid nodules in the lamina propria, atrophy of
specialized glands, hyperplasia of gastric pits, and the
appearance of intestinal and pyloric metaplasia. Active
disease shows neutrophils in the pits and lamina pro-
pria, with ulcers in severe cases.

Chronic antral gastritis occurs due to exogenous
agents, and about two-thirds to three-quarters of
cases of active chronic gastritis are associated with
the presence of H. pylori on surface and in gastric foveo-
lae. The lesion starts in the antrum but often progresses
to involve the corpus/fundus and cardia. The organisms
can be seen with H&E and are accented by Giemsa and
silver (WarthinÿStarry or Dieterle) stains. The bacteria
may also be found wherever there are gastric surface
mucous cells, including the duodenal mucosa at sites of
gastric mucous cell metaplasia, Barrett's esophagus, and
in heterotopic stomach.

Chronic fundic gastritis is an immunologic disorder
with dominant effect in the corpus and fundus; it may
progress to atrophic gastritis and primary pernicious
anemia. The severe `̀ atrophic'' form shows complete
loss of specialized fundicÿcorpus cells and prominent
metaplasia of pyloric and intestinal glands. Biopsy is of
limited use in overall diagnosis because of the potential
of sampling error; biopsy is mainly done to exclude
other diseases or as surveillance procedure to detect
dysplasia and early carcinoma. The low acid may also
lead to enhanced G cell stimulation in the antrum,
resulting in proliferation of the enterochromaf®n-like
(ECL) cells in the body.

FIGURE 2 Gastric antral mucosal biopsy, showing the typical

features of chemical- or drug- induced gastritis. The surface is at

the top. In the bottom portion are seen the normal gastric antral

mucous cells, which are distended with mucin. In the upper por-

tion, there is marked regeneration of the gastric pits characterized

by tortuous and elongated glands that contain cells with enlarged

nuclei that occupy a large portion of the cell. There is also some

edema and congestion of the lamina propria but minimal cellular

in¯ammation.
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Biopsy helps to detect the several complications of
chronic gastritis, including xanthoma, hyperplastic
polyp, glandular dysplasia, adenocarcinoma, and endo-
crine cell hyperplasia/neoplasia.

Other Forms of Gastritis

There are several other causes and forms of gastritis:

1. Other infections. Biopsy can identify opportunis-
tic agents, including cytomegalovirus, mycobacteria,
and fungi.

2. Ischemic lesions. These are seen in stress and
shock. Noted are hemorrhages, erosions, and ulcers,
simulating changes seen in severe chemical gastritis.

3. Granulomatous gastritis. This is most marked in
the antrum, and cases grossly mimic carcinoma. Causes
include Crohn's disease, tuberculosis and other infec-
tions, foreign bodies, isolated (most common), and
sarcoidosis.

4. Eosinophilic (allergic) gastroenteritis. Glandular
necrosis and regeneration with many eosinophils are
seen, most marked in the antrum. Associated lesions
may be in the esophagus, small bowel, and/or colon.
In cases with enteritis, gastric antral biopsy helps to
separate an allergic disorder and other causes such as
celiac disease or viral enteritis.

Chronic Peptic Ulcer

Diagnosis must distinguish between epithelial
alterations due to degeneration or regeneration and
true dysplasia; conservatism is the rule. The ulcers
due to aspirin and other antiin¯ammatory drugs are
suggested by noting normal mucosa at the edge (present
in about one-half of cases). There is invariably in¯am-
mation in the chronic peptic ulcer cases. Helicobacter
pylori are present in the in¯amed antral mucosa in the
large majority of cases of chronic peptic ulcers, both of
the stomach and the duodenum.

Mucosal Hypertrophy and Hyperplasia of
the Stomach

Biopsy can help to demonstrate the pure hyperplasia
of the gastric pits in Menetrier's disease, and the increase
of parietal cells in the ZollingerÿEllison syndrome.
Other causes of rugal hypertrophy include normal var-
iation, some in¯ammatory conditions, and tumors.

Gastric Polyps

Biopsy distinguishes the more common hyperplastic
(in¯ammatory, regenerative) and cystic fundic gland
polyps from the true neoplastic (adenomatous, villous)

types. Rarer forms are juvenile, PeutzÿJegher, and
in¯ammatory ®broid polyps. The major object of biopsy
is to determine whether the polyp is an adenoma. If it is
an adenoma, the polyp must be completely excised
because of the strong chance of having or developing
carcinoma. If the polyp is nonneoplastic, the particular
type (and name) may depend on full clinical and dis-
tributional data.

Malignant Tumors of the Stomach

Adenocarcinomas, lymphomas, and other tumors
must be differentiated. For optimal detection of adeno-
carcinomas, multiple biopsies are obtained from the
edges and central ulceration of the lesion. The periph-
eral samples identify most tumors with gland formation,
whereas the central biopsies are better to show lesions
that are in®ltrative under the mucosa, such as the signet
ring cell form of adenocarcinoma and mural tumors.
Biopsies are also useful in the detection of glandular
dysplasia or early carcinoma in patients with promoting
conditions, such as chronic gastritis or polyposis.

Patients with long-standing H. pylori gastritis may
develop a malignant lymphoma involving the marginal
B cells, commonly called mucosa-associated lymphoid
tissue (MALT) lymphoma. Biopsy shows proliferation
of immature lymphoid cells with invasion into the pit
epithelium, termed lymphoepithelial lesion. Because
the early lesions may be subtle and dif®cult to distin-
guish from simple chronic gastritis, other tests using
fresh samples may be needed, including immunostains,
¯ow cytometry, and polymerase chain reaction to deter-
mine monoclonality. Other gastric tumors include
endocrine, mesenchymal, and metastatic lesions.

DUODENUM

Normal Duodenal Mucosa

Endoscopic biopsies are obtained to assess duode-
nitis and unusual ulcers, to screen for malabsorptive
disorders, and to detect tumors of the duodenum and
adjacent structures. In contrast to the jejunum, the
mucosa of the proximal duodenum frequently reveals
variation in villous height and more chronic in¯amma-
tion, possibly re¯ecting constant physiologic damage
from acid.

Duodenitis

In peptic duodenitis, there is variable villous short-
ening, epithelial cell degeneration, and active in¯am-
mation, in the form of increased intraepithelial
lymphocytes or neutrophils. Chronic duodenitis causes
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gastric mucous cell metaplasia and Brunner gland
hyperplasia.

In infections, biopsy is done mainly to look for
Giardia or for opportunistic infections in immunosup-
pressed patients. Common examples are viral inclusions
of herpes and cytomegalovirus (CMV), Mycobacterium
avium in acid-fast stains, fungi, cryptosporidia, and
microsporidia in gram stains. Other causes of duodeni-
tis include stress hemorrhages and ulcers, drug effects,
radiation, and Crohn's disease.

Malabsorptive Disorders

Endoscopic biopsy of the duodenum is used to
screen for a diffuse enteritis such as celiac disease. If
biopsy is normal, it effectively excludes celiac disease,
which would always involve the duodenum. Conver-
sely, if biopsy reveals enteritis, it is not speci®c, because
identical changes could be due to peptic injury. Features
of celiac disease include shortening of villi, degenera-
tion of surface absorptive cells, increased intraepithelial
lymphocytes, crypt hyperplasia with more mitoses, and
increased mononuclear in¯ammatory cells and eosino-
phils in the lamina propria. Biopsy may also help to
detect focal lesions of Whipple's disease or lymphan-
giectasia, and a variety of other immunologic disorders.

Tumors of the Duodenum

Benign nodules include heterotopic stomach,
Brunner gland hyperplasia, and lymphoid aggregates.
Neoplasms may be detected in the duodendal mucosa
and ampulla, showing the full range of adenoma, ade-
nocarcinoma, lymphoma, and endocrine tumors.

ILEUM

Normal Ileal Mucosa

Compared to the jejunum, there is a greater number
of goblet mucous cells in the villi and larger quantities of
lymphoid tissue in the ileum. Furthermore, biopsies of
ileum proximal to an anastomosis or stoma often reveal
a variable degree of atrophy, characterized by villous
shortening and crypt hyperplasia. For a diagnosis of
active ileitis, it is necessary to see de®nite destruction
of the surface or crypt epithelium, usually associated
with neutrophils.

Ileitis

Biopsy is done in patients who have had ileocolic
anastomosis, ileal pouch, or ileostomy and present
with ileal dysfunction or suspected in¯ammation. The

presence of pyloric gland metaplasia is especially help-
ful in detecting chronic ileitis.

Mechanical, vascular, or septic complications of a
nonspeci®c nature may occur. Prestomal ileitis is char-
acterized by nonspeci®c in¯ammation and ulceration,
typically associated with a dilated intestinal segment.
Pouch ileitis, or acute pouchitis, occurs in about
20ÿ25% of cases and usually responds to antimicrobial
drugs. Chronic changes of severe atrophy are noted in a
small percentage of patients, and such patients have an
increased risk for dysplasia and carcinoma in the pouch
mucosa. Recurrent Crohn's disease is suspected by ste-
nosis or sinuses away from anastomosis or stoma. There
is a need to see both ulceration and granuloma in biopsy,
because either alone may not signify speci®c or active
disease.

Tumors of the Ileum

Exceptionally, lesions of the terminal ileum may be
biopsied through an intact ileocecal valve. Endoscopy
and biopsy are also used for the detection of dysplasia,
adenomas, and carcinomas in an ileostomy segment and
in pouches, in patients who have had colectomy for
adenomatous polyposis or ulcerative colitis.

COLON AND RECTUM

Normal Colonic/Rectal Mucosa

Biopsies are employed for the diagnosis, extent, and
severity, and complications of the various in¯ammatory
disorders; and also for the detection and typing of abnor-
mal mucosal growthsÐpolyps, primary and metastatic
cancers, dysplasia in chronic colitis, multiple and dif-
fuse polyposis syndromes, and tumor-like conditions.

The crypts are generally arranged in a parallel fash-
ion, are composed predominantly of goblet mucous
cells, may show minor branching at the base, and extend
from the surface to abut on the muscularis mucosae. The
surface epithelial cells between the crypts are more vari-
able and include nonmucous forms. There is a consid-
erable variation in the quantity and types of chronic
in¯ammatory cells (including lymphocytes, plasma
cells, eosinophils, and macrophages) in the lamina pro-
pria, and also present are numerous lymphoid nodules
covered by an attenuated epithelium of M cells. Because
of this great variation, it is best not to make a diagnosis of
in¯ammatory disease unless there is the presence of
neutrophils and particularly the appearance of damage
or repair of the epithelial cells. Paneth cells are normally
present in the right portion of the colon. The lower part
of the rectum may show shortened crypts and increased
in¯ammation, simulating chronic inactive colitis.
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Infections

The lesions are often focal in the early stage but then
proceed to a more diffuse colitis, and granulomas may
be present in some cases. For most viral and bacterial
infections, speci®c cultures are required. Biopsy may be
used to identify some speci®c agentsÐparticularly in
opportunistic infections affecting immunocompro-
mised patients and others at high riskÐincluding
viral inclusions of herpes (more in anal squamous
cells) and cytomegalovirus (in glandular epithelium
and mesenchymal cells), fungi, protozoa, and hel-
minthic ova.

Antibiotic-Associated
Pseudomembranous Colitis

Early lesion is distinctive, showing discrete foci of
dilated crypts and overlying marked mucus and neutro-
phils, in the shape of a mushroom. Later lesions are less
speci®c, revealing more necrosis, in¯ammation, and
hemorrhage and resembling ischemic disease or other
acute colitis. Speci®c diagnosis requires identi®cation of
Clostridium dif®cile toxin.

Ischemic Disease

Early lesion of hemorrhage and crypt dropout with
minimal acute in¯ammation are characteristic. Later
lesions show ulceration and marked acute in¯ammation
(`̀ ischemic colitis'') and mimic other causes of active
colitis, especially infections due to C. dif®cile and enter-
ohemorrhagic E. coli.

Ulcerative Colitis and Crohn's Disease

There are multiple reasons for the performance of
endoscopy and biopsy in patients with idiopathic
in¯ammatory bowel disease:

1. To detect or exclude, in selected cases, other
speci®c causes of colitis or proctitis that have a distinc-
tive histology (e.g., early ischemic disease, pseudomem-
branous colitis, protozoan infection).

2. To con®rm, exclude, or document a case of sus-
pected colitis or proctitisÐsubsequent biopsy may be
able to distinguish between chronic disease in remission
(by noting some alteration of crypts) and complete
recovery of a reversible acute colitis (which would
appear completely normal). But, this distinction
may be confounded by the treatment, leading to a nor-
mal-appearing biopsy in patients with chronic inactive
colitis.

3. To distinguish acute self-limited colitis (mostly,
infectious) and chronic colitis (usually ulcerative colitis

or Crohn's disease)Ðmajor features of chronic colitis
include crypt irregularity in the form of complex
branching, crypt atrophy, villiform surface, Paneth
cell metaplasia, and the presence of lymphocytes and
plasma cells in the base between the crypts and the
muscularis mucosae (Fig. 3). Acute colitis is suggested
by the presence of normal crypt architecture and a rela-
tively super®cial damage of the epithelium, with appear-
ance of only neutrophils, but this is not absolute,
because some cases of chronic colitis may initially
show such features.

4. To assist in the diagnostic distinction between
ulcerative colitis and Crohn's diseaseÐaccurate diag-
nosis of the particular type requires consideration of the
gross features and distribution of the disease, as assessed
by X ray and endoscopy as well as the mucosal biopsies.
The patterns available on the super®cial mucosal biopsy
are limited. A normal biopsy as evidence of a spared
rectum or other skip area, a focal colitis or proctitis,
or the presence of granulomas would support or indi-
cate CD. A diffuse colitis or proctitis would be compa-
tible with either form, and in such cases the diagnosis
would depend on other data.

5. To determine disease extent and severityÐwhat-
ever the type, biopsies may be used to monitor the course
and estimate activity in cases of apparent remission.

6. To distinguish polypoid dysplasia versus ade-
nomaÐsporadic adenoma- and colitis-associated dys-
plasia cannot be distinguished by histology. There is a
tendency to favor adenoma in older patients, in those
with disease of shorter duration, and the ®nding in an

FIGURE 3 Colonic mucosal biopsy, showing chronic active

colitis in a patient with ulcerative colitis. The luminal surface is at

the top. There is diffuse irregularity of the crypts and marked

in®ltrate of mononuclear in¯ammatory cells and eosinophils in

the base of the mucosa separating the crypts from the muscularis

mucosae (at the bottom). Also seen is active disease in the form of

crypt abscesses.
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area without surrounding colitis, particularly if the
lesion has a stalk. Conversely, dysplasia seems more
likely in younger patients, in those with more extensive
disease of longer duration, and in lesions that are sessile
and present within an area of the colitis.

7. To detect dysplasia and carcinomaÐbiopsy is
done of grossly evident mass or stenotic lesion and
also in colonoscopic surveillance to detect dysplasia.
Biopsies should be taken from any villous growth,
from other atypical-appearing polyps, and from ¯at
areas that seem the least in¯amed. They must distin-
guish histologically between effects of degeneration and
regeneration and true dysplastic epithelium. This may
be dif®cult in an area of great in¯ammation, and experi-
ence is essential.

The following biopsy classi®cation for dysplasia has
been suggested:

a. Negative for dysplasiaÐincludes normal mucosa
and effects of inactive (or quiescent) colitis and active
colitis.

b. Inde®nite for dysplasiaÐspecify particular tech-
nical or interpretative reason, such as excessive acute
in¯ammation or appearance of unusual growth pattern.
These are further rated as probably negative, unknown,
or probably positive, because this assists in decisions
about early rebiopsy.

c. Positive for dysplasia (Fig. 4)Ðrate by worse area
as low-grade dysplasia or high-grade dysplasia. Low
grade is roughly equivalent to mild dysplasia and
shows architectural abnormalities that are not greater
than those seen in chronic colitis but, in addition,

palisading of nuclei that occupy up to half the cell
height, not related to in¯ammation. High grade encom-
passes all abnormalities from moderate to severe to
carcinoma in situ. Extension of atypical cells to the
surface helps to distinguish dysplasia from effects of
regeneration alone.

Other In¯ammatory Disorders of the
Colon and Rectum

Motor and mechanical conditions may require
biopsy. Biopsy is used to look for ganglia in the sub-
mucosa and for associated colitis in cases of
Hirschsprung's disease; and to evaluate cases of diver-
ticular disease, diversion-related colitis, and obstructive
colitis. Vascular disorders, i.e., ectasias and malforma-
tions, can be visualized by endoscopy and then cauter-
ized. In vasculitis, the lesions tend to involve larger
submucosal vessels and are missed by ordinary endo-
scopic biopsy, which usually contains only the mucosa;
for these cases, deeper aspiration-type biopsy can be
taken from the rectum.

Immunologic diseases can be assessed using biop-
sies. Allergic disease is either due to a single allergen
(milk or soy protein) or is part of a generalized reaction
(eosinophilic or allergic gastroenteritis). Patients with
the form limited to the large intestine (allergic proctitis
or colitis) are very young (average age, 2 months) and
usually present with rectal bleeding alone or in combi-
nation with diarrhea. Biopsy reveals focal areas of crypt
destruction with numerous eosinophils; the lesion may
be very tiny, and multiple sections are recommended.
There is often a more diffuse increase of eosinophils in
the lamina propria and the musculus mucosae. An
increase of apoptosis in the crypt epithelia is sought
in cases of graft-versus-host disease.

Collagenous colitis occurs mostly in middle-age
women, presenting with chronic watery diarrhea. Radio-
graphic and gross endoscopic examinations are normal.
The only constant abnormality is thickening (usually,
greater than 10 mm) of the collagen layer beneath the
surface epithelium. The lesion may be focal in early and
in healing stages, and the rectum may be uninvolved. An
increase in lymphocytes within the surface epithelial
layer is often present. The collagen lesion is nonspeci®c;
similar thickenings are noted uncommonly in other
types of colitis, particularly due to radiation, and in
hyperplastic polyps. In lymphocytic colitis, there are
similar clinical features, but with a wider age range,
and the disease also occurs in men. There is the presence
of focal cryptitis and increased lymphocytes in the sur-
face epithelial layer and lamina propria but no collagen
thickening.

FIGURE 4 Colonic mucosal biopsy in a patient with chronic

ulcerative colitis, revealing high-grade glandular dysplasia. The

cells contain large and palisading nuclei that occupy more than

half the height of the cell and show variable hyperchromatism. The

altered cells extend to the surface at the top. Contrast with the

nondysplastic epithelium seen in Fig. 3.
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Biopsy may be useful in miscellaneous conditions
that occur in many other disorders that can affect the
large intestine, including radiation injury and foreign
body reactions to barium and oil; chemical and drug
effects from strong enema solutions, cathartics,
NSAIDS, heavy metals, and chemotherapeutic agents;
metabolic and in®ltrative lesions seen in uremia,
amyloidosis, and storage diseases; and tumorlike
lesions such as endometriosis and pneumatosis.

Polyps of the Colon and Rectum

Polyps may be in¯ammatory, lymphoid, juvenile
(retention), other hamartomatous, hyperplastic, and
neoplastic (adenomatous or tubular, villous, mixed).
If a polyp is neoplastic, look for the presence and extent
of carcinomaÐtrue in situ (limited to gland, without
trespass of basement membrane), intramucosal (inva-
sion into lamina propria but not through the muscularis
mucosae), and submucosal. If there is submucosal inva-
sion, it is important to separate those polyps with stalks
from sessile lesions. It is also necessary to distinguish
between invasion and effects of in¯ammation leading to
`̀ misplacement'' of the benign epithelium into the stalk
region. The misplaced tissue contains normal lamina
propria, whereas carcinoma has an abnormal ®brovas-
cular stroma.

Polypectomy is suf®cient treatment for lesions
that are adenomas or contain a carcinoma that is just
in situ or intramucosal, whereas additional intestinal
resection is usually recommended for sessile tumors
that show invasion of carcinoma into the submucosa.
Polypectomy may also be adequate for pedunculated
adenomas with a moderately or well-differentiated car-
cinoma extending into the stalk but not at or within
1 mm of the resection margin (identi®ed by cautery
effect). If the carcinoma is at or very near the stalk
margin, is poorly differentiated, or there is de®nite
lymphatic invasion, colonic resection is ordinarily
performed.

Malignant Tumors of the Colon and Rectum

Biopsy is done of polyps, masses, and ulcerated and
stenotic lesions to detect primary carcinoma, mainly
adenocarcinoma, carcinoid tumors, lymphomas, and
other mural lesions tumors, and recurrent and meta-
static tumors. The biopsy may also be helpful in the
evaluation of the differentiation and degree of invasion
of the tumor, the assessment of drug and radiation
effects, the identi®cation of opportunistic infections,
and in surveillance for coexisting and future tumors.

See Also the Following Articles

Colorectal Cancer Screening � Endoscopy, Complications of

� Esophageal Cancer Surveillance and Screening: Barrett's

Esophagus and GERD � Gastrointestinal Tract Anatomy,

Overview � Liver Biopsy
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Multiple Endocrine Neoplasia (MEN)

JEFFREY C. BUEHLER AND GORDON C. HUNT

University of California, San Diego

catecholamines Group of physiologic substances, mainly

epinephrine, norepinephrine, and dopamine; act as

neurotransmitters in the functioning of the sympathetic

nervous system.

gastrinoma Neuroendocrine tumor found mainly in the wall

of the duodenum and in the pancreas; secretes excessive

amounts of the growth hormone, gastrin.

insulinoma Insulin-producing tumor of the pancreatic beta

cells in the islets of Langerhans.

kindred Family relationship by birth, or sometimes by

marriage.

medullary thyroid carcinoma Malignant tumor of the

thyroid gland; the most common tumor found in

multiple endocrine neoplasia types 2A and 2B.

pancreatic islet cells Small groups of cells found throughout

the pancreas; subdivided into alpha, beta, and delta islet

cell types, which produce glucagon, insulin, and

somatostatin, respectively.

prolactinoma Pituitary adenoma that secretes excessive

amounts of prolactin, which may lead to the clinical

symptoms of galactorrhea or amenorrhea.

VIPoma Endocrine tumor that produces vasoactive intestinal

peptide, which belongs to the secretin family of

hormones. The resulting syndrome causes a watery

diarrheaÿhypokalemiaÿachlorhydria syndrome.

The multiple endocrine neoplasia (MEN) syndromes are

rare causes of hormone excess. The MEN syndromes

involve hyperplasia, adenomas, and carcinomas of several

different endocrine glands. MEN disorders are usually

clustered in families and are inherited in an autosomal

dominant pattern. Traditionally, MEN syndromes are

diagnosed after patients present with clinical signs and

symptoms related to elevated hormone levels, and evalua-

tion reveals multiple endocrine abnormalities. Alterna-

tively, MEN syndromes may be discovered when a single

endocrinedisorderisidenti®ed,butafamilyhistoryofMEN

leads to further evaluation and discovery of multiple endo-

crineabnormalities.WiththerecentadventofDNAtesting

for these disorders, people with a genetic predisposition

for MEN are being diagnosed in an asymptomatic state.

MEN 1

MEN 1 is characterized by a predisposition to tumors
of the parathyroid glands, the pancreatic islet cells, and

the anterior pituitary gland. Parathyroid hormone
(PTH) excess is the most common abnormality,
occurring in excess of 90% of cases of MEN 1, with
hypercalcemia being a frequent clinical presentation.
Patients usually present in their second to fourth decade
of life and are affected almost universally before age 50.
Patients with excess PTH (and resultant hypercalcemia)
may present with generalized symptoms of weakness
and confusion or with gastrointestinal (GI) symptoms
of constipation, nausea, or abdominal pain. More com-
monly, they present with kidney stones from excess
calcium ®ltration into the urine. Elevated calcium levels
may also be detected during routine lab testing.

Pancreatic islet cell tumors occur in 40ÿ80% of
MEN 1 patients. The tumors can often be asymptomatic
and elusive to the physician despite a robust workup.
Gastrinomas are the most common symptomatic islet
cell tumors, producing excess gastrin and causing recal-
citrant peptic ulcer disease. Symptomatic insulinomas
occur less frequently. These tumors may present with
hypoglycemic symptoms that can result clinically in an
altered mental status and that can uncommonly manifest
as seizures. Other less common islet tumors include
vasoactive intestinal peptide tumors (VIPomas), gluca-
gonomas, and nonfunctioning tumors.

Anterior pituitary tumors are present in a majority of
patients with MEN 1 but are clinically apparent in only
15ÿ20%. Presenting symptoms occur from tumor mass
effect or from the hormone that is being produced in
excess. Prolactinomas are most frequent, but adreno-
corticotropic hormone (ACTH)-producing and growth
hormone-producing tumors are also seen. Nonfunc-
tional pituitary tumors also occur and frequently
present with visual changes due to mass effect.

MEN 2

MEN 2 is subdivided into two types, MEN 2A and
MEN 2B. Both disorders are autosomal dominant. MEN
2A is de®ned by a predisposition to medullary thyroid
carcinoma, pheochromocytoma, and parathyroid
hyperplasia. Medullary thyroid carcinoma is the most
frequent manifestation, occurring in over 90% of cases.
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The thyroid carcinoma of MEN 2A usually presents in
the third and fourth decades of life, most often as a
thyroid nodule or cervical adenopathy. Pheochromocy-
toma with excess catecholamine production (most often
epinephrine) is present in about half of MEN 2 cases.
Clinical presentation varies, and patients may develop
anxiety, excess sweating, headache, and heart palpita-
tions. Hypertension, often paroxysmal, is common and
patients will occasionally present in hypertensive crisis.
Pheochromocytomas rarely present before the medul-
lary thyroid disease. The last component of MEN 2A is
parathyroid excess, which is seen about 25% of the time.

Patients with MEN 2B, like those with MEN 2A, also
have a predisposition to medullary thyroid carcinoma
and pheochromocytoma, but do not have parathyroid
abnormalities.Severalotherabnormalitiesareassociated
with the MEN 2B syndrome, including Hirschsprung's
disease, mucosal neuromas, and a marfanoid habitus.

GENETIC TESTING

The MEN 1 gene was discovered in 1997 and mutations
in the gene have been present in a majority of MEN 1
kindreds that have been tested. Testing for the MEN 1
gene defect is not yet standard, because there is no
proved clinical bene®t in determining a presymptomatic
diagnosis.

Unlike MEN 1, for which early diagnosis through
genetic testing confers an uncertain mortality bene®t,
thenewlydevelopedgenetic test for thereceptor tyrosine
(RET) proto-oncogene defect as seen in MEN 2 patients
is of profound bene®t. The medullary thyroid carcinoma
that is almost universally present in MEN 2 cases is
curable with early surgery. Earlier diagnosis through
genetic testing for the RET oncogene has helped identify
patients needing prophylactic thyroidectomy. Genetic
testing has also reduced the number of false positive tests
that were generated by older biochemical stimulation
testing. Earlier diagnosis is especially crucial in MEN
2B cases, in which the medullary thyroid carcinoma is
aggressive, often presenting earlier in life.

GASTROINTESTINAL AND PANCREATIC
ISLET CELL TUMORS

Pancreatic endocrine tumors, although often present
in cases of MEN 1, are rarely seen in cases of MEN 2.
The hyperparathyroidism of MEN 1 almost universally
precedes the appearance of pancreatic endocrine
tumors. The parathyroid and pituitary endocrinopa-
thies of MEN 1 patients are often effectively managed
with surgery and hormone replacement. Unlike

pituitary and parathyroid surgery, in which involved
organs are removed completely (pituitary) or almost
completely (parathyroid), pancreatic tumors are usually
enucleated, leaving the remaining pancreas behind. The
remaining pancreatic tissue still has malignant potential
and screening for recurrent tumor development is
problematic and a subject of continued research.

Pancreatic endocrine tumors classically present in
the fourth or ®fth decade with symptoms of hormone
excess. Approximately one-third of MEN 1 patients
become symptomatic. More often these tumors are
asymptomatic. Because asymptomatic tumors may go
undetected, the true prevalence of pancreatic endocrine
tumors is dif®cult to determine. Advanced biochemical
testing and anatomical/pathological studies reveal these
tumors in up to 80% of MEN 1 cases. Despite being
asymptomatic, these pancreatic islet and gastrointest-
inal tumors may be malignant. In contrast, some symp-
tomatic tumors can be dif®cult to ®nd despite extensive
imaging and evaluation.

ZollingerÿEllison (Gastrinoma) Syndrome

Approximately 60% of patients with MEN 1 have
symptoms from excess gastrin or have asymptomatic
elevations in serum gastrin. Conversely, about 25% of
ZollingerÿEllison (ZE) cases are subsequently diag-
nosed with MEN 1. The number of peptic ulcers due
to gastrin excess is estimated at 0.1% or less, but with
improved medical therapy for peptic ulcer disease, ZE
ulcer symptoms may be controlled and formal testing
for a hypergastrinemic state not performed. This poten-
tial for misdiagnosing gastrinomas would result in a
misrepresentation of the true prevalence.

Gastrinomas present most commonly after age 20
years as symptoms related to gastroesophageal re¯ux
disease, abdominal pain, and peptic ulcers. The ulcer
disease in MEN 1 gastrinomas is more severe than in
common peptic ulcers. Gastrinoma-induced ulcers are
more often multiple, frequently resistant to treatment,
recurrent, and can be atypically located as distal as the
jejunum. Diarrhea is also a common presenting symp-
tom and can help distinguish gastrinoma-induced ulcers
fromother commonulcers. Thediarrhea is believed tobe
theresultofexcessgastricacidproduction.Twomechan-
isms explain this diarrhea. First, excess acid output over-
whelms the resorptive capacity of the small bowel and
colon, causing a secretory diarrhea. Second, excess acid
in the stomach lowers the pH in the duodenum, com-
promising pancreatic enzyme digestion of lipids, and
steatorrhea results. As one would expect with a secretory
diarrhea, fasting does not affect thediarrhea.Nasogastric
suctioning may, however, alleviate the diarrhea.
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A variety of tests are available for diagnosing gastri-
nomas. Secretin stimulation tests and fasting serum gas-
trin levels with pH testing of the stomach have been
used. Blood samples for determination of fasting
serum gastrin levels are drawn while documenting gas-
tric acid hypersecretion through pH analysis of the sto-
mach. Gastrin levels in excess of 1000 pg/ml are very
speci®c for gastrinomas. Less profound levels of gastrin
elevation are seen in other disorders, including perni-
cious anemia, atrophic gastritis, small bowel resection,
gastric outlet obstruction, and renal insuf®ciency. Anti-
secretory therapy (i.e., proton pump inhibitor therapy)
also causes hypergastrinemia by reducing stomach acid
and causing gastrin levels to rise through the feedback
inhibition loop. Common etiologies of hypergastrine-
mia are outlined in Table I.

In cases of mild elevation of gastrin, the secretin
stimulation test is helpful. Secretin paradoxically causes
a release of gastrin from gastrinoma cells, whereas gas-
trin release is inhibited in normal gastric G cells. This
test, however, has been dif®cult to perform because
of a nationwide shortage of secretin. Differentiating
sporadic ZE cases from those associated with MEN 1
is important, because their management is different.
For example, MEN 1-related hyperparathyroidism can
exacerbategastricacidsecretionthroughhypercalcemia.
Treatment of the hypercalcemia can improve gastrin-
related symptoms (ulcer pain, diarrhea, re¯ux). The sur-
gical approach and results are also different in MEN 1
gastrinomas in which tumors are often multiple, small,
and often located outside of the pancreas, most com-
monly in the wall of the duodenum. Malignancy, de®ned
by the presence of metastatic disease (rather than by
histology), is present about 60% of the time in MEN
1-related cases, but hepatic metastases are more fre-
quently seen in sporadic gastrinoma cases. Largely due
to the aforementioned differences between sporadic ZE
gastrinomas and MEN 1 gastrinomas, surgical attempts
to cure MEN 1 patients have been less successful.

However, some surgeons advocate surgical intervention
in patients with MEN 1 only when tumors exceed 2.5 cm
in size. In contrast to surgical therapy, medical therapy
for gastrinomas is very effective. Proton pump inhibitor
(PPI) medications, which reduce gastric acid output and
control symptoms, are the mainstay of therapy.

Insulinoma

Insulinomas are the next most common functional
pancreatic endocrine tumor, occurring in approxi-
mately 20% of MEN 1 patients (Fig. 1). The average
age of presentation in most series is between 40 and
50 years of age, with 60% of the insulinomas occurring
in females. Most insulinomas present with hypoglyce-
mic (neuroglycopenic) symptoms, including confusion,
lightheadedness, blurry vision, behavioral changes,
drowsiness, and, rarely, seizure. Hypoglycemic symp-
toms often occur during periods of increased demand
(exercise) or decreased supply (fasting). Sweating, tre-
mor, and palpitations from catecholamine excess occur
less often. Because of the general nature of these
symptoms, there is often a delay in diagnosis on the
order of years, and not infrequently, patients are mis-
diagnosed with neurologic or psychiatric disorders.
Taking a careful history may reveal a pattern of frequent
meals to suppress symptoms; consequently, obesity is
present in approximately 40% of patients at diagnosis.
The diagnosis of insulinoma is made by documenting
hypoglycemia in the setting of elevated blood insulin

TABLE I Causes of Hypergastrinemia

Pharmacologically (drug) induced

Helicobacter pylori infection

Hypochlorhydria/achlorhydria �/ÿ pernicious anemia (i.e.,

gastric atrophy, chronic atrophic gastritis, gastric carcinoma)

Retained gastric antrum

Incomplete vagotomy

G cell hyperplasia

Renal insuf®ciency

Massive small bowel resection

Gastric outlet obstruction

Others (rheumatoid arthritis, vitiligo, diabetes, pheochromo-

cytoma, gastroparesis)

FIGURE 1 EUS image (7.5-MHz linear array echoendoscope)

of a 1.7-cm hypoechoic insulinoma as seen in the tail of the pan-

creas. Fine needle aspiration needle is seen entering the tumor

from the 1 o'clock position. This 55-year-old male patient pre-

sented with episodes of hypoglycemia and was ultimately

diagnosed as having MEN 1 syndrome.
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levels with classic hypoglycemic symptoms that reverse
with the administration of glucose. A 72-hour fast with
serial blood tests for insulin and glucose is the most
reliable test to make the diagnosis. Serum samples
should also be obtained for C peptide levels and for
proinsulin, which will help differentiate from other
causes of inappropriately elevated insulin levels.

Unlike gastrinomas, which are frequently found out-
side of the pancreas, insulinomas are almost invariably
present within the pancreas. Insulinomas are character-
istically small, measuring less than 1 cm almost half of
the time. The insulinomas found in MEN 1 patients are
more often multiple and are often accompanied by other
types of islet cell tumors. Malignancy is found in a min-
ority of cases, approximately 10%. Recurrence of insu-
linomas at 10 years occurs approximately 20% of the
time in the setting of MEN 1, and 5% of the time in
sporadic cases. Therapy is largely surgical, with
tumor resection showing the best results. Medical ther-
apy is used in patients who are poor surgical candidates,
for whom surgery fails to eradicate the hypoglycemia,
or who have metastatic disease. The somatostatin ana-
logue octreotide controls hypoglycemia in roughly
40% of cases.

Other Pancreatic Endocrine Tumors

Other endocrine tumors seen in MEN 1 include
pancreatic polypeptide tumors (PPomas), VIPomas,
glucagonomas, and growth hormone-releasing factor
tumors (GRFomas), the latter three occurring in less
than 5% of MEN 1 cases. Pancreatic polypeptide
(PP)-secreting PPomas are probably the most common
tumors of the endocrine pancreas, but because they are
nonfunctional tumors, their true prevalence is dif®cult
to determine. PP is elevated in many of the other func-
tional pancreatic endocrine tumors and thus is not diag-
nostic of PPoma. Without clinical warning signs, these
tumors may appear late in the course of disease, with
signs of local enlargement (back pain) or metastatic
disease (hepatomegaly). The rare endocrine vasoactive
intestinal peptide-secreting VIPomas result in VIP syn-
drome, characterized by a severe, watery, secretory diar-
rhea with hypokalemia and hypochlorhydria. Most
VIPomas are sporadic, with less than 1% occurring as
part of the MEN 1 syndrome. Glucagonomas are rare
glucagon-secreting tumors that cause a syndrome of
glucose intolerance, weight loss, and anemia. Migratory
necrolytic erythema, a rash speci®c to glucagonomas,
develops in the majority of cases. The rash begins
with erythema that then blisters and heals with scarring
and hyperpigmentation. Growth hormone-releasing
factor secreting GRFomas cause acromegaly. These

rare tumors are associated with MEN 1 in about
one-third of cases.

TUMOR LOCALIZATION

Once clinical symptoms and/or biochemical testing
identify a pancreatic endocrine tumor, imaging is neces-
sary in order to determine the location of the primary
tumor and whether metastatic disease is present. Tradi-
tional imaging with ultrasound (US), computed tomo-
graphy (CT), and magnetic resonance imaging (MRI) is
often used initially because these tests are widely avail-
able and noninvasive (Fig. 2). Unfortunately, the sensi-
tivity of the tests is directly dependent on tumor size and
many of the pancreatic endocrine tumors, speci®cally
insulinomas, are small (51 cm) and therefore dif®cult
to detect. The sensitivity of these tests for recognizing
primary pancreatic tumors is generally below 50%.
The sensitivities for detecting liver metastases are
signi®cantly better but usually not above 80%. Imaging
is further compromised by the variable location of
tumors. For example, gastrinomas, which frequently
occur in the duodenal wall, would be missed on imaging
studies dedicated to viewing the pancreas.

Two other modalities for localizing endocrine
tumors are being used with increasing frequency, endo-
scopic ultrasound (EUS) (Fig. 3) and somatostatin

FIGURE 2 Computed tomography scan image of a nonfunc-

tioning (asymptomatic) neuroendocrine tumor in the tail of the

pancreas. The tomography scan was ordered to follow up an

abnormal ultrasound of the liver, which was performed due to

mildly elevated liver function tests. A pancreatic tumor is seen just

above the left kidney and below the stomach. No hepatic metas-

tases were present.
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receptor scintigraphy (SRS). The proximity of the EUS
probe to the pancreas allows for detection of small struc-
tures, even those less than 5 mm. The reported sensitivity
of EUS for pancreatic tumors is in excess of 80%. EUS is
also able to evaluate extrapancreatic tumors in the
duodenal wall and local lymph nodes with a sensitivity
of over 50%. EUS requires specialized endoscopists and on
occasion is unable to visualize the pancreatic tail ade-
quately. Further advances in EUS are being made with
the introduction of ultrathin probes, which actually
cannulate the main inner duct of the pancreas. Because
of their proximity to the pancreas, ultrathin probes pro-
vide detailed imaging and accurate detection of pancreatic
endocrine tumors.

SRS is based on the high concentration of somatos-
tatin receptors found in most pancreatic endocrine
tumors. In SRS, a radiolabeled somatostatin analogue
is injected into the patient's bloodstream and binds to
tumors with somatostatin receptors. Subsequent ima-
ging reveals the location of these tumors. The primary
advantage of SRS is the ability to scan the entire body,
including the pancreas, liver, surrounding lymph nodes,
and duodenum. Although SRS detects PPomas, gastri-
nomas, VIPomas, and glucagonomas from 77 to 100% of
the time, it is less successful in detecting insulinomas,
with an approximate sensitivity of only 50%.

All of these techniques are not widely available, thus
the ideal imaging technique is institution dependent.
Newer innovations are continuously being re®ned
and developed. The type of tumor dictates which ima-
ging studies are most useful. Broadly speaking, the eva-
luation of insulinomas starts with one of the three

traditional modalities, and if no tumor is found, EUS
is often used as the next step. Gastrinomas and other
endocrine tumors are well detected by SRS imaging;
because of its superior detection rate for both primary
and metastatic disease, SRS is often used in addition to
traditional imaging. When further localization is
needed, more invasive techniques of portal venous sam-
pling and angiography are conducted.

Once a diagnosis is made and the location of the
tumor is determined accurately, therapy is possible.
Surgical resection is the primary treatment of nonmeta-
static disease, and in metastatic disease, surgical debulk-
ing may play a role. MEN 1-associated pancreatic
tumors, often being multiple and small, are more dif®-
cult to cure compared to sporadic cases. In the setting of
metastatic disease, different chemotherapy regimens
have been tried with variable success. Liver transplanta-
tion is increasingly being used in patients with
metastatic neuroendocrine tumors.

See Also the Following Articles

Gastrinoma � Hyperparathyroidism � Vipoma
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FIGURE 3 Endoscopic ultrasound image (7.5-MHz radial

echoendoscope) of a nonfunctioning (asymptomatic) neuroendo-

crine tumor in the tail of the pancreas, as seen in Fig. 2. The mass is

invading the splenic artery (SA) on this image, and also was invad-

ing the splenic vein.

680 MULTIPLE ENDOCRINE NEOPLASIA



MuÈnchausen's and MuÈnchausen by
Proxy Syndromes
HILARY K. KLEIN

St. Louis University, Missouri

MuÈnchausen by proxy syndrome Illness intentionally

produced in a child by a parent who wants to be seen

as concerned and caring.

MuÈnchausen's syndrome Self-in¯icted illness in a conscious

attempt to gain attention.

MuÈnchausen's syndrome (MS) is a psychiatric dis-

order in which patients self-in¯ict symptoms of illness

in a conscious attempt to gain attention. MuÈnchausen

by proxy syndrome is a type of child abuse in which

serious illness is intentionally produced in a child

by a parent who wants to be seen as caring and

concerned.

MUÈ NCHAUSEN'S SYNDROME

MuÈ nchausen's syndrome (MS) is a chronic psychiatric
disorder in which patients consciously simulate or self-
in¯ict symptoms of illness in repeated attempts to gain
hospital admission. These patients seem to be motivated
by the desire to play the sick role and to be the center of
attention.

Clinical Features

Clinical features include the following: pathological
lying with presentation of the history in a dramatic,
vague, and inconsistent manner; evidence of prior treat-
ment at various hospitals; multiple scars; medical
sophistication; disruptive behavior while hospitalized;
symptoms that shift from one organ system to another;
tolerance for painful and invasive procedures; frequent
demands for analgesic medications without signs of
withdrawal when they are discontinued; and absence
of visitors.

Symptoms of gastrointestinal cases include chronic
diarrhea, abdominal pain, nausea and vomiting, inges-
tion of a foreign body, and patient-reported intestinal
obstruction or in¯ammatory bowel disease.

Diagnosis

The diagnosis of MS is usually made by exclusion
after diagnostic procedures have failed to elucidate a
physiologic derangement. All means of noninvasive
testing should be used to con®rm a diagnosis of MS.
For example, in cases of chronic diarrhea, stool testing
for phenolphthalein, sulfate, magnesium, or anthracene
derivatives can identify laxative use. Finally, psychiatric
consultation should be sought.

Evidence gathering should be limited to situations
in which signi®cant morbidity or mortality is immi-
nent. When imminent danger is not clear, legal and
ethical consultation should be sought prior to initiat-
ing any action that violates the patient's rights to
privacy and con®dentiality. Obtaining the patient's
consent for videotape surveillance has been success-
fully used in some cases because it provides these
patients with the attention that may be a primary
motivating factor in MS. None of these actions should
be undertaken without ®rst discussing the situation
with legal personnel.

Treatment

Managing the patient with MS is dif®cult, with many
patients continuing to deny their complicity in their
illness and ¯eeing the hospital to avoid further confron-
tation. The primary goal of treatment is to prevent sec-
ondary complications from unnecessary tests and
procedures. Staff that feels angry may make premature
confrontations, resulting in discharge of the patient
against medical advice. If confrontation of the patient
is advisable, a psychiatrist can help to plan a conference
where the disparities between the patient's presentation
and ®ndings are discussed with the patient. Confronta-
tion, however, is not a cure. An offer for referral for
psychiatric treatment can be made but these offers
may be rebuffed. Co-morbid psychiatric disorders
should be diagnosed and treated. Finally, the medical
chart should be ¯agged in order to communicate the
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necessity for de®nitive diagnostic testing prior to any
invasive treatment.

MUÈ NCHAUSEN BY
PROXY SYNDROME

MuÈ nchausen by proxy syndrome (MBPS) is a chronic
form of child abuse in which the parent, usually the
mother, produces serious illness in her child. She is
usually motivated by a desire to be publicly recognized
for her apparent devotion to the child. In approximately
25% of cases, the abusing parent also has a history of
overt MS.

Clinical Features

Clinical features include the following: dramatic
presentation of the history by a parent who claims to
have saved the child's life; occurrence of illness events
when the parent is present and absence of episodes of
illness when the parent is separated from the child; and
the absence of any independent observer who could
corroborate the onset of the illness symptoms.

Diagnosis

Covert surreptitious videotaping in order to catch
the parent in the act of abusing the child may frequently
reveal a parent who ignores the child for long periods of
time when no one else is present. It may also provide

direct legal evidence of criminal behavior since the child
may be unable to reveal the abuse. The necessity to
protect a child from harm is a legal and ethical principle
that takes precedence over the principle of con®denti-
ality. A mortality rate of 9% and incalculable physical
and psychological morbidity make intervention critical.

Treatment

The safety and protection of the child are the
primary concerns. Other siblings may need protection
as they have as much as a 25% risk that they are also
being victimized. In addition, children who are victi-
mized in this way have an increased risk of developing
MS as adults. Suspicions must be reported to the appro-
priate child protective services agency immediately so
that a formal investigation can proceed as quickly as
possible.

See Also the Following Articles

Emesis � Foreign Bodies � Nausea
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Mycobacterial Infection
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Mycobacterium avium complex A member of the

Mycobacterium family, it causes diffuse systemic infection

in immunocompromised patients and can lead to

cachexia, fever, and weight loss.

Mycobacterium tuberculosis An acid-fast intracellular bacter-

ium that causes tuberculosis. The primary site of

infection is the lung but infection can involve the

gastrointestinal tract and can spread throughout the

body, where it is termed miliary tuberculosis.

Mycobacterial infection of the gastrointestinal tract is

relatively uncommon in the United States, although the

number of reported cases has increased since the late

1980s due to the epidemic of acquired immunode®ciency

syndrome (AIDS). Mycobacterium tuberculosis is the

most common mycobacterial infection and accounts

for the majority of mortality associated with myco-

bacterial infection. Mycobacterium avium complex is an

opportunistic infection since it affects mostly immuno-

compromised patients, such as those who have AIDS,

those on immunosuppressive medications, the severely

ill, and the elderly.

INTRODUCTION

Mycobacterium is an acid-fast intracellular bacterium
found throughout the world. In the United States, 90%
of mycobacterial infections are caused by Mycobacter-
ium tuberculosis (Mtb) and 55% are due to Mycobac-
terium avium complex (MAC). The in¯ux of new
immigrants from indigent areas with a high prevalence
of Mtb and the epidemic of acquired immunode®ciency
syndrome (AIDS) have presented a major challenge to
patients and health care professionals in recent years,
and the resurgence of Mtb and MAC infection in the
United States has generated a renewed focus on the
epidemiology and various treatment options for patients
infected with mycobacterial organisms.

MYCOBACTERIUM TUBERCULOSIS

Historically, tuberculosis infection has been a major
culprit of a signi®cant mortality worldwide and over
one-third of the world's population is currently infected

with Mtb. Prior to the AIDS epidemic, Mtb infections
were predominantly seen in immunocompromised
patients and those who live in endemic areas, such as
Southeast Asia, Africa, and Latin America. The disease is
transmitted from person to person through respiratory
aerosolization. In rare cases, tuberculosis infection of
the gastrointestinal tract can occur when unpasteurized
milk from Mycobacterium bovis-infected cattle is
consumed.

Mtb infection of the intestine is relatively uncom-
mon and it is usually seen in the setting of miliary
tuberculosis. Gastrointestinal involvement by Mtb is
thought to occur either by swallowing Mtb-infected
respiratory secretions or by ingesting the organism
directly. The most common sites of involvement are
the terminal ileum, cecum, and appendix. Patients
may present with abdominal pain, diarrhea, fever,
weight loss, anorexia, and, in patients with severe pul-
monary Mtb infection, cough and night sweats. Mtb
lesions of the intestine initially may show mucosal
ulcerations with necrosis or in¯ammation, but such
complications as perforation, hemorrhage, ®stula for-
mation, and obstruction due to severe ®brosis can be
seen in chronic infection. Often, enlargement of mesen-
teric lymph nodes accompanies intestinal infection and
the lymph nodes can become caseous and granuloma-
tous. It is thought that similar to pulmonary lesions, the
pathogenesis of intestinal Mtb is mediated by lamina
propria macrophages that ingest Mtb, which then
release various pro-in¯ammatory cytokines and induce
the host mucosal immune response, leading to caseating
necrosis and in¯ammatory changes with granuloma
formation, the pathologic hallmark of tuberculosis
infection.

Diagnosis of Mtb infection is made by culture, his-
tology, and most recently, polymerase chain reaction
ampli®cation techniques using tissue biopsies and
stool specimens with Mtb organism-speci®c sequences.
Histologic examination may reveal acid-fast bacilli with
large foamy macrophages and granulomas. The treat-
ment of Mtb requires multidrug regimens due to the high
incidence of antibiotic resistance but is effective in most
cases. A standard initial therapy includes isoniazid,
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rifampin, and pyrazinamide, and other anti-mycobac-
terial agents, such as ethambutol and streptomycin, can
be added according to the culture and susceptibility
results. Occasionally, due to strictures and obstruction,
surgical resection may be indicated.

MYCOBACTERIUM AVIUM COMPLEX

Although MAC infection is usually subclinical and self-
limited in healthy individuals, it is a common gastro-
intestinal bacterial infection in AIDS patients whose
CD4 counts are 550ÿ100/mm3 and in patients who
receive immunosuppressive treatment. MAC can be
found in many environmental sources, including water,
soil, and dust. The pathogenesis of MAC infection is
similar to that of Mtb, which involves the phagocytosis
of the MAC organism by macrophages, leading to
intense in¯ammatory responses resulting in observed
clinical characteristics of diffuse systemic lymphadeno-
pathy, organomegaly, and thickening of the intestine. In
addition, MAC infection of the liver and biliary tree is
common in AIDS patients. Infected patients typically
present with persistent fever, diarrhea, abdominal
pain, weight loss, and progressive wasting. MAC in®l-
tration of the small intestine can lead to malabsorption
and a severe wasting syndrome. Major intestinal bleed-
ing and colitis with ulceration can be found in some
patients with MAC infection. Diagnosis can be made
by blood or bone marrow cultures or histology (e.g.,
intestinal or liver biopsy), which may demonstrate acid-
fast organisms within enlarged macrophages.

The current recommendation for patients infected
with human immunode®ciency virus and patients with
AIDS whose CD4 counts fall below 50/mm3 is a pro-
phylactic treatment against MAC infection with azithro-
mycin, clarithromycin, or rifabutin. For those patients

with documented MAC infection, treatment regimens
include clarithromycin, ethambutol, rifabutin, cipro-
¯oxacin, o¯oxacin, or amikacin. Despite multidrug
treatment, however, the response is slow, the eradica-
tion of MAC remains dif®cult, and many patients have a
recurrence of symptoms from persistent MAC infection.

SUMMARY

Mycobacterium is the cause of signi®cant mortality
and morbidity throughout the world, and since the
AIDS epidemic, two major mycobacterial organisms,
M. tuberculosis and M. avium complex, have emerged
as important agents that infect the intestine and cause
diarrhea, in¯ammation, bleeding, and malabsorption.
Careful workups that include necessary microbial stu-
dies to identify the organism are essential for the proper
treatment and follow-up of patients.

See Also the Following Articles
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Nausea
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area postrema An area of the medulla where toxins can be

detected and vomiting is initiated.

gastric tachyarrhythmia Abnormal dysrhythmic gastric

activity that occurs at a frequency of 4ÿ9 cycles per

minute and that is often accompanied by reports of

nausea.

optokinetic drum A device with alternating black and white

vertical stripes that is rotated around a subject to

provoke motion sickness.

vasopressin An antidiuretic hormone that is secreted by the

posterior pituitary and that increases in the blood when

subjects report nausea.

vection The illusion that a stationary subject is rotating

caused by the rotation of the surround.

Nausea is a dif®cult-to-describe sick or queasy sensation

usually attributed to the abdominal area. Nausea is similar

to pain and fatigue in that it is an unpleasant sensation,

but it may be crucial for survival. Very little is known,

however, about the complex pathophysiology or

biopsychosocial mechanisms of nausea.

INTRODUCTION

Nausea is often assumed to be the conscious awareness
of unusual activity in the chemoreceptor trigger zone,
the so-called vomiting center in the medulla of the
brainstem, but despite numerous references to a vom-
iting center in the literature, the existence of such an
anatomically well-localized structure remains contro-
versial, as does its relationship, if any, to nausea. The
subjective nature of nausea, as opposed to vomiting,
with its easily observable and quanti®able characteris-
tics, may partly account for the paucity of research and
knowledge about nausea.

Nausea, in addition to being a sensation, is a
complex control mechanism with multiple detectors
that inhibits food intake in certain situations, such as
when the available food is perceived as being disgusting,
when the available food has been previously associated
with nausea (conditioned taste aversion), or when one's
stomach is not functioning normally.

Nausea is frequently followed by vomiting and
sometimes the symptoms of nausea abate following

vomiting. This sequence of events has led some to as-
sume that nausea and vomiting are on a continuum.
However, there are situations in which nausea is present
to varying degrees, but the individual does not vomit,
such as in some individuals receiving chemotherapy
for cancer, and other situations in which individuals
vomit without any sensations of nausea, such as astro-
nauts in space. Furthermore, there are drugs, such as
ondansetron, that act as anti-emetics, effectively reduc-
ing vomiting following chemotherapy, but that do little
to relieve nausea. The relationship of nausea to emesis is
obviously not simple or clear.

THE ROLE OF NAUSEA IN THE
SURVIVAL OF THE ORGANISM

It is generally thought that in cases in which a toxin has
been ingested, the biological basis for emesis is to re-
move the toxin, whereas the role of nausea is to create a
conditioned aversion to that substance so that it will be
avoided in the future. Such life-saving aversion might
not develop in the absence of nausea, since uncompli-
cated vomiting may not be particularly noxious; e.g.,
a person might drink 10 beers, vomit, and drink 10
more beers.

Several investigators have discussed the role of
nausea in each of four levels of toxin defense: (1) nausea
and avoidance evoked by smell and taste; (2) detection
of ingested toxins by gastric receptors followed by a
central re¯ex that evokes nausea and vomiting; (3) de-
tection of circulating toxins by chemoreceptors in the
area postrema followed by a central re¯ex that evokes
nausea and vomiting; and (4) detection of disturbances
in normal sensory input and/or motor control. Distur-
bance of this system is often suggested to be the cause of
the nausea and vomiting that are seen as symptoms of
motion sickness.

As indicated above, nausea is a control mechanism
and, as such, inhibits ingestion either when there may be
something wrong with food being approached or eaten
or when there may be something wrong with one's
stomach; i.e., it is not functioning normally because
of abnormal local activity or because of unusual signals

N
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from the central nervous system. The survival value of
avoiding foods that have made one nauseated in the past,
conditioned taste avoidance, is obvious. Several authors
have pointed out that the most potent internal event for
producing taste aversion is nausea.

THE THRESHOLD FOR NAUSEA

There are large individual differences in the threshold
for the complex control mechanism that is labeled
`̀ nausea'' that depend on the interaction of inherent
and situational factors and the threshold may change
from moment to moment. What follows is a brief de-
scription of some of the factors that have been studied,
but the list is not exhaustive nor are the factors included
here thought to be independent.

Inherent Factors

1.. Age: Younger people tend to report more nausea than
older individuals.

2.. Gender: Women report more nausea than men.
3.. Race: Asian American people report more nausea

than European Americans or African Americans.

Situational Factors

There is great overlap among the following situa-
tional factors and, indeed, what one investigator refers
to as, for example, `̀ anticipation,'' another may label
`̀ expectation.''

1. Anxiety: Reports of nausea are common
in patients with various anxiety disorders, such as gen-
eralized anxiety disorder, and it has been found that
high anxiety contributes to greater side effects, includ-
ing more nausea and vomiting associated with
chemotherapy.

2. Expectation: Several studies have found that
expectations about nausea prior to one's ®rst chemo-
therapy treatment can lower that individual's nausea
threshold.

3. Anticipation: Anticipatory nausea prior to che-
motherapy is thought to be a learned response; it is
seldom reported by patients who have not experienced
nausea during previous treatments. Data tend to support
a classical conditioning model with the chemotherapy
nurse or the sight or smell of the clinic acting as the
conditioned stimulus, the chemotherapy drugs acting as
the unconditioned stimulus, and nausea and vomiting
being the unconditioned response.

4. Adaptation: Adaptation occurs in most individ-
uals exposed to provocative motion who are reexposed
to the nauseogenic stimulus within 48 h.

5. Pregnancy: Nausea and vomiting during the ®rst
trimester of pregnancy are normal and common, but
little is known about the cause, treatment, or role of
nausea during the ®rst trimester of pregnancy.

THE SUBJECTIVE EXPERIENCE
OF NAUSEA

Nausea is a subjective experience and, as such, its
occurrence and characteristics are best described by
individuals experiencing the feeling. Health care pro-
fessionals and caregivers tend to underestimate signif-
icantly the frequency, duration, and severity of nausea
experienced by patients. A variety of self-report ques-
tionnaires have been developed to describe the experi-
ence of nausea. Visual analogue scales have been used
frequently to describe its occurrence and severity.
Morrow developed a questionnaire to assess the nausea
and vomiting of cancer patients receiving chemotherapy
based on the frequency, severity, and duration of nausea
and vomiting.

In a recent study designed to explore the possibility
that the experience of nausea may be very different in
different situations and for different individuals, de-
scriptors were obtained for the sensation of nausea
from a large group of subjects voluntarily undergoing
vection-induced motion sickness inside of a rotating
optokinetic drum. The descriptors were factor-analyzed
and Muth et al. developed a nausea pro®le. The results
indicated that there are three dimensions of nausea that
can be compared across subjects or patients in a variety
of situations. Using this new questionnaire, a total
nausea score is calculated, and a nausea pro®le is de-
termined for each subject or patient that is composed of
a score on each of three dimensions: bodily distress,
gastrointestinal distress, and emotional distress.

PHYSIOLOGICAL CHANGES THAT
ACCOMPANY THE DEVELOPMENT
OF NAUSEA

Subjects who experience nausea when exposed to a ro-
tating optokinetic drum show an increase in sympa-
thetic nervous system activity and a decrease in
parasympathetic nervous system activity, followed by
a change in gastric myoelectrical activity from a regular
3 cycles per minute (cpm), the normal gastric frequency
of humans, to dysrhythmic 4ÿ9 cpm activity, or gastric
tachyarrhythmia. The disruption in normal gastric myo-
electrical activity is usually followed by reports of nau-
sea and an increase in vasopressin levels in the blood.
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Similar changes in gastric activity have been found in
patients reporting nausea following chemotherapy, sug-
gesting a similar role for the autonomic nervous system
in the expression of nausea in that context.

Several studies have demonstrated that nausea is
accompanied by abnormal dysrhythmic electrical activ-
ity in the stomach and little or no normal muscular
activity. In short, the stomach is functionally shut
down and may not be able to empty. If one were to
eat while one's stomach was in this state, the food
would remain in the stomach longer than usual, possibly
leading to a feeling of fullness, epigastric discomfort,
and more severe nausea.

Vasopressin, an antidiuretic hormone, is released by
the posterior pituitary and increases in the blood of
individuals who report nausea after injection of apo-
morphine, after cancer chemotherapy agents, and
after the stimulation of sitting in a rotating chair. It is
not clear in these situations whether plasma vasopressin
increases immediately before or immediately after the
experience of nausea, although several authors have
stated that nausea causes an increase in vasopressin
release. However, in those few experiments in which
several vasopressin measurements were made over
time rather than just one prestimulus and one post-
stimulus measurement, reports of nausea did not usu-
ally precede increases in vasopressin levels but rather
the two phenomena covaried. In a more recent study by
Xu et al., gastric dysrhythmias preceded the onset of
nausea and vasopressin release. Vasopressin levels in
the blood of symptomatic subjects increased along
with reports of nausea and decreased as nausea sub-
sided. In contrast, levels of stress hormones, such as
epinephrine, increased with reports of nausea, but
did not decrease until long after nausea subsided.
Asymptomatic subjects developed neither gastric dys-
rhythmias nor increased vasopressin release during ex-
posure to drum rotation.

To summarize, the physiological measures that
correlate highly with the development of nausea are

increased sympathetic nervous system activity,
decreased parasympathetic nervous system activity, in-
creased gastric tachyarrhythmia, and increased plasma
vasopressin levels.

See Also the Following Articles
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drome � Sympathetic Innervation � Taste and Smell
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Necrotizing Enterocolitis
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preterm newborn Human born before 37 weeks of gestation.

term newborn Human born with or after 37 weeks of

gestation.

Necrotizing enterocolitis is a disease of focal or diffuse

ulceration and necrosis of the gastrointestinal tract,

primarily the distal small bowel and colon, occurring in

the newborn period.

EPIDEMIOLOGY

Necrotizing enterocolitis (NEC) is an almost exclu-
sively newborn disease. The incidence is 1 to 3 in
1000 live births and the prevalence is 1 to 5% of all
infants in neonatal intensive care unit, especially pre-
mature infants. There is no seasonal, geographic, or
gender disparity. The age at onset of NEC is
inversely related to birth weight and gestational age.
Immature infants, particularly low-birth-weight
(LBW) babies, are at prolonged risk as they can develop
NEC as late as 10 weeks of age. Infants weighing less
than 1000 g are particularly vulnerable. Advances in
neonatal intensive care have improved survival of pre-
mature infants beyond the ®rst days of life. This situa-
tion has been accompanied by a further increase in
NEC-associated infant mortality, from 11.5 deaths per
100,000 live births in the presurfactant era to 12.3 in the
postsurfactant era. Nevertheless, 10 to 35% of affected
neonates are full-term infants with different risk factors
than those found in premature infants (Table I).

PATHOLOGIC FINDINGS

The distal ileum and ascending colon are the areas
mainly affected, although lesions have been noted
throughout both organs. The earliest pathologic le-
sions are super®cial mucosal ulceration and submu-
cosal edema and hemorrhage with little in®ltration of
acute in¯ammatory cells, evidence against a primary
infectious process. The mucosal process progresses to
coagulative transmural necrosis, leading to perforation
and, in some cases, intramural gas in the submucosa

and subserosa. If there is no progression to complete
transmural disease and perforation, healing occurs
by epithelialization and ®broblast proliferation, and
granulation tissue is laid down, sometimes leading
to stenosis.

Changes in the neural elements within the intestinal
wall have also been described in NEC. The pathological
features resemble those of acquired hypoganglionosis
and may result in dysfunctional intestinal motility.

PATHOGENIC MECHANISMS

NEC has a multifactorial pathogenesis with no evidence
that there is one universal cause, although host prema-
turity is clearly the most important predisposing factor.
Enteral feeding, ischemia, and infectious agents may
contribute to the process (Fig. 1).

Enteral Feeding

Milk feeding is a nearly universal observation among
patients with NEC. Oral alimentation may provide a
substrate for bacteria, and during digestion and absorp-
tion, increased oxygen demand increases the risk of
intestinal tissue hypoxia. Hyperosmolar feedings can
directly damage the intestinal mucosa and may alter
intestinal perfusion. Maldigestion of nutrients may be
a contributory factor, particularly lactose maldigestion
in the very premature infant because of a relative de®-
ciency of the lactase enzyme. The lipid component of

TABLE I Risk Factors for Necrotizing Enterocolitis

Premature Full-term

Lower gestational age Cyanotic: congenital heart disease

Feeding Polycythemia

Exchange transfusions

Perinatal asphyxia

Small for gestational age

Umbilical catheters

Maternal preeclampsia

Antenatal cocaine
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formula may increase mucosal permeability, also pre-
disposing to NEC. On the other hand, minimal enteral
intake early after birth may facilitate gastrointestinal
maturation and has not been shown to cause an increase
in the incidence of NEC.

Arti®cial formula feeding compared with the feeding
of human milk seems to predispose to NEC. Maternal
milk remains an optimal source of nutrition, although
for certain infants supplementation of feeding with spe-
cial formulas is necessary. Breast milk contains elements
that participate in classic host defense, such as immu-
noglobulin A (IgA), lymphocytes, and macrophages,
which secrete anti-in¯ammatory substances, such as
platelet activating factor-acetyl hydroxylase (PAF-AH).
Other nonspeci®c host defense factors in human milk
include complement, lysozyme, lactoferrin, and antiox-
idant compounds.

Ischemia

The pathologic ®ndings in NEC are consistent with
ischemic events, but case-control studies have identi®ed
few risk factors that might cause ischemia in the pre-
mature infant. However, the fact that NEC most com-
monly occurs in the distal ileum and proximal colon,
which make up the watershed area of the superior and
inferior mesenteric arteries, suggests that derangement
of the circulatory system is involved. The occurrence of
NEC in full-term infants and the predisposing risk fac-
tors (see Table I) also indicate that ischemia is an im-
portant etiologic factor in these infants.

In animals, the intestinal circulation in neonates has
a decreased vascular resistance, an increased blood
¯ow, and increased oxygen delivery when compared
with older animals.

The vascular endothelium can help regulate vas-
cular tone by producing vasoactive agents such as
nitric oxide (NO) and PAF. PAF antagonists attenuate
hypoxic ischemia and increased levels of PAF have
been demonstrated in human preterm infants who
have been fed. Other in¯ammatory mediators that
may be involved in ischemia in NEC are tumor

necrosis factor a, endothelin-1, and cachectin, a potent
vasoconstrictor peptide. Lumenal nutrients, especially
lipids, seem to intensify tissue injury from ischemia.
Cocaine compromises the uterine blood ¯ow and fetal
oxygenation. In LBW or premature infants, the risk is
two to three times higher in babies who have in utero
exposure to cocaine than in controls.

Bacteria

The histopathology of the disease suggests that bac-
terial proliferation and invasion result from the already
compromised intestinal mucosal barrier. The role of
milk leukocytes in the protection against experimental
NEC as well as the ef®cacy of feedings of an IgAÿIgG
supplement to premature infants in preventing NEC
supports the implication of bacteria in the pathogenesis
of NEC. No speci®c pathogen has been implicated but
colonization with potential pathogens is thought to be a
prerequisite to develop NEC.

Host Factors

Prematurity seems to be the most important factor in
all of the epidemiologic studies of NEC. Up to 90% of the
infants with NEC are of LBW and the disease is more
frequent and more severe in those infants with the ear-
liest postconceptual age.

Intestinal host defense components mature through
the prenatal and perinatal period. Basal acid output,
protease levels, IgA concentration in saliva, stool, and
serum, and the number of intestinal T lymphocytes, and
levels of other components, are low at birth. Intestinal
motility is slower in the prenatal and perinatal period,
potentially contributing to the overgrowth of bacteria.

The regulation of the immune response mediators
also develops postnatally. In the human newborn,
PAF-AH activity is decreased and PAF synthesis path-
ways are increased. This imbalance places the newborn
at special risk of an increased PAF response before
adequate immune stimuli are developed. The express-
ion of defensins and epidermal growth factor receptor
(`̀ lumenal surveillance'' peptides available to stimulate
repair with a key role in intestinal maturation) is
decreased in the preterm infant, as well.

CLINICAL FEATURES

The clinical course of NEC may vary from a slow, in-
dolent process to a fulminant one. The classic triad of
symptoms includes abdominal distension, bilious vom-
iting, and blood in the stools. Few patients have such a
classic sequence of symptoms, but instead show less
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FIGURE 1 A proposed pathogenic framework for necrotizing

enterocolitis.
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speci®c signs indicative of generalized sepsis. Signs vary
in the time of their appearance according to the severity
of the disease process. The diagnosis is con®rmed ra-
diologically on the basis of pneumatosis intestinalis or
air in the porta hepatis. Intestinal distension with mul-
tiple dilated loops of small bowel is most commonly
seen, with separation of the loops suggesting mural
edema. Pneumoperitoneum and intra-abdominal ¯uid
are ominous signs, indicating the need for immediate
surgical intervention. Levels of IL-6 in umbilical cord
blood and reducing substances, a1-anti-trypsin, endo-
toxin, and short-chain fatty acids in the stool may
be early signs of the disease. Portal vein ultrasonography
is useful especially when the abdominal radiograph
gives normal or nonspeci®c results. Although these
tests may be helpful, they have not replaced the clinical
presentation and plain abdominal radiograph in the
diagnostic evaluation. A set of diagnostic criteria
have been designed as a helpful tool in effecting some
uniformity in therapeutic decision-making (Table II).
Signs of clinical decompensation accompany the
advancing course of NEC. Bowel necrosis generally
accompanies this clinical deterioration.

TREATMENT

The management of the infant with NEC is largely sup-
portive. As soon as the diagnosis is suspected, certain
measures are undertaken to prevent the progression of
the disease. All oral feedings are withheld and a naso-
gastric tube is placed either to gravity or very gentle
suction. Intravenous access is ensured to provide ¯uids,
electrolytes, and nutrition while enteral feedings are

withheld. The duration of restriction of oral intake
depends on the con®rmation of the diagnosis of NEC,
which is dictated by the radiographs and the clinical
status. The reinstitution of feedings generally is done
in a slow and cautious manner, using an elemental for-
mulation to allow for optimal absorption of all nutrients
and to avoid further potential injury to the intestinal
mucosa.

Cultures of blood, stool, urine, and cerebrospinal
¯uid are obtained and broad-spectrum parenteral anti-
biotics are given. It is important to know the prevailing
¯ora of the infants in the neonatal intensive care unit
(NICU) and the current NEC bacteriology as NEC cases
cluster, as does the predominant organism. Fluid and
electrolyte monitoring is essential because large third-
space losses may occur with edema and severe metabolic
acidosis. Perfusion and blood pressure must be
maintained. An abdominal radiograph is obtained to
look for the pathognomonic signs of NEC and is re-
peated periodically to assess the progression of the dis-
ease as well as to determine the existence of
pneumoperitoneum, indicating perforation.

Different experimental therapies have been studied,
mostly in animal models, to prevent the onset of the
disease or to diminish its severity. L-Arginine, to in-
crease the NO production, vitamin E, to function
as an antioxidant agent, and recombinant PAF-AH
have been proposed as preventive or therapeutic agents.
None of these has gained universal acceptance.

The indications for surgery include pneumo-
peritoneum and cellulitis of the anterior abdominal
wall, suggesting peritonitis and gangrenous bowel.
The classic operative approach consists of resection

TABLE II Staging Criteria for the Management of Necrotizing Enterocolitis

Stage I (Suspect)

a. Any one or more historical factors producing perinatal stress

b. Systemic manifestations: temperature instability, lethargy, apnea, bradycardia

c. Gastrointestinal manifestations: poor feeding, increasing pregavage residuals, emesis (may be bilious or test positive for

occult blood)

d. Abdominal radiographs show distension with mild ileus

State II (De®nite)

a. Any one or more historical factors

b. Above-mentioned signs and symptoms plus persistent occult or gross gastrointestinal bleeding; marked abdominal distension

c. Abdominal radiographs show signi®cant intestinal distension with ileus, small bowel separation (edema in bowel wall

or peritoneal ¯uid), unchanging or persistent `̀ rigid'' bowel loops, pneumatosis intestinalis, portal vein gas

Stage III (Advanced)

a. Any one or more historical factors

b. Above-mentioned signs and symptoms plus deterioration of vital signs, evidence of septic shock or marked

gastrointestinal hemorrhage

c. Abdominal radiographs may show pneumoperitoneum in addition to others listed under IIC

Reprinted from Bell, M. I., et al. (1987). Neonatal necrotizing enterocolitis: Therapeutic decisions based upon clinical staging.

Ann. Surg. 187, 1, with permission.
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of the grossly gangrenous bowel and proximal entero-
stomy. A conservative approach to surgery when a sig-
ni®cant amount of the small bowel is affected involves a
proximal enterostomy without resection and a return to
the operating room usually within 1 week to assess the
damage to the intestine. This approach diminishes the
incidence of short gut syndrome. In clinically deterio-
rated patients and in extremely premature infants,
short-duration procedures have been explored. In pre-
mature infants with intestinal perforation, drainage
alone may allow acute improvement with subsequent
laparotomy for de®nitive treatment.

PROGNOSIS

The decrease in the mortality rate over the years (from
78 to 20%) is most likely due to earlier diagnosis com-
bined with intensive medical and surgical therapy. Mor-
tality is directly related to the presence of bacteremia
and low birth weight as well as lower gestational age.
Morbidity related to long-term complications is seen in
10 to 30% of affected children.

Strictures of the intestines, particularly in the colon,
are the most common sequelae of NEC, occurring in
10 to 36% of survivors. Some of these spontaneously
resolve, whereas others require more aggressive treat-
ment, such as surgery.

The short gut syndrome is seen in a small
number of the surgically treated infants and survival
after extensive resection can occur. If more than
70% of the intestine is removed, serious nutritional-
consequences prevail. Preservation of the terminal
ileum and of the ileocecal valve is an important survival
factor.

Overall, the prognosis for infants surviving the acute
stage of NEC is good. Patients discharged from their
primary hospitalization have a greater than 80ÿ95%
chance of long-term survival with a good quality of
life in 75% of patients.

PREVENTION

Since there is no speci®c treatment for the disease, re-
search has been directed at prevention of the disease.
NEC might be ameliorated if the factors important in its
pathogenesis, such as bowel ischemia, bacterial prolif-
eration, and the effects of oral feeding or gut immaturity,
were eliminated or decreased.

Feeding

A very slow regimen for increases in feeding with
maternal milk is optimal. Alternatively, a formula con-
taining low-osmolar protein hydrolysate, easily digested

glucose polymers, and MCT oil seems to be most pru-
dent for initiating arti®cial-formula feedings in sick,
LBW infants. Omega-3 fatty acids and egg phospho-
lipid-containing diets have been used. These lipids
seem to have an anti-in¯ammatory effect and a signif-
icant decrease in the incidence of stage III NEC in
premature infants born prior to 32 weeks of gestation.

Bacterial Proliferation

The use of prophylactic antibiotics in treating bac-
terial proliferation has been shown to be ineffective
in preventing NEC. Supplementing formula with an
IgAÿIgG preparation in LBW babies (in whom mucosal
sIgA is suboptimal) was shown in some studies
to prevent the development of NEC although further
studies have failed to prove the advantage of oral IgG as a
preventive measure.

Host Maturation

Since immaturity is the most signi®cant predis-
posing factor, strategies directed toward making the
immature intestinal barrier more potent have been in-
vestigated. The effectiveness of host defense enhance-
ment has been demonstrated for breast milk
macrophages in the rodent model of NEC. Corticoste-
roids, other hormones, and growth factors stimulate the
maturation of the intestinal barrier. Furthermore, in the
suckling rat, these agents accentuate the sequence of
glycoconjugate development on the intestinal surface
necessary for bacterial attachment and colonization to
occur, stimulate the metabolism, and inhibit the
synthesis of PAF. Corticosteroids have also been
shown to be effective in preventing the occurrence of
NEC in some studies in humans.
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autoinfection Replication of a nematode parasite within the

primary host.

larva Immature form of a nematode that requires molting to

develop to adult stage.

molting Process of developmental transformation toward the

adult worm stage.

In terms of global health and disease, nematodes (round-

worms) stand out as a most important class of human

parasite. Billions of people worldwide are infected with

one or more species of nematode. The adult stage of many

parasitic nematodes commonly resides in the intestine,

although some are localized to the bloodstream, lymphat-

ics, or somatic tissues. Those nematode parasites that

reside in the intestinal tract cause a variety of gastroin-

testinal symptoms, including pain, vomiting, and

diarrhea, in addition to physiologic, neurologic, immuno-

logic, and systemic symptoms.

GASTROINTESTINAL NEMATODES

Ascaris lumbricoides

Ascaris lumbricoides is the largest intestinal nema-
tode that infects humans; adult worms reach up to 30 cm
in length. Ascariasis has a worldwide distribution, with
more than 1 billion people infected in both rural
and urban environments. Infection occurs when eggs
shed in the feces of the host are ingested. The eggs

embryonate, hatch, and release ®rst-stage larvae in
the small intestine. These larvae penetrate the mucosa,
enter the venous circulation, and are carried to the
lungs, where they access the alveolar space. The larvae
then migrate up the trachea and are swallowed, ulti-
mately returning to the small intestine. During this mi-
gration the worms undergo a series of developmental
molts and eventually become adults. Light to moderate
infections with Ascaris may be asymptomatic, whereas
heavy infections may cause fatal obstruction of the in-
testine. Additionally, adult worms may aberrantly mig-
rate from the intestinal lumen to the appendix, liver, or
pancreas. In these cases, infection with even a single
worm may cause severe complications.

Ascaris infection is routinely diagnosed by identify-
ing eggs in the feces under light microscopy. The eggs
are ovoid in shape and range from 45 to 70 mm long by
30 to 50 mm wide (Fig. 1). The recommended treatments
for ascariasis include albendazole (400 mg orally, single
dose), mebendazole (100 mg/day orally for 3 days), or
pyrantel pamoate (11 mg/kg/day for 3 days), each of
which is highly effective at eradicating the infection.
The initiation of therapy may trigger active movement
of the adult worms, leading to obstruction or extrain-
testinal migration. Strategies for prevention of initial
infection include sanitary disposal of solid human
waste to avoid contamination of food sources with
eggs, as well as targeted chemotherapy directed at
high-risk populations.
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Hookworms: Necator americanus and
Ancylostoma spp.

Infections with the human hookworms, Necator
americanus and Ancylostoma duodenale, are a leading
cause of iron-de®ciency anemia in the developing
world. Although eventually eradicated due to the efforts
of the Rockefeller Sanitary Commission, hookworm was
a major public health problem in the southeastern
United States during the ®rst half of the twentieth
century. Presently, hookworms remain endemic
throughout much of Central and South America, Africa,
and Asia.

Infection with hookworm occurs when a mamma-
lian host contacts free-living infective (®lariform) lar-
vae. These larvae quickly penetrate the host skin
and travel via the venous bloodstream to the
lungs, where they exit blood vessels and enter the air-
way. The larvae then migrate up the trachea, are swal-
lowed to gain access to the small intestine and molt to
the adult stage. There the adult hookworms attach to
the small intestine and lacerate mucosal vessels using
cutting plates or teeth in their buccal capsule. Adult
hookworms mate and release eggs in the feces of the
infected host.

The pathogenesis of hookworm anemia is a direct
result of intestinal blood loss that occurs during adult
worm attachment to the mammalian small intestine.
Each adult hookworm may feed on up to 0.2 ml of
blood per day, with some infected individuals harboring
hundreds to thousands of parasites. Iron-de®ciency ane-
mia and protein malnutrition are the primary clinical
illnesses associated with hookworm infection. In chil-
dren, especially those with concomitant dietary iron
de®ciency, the chronic effects of hookworm may ulti-
mately lead to growth and cognitive delays. In Australia,
human infection with the dog hookworm, Ancylostoma
caninum, has been implicated as a cause of eosinophilic
enteritis, often associated with the presence of a single
adult blood-feeding worm.

The diagnosis of hookworm infection is made by
identifying eggs in the feces by light microscopy (Fig. 1).
Laboratory evaluation may reveal iron-de®ciency ane-
mia, hypoalbuminemia, and mild eosinophilia. Recom-
mended treatments for hookworm include albendazole
(400 mg orally, single dose), mebendazole (100 mg/day
orally for 3 days), or pyrantel pamoate (11 mg/kg/day
for 3 days). Prevention of infection can be accomplished
by taking preventive measures to limit exposure to the

A B

D E

C

FIGURE 1 Diagnostic stages of major intestinal nematodes. (Top row) Ascaris lumbricoides

(A), hookworm (B), and Trichuris trichiura (C) are diagnosed by fecal egg examination using light

microscopy. (Bottom row) Strongyloides stercoralis (D) releases rhabditiform larvae, not eggs, in the

feces. Enterobius vermicularis (E) eggs are deposited on the perianal skin and can be removed with

adhesive tape and viewed under light microscopy. Reproduced with permission from Ash and

Orihel (1997). Copyright # 1997 by the American Society of Clinical Pathologists. Reprinted

with permission.
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infective larvae. Proper waste disposal, including
avoidance of the use of human feces as fertilizer
(night soil), is the primary method employed to remove
infective larvae from the environment.

Trichuris trichiura (Whipworm)

Trichuris trichiura, or whipworm, occurs in most
parts of the world where other soil-transmitted hel-
minths, e.g., Ascaris and hookworm, are found. Infec-
tion occurs when ingested eggs hatch in the intestine
and develop into adults when they reach the large in-
testine. Although most individuals with light infection
are asymptomatic, heavily infected individuals may ex-
perience a severe in¯ammatory colitis associated with
signi®cant hemorrhage (Trichuris dysentery). Chronic
infection in children has been associated with rectal
prolapse, as well as growth delay and cognitive de®cits.
The diagnosis of T. trichiura infection requires identi-
®cation of the characteristic oval, operculated eggs in
the feces (Fig. 1). The recommended treatments for
whipworm include albendazole (400 mg orally, single
dose) or mebendazole (100 mg/day orally for 3 days),
although Trichuris is resistant to pyrantel pamoate. Pre-
vention of infection is accomplished by the sanitary
disposal of contaminated feces.

Enterobius vermicularis (Pinworm)

Human infection by the parasitic nematode Entero-
bius vermicularis, or pinworm, is the most common
nematode infection in developed countries. Pinworm
infections are often found in preschool-aged children,
particularly those who are not toilet trained. Adult fe-
male worms, which may grow to 1 cm in length, reside
in the large intestine. At night, the females migrate out of
the body and release eggs on the perianal skin. The eggs
become infective within several hours, and the life cycle
is completed when the eggs are ingested and hatch, to
release the larval form of the worm in the host small
intestine. The pinworm larvae undergo several molts,
eventually developing into adults when they reach the
colon. Pinworm eggs are light and may be dispersed in
fomites, potentially spreading the infection in institu-
tions and daycare centers because of contamination of
environmental surfaces.

The clinical sequelae of pinworm infection are gen-
erally mild, and include pruritus ani and super®cial
cellulitis of the perianal skin. However, aberrant migra-
tion of adults has also been recognized to cause urinary
tract infection and salpingitis in girls, as well as appen-
dicitis. Local colonic in¯ammation may also give rise to
abscess formation characterized by a profound eosino-
philic in®ltrate. An association between pinworm and

infection with the protozoan parasite Dientamoeba
fragilis has also been reported. The diagnosis can be
made using the `̀ Scotch tape test,'' in which adhesive
tape that has been applied to the perianal skin is exam-
ined under a microscope for the presence of eggs.
The eggs are ovoid and measure 50ÿ60 mm long by
20ÿ30 mm wide (Fig. 1). The recommended treatment
for E. vermicularis infection is albendazole (400 mg
orally) in a single dose, or mebendazole (100 mg orally)
or pyrantel pamoate (11 mg/kg orally), in one dose, with
a second dose 14 days later to treat the recently devel-
oped adult worms.

Strongyloidiasis

Strongyloidiasis is the disease caused by the nema-
tode parasites Strongyloides stercoralis and Strongyloides
fuelleborni. Strongyloides stercoralis is endemic through-
out the tropics and subtropics, including parts of the
southeastern United States. In contrast, S. fuelleborni
is found primarily in the South Paci®c, particularly in
Papua New Guinea, as well as in parts of Africa. Infection
occurs when free-living larvae penetrate the host skin
and travel to the lungs via the venous circulation. In the
lungs, the larvae enter the airways and migrate up
the trachea and are swallowed. In the small intestine,
the worms develop to the adult stage and embed within
the intestinal epithelium. Eggs are shed by adult female
worms into the gut and develop into larvae to be released
in the feces. The life cycle of Strongyloides is unique in
two respects. First, unlike nearly all other parasitic nem-
atodes, the worm can complete a free-living life cycle
outside the host, with larvae developing in the soil to
mature adults. Second, larvae may develop to the infec-
tious ®lariform stage during transit in the gut, ultimately
penetrating the colonic mucosa or perianal skin to com-
plete their life cycle within a single host. This process,
termed autoinfection, may have severe consequences in
certain hosts, particularly those who are receiving glu-
cocorticoids for the treatment of malignant or autoim-
mune diseases. In addition, autoinfection explains how
certain individuals remain infected with S. stercoralis for
decades after leaving endemic areas.

Most patients with chronic strongyloidiasis are
asymptomatic, although diarrhea and nonspeci®c abdo-
minal pain may occur. Penetration of the skin by infec-
tious larvae may be associated with a pruritic and
erythematous rash, referred to as larva currens (racing
larva), which, in cases of autoinfection, may be local-
ized to the perineum and buttocks. Children with
S. fuelleborni infection may present with a constellation
of ®ndings known as `̀ swollen belly syndrome,'' charac-
terized by severe abdominal distension, malnutrition,
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and lethargy. Disseminated strongyloidiasis occurs in
immunocompromised hosts, often following treatment
with cytotoxic chemotherapy or glucocorticoids. In this
setting, increased numbers of larvae undergo the auto-
infective cycle, leading to ampli®cation of the infection
and overwhelming larval migration. Such patients may
develop a hemorrhagic pneumonitis from massive larval
transit through the lungs, or a secondary meningitis
caused by bacteria carried with larvae that penetrate
the central nervous system.

Laboratory test results generally reveal mild to mod-
erate eosinophilia along with increased levels of circu-
lating immunoglobulin E (IgE). Serologic assays are
available to detect serum antibodies to S. stercoralis,
although cross-reactivity with other parasitic nematode
infections can occur. The de®nitive diagnosis of
Strongyloides infection is accomplished by identi®cation
of the ®rst-stage (rhabditiform) larvae in the feces of the
host. Because egg production is low, it may be necessary
to employ stool-concentrating techniques or to test mul-
tiple samples in order to con®rm the diagnosis. Dissem-
inated strongyloidiasis should be suspected in patients
receiving glucocorticoid therapy who present with bac-
terialmeningitiscausedbyentericpathogens.Larvaemay
also be detected in sputum or lung biopsy specimens.
Interestingly, most patients with disseminated infection
do not have peripheral eosinophilia. The recommended
treatment for chronic strongyloidiasis is ivermectin
(200 mg/kg/day for 2 days). An alternative therapy is
thiabendazole (50 mg/kg twice daily for 3 days),
although this agent is associated with more signi®cant
side effects. Treatment of disseminated disease with
ivermectin (200 mg/kg/day) should be continued for
atleast 1 week. Because the mortality from disseminated
strongyloidiasis is high (at least 50%), screening of in-
dividuals from endemic areas prior to initiation of
immunosuppressive therapy is essential, because
even those who are asymptomatically infected should
be treated.

Trichinella

Infection with Trichinella spiralis occurs throughout
most of the world, perhaps due to its lack of an envi-
ronmental life cycle stage. Infection occurs after inges-
tion of raw or undercooked meat containing encysted
T. spiralis larvae. The encysted larvae are released, mig-
rate to the small intestine, penetrate the columnar ep-
ithelium, and develop into adult worms. Adult females
release motile larvae that enter the host circulatory
system and migrate to somatic tissues, including striated
muscle. The larvae remain within a specialized cell
termed a nurse cell, where they await consumption
by a new host.

Acute symptoms associated with ingestion of con-
taminated meat include nausea, vomiting, diarrhea, and
fever. A second phase of illness, characterized by the
migration of larvae to somatic tissues, is characterized
by edema of the face and eyelids, muscle pain, fever, and
conjunctivitis. Both myocarditis and respiratory symp-
toms may also occur secondary to the host in¯ammatory
response directed at larvae invading the heart and dia-
phragm, respectively. The diagnosis of Trichinella infec-
tion requires a high index of suspicion. Eosinophilia is a
nearly universal laboratory ®nding, and levels may reach
50% or greater of the total leukocyte count. A de®nitive
diagnosis is made by identifying encysted larvae in a
muscle biopsy. Serologic testing is available through
specialty laboratories and the United States Centers
for Disease Control and Prevention. A history of raw
or undercooked meat consumption, especially pork or
horsemeat, is suggestive of the diagnosis.

The role of antihelminthic therapy in the manage-
ment of trichinellosis is controversial, because the ac-
tivity of most available agents against tissue-encysted
larvae is variable. Both mebendazole (200 mg twice a
day for 10 days) and thiabendazole (25 mg/kg twice a
day for 10 days) have been reported to improve
symptoms of trichinellosis in adults compared to pla-
cebo, although thiabendazole was associated with sig-
ni®cant side effects. Albendazole (400 mg twice a day) is
also recommended. Oral prednisone may be helpful in
relieving in¯ammatory symptoms associated with
Trichinella infection.
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Neonatal Cholestasis and Biliary Atresia

JUDITH A. O'CONNOR AND RONALD J. SOKOL

University of Colorado Health Sciences Center and Children's Hospital, Denver

biliary atresia Progressive ®bro in¯ammatory process result-

ing in obliteration of the extra hepatic biliary duct

in infants.

cholestasis Condition in which bile excretion is blocked.

FIC1 gene Familial intrahepatic cholestasis gene involved in

inherited disorders of neonatal cholestasis.

progressive familial intrahepatic cholestasis Inherited dis-

orders of neonatal cholestasis.

Neonatal cholestasis is de®ned as an impairment of bile

¯ow in the ®rst 3 months of life. It is generally associated

with a measured conjugated (direct-acting) bilirubin frac-

tion of greater than 2 mg/dl or more than 20% of the total

bilirubin. Prolonged conjugated hyperbilirubinemia in

the newborn period is never physiologic and always re-

quires an expeditious evaluation. The incidence of neo-

natal cholestasis is estimated to be about 1 in 2500 live

births. There are multiple causes of cholestasis in the ®rst

3 months of life, of which the majority fall into a few

discrete yet overlapping categories. The importance of

prompt recognition and de®nitive diagnosis of neonatal

cholestasis cannot be overemphasized. Many causes of

cholestasis, such as sepsis, endocrinopathies, galacto-

semia, fructosemia, tryosinemia, inborn errors of bile

acid synthesis, biliary atresia, and choledochal cyst, are

either reversible or treatable.

INTRODUCTION

Although the list of disorders causing neonatal chole-
stasis seems exhaustive (Table I), idiopathic neonatal
hepatitis and biliary atresia account for over 60% of all
cases. The overlap of these entities has been well rec-
ognized, and in 1974, Benjamin Landing, a pediatric
pathologist, proposed that biliary atresia, neonatal hep-
atitis, and choledochal cyst represent a spectrum of dis-
ease, resulting from a unifying process. He observed that
histologically all three disorders share common ®nd-
ings that include syncytial giant cell transformation of
hepatocytes, extramedullary hematopoiesis, lobular
disarray, and cellular and canalicular cholestasis with
variable degrees of portal and lobular in¯ammation. He
proposed that a viral infection primarily affecting either

the hepatocyte or cholangiocyte was responsible for
these entities and coined the term `̀ infantile obstructive
cholangiopathies.''

In general, disorders of extrahepatic obstruction
present in an asymptomatic, thriving infant who has
clinical jaundice. Often the infant is seen in the clinic
because neighbors, family, or friends comment on the
infant's yellow skin color. Further investigation will
reveal an otherwise healthy infant with light or
acholic stools, dark urine, and the presence of hepato-
megaly without splenomegaly. Initial laboratory anal-
ysis will reveal a moderate direct hyperbilirubinemia,
elevated canalicular enzymes (alkaline phosphatase
and g-glutamyl transferase), and normal to mild eleva-
tion of amino-transferases. Early in the disease process,
growth velocity is normal and hepatic synthetic func-
tion, clotting factors, and albumin are preserved.

Infants with cholestasis as a result of an infectious
origin usually have a male predominance and failure to
thrive or growth failure. An infectious risk may or may
not be identi®ed. These infants usually have a marked
elevation of serum aminotransferases, variable elevation
of canalicular enzymes, and a modest coagulopathy that
is commonly a result of mild disseminated intravascular
coagulation (DIC). Skin lesions or intracranial calci®ca-
tions may be pathognomonic.

Infants suffering from a metabolic defect often have
mild growth failure and present with a sepsislike picture
manifested as hepatic synthetic dysfunction. Metabolic
disease may present with ascites and a coagulopathy out
of proportion to elevated aminotransferase or canalic-
ular enzymes. These infants have the most varied pre-
sentation in terms of age at onset, associated symptoms,
and rate of progression to hepatic failure. The clinical
course depends on the underlying metabolic disorder.

EXTRAHEPATIC NEONATAL
CHOLESTASIS

Biliary atresia is the most common cause of obstructive
cholestasis in infants younger than 3 months of age. This
disorder occurs in 1 in 8000ÿ15,000 live births and is
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slightly more common in females and infants of Asian
or African American descent. Formerly called extrahe-
patic biliary atresia, it is now clear that this disorder
results from a progressive in¯ammatory sclerosing
®broobliterative process involving both the intra- and

extrahepatic ducts in the majority of infants. The result
is biliary ductular luminal obliteration and the devel-
opment of biliary cirrhosis. If untreated, biliary atresia is
uniformly fatal by 2 years of age. Death results from end-
stage liver disease, portal hypertension, and variceal

TABLE I Classi®cation of Cholestatic Disordersa

Classi®cation Example

I. Bile duct obstruction

Extrahepatic disorders Biliary atresia, choledochal cysts, spontaneous perforation of common bile duct,

Caroli's disease, bile duct stenosis, cholelithiasis, tumors/masses (intrinsic and

extrinsic)

Intrahepatic disorders Alagille's syndrome, nonsyndromic paucity of intrahepatic ducts, neonatal sclerosing

cholangitis, congenital hepatic ®brosis, inspissated bile/mucous plug

II. Neonatal Hepatitis

Viral Cytomegalovirus, herpes (simplex, zoster, human type 6), rubella, reovirus type 3,

adenovirus, enteroviruses, parvovirus B19, hepatitis B, human immunode®ciency

virus, bacterial and parasitic, bacterial sepsis, listeriosis, tuberculosis, toxoplas-

mosis, malaria

Idiopathic

III. Cholestatic syndromes

Progressive familial intrahepatic

cholestatis caused by transport defects

Type 1 (Byler's disease, defect in FIC1, a P-type ATPase), type 2 (defect in BSEP,

canalicular bile acid pump), type 3 (defect in MDR-3, a canalicular phospholipid

transporter)

Hereditary cholestasis with lymphedema

(Aagenaes syndrome)

Cholestasis in North American Indians

Nielsen syndrome (Greenland Eskimos)

Benign recurrent cholestasis (defect in

same gene as PFIC type 1)

IV. Metabolic disorders

a1-Antitrypsin de®ciency

Cystic ®brosis

Neonatal iron storage disease

Endocrinopathies Hypopituitarism (septooptic dysplasia), hypothyroidism

Amino acid disorders Tyrosinemia, hypermethionemia, mevalonate kinase de®ciency

Lipid disorders NiemannÿPick disease, Gaucher's disease, Wolman's disease, cholesterol ester

storage disease

Urea cycle disorders Arginase de®ciency

Carbohydrate disorders Galactosemia, fructosemia, glycogen storage disease type IV

Mitochondrial disorders

(respiratory chain)

Peroxisomal disorders Zellweger syndrome, infantile Refsum's disease, other enzymopathies

Bile acid synthetic defects 3b-Hydroxy-D5-C27-steroid dehydrogenase isomerase, D4-3-oxosteroid 5b-reductase,

oxysterol 7a-hyroxylase

V. Toxic

Drugs, parenteral nutrition, aluminum

VI. Miscellaneous Associations Shock/hypoperfusion, histiocytosis X, neonatal lupus erythematosus, Indian child-

hood cirrhosis, autosomal trisomies, graft-versus-host disease, erythrophagocytic

lymphohistiocytosis, extracorporeal membrane-oxygenation, venoocclusive dis-

ease, Donahue syndrome (leprechaunism), arthrogryposis, cholestatic pigmentary-

disease, renal dysfunction syndrome, erythro-blastosis fetalis

a Modi®ed with permission from Suchy F. (2001), Approach to the infant with Cholestasis. In `̀ Liver Disease in Children'' (Suchy, Sokol and

Balistreri, eds.). Copyright Lippincott, Williams & Wilkins, 2001.
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bleeding. Biliary atresia is the leading indication for liver
transplantation in children, accounting for 50% of all
pediatric liver transplants.

Biliary atresia is a clinicopathologic entity and as
proposed by Landing may represent a spectrum of dis-
orders.Therehasbeenno familial clustering, andreports
of discordance in monozygotic twins do not support a
classic genetic basis for the disease. There appear to be
two distinct phenotypes, an embryonic or fetal type and
a perinatal type. Although the clinical consequences of
the embryonic or fetal type of biliary atresia are similar
to the classic or perinatal form, the etiologies may be
very different.

Etiology of Biliary Atresia

The embryonic or fetal type accounts for approxi-
mately 20% of all cases and is associated with other
congenital anomalies (e.g., polysplenia syndrome). As-
sociated congenital anomalies include malrotation of
abdominal viscera, interrupted inferior vena cava, mid-
line liver, preduodenal portal vein, polysplenia, situs
inversus, and congenital heart anomalies. Early-onset
cholestasis and acholic stools characterize this form
of biliary atresia, which may be caused by a defect in
morphogenesis of the biliary tree. It is proposed that
the constellation of anomalies is caused by abnormali-
ties of laterality. A disorder similar to biliary atresiaÿ
polysplenia syndrome exists in the inv mouse. This
transgenic mouse has a recessive deletion of the inver-
sion (inv) gene that results in situs inversus and obstruc-
tive jaundice. Studies suggest that abnormalities in the
human orthologue of the inversion gene might be in-
volved in the fetal form of biliary atresia. However, no
mutations in the INV human gene have been found in
human patients with biliary atresia.

The perinatal form of biliary atresia is far more com-
mon and accounts for almost 80% of all cases. It is
believed to occur at or following birth with progressive
postnatal destruction of a normally formed biliary tree.
Clinically, the infant presents with later-onset jaundice
following a jaundice-free period. The jaundice-free
period may be obscured by breast-feeding jaundice.
Although the pathogenesis of this form of biliary atresia
is not understood, several factors have been proposed
and are undergoing investigation. Most data suggest that
there is an infectious, probably viral, insult with a sec-
ondary immunologic pathogenesis that is speci®c to the
neonate less than 3 months of age. The most promising
viral etiologies currently under investigation include
reovirus type 3, and rotavirus group C.

Observations of the similarity of weanling mice with
hepatic histologic lesions due to infection with reovirus

type 3 and infants with biliary atresia raised interest in
reovirus as a candidate pathogen for biliary atresia. Two
large series of patients with neonatal cholestasis
detected serologic evidence of reovirus infection in
60% of infants with biliary atresia or neonatal cholesta-
sis, versus 12% of controls or patients with other cho-
lestatic disorders. Reovirus antigen and viral particles
have been found in the bile duct of an infant rhesus
monkey that spontaneously developed a disorder sim-
ilar to biliary atresia. Reovirus antigen and viral-like
particles have also been identi®ed in bile duct remnants
resected from infants with biliary atresia. Although
other investigators have not shown an association,
this may re¯ect the age of the patient when studied,
tissue preparation, and viral isolation techniques. Uti-
lizing a reverse transcriptase and polymerase chain re-
action (RT-PCR) assay speci®c for Reovirus RNA, virus
was detected in over 50% of patients with perinatal bil-
iary atresia (11/20), in none of the fetal type of biliary
atresia (0/3), and in 80% (7/9) of infants with a chole-
dochal cyst. Reovirus virus was detected in only 8ÿ15%
of autopsy controls or infants less than 1 year of age with
other liver disease.

Rotavirus C, another virus of the Reoviridae family,
has recently attracted interest as a candidate pathogen
for biliary atresia. Studies in which rotavirus was ad-
ministered orally or by intraperitoneal injection to new-
born mice resulted in an intrahepatic lesion strikingly
similar to human biliary atresia. Further studies have
shown that this model mimics human biliary atresia,
resulting in extrahepatic biliary atresia and intrahepatic
cholangitis with bile duct proliferation. Studies using
interferon a (IFNa), an antiviral that disrupts viral rep-
lication, prior to rotavirus infection aborted this disease
progression. There was no protective effect if the anti-
viral was given after infection. Investigation of patients
with biliary atresia for evidence of rotavirus has been
inconclusive and probably re¯ects intrinsic problems
with study design and patient selection. The similarities
between the infant mouse models of reovirus and rota-
virus infection and the association of at least one study
demonstrating a 50% frequency of each virus in pati-
ents with biliary atresia warrant further investigation.
Additionally, human papillomavirus has recently been
proposed as another candidate virus associated with
neonatal cholestasis.

The multihit hypothesis of the etiology of perinatal
biliary atresia is gaining popularity. This hypothesis
proposes that there is a genetic/immune predisposition,
which requires a viral infection at the appropriate time,
resulting in the exposure of neoantigens on biliary ep-
ithelium, simulating an in¯ammatory process. The im-
portance of biliary atresia as a signi®cant disorder of
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infancy that is the primary indication for pediatric liver
transplantation has resulted in the National Institutes
of Health (NIH)-supported Biliary Atresia Clinical
Research Consortium. This consortium of nine large
pediatric liver centers will embark on an effort to de-
®ne the etiology and to improve current treatment
outcomes.

Despite these recent advances, the etiology of biliary
atresia remains elusive. Prognosis is dependent on an
accurate and timely diagnosis and subsequent surgical
intervention to restore bile ¯ow.

Diagnosis of Biliary Atresia

In the diagnosis of biliary atresia, patient history
should be compatible with an obstructive presentation.
Infants are usually healthy appearing, thriving, with
clinical jaundice, hepatomegaly, and rarely splenomeg-
aly. Stools are consistently acholic. Many ®rst-time par-
ents may not recognize the stools as unusual, thus direct
examination of the stool is often bene®cial. There is no
single laboratory or radiology test to diagnosis biliary
atresia de®nitively. Abdominal ultrasound often will
note the absence of the gallbladder, but the presence
of a gallbladder on ultrasound does not rule out biliary
atresia. Importantly, obstructive cholestasis in the neo-
natal liver results in ductular neoproliferation and not
ductular dilation as in the adult. Radionucleotide imag-
ing has been used to determine biliary obstruction. Early
in the disease, patients with biliary atresia will have good
uptake of radiolabel from the circulating pool, but no
excretion into the bowel after 24 hours. Many other
disorders, however, will mimic this pattern, and this
test will not eliminate the need for histologic analysis.
Novel approaches to de®ne the biliary tree include en-
doscopic retrograde cholangiopancreatography (ERCP)
and magnetic resonance cholangiogram (MRC). These
tests currently remain investigational. Evaluation of he-
patic tissue reveals periportal in¯ammation, bile duct-
ular proliferation, bile plugs, and occasional giant cell
transformation, with relative preservation of hepatic
lobular architecture. Intraoperative cholangiogram
and laparotomy demonstrating nonpatency of the bili-
ary tree con®rm the diagnosis.

Prognosis and Management of Biliary Atresia

The treatment of choice is a hepatoportoentero-
stomy with a Roux-en-Y enteroanastomosis (Kasai pro-
cedure). This procedure involves the excision of the
obliterated extrahepatic ducts and apposition of the re-
sected surface of the porta hepatis to the bowel mucosa.
Through the years, many variations of the Kasai proce-
dure have been proposed. Despite these modi®cations,

the outcome remains dependent on the experience of the
center where the surgical correction is performed and
the age of the infant at the time of the procedure. Of
infants who are less than 2 months of age at the time of
surgical intervention, 80% will reestablish bile ¯ow.
Successful establishment of bile ¯ow decreases to less
than 20% if the infant is older than 90 days at the time of
surgery. Complications following the Kasai procedure
include recurrent cholangitis, pruritus, growth failure,
hypersplenism, and portal hypertension with variceal
bleeding. Medical treatment options are summarized
in Table II. Despite successful establishment of bile
¯ow, up to 80% of children with biliary atresia will
ultimately require liver transplantation to obtain
long-term survival.

INTRAHEPATIC NEONATAL
CHOLESTASIS

Paucity of Intralobular Biliary Ducts

Syndromic Paucity of Interlobular
Bile DuctsÐAlagille's Syndrome

Alagille's syndrome (AGS) was ®rst described in
1969 in a group of children with idiopathic bile duct
paucity and a constellation of anomalies. This disorder
has been termed arteriohepatic dysplasia, intrahepatic
biliary hypoplasia, WatsonÿAlagille syndrome, and
syndromic paucity of interlobular bile ducts. It was rec-
ognized that many family members would display sim-
ilar characteristics and that the disorder was inherited as
an autosomal dominant with variable expressivity. As-
sociated ®ndings include cardiac, musculoskeletal,
ocular, facial, renal, pancreatic, and neurodevelopmen-
tal abnormalities. The prevalence has been reported to
be about 1 per 100,000 live births, although this prob-
ably underestimates the true frequency, because some
affected patients have subclinical expression.

Etiology of AGS In 1997, mutations in the JAG1
( Jagged 1) gene were shown to be associated with AGS.
JAG1 is located on chromosome 20p and is a cell surface
protein that functions as a ligand of the Notch receptor.
This pathway is a part of an evolutionarily conserved
signaling pathway for cell fate. The Notch pathway has
been primarily studied in the fruit ¯y, Drosophila
melanogaster. Notch and JAG1 derived their names
from the phenotypic observation of a notched or jagged
wing found in heterozygote mutations in these ¯ies.
Homozygote mutations are uniformly fatal. The ®nding
that mutations in JAG1 cause AGS indicates that Notch
signaling is important in the development of the in-
volved organ systems, i.e., the liver, heart, skeleton,
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TABLE II Treatment of Complications of Chronic Cholestatic Liver Diseasea

Indication Treatment Dose Toxicity/comments

Intrahepatic cholestasis Phenobarbital 3ÿ10 mg/kg/day Drowsiness, irritability, interference with vitamin D

metabolism

Cholestyramine/colestipol hydrochloride 250ÿ500 mg/kg/day Constipation, acidosis, binding of drugs, increased

steatorrhea

Ursodeoxycholic acid 15ÿ20 mg/kg/day Transient increase in pruritus

Pruritus Phenobarbital or cholestyramine/colestipol

(or both)

15ÿ20 mg/kg/day Ð

Antihistamines

Diphenhydramine 5ÿ10 mg/kg/day Drowsiness

Hydrochloride hydroxyzine 2ÿ5 mg/kg/day Drowsiness

Ultraviolet B light Exposure as needed Skin burn

Carbamazepine 20ÿ40 mg/kg/day Hepatotoxicity, marrow suppression, ¯uid

retention

Rifampin 10 mg/kg/day Hepatotoxicity, marrow suppression

Ursodeoxycholic acid 15ÿ20 mg/kg/day Transient increase in pruritus

Steatorrhea Formula containing medium-chain

triglycerides (e.g., Pregestimil)

120ÿ150 calories/kg/day for infants Expensive

Oil supplement containing medium-chain

triglycerides

1ÿ2 ml/kg/day Diarrhea, aspiration

Malabsorption of fat-soluble vitamins Vitamin A 10,000ÿ25,000 units/day Hepatitis, pseudotumor cerebri, bone lesions

Vitamin D 800ÿ5000 units/day Hypercalcemia, hypercalciuria

25-Hydroxycholecalciferol (vitamin D) 3ÿ5 mcg/kg/day Hypercalcemia, hypercalciuria

1,25-Dihydroxycholecalciferol (vitamin D) 0.05ÿ0.2 mcg/kg/day Hypercalcemia, hypercalciuria

Vitamin E (oral) 25ÿ200 IU/kg/day Potentiation of vitamin K de®ciency

Vitamin E (oral, TPGS)b 15ÿ25 IU/kg/day Potentiation of vitamin K de®ciency

Vitamin E (intramuscular) 1ÿ2 mg/kg/day Muscle calci®cations

Vitamin K (oral) 2.5 mg twice per week to 5 mg/day Ð

Vitamin K (intramuscular) 2ÿ5 mg every 4 weeks Ð

Malabsorption of other nutrients Multiple vitamins Up to twice the standard dose

Calcium 25ÿ100 mg/kg/day Hypercalcemia, hypercalciuria

Phosphorus 25ÿ50 mg/kg/day Gastrointestinal intolerance

Zinc 1 mg/kg/day Interference with copper and iron absorption

a Modi®ed with permission of The McGraw-Hill companies from Sokol and Narkewicz (2003) in `̀ Current Pediatric Diagnosis'' (Hay, Hayward et al. eds.), 16th Ed.
b

D-a-Tocopheryl polyethylene glycol-1000 succinate.



eye, face, and kidney. The timing and speci®city of the
Notch receptorÿligand interactions are incompletely
understood at this time. Over 230 AGS probands
have been studied molecularly and JAG1 mutations
have been demonstrated in approximately 70%. Muta-
tions are distributed over the entire coding region of the
JAG1 gene and 50ÿ70% of mutations occur de novo.

Diagnosis of AGS Other than the identi®ca-
tion of a mutation in JAG1, there is no speci®c test to
identify patients with AGS. The diagnosis is based on
recognition of associated anomalies and hepatic histol-
ogy with a paucity of intralobular bile ducts (50.5 bile
ducts per portal tract). Both sexes are equally affected
and infants usually demonstrate mild growth failure.
Patients with AGS present with mild to severe cholesta-
sis although serum alkaline phosphatase, g-glutamyl
transferase (GGT), and cholesterol are markedly ele-
vated, especially early in life. Serum bile acids are always
elevated. Aminotransferases are mildly increased, but
clotting factors and other liver proteins are usually
normal.

A characteristic facies is often described at an early
stage, although it becomes more obvious with age. Dur-
ing childhood, the forehead, ears and nasal bridge are
prominent, eyes are deep set and widely spaced, and the
chin is small, slightly pointed and projected forward.
Cardiac murmurs are present in 95% of patients and
cardiac anomalies range from the more common periph-
eral and valvular pulmonary stenosis to complex lesions
such as tetralogy of Fallot. Butter¯y vertebrae (incom-
plete fusion of the vertebral body or anterior arch) occur
in up to 50% of affected individuals. Ocular anomalies
are varied; however, the most common is posterior em-
bryotoxon, which is identi®ed on ophthalmic evalua-
tion in up to 90% of patients. Posterior embryotoxon is
a prominent Schwalbe's ring or line at the point where
corneal endothelium and uveal trabecular meshwork
join. Renal anomalies occur in about 50% of patients
and include solitary, bi®d, ectopic, or horseshoe kidney;
renal tubular acidosis; or interstitial nephropathy.

AGS must be differentiated from other causes of
cholestasis, and most importantly from biliary atresia.
Abdominal ultrasound will exclude choledochal cyst.
Radionuclide imaging may be abnormal but is not spe-
ci®c; up to 60% of AGS patients will not show excretion
of label into the bowel. Liver histology is the most useful
preoperative study for the discrimination of AGS from
biliary atresia. Unfortunately, in very young infants, bile
ducts may be present, confounding the diagnosis.
Intraoperative cholangiogram may reveal an anatomi-
cally normal but very narrow extrahepatic biliary tree.
The diagnosis is made with appropriate hepatic
pathology and at least two of the above-mentioned

extrahepatic organ system anomalies, or by ®nding a
JAG1 mutation.

Prognosis and management of AGS Treatment
is aimed at medical management of chronic cholestasis
(Table II). Growth retardation with normal to increased
levels of growth hormone is common. Pruritus is the
most severe of any chronic liver disease. Although rarely
present before 3ÿ5 months of age, it is observed in most
children by the third year of life, even in those who are
anicteric. Xanthomas are common in patients with a
serum cholesterol >500 mg/dl and cholesterol may
reach levels up to 2000 mg/dl. Total serum bile salt
elevation up to 100 times the upper limit of normal is
the most dramatic laboratory abnormality.

Approximately 30ÿ40% of patients develop compli-
cations and progress to cirrhosis, portal hypertension,
or synthetic liver failure. Liver transplantation is even-
tually necessary in 20ÿ50% of patients who have
hepatic symptoms in infancy. Indications for transplant-
ation include synthetic failure, complications of portal
hypertension, bone fractures, intractable pruritus, dis-
®guring xanthomata, and growth failure. Posttransplant
survival is approximately 90% in patients without
signi®cant cardiac or renal anomalies.

Nonsyndromic Paucity of Interlobular
Biliary Ducts

Nonsyndromic bile duct paucity is the term used to
describe all instances of paucity except those occurring
in AGS. This term includes cases either with or without
an associated `̀ primary'' disease. The overall prognosis
for nonsyndromic paucity is poor, with over 70% of
cases progressing to cirrhosis. The prognosis is associ-
ated with the prognosis of the primary disease, which
can include trisomy 21, hypopituitarism, cystic ®brosis,
a1-antitrypsin de®ciency, cytomegalovirus infection,
congenital rubella, chromosomal abnormalities, graft-
versus-host disease, primary sclerosing cholangitis
(idiopathic), Zellweger syndrome, and some cases of
progressive familial intrahepatic cholestasis or inborn
errors of bile acid synthesis. Nonsyndromic paucity
without an identi®able primary disorder may be a result
of a yet unknown metabolic defect.

Progressive Familial Intrahepatic Cholestasis

Progressive familial intrahepatic cholestasis (PFIC)
manifests as inherited disorders that present as chole-
stasis in the neonatal period up to the ®rst year of life.
There are several distinct phenotypes. The pattern of
affected children within families is suggestive of auto-
somal recessive inheritance. Recent molecular and
genetic studies have allowed the identi®cation of
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genes responsible for three types of PFIC. Additionally,
recognition of abnormal bile acid patterns has allowed
for identi®cation of several disorders of bile synthesis.

PFIC Type 1 (Byler's Disease)

Progressive familial cholestasis type 1 was ®rst de-
scribed in the Amish, as descendants of Jacob Byler. This
disorder consists of at least three clinical entities
previously considered to be unrelated: PFIC-1, benign
recurrent intrahepatic cholestasis (BRIC), and
Greenland familial cholestasis (GFC). Patients usually
present with severe pruritus, diarrhea, jaundice, and low
or normal GGT and cholesterol levels, and may develop
sensorineural hearing loss. In both PFIC-1 and GFC, the
disease is progressive and leads to cirrhosis and death
from liver failure in the ®rst decade of life.

Etiology of PFIC-1 A locus for PFIC-1 has been
mapped to 18q21ÿq22 in the original Byler pedigree.
Genetic studies have revealed locus heterogeneity in the
ATP8B1 (FIC1) gene locus. The gene product is a P-type
ATPase that may be involved in transport of aminophos-
pholipids. The gene is expressed on the canalicular
membrane in the liver, small intestine, pancreas, and
other organs. The exact function is not known, but it is
postulated that mutations in FIC1 indirectly disturb
biliary secretion of bile acids.

Diagnosis and management of PFIC-1 Diagnosis
is based on the exclusion of other cholestatic disorders,
especially biliary atresia. There is no speci®c diagnostic
test, but patients will have varying degrees of cholestasis
and normal or low serum GGT and cholesterol levels.
Serum aminotransferases may be variably elevated and
clotting factors are normal. Genetic tests may reveal
mutations of FIC1. Liver histology reveals ®brosis, can-
alicular cholestasis, and absence of ductular prolifera-
tion. Electron microscopy reveals characteristic
coarsely granular bile within the canaliculus.

No speci®c treatment is available for PFIC-1. Med-
ical management is aimed at the treatment of chronic
cholestasis (Table II). Ursodeoxycholic acid and partial
external biliary diversion may present alternative op-
tions to liver transplantation. Liver tests normalize in
40% of patients treated with ursodeoxycholic acid. Par-
tial external biliary diversion can provide effective relief
from pruritus, improve growth, and appears to stabilize
or even reverse liver ®brosis.

PFIC Type 2

Progressive familial intrahepatic cholestasis type 2
is clinically indistinguishable from PFIC type 1 except
that diarrhea may be less common. Patients are

unrelated to the original Byler family and have
previously been considered to have `̀ Byler syndrome.''
Patients present with cholestasis, pruritus, and low or
normal GGT and cholesterol levels. Serum bile acids are
elevated and biliary bile acids are low.

Etiology of PFIC-2 Genetic studies of patients
with phenotypic ®ndings suggestive of PFIC-1 but un-
related to the Byler kindred have revealed mutations in
the ABCB11 locus, which has been mapped to 2q24. The
gene product is the ATP-dependent bile salt export
pump (BSEP), which is localized to the canalicular
membrane. Multiple mutations have been identi®ed.
It is proposed that impaired bile secretion causes accu-
mulation of intracellular bile acids and ongoing hepato-
cellular damage.

Diagnosis, prognosis, and management of PFIC-2
Diagnosis is the same as for PFIC-1 with the exception of
liver histology. Liver histology reveals ®brosis, canalic-
ular cholestasis, and absence of biliary ductular prolif-
eration as in PFIC-1, but there is an increase in lobular
disarray, ®brosis, in¯ammation, and presence of giant
cell transformation. Electron micrographs reveal amor-
phous bile in the biliary canaliculus.

Patients with PFIC-2 have a more rapid progression
to cirrhosis compared to patients with PFIC-1 and usu-
ally suffer end-stage liver disease in the ®rst few years of
life. Medical management is similar and, because most
patients ultimately undergo liver transplantation, early
treatment with ursodeoxycholic acid and/or partial
external biliary diversion should be considered.

PFIC Type 3

Progressive familial intrahepatic cholestasis type-3
can be distinguished from the other forms of PFIC by a
high serum GGT level. In general, patients with PFIC-3
usually present somewhat later in childhood, with only
30% of cases presenting during the ®rst year of life.
Gastrointestinal bleeding due to portal hypertension
is often the presenting symptom in older children.

Insight into the etiology of PFIC-3 has resulted
from the identi®cation of a similar nonsuppurative
cholangitis in mice with a homozygous mutation of
the mdr2 gene. The mouse mdr2 and the human multi-
drug resistance 3 gene, (MDR-3) are P-glycoproteins that
function as phospholipid translocators involved in
biliary phosphatidylcholine secretion. The gene prod-
uct is predominantly expressed in the canalicular
membrane of hepatocytes. It is proposed that the
liver pathology is a result of the toxic effects of bile
acids on bile duct epithelia in the absence of biliary
phospholipids.

Diagnosis, prognosis, and management of PFIC-3
Patients present with mild and variable pruritus,
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moderately elevated serum bile acids, and normal bili-
ary bile acids. Cholesterol is normal but GGT is
markedly elevated, distinguishing type 3 from types 1
and 2. Serum lipoprotein X is absent. Liver histology of
PFIC-3 also differs from PFIC types 1 and 2. There is a
prominence of portal tract in¯ammatory in®ltrate and
profound bile ductular proliferation. Care must be given
to distinguish PFIC-3 from biliary atresia when the pa-
tient is a neonate.

Patients with PFIC-3 ultimately progress to end-
stage liver disease, portal hypertension, and variceal
hemorrhage. Due to the progressive nature of the
disorder, children often require rescue liver transplant-
ation. Partial biliary diversion has not been uniformly
helpful. There is a varied response to treatment with
ursodeoxycholic acid and up to 45% of patients will
have some improvement in liver tests. Responders
may represent a partial or missense mutation, and
have some residual phospholipid transport.

Idiopathic Neonatal Hepatitis

Neonatal hepatitis is de®ned as a clinicopathologic
disorder in the absence of an identi®able etiology and is
among the most common causes of neonatal cholestasis.
Previously, neonatal hepatitis accounted for up to 50%
of all cases. Over time, the relative percentage of cases
has decreased to 25ÿ30% due to recognition of speci®c
disorders mimicking neonatal hepatitis. Two distinct
patterns have been identi®ed, familial and sporadic.
The sporadic form occurs more frequently and has a
better prognosis; over 80% of infants will recover or
have residual nonprogressive liver disease. Familial
neonatal hepatitis has a poorer prognosis, with up to
80% of patients developing end-stage liver disease. Most
investigators believe that the familial form represents
variants of PFIC and other undiscovered genetic disor-
ders. Other diseases that originally were classi®ed as
idiopathic neonatal hepatitis include identi®ed infec-
tions, a1-antitrypsin de®ciency, Alagille's syndrome,
NiemannÿPick type C, PFIC, bile acid synthesis de-
fects, and other inherited metabolic defects.

Diagnosis, Treatment, and Management
of Neonatal Hepatitis

Neonatal hepatitis has a higher prevalence in males
and there is often an associated history of intrauterine
growth retardation, prematurity, poor feeding, emesis,
growth failure, and partially or intermittently acholic
stools. The liver may be enlarged or small but is often
®rm, and splenomegaly may be present. Laboratory
studies are varied; however, serum aminotransferases
are usuallymarkedlyelevated. Alkaline phosphatase and

GGT levels are variable. The prothrombin time may be
abnormal due to vitamin K de®ciency. Abdominal ul-
trasound may reveal a heterogeneous hyperechoic liver
with a normal gallbladder. Radionuclide studies often
are nonexcreting and do not reliably distinguish
neonatal hepatitis from biliary atresia. Liver histology
reveals marked lobular disarray, hepatocellular balloon-
ing, focal hepatic necrosis, multinuclear giant cell
transformation, hepatocellular cholestasis, and extra-
medullary hematopoiesis. Varying degrees of ®brosis
may be present. Portal tracts may be expanded with
an in¯ammatory in®ltrate but there is an absence of
bile ductular proliferation. Intraoperative cholangio-
gram will reveal an intact extra- and intrahepatic biliary
tree, although it may appear hypoplastic.

There is no speci®c treatment for neonatal hepatitis.
As with other neonatal cholestatic disorders, the treat-
ment is aimed at prevention and ultimately treatment of
complications of cholestasis (Table II). Prognosis for
sporadic neonatal hepatitis is generally good, with
most infants having either a complete or partial recovery
without progression to end-stage liver disease.

Metabolic or Genetic Disorders Associated
with Neonatal Cholestasis

Metabolic disorders present with a wide variety
of clinical manifestations depending on the nature of
underlying defect. Table III provides a summary of
these disorders, their metabolic defect, characteristic
hepatic pathology, and de®nitive diagnostic test.

Disorders of Bile Acid Synthesis

In 1984, infants with suspected neonatal cholestasis
were screened for defects in bile acid synthesis using the
then-novel technique of fast-atom bombardment ioni-
zation mass spectrometry (FAB-MS). The presumption
was that infants with idiopathic neonatal cholestasis had
an unrecognized infection or genetic defect as the pri-
mary cause of their disorder. Using this approach, six
defects in bile acid synthesis have been identi®ed to date
and account for 2ÿ3% of cholestatic disorders of infancy
and childhood. In neonates, the presentation is similar
to PFIC. Laboratory tests are variable, but all infants
have atypical urinary bile acids identi®ed by FAB-MS.

3b-Hydroxy-C27-steroid dehydrogenase/isomerase
de®ciency This defect was ®rst identi®ed in a Saudi
Arabian patient who was the third of ®ve children to be
affected with a progressive familial cholestasis. All of the
children were products of a consanguineous marriage
and the older two affected siblings had died. All had
elevated levels of aminotransferases and a normal
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TABLE III Metabolic and Genetic Causes of Neonatal Cholestasisa

Disease Inborn error Hepatic pathologyb Diagnostic studies

Galactosemia Galactose-1-phosphate uridylyltransferase

de®ciency

Cholestasis, steatosis, necrosis, pseudoacini,

®brosis

Galactose-1-phosphate uridylyltransferase

assay of red blood cells

Fructose intolerance Fructose-1-phosphate aldolase de®ciency Steatosis, necrosis, pseudoacini, ®brosis Liver fructose-1-phosphate aldolase assay or

leukocyte DNA analysis

Tyrosinemia Fumarylacetoacetase de®ciency Necrosis, steatosis, pseudoacini, portal

®brosis

Urinary succinylacetone, fumarylacetoace-

tase assay of red blood cells

Cystic ®brosis Cystic ®brosis transmembrane conductance

regulator gene mutations

Cholestasis, neoductular proliferation,

excess bile duct mucus, portal ®brosis

Sweat test and leukocyte DNA analysis

Hypopituitarism De®cient production of pituitary hormones Cholestasis, giant cells Thyroxine, thyroid-stimulating hormone,

cortisol levels

a1-Antitrypsin de®ciency a1-Antitrypsin gene mutations (PiZZ

phenotype)

Giant cells, cholestasis, steatosis,

neoductular proliferation, ®brosis, PAS-

diastase-resistant cytoplasmic granules

Serum a1-antitrypsin phenotype

Gaucher's disease b-Glucosidase de®ciency Cholestasis, cytoplasmic inclusions in

Kupffer cells (foam cells)

b-Glucosidase assay in leukocytes

NiemannÿPick disease Lysosomal sphingomyelinase de®ciency Cholestasis, cytoplasmic inclusions in

Kupffer cells

Sphingomyelinase assay of leukocytes or

liver or ®broblasts (type C); leukocyte

DNA analysis

Glycogen storage disease type IV Branching enzyme de®ciency Fibrosis, cirrhosis, PAS-diastase-resistant

cytoplasmic inclusions

Branching enzyme analysis of leukocytes or

liver

Neonatal iron storage disease Unknown Giant cells, portal ®brosis, hemosiderosis,

cirrhosis

Histology, iron stains, buccal mucosa

biopsy

Peroxisomal disorders (e.g.,

Zellweger syndrome)

De®cient peroxisomal enzymes or assembly Cholestasis, necrosis, ®brosis, cirrhosis,

hemosiderosis

Plasma very-long-chain fatty acids, qualita-

tive bile acids, plasmalogen, pipecolic

acid, liver electron microscopy

Abnormalities in bile acid

metabolism

Several enzyme de®ciencies de®ned Cholestasis, necrosis, giant cells Urine, serum, duodenal ¯uid analyzed for

bile acids by fast-atom bombardment

mass spectroscopy

PFIC types 1 and 2 FIC1 and BSEP gene mutations Cholestasis, necrosis, giant cells, ®brosis,

(pericentral)

Histology, family history, normal cholesterol,

low or normal g-glutamyltranspeptidase,

DNA analysis

PFIC type 3 MDR-3 gene mutations Cholestasis, bile duct proliferation, portal

®brosis

Bile phospholipid level, DNA analysis

Alagille's syndrome (syndromic

paucity of interlobular bile

ducts)

Jagged 1 gene mutations Cholestasis, paucity of interlobular bile

ducts, increased copper levels

Three or more clinical features, liver

histology, DNA analysis

a Modi®ed from Sokol and Narkewicz (2003). `̀ Current Pediatric Diagnosis and Treatment.'' With permission of The MacGraw-Hill Companies.
b PAS, periodic acidÿSchiff.



GGT level. Total serum bile acid levels were normal,
despite the degree of cholestasis. The defect identi®ed
was in the second step in primary bile acid synthesis,
disrupting the conversion of 7a-hydroxycholesterol to
7a-hydroxy-4-cholesten-3-one. FAB-MS of urine iden-
ti®ed a qualitative absence of normal glyco- and tauro-
conjugates of primary bile acids. Treatment with oral
cholic acid, 250 mg/day, normalized biochemical pa-
rameters and reversed liver disease in all cases.

D4-3-Oxosteroid 5b-reductase de®ciency The
defect was ®rst identi®ed in monochorionic twin boys
whose older brother had died of neonatal hepatitis. Un-
like 3b-hydroxy-C27-steroid dehydrogenase/isomerase
de®ciency, serum GGT was elevated. In this condition,
serum bile acids may be elevated, depending on the
assay methodology. FAB-MS identi®ed that over 90%
of urine bile acids were atypical. If treatment with cholic
and ursodeoxycholic acid is initiated prior to the onset
of signi®cant liver injury, resolution of jaundice and
normalization of biochemical parameters can be
achieved. The dose of oral bile acids is based on mon-
itoring urine D4-3-oxo bile acids.

Oxysterol 7a-hydroxylase de®ciency Described
in only one 10-week-old male infant, this disorder is

manifested by progressive cholestasis, cirrhosis, and
liver synthetic failure. This infant had hepatosplenome-
galy, elevated serum aminotransferases, and a low GGT
level. FAB-MS of urine revealed an absence of primary
bile acids and an abundance of monohydroxy bile
acids. Treatment with ursodeoxycholic acid led to
deterioration of liver tests, and cholic acid therapy
proved ineffective.

a1-Antitrypsin De®ciency

a1-Antitrypsin(A1AT)de®ciencywas®rstdescribed
in 1969 as a distinct entity causing neonatal cholestasis.
A1AT de®ciency accounts for up to 10% of all cases of
neonatal cholestasis. There are three major alleles, M, S,
and Z. A1AT de®ciency is an autosomal recessive
disorder associated with an 85ÿ90% reduction of
serum A1AT levels. Homozygous ZZ is relatively com-
mon, affecting about 1 in 2000 live births. Signi®cant
liver disease occurs in up to 20% of affected individuals.
Compound heterozygotes (SZ) are at similar risk for
liver disease. The gene product is a serine protease in-
hibitor that is active against proteases released from
activated neutrophils. The gene defect reduces the sta-
bility of the monomeric form, causing polymerization,
misfolding, and retention of the gene product in the
endoplasmic reticulum. The mechanism of how the ab-
normally retained product causes liver disease has yet
to be elucidated. Homozygous ZZ adults suffer from

emphysema, most likely as a result of decreased circu-
lating levels of the protease inhibitor, and pulmonary
damage by neutrophil elastase.

Affected infants presenting with neonatal cholestasis
often have mild growth failure. Serum aminotransfer-
ase, alkaline phosphatase, and GGT levels are often
elevated. About 10% of affected infants will have
hepatosplenomegaly, ascites, and liver synthetic dys-
function. This disorder must be distinguished from bil-
iary atresia. There is a report of A1AT de®ciency and
biliary atresia occurring in a single patient. Liver ultra-
sound is usually normal. Often patients exhibiting ZZ or
SZ phenotypes have no radionuclide biliary excretion.
Serum A1AT level will be markedly reduced; serum
A1AT level in conjunction with a Pi phenotype should
be measured. Liver biopsy will reveal characteristic peri-
odic acidÿSchiff (PAS)-positive diastase-resistant glob-
ules in the periportal hepatocytes. There is no speci®c
treatment for this disorder. Liver transplantation is
curative for end-stage liver disease and prevents the
development or worsening of lung disease.

Hereditary Tyrosinemia Type 1

Tyrosinemia was ®rst described in 1932. Almost all
infants died of liver disease or hepatocellular carcinoma
in infancy or early childhood. In 1977, the defect
was identi®ed as a de®ciency of fumaryl acetoacetate
hydrolase, which is the last enzyme in the tyrosine deg-
radation pathway. The result is an accumulation of
succinylacetone, which can be measured in urine.
Tyrosinemia is inherited as an autosomal recessive
trait. Overall, this is a relatively rare disorder with a
frequency of 1 in 100,000 live births. It is most common
in French Canadians, particularly the Lac St.-Jean area
of northern Quebec, where the incidence is 1 in 1846
live births.

Infants usually present in the ®rst 2 months of life
with cirrhosis or decreased hepatic synthetic function
manifested as a coagulopathy and ascites for which the
cause is not evident. The diagnosis is made by identi®-
cation of succinylacetone in the urine. Previously, all
infants underwent urgent liver transplantation until the
discovery of 2(-2-nitro-4-tri¯uoromethylbenzoyl)-1,3-
cyclohexanedione (NTBC) as a therapeutic agent.
NTBC is an herbicide that inhibits the second enzyme
in the tyrosine degradation pathway. The initial dose is
1 mg/kg/day, and blood tyrosine levels are monitored. In
a recently published study of over 300 patients world-
wide, over 95% responded to treatment without appar-
ent side effects. Concern remains regarding the
development of hepatocellular carcinoma despite
effective treatment. In addition to NTBC, patients
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continue a phenylalanine- and tyrosine-restricted diet
and are monitored for blood tyrosine and a-fetoprotein
levels.

SUMMARY

Cholestatic disorders can be classi®ed into several
large categories. These include intra- and extrahepatic
biliary obstruction, metabolic disorders, congenital
or acquired infections, and in®ltrative disease. Despite
the wide variety of causes, the clinical presentation of
the different types of neonatal cholestasis is similar,
re¯ecting the response of a physiologically immature
liver to a variety of insults. There are, however,
some unique clinical clues to allow for a directed and
cost-effective approach to diagnosis and treatment of
neonatal cholestasis. Further research will undoubtedly
identify other genetic defects causing neonatal
cholestasis.
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Neonatal Hemochromatosis
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b2-microglobulin A 12 kDa nonpolymorphic immunoglobu-

lin-like polypeptide that is homologous to the C3 domain

of IgG and is one subunit of the major histocompatibility

class I antigens.

hereditary hemochromatosis A common autosomal reces-

sive disorder of excessive intestinal absorption of iron,

resulting in iron deposits on the liver and other organs,

affecting adults.

oligohydramnios Insuf®cient amniotic ¯uid.

polyhydramnios Excessive amniotic ¯uid.

SjoÈgren's syndrome An immunological disorder causing

mucosal and conjunctival dryness from progressive

destruction of exocrine glands and associated with other

autoimmune phenomena.

Hereditary hemochromatosis is a common autosomal re-

cessive disorder, resulting in excessive iron deposition in

the liver as well as in extrahepatic sites. Symptoms related

tohepatic insuf®ciency, cardiacdysfunction,orendocrino-

logical abnormalities usually present between 40 and 60

years of age. Involvement in adults under the age of 30 years

is uncommon and involvement in children has only rarely

been reported. Neonatal hemochromatosis (NH), also

known as neonatal iron storage disease, is a phenotypically

similar disorder; however, its extremely early onset of liver

failure makes it notably unique. Originally described

in 1957, there have now been over 100 cases reported.

Liver failure in the ®rst 30 days of life is uncommon, with

neonatesrepresentinglessthan2%ofchildrenlistedfor liver

transplantation, but of these few patients, NH may be one of

the most common causes of liver failure. Despite a lack of

clear etiology and pathogenesis and the possibility that it is

not a primary disease state, the syndrome of NH is now well

recognized and universally found to have an aggressive

course and carry a poor prognosis. This article discusses

the most common clinical presentation as well as less com-

mon clinical associations. Genetic inheritance and theories

that pertain to abnormal iron metabolism versus NH as the

®nal pathway of multiple possible in utero insults are also

reviewed. Methods of diagnosis, liver histology, treatment,

and prognosis are discussed.

CLINICAL PRESENTATION

When not stillborn, infants with neonatal hemochroma-
tosis (NH) are frequently premature or are small for

gestational age. The pregnancy may be complicated
by intrauterine growth retardation, oligohydramnios,
placental edema, or sometimes polyhydramnios. Illness
is usually evident within hours of birth, although there
have been individuals diagnosed at a few weeks of age.
Patients have features of liver failure with hypoalbu-
minemia, hypoglycemia, coagulopathy, low ®brinogen,
and, frequently, thrombocytopenia and anemia. If not
present at birth, ascites develops shortly thereafter, as
does hyperbilirubinemia. Transaminase levels are char-
acteristically low.

Clearly the onset of the liver disease is in utero with
end-stage liver disease already established even in
the prematurely born infant. Hepatocellular synthetic
insuf®ciency can explain the coagulopathy, low ®brin-
ogen, and hypoalbuminemia. The hypoalbuminemia in
turn contributes to a low intravascular oncotic pres-
sure, edema, contracted blood volume, oliguria, and
resultant oligohydramnios. The edema and ascites
may be due to anemia, heart failure, or portal hyper-
tension. The characteristically low transaminases
and hypoglycemia, which is secondary to poor glyco-
gen stores, are evidence of overall hepatocellular
loss. The frequently seen anemia is probably multifac-
torial, caused by severely limited hepatic erythropoie-
sis, acquired defects in erythrocyte membranes due
to liver disease, and hypotransferrinemia and low
erythropoietin levels due to hepatocellular synthetic
insuf®ciency.

OTHER CLINICAL ASSOCIATIONS

The NH phenotype, with respect to clinical presenta-
tion, laboratory abnormalities, liver histology, and pa-
renchymal iron deposition, has also been seen in
children ultimately diagnosed with D4-3-oxosteroid
5b-reductase de®ciency, a defect in bile acid synthesis.
Clayton points out, however, that this enzyme is labile
and hence its activity may be substantially reduced with
hepatocyte damage. Consequently,D4-3-oxosteroid 5b-
reductase de®ciency may or may not be a primary
diagnosis in a subset of NH patients.

A report of an infant with NH born to a mother with
SjoÈgren's syndrome and high levels of anti-Ro/SS-A and
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anti-La/SS-B antibodies raises the possibility of an
autoimmune pathophysiology to this condition.

Most patients with NH do not have other signi®cant
congenital abnormalities; however, patients with two
separate syndromes have been described with some fre-
quency. Four children, two pairs of siblings, have been
reported with trichomalacia, diarrhea, facial dysmor-
phology, and some degree of congenital heart disease;
Verloes et al. coined the name `̀ tricho-hepato-enteric
syndrome'' to describe the condition. Additionally,
four patients have been described with NH and renal
tubular dysgenesis, also an autosomal recessive condi-
tion. These ®ndings support the concept that NH is the
result of an in utero insult to the fetus.

GENETICS

There have been family analyses to determine whether
there is a genetic basis for NH and whether there is a
genetic link to hereditary hemochromatosis. Transmis-
sion of the disorder has been described as autosomal
recessive, codominant, and autosomal dominant with
variable penetrance. There are now multiple reports of
recurrence of NH in siblings and half-siblings. In most
analyses of family occurrences, an autosomal recessive
pattern of inheritance has emerged. Another observa-
tion, however, cannot be ignored. Several women have
had infants with NH fathered by different men, yet no
man has fathered children with NH with different
women. This suggests possible mitochondrial inheri-
tance, an acquired and persistent maternal factor, or
gonadal mosaicism for a dominant mutation lethal in
spermatogenesis but not in oogenesis.

A genetic relationship with hereditary hemochro-
matosis is an attractive idea since the distribution of
parenchymal iron and the liver histology in the two
conditions are similar. The HFE (hereditary hemochro-
matosis) gene is mutated in the majority of patients with
hereditary hemochromatosis. This gene is located on
the short arm of chromosome 6 and there is an associ-
ation with the human leukocyte antigen (HLA)-A3 al-
loantigen. The HFE gene mutation has been found in
parents of children with NH and parents and affected
children may share the HLA-A3 alloantigen. Other
studies have disputed this link and association, how-
ever. Furthermore, infants with the HFE gene mutation
do not necessarily have NH.

IRON METABOLISM AND THE
PHYSIOLOGIC BASIS OF DISEASE

The bulk of the body's iron is found as essential
iron, speci®cally heme compounds: enzymes with

ironÿsulfur complexes. The largest store of essential
iron is erythron in red blood cells, the next largest frac-
tion is found in myoglobin in muscle, and, the third
largest fraction is present in mitochondrial enzymes.
These iron fractions are essential for bodily functioning.
Iron in these forms is relatively stable, limited by the life
span of the cells in which it is contained.

Tissue iron is stored primarily in ferritin. Ferritin is a
polypeptide sphere that encloses iron atoms and it is
found in cellular cytoplasm and lysosomal membranes.
Glycosylated, iron-free ferritin is secreted into the
serum from all ferritin-producing cells and therefore
re¯ects tissue iron stores. Ferritin secretion into
serum increases, however, under conditions of in¯am-
mation, particularly when the in¯ammation involves
ferritin-rich tissues. In lysosomes, the ferritin molecules
aggregate and the degraded polypeptides and iron coa-
lesce into hemosiderin, which can be seen with Prussian
blue staining under light microscopy.

Transferrin, the main molecule that mediates the
transfer of iron between tissues, is a single polypeptide
with two iron-binding sites. Occupation of none
(apoferric), one (monoferric), or both (diferric) of the
iron-binding sites determines the degree of iron satura-
tion. Transfer of the iron to tissues occurs by the inter-
action of the transferrinÿiron complex with speci®c
membrane receptors and subsequent internalization
of the transferrinÿiron complex. Fibroblasts from
patients with NH synthesize ferritin and transferrin
receptors and iron regulates the cellular expression of
ferritin and transferrin receptors to the same degree as
do ®broblasts from individuals without NH. Further-
more, the intracellular processes by which iron is me-
tabolized are unaffected in NH ®broblasts. It is now
known that the transferrin receptor interacts with
both HFE protein and b2-microglobulin (b2M). Proper
interaction of these molecules allows for regulated in-
ternalization and subsequent cycling back to the cell
surface of the transferrinÿironÿHFE proteinÿb2M
complex, therefore maintaining correct tissue-iron con-
centrations. In hereditary hemochromatosis, mutation
of the HFE gene results in an abnormal HFE protein that
does not associate with b2M and after internalization is
not transported back to the cell surface. HFE protein is
expressed in the crypt cells of the small intestine. It is
believed that in individuals with homozygosity for spe-
ci®c HFE gene mutations (C282Y and H63D), the mu-
tant HFE is trapped extracellularly, hence impeding the
transport of iron via the transferrinÿtransferrin recep-
tor interaction. Parkkila et al. found that the transferrin
receptor and HFE proteinÿb2M complex are also
located in the apical plasma membrane of the
syncytotrophoblast cells of the fetal placenta, thus
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playing a role in iron transport across the placenta.
Placental iron levels, in turn, may regulate the express-
ion of transferrin receptors on the syncytotrophoblast
apical plasma membrane and therefore maintain steady
iron uptake into the placenta.

Non-transferrin-bound iron (NTBI) ligands may
also play a role in hemochromatosis. In hereditary he-
mochromatosis, a chelator-inaccessible fraction of NTBI
has been observed. The identity of this presumably high-
af®nity ligand has not yet been elucidated. In the case of
hemochromatosis, it is possible that this NTBI-ligand
fraction is extruded from the cytoplasm of damaged
cells. Cytoferrin (host-associated iron transfer factor),
an iron-binding compound of lower molecular weight
than transferrin, is found mainly in the cellular cyto-
plasm but also in low concentrations in serum. Cyto-
ferrin concentrations are known to increase with liver
disease or in the setting of iron loading. Knisely et al.
compared the serum concentration of cytoferrin among
adult nonselected women, parturient women, normal
infants (cord serum), and an infant with NH. The differ-
ence between parturient and nonparturient women was
not signi®cant. Cord sera from normal neonates, how-
ever, had a cytoferrin concentration twice that of the
women and sera from the NH infant had a concentration
270 times that of the women. The transplacental gradi-
ent of cytoferrin suggests that this compound may be
involved in maternofetal transport of iron. The dramatic
increase in cytoferrin in the NH neonate may simply be
secondary to the liver disease, but its possible role in this
disorder warrants further investigation.

DIAGNOSIS

Diagnosis is generally made after other causes of neo-
natal liver failure are excluded (Table I) and con®rma-
tory tests have been performed. Serum concentrations of
ferritin are elevated in patients with NH; thus, an ele-
vated ferritin will help to con®rm the diagnosis. How-
ever, body-iron stores are normally high in infancy;
furthermore, elevated ferritin is nonspeci®c and may
simply represent total body overload, nonspeci®c
liver disease, or in¯ammation. When measured, the
iron-binding capacity (transferrin) is low, re¯ecting
the impaired synthetic ability of the liver. The percent-
age iron saturation, however, has been reported to
markedly exceed the normally high saturation seen in
the cord blood of newborns without liver disease (80%),
with saturations of 95 to 100% being common.

Siderosis of the liver is normal in the third trimester
but can be distinguished from NH hepatic siderosis by
the extrahepatic siderosis with reticuloendothelial spar-
ing. Speci®cally, although the iron deposition in NH is

most notable in the liver, it is also present in the heart,
pancreas, exocrine and endocrine organs, intestines,
and gastric and salivary glands. The siderosis explicitly
spares the reticuloendothelial elements, however, as it
does in hereditary hemochromatosis. Siderosis of extra-
hepatic sites including the salivary glands makes it pos-
sible to verify the diagnosis histologically without the
need for a liver biopsy. Knisely et al. showed that side-
rosis of acinar epithelial cells was found in the minor
salivary glands of all patients proven to have NH and in
none of 30 patients without liver disease. Salivary
gland siderosis was also seen in patients with tyro-
sinemia, parvovirus B19, rubella, a-thalassemia, and
renalÿhepaticÿpancreatic cystic dysplasia of Ivemark,
but these could generally be distinguished on other
clinical and laboratory grounds.

Due to the paramagnetic in¯uence of ferric ions
(Fe3�) on the image signal during magnetic resonance
imaging (MRI), this radiological tool can be useful in the
diagnostic evaluation of an infant with possible NH. The
signal alterations caused by the ferric ions cause short-
ening of the T1 and, more impressively, the T2 relaxa-
tion times. Any tissue containing iron will therefore
have low signal intensity. In NH with T2-weighted im-
ages, the signal intensity of the liver and pancreas will be
lower than that of the normal-intensity spleen. Further-
more, the more rapid imaging possible with T2 gradient-
recalled echo can be used for morphologic and
functional assessment of myocardial siderosis. In situ-
ations where a fetus is at risk of having NH, MRI can also
be used to evaluate the infant during the third trimester
of pregnancy. In this case, fetal liver intensity can
be compared to other fetal tissues and to the mother's
liver.

LIVER HISTOLOGY

Nodular cirrhosis with severe cholestasis is typically
found at the time of biopsy or autopsy. It is not unusual
to see regenerating nodules separated by wide bands of
bland ®brosis containing proliferating bile ducts and
multinucleated giant cells. Central vein sclerosis with
thickened venular walls and lumens either stenosed or
occluded by ®brous tissue is also common. The siderosis
is always, by de®nition, signi®cant. Within tubular he-
patocytes, hemosiderin occupies the apical cytoplasm
adjacent to the bile canaliculi. In hepatic giant cells, the
iron and bile are more diffusely distributed. Extra-
medullary erythropoiesis, usually obviously apparent
in the neonate, is found only in the sinusoids of liver
nodules in NH and probably contributes to the anemia
in these patients. Although less common, hepatocellular
carcinoma has been reported in cases of NH at the time
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TABLE I Differential Diagnosis in Neonatal Liver Failure

Disease category Disease Diagnostic tests

Metabolic Galactosemia Urine reducing substances

Red blood cell galactose-1-phosphate uridyl transferase

Tyrosinemia Plasma quantitative amino acids

Urine succinylacetone

a-Fetoprotein

Neonatal hemochromatosis Salivary gland or liver biopsy

Hypersaturation of transferrin with decreased absolute transferrin

concentrations

Appropriate pattern of hepatic and extrahepatic siderosis on MRI

D4-3-Oxosteroid 5b-reductase de®ciency Urinary bile acid analysis by fast-atom-bombardment mass

spectroscopy

Hereditary fructose intolerance Liver aldolase activity

Allele-speci®c oligonucleotide analysis of peripheral genomic DNA

Storage diseases a1-Antitrypsin de®ciency Quantitative serum a1-antitrypsin level

Protease inhibitor typing

Zellweger syndrome Plasma very long plasma fatty acids

Niemann±Pick disease type C Skin biopsy for ®broblast culture

Studies of cholesterol esteri®cation and accumulation

Glycogen storage disease type IV Skin biopsy for branching enzyme assay in cultured ®broblasts

Liver biopsy

Infectious Parvovirus B19 IgM

Blood PCR

Echovirus 9 Culture from pharynx or blood

PCR

Coxsackie virus Culture from urine or blood

PCR

Adenovirus IgM

Culture from urine or blood

Cytomegalovirus Buffy coat antigen

IgM

Herpes simplex virus Culture from nasopharynx or rectal swab

Buffy coat PCR

Hepatitis A virus IgM

Hepatitis B virus HBsAg

PCR

Hepatitis C virus PCR

Rubella IgM

Culture from urine or nasopharynx

Syphilis VDRL or RPR

Toxoplasmosis DS-IgM EIA or ISAGA

Human herpes virus 6 Blood PCR

Other Hemophagocytic lymphohistiocytosis Hemophagocytic histiocytosis in liver and bone marrow

Mitochondrial cytopathy Lactic acidosis

Muscle or liver biopsy for analysis of respiratory chain enzyme

function

Neonatal lupus erythematosus Maternal anti-Ro/SS-A and anti-La/SS-B antibodies

Hepatic neuroblastoma Ultrasound or computed tomography

Biopsy of mass

Budd±Chiari syndrome Doppler ultrasound

Note. DS-IgM EIA, Double-sandwich IgM enzyme immunoassay; HBsAg, Hepatitis B surface antigen; IgM, Immunoglobulin M; ISAGA, IgM

Immunosorbent agglutination assay; PCR, Polymerase chain reaction; RPR, Rapid plasma reagin; VRDL, Venereal disease research laboratory.
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of transplantation or autopsy, reinforcing the prenatal
onset of this condition.

Whereas the average liver weight is lower in
NH patients than in normal individuals (re¯ecting
loss of hepatic parenchyma) even when adjustments
are made for gestational age and body size, the mean
hepatic iron concentration is higher in NH than in com-
parable controls. Knisely found that the hepatic iron
concentration in patients with NH ranged from 240
to 38,200 mg/g of dry weight, whereas that of a healthy
neonate was 250 mg/g of dry weight. It must be noted,
however, that despite the clearly elevated liver iron in
most cases, the range overlaps with normal perinatal
hepatic iron concentrations in some subjects. Further-
more, there are conditions other than NH in which the
iron content is elevated in the liver and other non-
reticuloendothelial organs (Table II). This elevated
iron content in other organs is particularly likely with
cirrhosis and may indicate a shunt siderosis similar to
that frequently seen in adult liver disease.

TREATMENT AND PROGNOSIS

NH is nearly universally fatal and experience with treat-
ment is limited because many patients die before diag-
nosis. Deferoxamine therapy is not ef®cacious and it has
been suggested that its use may potentiate bacterial
growth. Additionally, despite early preliminary reports
to the contrary, deferoxamine combined with an anti-
oxidant cocktail has not been proven to be universally
successful.

Although experience is very limited, liver trans-
plantation has been successful in treating NH. In one
study of 14 infants with NH who were treated with an

antioxidant cocktail, 5 patients survived to transplant-
ation and 3 were alive 1 year after transplantation. In
most cases, the iron overload resolves slowly after trans-
plantation. In 1 patient, however, iron accumulated in
the allograft as early as 7 days posttransplant and the
patient died of cardiac arrhythmia 2 months posttrans-
plant. The iron accumulation in the allograft liver
was thought to be secondary to redistribution of the
preexisting body iron and the authors speculated that
deferoxamine and antioxidant therapy may be bene®cial
after transplant.

SUMMARY

NH is a dramatic condition that, though rare, may be one
of the most common causes of liver failure in the new-
born. Its cause is not clear and there is even controversy
over whether it is a unique disease state. It is known,
however, that NH can recur in families and has shown
inheritance patterns and it may or may not be related to
hereditary hemochromatosis. Furthermore, although
medical treatments have not been successful, liver trans-
plantation provides some hope for the families and in-
dividuals affected. Ongoing research into its cause and
pathogenesis will eventually uncover some of the mys-
teries related to this disease state.
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choreoathetosis Abnormal movements of the body of

combined choreic and athetoid pattern.

gene promoter A noncoding DNA sequence of a gene at

which RNA polymerase and transcription factors bind

and regulate transcription.

heme The oxygen-carrying portion of hemoglobin.

hemolysis Destruction of red blood cells with concomitant

release of hemoglobin.

hyperbilirubinemia A condition in which an abnormally

large amount of bilirubin circulates in the blood,

resulting in serum total bilirubin concentrations greater

than the 95th percentile for hour of life.

kernicterus A severe neurologic condition associated with

yellow staining and degenerative lesions of the basal

ganglia of the brain of severely jaundiced term newborns

or moderately hyperbilirubinemic premature neonates.

Jaundice is a common condition of the newborn and refers

to a yellow discoloration of the skin and sclerae, the result

of bilirubin deposition in these visible tissues. Hyper-

bilirubinemia occurs when the serum total bilirubin con-

centration exceeds the 95th percentile for the neonate's

age in hours. Kernicterus, a permanent neurological con-

dition associated with severe hyperbilirubinemia, occurs

when bilirubin becomes deposited in the basal ganglia of

the brain.

INTRODUCTION

Neonatal jaundice is one of the most common occur-
rences encountered by the neonatologist or pediatri-
cian, with visible yellowing of the skin and/or sclerae,
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indicating a serum total bilirubin (STB) concentration
of 5ÿ6 mg/dl, appearing in approximately 60% of oth-
erwise healthy, term newborns during the ®rst days of
life. In most cases, the STB concentrations do not exceed
the normal range, the upper limit for which is currently
de®ned as the 95th percentile for hour of life. This point
corresponds to STB concentrations of 15.0 to 17.0 mg/
dl, with a maximum STB level noted on the third to
fourth day of life. An individual neonate's peak may
be affected by prematurity, being breast-fed, and East
Asian parentage. Not every jaundiced newborn is nec-
essarily hyperbilirubinemic; only in a fraction of cases
do the STB concentrations exceed the 95th percentile
and enter the dangerous range.

Rarely, dangerously high bilirubin levels may be
reached and bilirubin encephalopathy, or permanent,
irreversible brain damage called kernicterus, may
ensue. Prior to the 1990s, kernicterus was seldom en-
countered, as STB concentrations were for the most part
prevented from exceeding 20.0 mg/dl. This concept was
derived from the outcome of rhesus factor (Rh) isoim-
munized neonates, who rarely developed kernicterus
provided STB values were kept below this concentra-
tion. However, there is evidence of a recent resurgence
of kernicterus not only in North America, where over
125 cases have been recorded in an informal kernicterus
registry, but in other countries as well. A more liberal
attitude toward neonatal hyperbilirubinemia, the (sub-
sequently disproved) belief that kernicterus will not
occur in the absence of hemolysis, and a growing trend
to mandatory early discharge prior to STB concentra-
tions peaking, have all contributed to this tragedy. In
most cases, with the possible exception of severe, sud-
den hemolysis due to glucose-6-phosphate dehydroge-
nase (G-6-PD) de®ciency, kernicterus should be a
preventable condition provided management guidelines
of the American Academy of Pediatrics (AAP) are ad-
hered to. Unfortunately, this was not always the case.

In the majority of cases of neonatal jaundice,
the serum bilirubin is of the unconjugated, or indi-
rect-reacting, type. As conjugated, or direct-reacting,
bilirubin does not cross the bloodÿbrain barrier
and therefore does not cause bilirubin encephalopathy,
in the remainder of this discussion only indirect
hyperbilirubinemia will be addressed.

BILIRUBIN FORMATION
AND ELIMINATION

More than 80% of the bilirubin produced in the human
body derives from heme catabolism, liberated from
senescent red cells. Heme is degraded by the enzyme

heme oxygenase to biliverdin and subsequently to bil-
irubin (see Fig. 1). For each molecule of bilirubin pro-
duced by this mechanism, equimolar quantities of
carbon monoxide (CO) are produced. The latter
binds to hemoglobin to form carboxyhemoglobin, in
which form it is transported to the lungs and exhaled.
Bilirubin itself enters the bloodstream and binds to al-
bumin, on which it is transported. As long as this un-
conjugated bilirubin remains bound to albumin, it will
be prevented from entering the basal ganglia. To begin
its excretion process, bilirubin enters the hepatocyte,
where it is rendered water-soluble by conjugation with
glucuronic acid, a process catalyzed by the enzyme
UDP-glucuronosyltransferase 1A1 (UGT). The result-
ing conjugated bilirubin fractions are excreted via the
bile into the bowel, where much is converted to non-
reabsorbable products and excreted in the stool. How-
ever, in the postnatal period, especially in breast-fed
neonates, the glucuronide molecules can be cleaved
off by the mucosal and bacterial enzyme b-glucuroni-
dase. The resulting unconjugated bilirubin can now
be reabsorbed, reentering the bilirubin pool. This mech-
anism is known as the enterohepatic circulation of
bilirubin.

PHYSIOLOGICAL JAUNDICE

Jaundice occurs when the rate of bilirubin production
exceeds the body's ability to eliminate it. In utero, the
placenta is responsible for removal of bilirubin, and,
except for instances of severe intrauterine hemolysis,
the fetus does not usually become jaundiced. However,
within a few days of delivery, STB concentrations may
increase rapidly from approximately 1.5 mg/dl in um-
bilical cord blood to an average of 5ÿ6 mg/dl. Mild
imbalance between the bilirubin production and elim-
ination processes should not result in dangerously high
STB concentrations. Physiological jaundice peaks at ap-
proximately 3 to 4 days and diminishes toward the end
of the ®rst week of life.

Conditions resulting in physiological jaundice
include those increasing bilirubin production, those
diminishing conjugation or excretion, increased
enterohepatic circulation, or a combination of all mech-
anisms. Increased heme production may be the result of
high hemoglobin concentrations at the time of delivery,
shortened neonatal RBC life span, bruising, or cephal-
hematoma. Maturation of UGT enzyme activity is a
function of progressing gestational age and prematurity
is therefore a major cause of diminished bilirubin con-
jugation. Diminished activity of UGT may also result
from hypoxia, hypothermia, and hypothyroidism. The
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enterohepatic bilirubin circulation has been shown
to increase under fasting conditions and may result in
augmented bilirubin reabsorption in poorly feeding
nursing infants.

Bene®cial Properties of Bilirubin

Despite its potential for encephalopathy, bilirubin
may have bene®cial, physiologic properties. In vitro
studies have demonstrated antioxidative properties as-
sociated with bilirubin and it is possible that in vivo
some degree of bilirubinemia may help prevent reactive
oxygen species-mediated diseases.

PATHOLOGICAL JAUNDICE

As in physiological jaundice, conditions resulting in
pathological hyperbilirubinemia can be divided into
those causing increased bilirubin production, on the
one hand, and those causing diminished bilirubin con-
jugation or elimination, on the other.

Increased Bilirubin Production

Increased production of bilirubin, or hemolysis,
may be due to immune causes, such as blood group

incompatibilities. Rh isoimmunization was, in the
past, a frequent cause of hyperbilirubinemia and
kernicterus. However, prophylaxis of this condition
by antenatal and immediate postnatal administration
of Rhogam (anti-D antibody) have made this condition
rare. In the remainder of cases, severity of disease has
been ameliorated by vigilant antenatal surveillance and
intrauterine blood transfusion where indicated. Un-
doubtedly, the most common blood group incompati-
bility currently causing immune hemolysis is ABO
blood group heterospeci®city, in which situation the
mother has blood group O and her anti-A or anti-B
antibodies cross the placenta and hemolyze the fetal
A or B red blood cells (RBCs). Isoimmunization may
also be the result of other antibodies, such as anti-E and
anti-C. A positive direct Coomb's test, indicating ma-
ternal antibody deposited on the neonate's RBCs, will
frequently be found, but is a poor predictor of hemolysis
and hyperbilirubinemia.

Nonimmune causes of hemolysis include G-6-
PD de®ciency, a common enzyme de®ciency
occurring in some Mediterranean, Asian, and African
populations. Severe hemolysis, often the result of an
identi®able chemical trigger, may occur. Structural
abnormalities of the RBC membrane (hereditary
spherocytosis, elliptocytosis), propensity to increased

FIGURE 1 Metabolic pathway of the degradation of heme and the formation and excretion of

bilirubin. BDG, bilirubin diglucuronide; BMG, bilirubin monoglucuronide. Reprinted from Dennery,

P. A., Seidman, D. S., and Stevenson, D. K. (2001). Drug therapy: Neonatal hyperbilirubinemia.

N. Engl. J. Med. 344, 581ÿ590, with permission. Copyright 2001, Massachusetts Medical Society.

All rights reserved.
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hemolysis in certain racial groups (e.g., Asian), pyruvate
kinase de®ciency, and extravasated blood (cephal-
hematoma, bruising) are other causes of nonimmune,
increased hemolysis.

Diminished Bilirubin Elimination

Of the conditions resulting in diminished bilirubin
conjugation, Crigler-Najjar syndrome is the most
severe (also known as Arias type 1). This is a rare con-
dition in which coding area mutations of the UGT1A1
gene result in an abnormally structured UGT enzyme.
The type 1 variant frequently leads to kernicterus early
in neonatal life. Type 2 is less severe and typically re-
sponds to phenobarbital therapy, an inducer of UGT
activity. Gilbert's syndrome is a genetic condition asso-
ciated in Western populations with additional TA se-
quences in the promoter region of the UGT1A1 gene.
Jaundice in this condition may be the result of dimin-
ished bilirubin conjugation due to decreased UGT en-
zyme expression and also of increased heme catabolism
combined with decreased bilirubin uptake into the he-
patocyte. Gilbert's syndrome may combine with factors
increasing bilirubin production to potentiate severe
hyperbilirubinemia. A gene interaction has been pro-
posed between Gilbert's syndrome and G-6-PD de®-
ciency; neither Gilbert's syndrome nor G-6-PD
de®ciency, individually, results in an increase in the
incidence of STB concentration 415.0 mg/dl over that
of baseline. However, when the two conditions coexist,
the incidence of hyperbilirubinemia increases signi®-
cantly. Gilbert's syndrome also potentiates hyper-
bilirubinemia in hereditary spherocytosis and ABO
blood group incompatibility and is associated with
prolonged jaundice. In Asian populations, Gilbert's
syndrome may be caused by a UGT gene-coding area
mutation, Gly71Arg, which is also associated with
hyperbilirubinemia.

Miscellaneous Causes

Sepsis, macrosomia associated with maternal diabe-
tes, hypothyroidism, and being breast-fed are other con-
ditions known to increase the severity of neonatal
hyperbilirubinemia.

JAUNDICE IN BREAST-FED NEONATES

Some degree of jaundice is very common in breast-fed
neonates. Not only do they have higher STB concen-
trations than formula-fed counterparts, but a higher
incidence of hyperbilirubinemia as well. Almost all

neonates readmitted to the hospital for hyperbilirubi-
nemia are breast-fed. The jaundice may be due to un-
successful breast-feeding, associated with chronic
dehydration and failure to gain weight, which can be
attributed to decreased milk or caloric intake. This con-
dition usually becomes manifest in the ®rst week of life
and is frequently associated with weight loss 47% of
birth weight, few wet diapers, and a small number of
stools daily. The problem can be resolved by frequent
nursing, including at night, and counseling regarding
breast-feeding techniques. This condition has been
distinguished from true breast milk jaundice, which
develops gradually toward the second week of life. The
cause is unclear, but exaggeration of the enterohepatic
bilirubin circulation or the presence of b-glucuronidase
or other substances in the milk may be associated. In-
creased hemolysis has not been demonstrated in these
neonates. The diagnosis is one of exclusion, by ruling
out other causes of indirect hyperbilirubinemia in a
breast-fed infant. Usually the jaundice resolves, but
STB concentrations may occasionally reach dangerous
levels and kernicterus has been reported in breast-fed
neonates with no additional cause of their hyper-
bilirubinemia. Temporary cessation of breast-feeding
or a short period of phototherapy is usually effective
in preventing further increases in STB.

ASSESSMENT OF JAUNDICE AND
PREDICTION OF HYPERBILIRUBINEMIA

Age-Speci®c Serum Total
Bilirubin Concentrations

It is important to assess the degree of jaundice
according to an infant's age in hours. A study of the
nomogram in Fig. 2 will reveal that there is a rapid
increase in STB concentrations over the ®rst few days
of life. Thus, a neonate with a STB concentration of
12.0 mg/dl at age 72 h will be below the 40th percentile
for hour of life, whereas a similar infant with the same
STB concentration at 36 h will be above the 95th
percentile. This concept is of extreme importance be-
cause of the current trend toward early discharge; babies
sent home at age 48 h or less will frequently not yet
have developed visible jaundice and bilirubin concen-
trations can be expected to increase during the next few
days. In a study of universal predischarge bilirubin
screening, babies whose STB concentrations were
>95th percentile for hour of life at 18 to 72 h had a
40% risk of developing subsequent hyperbilirubinemia,
whereas, in contrast, those whose concentrations
were 540th percentile had zero risk. This method of
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prediction is not infallible but does serve to indicate
which neonates can be sent home with a wide margin
of safety.

Assessment of Hemolysis

The AAP has recommended determining whether
hemolysis, a risk factor for kernicterus, is present
when evaluating a jaundiced neonate. Commonly
used indices, such as falling hemoglobin or hematocrit
count, reticulocytosis, or haptoglobin, are unreliable
indicators of hemolysis in newborns. Assessment of
the endogenous rate of CO production affords an accu-
rate index of the rate of bilirubin production (Fig. 1).
Commercially available, noninvasive devices are cur-
rently available for determining the end-tidal CO
(ETCO) concentration in the neonates' exhaled breath.
ETCO concentrations495th percentile accurately de-
tect increased hemolysis but, because the rates of bili-
rubin elimination vary, are not predictive of the
development of hyperbilirubinemia.

KERNICTERUS

Kernicterus occurs when free bilirubin (unbound to
serum albumin) crosses the bloodÿbrain barrier and
is deposited in the basal ganglia of the brain. Bilirubin

may also enter the brain after the bloodÿbrain barrier
has been damaged by conditions such as asphyxia or
hyperosmolarity. Pathological ®ndings of kernicterus
include staining and necrosis of the basal ganglia,
hippocampus, and subthalamic brain nuclei. It is
thought that bilirubin-induced damage is the result
of interference with oxygen utilization by the cere-
bral tissue, possibly by causing damage to the cell
membrane.

Current thinking suggests that it is unlikely that
kernicterus will develop in an otherwise healthy,
term infant, with no evidence of hemolysis, if STB con-
centrations do not exceed 25 mg/dl. This level of
bilirubin may not be safe, however, in actively hemo-
lyzing neonates or in prematures. Hypoalbuminemia,
conditions such as acidosis, sepsis, and hypothermia,
or drugs including sul®soxazole and benzyl alcohol may
affect the ratio of free bilirubin : albumin bound biliru-
bin and facilitate the entry of free bilirubin into the
brain.

Clinically, bilirubin encephalopathy is character-
ized by acute and chronic phases. Classically, the ®rst
stage of kernicterus is characterized by poor sucking
and hypotonia in an obviously severely jaundiced neo-
nate. A typical high-pitched cry, seizures, and stupor
ensue. Several days later (second stage), hypertonia of
the extensor muscles, especially arching of the back,
opisthotonus, retrocollis, and fever develop. The third
stage, following the ®rst week, is characterized by hy-
potonia, diminishing yet persisting stupor, and poor
sucking and swallowing movements. Survivors of the
acute stage demonstrate hypotonia and delayed motor
skills in the ®rst year, followed by extrapyramidal ab-
normalities including movement disorders, choreoathe-
tosis, and involuntary muscle spasms. Upward gaze,
diminished cognitive function, and high-frequency sen-
sorineural hearing loss frequently occur. Some children
may be more mildly affected by bilirubin encephalo-
pathy and display moderate neuromuscular incoordina-
tion, varying degrees of hearing loss, and learning
problems, which become apparent only on entering
school.

TREATMENT OF HYPERBILIRUBINEMIA

The primary reason for treating hyperbilirubinemia is
to prevent bilirubin encephalopathy. The mainstay of
therapy is phototherapy, with exchange transfusion
held in reserve for the few cases nowadays that do
not respond to phototherapy. Additional therapeutic
modalities include the use of intravenous immune

FIGURE 2 Nomogram for hour-speci®c serum total bilirubin

values and the risk category for hyperbilirubinemia, in term

and near-term neonates. Reprinted from Bhutani, V. K., Johnson,

L., and Sivieri, E. M. (1999). Predictive ability of a predischarge

hour-speci®c serum bilirubin for subsequent signi®cant

hyperbilirubinemia in healthy term and near-term newborns.

Reproduced with permission from Pediatrics vol. 103, 6ÿ14,

Fig. 2. Copyright 1999, American Academy of Pediatrics.
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globulin (IVIG), drug induction of UGT, and synthetic
metalloporphyrins for the inhibition of bilirubin
production.

The AAP has formulated guidelines, currently in
the process of revision, for the management of jaundice
in healthy, term neonates. It should be realized that
these guidelines have not been based on controlled,
therapeutic trials, but rather on experience and clinical
practice. Treatment is instituted at lower levels of STB in
situations in which hyperbilirubinemia is evident on the
®rst day of life and in septic, otherwise ill or premature
infants. Newborns with evidence of hemolysis should be
treated with great vigilance and STB concentrations
should not be allowed to exceed 20 mg/dl in these
cases. Neonates with very high STB levels (425 mg/dl,
or 420 mg/dl in the presence of hemolysis) who do
not respond to a trial of approximately 4 h of intensive
phototherapy or whose STB levels continue to rise
despite treatment should have exchange transfusion
performed or a trial of IVIG therapy where indicated
(see below).

Phototherapy

Phototherapy has been in clinical use for over 30
years. It is safe and effective and has been instrumental
in preventing kernicterus and avoiding the need for
exchange transfusion in neonates worldwide. Photo-
therapy should be instituted in order to prevent STB
concentrations from reaching levels that are associated
with neurotoxic damage.

Bilirubin is one of the few body substances that ab-
sorb light energy, especially in the blue range of 450 nm.
Light causes isomerization of the bilirubin molecule,
forming lumirubin, and this water-soluble substance
can be more readily excreted via the liver than regular
bilirubin. Photooxidation of bilirubin accounts for a
small fraction of the bilirubin eliminated via photo-
therapy.

The rate of lumirubin production, and therefore the
effectiveness of phototherapy, is dependent on the total
intensity of irradiance delivered. The light energy can be
increased by replacing white light bulbs with blue when
using ¯uorescents and decreasing the distance from the
bulbs to the infant or increasing the body surface area
exposed to light. The intensity of light irradiance can be
measured at the bedside in units of microwatts per
square centimeter per nanometer and phototherapy
units should be regularly assessed, as light output of
the bulbs within the given spectrum may weaken
with time. Fluorescent bulbs are frequently used, but
halogen lamps or ®beroptic blankets or mattresses are
also available. Phototherapy is generally regarded as

safe to use, although the eyes must be well covered
prophylactically.

Exchange Transfusion

Exchange transfusion de®nitively corrects
hyperbilirubinemia by physically removing bilirubin,
as well as antibodies when present, from the body.
The procedure is usually performed via an umbilical
catheter. Aliquots of blood are removed from the infants
and replaced by donor RBCs mixed with plasma. One
double volume exchange transfusion is usually effec-
tive, but sometimes additional exchange procedures
are necessary depending on the degree of postexchange
STB rebound.

Complications of the procedure include apnea,
bradycardia, cardiorespiratory arrest, necrotizing en-
terocolitis, and a small risk of death. Exchange transfu-
sion also carries the risk of complications associated
with blood transfusion. Prior to embarking on an ex-
change transfusion, the risks should clearly be weighed
against the bene®ts.

Pharmacologic Therapy

Phenobarbital

Phenobarbital, administered either to the pregnant
mother or to the already delivered baby, is instrumental
in inducing UGT enzyme activity and also in enhancing
bilirubin excretion. However, it may take several days
for it to be effective and may itself have neurotoxic
properties.

Heme Oxygenase Inhibitors

Heme oxygenase is the enzyme responsible for con-
verting heme to biliverdin, from which bilirubin is
subsequently formed. Some metalloporphyrins have
been shown to be powerful inhibitors of heme
oxygenase, thereby preventing the formation of biliru-
bin from heme. Although not yet approved for routine
clinical use, studies in Argentina and Greece have dem-
onstrated the ef®cacy of tin-protoporphyrin in prevent-
ing hyperbilirubinemia. Toxicity appears to be minimal,
in the form of transient erythema.

Intravenous Immune Globulin

IVIG has been shown to reduce the need for ex-
change transfusion in Rh isoimmunization and also to
decrease the degree of hemolysis in Coombs' positive
ABO blood group heterospeci®city. It is thought that
IVIG acts by blocking the Fc receptor in the reticulo-
endothelial system, thereby inhibiting hemolysis.
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CONCLUSIONS

Neonatal jaundice is extremely common and in most
cases resolves with no ill effects. However, the resur-
gence of kernicterus is a frightening reminder of the
tragic and devastating potential danger of hyperbili-
rubinemia. All newborn babies should be closely mon-
itored for icterus. If a serum or transcutaneous bilirubin
test is performed, the risk of hyperbilirubinemia should
be assessed by plotting the result on the hour-by-hour
nomogram. Parents must be interviewed about hyper-
bilirubinemia in previous siblings or even in themselves
as infants. They should be closely questioned about
their family's geographic area of origin in order to ex-
clude the possibility of G-6-PD de®ciency. The AAP has
recommended that all neonates discharged at 48 h or
less should be examined 2 to 3 days later for the devel-
opment of jaundice. Vigilant management of all neo-
nates and careful explanations to parents are necessary
if future cases of kernicterus are to be prevented.

See Also the Following Articles

Bilirubin and Jaundice � Kernicterus � Neonatal Cholestasis

and Biliary Atresia
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Neonatal Intestinal Obstruction
AMIR KAVIANI, DARIO FAUZA, AND MORITZ M. ZIEGLER

Children's Hospital Boston and Harvard Medical School

atresia Absence or closure of a natural passage or channel of

the body.

meconium Dark greenish mass of desquamated cells, mucus,

and bile that accumulates in the fetal bowel and is

typically discharged shortly after birth.

polyhydramnios Excessive accumulation of amniotic ¯uid.

Intestinal obstruction is the most common surgical emer-

gency of the newborn. The incidence of neonatal intestinal

obstruction is approximately 1 in every 500ÿ1000 live

births. Approximately 50% of these cases are associated

with intestinal atresia or stenosis.

ETIOLOGY

Intestinal obstruction in the neonate may be caused by
the comprehensive list of conditions depicted in Table I.
Practically, neonatal intestinal obstruction is most com-
monly due to intestinal atresia, malrotation with or
without volvulus, meconium ileus, and Hirschsprung's
disease. Table II lists a practical age-related etiology
for the most commonly encountered cases of generic
pediatric intestinal obstruction.

CLINICAL PRESENTATION
AND DIAGNOSIS

In most cases, intestinal obstruction in the newborn
becomes apparent shortly after birth. In some cases,
proximal obstructing lesions may result in proximal
bowel dilatation and hyperperistalsis, demonstrated
by prenatal ultrasonography. Polyhydramnios may be
present when a `̀ high'' intestinal obstruction is present.
The classic `̀ double-bubble'' sign associated with
duodenal atresia can also be identi®ed by prenatal
ultrasonography.

Findings suggesting intestinal obstruction in the ne-
onate include (1) maternal polyhydramnios, (2) exces-
sive gastric aspiration at birth accompanied by the
inability to tolerate initial feeds, (3) abdominal disten-
sion, (4) bilious emesis, and (5) obstipation. The pres-
ence and severity of each of these ®ndings depend

largely on the level of obstruction along the gastro-
intestinal tract.

Maternal Polyhydraminos

Amniotic ¯uid is normally swallowed by the grow-
ing fetus and is absorbed by the fetal gastrointestinal
tract. The fetal kidneys excrete the ¯uid back into the
amniotic sac, it crosses into the maternal circulation
through the placenta, and is ultimately excreted by the
mother's kidneys. Proximal gastrointestinal obstruction
in the fetus results in interruption of this normal process
and leads to accumulation of excess amniotic ¯uid. Dis-
tal intestinal obstruction usually does not result in ex-
cessive amniotic ¯uid accumulation, because most of
the absorption takes place in the proximal small bowel.

Excessive Gastric Aspiration

Passage of a nasogastric tube or orogastric tube is
commonly performed in the neonatal care unit in pre-
mature infants or in infants with a history of maternal
polyhydramnios. Intestinal obstruction should be sus-
pected if the initial aspirate is large (50ÿ100 ml), or
bilious in nature.

TABLE I Causes of Neonatal Intestinal Obstruction

Common

Malrotation (duodenal obstruction, volvulus, internal hernia)

Duodenal atresia, stenosis, annular pancreas

Jejunal atresia or stenosis

Ileal atresia or stenosis

Simple meconium ileus

Meconium ileus with perforation

Hirschsprung's disease

Hypertrophic pyloric stenosis

Uncommon

Pyloric atresia or web

Tumors

Intussusception

Segmental intestinal dilatation

Small left colon syndrome

Milk bolus obstruction

Colonic atresia

Functional intestinal obstruction

Intestinal pseudo-obstruction
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Bilious Emesis

Although preterm infants may display bilious emesis
as a result of a poorly developed pyloric sphincter, bil-
ious emesis in a term infant is distinctly abnormal. In
cases of intestinal obstruction, vomiting begins usually
shortly after birth in a proximal, complete lesion but
may be delayed several hours in more distal or incom-
plete obstruction. Bilious emesis in the newborn re-
mains a particularly urgent ®nding that may herald
the diagnosis of malrotation with volvulus.

Failure to Pass Meconium

A normal newborn typically passes copious amounts
of thick, dark green meconium within the ®rst 8ÿ24
hours after birth. Failure to do so may be normal, but it
may also suggest obstruction. Passage of meconium
does not, by itself, exclude the possibility of obstruction.
Preterm infants may have delayed passage of meconium,
and this must be taken into consideration when evalu-
ating the premature infant for a bowel obstruction.

Intestinal patterning and peristalsis that is visible
through the abdominal wall are suggestive of obstruc-
tion, and distended loops of small bowel may be pal-
pated through the abdominal wall as tubular masses.
Hypotonia and lethargy develop late in the obstructed
infant and are usually a result of sepsis. Ecchymosis and
discoloration of the abdominal wall may suggest free
perforation or frank intestinal ischemic infarction.

DIAGNOSIS

The diagnosis of neonatal intestinal obstruction is based
on clinical ®ndings supplemented with radiographs.
Flat, upright, and decubitus abdominal radiographs
are helpful in elucidating the diagnosis. Air swallowed
by the newborn shortly after birth normally reaches the
proximal small intestine in 30 minutes and it passes to

the level of the colon by 3ÿ4 hours. In a complete bowel
obstruction, the air pattern stops abruptly just proximal
to the site of obstruction. Multiple dilated small bowel
loops with the characteristic `̀ step-ladder'' pattern may
be seen on an upright radiograph in cases of distal ob-
struction. Peritoneal or scrotal calci®cations may signify
intrauterine perforation with meconium peritonitis.

Contrast barium enema radiographs are useful when
attempting to delineate the cause of a distal intestinal
obstruction; for example, in cases of meconium ileus,
meconium plug syndrome, distal bowel atresia, and
Hirschsprung's disease, speci®c ®ndings may be pres-
ent. Upper gastrointestinal (GI) contrast studies are
most useful in cases in which abnormal bowel rotation
is suspected.

PATHOPHYSIOLOGY

Proximal bowel obstruction in the neonate leads to a
loss of ¯uid that has high concentrations of hydrogen,
potassium, and chloride ions, leading to a hypochlore-
mic, hypokalemic metabolic alkalosis. More distal
obstruction leads to signi®cant intravascular volume
depletion due to the osmotic ¯uid shifts resulting from
the ¯uid sequestered in the intestinal lumen. When pro-
nounced, this may lead to oliguria and shock. Ulti-
mately, severe dehydration may lead to poor end
organ perfusion, and when coupled with bowel disten-
sion, perforation, and necrosis, metabolic acidosis may
result. Signi®cant abdominal distension may also impair
diaphragmatic excursion and lead to respiratory acido-
sis.

TREATMENT

When neonatal intestinal obstruction is suspected, the
early management includes gastric decompression with
a nasogastric tube to prevent vomiting and aspiration.
Resuscitation with appropriate ¯uids and electrolytes
should begin immediately. Surgical intervention,
when indicated, should be undertaken immediately
once adequate resuscitation has been achieved.

See Also the Following Articles

Cystic Fibrosis � Hirschsprung's Disease (Congenital

Megacolon) � Intestinal Atresia � Malrotation � Volvulus
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TABLE II Age-Based Classi®cation of the Most

Common Etiologies of Intestinal Obstruction in the

Pediatric Population

Age Etiology

Newborn Atresia

Malrotation � volvulus

Meconium ileus

Hirschsprung's disease

2 Months to 2 years Incarcerated inguinal hernia

Intussusception

Over 2 years Adhesions
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Neonatal Tracheoesophageal Anomalies
AMIR KAVIANI, DARIO FAUZA, AND MORITZ M. ZIEGLER

Children's Hospital Boston and Harvard Medical School

atresia Absence or closure of a natural passage or channel of

the body.

®stula Abnormal passage or communication, usually be-

tween two internal organs or leading from an internal

organ to the surface of the body.

VACTERL Acronym for abnormalities of vertebrae, anus,

cardiovascular tree, trachea, esophagus, renal system,

and limb buds; condition associated with administration

of sex steroids during early pregnancy.

Tracheoesophageal malformations in the neonate refer to

a spectrum of developmental anomalies in which an ab-

normal anatomic arrangement exists between the esoph-

agus and the tracheobronchial tree.

INTRODUCTION AND
HISTORICAL BACKGROUND

The ®rst description of esophageal atresia (EA) dates
back to 1670 in A Narrative of a Monstrous Birth in
Plymouth, in which William Durston described a blind-
ending esophageal pouch in one infant of a set of con-
joined twins. Thomas Gibson, in 1697, was the ®rst
author to describe EA with the typical tracheoeso-
phageal ®stula (TEF), in The Anatomy of the Human
Body Epitomized. Numerous case reports appeared in
the literature in the eighteenth and nineteenth centuries
regarding these conditions, meticulously detailing some
of the associated anomalies, including spina bi®da,
horseshoe kidney, and imperforate anus.

The ®rst successful report of primary repair of
EA with TEF was described by Cameron Haight in
1941. After Haight's initial success, numerous other

reports appeared in the literature, detailing successful
operative repair and various surgical approaches to
these conditions.

EPIDEMIOLOGY

The incidence of congenital tracheoesophageal malfor-
mations in the United States is approximately 1 in every
4500 live births. In some regions of the world (i.e.,
Finland), the incidence may be as high as 1 in every
2400 births. There is a slight male preponderance for EA,
with a male : female ratio of 1.2 : 1. There is a reported
increased incidence of EA and TEF in ®rst pregnancies
and a slight correlation with increasing maternal age.

Although most cases of EA and TEF are sporadic,
familial patterns of inheritance have been reported. Par-
ents with one affected child have a 1ÿ2% chance of a
tracheoesophageal malformation affecting subsequent
offspring. If more than one offspring is affected, the
risk is 20%. The rate of twinning among infants with
EA and TEF is higher than that of the general population
(6 vs. 1%), as is the incidence of chromosomal anom-
alies. The most common chromosomal anomalies in-
clude trisomies 13 and 18, and the well-described
VACTERL (involving abnormalities of the vertebrae,
anus, cardiovascular tree, trachea, esophagus, renal
system, and limb buds) association. Environmental te-
ratogens associated with these conditions include
prolonged exposure to contraceptive pills and exposure
to estrogen and progesterone during pregnancy. In ad-
dition, a higher incidence has been described in infants
of diabetic mothers and in those with intrauterine
exposure to thalidomide.
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organ to the surface of the body.

VACTERL Acronym for abnormalities of vertebrae, anus,

cardiovascular tree, trachea, esophagus, renal system,

and limb buds; condition associated with administration

of sex steroids during early pregnancy.

Tracheoesophageal malformations in the neonate refer to

a spectrum of developmental anomalies in which an ab-

normal anatomic arrangement exists between the esoph-

agus and the tracheobronchial tree.

INTRODUCTION AND
HISTORICAL BACKGROUND

The ®rst description of esophageal atresia (EA) dates
back to 1670 in A Narrative of a Monstrous Birth in
Plymouth, in which William Durston described a blind-
ending esophageal pouch in one infant of a set of con-
joined twins. Thomas Gibson, in 1697, was the ®rst
author to describe EA with the typical tracheoeso-
phageal ®stula (TEF), in The Anatomy of the Human
Body Epitomized. Numerous case reports appeared in
the literature in the eighteenth and nineteenth centuries
regarding these conditions, meticulously detailing some
of the associated anomalies, including spina bi®da,
horseshoe kidney, and imperforate anus.

The ®rst successful report of primary repair of
EA with TEF was described by Cameron Haight in
1941. After Haight's initial success, numerous other

reports appeared in the literature, detailing successful
operative repair and various surgical approaches to
these conditions.

EPIDEMIOLOGY

The incidence of congenital tracheoesophageal malfor-
mations in the United States is approximately 1 in every
4500 live births. In some regions of the world (i.e.,
Finland), the incidence may be as high as 1 in every
2400 births. There is a slight male preponderance for EA,
with a male : female ratio of 1.2 : 1. There is a reported
increased incidence of EA and TEF in ®rst pregnancies
and a slight correlation with increasing maternal age.

Although most cases of EA and TEF are sporadic,
familial patterns of inheritance have been reported. Par-
ents with one affected child have a 1ÿ2% chance of a
tracheoesophageal malformation affecting subsequent
offspring. If more than one offspring is affected, the
risk is 20%. The rate of twinning among infants with
EA and TEF is higher than that of the general population
(6 vs. 1%), as is the incidence of chromosomal anom-
alies. The most common chromosomal anomalies in-
clude trisomies 13 and 18, and the well-described
VACTERL (involving abnormalities of the vertebrae,
anus, cardiovascular tree, trachea, esophagus, renal
system, and limb buds) association. Environmental te-
ratogens associated with these conditions include
prolonged exposure to contraceptive pills and exposure
to estrogen and progesterone during pregnancy. In ad-
dition, a higher incidence has been described in infants
of diabetic mothers and in those with intrauterine
exposure to thalidomide.
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ANATOMY AND EMBRYOLOGY

Normal development of the esophagus and trachea
remains poorly understood, and therefore the pathogen-
esis of EA and TEF is uncertain. Nevertheless, numerous
theories have been put forth, mostly based on the orig-
inal work of Wilhelm His, who described the invagina-
tion of the lateral longitudinal ridges as they give rise to
the dorsal digestive tract and the ventral respiratory
system. Most theories on the origin of EA and TEF
conclude that an aberrant migration of the longitudinal
ridges accounts for the spectrum of anomalies seen in
EA and TEF.

Based on their studies of human embryos, O'Rahilly
and Muller have proposed an alternate theory for the
pathogenesis of EA and TEF. Their hypothesis suggests
that the lung bud separates from the digestive tract by
day 28 of gestation, descending caudally into the ventral
mesenchyme of the foregut. Rather than proposing that
the failure of regression of a normal connection between
the two structures accounts for TEF, they suggest that a
®stula is created by an abnormal epithelial-lined com-
munication between the two originally separate tubes.
They postulate that this event likely occurs on day 33 of
gestation, when the esophagus and the tracheal bifur-
cation are in very close proximity.

Candidate genes responsible for EA and TEF
have been proposed in chromosomal segments believed
to be responsible for limb and foregut patterning.
These genes may be responsible for normal migration
and cellÿmatrix interactions during normal organ
development.

CLASSIFICATION

Numerous classi®cation systems exist for describing the
spectrum of anomalies encountered in EA and TEF. In
1944, Ladd introduced a numeric form of classi®cation
that consisted of speci®c anomalies. Gross altered this
numeric system in 1953, and introduced an alphabetical
system that is commonly referenced today. Type A le-
sions are isolated esophageal atresia without a tracheo-
esophageal ®stula and are frequently associated with a
`̀ long gap'' between the proximal and distal esophageal
segments. Type B lesions are esophageal atresias in
association with a proximal tracheoesophageal ®stula
and are very rare, accounting for less than 1% of lesions.
Type C lesions constitute the most common anomaly,
and include a blind-ending proximal esophageal pouch
with a distal tracheoesophageal ®stula. In type D anom-
alies, there are two tracheoesophageal ®stulas, one each
from the proximal and distal esophageal segments. In
type E anomalies, a tracheoesophageal ®stula is present
without an atresia (H-type ®stula). Type F anomalies
consist of congenital esophageal stenosis and are
exceedingly rare.

ASSOCIATED ANOMALIES

Numerous congenital anomalies are associated with EA
and TEF (Table I). Some reports have suggested that
between 50ÿ70% of infants with EA have other associ-
ated anomalies. These anomalies are most common in
cases of EA without TEF, and least common in cases of
H-type TEF. The most common anomalies involve the

TABLE I Anomalies Associated with Tracheoesophageal Fistula and Esophageal Atresia

Anomaly Defect Incidence (%)

Cardiovascular Ventricular septal defect, tetrology of Fallot, atrial septal defect, patent ductus

arteriosus, coarctation of aorta

49

Genitourinary Hypospadias, cryptorchdism, renal agenesis, renal hypoplasia, cystic renal diseases,

hydronephrosis, vesicoureteral re¯ux, ureteric duplication, urachal anomalies,

cloaca or bladder exstrophy, posterior urethral valves

24

Gastrointestinal Anorectal atresia, duodenal atresia, ileal atresia, malrotation, annular pancreas,

pyloric stenosis

24

Neurologic Hydrocephalus, neural tube defects, holoprosencephaly, microcephaly 23

Skeletal Vertebral anomalies, radial limb deformities 13

VACTERL Vertebral, anal, cardiovascular tree, tracheal, esophageal, renal, limb bud defects 25

CHARGE Coloboma, heart, atresia (choanal), retardation, genital and ear defects 3

Choanal atresia Ð 5.2

Facial cleft Ð 7.2

Abdominal wall defect Ð 4.3

Diaphragmatic hernia Ð 2.9

Tracheobronchial Ð 50
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cardiovascular system (49%), followed by the genito-
urinary (24%), gastrointestinal (24%), and skeletal
(13%) systems. Associated gastrointestinal anomalies
include anorectal atresia, duodenal atresia, ileal atresia,
malrotation, pyloric stenosis, and annular pancreas.
Genitourinary defects include hypospadias, unde-
scended testes, renal agenesis, cystic renal disease,
hydronephrosis, and vesicoureteral re¯ux. Complex
cardiac anomalies account for most of the deaths asso-
ciated with EA. The most common single cardiac anom-
aly is ventricular septal defect, followed by tetrology of
Fallot, patent ductus arteriosus, and atrial septal defects.

Quan and Smith proposed a broad spectrum of as-
sociated malformations in newborns. They described
the acronym VATER (vertebral defects, anal atresia,
tracheoesophageal ®stula, esophageal atresia, and
renal defects.) The affected individuals had no family
history of any given disorder, no chromosomal abnor-
malities, and no known exposure to a teratogen in utero.
Later, the acronym was expanded to VACTERL, incor-
porating the frequently seen cardiac and limb anoma-
lies. Infants with esophageal atresia who have features
of VACTERL have a high mortality and poor overall
prognosis.

CLINICAL PRESENTATION

Infants with EA and TEF typically become symptomatic
in the ®rst few hours of life. The most common symptom
shortly after birth is the presence of excessive salivation
resulting from pooling of secretions in the proximal
blind-ending esophageal pouch and oropharynx. Feed-
ing often results in regurgitation, choking, and cyanosis.
Atelectasis, tachypnea, and respiratory distress occur
as a result of re¯ux of gastric contents through the
TEF into the airway, or aspiration of saliva or formula
from the proximal blind pouch. Inspired air passing
through the TEF into the stomach further distends
the stomach and elevates the diaphragm, leading to
more respiratory compromise. These symptoms may
be less apparent in children with tracheoesophageal
®stula without esophageal atresia (H-type ®stula), for
which the clinical presentation may be delayed until
indolent or recurrent pulmonary symptoms require fur-
ther evaluation.

DIAGNOSIS

The prenatal diagnosis of EA is suggested by the ®nd-
ing of a small or absent gastric bubble in conjunction
with maternal polyhydramnios. Although suggestive,
this ®nding occurs in only 42% of cases of EA
and has a positive predictive value of 56%. In utero

ultrasonographic visualization of the blind upper
esophageal pouch has been reported, but this relies
on advanced ultrasonographic skills and is an inconsis-
tent ®nding.

Pooling of secretions in the posterior oropharynx
may be one of the earliest ®ndings, and typically the
®rst feeding is followed by regurgitation and coughing.
Cyanosis with or without feeding may be present, and
passage of a gastric decompression tube will be impos-
sible. Resistance is typically encountered when the tube
is passed to about 11ÿ12 cm. A plain chest radiograph
typically demonstrates the nasogastric tube coiling in
the proximal esophageal pouch. The abdominal portion
of the X ray may reveal bowel gas or even a `̀ double-
bubble'' sign if an associated obstruction is present. The
distance between the distal most margin of the coiled
tube and the carina is used to estimate the gap between
the blind-ending proximal esophageal pouch and the
distal esophageal segment. A distance of less than two
vertebral bodies is associated with a higher likelihood of
being able to effect a primary repair. If diagnostic un-
certainty exists, a small volume of water-soluble con-
trast (1ÿ2 ml) can be carefully injected through the
catheter under radiographic guidance to outline the
blind-ending pouch. A proximal coiled tube associated
with a gasless abdomen suggests that the correct diag-
nosis is an isolated esophageal atresia without a TEF.
Once the diagnosis is con®rmed, a thorough search for
other recognizable congenital defects should begin.

TREATMENT

Initial treatment of infants with tracheoesophageal
malformations is aimed at prevention of aspiration
and resultant pulmonary soiling. A suction catheter is
placed in the proximal esophageal pouch to continu-
ously aspirate saliva and limit aspiration. The infant is
positioned in an upright position to minimize gastro-
esophageal re¯ux and prevent aspiration through the
TEF. Broad-spectrum antibiotics and a histamine-2
(H2) blocker are empirically started. Routine endotra-
cheal intubation is avoided if at all possible, because
ventilated air entering through the tracheoesophageal
®stula can cause worsening respiratory distress result-
ing from abdominal distension, and in a worst-case
scenario, gastric perforation may occur.

The surgical approach depends on the speci®c
anomaly present. For type C lesions, division of the
®stula and the primary anastomosis of the esophagus
is the procedure of choice. The usual approach is a right-
sided posterolateral extrapleural thoracotomy through
the 4th interspace, unless preoperative evaluation
reveals a right-sided aortic arch. Recently, minimally
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invasive thoracoscopic techniques have been applied to
this operation. In cases of isolated tracheoesophageal
®stulas (E type), a cervical approach is usually possible,
and the ®stula is divided through a right-sided incision.
In cases of `̀ long-gap'' esophageal atresia, other modal-
ities of delayed or staged therapy may be necessary,
including colonic interposition and gastric pull-up in
order to reestablish a conduit.

OUTCOMES

Overall survival of neonates with tracheoesophageal
malformations in modern series is approximately
90%. The original Waterston classi®cation incorporated
risk factors associated with EA and TEF and was based
on birth weight, presence of pneumonia, and other con-
genital anomalies. These factors predicted those infants
with a poor risk for survival and they helped guide
operative treatment and neonatal critical care. Infants
in the `̀ good'' risk category (A) were typically treated
with immediate operative repair, `̀ moderate-risk'' in-
fants (B) were managed with delayed repair, and
`̀ high-risk'' infants (C) were treated by staged repair.
Given the numerous advances in neonatal intensive
care, more options have become available for the infant
with multiple congenital anomalies, leading to develop-
ment of newer classi®cation schemes. In 1992, Spitz and
colleagues published their results of a large review dem-
onstrating that birth weight and presence of major car-
diac disease remained important predictors of survival
(Table II).

Complications after repair of tracheoesophageal
anomalies include anastomotic leak (14ÿ20%), recur-
rent tracheoesophageal ®stula (3ÿ14%), esophageal
stricture (20ÿ40%), gastroesophageal re¯ux (40ÿ
70%), and tracheomalacia and/or obstruction (10ÿ
20%). Esophageal dysmotility in the esophageal seg-
ment below the anastomosis is common and is part of
the original lesion, not secondary to surgical transection
of the esophagus.

See Also the Following Articles
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TABLE II Spitz Classi®cation and Survival

Group Description Total representation (%) Survival (%)

I Birth weight 41500 g without major congenital cardiac defect 79 97

II Birth weight 51500 g or major congenital cardiac defect 19 59

III Birth weight 51500 g and major congenital cardiac defect 2 22
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Neurogastroenterology
JACKIE D. WOOD

The Ohio State University College of Medicine and Public Health

functional gastrointestinal disorders Associated with symp-

toms that are present in the absence of any observable

organic or physical abnormalities; symptoms include

abdominal pain, bloating, early satiety, and urgency of

defecation.

Neurogastroenterology is the name given to a relatively

new scienti®c and clinical subspecialty that developed in

the last quarter of the twentieth century. Neurogastro-

enterological research is a logical progression of the neu-

rologically oriented research in basic medical sciences

and of the advances in the understanding of functional

gastrointestinal disorders in clinical gastroenterology.

NEUROGASTROENTEROLOGY DEFINED

In clinical medicine, neurogastroenterology subspe-
cializes further the subspecialty of gastroenterology.
Neurogastroenterology encompasses the investigative
sciences dealing with functions, malfunctions, and mal-
formations in the brain and spinal cord and the
sympathetic, parasympathetic, and enteric divisions
of the autonomic innervation of the digestive tract.
Somatomotor systems are included insofar as pharyn-
geal phases of swallowing and pelvic ¯oor involvement
in defecation and continence are concerned. Basic phys-
iology of smooth muscles, as it relates to enteric neural
control of motor movements, is a part of neurogastro-
enterology. Psychologic and psychiatric relations to gas-
trointestinal disorders are signi®cant components of the
neurogastroenterologic domain, especially in relation to
projections of discomfort and pain to the digestive tract.

Neurogastroenterology as the descriptor for a spe-
cialized sector of gastroenterology has emerged from the

parallel fertilization of research in the basic medical
sciences and of diagnosis and treatment of functional
gastrointestinal disorders in clinical medicine. Basic
neurogastroenterologic research integrates physiology,
biochemistry, neurobiology, anatomy/histology, endo-
crinology, microbiology, immunology, and pharmacol-
ogy into a uni®ed subspecialty focused on the
innervation of the digestive system. Clinical gastroen-
terology applies the emergent knowledge in the diag-
nosis and treatment of functional gastrointestinal
disorders, examples of which are irritable bowel
syndrome, functional dyspepsia, and brainÿgut rela-
tions in physical and emotional stress.

See Also the Following Articles

BrainÿGut Axis � Defecation � Functional (Non-Ulcer)

Dyspepsia � Irritable Bowel Syndrome
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Neurotensin
ARTHUR SHULKES

University of Melbourne

autocrine action Activity elicited from a nonneuronal cell in

response to factors released by that same cell.

enterogastrone Hormonal substance released in response to

the presence of intestinal fats; causes physiological

inhibition of gastric acid secretion.

neurocrine action Activity elicited from a neuron in response

to factors released by an adjacent cell or neurone.

neuromodulator Substance that can alter the release or effect

of a neurotransmitter.

paracrine action Activity elicited from a nonneuronal cell in

response to factors released by an adjacent cell.

Neurotensin is a 13-amino-acid peptide originally isolated

from the hypothalamus; similar peptides have been subse-

quently found in other parts of the brain, the pituitary, and

the intestine. The gut, predominantly the ileum, contains

more than 90% of immunoreactive neurotensin. Although

circulating neurotensin concentration is increased by

a meal, the mechanisms of action are predominantly

neurocrine, paracrine, and neuromodulator rather than

endocrine. The most important functions in the gut are

vasodilation, stimulation of the exocrine pancreas, growth

of normal and cancerous tissues, and slowing of gastro-

intestinal transit.

CHEMISTRY, ISOLATION,
AND DISTRIBUTION

During the isolation of substance P from bovine
hypothalami, Leeman and colleagues in 1973 isolated

a 13-amino-acid peptide; because of the vasodilatory
and cyanotic effects of the peptide, it was named neu-
rotensin. Neurotensin (NT) was subsequently shown to
have a widespread distribution in the central nervous
system, pituitary, and intestine. Furthermore, neuro-
tensin and neurotensin-related peptides are represented
across the phylogenetic tree (Table I). The C terminus,
which is the bioactive core, is conserved, whereas the
N-terminal peptide, NT(1ÿ8), may be an inactive but
stable degradation product generated following cleav-
age at the dibasic Arg8ÿArg8 residues. Some of the early
literature is contradictory and confusing, often because
the speci®city of the antisera is not stated and the
extraction technique could generate artifacts or degra-
dation products. The ileum contains the highest con-
centration of neurotensin, with lesser amounts in the
jejunum and duodenum. Neurotensin is present in spe-
ci®c endocrine cells, the N cells, and in nerves, predom-
inantly in the myenteric plexus. Overall, the intestine
contains more than 90% of neurotensin. Most of the
remaining NT is in the brain, particularly the hypothal-
amus and pituitary.

GENE AND PRECURSOR STRUCTURE

The complementary deoxyribonucleic acid (cDNA)
for neurotensin was ®rst obtained in 1987 using cul-
tured canine ileal mucosal cells, which would have been

TABLE I Comparison of the Amino Acid Sequence for Neurotensin and Related Peptides from Different Speciesa

Neurotensin family species Sequence

Bovine/canine/human/porcine/rat pE L Y E N K P R R P Y I L

Guinea pig - - - - - - S - - - - - -

Chicken - - H V - - A - - - - - -

Possum - - H V - - A - - - - - -

Amphibian xenopsin pE G K - - W - -

Canine/turkey/rat xenopsin F H - K - - W - -

Bovine/canine/human/porcine/rat/neuromedin N K I - - - -

Chicken LANT-6 K N - - - -

aThe entire bovine/canine/human/porcine/rat neurotensin sequence is shown. Only those amino acids that differ from this sequence are

shown.
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enriched for both neurotensin peptide and mRNA. Neu-
rotensin is synthesized within a 170-amino-acid precur-
sor that also encodes the related peptide neuromedin N
(Fig. 1). These two peptides are located near the C ter-
minus and are separated by basic residue pairs. The rat
neurotensin/neuromedin N gene was isolated by screen-
ing a genomic library with the canine cDNA. The rat
gene has 10.2 kb and is divided into four exons, with
exon 4 containing the coding region for both neuro-
tensin and neuromedin N. Two species of mRNA
have been identi®ed (1.0 and 1.5 kb); the differences
reside in the lengths of the 30 untranslated tail. A similar
pattern is seen in the human gene. The 1.0-kb form
predominates in the intestine and pituitary, with equiv-
alent amounts of the 1.0- and 1.5-kb forms in the brain
and in tumors. The nucleotide and amino acid se-
quences are highly conserved (>80%) between humans,
dogs, cows, and rats. Not all the precursor molecules are
processed and proneurotensin and proneuromedin are
found in the gastrointestinal tract and in tumor cell
lines. In the gut, proneurotensin accounts for 2ÿ5%
of neurotensin immunoreactivity, but proneuromedin
N is the major form of gut neuromedin. Proneurotensin
is an order of magnitude less potent than neurotensin,
but because of increased stability may contribute to the
actions of neurotensin. The prohormone convertases,
PC1 and PC, have the major roles in the processing of
gut proneurotensin.

SECRETION

Ingestion of fat is the most potent stimulant of gastro-
intestinal neurotensin release; glucose and amino acids

cause insigni®cant increases. The majority of neuro-
tensin is rapidly metabolized into biologically inactive
but stable N-terminal fragments, predominantly neu-
rotensin(1ÿ8), with the bioactive C-terminal fragment
neurotensin(9ÿ13) being very rapidly metabolized.
Thus, the increase in circulating bioactive neurotensin
following a meal is quite modest and less than that re-
quired for a biological effect, such as inhibition of acid
secretion or gastric emptying. Nevertheless, neuro-
tensin may function in concert with other regulatory
peptides, such as cholecystokinin, to in¯uence gastro-
intestinal functions. Infusion of fat into the jejunum but
not the ileum of humans and dogs increases NT release.
However, ileal resection abolishes the increase in NT.
Together, these data suggest that neurotensin is released
from the ileum via a local humoral or neural stimulus
emanating from the proximal intestine. Two factsÐthat
the initial release of neurotensin following a meal occurs
within 10 minutes, which is before chyme would reach
the ileum, and that it is abolished by atropineÐsupport
this re¯ex hypothesis. Neurally mediated release
appears to involve a nonvagal cholinergic mechanism,
because truncal vagotomy does not abolish the post-
prandial increase and stimulants of vagal tone, such
as sham feeding and insulin hypoglycemia, have no
effect on neurotensin. Cholinergic independent mech-
anisms may also be involved, because bombesin-stim-
ulated release of neurotensin is not atropine
sensitive.

RECEPTORS

Neurotensin binding sites were ®rst demonstrated in rat
brain synaptic terminals and subsequently detected in
jejunum and ileum, especially in the submucosal and
myenteric plexuses. Three receptor subtypes that rec-
ognize the C-terminal, biologically active part of
neurotensin have been cloned and characterized.
Neurotensin receptor type 1 (NTR1) and NTR2 are
both G protein-coupled receptors, whereas NTR3 is
identical to the previously cloned human gp95/sortilin
receptor.

Neurotensin Receptor Type 1

The cDNA clone for NTR1 was obtained from a
rat brain cDNA library using an electrophysiological
assay in Xenopus oocytes as the end point. The cDNA
encodes a 424-amino-acid protein (similar in size to that
reported earlier by chemical isolation) that, as suggested
by pharmacological studies, is a member of the G
protein-coupled receptor family. The human receptor
has been cloned from the colonic adenocarcinoma

FIGURE 1 Schematic representation of human prepro neuro-

tensin/neuromedin (170 amino acids). The thick vertical lines

mark the positions of the dibasic residues (cleavage sites). The

different peptide products generated from the precursor are

shown (not to scale). S, Signal peptide; NmN, neuromedin N;

NT, neurotensin; T, tail peptide.
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cell line HT29. The receptor has a high af®nity (0.2 nM),
is insensitive to levocabastine, and is expressed in
the intestine and brain. Studies with NTR1 knockout
mice have demonstrated a major role for this receptor
in mediating central temperature control and gastric
and colonic motility. Signal transduction mechanisms
are through coupling with phospholipase C and
subsequent increases in intracellular Ca and inositol
1,4,5-trisphosphate. Mitogen-activated protein kinases
are also activated by neurotensin. Both pathways are
inhibited by nonpeptide neurotensin receptor antago-
nists such as SR 48692 and SR 142948. Based largely on
studies with these antagonists, NTR1 is the probable
mediator of the growth effects of NT on pancreas,
and gastrointestinal tract and on pancreatic and colo-
rectal cancer cell lines, although NTR3 may also play a
contributory role (see later). NTR1 mRNA has been
detected in many colorectal and pancreatic carcinoma
cell lines. However. receptor autoradiography of resec-
ted colorectal tumors was positive for NTR1 in only one
of 25 tumors.

Neurotensin Receptor Type 2

NTR2 is a low-af®nity (5ÿ7 nM) receptor that shares
about 60% homology with NTR1 and is sensitive to
levocabastine. Although it has the characteristics of a
G protein-coupled receptor, the transduction mecha-
nisms have not been completely characterized and ap-
pear to be system and species speci®c. Furthermore,
neurotensin antagonists have paradoxical agonist func-
tions in some species. The receptor is expressed mostly
in the brain but in a distribution pattern different to
NTR1, so there is rarely coexpression. The NTR2 recep-
tor appears to mediate neurotensin-induced analgesia.
No speci®c gastrointestinal role has been demonstrated
for NTR2 and no NTR2 binding sites could be detected
in the human colon and no NTR2 mRNA in human
pancreatic and colon cancer cell lines.

Neurotensin Receptor Type 3

A third neurotensin binding site was isolated by
af®nity cross-linking of brain extracts; following clon-
ing, the site was shown to have 100% homology with the
previously cloned human gp95/sortilin receptor. This
protein has a large luminal domain, a single-transmem-
brane domain, and a short cytoplasmic tail. The major-
ity of NTR3 is located in intracellular vesicles, but some
is also found on the cell membrane. NTR3 mRNA and
intracellular binding sites are detected in pancreatic and
colonic cancer cell lines. NTR3 mediates NT-stimulated
cell growth in cancer cell lines either alone or as a
heterodimer with NTR1.

BIOLOGICAL EFFECTS

Neurotensin has a variety of biological effects; more
than 30 different in vitro and in vivo effects have been
documented. Peripheral effects include vasodilation,
cyanosis, increased histamine release, stimulation of
the endocrine and exocrine pancreas, effects on gastro-
intestinal tract smooth muscle activity and motility,
stimulation of intestinal secretion, and inhibition of
blood ¯ow to adipose tissue. Neurotensin promotes
the growth of the gastrointestinal tract as well as gut-
and pancreatic-derived cancer cell lines. Centrally, neu-
rotensin has hypothermic and antinociceptive effects
and modulates brain dopamine systems, luteinizing
hormone, and prolactin release. Only the gastrointesti-
nal effects will be considered further.

Neurotensin secretion is stimulated by fat and is
thought to be the mediator of many of the effects in¯u-
enced by fat ingestion. These include inhibition of gas-
trointestinal transit and gastric acid secretion and
stimulation of pancreatic secretion and intestinal
blood ¯ow. However, infusion studies mimicking the
postprandial release of neurotensin indicate that the
amount secreted is insuf®cient to mediate these actions.
Neurotensin is therefore thought to function by inter-
acting with other hormones, such as cholecystokinin,
secretin, and the cholinergic and noncholinergic com-
ponents of the enteric nervous system. Finally, neuro-
tensin functions as a locally acting paracrine agent, and
its location in speci®c enteric neurones indicates a role
as a neurotransmitter.

Gastrointestinal Secretions

Neurotensin administered either intracerebro-
ventricularly or peripherally inhibits gastric acid secre-
tion. The peripheral effect is dependent on an intact
vagus. The concentration of neurotensin required to
inhibit gastric acid secretion is higher than that achieved
following a high-fat meal and it is likely that neurotensin
acts in concert with other meal-stimulated enterogas-
trones, such as secretin.

A similar interaction is observed with exocrine
pancreatic secretion. Neurotensin alone increases exo-
crine pancreatic secretions whereas the combination
of neurotensin with secretin potentiates pancreatic pro-
tein output and the combination of neurotensin with
cholecystokinin potentiates pancreatic bicarbonate
secretion. Cholinergic pathways also contribute to the
pancreatic stimulatory effect of neurotensin. Early
studies reporting that neurotensin stimulated insulin
secretion used pharmacological doses. Neurotensin
is now not thought to have a role in regulating the
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endocrine pancreas. Intestinal secretion is also stimu-
lated by relatively low doses of neurotensin.

Motility

Many of the motility effects of neurotensin mimic
the motility changes that occur following the conversion
from the fed to the fasted state. Neurotensin or ingestion
of a fat meal reduces lower esophageal sphincter pres-
sure, slows gastric emptying and intestinal transit, and
inhibits the interdigestive migratory complex. As with
other effects of neurotensin, an interaction with vagal
cholinergic components is required. Once fat reaches
the ileum, there is a further inhibition of gastric and
intestinal motility, and this appears to be mediated by
the distal small intestine peptide YY (PYY) together with
neurotensin. In vitro studies performed to determine the
mechanism of the motility effects of neurotensin have
been dif®cult to interpret because the responses are
dose, region, and species dependent. Neurotensin
in vitro has both a direct relaxant and an indirect con-
tractile action, with the relaxant effect being tetrodo-
toxin resistant and the contractile effect dependent on
cholinergic and substance P-mediated mechanisms.
Studies with both neurotensin antiserum and antago-
nists suggest that neurotensin is one of the non-
cholinergic, nonadrenergic mediators of relaxation in
the small intestine. Overall, the consequence of these
motility changes is that the chyme from a meal rich in fat
is retained longer in the stomach and intestine, which
should aid digestion and absorption of nutrients.

Growth

Many of the peptides produced by the intestine are
growth factors. These include epidermal growth factor,
transforming growth factor-a (TGF-a), insulin-like
growth factor-1 (IGF-1), and glucagon-like peptide-2
(GLP-2). Neurotensin also has a trophic effect on the
gastrointestinal tract and pancreas, but the speci®c con-
tribution of neurotensin among the constellation of
growth factors has not been resolved.

Animal studies have shown that neurotensin infu-
sion is trophic for the pancreas, stomach, and intestine.
However, relatively high doses are required. Neuro-
tensin enhances the trophic effect of GLP-2, whereas
the trophic effects of IGF-1 and TGF-a are mediated
in part by increases in neurotensin production. The
hypoplasia induced by feeding rats an elemental diet
is reversed by neurotensin infusion. Similarly, the adap-
tive response following either small or large bowel re-
section is augmented by neurotensin administration.

PATHOLOGY

Neurotensin-producing pancreatic endocrine tumors
are quite rare and are often associated with the over-
production of other bioactive peptides, such as vasoac-
tive intestinal peptide. Because vasoactive intestinal
peptide and neurotensin both stimulate intestinal secre-
tion, it has been dif®cult to determine whether neuro-
tensin is responsible for the diarrhea often associated
with pancreatic endocrine tumors. Studies with neuro-
tensin antagonists in patients with the watery diarrhea
hypokalemia achlorhydria syndrome have not been re-
ported. Hepatic ®brolamellar tumors and some prostatic
tumors also overproduce neurotensin, often resulting in
elevated blood neurotensin concentrations. Again, no
speci®c symptoms have been associated with neuro-
tensin overproduction in these tumors. The nature of
the neurotensin produced is quite variable, ranging
from intact neurotensin, proneurotensin, inactive neu-
rotensin(1ÿ8), and bioactive C-terminal fragments
6ÿ13 or 9ÿ13.

Neurotensin gene expression has been detected in
10 of 40 colorectal cancers tested. This expression was
not detected in adjacent normal colonic mucosa. Inter-
estingly, neurotensin gene and peptide are present in
fetal colon, suggesting a recapitulation of the fetal phe-
notype under some circumstances. Using receptor au-
toradiography, only a small proportion of human
colorectal cancers express NTR1, although the sur-
rounding muscle and nerve cells are labeled. Whether
the NTR3 subtype is present is unknown.

Neurotensin administration to rats increases the
number and size but not the incidence of colon tumors
induced by azoxymethane. The mechanism has been
ascribed to an increase in proliferation, although the
doses of neurotensin and azoxymethane were high.

Extensive studies with colon cancer cells either in
vitro or in vivo after xenografting have con®rmed a pro-
liferative effect of neurotensin that is inhibited by NTR1
antagonists. However, NTR1 and NTR3 are both
detected on colon cancer cell lines and interact in a
cooperative manner. About half of colorectal cancer
cell lines tested contain neurotensin receptors, deter-
mined either by binding studies or expression of recep-
tor mRNA. The NTR1 receptor antagonist alone inhibits
the endogenous growth of xenografted colon cancer
cells, raising the possibility that neurotensin antagonists
could be used therapeutically. The neurotensin receptor
antagonist may function by inhibiting an autocrine reg-
ulatory loop, because many colon cancer cell lines con-
tain neurotensin mRNA and peptide. Whether
endogenous, meal-stimulated neurotensin has a stimu-
latory role on tumor growth has not been determined.
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Similar to other peptide growth factors detected in
tumors, processing ef®ciency is diminished and there
is a preponderance of neurotensin precursor detected in
colon cancer lines. However, proneurotensin is more
stable than the fully processed neurotensin(1ÿ13)
and is able to activate NTR1 receptors in the nanomolar
range.

Neurotensin receptors (both mRNA and binding)
have been detected in nearly all pancreatic carcinomas.
However, unlike normal colon, neurotensin receptors
are also detected in normal pancreas, albeit at lower
levels than in the tumors. In pancreatic cancer cell
lines, the neurotensin antagonist SR 48692 inhibits
both basal and neurotensin-stimulated proliferation,
consistent with an endocrine or autocrine regulation
of growth.

Patients with the dumping syndrome have exagger-
ated meal-stimulated release of neurotensin, probably as
the result of the rapid passage of nutrients from the
stomach to the small intestine. Neurotensin is not the
responsible agent, because intravenous infusion does
not mimic the symptoms. Another instance of exagger-
ated neurotensin release occurs in patients with severe
chronic pancreatitis. The excess neurotensin response is
probably the result of undigested fat products in the
small intestine, because it is reversed by enzyme re-
placement therapy.

In terms of therapeutic value, the trophic effect of
neurotensin could be of theoretical bene®t in patients
who have atrophy of the bowel associated with long-
term parenteral feeding, or in patients who have had
small intestine resection. However, a long-lasting ana-
logue will be required for this to be tested in human
clinical trials. Finally, the ef®cacy of the NTR1 subtype
antagonist SR 48692 in moderating experimental

pancreatic and colorectal carcinogenesis indicates a
potential role for neurotensin antagonists.
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Nitric Oxide
PAUL KUBES

University of Calgary, Canada

in¯ammation Body's response to infection or injury, includ-

ing increased swelling, redness, heat, pain, and white cell

in®ltration (puss formation).

in¯ammatory bowel disease Chronic in¯ammation of the

intestines.

nitric oxide Gas produced by cells of the brain, blood

vessels, and immune system.

nitric oxide synthase-2 Protein that produces abundant

bactericidal nitric oxide in response to in¯ammation.

nitric oxide synthase-3 Protein that continuously produces

small amounts of nitric oxide to maintain normal blood

pressure.

Nitric oxide is synthesized from a guanidino group of

L-arginine and can be produced by virtually all mam-

malian cells, including endothelium lining the vascula-

ture, epithelial cells, neurons of the central and enteric

nervous systems, and cells of the immune system. Nitric

oxide is constitutively produced by an enzyme normally

present primarily in endothelium lining the vasculature

(nitric oxide synthase-3; NOS3) and a neurally associated

nitric oxide synthase found in neurons of the brain and

enteric nervous system (NOS1). The constitutive forms of

nitric oxide synthase, including neuronal NOS (NOS1)

and endothelial NOS (NOS3), are critical to normal phys-

iology. Nitric oxide produced from NOS3 maintains

adequate perfusion, regulates microvascular permeabil-

ity, modulates platelet homotypic aggregation as well

as platelet adhesion to vessel walls, and regulates leuko-

cyteÿendothelial cell interactions. In the gastroin-

testinal tract, NOS3 appears to also regulate epithelial

permeability. NOS1 is associated with the enteric nervous

system and presently there is very limited information

about its potential in¯ammatory/antiin¯ammatory func-

tion. Although NOS2, an inducible isoform of nitric oxide

synthase, is not considered constitutive, small amounts of

NOS2 message and protein have certainly been reported

under normal conditions in the intestinal tract, and so a

role for this isoform cannot be excluded in intestinal

homeostatic function.

INTESTINAL INFLAMMATION

Acute and chronic inhibition of constitutive nitric
oxide causes many of the hallmark features of intestinal

in¯ammation, including increased neutrophil recruit-
ment, increased oxidative stress, mast cell degranulation,
and increased microvascular and epithelial permeabil-
ity. Many studies of acute in¯ammatory models have
documented that exogenous nitric oxide protects
the gastrointestinal mucosa against noxious stimuli.
Although improvement in blood ¯ow associated with
increased NO delivery would be an important factor in
countering the compromised blood ¯ow due to damag-
ing effects of lumen-based insults such as HCl, ethanol,
and indomethacin, NO can also protect at subdilatory
levels.

NITRIC OXIDE SYNTHASE-2

Nitric oxide synthase-2 (NOS2) is an enzyme that re-
quires protein synthesis for signi®cant expression in
endothelium, epithelium, and in¯ammatory cells; it is
induced by cytokines and lipopolysaccharide (LPS) and
produces large amounts of nitric oxide for extended
periods of time. Three key observations underlie the
hypothesis that NOS2 contributes to prolonged in¯am-
mation in a negative manner: (1) large quantities of
nitric oxide are produced by NOS2, (2) expression pat-
terns of NOS2 have correlated nicely with prolonged
in¯ammation, and (3) many studies have shown that
NO synthase inhibition reduces in¯ammation; this third
observation is the most compelling evidence to suggest
that NOS2 does contribute to intestinal in¯ammation.
NO synthase inhibitors provide extremely bene®cial
results in a model of chemically induced (trinitro-
benzenesulfonic acid; TNBS) guinea pig ileitis. In-
creased nitric oxide production from NOS2 has also
been documented in a spontaneous, idiopathic, rhesus
monkey colitis model. In that model, NOS2 inhibitor
reduced the diarrhea but did not alter the morphological
features of the disease. The TNBS-induced colitis was
greatly improved in mice lacking NOS2 (NOS2ÿ/ÿ
mice) and resulted in 90% mortality in wild-type
mice and 38% mortality in the NOS2ÿ/ÿ counterparts.

It is important to note that not all studies support a
detrimental role for NOS2. In a model of mucosal injury
andrepairnot involvingachronicphaseof in¯ammation,
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the inducible NOS (iNOS)-de®cient mice healed less
effectively than did their wild-type counterparts, an
observation recently noted in other tissues. In another
study using TNBS-induced colitis in iNOSÿ/ÿ mice,
within the ®rst 72 hours of TNBS-induced colitis the
iNOSÿ/ÿmice had an approximately 50% greater dam-
age score and increased neutrophilic in®ltrate. By day 7,
as the model entered the chronic phase of in¯ammation
(mast cell hyperplasia and macrophage and lymphocyte
in®ltration), there was no difference in the various
parameters of injury measured between iNOSÿ/ÿ and
iNOS�/� mice. NOS2 de®ciency is not important in
interleukin-10 (IL-10)-de®cient mice spontaneously
developing chronic intestinal in¯ammation.

PEROXYNITRITE

Peroxynitrite, a potent nitrosating agent, may be the
product that makes NOS2 detrimental. NO and super-
oxide react in essentially a diffusion-limited fashion to
produce peroxynitrite. This product has a half-life of
1.9 seconds at pH 7.4 and exists in equilibrium with
peroxynitrous acid. Peroxynitrous acid generates an ex-
cited isomer that acts as a hydroxyl-like oxidizing spe-
cies, or, by direct homolysis of peroxynitrous acid,
produces hydroxyl. In this fashion, peroxynitrite oxi-
dizes a variety of molecules (sulfhydryls, thiols, and
ascorbate) and triggers cytotoxic processes, including
lipid peroxidation and DNA damage. Initial work sug-
gests that peroxynitrite but not nitric oxide can also
nitrosate tyrosine, to produce 3-nitrotyrosine. Because
peroxynitrite is presently impossible to measure in vivo
due to its high reactivity, 3-nitrotyrosine formation is
used as a ®ngerprint of peroxynitrite formation. Intense
immunostaining of nitrotyrosine has been detected
in rodent and human colitis. It should be noted that
that 3-nitrotyrosine could be formed from nitrite
(NO2

ÿ) in the presence of hypochlorous acid or
human polymorphonuclear leukocytes (a source of hy-
pochlorous acid), suggesting this is not a speci®c marker
of peroxynitrite. Although current work does question
the speci®city of nitrotyrosine, it does not necessarily

refute the existence of peroxynitrite in vivo. A criticism
levied against the formation of peroxynitrite per se has
been the requirement for the simultaneous generation of
equivalent amounts of nitric oxide and superoxide to
generate optimal levels of peroxynitrite. Because the
relative cellular concentration of superoxide is in the
order of 1000 times lower than nitric oxide, the amount
of peroxynitrite produced is limited, in a site-speci®c
fashion, to areas of high superoxide anion generation
or, alternatively, to low nitric oxide levels. Surpris-
ingly, peroxynitrite under some conditions may func-
tion to prevent injury, an event that requires further
investigation.
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Non-Steroidal Anti-In¯ammatory
Drugs (NSAIDs)
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cyclooxygenases Family of enzymes, of which at

least two isoforms exist, cyclooxygenase-1 and cycloox-

ygenase-2. They act on arachidonic acid to produce a

number of compounds, including prostaglandins and

thromboxane.

prostaglandins One form of eicosanoids (biologically active

lipids formed by the oxidation of 20-carbon fatty acids);

produced by the cyclooxygenase pathway, they are

responsible for a variety of physiologic and in¯ammatory

reactions.

Non-steroidal Anti-in¯ammatory drugs (NSAIDs) are a

heterogeneous group of chemical compounds that share

common mechanisms of action, therapeutic effects, and

toxicities. The prototypical drug is aspirin. There are over

20 NSAIDs currently available in the United States.

Nearly 20 million persons in the United States use

these drugs on a daily basis, making this group of

drugs one of the most widely prescribed agents.

Systematic reviews have not found important differences

in ef®cacy between different NSAIDs, but differences in

toxicity have been demonstrated.

HISTORY

Salicylic acid is the active ingredient in willow bark, the
medicinal effects of which have been known for several
centuries. Sodium salicylate was ®rst used in 1875 for
the treatment of rheumatic fever. Hoffman, a chemist
working for the pharmaceutical company Bayer,
synthesized acetylsalicylic acid in 1897. This compound
was introduced into medicine in 1899 under the name of
aspirin. Since the introduction of indomethacin in 1963,
a number of similar agents have been synthesized. In
1971, John Vane established that aspirin inhibits the
synthesis of prostaglandins. Within the past decade, it
has become clear that inhibition of two enzymes is
involved. With the elucidation of these two enzymes,
cyclooxygenase-1 (COX-1) and cyclooxygenase-2
(COX-2), increasingly sophisticated and speci®c
compounds have been produced in attempts to improve
ef®cacyandlowertoxicity.Cyclooxygenase-3(COX-3)is
a recently described variant of COX-1.

NOMENCLATURE AND
CLASSIFICATION

The NSAIDs are classi®ed based on COX speci®city and
chemical structure. The nonselective COX inhibitors
include salicylate derivatives such as aspirin, sodium
salicylate, sulfasalazine, and di¯unisal. The para-
aminophenol derivatives include acetaminophen, and
the indole acetic acid derivatives include indomethacin
and etodolac. The heteroarylacetic acid derivatives are
typi®ed by diclofenac. Arylpropionic acids include
ibuprofen and naproxen. The fenamates include mefe-
namic acid, and the enolic acids include piroxicam and
meloxicam. Nabumetone is an alkalone. Some of the
nonselective COX inhibitors (meloxicam, etodolac, and
diclofenac) display COX-2 selectivity, especially at low
doses. COX-2-selective inhibitors include nimuselide,
rofecoxib, celecoxib, valdecoxib, etoricoxib, and lumira-
coxib. Of these, rofecoxib, valdecoxib, and celecoxib are
currently licensed in the United States.

MECHANISM OF ACTION

Non-steroidal Anti-in¯ammatory drugs act principally
by inhibiting the synthesis of prostaglandins. This
appears to be the basis of both the Anti-in¯ammatory
and analgesic effects. This inhibition is mediated by
competitively inhibiting the enzyme, cyclooxygenase,
responsible for the synthesis of prostaglandins. Addi-
tionally, the NSAIDs also inhibit the formation of pros-
tacyclin and thromboxane, both of which are involved
in vascular permeability and platelet aggregation. This is
the basis of the anticoagulant effect seen with the
NSAIDs, especially that of aspirin, which irreversibly
acetylates the COX enzymes.

As already noted, there appear to be two well-
de®ned isoforms of the COX enzymes that differ both
in their tissue distribution and their inducibility.
COX-1 is widely expressed in most tissues, with a con-
stitutive level of expression, being especially important
in the upper gastrointestinal tract, where it helps main-
tain the integrity of the mucosa. COX-2 is considered an
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inducible enzyme and is typically undetectable in most
tissues. During states of in¯ammation, the levels of
COX-2 are greatly increased. The targeting of COX-2
with concomitant sparing of COX-1 has been the driving
force behind the development of COX-2-selective
NSAIDs. It is increasingly recognized that the dichot-
omy of physiologic signi®cance of COX-1 and COX-2
isoforms is not mutually exclusive, with COX-1 likely
involved in the prevention of gastrointestinal ulcers and
central perception of pain and COX-2 being critical to
renal blood ¯ow and electrolyte balance.

Both isoforms of the COX enzyme are inhibited
to some degree by all currently available NSAIDs. Sev-
eral traditional NSAIDs have been shown to be more
selective for COX-2 than for COX-1, especially at low
doses. This is typical of etodolac and meloxicam. At
higher doses, this relative speci®city is typically lost.
The COX-2-speci®c inhibitors are much more likely
to retain this selectivity even at higher doses. Large,
prospective trials of the COX-2-speci®c inhibitors
have suggested a decreased incidence of clinically im-
portant upper gastrointestinal events, although the in-
¯uence on renal function and effects on the coagulation
cascade remain to be fully elucidated. Prospective trials
to understand the effects of COX-2-speci®c inhibitors
on the coagulation pathway are underway.

An exciting new development has been the demon-
stration of a COX-1 variant, called COX-3, suggesting
that multiple COX isoenzymes could be derived from
just two distinct genes providing a COX continuum of
enzymes and products. Other proposed mechanisms
of action for NSAIDs are based on their lipophilic
properties. Direct interruption of proteinÿprotein
interactions may underlie some of the effects attributed
to NSAIDs.

PHARMACOLOGY

NSAIDs are well absorbed following oral administra-
tion. Once absorbed they are typically highly bound to
serum albumin because they are weak organic acids.
Most NSAIDs are metabolized predominantly in
the liver and are subsequently excreted in the urine.
This has important implications in patients with
hepatic and/or renal dysfunction. Some NSAIDs (indo-
methacin, sulindac, and piroxicam) have prominent en-
terohepatic circulation. This may result in a prolonged
half-life. NSAIDs with short half-lives achieve maxi-
mum plasma concentrations quickly whereas those
with longer half-lives achieve this more slowly. Sulindac
and nabumetone require conversion to an active com-
pound after ®rst-pass metabolism through the liver.
Once steady-state pharmacokinetics have been

achieved, tissue concentrations of NSAIDs do not
vary greatly. Highly lipid-soluble NSAIDs can penetrate
the central nervous system and may cause adverse ef-
fects such as headache; this is most frequently noted
with indomethacin.

CLINICAL USES

Pain

NSAIDs have been widely used as single-dose
therapy or as short-term intermittent therapy, to relieve
mild to moderate pain. Most episodes of acute
musculoskeletal pain, muscular headaches, dysmenor-
rhea, and postoperative pain respond well to NSAIDs,
although there is a paucity of randomized controlled
trials demonstrating improved ef®cacy over acetamin-
ophen in acute musculoskeletal syndromes. NSAIDs are
occasionally effective as monotherapy in chronic pain,
but are typically used as an adjunct to opioids in the
management of severe pain. They may be particularly
effective in bony pain of malignant origin. NSAIDs are
increasingly used for the management of postoperative
pain, especially following day-surgery, because of the
lack of sedative effects.

Fever

NSAIDs are effective antipyretic agents, comparable
to acetaminophen. Aspirin is generally avoided in chil-
dren with fever because of a possible link between its use
and the development of Reye's syndrome. Ibuprofen is
widely utilized in children with febrile illnesses.

Osteoarthritis

NSAIDs, because of their anti-in¯ammatory effects,
are particularly attractive analgesics in patients with
osteoarthritis. Systematic reviews have found that
NSAIDs are effective in reducing the pain of osteo-
arthritis. No particular NSAIDs has been found more
effective than the others have in this regard. Compara-
tive trials of NSAIDs versus simple analgesics such as
acetaminophen (which may act via COX-3) have not
shown good evidence that NSAIDs are superior to
simple analgesics in the treatment of osteoarthritis.

Rheumatoid Arthritis

NSAIDs are widely prescribed in the manage-
ment of rheumatoid arthritis, especially in early
disease, for which they are utilized as `̀ bridge'' therapy,
because traditional disease-modifying antirheumatic
drugs achieve bene®ts only after several weeks of
therapy.
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Other Uses

NSAIDs have been utilized for the management of
biliary and renal colic, acute gout, the spondyloarthro-
pathies, and as topical agents for the management of
in¯ammatory ocular disorders. High doses of celecoxib
have been utilized in the management of familial
adenomatous polyposis (FAP).

ADVERSE EFFECTS

Gastrointestinal effects include an increased incidence
of dyspepsia, peptic ulceration, intestinal ulceration,
and blood loss. Renal effects must be considered with
patients whose renal function is dependent on prosta-
glandin synthesis; such patients, who are especially
vulnerable to renal side effects from NSAID therapy,
include the elderly and patients with diabetes, cirrhosis,
hypertension, congestive heart failure, and chronic
renal insuf®ciency from any cause. Such patients on
NSAID therapy have predictable increases in blood
pressure and in peripheral edema and decreases in glo-
merular ®ltration rate. The COX-2-selective agents are
as likely to cause nephrotoxicity (and therefore offer no
renal advantage) when compared with nonselective
NSAIDs.

Other adverse effects are much less common and
include hepatotoxicity, photosensitivity eruptions,
headache with or without meningitis, tinnitus

(especially with aspirin), worsening of asthma and al-
lergic rhinitis, and worsening of osteoarthritis (specif-
ically with indomethacin). The antiplatelet effects of
aspirin may manifest as easy bruisability. It remains
to be determined de®nitively whether COX-2-selective
NSAIDs have prothrombotic effects.
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Nonalcoholic Fatty Liver Disease
PAUL ANGULO

Mayo Medical School, Clinic, and Foundation

acanthosis nigricans Disorder involving localized skin

hyperpigmentation; appears as velvety hyperpigmenta-

tion, primarily in ¯exural areas. It is usually associated

with obesity, type 2 diabetes mellitus, Cushing's

syndrome, acromegaly, and the SteinÿLeventhal

syndrome.

insulin resistance Decreased ability of insulin to act

effectively on peripheral target tissues, especially muscle

and liver; resistance is relative, because supernormal

levels of circulating insulin will normalize the plasma

glucose.

oxidative stress Refers to increased generation of reactive

oxygen species or free radicals, including superoxide

anions, hydrogen peroxide, and hydroxyl radicals;

occurs as a consequence of accumulation of fat within

hepatocytes. The reactive oxygen species or free radicals

seem to induce chemotaxis and accumulation of

in¯ammatory cells in the liver.

truncal obesity Denotes waist/hip ratio (waist circumference

divided by hip circumference) equal to or greater than

0.85 and 0.90 in women and men, respectively.

Nonalcoholic fatty liver disease is an increasingly recog-

nized clinicopathological condition that may progress to

end-stage liver disease. The pathological picture resem-

bles alcohol-induced liver injury, but occurs in patients

who do not abuse alcohol. This disease comprises a wide

spectrum of liver damage, ranging from simple steatosis,

to steatohepatitis, to advanced ®brosis and cirrhosis.

Steatohepatitis (nonalcoholic) represents only a stage

within the spectrum of nonalcoholic fatty liver disease.

Nonalcoholic fatty liver disease and steatosis with or with-

out hepatitis resulting from secondary causes should be

differentiated (Table I) because they have distinctly dif-

ferent pathogeneses and outcomes.

RISK FACTORS

Obesity, type 2 (non-insulin-dependent) diabetes
mellitus, and hyperlipidemia are comorbid conditions
frequently associated with nonalcoholic fatty liver dis-
ease (NAFLD). The prevalence of obesity reported in
several series of NAFLD studies varies between 30 and
100%; the prevalence of type 2 diabetes varies between
10 and 75% and the prevalence of hyperlipidemia varies

TABLE I Causes of Fatty Liver Disease

Nutritional Drugsa Metabolic/genetic Other

Protein-calorie malnutrition Glucocorticoids Lipodystrophy In¯ammatory bowel disease

Starvation Synthetic estrogens Dysbetalipoproteinemia Small bowel diverticulosis with

bacterial overgrowthTotal parenteral nutrition Aspirin WeberÿChristian disease

Rapid weight loss Calcium channel blockers Wolman's disease HIV infection

Gastrointestinal surgery

for obesity

Amiodarone Cholesterol ester storage Enviromental hepatotoxins

Tamoxifen Acute fatty liver of pregnancy Phosphorus poisoning

Tetracycline Petrochemical exposure

Methotrexate Toxic mushrooms

Perhexiline maleate Organic solvents

Valproic acid Bacillus cereus toxins

Cocaine

Antiviral agents

Zidovudine

Didanosine

Fialuridine

a Partial list of agents that produce fatty liver in humans. Some drugs produce in¯ammation as well. The association of fatty liver with calcium

channel blockers and valproic acid is weak, whereas the association with amiodarone is strong. Drug-induced fatty liver may have no sequelae (i.e.,

corticosteroids), or can eventuate in cirrhosis (i.e., methotrexate and amiodarone).
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between 20 and 92%. The prevalence of NAFLD
increases by 4.6-fold in obese people. Regardless of
body mass index, type 2 diabetes mellitus signi®cantly
increases the prevalence and severity of NAFLD.
Truncal obesity seems to be an important risk factor
for NAFLD, even in subjects with normal body mass
index. About half of patients with hyperlipidemia
were found to have NAFLD on ultrasound examination
in one study. Hypertriglyceridemia rather than hyper-
cholesterolemia may increase the risk of NAFLD.
NAFLD may affect any age group and has been described
in most racial groups.

PREVALENCE

NAFLD affects 10ÿ24% of the general population
worldwide. The prevalence of NAFLD, however, in-
creases to 57.5ÿ74% in obese people. NAFLD affects
2.6% of children and this ®gure increases to 22.5ÿ52.8%
in the obese pediatric population. NAFLD represents a
common explanation for abnormal liver tests in blood
donors, and it is the cause of asymptomatic elevation of
aminotransferases in up to 90% of cases once other
causes of liver disease are excluded.

The prevalence of NAFLD in the United States is
unknown, although a good estimate can be derived
from the known prevalence of obesity and type 2 dia-
betes mellitus in the general population. Obesity as de-
®ned by a body mass index (BMI)� 30 kg/m2 affects
22.5% of people aged 20 years or older. Steatosis, re-
gardless of diabetic status, is found in over two-thirds of
the obese population and in more than 90% of the
severely obese (BMI� 35 kg/m2) individuals. Steato-
hepatitis affects about 3% of the lean population, 19%
of the obese individuals, and almost half of severely
obese people. Hence, when extrapolated to the 2002
United States population, an estimated 30.1 million
obese adults in this country may have steatosis, and
about 8.6 million may have steatohepatitis. Diabetes
mellitus affects 7.8% of the United States adult popula-
tion whereas 50% (range 21ÿ78%) of diabetic patients
have NAFLD.

CLINICAL FEATURES

Most patients with NAFLD have no symptoms or signs
of liver disease at the time of diagnosis, although many
patients complaint of fatigue or malaise and a sensation
of fullness or discomfort in the right upper abdomen.
Hepatomegaly is the only physical ®nding in most pa-
tients. Acanthosis nigricans may be found in children
with NAFLD. Stigmata of chronic liver disease suggest
advanced disease with cirrhosis. A high proportion of

patients with cryptogenic cirrhosis shares many of the
clinical and demographic features of patients with
NAFLD, suggesting that cryptogenic cirrhosis was
previously unrecognized NAFLD.

Mild to moderate elevation of serum aminotransfer-
ases is the most common and often the only laboratory
abnormality found in patients with NAFLD. The aspar-
tate aminotransferase/alanine transaminase (AST/ALT)
ratio is usually less than 1, but this ratio increases as
®brosis advances, leading to a loss of its diagnostic ac-
curacy in patients with cirrhotic stage. Serum alkaline
phosphatase and/or g-glutamyl transpeptidase are
above the normal range in many patients. Other abnor-
malities, including hypoalbuminemia, prolonged pro-
thrombin time, and hyperbilirubinemia, may be found
in patients with cirrhotic stage NAFLD. Elevated serum
ferritin levels are found in a half of patients and in-
creased transferrin saturation is found in 6ÿ11% of
patients. Hepatic iron index and hepatic iron concen-
tration, however, are usually in the normal range.

Fatty in®ltration of the liver produces a diffusely
increased echogenicity when compared to the kidney
texture on ultrasonography. Cirrhosis regardless of eti-
ology is associated with a similar appearance. Ultraso-
nography has a sensitivity of 89% and a speci®city of
93% in detecting steatosis, and a sensitivity and speci-
®city of 77 and 89%, respectively, in detecting increased
®brosis. Fatty in®ltration of the liver produces a low-
density hepatic parenchyma on a computer tomography
(CT) scan. Magnetic resonance (MR) imaging can dist-
inguish space-occupying lesions from focal fatty in®l-
tration or focal fatty sparing.

LIVER HISTOLOGY

NAFLD is histologically indistinguishable from the liver
damage resulting from alcohol abuse. Liver biopsy fea-
tures include steatosis, mixed in¯ammatory cell in®l-
tration, hepatocyte ballooning and necrosis, glycogen
nuclei, Mallory's hyaline, and ®brosis. The presence of
these features, alone or in combination, accounts for the
wide spectrum of NAFLD. Fatty in®ltration, necro-
in¯ammation, and hepatocyte ballooning are mostly
seen in acinar zone 3, but their distribution is more
diffuse in more severe cases of NAFLD. Mallory's hya-
line is usually located in ballooned hepatocytes, but it is
neither unique nor speci®c for NAFLD. Portal tracts are
relatively spared from in¯ammation, although children
with NAFLD may show a predominance of portal
in¯ammation as opposed to a lobular in®ltrate.
Mallory's hyaline is notably sparse or absent in children
with NAFLD.
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Fibrosis in NAFLD suggests more advanced and se-
vere liver injury. Some degree of ®brosis is found in up
to 66% of patients at the time of diagnosis. Collagen is
®rst laid down in the pericellular space around the cen-
tral vein and in the perisinusoidal region in zone 3. This
pattern of ®brosis helps to distinguish NAFLD and al-
coholic liver disease from other forms of liver disease in
which ®brosis shows an initial portal distribution. The
combination of (a) steatosis; (b) mixed mononuclear
and/or polymorphonuclear cell in®ltration; and (c) he-
patocyte ballooning and spotty necrosis is known as
nonalcoholic steatohepatitis (NASH).

PATHOGENESIS

The pathogenesis of NAFLD has remained poorly un-
derstood since the earliest description of the disease.
Much current thinking remains hypothetical and the
mechanisms are still being worked out. It is not yet
understood why some patients develop simple steatosis
whereas others develop steatohepatitis and progressive
disease; differences in body fat distribution or antioxi-
dant systems, possibly in the context of a genetic pre-
disposition, may be among the explanations. A net
retention of lipids within hepatocytes, mostly in the
form of triglycerides, is a prerequisite for the develop-
ment of NAFLD. The primary metabolic abnormality
leading to lipid accumulation, however, is not well
understood, but it could potentially result from
insulin resistance and alterations in the uptake,
synthesis, degradation, or secretory pathways of hepatic
lipid metabolism. Insulin resistance represents the most
reproducible factor for the development of NAFLD. In-
creased intrahepatic concentration of fatty acids pro-
vides a source of oxidative stress, which may be in
large part responsible for the progression from steatosis
to steatohepatitis to cirrhosis. Mitochondria are the
main cellular source of reactive oxygen species (ROS),
which may trigger steatohepatitis and ®brosis by
two main mechanisms: lipid peroxidation and cytokine
induction.

Humans with steatohepatitis exhibit ultrastructural
mitochondrial lesions, including linear crystalline in-
clusions in megamitochondria. This mitochondrial in-
jury is absent in most patients with simple steatosis or in
healthy subjects. After a fructose challenge, which
causes acute hepatic ATP depletion, patients with
steatohepatitis slowly resynthesize ATP in vivo. This
impaired ATP recovery may re¯ect the mitochondrial
injury found in patients with steatohepatitis. Thus, al-
though obese, diabetic, or hyperlipidemic patients with
fatty liver rarely develop symptoms of liver disease, the
steatotic liver may be vulnerable to further injury when

challenged by additional insults. This has led some to
presume that progression from simple steatosis to
steatohepatitis to advanced ®brosis results from two
operating `̀ hits.'' First, insulin resistance leads to accu-
mulation of fat within hepatocytes, and second, mito-
chondrial ROS lead to lipid peroxidation and cytokine
induction.

DIAGNOSIS

NAFLD is usually suspected in individuals with asymp-
tomatic elevation of aminotransferases, radiological
®ndings of fatty liver, or unexplained persistent hepa-
tomegaly. Imaging studies help in determining the pres-
ence and amount of fatty in®ltration of the liver, but the
clinical suspicion of NAFLD and its severity can be
con®rmed only with a liver biopsy.

The diagnosis of NAFLD requires exclusion of alco-
hol abuse as the cause of liver disease; abuse involves a
daily alcohol intake as low as 20 g in females and 30 g in
males. Other etiologies, such as viral, autoimmune, met-
abolic/hereditary, and drug/toxin-induced liver disease,
should be ruled out. Speci®c laboratory tests along with
a number of histologic ®ndings on liver biopsy make the
diagnosis of these other liver diseases straightforward in
most cases.

Given the lack of effective medical therapy for all
patients with NAFLD, a liver biopsy may not be neces-
sary for the simple purpose of making the diagnosis in a
patient with clear risk factors (obesity, diabetes, or hy-
perlipidemia). However, a liver biopsy may provide the
most useful diagnostic information for those patients
who do not have any risk factors for NAFLD, as well
as for those patients whose liver test results do not im-
prove after weight loss and appropriate metabolic con-
trol. Some factors can help to identify the NAFLD
patient for whom the liver biopsy may provide the
most prognostic information. Age older than 45
years, presence of obesity or type 2 diabetes mellitus,
and an AST/ALT ratio greater than 1 are noteworthy
indicators of advanced liver ®brosis.

NATURAL HISTORY

The natural history of NAFLD is being de®ned,
but it seems to be determined by the severity of histo-
logical damage. Out of 257 patients with NAFLD re-
ported in ®ve different series, 54 had subsequent liver
biopsies performed during an average followup of
3.5ÿ11 years. Of these patients, 28% had progression
of liver damage, 59% remained essentially unchanged,
and 13% showed improvement or resolution of
liver injury. Thus, in many patients, NAFLD follows a
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relatively benign course, whereas, in other patients, the
disease progresses to cirrhosis and its complications.
Patients with pure steatosis on liver biopsy seem to
have the best prognosis within the spectrum of
NAFLD, whereas features of steatohepatitis or more
advanced ®brosis are associated with a worse prognosis.

MANAGEMENT

In patients with diabetes mellitus or hyperlipidemia,
good metabolic control is always recommended, but
is not always effective in reversing NAFLD. Improve-
ment in liver tests is almost universal in obese adults and
children after weight reduction. The degree of fatty in-
®ltration usually improves with weight loss in most
patients, although the degree of necroin¯ammation
and ®brosis may worsen. How fast weight loss is
achieved is important and may play a critical role in
determining whether liver histology will improve or,
in fact, worsen. A weight loss of about 500 g/week in
children and 1600 g/week in adults has been advocated.
The use of medications that can directly reduce or re-
verse liver damage independent of weight loss is a de-
sired alternative. However, only small pilot studies
lasting 1 year or less have been reported to date. Med-
ications that have been tested in patients with NAFLD
are summarized in Table II. These medications deserve

further evaluation in carefully controlled powerful clin-
ical trials that include clinically relevant end points.

General Recommendations

An attempt at gradual weight loss along with appro-
priate control of serum glucose and lipid levels is a
useful ®rst step. Perhaps this should be the only treat-
ment recommendation for patients with NAFLD with
pure steatosis and no evidence of necroin¯ammation or
®brosis. Because most patients who develop problems
from NAFLD have steatohepatitis, treatment is more
likely to be aimed at those patients. Patients with
steatohepatitis, particularly those with ®brosis on
liver biopsy, should be monitored closely, make a
greater effort for adequate metabolic control, and be
offered enrollment in clinical trials. For the NAFLD
patient with decompensated cirrhosis, liver transplant-
ation is a potential therapeutic alternative. NAFLD,
however, may recur in the allograft or develop after
liver transplantation for cryptogenic cirrhosis.

See Also the Following Articles

Diabetes Mellitus � Fibrogenesis � Hyperlipidemia � Obe-

sity, Treatment of
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TABLE II Medications Evaluated in the Treatment of

Nonalcoholic Fatty Liver Disease

Medication type Example

Insulin sensitizing Metformin

Troglitazonea

Rosiglitazone

Pioglitazone

Antioxidant Vitamin E

Vitamin C

Betaine

N-Acetylcysteine

Antiobesity Orlistat

Hepatoprotective Ursodeoxycholic Acid

Lipid lowering Gem®brozil

Clo®brate

Beza®brate

Atorvastain

a Troglitazone has been removed from the market because of its

potential hepatotoxicity.
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Nosocomial Infections
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coliforms Gram-negative aerobic rods, which are part of the

family Enterobacteriacae and which are found in normal

bowel ¯ora.

nosocomial Hospital acquired.

Nosocomial infections of the gastrointestinal (GI) tract

include bacterial and viral diarrhea, sepsis relating to

surgical and invasive procedures on the GI tract, hospi-

tal-acquired infective hepatitis, and nosocomial infections

resulting from the colonization and/or infection of other

areas of the body with organisms arising from the GI tract.

INTRODUCTION

A nosocomial infection is one that is hospital acquired.
These infections can have signi®cant morbidity and
mortality and have a large ®nancial impact on hospital
resources. They lead to increased stay length of infected
patients, resulting in decreased total throughput of pa-
tients. They also lead to increased utilization of antimi-
crobials and high-intensity beds for patients developing
nosocomial infections. In addition, they lay the hospital
open to the potential risk of litigation.

The three most common types of nosocomial infec-
tion are urinary tract infections, wound and soft tissue
infections [including those resulting after procedures
on the gastrointestinal (GI) tract], and nosocomial
pneumonia, which frequently occurs due to aspiration
of bacteria colonizing the oropharynx or upper gastro-
intestinal tract. However, nosocomial infections, per se,
of the gastrointestinal tract are also a signi®cant cause of
morbidity and sometimes mortality in hospitals and
nosocomial gastrointestinal infections can lead to mul-
tiple ward closures.

NOSOCOMIAL GASTROINTESTINAL
INFECTIONS

Diarrhea is the most common nosocomial infection
of the gastrointestinal tract. It can be bacterial or viral
in origin and can sometimes result in multiple ward
closures within a hospital.

Bacterial Infections

Antibiotic-Associated Diarrhea
and Pseudomembranous Colitis

Giving a patient broad-spectrum antimicrobials
changes his or her bowel ¯ora and can lead to antibi-
otic-associated diarrhea. This is usually mild, is not as-
sociated with a particular organism, and resolves when
the antibiotics are stopped. However, approximately
20% of cases of antibiotic-associated diarrhea are
due to a speci®c bacterium, Clostridium dif®cile, that
has a spectrum of disease ranging from an asymptomatic
carrier state to fulminant colitis. It affects mainly the-
large bowel, and in severe disease, when the bowel is
examined using a sigmoidoscope, sometimes pseudo-
membrane formation can be seen; hence the name
pseudomembranous colitis.

C. dif®cile is a spore-forming, Gram-positive, anaer-
obic rod. It was given its name as it was initially found to
be dif®cult to grow in culture and isolate. The spores are
very hardy and can survive well in the ward environ-
ment. Hence, it can easily be transmitted by person-to-
person contact within the hospital environment unless
strict hand-washing and enteric precautions are used
when dealing with infected patients. It is primarily a
nosocomial infection and is thought to cause approxi-
mately three million cases of diarrhea or colitis each year
in the United States.

Treatment of symptomatic C. dif®cile infection
should begin with supportive measures and stopping
the offending antimicrobial therapy if at all possible;
if this is not possible, therapy should be changed to
an antimicrobial not commonly implicated in causing
C. dif®cile diarrhea. Speci®c therapy includesoral metro-
nidazole or oral vancomycin. Metronidazole is usually
given as ®rst-line therapy because of the increasing
incidence of vancomycin-resistant enterococci in
hospitals and the worry that nonessential use of oral
vancomycin might increase this incidence further. Very
occasionally, the colitis caused by C. dif®cile does
not respond to therapy and the patient must undergo
a colectomy. Preventive measures to minimize the
spread and acquisition of C. dif®cile diarrhea include
the isolation of symptomatic patients to prevent
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cross-infection and the judicious use of antibiotics such
as broad-spectrum cephalosporins.

Other

In the past, there have been outbreaks of diarrhea in
hospitals due to organisms such as Salmonella spp. and
Clostridium perfringens resulting from the inadequate
cooking or reheating of food. Salmonella infections
may happen if inadequately cooked chicken or egg
dishes are given to patients; if enteric precautions are
not taken with infected patients, patient-to-patient
transmission can then occur as well. Diarrheal illness
due to C. perfringens is associated with poorly reheated
meat dishes. These infections should not happen if food
is properly prepared and stored.

Viral Infections

Small Round Structured Viruses

Small round structured viruses (SRSVs) are the most
common cause of outbreaks of gastroenteritis in hospi-
tals as well as in nursing homes, schools, hotels, etc. The
norovirus (known as Norwalk virus until recently) is
one of the most commonly implicated causes. Nosoco-
mial outbreaks often lead to ward closures and can
sometimes affect several wards in one hospital. This
in turn leads to major disruption in the normal func-
tioning of the hospital. Ward outbreaks tend to affect
both patients and staff and sometimes have an attack
rate in excess of 50%. This results in signi®cant staf®ng
problems and often staff aware of this situation try to
return to work too early and while still infectious; this
further compounds the problem. SRSVs may spread by a
variety of routes including fecalÿoral, vomit/aerosols,
food, and water. Once the SRSVs have been introduced
into the ward by any one of these routes, person-to-
person spread then occurs. By the time an outbreak
has been identi®ed, most susceptible patients on the
ward will have already been exposed to the virus.
Hence, stringent attempts should be made to try and
prevent spread to other wards and clinical areas by re-
stricting patient and staff movements to other areas,
enforcing good hand hygiene, and implementing effec-
tive environmental decontamination. It is important to
prevent patients from becoming dehydrated but no spe-
ci®c therapy is available.

Rotavirus

Whereas SRSVs are the major cause of ward out-
breaks of viral gastroenteritis in adults, rotaviruses
are the most common cause of these outbreaks in pe-
diatric wards. Outbreaks tend to occur in the winter

months and the virus can spread within the ward envi-
ronment very quickly. The virus is named for its char-
acteristic wheel-like appearance when viewed under an
electron microscope (see Fig. 1). The incubation period
of rotavirus is approximately 2 days and the disease is
characterized by vomiting and watery diarrhea for ap-
proximately 3ÿ7 days. Diagnosis is by rapid antigen
detection of rotavirus in the stools; electron microscopy
of the stools, although less widely available, can also
con®rm the diagnosis. Prevention and minimization
of spread are as for SRSVs, with the isolation and cohort
nursing of infected patients. It is vital to ensure that the
affected children are adequately rehydrated but no spe-
ci®c therapy is available.

SEPSIS RELATING TO
SURGICAL PROCEDURES

Infections are a common complication after surgery
on the gastrointestinal tract. They can range from
mild super®cial wound infections to a fatal septicemia
resulting from generalized peritonitis. Many, but not all,
of these infections can be prevented by appropriate
chemoprophylaxis and/or optimal surgical technique.
Patient factors and preoperative diagnosis are also

FIGURE 1 An electron micrograph of human rotavirus.
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important factors in the likelihood of the patient devel-
oping a postoperative infection. Some examples of nos-
ocomial infection post-GI surgery are given below.

Leaking of Anastomoses

Leaking of colonic or rectal anastomoses is more
likely to occur than leaking of anastomoses in the
small bowel. Sometimes anastomoses are noticed imme-
diately postoperatively but often do not become appar-
ent until several days later when bowel function has
returned. A leaking anastomosis may lead to a general-
ized peritonitis, a local abscess, or ®stula formation.

Abdominal Drains

Drains are often required postsurgery but should be
removed as soon as they are no longer required because,
like any foreign body in a person, they are a potential site
of infection. The same applies to drains following biliary
tract surgery.

Secondary Fungal Infections

Some patients who have had complicated abdominal
surgery and who have presented with severe peritonitis
require long courses of antimicrobials to get their bac-
terial sepsis under control. Unfortunately, this can dra-
matically change their normal ¯ora, making them more
susceptible to both local and systemic fungal infections.

Infection after Biliary Surgery

Operations in the presence of obstructive jaundice
are not infrequently followed by wound infections most
commonly due to Escherichia coli. Preoperative chemo-
prophylaxis will reduce infection rates, especially if the
common bile duct is opened, if acute cholecystitis or
obstructive jaundice is present, or if an intestinal
anastomosis is performed. Cholangitis and septicemia
due to coliforms sometimes occur after surgery for ob-
structive jaundice. The incidence of these conditions
will also be reduced by appropriate preoperative
chemoprophylaxis.

Septic Complications of Endoscopic
Retrograde Cholangiopancreatography

Ascending cholangitis is a potential complication of
endoscopic retrograde cholangiopancreatography
(ERCP). Reported mortality rates in different series
for post-ERCP cholangitis range between 10 and
16%. Ascending cholangitis results from bacterial infec-
tion of an obstructed biliary system, usually from enteric
Gram-negative rods, resulting in bacteremia. Incom-

plete drainage of the biliary system after ERCP occurs
in up to 10% of patients who require stenting. It has been
suggested that appropriate early antibiotic therapy in
this group of patients would probably reduce the fre-
quency of cholangitis post-ERCP by 80%. Therapy
should be continued until complete drainage has oc-
curred. An antimicrobial such as cipro¯oxacin, which
achieves high levels in the biliary tract, should be started
empirically but modi®cation of therapy may be required
following culture and sensitivity results of biliary ¯uid
and blood, a local abscess, or a ®stula.

Sepsis Postpancreatitis

One of the most important risk factors in patients
suffering from acute necrotizing pancreatitis is pancre-
atic infection. The route of infection is probably via the
colon and in patients with severe acute pancreatitis the
infection rate is thought to be over 40% within the ®rst
3 weeks. Not surprisingly, the bacteria most commonly
implicated are those that reside in the gastrointestinal
tract, such as E. coli, enterococci, and Pseudomonas spp.
There is increasing evidence that patients with acute
necrotizing pancreatitis bene®t by starting antimicro-
bial therapy early, i.e., at initial presentation, as this has
been found to decrease the infection rate at 3 weeks.
Therapy should be broad spectrum; e.g., a carbapenem
has often been recommended.

HEPATITIS

Hepatitis B and hepatitis C are both blood-borne viruses
with the potential for nosocomial transmission in sur-
gical or invasive procedures. To prevent this from oc-
curring, all instruments involved in invasive techniques
should be adequately sterilized and known carriers of
the disease should be placed at the end of a list. All
medical staff should be immunized against hepatitis B
and in many countries hepatitis B carriers are not al-
lowed to perform invasive procedures in order to pre-
vent doctor-to-patient transmission.

NOSOCOMIAL INFECTIONS
RESULTING FROM COLONIZATION
OF OTHER AREAS OF THE BODY
WITH ORGANISMS ARISING FROM
THE GASTROINTESTINAL TRACT

Pneumonia

Pneumonia is the third most common nosocomial
infection and is associated with substantial morbidity
and mortality. It usually occurs in patients with severe
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underlying disease, immunosuppression, or decreased
conscious levels, due to either disease or anesthesia/
analgesia, patients with underlying cardiac or respira-
tory disease, and those who have had thoracic or ab-
dominal surgery. Nosocomial pneumonia usually
occurs due to aspiration of bacteria colonizing the oro-
pharynx or upper gastrointestinal tract of the patient.
Both intubation and mechanical ventilation greatly in-
crease the risk of developing nosocomial pneumonia as
they breach the patient's ®rst line of defense (the
mucociliary escalator) against invasion of the respira-
tory tract by microorganisms. The risk of developing
nosocomial pneumonia can be minimized by trying to
decrease the risk of the patient aspirating, by preventing
cross-infection of ventilator tubing, by good hygiene of
medical personnel, and by adequate sterilization/disin-
fection of all devices associated with ventilating patients
if they are not `̀ single use.'' In some instances, there may
be a place for reducing oropharyngeal and gastric col-
onization by potentially pathogenic microorganisms by
a process known as `̀ selective gut decontamination.''

Sepsis Due to Resistant Organisms
in the Bowel Flora

Patients who have received a lot of broad-spectrum
antimicrobials for severe ongoing sepsis frequently be-
come colonized with resistant organisms originating
from the bowel ¯ora, such as vancomycin-resistant en-
terococci and multi-resistant Gram negative rods, e.g.,

multi-resistant Klebsiella and Acinetobacter spp. Some-
times these colonizations can lead to bacteremias with
these organisms, which can be dif®cult and expensive to
treat. Hence, unnecessary antimicrobial treatment
should be avoided.

See Also the Following Articles

Antibiotic-Associated Diarrhea � Anti-Diarrheal Drugs �
Bacterial Toxins � Colitis, Pseudomembranous � Diarrhea

� Hepatitis B � Hepatitis C � Rotavirus
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NSAID-Induced Injury
BYRON CRYER

Department of Veteran's Affairs Medical Center and University of Texas Southwestern

Medical Center, Dallas

cyclooxygenase Enzyme found throughout the body; respon-

sible for the production of prostaglandins and thrombox-

ane; inhibited by nonsteroidal antiin¯ammatory drugs.

diaphragm Speci®c type of stricture that develops in the

small intestine or colon of chronic users of nonsteroidal

antiin¯ammatory drugs.

leukotriene Fatty acid product of arachidonic acid that

contributes to the proin¯ammatory response.

nonsteroidal antiin¯ammatory drugs Compounds that are

therapeutically effective in reducing in¯ammation and

treating pain and fever; cause injury to the gastrointest-

inal tract as their principal side effect.

prostaglandins Fatty acids produced by most of the body's

cells; within the gastrointestinal tract, protect against

injury.

thromboxane Product of cyclooxygenase metabolism in

platelets; serum concentrations of thromboxane correlate

with platelet activity.

Although nonsteroidal antiin¯ammatory drugs represent

a very effective class of drugs, their use is associated with a

broad spectrum of injury, especially in the gastrointesti-

nal tract and kidney. Antiplatelet effects of nonsteroidal

antiin¯ammatory drugs (aspirin particularly) are bene®-

cial for cardiovascular disease prophylaxis, but excessive

bleeding is an associated consequence. The upper gastro-

intestinal side effects constitute the greatest of the unto-

ward effects of nonsteroidal antiin¯ammatory drugs.

INTRODUCTION

Nonsteroidal antiin¯ammatory drugs (NSAIDs) are
prescribed more frequently than any other group of
medicines. The 2002 edition of `̀ The Physician's Desk
Reference'' lists 26 different NSAIDs, 6 of them salicy-
late-based compounds and 3 of them classi®ed as
cyclooxgenase-2 (COX-2)-speci®c inhibitors (Table I).
A fourth COX-2-speci®c inhibitor, etoricoxib, is expec-
ted to be approved for use soon. All current NSAIDs
are orally administered, with the exception of ketorolac,
the only currently available parentally administered
NSAID. It is anticipated that in the near future another
parenterally administered NSAID, parecoxib (a COX-2-
speci®c inhibitor) will be also available.

MECHANISMS OF GI TOXICITY

Irrespective of site of gastrointestinal (GI) damage, the
mechanisms through which NSAIDs cause injury are
similar throughout the GI tract. The general mecha-
nisms can be grouped into two categories: (1) cyclooxy-
genase independent and (2) cyclooxygenase dependent.
The former category consists largely of topical mucosal
toxic processes.

Cyclooxygenase-Independent Toxicity
(Topical Damage)

Within a few minutes of ingestion, NSAIDs accumu-
late at very high concentrations in gastric mucosal cells,
causing denudation of surface epithelial cells and in-
creased mucosal permeability to luminal contents. A
second topical mechanism of NSAID injury is a reduc-
tion of the phospholipid content and surface hydropho-
bicity of the gastric mucus gel layer. Topical effects of
NSAIDs are likely the major mechanism responsible for
acute subepithelial hemorrhages and erosions that can
be observed soon after NSAID challenge, although such
lesions rarely cause clinical problems. Enteric-coated
NSAIDs produce considerably less acute topical erosive
and hemorrhagic injury compared to plain (non-en-
teric-coated) formulations during short-term adminis-
tration (i.e., 1ÿ2 weeks), an observation in support of a
local toxic effect of NSAIDs. However, with long-term
administration of enteric-coated formulations, gastric
ulcers develop at rates that are not different than with
non-enteric-coated preparations, presumably as a result
the systemic mechanism of injury.

Cyclooxygenase-Dependent Toxicity

The bene®cial effect of NSAIDs of decreasing sys-
temic in¯ammation and their deleterious effects in
the GI tract are both, in part, related inhibition of the
enzyme cyclooxygenase. Within the GI tract, NSAID-
associated reduction in gastroduodenal mucosal
prostaglandin concentrations is the major contributor
toward NSAID mucosal toxicity. Most NSAIDs (with
the exception of cyclooxygnease-2-speci®c inhibitors)
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inhibit GI cyclooxygenase, which reduces gastroduode-
nal mucosal prostaglandin concentrations, thus remov-
ing a major mechanism for protection against mucosal
injury. Aspirin, by acetylation of cyclooxygenase, inhib-
its cyclooxygenase irreversibly, whereas all other
NSAIDs inhibit cyclooxygenase in a reversible, concen-
tration-dependent manner. With aspirin, when cyclo-
oxygenase is irreversibly inhibited, the capacity for
prostaglandin synthesis does not return to normal for
several days, until new enzyme can be synthesized. A
recent study has demonstrated that after low daily doses
of aspirin, gastric prostaglandins do not fully recover for
approximately 5ÿ8 days; in the platelet, prostaglandin
synthesis does not return to normal for 14 days. This
may explain why aspirin, in comparison to the other
NSAIDs, remains one of the most potent inhibitors of
prostaglandin and thromboxane synthesis.

In the early 1990s, two structurally related cyclo-
oxygenase isoforms were identi®ed in mammalian
cells, cyclooxygenase-1 (COX-1) and cyclooxygenase-
2 (COX-2). COX-1 is found in most body tissues, in-
cluding the stomach and platelets. COX-2, by contrast,
is the principal COX isoform that participates in in¯am-
mation. There is little COX-2 activity present in the
normal stomach. This concept has led to development
and clinical introduction of COX-2-speci®c NSAIDs.
Recent animal data indicate that for gastric ulceration

to occur, both COX-1 and COX-2 must be inhibited.
Interestingly, in one model, selective inhibition of
COX-1 alone did not cause gastric damage. Thus, the
actual explanation for the COX-2 speci®c inhibitor
association with improved GI toxicity may more closely
relate to the lack of dual COX isoform inhibition rather
than simply the COX-1 sparing effects.

ADVERSE GI EFFECTS OF NSAIDS

NSAID-induced adverse GI effects can have variable
presentations, including GI symptoms such as nausea
and upper abdominal pain (dyspepsia), asymptomatic
mucosal lesions that can be visualized through an
endoscope, and, most importantly, ulcers, which are
sometimes accompanied by serious GI complications.
Serious upper GI complications are most relevant to the
clinical morbidity of NSAIDs. Symptomatic GI ulcera-
tion (that is, ulcers associated with pain, perforation,
bleeding, or obstruction) occurs in approximately
2ÿ4% of patients treated with a NSAID for 1 year.

Low-dose aspirin increases risks of GI bleeding and
increases the likelihood of hospitalization for ulcers.
Aspirin doses as low as 75 or 300 mg/day have been asso-
ciated with a two- to fourfold increased risk of GI bleed-
ing. Buffered or enteric-coated aspirin preparations,
although probably associated with a reduced incidence

TABLE I List of NSAIDs Available by Prescription in the United Statesa

Nonsalicylates Salicylates COX-2 inhibitors

Diclofenac (Voltaren)b Aspirinc (Zorprin, Easprin) Celecoxib (Celebrex)

Etodolac (Lodine) Di¯unisal (Dolobid) Rofecoxib (Vioxx)

Fenoprofen (Nalfon) Salsalate (Disalcid, Sal¯ex) Valdecoxib (Bextra)

Flurbiprofen (Ansaid) Choline salicylate (Trilisate) Etoricoxibd

Ibuprofen (Motrin)c Magnesium salicylate (Magan) Parecoxibe

Indomethacin (Indocin) COX-189 f

Ketoprofen (Orudis)c

Ketorolac (Toradol)e

Mefenamic acid (Ponstel)

Meloxicam (Mobic)

Nabumetone (Relafen)

Naproxen (Naprosyn, Anaprox)c

Oxaprozin (Daypro)

Piroxicam (Feldene)

Sulindac (Clinoril)

Tolmetin (Tolectin)

a Data from `̀ The Physician's Desk Reference'' (2002), 53rd Ed., Montvale, New Jersey.
b Combination tablet of diclofenac and a synthetic prostaglandin E1 (misoprostol) is also available.
c Also available as over-the-counter preparations in the United States in 2002.
d Expected to be available soon.
e Parenterally administered.
f Orally administered COX-2 inhibitor in clinical development by Novartis (East Hanover, New Jersey).
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of dyspepsia when compared to plain aspirin, have risks
of upper GI bleeding that are similar to those of plain
aspirin. There is probably no orally administered dose of
aspirin that is both ef®cacious for cardiovascular disease
prophylaxis and is free of GI toxicity.

RISK GROUPS FOR NSAID-INDUCED
GI ULCERS

Certain groups of patients taking NSAIDs are at greater
risk for development of NSAID ulcer complications
(Table II) and should be given greater consideration
for strategies to prevent or to reduce ulceration.

THERAPY FOR NSAID-INDUCED ULCERS

Prior to the clinical availability of safer classes of
NSAIDs, reduction in NSAID-induced GI toxicity was
primarily accomplished by prescribing drugs that, when
coadministered with NSAIDs, would protect against
mucosal ulceration. Because the majority of patients
who chronically take NSAIDs will never develop
clinically signi®cant ulceration, the ideal candidates
for cotherapy are those considered as high risk for
NSAID-induced ulcers (Table II). Various cotherapies
have shown to be effective. Misoprostol, a synthetic
prostaglandin E1 (PGE1) analogue, reduces NSAID-in-
duced serious GI adverse events. A combination tablet
of misoprostol and the NSAID diclofenac has a relatively
low ulceration rate.

There are no placebo-controlled studies evaluating
whether any proton pump inhibitors (PPIs), including
omeprazole, lansoprazole, rabeprazole, pantoprazole,
and esomeprazole, can prevent the complications of
NSAID-induced ulcers.

When attempting to treat an ulcer that has formed
during NSAID use, the ®rst step is always to stop the
NSAID. Once the NSAID is stopped, rapid ulcer healing
can be achieved by treatment with standard doses of
histamine-2 receptor antagonists (H2RAs) or PPIs.
With patients for whom NSAIDs cannot be discontin-
ued, use of a PPI will allow ulcer healing, even while
NSAID use continues.

NSAIDS WITH IMPROVED
GI SAFETY PROFILES

COX-2 Speci®c Inhibitors

Treatment with rofecoxib or celecoxib is associated
with signi®cantly lower incidences of serious upper GI
adverse clinical events than treatment with comparator
NSAIDs. Two trials of �8000 arthritis patients each
reported a reduction of �50% in upper GI events
with celecoxib and rofecoxib when compared to non-
selective NSAIDs. Concurrent use of low-dose aspirin
eliminated the GI protective bene®t of the COX-2 in-
hibitor celecoxib.

Older and Safer NSAIDs

In addition to the recently marketed COX-2-speci®c
NSAIDs, several other established NSAIDs (or products
in development) have safety evaluations superior to
those of conventional NSAIDs. These include etodolac,
nabumetone, diclofenac, and nonacetylated salicylates
such as salsalate. Salsalate and etodolac have no mea-
surable effects on gastric COX activity.

Nitric Oxide-Releasing NSAIDs

Nitric oxide is a critical mediator of GI mucosal
defense, exerting many of the same bene®cial actions
as prostaglandins within the GI tract. In addition to
other properties, nitric oxide increases mucosal blood
¯ow and prevents neutrophil adherence to the vascular
endothelium. These observations have led to the devel-
opment of nitric oxide (NO)-releasing NSAIDs in which
the native NSAID has been coupled to a nitric-oxide-
releasing moiety. However, NOÿNSAIDs are associated
with less NSAID-induced gastric and intestinal toxicity
than has been associated with the parent compounds.
Such drugs are currently in clinical development.

Phospholipid NSAIDs

NSAIDs reduce hydrophobicity of the gastric mu-
cosa by chemically associating with and destabilizing
phospholipids (in particular, phosphatidylcholine)
within the mucus gel layer. Newer NSAIDs have been

TABLE II De®nite and Possible Risk Factors for

NSAID-Induced Ulcersa

De®nite Possible

Prior peptic ulcer disease

Prior GI ulcer complication

Helicobacter pylori

infection

Advanced ageb Cigarette smoking

Concomitant use of corticosteroids

Concomitant use of anticoagulants

Concomitant use of ethanol

Comorbid diseases (e.g., heart disease,

rheumatoid arthritis)

a Risk is also related to dose of NSAID used and to number of

NSAIDs used.
b Participants in some studies, 465 years old; in others, 475

years old.
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developed in which the native NSAID moiety has been
coupled with synthetic phosphatidylcholine (PC).
Short-term courses of PCÿaspirin are associated with
less acute gastric injury when compared with plain as-
pirin. Should subsequent clinical studies show contin-
ued safety and ef®cacy, PCÿNSAIDs may be another
future class of safer NSAIDs available to clinicians.

SMALL INTESTINAL AND COLONIC
EFFECTS OF NSAIDS

Small Intestine

Ulcers (which may bleed or perforate), strictures
(which may obstruct), and an enteropathy have all
been described in the small intestines of chronic
NSAID users. The pathology of strictures ranges from
nonspeci®c broad-based strictures to intestinal dia-
phragms. These diaphragms are usually located in the
jejunum. Their histology reveals submucosal ®brosis
with normal overlying epithelium, except for the central
tip of the diaphragm, which contains acute and chronic
in¯ammatory cells. NSAIDs can cause diffuse intestinal
in¯ammation and increased intestinal mucosal perme-
ability, a condition known as `̀ NSAID enteropathy''; this
is characterized clinically by occult blood loss, iron
de®ciency anemia, malabsorption, and a protein-losing
enteropathy.

Colon

NSAIDs may also cause ulcers, strictures, and dia-
phragms, and in¯ammation in the colon, especially on
the right side. Ulceration may be complicated by bleed-
ing or perforation, especially ulcers occurring in the
cecum. Cases of eosinophilic, collagenous, pseudo-
membranous, and nonspeci®c colitis have been associ-
ated with NSAIDs. A disproportionately high number of
colitis cases have occurred in patients taking mefenamic
and ¯ufenamic acid. Histology usually reveals a nonspe-
ci®c mild colitis unless one of the other variants is
present (eosinophilic, pseudomembranous, or collage-
nous). Rectal administration of NSAIDs in the form
of suppositories has been frequently associated with
in¯ammation, ulcers, and strictures of the anus and
rectum.

There are individual case reports and small studies
suggesting that NSAIDs are the cause of colonic diver-
ticular perforation and diverticular bleeding. Many

cases of diverticular perforation involve a sustained-
release preparation of indomethacin, with the perfora-
tions attributed to a mechanical effect of the capsule
being caught in a diverticulum.

In patients with in¯ammatory bowel disease (IBD),
NSAIDs may exacerbate disease or activate IBD that has
been previously quiescent. These occurrences are more
frequently observed in ulcerative colitis than in Crohn's
disease. One postulated mechanism through which
NSAIDs may exacerbate colonic in¯ammation is by in-
hibiting cyclooxygenase and shunting arachidonic acid
metabolism toward the proin¯ammatory leukotrienes.
Of all patients with IBD, only a subset experience
symptomatic ¯ares when placed on a NSAID. These
patients, when they relapse, will do so within a few
days of receiving a NSAID. It is unknown whether
the COX-2-speci®c inhibitors, compared with the
older NSAIDs, are associated with fewer or greater in-
testinal problems in patients with IBD.

See Also the Following Articles

Arachidonic Acid � Colitis, Collagenous and Lymphocytic �
Colitis, Pseudomembranous � Colitis, Ulcerative � Crohn's
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Nitric Oxide � Non-Steroidal Anti-In¯ammatory Drugs

(NSAIDs) � Rectal Ulcers
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Nuclear Medicine Imaging
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University of California, San Francisco

gamma camera A device capable of detecting and localizing

gamma rays, forming an image of the underlying

radiopharmaceutical distribution within a patient. Most

gamma cameras are capable of producing both planar

and tomographic images.

positron emission tomography A technique that utilizes a

system especially designed to produce tomographic

images of positron-emitting radionuclides (such as 18F

and 11C).

radionuclide An atom with an unstable nucleus, which

achieves stability by emitting excess energy in the form

of gamma rays and subatomic particles (e.g., positrons).

The radionuclide most commonly utilized in nuclear

medicine is technetium-99m.

radiopharmaceutical A biologically active molecule labeled

with a radionuclide.

scintigraphy The process of obtaining images with a gamma

camera.

Nuclear imaging techniques rely on a spectrum of radio-

pharmaceuticals, which are biologically active molecules

orcells labeledwithradioactivity.Byfollowingtheseradio-

active tracers as they are taken up, metabolized, and ex-

creted by various organs and tissues, one is able to obtain

a qualitative (and sometimes quantitative) assessment of a

wide array of functional disorders of the gastrointestinal

tract. Such functional information is often not available

from the more conventional anatomic imaging tech-

niques, such as radiography, computed tomography, mag-

netic resonance imaging, and ultrasound.

GASTROINTESTINAL TRACT
SCINTIGRAPHY

Gastrointestinal Bleeding

Using in vitro labeling methodology, technetium-
99m-pertechnetate (99mTcO4

ÿ) can be introduced
into red blood cells, where it binds to the b-subunit
of hemoglobin. After withdrawal of a small blood sam-
ple, such labeling can be performed within 30 min. This
blood is then reinjected into the patient and scinti-
graphic imaging of the abdomen and pelvis is obtained
for a period of 60 to 90 min. Typically, the images are
acquired digitally in 1 min frames, which can then be

displayed dynamically on a computer screen in a
cinematic loop.

Normally, there is uniform distribution of activity
within the largest reservoirs of blood: the liver, spleen,
and great vessels. Any unbound 99mTc-pertechnetate is
excreted via the kidneys into the bladder. Any other
focus of activity developing during the course of the
study in the expected location of bowel is usually in-
dicative of an active gastrointestinal bleed (Fig. 1). Due
to its irritative effect, such intralumenal blood produces
peristalsis and is rapidly conveyed along the gastroin-
testinal tract. By imaging the transit of activity over time,
it is generally possible to determine the site of origin.

To be most useful, labeled erythrocyte studies must
be performed at a time when the patient is suspected to
be actively bleeding. In this situation, the study is quite
sensitive, detecting bleeding rates as low as 0.05 to
0.1 ml/min. When performed properly, scintigraphy
will serve to both con®rm the presence of active gastro-
intestinal bleeding and establish the site of origin. This
information can be quite useful in guiding subsequent
angiographic, endoscopic, or surgical therapy.

Ectopic Gastric Mucosa

When administered in its unbound form, 99mTc-
pertechnetate has a strong af®nity for gastric mucosa,
both within the stomach and in ectopic sites. This test
can be used to localize gastric mucosa within a bleeding
Meckel's diverticulum, an enteric duplication, Barrett's
esophagus, and a retained gastric antrum after partial
gastrectomy. It is reported that at least 2 cm2 of mucosa
must be present for reliable scintigraphic detection. Pre-
treatment with pharmacologic agents such as cimeti-
dine, pentagastrin, and glucagon may help improve
visualization.

Gastric Emptying

A solid meal (e.g., fried eggs) may be easily labeled
by cooking with 99mTc-sulfur colloid. Similarly, a liquid
meal (e.g., water or juice) may be labeled by mixing
with 99mTc-sulfur colloid or 111In-DTPA. Images of
the upper gastrointestinal tract obtained over a period of
1 to 2 h following oral administration of such a meal
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allow for qualitative assessment of solid and/or liquid
gastric emptying.

By drawing a region of interest around the stomach,
it is possible to quantitate the amount of activity within
the stomach. From this value, a quantitative estimate of
gastric emptying can be obtained, usually expressed in
the form of an emptying half-time (in minutes) or an
emptying rate (expressed as the percentage per minute).
The rate of gastric emptying may vary greatly with the
type of meal (i.e., its quantity, consistency, and nutri-
tional content), the imaging technique, and the method
of quantitative analysis. It is therefore imperative for
each laboratory to rigorously standardize its imaging
protocol and to establish appropriate normal values
speci®c to that protocol.

Gastric emptying studies are most often utilized in
assessing the severity of diabetic gastroparesis (Fig. 2),
although they can be useful in a wide range of functional
gastroparetic disorders. They may also be used to detect
rapid gastric emptying, as may be seen in dumping
syndromes following upper gastrointestinal tract
surgery, and to assess the response to medical or surgical
therapies of gastroparesis.

Other Studies

Scintigraphic techniques exist for the detection
of gastroesophageal re¯ux and aspiration and the

FIGURE 1 Sixteen 1 min frames from a 99mTc-labeled erythrocyte study performed in an 84-year-

old woman presenting with hematochezia. The early images demonstrate a focus of radioactivity

developing in the right upper quadrant, roughly in the region of the proximal transverse colon (arrow).

Later images demonstrate peristalsis of activity through the distal transverse and descending colon,

con®rming the site of origin (correlated by subsequent angiography). Note the normal activity in the

heart, liver, spleen, and great vessels.

FIGURE 2 Selected images from a 99mTc-sulfur colloid solid

gastric emptying study performed in a 43-year-old woman with a

long history of diabetes and early satiety. Very little emptying of

the radiolabeled scrambled egg meal is identi®ed within the ®rst

60 min of the study, consistent with the suspected diagnosis of

diabetic gastroparesis.
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assessment of esophageal, small bowel, and colonic mo-
tility. However, these studies are not well standardized
and are not widely available.

HEPATOBILIARY SCINTIGRAPHY

Technique

The primary radiopharmaceuticals utilized in
hepatobiliary scintigraphy are the 99mTc-labeled
iminodiacetic acid (IDA) derivatives, disofenin and
mebrofenin. Following intravenous administration,
these agents are taken up by the hepatocytes through
the same membrane transport mechanism as bilirubin
and, like bilirubin, are then promptly secreted into the
bile (without conjugation). This radiolabeled bile then
®lls the gallbladder through the cystic duct and empties
into the duodenum through the common duct.

Immediately following the intravenous administra-
tion of one of the 99mTc-IDA agents, consecutive 1 min
scintigraphic images are acquired over the abdomen for a
period of 60 to 90 min. Typically, the images are acquired
digitally and then displayed dynamically on a computer
screen in a cinematic loop. In a normal study, there is
prompt extraction of activity from the blood by the he-
patocytes in the liver. Secreted activity is identi®ed within
the major bile ducts within 10 min, with ®lling of the
gallbladder and transit into the small bowel within
60 min after injection.

Acute Cholecystitis

Filling of the gallbladder indicates patency of the
cystic duct and virtually excludes the possibility of
acute cholecystitis. Failure of the gallbladder to ®ll
within 4 h is usually indicative of acute cholecystitis.
Morphine sulfate's ability to contract the sphincter of
Oddi can be used to shorten the time required to make
the diagnosis. Speci®cally, lack of gallbladder ®lling
within 30 min following the intravenous administration
of 0.04 mg/kg of morphine is considered indicative of
acute cholecystitis (Fig. 3).

Many studies have found hepatobiliary scintigraphy
to have both a sensitivity and a speci®city of greater than
90% for the detection of acute cholecystitis. An impor-
tant cause of false-positive studies is fasting for less than
4 h prior to the study, as a recent meal induces gallblad-
der contraction and thereby prevents ®lling. On the
other hand, fasting for more than 24 h leads to a
sludge-®lled gallbladder, which is also unlikely to ®ll.
Other important causes of a false-positive study
include poor liver function and severe chronic chole-
cystitis. False-negative studies are unusual, but may
occasionally be seen in the setting of acute acalculous

cholecystitis. In this setting, the use of labeled leukocyte
imaging may be considered (discussed below).

Chronic Cholecystitis

Fibrotic changes associated with chronic in¯amma-
tion of the gallbladder can lead to diminished contractile
ability, eventually resulting in pain. Contractility of the
gallbladder may be assessed as part of a hepatobiliary
study by comparing the amount of radioactivity in the
gallbladder before and after the induction of gallbladder
contraction. This is usually expressed quantitatively, in
the form of an ejection fraction:

Radioactive counts in gallbladder before contraction

ÿRadioactive counts in gallbladder after contraction

� �
�Radioactive counts in gallbladder before contraction:�

Gallbladder contraction is induced physiologically
by duodenal secretion of the hormone cholecystokinin.
This may be simulated by administration of the active
terminal octapeptide of cholecystokinin, sincalide
(Kinevac, Bracco Diagnostics, Princeton, NJ), adminis-
tered intravenously over several minutes at a dose of

FIGURE 3 Selected images from a 99mTc-IDA study performed

in a 76-year-old woman with right upper quadrant pain and an

equivocal ultrasound evaluation. Early images demonstrate up-

take of tracer by the liver, with subsequent excretion into the

biliary tree and small bowel. Note the lack of gallbladder uptake,

even following the intravenous administration of

morphine sulfate. Acute gangrenous cholecystitis was found at

surgery.
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0.02 mg/kg. In properly selected patients with recurrent
right upper quadrant pain, a gallbladder ejection
fraction below 35% provides evidence of chronic cho-
lecystitis or biliary dyskinesia. Furthermore, such pa-
tients often demonstrate symptomatic improvement
following elective cholecystectomy.

Other Applications

In the jaundiced newborn, hepatobiliary scintigra-
phy plays an important role in the differentiation of
biliary atresia from neonatal hepatitis. Speci®cally, nor-
mal transit of activity from the liver into the small bowel
virtually excludes the diagnosis of biliary atresia. An-
other interesting role is in the differentiation of hepatic
masses. Focal nodular hyperplasia tends to demonstrate
prompt radiotracer uptake and delayed secretion,
whereas many hepatocellular carcinomas tend to dem-
onstrate both delayed uptake and delayed secretion.
Most other hepatic tumors fail to demonstrate any ra-
diotracer uptake (although some uptake may be seen in
adenomas). Hepatobiliary scintigraphy may also be
used to detect enterogastric re¯ux of bile and sphincter
of Oddi dysfunction and may serve as an adjunct to other
imaging modalities in the evaluation of biliary obstruc-
tion, biliary leaks, and choledochal cysts.

LIVER AND SPLEEN SCINTIGRAPHY

Sulfur Colloid Imaging

99mTc-sulfur colloid is a particulate radiopharma-
ceutical, with particle diameters on the order of 100
to 1000 nm. Following intravenous administration,
these particles are rapidly phagocytized by the Kupffer
cells of the liver (85%) and the macrophages of the
spleen (10%) and bone marrow (5%). Although
99mTc-sulfur colloid imaging of the liver has largely
been supplanted by cross-sectional imaging, a small
role still exists. A characteristic pattern may be identi-
®ed in the setting of alcoholic cirrhosis, consisting of a
decrease in hepatic uptake with a corresponding in-
crease in splenic and bone marrow uptake (the so-called
`̀ colloid shift''). 99mTc-sulfur colloid can also play a role
in the differentiation of hepatic tumors, in that most
regenerating nodules, two-thirds of focal nodular hy-
perplasia, and a small number of adenomas maintain
enough Kupffer cell activity to take up the tracer,
whereas most other hepatic lesions usually do not.

Hemangioma Imaging

99mTc-pertechnetate-labeled erythrocytes may be
used to differentiate cavernous hemangiomas from

other liver masses. This test makes use of the classic
blood ¯ow pattern of such hemangiomas, which initially
appear as cold defects on images obtained immediately
after injection, progressively ®lling-in to an intensity
greater than that of the liver background on subsequent
delayed images obtained at 1 to 2 h postinjection. Le-
sions over 2 to 3 cm in size can be detected with an
accuracy of greater than 95%. Somewhat smaller lesions
may be detected with high-quality tomographic
techniques.

Damaged Erythrocyte Imaging

Although 99mTc-sulfur colloid may be used for
splenic imaging, heat-damaged or chemically damaged
99mTc-pertechnetate-labeled erythrocytes demonstrate
a much stronger af®nity for the spleen. This latter im-
aging method obviously takes advantage of the spleen's
role in removing damaged erythrocytes from the blood.
Radionuclide imaging of the spleen is most often uti-
lized in detecting recurrent splenic tissue in patients
with continuing laboratory abnormalities after splenec-
tomy for thrombocytopenia. It is also useful in differ-
entiating a left upper quadrant mass from an accessory
spleen, establishing the diagnosis of splenosis, and
evaluating congenital asplenia/polysplenia syndromes.

Hepatic Arterial Infusion Pump Imaging

99mTc-macroaggregated albumin is a particulate ra-
diopharmaceutical, with particle diameters on the order
of 10 to 90 mm (compared to a capillary diameter on the
order of 5 mm). When administered through a hepatic
arterial chemotherapy infusion pump, these particles
will ¯ow through the arterial system until they lodge
in the ®rst capillary bed they encounter. Thus, subse-
quent imaging will demonstrate the arterial system
subtended by the pump catheter. This study is often
performed after pump placement, to ensure that the
entire liver is perfused and that there is no extrahepatic
perfusion or signi®cant systemic arteriovenous shunt-
ing. Follow-up imaging is often obtained if the patient
develops symptoms suggestive of pump occlusion or
migration.

INFECTION AND
INFLAMMATION SCINTIGRAPHY

Labeled Leukocytes

Using in vitro labeling methodology, a mixed pop-
ulation of a patient's white blood cells can be labeled
with 111In-oxine or 99mTc-HMPAO. Following reinjec-
tion of the labeled blood sample, the leukocytes are
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drawn to areas of active infection and in¯ammation
through the usual chemotactic mechanisms. 111In-
labeled leukocytes are typically imaged 18 to 24 h
after injection, with normal distribution in the spleen,
liver, and bone marrow. Because of better imaging char-
acteristics, 99mTc-labeled leukocytes provide greater
image quality and allow for earlier imaging (at 4 h).
Unfortunately, 99mTc-labeled leukocytes also undergo
normal biliary and bowel clearance, somewhat limiting
their use in the abdomen.

Labeled leukocytes are not usually the ®rst agent of
choice in the imaging of intra-abdominal infection, due
to the expense and long imaging delays involved. How-
ever, they may be used to detect intra-abdominal ab-
scesses when computed tomography (CT) imaging is
unrevealing or equivocal and to verify the presence of
cholecystitis when ultrasound and hepatobiliary scin-
tigraphy are equivocal. Other infections that may be
investigated with this technique include aortic graft in-
fections, peritonitis, and diverticulitis.

Labeled leukocytes may also play an important role
in in¯ammatory bowel disease, by assessing its extent
and severity, by detecting complications (such as ab-
scess formation), and by determining response to ther-
apy. It is possible for leukocytes to be shed into the
bowel lumen at sites of active bowel in¯ammation.
These leukocytes may then undergo peristalsis to
other parts of the bowel, confounding image interpre-
tation. It is therefore important to perform early imaging
in this settingÐat 4 h for 111In-labeled leukocytes and at
1 to 2 h for 99mTc-labeled leukocytes.

Gallium

67Gallium-citrate is an analogue of iron, which tends
to accumulate at sites of infection and in¯ammation
through a variety of complex mechanisms. One mech-
anism appears to involve binding to lactoferrin, an
acute-phase reactant released by activated neutrophils.
Typically imaged at 48 h, the widespread normal distri-
bution of gallium (which includes the liver, spleen,
bowel, bone, and bone marrow) tends to limit its use
in the abdomen. However, gallium may have a higher
sensitivity for chronic infections (i.e., greater than 1 or 2
weeks old) and may be preferable in this situation.

TUMOR SCINTIGRAPHY

[18F]Fluorodeoxyglucose Positron Emission
Tomography Imaging

Like glucose, the radiolabeled glucose analogue
[18F]¯uorodeoxyglucose (FDG) is taken up in cells
through the glucose membrane and undergoes the

®rst step of glycolysis (phosphorylation). However,
phosphorylated FDG is unable to pass through the re-
mainder of the glycolytic cycle and remains trapped
within the cytoplasm of the cell. Because of the in-
creased glycolysis needed to support rapid mitosis,
most malignant tumors appear as `̀ hot spots'' on FDG
positron emission tomography (PET) imaging.

The current indications for FDG PET imaging
supported by Medicare in the gastrointestinal tract
are the staging and restaging of esophageal and colorec-
tal carcinoma. In terms of initial staging, PET is limited
in its ability to detect the depth of local invasion or the
involvement of locoregional lymph nodes. However, it
is quite powerful in the detection of distant metastases,
with an accuracy of approximately 86% in esophageal
carcinoma and 92% in colorectal cancer. This is superior
to CT, with accuracies of approximately 62 and 71%,
respectively.

FDG PET is also quite useful in detecting suspected
residual or recurrent tumor after the completion of ther-
apy. In one recent study, PET identi®ed 79% of recur-
rences (both local and distant) in patients with an
elevated carcinoembryonic antigen (CEA) level after
therapy for colorectal carcinoma (Fig. 4).

An exciting new area of investigation in PET is the
prediction of tumor response to chemotherapy. By com-
paring the decline in FDG uptake within a tumor on
studies performed before chemotherapy and again fol-
lowing one or two cycles, it may be possible to predict
the response to the complete course of chemotherapy.
This would allow for midcourse adjustments in the ther-
apeutic regimen for nonresponders.

FDG PET also appears to be quite promising in the
imaging of pancreatic adenocarcinoma and gastrointes-
tinal stromal tumors. Results have been mixed in the
setting of hepatocellular carcinoma, however, with
some studies identifying only 55% of tumors. The de-
velopment of new PET tracers, such as [11C]choline for
potential imaging of primary and metastatic prostate
carcinoma, will further increase the power of PET in
oncologic imaging.

Other Agents

Radiopharmaceuticals such as 67Ga-citrate, 201Tl-
chloride, 99mTc-sestamibi, and 99mTc-tetrofosmin tend
to accumulate in tumors through a variety of mecha-
nisms. As such, they may be used as nonspeci®c markers
for a variety of tumors. However, the extensive normal
physiologic uptake of these tracers in the bowel and/or
biliary system tends to limit their use in the abdomen.
Nonetheless, they may be of value when PET imag-
ing is unavailable. In-DTPA-Pentreotide (OctreoScan,
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Mallinckrodt, St. Louis, MO) is a radiolabeled analogue
of somatastatin. Typically imaged at 24 h, its normal dis-
tribution includes the pituitary, thyroid, liver, spleen,
bowel, kidneys, and bladder. This agent has a strong
af®nity for a variety of somatostatin receptor-bearing tu-
mors, including pancreatic islet cell tumors (with the
possible exception of insulinoma) and carcinoid tumors.
In this speci®c setting, OctreoScan has been shown to be
as effective as all other imaging modalities combined.

There has been a considerable amount of excitement
surrounding the use of radiolabeled antibodies in on-
cologic imaging. Two agents that are currently commer-
cially available are OncoScint, an 111In-labeled antibody

to the antigen TAG-72, and CEA-Scan, a 99mTc-labeled
antibody to the antigen CEA. Both are useful in the
imaging of colorectal carcinoma, although FDG PET
imaging has largely supplanted their use at the authors'
institution.

MISCELLANEOUS SCINTIGRAPHIC
STUDIES

Peritoneal Imaging

Direct introduction of a 99mTc-labeled tracer into
the peritoneal cavity allows the assessment of peritoneal
¯ow. This is most useful in detecting the presence of a
pleuro-peritoneal leak or in establishing the patency of a
peritoneovenous (i.e., LaVeen or Denver) shunt.

Salivary Gland Imaging

In addition to its role as a gastric mucosal agent,
99mTc-pertechnetate also has an af®nity for the salivary
glands. By assessing the uptake of this radiopharmaceu-
tical, one can estimate the relative function of the major
(parotid and submandibular) salivary glands. Dynamic
imaging performed after the administration of a siala-
gogue (e.g., lemon juice) allows estimation of an ejec-
tion fraction for each gland.

CONCLUSION

This has been just a brief overview of the wide range of
nuclear techniques available for structural and func-
tional assessment of the gastrointestinal system. The
constant development of new radiotracers and imaging
techniques will further expand the applications of nu-
clear imaging in the ®eld of gastroenterology.
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Barium Radiography � Computed Tomography (CT) �
Magnetic Resonanace Imaging (MRI) � Radiology, Interven-

tional � Ultrasonography
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borborygmi Rumbling noise produced by movement of gas

in the intestine.

electrochemical gradient Driving force underlying the

movement of charged compounds (or nonelectrolytes

cotransported with charged compounds) across a

membrane.

hematochromatosis Disorder of iron metabolism character-

ized by excessive absorption of ingested iron.

micelles Structures formed by association of bile salts and

containing fat digestion products; found in the lumen of

the small intestine.

osmotic diarrhea Watery stool induced by abnormal

increases in amounts of poorly absorbed, osmotically

active solutes in the gut lumen.

transepithelial transport Movement of nutrients across the

intestinal mucosal layer, which is made up of epithelial

cells joined together by tight junctions.

transphosphorylation Chemical reaction that involves the

transfer of a phosphoric group from one compound to

another.

The rate of nutrient transport is ultimately regulated by

the energy content, the essential nature, or the toxic po-

tential of nutrients. The absorption rate of a nutrient uti-

lized mainly for its energy content increases with dietary

concentration, whereas the absorption rate of a nutrient

that is essential but otherwise contains little energy will

increase only when dietary concentration or body stores

decrease. Regulation of nutrients that are both essential

and energy yielding or potentially toxic may be complex

and may depend on still unidenti®ed factors.

INTRODUCTION

The nutrients that are released from digested foods are
absorbed by enterocytes or intestinal absorptive cells.
Because many nutrients from food are hydrophilic and
cannot diffuse through the lipid bilayer membrane, ab-
sorption requires transport systems in the brush border
and basolateral membranes of the enterocytes. These
transport systems are synthesized by intestinal cells
so nutrients can be transferred from the lumen across
the brush border into the cytosol, and from the cytosol
across the basolateral membrane into the blood.

Why regulate? Regulation of absorption ensures that
nutrients are not only completely absorbed but also
absorbed in the appropriate regions. Nutrients that
are not absorbed eventually reach the large intestine,
potentially inducing borborygmi and osmotic diarrhea.
Under normal conditions, however, nutrients are com-
pletely absorbed when intestinal contents reach the dis-
tal small intestine. Even when absorption is complete,
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INTRODUCTION

The nutrients that are released from digested foods are
absorbed by enterocytes or intestinal absorptive cells.
Because many nutrients from food are hydrophilic and
cannot diffuse through the lipid bilayer membrane, ab-
sorption requires transport systems in the brush border
and basolateral membranes of the enterocytes. These
transport systems are synthesized by intestinal cells
so nutrients can be transferred from the lumen across
the brush border into the cytosol, and from the cytosol
across the basolateral membrane into the blood.

Why regulate? Regulation of absorption ensures that
nutrients are not only completely absorbed but also
absorbed in the appropriate regions. Nutrients that
are not absorbed eventually reach the large intestine,
potentially inducing borborygmi and osmotic diarrhea.
Under normal conditions, however, nutrients are com-
pletely absorbed when intestinal contents reach the dis-
tal small intestine. Even when absorption is complete,
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regulation is important because the rate of absorption
and the intestinal region where a nutrient is absorbed
determine the time course of appearance of that nutrient
in the blood, and therefore of that nutrient's availability
to other organs. The pathological consequences of ab-
normal plasma glucose levels in diabetes are an example
of the importance of plasma nutrient concentrations.
Obesity in humans may be correlated with chronically
elevated rate of uptake of nutrients in the small
intestine.

Patterns of Regulation

Although there is an enormous number of types of
nutrients and therefore an equally impressive number of
transporters, regulatory mechanisms can only increase,
decrease, or not change when dietary concentrations or
body stores of nutrients change. The patterns of regu-
lation for various nutrients can be predicted, based on
four considerations related to the metabolic costs and
bene®ts of nutrient absorption. First, if the metabolic
cost of transporter synthesis exceeds the bene®ts (e.g.,
in the form of metabolic energy) the transporter pro-
vides, the number of transporters should decrease. Con-
versely, if transporter synthesis will yield energy in
terms of quantity of nutrients absorbed, the number
of transporters should increase. Hence, for virtually
all nonessential nutrients used as calorie source, absorp-
tion rate is directly proportional to dietary substrate
concentrations (see Fig. 1). Third, for essential nutri-
ents that do not yield calories but are needed at some
minimum amounts in the body for essential metabolic
reactions, decreases in dietary levels should result
in increases in the number of transporters, because

transport will yield its greatest bene®ts when dietary
concentrations are low (Fig. 1). Finally, transporter ac-
tivity should decrease with increasing dietary substrate
levels for nutrients that are toxic at high dietary con-
centrations or body stores. Because the transport step
across the brush border is typically the limiting step, and
because basolateral transporters also function to obtain
nutrients from the blood for enterocytes, these consid-
erations apply mainly to brush border transporters.

Regulation can be induced by endogenous signals
such as those coming from the blood, or by luminal
signals such as those found in the food. These external
signals use intracellular signal transduction mecha-
nisms to alter cellular function.

Mechanisms of Regulation

Speci®c

Changes in absorption rates can be accomplished by
speci®c or nonspeci®c mechanisms. Speci®c mecha-
nisms such as changes in af®nity for a substrate or in
number of transporters are those that increase the ab-
sorption rate of a single nutrient or category of nutrients
sharing a single transport system. Changes in number of
transporters can be accomplished by changes in trans-
porter synthesis and degradation rates or by alterations
in rates of translocation of transporters to and from
membranes.

Nonspeci®c

A wide variety of nonspeci®c mechanisms can alter
absorption rate, including number of absorptive cells,
ratio of absorptive to nonabsorptive cells, phospholipid
composition, ¯uidity and permeability of the plasma
membrane, and permeability of the paracellular path-
way. In addition, for nutrients that are cotransported
with the sodium or hydrogen ions, changes in electro-
chemical potential of these ions will also alter transport
rate. Different types of mechanisms can be combined to
alter nutrient transport rates. The time course of regu-
lation can be brief, in seconds or minutes, or long, mea-
sured in hours and days. Rapid rates of regulation are
thought to be a response to rapid changes in luminal
nutrient concentrations such as those occurring during
meals. A longer time course is thought to be caused by
alterations in the average luminal concentrations of nu-
trients initiated by changes in diet, and is the type of
regulation emphasized in this article. Diet-induced
changes in nutrient absorption typically utilize speci®c
mechanisms to alter transporter activity. There is a ca-
veat regarding the discussion here: a signi®cant number
of studies on molecular mechanisms underlying sub-
strate regulation of nutrient transport involve use of

FIGURE 1 Effect of dietary concentration or body stores of a

nutrient on intestinal uptake of that nutrient. �, Nonessential

nutrient, calorie source;°, essential nutrient, not a calorie source.
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cell cultures or Xenopus oocytes expressing the trans-
porter of interest. Unfortunately, regulation of nutrient
transporters in these arti®cial systems may differ from
transporter regulation in vivo or in animal models.
Studies from cell culture systems are therefore excluded
from discussion in this article, unless their ®ndings have
been replicated in vivo. Most of this article is based on
knowledge obtained from studies utilizing small animal
models.

MACRONUTRIENTS

Carbohydrates

The ®nal products of carbohydrate digestion are
glucose, galactose, and fructose. Glucose and galactose
enter the intestinal cells across the brush border
membrane via the sodium/glucose-dependent cotrans-
porter 1 (SGLT1), whereas fructose is absorbed by the
glucose transporter (GLUT5). In mammals with omniv-
orous diets, the number of SGLT1 and GLUT5 copies
typically varies by two- to fourfold, and is correlated
with dietary carbohydrate concentrations. In carni-
vores, the abundance of SGLT1 is low, and little regu-
lation occurs. In most vertebrates, site density of SGLT1
and therefore glucose transport rate increase within 24
hours after increases in levels of dietary carbohydrate.

The proposed mechanism involves an increase in the
number of brush border glucose transport systems in
young cells located in the lower regions of intestinal
villi. Intestinal glucose transport rate gradually in-
creases as these cells migrate up the villus and replace
cells that have a lower number of glucose transporters.
The change in transport rate is complete when cells
with more transporters have replaced all cells with
few transporters.

The magnitude of diet-induced changes in site den-
sity of GLUT5 is typically greater than that of SGLT1,
suggesting that average luminal fructose concentrations
undergo wider ¯uctuations. The proposed mechanism
underlying changes in intestinal fructose transport in-
volves changes in the number of GLUT5 copies in all
cells lining the villus. Although changes in the time
course of glucose transport are dependent on transpor-
ter synthesis and cell migration rate, the time course of
changes in fructose transport is dependent only on
transporter synthesis. As a consequence, the time course
of a diet-induced change in fructose transport is
typically more rapid, in the range of 4ÿ8 hours.

Changes in number of SGLT1 are brought about by
increases in concentrations of many types of sugars,
including galactose, fructose, mannose, xylose, glucose,
and even some nonmetabolizable analogues of glucose.

Because Na� is also a substrate of SGLT1, increases in
dietary Na� concentration have been shown to increase
glucose absorption. The signal to increase GLUT5 trans-
porter number is only dietary fructose (or sucrose,
which contains fructose) and is therefore quite speci®c.

Glucose, galactose, and fructose all share the
basolateral sugar transporter GLUT2, which mediates
the exit of sugars from the cytosol to the blood. Al-
though there is no transepithelial glucose transport in
the absence of SGLT1, there is glucose and fructose
transport in GLUT2 ÿ/ÿmice, indicating that an alter-
native basolateral pathway for sugars exists and that
SGLT1 is the rate-limiting step in transepithelial glucose
transport. Like GLUT5, site density of GLUT2 transpor-
ters also increases within a few hours following in-
creases in dietary carbohydrate, but the mechanisms
underlying dietary regulation are not known. Both lu-
minal glucose and fructose can up-regulate GLUT2
mRNA and activity in all enterocytes located in the
low to upper regions of the villus, and changes in trans-
porter number have been shown to be dependent mainly
on transporter synthesis and subsequent translocation
to the basolateral membrane.

Proteins

Amino Acids

Transport of amino acids is accomplished by at least
seven families of transporters, each family having sev-
eral types or isoforms with overlapping speci®cities for
different substrates. Many of these transporters are
heterodimeric, such that a heavy-chain subunit is linked
by disul®de bridges to a light-chain subunit. There are
two known families of heavy subunits and at least ®ve
families of light subunits, and any light subunit can pair
with any heavy subunit. The result is a large variety of
amino acid transporters with overlapping speci®cities
so that many types of amino acids can be transported by
a single transporter, and thus a single type of amino acid
can be transported by different transporters.

There are two typical ways of categorizing amino
acid transporters, including by a transporter's depen-
dence on the Na� gradient and by its substrates. Imino
and acidic amino acids each have a carrier family with
subtypes dedicated to transport these substrates, but
basic and neutral amino acids are thought to share sev-
eral transport systems. The large number of amino acid
transporters complicates any study related to their
regulation.

Although sugar absorption rates typically vary
in parallel with luminal concentration of carbohydrate
digestion products, the absorption of amino acids
does not always vary monotonically with dietary protein
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concentration. There are several explanations for this
observation, and they involve the fact that all amino
acids can yield energy and that some amino acids are
required (essential) nutrients whereas others are toxic
at high concentrations. At concentrations above mini-
mum dietary requirements, absorption of essential
amino acids increases with dietary protein, unless
those amino acids are potentially toxic. Absorption of
potentially toxic amino acids either does not increase or
increases only modestly with dietary protein levels.
Below minimum dietary requirements, absorption of
essential amino acids typically increases, suggesting a
regulatory mechanism that compensates for de®cient
dietary levels of a required nutrient. Intestinal absorp-
tion rates of nonessential amino acids that are usually
not toxic are directly proportional with dietary protein
levels. Because the molecular mechanisms of amino acid
transporters have just been elucidated, the molecular
mechanisms of their regulation are still being studied.

Peptides

Di- and tripeptides are absorbed from the intestinal
lumen into the cell by the PEPT transporter family,
which relies on the electrochemical gradient of hydro-
gen to supply the energy required for transport. Dietary
free amino acids and dipeptides stimulate the transcrip-
tion of the PEPT gene and increase PEPT mRNA as well
as protein abundance, leading to enhanced peptide ab-
sorption rates. Increases in luminal dipeptide concen-
tration have also been shown to increase PEPT mRNA
stability. Hence, increases in dietary protein levels typ-
ically increase peptide transport across the brush border
membrane. Regulation of peptide transport across the
basolateral membrane, however, is not known.

Fatty Acids and Bile Acids

After digestion, dietary lipids that are suf®ciently
hydrophobic are likely to be incorporated into micelles
and then passively absorbed by the intestinal cell. Pas-
sive transport is dependent on concentration gradients
and hence cannot be regulated. However, fatty acids
from pancreatic lipase digestion of triglycerides are
thought to cross the brush border membrane by carriers
that have not yet been extensively characterized at the
molecular level. High-fat diets increase fatty acid trans-
porter expression.

Bile acids, though not considered nutrients, are es-
sential for fat digestion and absorption. Synthesis of bile
acids is not suf®cient to absorb the amount of fat con-
sumed in a typical meal, hence bile acids need to be
recycled. Bile acids are amphipathic molecules and re-
quire the Na�-dependent bile acid transporter (ASBT)

for transport across the brush border membrane of
enterocytes in the distal small intestine. ASBT expres-
sion and activity decrease when luminal bile acid
concentrations decrease.

MICRONUTRIENTS

Minerals

Iron

Iron is used as a catalytic center in fundamental
metabolic reactions, but can be toxic at high concentra-
tions because of its ability to oxidize many cell compo-
nents. Iron de®ciency is primarily caused by lack of
dietary iron, whereas iron overload is mainly genetic
and in some individuals is attributed to a de®ciency
in functional hematochromatosis protein. Body iron
stores are controlled by regulating intestinal iron ab-
sorption via unidenti®ed signals that sense the level
of body iron and that communicate body iron status
to intestinal crypt cells. Crypt cells are then somehow
programmed to absorb dietary iron at rates appropriate
for the individual.

The small intestine absorbs both elemental and
heme iron. Absorption of elemental iron across the
brush border membrane occurs by way of the proton-
dependent divalent metal transporter (DMT1). Dietary
and body iron de®ciency increases mRNA and protein
abundance of DMT1 as well as rates of insertion into the
apical membrane of enterocytes, resulting in an increase
in absorption rate for iron. High dietary levels of iron
decrease brush border absorption rate. Expression of
the basolateral iron transporter ferroportin 1 (IREG1)
either is not affected by dietary iron levels or decreases
with dietary iron. In humans with hematochromatosis,
regulation of iron absorption is compromised, such that
there is increased protein and mRNA expression of
DMT1 in spite of excess body iron stores. Both
DMT1 and IREG1 mRNA have iron response elements
in the 30 and 50 untranslated regions that bind iron-re-
sponse proteins, suggesting that posttranscriptional reg-
ulation is important in iron absorption. Hephaestrin, a
copper containing iron oxide necessary for basolateral
exit of iron, responds to systematic signals of iron status.

The molecular mechanisms of heme iron transport
are not well known, but heme iron transport rate is also
down-regulated by body iron stores, decreasing in rate
when stores are high.

Calcium

Calcium is required for skeleton formation and also
plays an important role as intracellular messenger in
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virtually all cells. Almost all calcium in the body is
stored in the skeleton. Calcium transport in the small
intestine is tightly regulated by vitamin D, and is also
modulated by dietary calcium levels. Active, transepi-
thelial transport of dietary calcium increases when di-
etary calcium intake is low and decreases when dietary
calcium intake is high.

Calcium enters the cell down an electrochemical
gradient via calcium channels. Regulation of these chan-
nels is not known. The rate-limiting step of dietary cal-
cium absorption is the intracellular movement of
calcium from the apical pole of the enterocyte to
the basolateral pole. Intracellular calcium movement
is mediated by cytosolic calcium-binding protein
(calbindin). When plasma calcium concentration de-
creases below normal (about 2.5 mM), vitamin D in-
creases the synthesis of calbindin, which increases the
transfer of dietary calcium from the apical to the
basolateral pole, where calcium is extruded against an
electrochemical gradient by Ca-ATPase. Vitamin D also
increases the rate of entry and the rate of exit of dietary
calcium across the brush border and basolateral
membranes, respectively.

Phosphate

Like calcium, phosphate is also a major component
of bone. Phosphate is absorbed against an electrochem-
ical gradient in the small intestine by a Na�-dependent
phosphate transport system called NaPi, which has
many subtypes; NaPi2b is expressed in the small intes-
tine of humans and of many other vertebrates. Phos-
phate transport rate and the number of NaPi2b
transporters increase with chronic consumption of a
diet low in phosphate or by increases in plasma
vitamin D. Although transporter protein abundance
and transport rates increase dramatically, NaPi2b
mRNA abundance does not change, indicating that
NaPi2b regulation does not involve alterations in tran-
scription rate. Unlike that of the renal phosphate trans-
porter NaPi2a, which adapts within hours following a
change in dietary phosphorus concentrations, the time
course of adaptation of NaPi2b to changes in dietary
phosphorus levels is slow, and typically runs over sev-
eral days. Exit of phosphate from the enterocyte to the
blood occurs by way of a facilitated carrier in the
basolateral membrane. Regulation of this transport
system is not known.

Vitamins

Most water-soluble vitamins are absorbed by trans-
porters across the brush border and basolateral mem-
branes of intestinal cells, but the molecular mechanisms

are not known. Only those vitamins with well-charac-
terized transport systems are mentioned here.

Ascorbic acid is absorbed across the brush border
membrane by SVCT1, a high af®nity, Na-dependent
transporter expressed only in the small intestine and
kidney. Chronic consumption of ascorbic acid reduces
the rate of intestinal ascorbic acid transport. Low con-
centrations of dietary ascorbic acid, however, do not
increase intestinal transport.

Biotin shares a Na�-dependent brush border trans-
porter, SMVT, with pantothenic acid. Biotin de®ciency
leads to a marked increase in intestinal biotin transport,
whereas biotin consumption at pharmacological levels
decreases biotin transport rate. The regulation of pan-
tothenic acid transport is not known but is likely in¯u-
enced by dietary or systemic levels of both biotin and
pantothenic acid.

Folate is absorbed across the brush border mem-
brane by hIFC-1, located mainly in the enterocytes lin-
ing the upper villus regions. Dietary folate de®ciency
leads to speci®c increases in intestinal folate transport
and in hIFC-1 protein and mRNA abundance. A related
thiamine transporter, ThT1, absorbs thiamine across
the brush border. In the cell, the thiamine is phosphor-
ylated as it crosses the cytosol. Basolateral exit seems
to involve a transphosphorylation process. A thiamine-
de®cient diet increases transepithelial transport of
thiamine.
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bioimpedance analysis Measurement of body resistance and

reactance by the use of a ®xed high-frequency alternating

current.

bioimpedance spectroscopy Measurement of a range of body

resistance and reactance by the use of variable high-

frequency alternating current.

body mass index The body weight in kilograms divided by

the height expressed in meters squared (17 kg/m2).

nutrition-associated complications Disease complications

that can be in¯uenced by the nutritional status.

Nutritional status is conventionally associated with body

mass. This is a concept derived from agricultural science,

where the objective was to develop, through nutritional

means, large and meaty animals. In humans, the objective

of nutritional assessment is to identify individuals who,

because of their nutritional status, are at increased risk of

disease complications or death. It is hoped that persons

likely to bene®t (in terms of reduced complications) can

be identi®ed by such an assessment.

INTRODUCTION

Nutritional health is maintained by a state of equilib-
rium in which nutrient intake and requirements are
balanced. Malnutrition occurs when net nutrient in-
takes (nutrient intakes corrected for abnormally large
fecal or urinary losses) are less than requirements. The
obvious effect of the above processes is a change in body
and blood composition and changes in body and blood
composition have traditionally been used to assess
nutrition. Traditional nutritional science was ®rst de-

veloped in the ®eld of agriculture, where the effect of
nutrition was entirely judged by animal growth, mass of
muscle and fat, and the production of proteins by the
liver. It is therefore not surprising that nutritional as-
sessment methods hitherto used were based on changes
in body and blood composition.

The prime question when faced with a patient is how
can the physician alter the outcome of the disease in a
favorable (to the patient) manner. The question is
whether measurement of body composition and blood
components allows aprediction ofoutcomeandwhether
these measurements can be used tohelp devise treatment
that is bene®cial? To answer these questions, it is neces-
sary to examine the evolution of malnutrition and the
ability of nutritional assessment techniques to predict
outcome and aid treatment knowing the evolution.

Malnutrition leads to a succession of metabolic ab-
normalities, physiological changes, reduced organ and
tissue function, and loss of body mass. Concurrent stress
such as trauma, sepsis, in¯ammation, and burns accel-
erates the loss of tissue mass and function. Ultimately,
critical loss of body mass and function occurs, resulting
in nutrition-associated complications (NAC) and even
death.

The assessment of the nutritional status, to be of
clinical importance, should be able to predict whether
the individual would have increased morbidity and
mortality in the absence of nutritional support. In
short, can it predict the occurrence of NAC and thus
predict outcome? Disease and nutrition interact so that
disease in turn may cause secondary malnutrition or
malnutrition may adversely in¯uence the underlying
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bioelectrical impedance analysis Estimation of total body

water by passing low-amperage electrical alternating

current through the body and measuring the electrical

properties of resistance and reactance.

INDY gene Recently discovered `̀ I'm not dead yet'' gene

locus, mutation of which can slow senescence and

extend longevity; encodes for a protein that down-

regulates cellular energy utilization.

life expectancy Predicted number of years that will pass until

only half of any cohort of people will still be alive.

longevity Length of time an individual survives; for humans,

120 years is considered the maximal life span.

sarcopenia Age-dependent loss of skeletal muscle ®bers and

their replacement by intramuscular fat in the elderly,

leading to reduced strength of gait and predisposition to

falls.

senescence Age-dependent decline in physiological capa-

cities and anatomic integrity that proceeds throughout

adulthood.

The elderly represent a rapidly growing segment of pop-

ulations around the world. Physiological senescent

changes impact on the ability of individuals to feed and

nourish themselves, and aging and chronic disease are

conducive to both over- and undernutrition. A better un-

derstanding of speci®c nutrient requirements for older

persons requires re®ning the recommendations for selec-

tion of foods, food groups, and speci®c dietary supple-

ments for the aging population.

DEMOGRAPHIC CONSIDERATIONS

Sixty years of age or more is considered to be the cri-
terion for being classi®ed as elderly by the World Health
Organization, whereas 65 years is the threshold in North
America and the United Kingdom. The number of peo-
ple over 65 years of age is growing worldwide at an
unprecedented rate of 800,000 per month, according
to a recent report of the United States Census Bureau
and National Institute on Aging. The fastest growing
segments of the population are people over 85 years
and the centagenarians. Life expectancy at birth, i.e.,
the expected median survival of a birth cohort, has
been advancing steadily in all nations. In developed
nations, it now ranges from 75 to 81 years, always

with a greater expectancy for women than men. Cur-
rently, for instance, 18% of the Italian population is over
65 years of age. Despite much lower life expectancies,
the larger total populations in Africa, Asia, and Latin
America mean that the majority of people over 60 years
of age now live in low-income developing countries.

CHRONOLOGICAL AND
BIOLOGICAL AGING

Chronological age refers to the number of years an in-
dividual has lived. Survival to 120 years is considered to
be the maximum life span for Homo sapiens. Biological
aging is a process that begins at conception and contin-
ues throughout life, ®rst as developmental changes,
then, in adulthood, as `̀ senescence.'' It involves the
anatomical changes in tissues and a decline in the ca-
pacity for physiological functions of most organ
systems.

A series of theories regarding the nature and medi-
ation of the aging process have been advanced, all of
which can be rationalized on the basis of an evolutionary
advantage to maximize reproductive ef®ciency at the
expense of the mechanisms for genetic and cellular re-
pair. Some theories frame the mechanism as oxidative
stress and cumulative mutations associated with the
cumulative cellular utilization of metabolic energy. Cal-
orie restriction in animals reduces the rate of senescence
and prolongs longevity. A Drosophila gene associated
with longevity, INDY, when mutated to mimic caloric
restriction, leads to a longer life span. Thus, longevity
may have some genetic basis.

Successful Aging

The classical public health goal for gerontology has
been expressed as `̀ adding life to years, rather years to
life.'' This involves the so-called compression of mor-
bidity, in which physical and cognitive capacities are
maintained and individuals succumb rapidly in old age
after a minimum period of disability and dependency.
Such a life evolution has been termed `̀ successful aging,''
in which chronological age advances more rapidly than
biological aging and people maintain normal health and
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adequate physical and cognitive function. A majority of
survivors to the `̀ Third Age,'' however, exhibit `̀ usual''
(normative) aging, in which chronic diseases and some
disability intercede. The most burdensome format for
individuals, their relatives, and the community is the
evolution to `̀ fragile aging,'' characterized by disease,
debility, heavy dependence on caretakers, and the
need for institutional care.

Changes in Body Composition with
Advancing Age

Basic senescent processes and diseases common to
advanced age impact the elemental, molecular, and tis-
sueandorgancompositionof thebody.Conversely,body
composition in¯uences resistance and susceptibility to
disease and disability. Primaryamong senescent changes
is a progressive decrease in height, beginning around
age 30 and continuing thereafter. It is proportionately
greater in aging women as compared to men. Settlingand
desiccation of intervertebral disks combines with com-
pression of vertebral bodies to diminish the length of the
spinal column. Curvatures produced by uneven verte-
bral compression can further reduce stature.

On the aggregate, body weight increases up through
the seventh decade and then stabilizes or decreases in
later life. The composition of this weight follows a ste-
reotyped modi®cation in the last third of the life span,
with an increased percentage of body mass as fat, a de-
creased percentage of body water, and a lower total cell
mass. The deposition of fat added in later life is to some
extent visceral, but is largely intramuscular. The term
`̀ sarcopenia'' (scarcity of muscle) has been assigned to
this age-related loss of muscle ®bers and marbling of the
skeletalmuscle,whichmaybemediatedbyin¯ammatory
cytokines, e.g., interleukin-6. Sarcopenia contributes to
loss of strength in gait and predisposes to falls.
Osteopenia (scarcity of bone) is the progressive demin-
eralization of bone and loss of skeletal mass, common in
both sexes. A rapid, involutional bone demineralization
occurs with menopause, making women more suscepti-
ble (but not exclusively so) to a critical reduction in bone
mineral density and loss of architecture that leads to
pathological fractures of the vertebral bodies, wrists,
and hips (osteoporosis).

CAVEATS IN ASSESSING NUTRITIONAL
STATUS IN THE ELDERLY

The senescent processes confound the assessment of
nutritional status of the elderly to the extent that con-
ventional standards derived from younger adults are
employed. As a consequence of the aforementioned

body composition changes, anthropometric indicators
are confounded. When elderly patients are bedridden or
undergo partial amputations, two proxy measure-
mentsÐarm span and knee heightÐhave been ad-
vanced to produce an estimate for height. Moreover,
because true (original) height cannot be assessed
from the stature of an elderly patient, these same
proxy measures can be used to interpolate to what
was the likely length in youth. This senescent shorten-
ing of stature has implications for the calculation of
Quetlet's body mass index (BMI) (weight in kilograms
divided by the square of height in meters) in individuals
and in groups of elderly individuals. By international
BMI standards, underweight begins with a BMI equal to
or less than 18.5 kg/m2. Overweight is a state of BMI
from 25 to 29.9 kg/m2 and obesity ensues at or greater
than 30 kg/m2. The measured BMI for an older person is
inevitably higher than what would have been measured
for the same weight earlier in life, because of a distortion
in the denominator term. This produces an underesti-
mation of true underweight and an overestimation of
overweight states in an elderly population. Substituting
the arm span or a height term derived from knee height
into the BMI formula improves the validity of the diag-
nostic classi®cation. As a caveat, both arm span and
knee height vary in relation to true height across ethnic
groups, and this must be compensated for in the clinic or
in surveys.

Caliper assessment of skinfolds are confounded
both in their measurement and their interpretation in
the elderly. Laxity of skin makes the dermis more com-
pressible between the jaws of the calipers, producing a
falsely low value. Moreover, because fat deposition
shifts from subcutaneous distribution to intramuscular
marbling, the relation of skinfolds to total body fat is
distorted in measurements made in the elderly, and
the formulas for total body fat from skinfolds do
not apply.

A global estimation of total body water, from which
fat mass and fat-free mass can be derived, applying
certain assumptions, can be assessed by bioelectric im-
pedance analysis (BIA). Most investigations have found
that nomograms for interpreting BIA data in terms of
body composition require an age term.

The Mini-Nutritional Assessment is a four-
component diagnostic tool, combining anthropometric
indices, dietary intake, examiner's global assessment,
dietary evaluation, and patient's subjective assess-
ment points, to be used in general practice to assess
the nutritional status of the elderly. Less than a score
of 17 out of a 30-point total signi®es undernutrition,
whereas a score of 17ÿ23 points implies `̀ nutritional
risk.'' When the opportunity for laboratory assessment
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comes into play, low albumin and cholesterol con-
centrations and lymphocyte counts of 51500/ml
provide additional evidence of poor geriatric nutri-
tional status.

There is no validity to the oft-cited belief that red cell
concentrations are normally reduced with aging. In-
¯ammation and decreased renal mass can reduce eryth-
ropoiesis rates, however, independent of any constraints
on hematinic nutrients. Hepatic secretion rates of pro-
teins, including albumin, are reduced with increasing
age, but also with chronic in¯ammatory illness. It is not
clear if age is an independent variable.

FACTORS INFLUENCING NUTRITIONAL
STATUS IN AGING

A generic roster of mechanisms devised by Herbert,
which, alone or in combination, can explain all nutrient
de®ciency states, is useful for understanding under-
nutrition in the elderly when aging-speci®c factors
are weighed within this framework (Table I). The el-
derly are also susceptible to overnutrition involving
energy and certain micronutrients (Table II).

Undernutrition in the Elderly

Malnutrition (undernutrition) has variously been
reported to affect one-fourth of community-dwelling
elders, one-half of hospitalized elderly, and up to
two-thirds of the residents of long-term chronic-
care facilities. Of course, chronic and terminal illness

contribute to these statistics, and not all such
undernutrition can (or should) be addressed by speci®c
nutritional measures. Taste enhancement with ¯avor-
ings or monosodium glutamate increases eating satis-
faction in the healthy elderly and energy consumption
in the sick elderly. Both inappetence and sensory dulling
may distort the dietary intake of older persons, i.e.,
the balance and adequacy of micronutrients are better
for dependent institutionalized elderly, fed by care-
takers, than for ambulatory persons who select an
ad libitum diet.

Older persons are much more sensitive to dehydra-
tion due to immobility, dysregulated thirst, fear of in-
continence, diuretic use, and increased solute loads. For
hospitalized and institutionalized elderly, weight loss
and dehydration increase risk of pressure sores; nutri-
tional supplementation is generally useful when intake
is low, but has not been demonstrated to improve re-
sistance to pressure sores and ulcers.

With respect to micronutrients, the lower energy
needs of the elderly oblige the diet to have a higher
nutrient density to ful®ll the normal intakes of vitamins
and minerals. Gastric atrophy (due to Helicobacter pylori
infection) and increased intraintestinal pH predispose
to bacterial overgrowth and decreased absorption of
certain micronutrients, such as iron, folic acid, beta-
carotene, and vitamin B12. De®ciency of the latter is a
threat to the elderly, and its delayed recognition by
masking with folic acid may be increasing in risk as
public health organization folate forti®cation policies
advance.

Increased requirements for vitamin D collide with
reduced food intake and decreased outdoor activities,
contributing to vitamin de®ciency and greater bone loss.
Insuf®cient intake of zinc and of vitamin K1 to maximize
bone mineralization are also consequences of dietary
constraints typical with advancing years.

TABLE I Six Possible Causes of All Nutrient

De®ciencies, as Applied to Speci®c Factors of

Chronological Aginga

Decreased intake

Depression, dementia, economic constraints, immobility,

illness, taste and smell de®cits, oral disease, edentulousness,

decreased thirst sensitivity, altered intestinal motility,

medications, alcohol abuse

Decreased absorption

Hypochlorhydria, drug interactions, recurrent diarrhea,

bacterial overgrowth

Increased wastage

Chronic in¯ammation, glucose intolerance and diuresis,

diuretic use, `̀ programmed'' tissue remodeling

Decreased utilization

Drug interactions, chronic in¯ammation, alcohol abuse

Increased destruction

Drug interactions, chronic in¯ammation

Increased requirements

Possibly for calcium, vitamin D, and vitamin B6

a Modi®ed and adapted from Herbert (1973).

TABLE II Five Possible Causes of All Nutrient Excesses

as Applied to Speci®c Factors or Chronological Aging

Increased intake

Depression, self-supplementation, medications

Increased absorption

No case examples known

Increased retention

Decreased physical activity; lower basal metabolism rates;

reduced nephron number, decreased renal blood ¯ow, and

diminished glomerular ®ltration; reduced biliary ¯ow

Decreased mobilization or destruction

Decreased postprandial clearance of chylomicrons

Decreased requirements

Accumulated lifetime storage of nutrient reserves
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Overnutrition in the Elderly

Overweight and obesity are risk factors for cardio-
vascular disease, hypertension, stroke, type 2 diabetes,
osteoarthritis, depression, and certain cancers. De-
creased activity and lower basal metabolism contribute
to risk in later life. There is ongoing debate, however, as
to whether the body mass index associated with lowest
all-cause mortality, around 22 kg/m2, applies to all age
groups of adults equally, or whether a higher BMI level is
more protective in older age.

Vitamin A toxicity is an issue for the elderly,
not by body burden, per se, but because retinyl esters
persist an inordinately long time in the circulation.
Iron stores increase progressively throughout life in
healthy men, and in women after menopause. The
upper segment of the population distribution may
accumulate suf®cient iron to constitute an oxidative
burden. Manganese and copper may accumulate in
the liver and in other tissue sites if cholestatic conditions
are present.

DIETARY REQUIREMENTS,
RECOMMENDATIONS, AND FOOD
SELECTION PATTERNS FOR THE
ELDERLY

In past editions of the Recommended Dietary Allow-
ances (RDAs), all adults above 51 years of age formed
a common group; it has only been in the past 10 years
that suf®cient information to make age-speci®c recom-
mendations for persons 75 years and older has been
developed. Dietary guidelines for the selection of
foods and food groups have also proliferated, and dif-
ferentiation for the speci®c needs and expectations for
the elderly is emerging.

Nutrient Requirements and Recommendations
in Later Life

It has long been established, and veri®ed by com-
munity survey data, that the energy requirements of the
elderly are about two-thirds of what they are in active,
young, and middle adulthood. In the United States' and
Canada's Dietary Reference Intakes, differential increases
in recommended levels, higher than those for younger
adults, exist for three nutrients: calcium, vitamin D, and
vitamin B6. For two additional nutrients relevant to
agingÐvitamin B12 and vitamin K1Ðthe general
adult recommendations have almost doubled over the
previous RDA.

Diet, Function, and Chronic Disease Risk

Alongside the concerns for adequateÐbut not ex-
cessiveÐintakes of macro- and micronutrients are
another series suggestions constituting `̀ dietary guide-
lines,'' which are related to selection of and servings of
various foods and food groups. A variant Food Pyramid,
taking the speci®c needs of the elderly to consume extra
liquid to maintain hydration and more dietary ®ber to
increase colonic transit, stool frequency, and fecal
weight, has been advanced for geriatric preventive
nutrition. Most aspects of the conventional Food Pyra-
mid relate to a long-term dietary pattern to avoid the
genesis of chronic disease. Doubt surrounds the poten-
tial for the de novo institution of these healthful eating
patterns to prevent or reverse disease processes once an
individual has reached advanced age.

Dietary constituents for improved performance of
physiological function and disease resistance are being
identi®ed. Improved immunoresponsiveness has been
documented with chronic intakes of suprarequirement
amounts of zinc and vitamin E, levels that could never be
achieved from dietary sources alone. Nonnutrient sub-
stances such as phytochemicals and carotenoids may
also have emerging roles in maintaining health in
later life, such as lutein and zeaxanthin for macular
degeneration. Reduced incidences of most forms of cat-
aracts are associated with higher dietary intakes and
supplements of antioxidant vitamins and some caroten-
oids. Cognitive function of elderly can be improved by
routine use of balanced vitamin and mineral supple-
ments without iron.
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Nutritional Assessment

KHURSHEED N. JEEJEEBHOY

University of Toronto, Canada

bioimpedance analysis Measurement of body resistance and

reactance by the use of a ®xed high-frequency alternating

current.

bioimpedance spectroscopy Measurement of a range of body

resistance and reactance by the use of variable high-

frequency alternating current.

body mass index The body weight in kilograms divided by

the height expressed in meters squared (17 kg/m2).

nutrition-associated complications Disease complications

that can be in¯uenced by the nutritional status.

Nutritional status is conventionally associated with body

mass. This is a concept derived from agricultural science,

where the objective was to develop, through nutritional

means, large and meaty animals. In humans, the objective

of nutritional assessment is to identify individuals who,

because of their nutritional status, are at increased risk of

disease complications or death. It is hoped that persons

likely to bene®t (in terms of reduced complications) can

be identi®ed by such an assessment.

INTRODUCTION

Nutritional health is maintained by a state of equilib-
rium in which nutrient intake and requirements are
balanced. Malnutrition occurs when net nutrient in-
takes (nutrient intakes corrected for abnormally large
fecal or urinary losses) are less than requirements. The
obvious effect of the above processes is a change in body
and blood composition and changes in body and blood
composition have traditionally been used to assess
nutrition. Traditional nutritional science was ®rst de-

veloped in the ®eld of agriculture, where the effect of
nutrition was entirely judged by animal growth, mass of
muscle and fat, and the production of proteins by the
liver. It is therefore not surprising that nutritional as-
sessment methods hitherto used were based on changes
in body and blood composition.

The prime question when faced with a patient is how
can the physician alter the outcome of the disease in a
favorable (to the patient) manner. The question is
whether measurement of body composition and blood
components allows aprediction ofoutcomeandwhether
these measurements can be used tohelp devise treatment
that is bene®cial? To answer these questions, it is neces-
sary to examine the evolution of malnutrition and the
ability of nutritional assessment techniques to predict
outcome and aid treatment knowing the evolution.

Malnutrition leads to a succession of metabolic ab-
normalities, physiological changes, reduced organ and
tissue function, and loss of body mass. Concurrent stress
such as trauma, sepsis, in¯ammation, and burns accel-
erates the loss of tissue mass and function. Ultimately,
critical loss of body mass and function occurs, resulting
in nutrition-associated complications (NAC) and even
death.

The assessment of the nutritional status, to be of
clinical importance, should be able to predict whether
the individual would have increased morbidity and
mortality in the absence of nutritional support. In
short, can it predict the occurrence of NAC and thus
predict outcome? Disease and nutrition interact so that
disease in turn may cause secondary malnutrition or
malnutrition may adversely in¯uence the underlying
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disease. Thus, patient outcomes are multifactorial and
attempting to formulate the in¯uence of malnutrition
based on outcomes of single parameters or simple mod-
els fails to consider the many interacting factors. Mea-
surements of body composition and blood components
are a snapshot in time and cannot predict the direction
of change. Three major factors alter the direction of
malnutrition, namely, intake, disease-induced stress,
and absorption or losses of nutrients. The progression
or regression of these factors ultimately determines
whether critical malnutrition will occur in the absence
of nutritional support.

Although there are reliable methods to identify pa-
tients who will develop NAC, none of the methods or
tools can clearly identify patients in whom nutritional
support will reduce NAC.

TRADITIONAL NUTRITIONAL
ASSESSMENT INDICES

Nutritional status has been traditionally de®ned by body
composition, plasma protein concentrations, immune
competence, and multivariate analysis. Assessment of
nutritional status based on body composition involves
detecting the loss (or gain) of body components relative
to previous measurements and relating the values in a
given patient to normal standards. The reproducibility
and error in the measurements themselves affect the
former and the latter is dependent on the normal
range of values. A person who starts off at the upper
end of the normal range may be classi®ed as `̀ normal''
despite considerable changes in the measured value.
Therefore, it is possible for a person to be in a negative
nutritional state for a long time before anthropometric
measurements fall below normal.

Body Weight and Weight Loss

Body weight is a simple measure of total body com-
ponents and is compared to an `̀ ideal'' or desirable
weight. This comparison can be made by using formulas
or tables. However, a simple approach that gives as
much information as these tables is the calculation of
the body mass index (BMI) or Quetelet index. Body
mass index is calculated as weight in kilograms divided
by height in meters squared. A BMI below 14ÿ15 is
associated with signi®cant mortality. However, mea-
surements of body weight in patients in hospitals, es-
pecially those in intensive care units (ICUs), and of
patients with liver disease, cancer, and renal failure
are confounded by changes in body water due to un-
derhydration, edema, ascites, and dialysate in the abdo-
men. Furthermore, the nutritional signi®cance of

changes in body weight can again be confounded by
changes in hydrational status.

Anthropometry

Triceps and subscapular skinfold thicknesses pro-
vide an index of body fat and midarm muscle circum-
ference provides a measure of muscle mass. Although
these measurements seem to be useful in population
studies, their reliability in individual patients is less
clear. The most commonly used standards for triceps
skinfold thickness and midarm muscle circumference
are not universally applicable. The use of these stan-
dards to identify malnutrition in many patients is prob-
lematic because of the restricted database and the
absence of correction factors for age, hydrational status,
and physical activity on anthropometric parameters.
Several studies have demonstrated that 20ÿ30% of
healthy control subjects would be considered malnour-
ished based on these standards. These measurements
do not re¯ect muscle and fat mass in sick patients, es-
pecially those in ICU and those with liver and renal
disease, where edema is a major problem in assessing
skin folds and arm circumference.

CreatinineÿHeight Index

The excretion of creatinine in the urine is related to
muscle mass. Normalized for height the 24 h creatinine
excretion is an index of muscle mass. In theory, it is a
good and simple way of assessing the lean body mass.
However, it is dependent on complete 24 h urine col-
lections, and urinary losses or oliguria may result in an
inappropriate diagnosis of malnutrition. Patients on di-
uretics such as those with cardiac and liver failure and
those with renal disease are especially likely to have low
levels of excretion of creatinine.

Serum Albumin

Serum albumin is one of the most extensively stud-
ied proteins and there are approximately 20,000 cita-
tions referring to this protein in the literature from the
past 30 years. Several studies have demonstrated that a
low serum albumin concentration correlates with an
increased incidence of medical complications. Disease
rather than nutrition in adults mainly in¯uences serum
albumin.

The concentration of serum albumin represents the
net sum of albumin synthesis, degradation, losses from
the body, exchange between intra- and extravascular al-
bumin compartments, and the volume in which albumin
is distributed. Albumin is highly water soluble and re-
sides in the extravascular space. The total body pool of
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albumininanormal70 kgmanis �280 g(3.5ÿ5.3 g/kg).
Approximately one-third of the total pool constitutes
the intravascular compartment and two-thirds consti-
tutes the extravascular compartment. The concentra-
tion of albumin in blood is greater than that in lymph
or other extracellular ¯uids and the ratio of intravascu-
lar to extravascular albumin concentration varies from
tissue to tissue. During steady-state conditions, �14 g
of albumin (200 mg/kg) is produced and degraded daily.
Each day, �5% of the total albumin pool is degraded
and replaced by newly synthesized albumin. Protein-
calorie malnutrition causes a decrease in the rate of
albumin synthesis because adequate nutrient intake is
important for polysomal aggregation and maintenance
of cellular RNA levels needed for protein synthesis.
Within 24 h of fasting, the rate of albumin synthesis
decreases markedly. However, a short-term reduction
in albumin synthesis has little impact on albumin levels
because of a compensatory decrease in albumin degra-
dation and a transfer of extravascular albumin to the
intravascular compartment. Prolonged protein-calorie
restriction induced experimentally in human volunteers
or observed clinically in patients with anorexia nervosa
causes marked reductions in body weight but little
change in plasma albumin concentration. A protein-
de®cient diet with adequate calories in elderly persons
causes a decrease in lean body mass and muscle function
without a change in plasma albumin concentration.

Hospitalized patients may have low levels of plasma
albumin for several reasons. In¯ammatory disorders
cause a decrease in albumin synthesis, an increase in
albumin degradation, and an increase in albumin trans-
capillary losses. Gastrointestinal diseases and some car-
diac diseases increase albumin losses through the gut
and renal diseases may cause considerable albuminuria.
Wounds, burns, and peritonitis cause major losses from
the injured surface and in certain circumstances cause
an increase in albumin losses through the gut, kidneys,
or damaged tissues. Because the exchange between
intra- and extravascular albumin is so large, even small
changes in the percentage of exchange can cause signif-
icant changes in plasma albumin levels.

Prealbumin

Prealbumin is a transport protein for thyroid
hormones and exists in the circulation as a retinol-
bindingÿprealbumin complex. The turnover rate of
this protein is rapid, with a half-life of 2ÿ3 days. It is
synthesized by the liver and is catabolized partly in the
kidneys. Protein-energy malnutrition reduces the levels
of prealbumin and refeeding restores levels. However,
prealbumin levels fall without malnutrition in

infections and in response to cytokine and following
hormone treatment. Renal failure increases levels and
liver failure may cause decreased levels. Although pre-
albumin is responsive to nutritional changes, it is in¯u-
enced by several disease-related factors, making it
unreliable as an index of nutritional status.

Immune Competence

Immune competence, as measured by delayed cuta-
neous hypersensitivity (DCH), is affected by severe mal-
nutrition. While it is true that immune competence as
measured by DCH is reduced in malnutrition, several
diseases and drugs in¯uence this measurement, making
it a poor predictor of malnutrition in sick patients. The
following factors nonspeci®cally alter DCH in the ab-
sence of malnutrition: (1) infections; (2) uremia, cir-
rhosis, hepatitis, trauma, burns, and hemorrhage; (3)
steroids, immunosuppressants, cimetidine, warfarin,
and perhaps aspirin; and (4) general anesthesia and
surgery. Hence, in the critically sick patient, many fac-
tors can alter DCH and render it valueless in assessing
the state of nutrition.

MEASUREMENT OF
BODY COMPOSITION

The body consists of compartments or components.
There are over 35 well-recognized components and
these are organized into ®ve levels of increasing com-
plexity: atomic, molecular, cellular, tissue-system, and
whole body. In healthy weight-stable subjects, there are
relatively constant relationships among these compo-
nents, which are correlated with one another.

Isotope Dilution

Total body water, measured by isotope dilution, is
usually the largest molecular-level component. Water
maintains a relatively stable relationship to fat-free body
mass and thus measured water isotope dilution volumes
allow prediction of fat-free body mass and fat (i.e., body
weight minus fat-free body mass). The relationship be-
tween total body water and other body composition
components may change with disease and this should
be considered when interpreting data from hospitalized
or chronically ill patients. The usual approach is to
measure a dilution volume using isotopes such as
tritium-, deuterium-, or 18O-labeled water and then
calculate fat-free mass by assuming that the proportion
of fat-free body mass as water is constant at 0.732. How-
ever, there are no data about the relationship of fat-free
mass and clinical outcome.
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Bioimpedance Analysis

Bioimpedance analysis (BIA) is a method of esti-
mating body ¯uid volumes by measuring the resistance
to a high-frequency, low-amplitude alternating elec-
tric current (50 kHz at 500 to 800 mA). The amount
of resistance measured (R) is inversely proportional
to the volume of electrolytic ¯uid in the body and to
a lesser extent on the proportions of this volume. A
regression equation is then developed based between
a reference measurement of fat-free body mass (i.e.,
isotope dilution) and the measured R, height, and
other variables.

Recently, the difference in the conductive properties
of extra- and intracellular ¯uid has resulted in the de-
velopment of bioimpedance spectroscopy (BIS). Direct
current will pass through extracellular ¯uid but will not
traverse the lipid membrane of cells. As the frequency of
the applied current increases, the cell membrane acts as
the dielectric of capacitors and the alternating current
will pass partly and easily through the extracellular ¯uid
and with greater resistance through the cells. The total
impedance to the current is de®ned by an equivalent
circuit of a resistance and a reactance through a capa-
citor. As the frequency of the alternating current in-
creases, the reactance at ®rst increases and then
decreases until at very high frequencies there is little
impedance to the passage of the current through cells.
An analysis of the reactance to different frequencies is
used to calculate extra- and intracellular water. In
healthy adults, it is possible to predict total body
water within 2 to 3 liters. Much more variable results
are observed in diseased patients, owing in part to the
population-speci®c nature of BIA. BIA measures total
body water from which the lean body mass is calculated
using the assumption that all tissues have the same de-
gree of hydration. Such an assumption will give erro-
neous results in patients with edema and ascites. Again,
the relationship between body composition, as deter-
mined by BIA, and clinical outcome in hospitalized
patients has not been established.

Dual-Energy X-Ray Absorptiometry

Dual-energy X-ray absorptiometry (DXA) is a
method developed originally for the measurement of
bone density and mass. DXA can also be used to measure
soft tissue composition. DXA can measure total
and regional fat, bone mineral, and bone mineral-
free lean components. The method is based on the
attenuation characteristics of tissues exposed to X rays
at two peak energies. Mathematical algorithms allow
calculation of body components using various physical

and biological models. The method provides an accurate
measurement of bone mineral mass and also of soft
tissue mass. Again, there are no data indicating whether
DXA can predict outcome in hospital patients.

Whole-Body Counting/Neutron Activation

K, N, P, H, O, C, Na, Cl, and Ca can be measured with
a group of techniques referred to as whole-body coun-
ting/in vivo neutron activation analysis. Shielded whole-
body counters can count the gamma-ray emission of
naturally occurring 40K. The method is safe and can
be used in children and pregnant women. The 40K
counts can be used to estimate total body potassium,
which in turn can be used to calculate body cell mass
and fat-free body mass. Prompt gamma neutron activa-
tion analysis can be used to measure total body N and H.
Nitrogen can be used to calculate total body protein.
Delayed gamma neutron activation measures total body
Ca, Na, Cl, and P. These elements can be used to cal-
culate bone mineral mass and extracellular ¯uid vol-
ume. Finally, inelastic neutron-scattering methods
measure total body O and C. Carbon is useful in models
designed to quantify total body fat. Whole-body-
counting/neutron activation methods are important
because they provide a means of estimating all major
chemical components in vivo. These methods are con-
sidered the standard for evaluating the body composi-
tion components of nutritional interest, including body
cell mass, fat, fat-free body mass, skeletal muscle mass,
and various ¯uid volumes. Refeeding the malnourished
subject by mouth or by TPN results in a rapid increase in
TBK but not TBN. In animal studies, it has been shown
that this increase in TBK is the result of improved cell
membrane voltage and an increase in the intracellular
ionic potassium. The ®ndings are consistent with im-
proved cell energetics demonstrated by nuclear mag-
netic resonance spectroscopy and the improved
muscle function shown concurrently. Loss of TBK is
a good predictor of poor outcome in a variety of con-
ditions associated with malnutrition.

Computerized Axial Tomography and
Magnetic Resonance Imaging

These methods measure components at the tissue-
system level of body composition, including skeletal
muscle, adipose tissue, visceral organs, and brain. A
large number of studies in phantoms, cadavers, and
in vivo validate these methods. There are no studies
of imaging methods that show that they can predict
clinical outcome in hospital patients.
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Body Composition and Outcomes

Although the above methods of body composition
can accurately assess different components, they are
dif®cult to apply in the clinical setting except in special
units. The only methods of nutritional assessment avail-
able for wide application in populations are BIA and BIS.
There are few data to show that these methods can
predict outcome in hospital patients. In patients on
renal dialysis, it has been shown that a reduction of
the reactance from 70 to 43O increased morbidity by
9% and a reduction of reactance to 31O increased mor-
bidity by 14%. In cancer patients, a lean body mass
below the normal range as indicated by BIA was asso-
ciated with increased morbidity.

NUTRITIONAL INDICES

There are a number of nutritional indices based on mea-
surements of serum proteins, immune competence, and
anthropometry. These are the Prognostic Nutritional
Index (PNI), a simpli®ed version of the PNI called the
Nutritional Risk Index, and the Maastricht Index, all of
which predict postoperative complications (Table I).

SUBJECTIVE GLOBAL ASSESSMENT

A clinical method for evaluating nutritional status,
termed subjective global assessment (SGA), encompas-
ses historical, symptomatic, and clinical parameters as
given below. This approach de®nes malnourished
patients as those who are at increased risk for medical
complications and who will presumably bene®t from
nutritional therapy. The basis of this assessment is to
determine whether nutrient assimilation has been re-
stricted because of decreased food intake, maldiges-
tion, or malabsorption, whether reduction in intake
has adversely in¯uenced organ function and body

composition, and whether the patient's disease has
altered nutrient requirements. The speci®c features of
the history and physical examination used in the SGA
are listed in Table II.

History

The nutritional history should evaluate the
following questions:

1. Has there been a recent change in body weight
and was the change intentional or unintentional?
The percentage of body weight lost in the previous
6 months is characterized as mild (55%), moderate
(5ÿ10%), or severe (410%). The pattern of loss
is also important and it is possible for a patient to
have signi®cant weight loss but still be considered
well nourished if body weight (without edema or asci-
tes) recently increased. For example, a patient who has
had a 10% body weight loss but regained 3% of that
weight over the past month would be considered well
nourished.

2. Is dietary intake adequate? The patient should be
questioned about his or her habitual diet and any change
in diet pattern. Have the number, size, and contents of
meals changed? Are nutrient supplements being taken?
A diary documenting food intake may be useful when
the history is inconclusive.

3. What is the reason(s) for the change in dietary
intake? Has appetite changed? Is there a disturbance in
taste, smell, or the ability to chew or swallow food? Has
there been a change in mental status or increased
depression? Has there been a change in the ability to
prepare meals? Are there gastrointestinal symptoms,
such as early satiety, postprandial pain, nausea, or vom-
iting? Is the patient taking medications that affect food
intake?

4. The presence of persistent gastrointestinal
symptoms, such as anorexia, nausea, vomiting,

TABLE I Nutritional Indices

Index Features Classes

Prognostic Nutritional Index (PNI) PNI� 158ÿ 1.6� albumin (g/dl)ÿ 0.78�TSF

(mm)ÿ 0.2 transferrin (mg/dl)ÿ 5.8�DCH

540 predicts sepsis

Nutritional Risk Index NRI� 1.519� albumin (g/dl)� 41.7� present

weight/usual weight

Normal nutrition 4100

Severe malnutrition 583.5

Maastricht Index MI� 20.68ÿ 0.24� albumin (g/liter)ÿ 19.21�
prealbumin (g/liter)ÿ 1.86� lymphocyte count

(106/liter)ÿ 0.04� ideal body weight

40 Malnourished

Note. Reprinted from Schneider, S. M., and Hebuterne, X. (2000). Use of nutritional scores to predict clinical outcome in chronic disease.

Nutr. Rev. 58, 31ÿ38, with permission.
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diarrhea, and abdominal pain, which have occurred al-
most daily for at least 2 weeks is recorded. Is there
evidence of malabsorption?

5. The patient's functional capacity is de®ned as
bedridden, suboptimally active, or full capacity. Are
there symptoms of speci®c nutrient de®ciencies
including macrominerals, micronutrients, and water?

6. The metabolic demands of the patient due to the
underlying disease state should be determined. Exam-
ples of high-stress illnesses are burns, major trauma, and
severe in¯ammation, such as acute colitis. Moderate-
stress diseases might be a mild infection or limited
malignant tumor.

Physical Examination

The physical examination corroborates and adds to
the ®ndings obtained by history:

Anthropometric Assessment

Current body weight should be compared with
previously recorded weights, if available. Weight for
height should be compared with standard normal val-
ues. A search for evidence demonstrating depletion of
body fat and muscle mass should be made. Clearly de-
®ned bony, muscular, and venous outlines and loose
skin folds can judge a general loss of adipose tissue.
A fold of skin, pinched between the fore®nger and
thumb, can detect the adequacy of subcutaneous fat.
The presence of hollow cheeks, buttocks, and perianal
area suggests body fat loss. An examination of the tem-
poralis, deltoids, and quadriceps muscles should be
made to search for muscle wasting.

Assessment of Muscle Function

Strength testing of individual muscle groups should
be made to evaluate generalized and localized muscle
weakness. In addition, a general evaluation of respira-
tory and cardiac muscle function should be made.

Fluid Status

An evaluation for dehydration (hypotension,
tachycardia, postural changes, mucosal xerosis, dry
skin, and swollen tongue) and excess body ¯uid
(edema, ascites) should be made.

Evaluation for Speci®c Nutrient De®ciencies

Rapidly proliferating tissues, such as oral mucosa,
hair, skin, and bone marrow, are often more sensitive to
nutrient de®ciencies than are tissues that turn over
more slowly.

In contrast to the traditional approach, the
SGA identi®es the initial nutritional state and the inter-
play of the factors in¯uencing the progression or regres-
sion of nutritional abnormalities. Therefore, SGA is a
dynamic process that is not limited to a single snapshot
at the moment of measurement but provides a picture of
current nutritional status and insight into the patient's
future status. The clinical assessment of nutritional sta-
tus involves a focused history and physical examination.
The information is then used as a composite observation
to judge whether the intake and quality of food eaten, the
status of the gastrointestinal tract, metabolic require-
ments, and existing habitus are critical or would result
in critical malnutrition in the future if nutritional
support is not given.

TABLE II Subjective Global Assessment

A. History

1. Weight and height

Current height ____ cm, weight ____ kg

Overall weight loss in past 6 months: ____ kg, ____%

Change in weight in past 2 weeks (use � or ÿ): ____ kg,

____%

2. Dietary intake change (relative to usual intake)

No change

Change: Duration� ____ days

Type: Suboptimal solid diet

Hypocaloric liquids

Starvation

Supplement (circle): Nil, vitamin, minerals

3. Gastrointestinal symptoms that persisted for 42 weeks

None

Nausea

Vomiting

Diarrhea

Pain (circle): At rest, on eating

4. Functional capacity

No dysfunction

Dysfunction: Duration ____ days

Type: Working suboptimally

Ambulatory but not working

Bedridden

5. Disease and its relation to nutritional requirements

Primary diagnosis: ____

Metabolic demand (stress)

No stress

Moderate stress

High stress (burns, sepsis, severe trauma)

B. Physical status (for each trait specify: 0� normal, 1�mild

de®cit, 2� established de®cit)

Loss of subcutaneous fat

Muscle wasting

Edema

Ascites

Mucosal lesions

Cutaneous and hair changes

SGA Grade ____
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It is a mistake to create many subcategories of
nutritional status. The ®ndings from the patient his-
tory and physical examination are used to categorize
patients as follows: being well nourished and not having
risk factors for progressive malnutrition (category A);
currently having no signi®cant wasting or minimal
weight loss but having changes in intake, absorption,
stress, and function, as judged globally, that will induce,
and cause the patient to progress toward, increased
weight loss and functional de®cit (category B); or sig-
ni®cant weight loss, functional de®cit and risk factors
for progression (category C). The rank is assigned on the
basis of subjective weighing. Equivocal information is
given less weight than de®nitive data. Fluid shifts re-
lated to onset or treatment of edema or ascites must be
considered when interpreting changes in body weight.
In general, a patient who has experienced weight loss
and muscle wasting but is currently eating well and is
gaining weight is classi®ed as well nourished. A patient
who has experienced moderate weight loss, continued
compromised food intake, continued weight loss, and
progressive functional impairment and who has a `̀ mod-
erate-stress'' illness is classi®ed as moderately malnour-
ished. A patient who has experienced severe weight loss
and who continues to have poor nutrient intake, pro-
gressive functional impairment, and muscle wasting is
classi®ed as severely malnourished independent of dis-
ease stress. Several studies have shown that the use of
SGA in evaluating hospitalized patients gives reproduc-
ible results and there was more than 80% agreement
when two blinded observers assessed the same patient.

Such a structured approach allows an assessment of
whether there is a role for nutritional support or
whether the weight loss and fatigue are entirely due
to disease. For example, for a patient with thyrot-
oxicosis, increased appetite, and no gastrointestinal
symptoms restricting intake but only signs of hyper-
metabolism, the role of nutritional support is minimal.
In contrast, a person with marked weight loss due to
obstruction caused by upper gastrointestinal cancer
with compromised swallowing, marked functional de®-
cit, and poor intake will bene®t from nutritional sup-
port. On the basis of a technical review of the literature,
the American Gastroenterological Society stated that
`̀ preoperative parenteral nutrition has a more profound
effect in reducing the rate of major postoperative com-
plications in patients undergoing major surgery for can-
cer of the esophagus or stomach.'' On the basis of the
same review, they concluded that `̀ [p]reoperative
parenteral nutrition should also be considered in
those patients who are severely malnourished (as de-
®ned in the technical review). A retrospective subgroup
analysis of one large RCT suggests that it does have a

greater therapeutic effect in decreasing postoperative
complications in this group.''

Illustrative Cases

Case 1: A 60-year-old woman was admitted to the
hospital for elective resection of a colon carcinoma. She
had lost 10% of her initial weight over 8 months before
admission. However, she recently gained weight after
therapy with nutritional supplements was initiated. She
continued to work and was active. On physical exam-
ination, there was no loss of muscle or fat. She is SGA A.

Case 2: A 40-year-old man with an acute exacerba-
tion of Crohn's disease had lost 10% of his body weight
within the previous 2 weeks and was ingesting mostly
liquids to avoid gastrointestinal discomfort. He was am-
bulatory but was not going to work. On physical exam-
ination, he had slight loss of subcutaneous tissue
manifested by a reduced buccal fat pad and loose
skin folds over the arms. He is SGA B.

Case 3: A 67-year-old man with esophageal cancer
had minimal food intake for almost 3 months. He lost
15% of his body weight during the previous 4 months
and is continuing to lose weight. He was able to move
around the house but had marked muscle weakness and
fatigue and did not walk outdoors. On physical exam-
ination, he lacked subcutaneous tissue and had hollow
temples, deltoid wasting, and mild pitting edema. He is
SGA C.

SGA has been shown to be a better predictor of
postoperative infectious complications than serum al-
bumin, serum transferrin, delayed cutaneous, hypersen-
sitivity, anthropometry, creatinineÿheight index, and
the prognostic nutritional index. How does SGA per-
form in predicting complications in conditions other
than preoperative patients? SGA has been shown to
predict complications in general surgical patients, can-
cer patients, patients on dialysis, and liver transplant
patients. Two recent large-scale studies by Perman
et al. and Pirlich et al. have shown that SGA indepen-
dently identi®es the increased mortality and morbidity
from malnutrition even when the data are statistically
adjusted for other factors in¯uencing survival and
complications.

GERIATRIC NUTRITIONAL ASSESSMENT

SGA is a reliable tool for the assessment of malnutrition
in the elderly. In addition, two other tools have been
developed for the assessment of the nutritional status in
the elderly. They are the Mini Nutritional Assessment
(MNA) and the Malnutrition Risk Scales (SCALES). The
MNA consists of 18 items. Weight, height, and weight
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loss are recorded. Questions are asked regarding life-
style, medications, and degree of mobility. Then, a diet
history of number of meals, food and ¯uid intake, and
ability to self-feed is recorded. Finally, a self-assessment
of health and nutritional status is noted. The answers to
these questions are converted into a score. A score �24
is considered well nourished, a score of 17ÿ24 indicates
a risk of malnutrition, and a score517 indicates that the
patient is malnourished. A score below 17 has been
associated with increased mortality and a longer hospi-
tal stay. SCALES is composed of sadness, cholesterol,
albumin 540 g/liter, loss of weight, eating problems,
and shopping problems. Each component that is abnor-
mal is given a point. If the sum of the points is �3, then
there is a high risk of malnutrition.

FUNCTIONAL TESTS
OF MALNUTRITION

It was shown that muscle function and mitochondrial
function are very sensitive to nutritional manipulations
and are in¯uenced before changes in body composition.
The measurement of muscle function has been shown
to predict complications in a number of studies. The
association between outcome and muscle function was
shown by Klidjian using hand-grip strength and by
Windsor and Hill using stimulated and respiratory mus-
cle function. Elderly subjects with a hand-grip strength
of 55 kg have a very high mortality. Functional tests
(the simplest in practice is the test of hand grip strength)
have been shown to predict NACs. They are also a snap-
shot in time and are best used to follow the effects of
nutritional support. Since they improve before changes
in body composition, they could be used to determine
whether the individual is progressively responding to
nutrition before there are changes in body composition.
They could be used to examine corroborate the func-
tional changes observed during evaluation of SGA.

See Also the Following Articles
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Obesity, Treatment of
GEORGE A. BRAY

Pennington Biomedical Research Center, Baton Rouge, Louisiana

body mass index A measure of normal weight and over-

weight [weight (in kilograms)]/[height (in centi-

meters)]2.

gastric bypass Construction of a small (10ÿ30 ml) proximal

gastric pouch by stapling across the stomach or complete

resection from the rest of the stomach, connected to a

segment of jejunum brought up at a Roux-en-Y limb.

obesity Body mass index is 430 kg/m2.

overweight Body mass index in the range of 25ÿ29.9 kg/m2.

Obesity produces complications that involve nearly all

major organ systems. The major gastrointestinal medical

complications associated with obesity include gallstones,

nonalcoholic fatty liver disease, and possibly gastro-

esophageal re¯ux disease.

INTRODUCTION

As the epidemic of obesity has grown over the past 20
years, the need to understand its causes and apply this
knowledge to the treatment of obesity has become ever
more urgent. As medical science's understanding of obe-
sity increases, novel ideas about techniques, strategies,
molecules, and procedures that can be used to curtail
the devastating effects of this epidemic will emerge. This
article will focus on ®ve different approaches to the
treatment of obesity. These are behavioral therapy,
diet, exercise, medications, and surgery. As there is
only space for a brief discussion of each, the reader is
referred to other sources for more details (see Further
Reading). Since obesity is an imbalance between the
energy that is ingested and the energy that is expended,
any treatment must have an effect on one or both sides of
the energy balance equation. This concept is easily
applied to diet, which aims to reduce food intake,
and exercise, which aims to raise energy expenditure.
The subtleties of this concept, when applied to medica-
tions, are more complex.

BEHAVIOR THERAPY

Over the past 30 years, there has been a steady improve-
ment in behavioral techniques that were originally

introduced only in 1967 by Stuart in a classic paper.
The basic elements of any behavioral program focus
on three things: identifying the antecedents to eating
and changing them; characterizing an individual's
eating style and improving it; and providing rewards
for improved eating behavior. With programs that last
up to 24 weeks, the retention is usually more than 75%
and weight losses can be up to 10% of initial body
weight.

Retrospective analysis has shown that several
strategies are particularly useful. These include
self-monitoring of one's eating habits, eating a lower
fat diet, being more physically active, and developing
a support system to help reward successful behavior.
Providing structured meal plans has proven to be an
additional useful strategy. These can be meal plans,
written menus, or portion-controlled foods. The use
of the internet has also proven to be a potentially valu-
able approach to delivering behavioral therapy. The
major problem with behavioral strategies is that patients
tend to regain weight after leaving the program. Recent
focus has concentrated on ways of continuing the
impact of the program over longer periods of time.

Overweight adolescents are a good target for pre-
ventive strategies using behavior therapy, because good
10-year data show that intervention for this group can
reduce the degree of overweight into adult life. Data on
the ef®cacy of behavior programs carried out in con-
trolled settings show that weight losses average nearly
10% in trials lasting more than 16 weeks. The problem
with behavioral therapy is that regaining weight once
the behavior treatment ends is frequent. At least one
long-term study showed that behavioral therapy
could provide long-term weight loss, providing it was
continued.

DIET

Calories

The essential element of any diet is that it reduces the
total caloric intake. Many different diets have been
recommended over the past 150 years since Mr. Banting
published his famous pamphlet in 1863. One of the most

O
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popular themes has been the low-carbohydrate diet. The
fact that new diets continue to appear suggests that none
of them have a magic formula because if one did, none of
the others would have succeeded in the marketplace.

Fat

There are a number of elements of an effective diet
that anyone can incorporate with potential bene®t. The
observation from behavioral therapy that a low-fat diet
is what successful patients adopt suggests that this
would be a useful strategy. Several reviews have
shown that low-fat diets are associated with weight
loss. The initial weight is one variable predicting the
magnitude of the response (overweight people lose
more than do normal weight people). A second variable
is the amount of fat removed from the dietÐthe greater
the reduction, the more weight is lost. Palatability of the
diet may be another factor. A recent study showed that
replacing fat with olestra, a nondigestible fat substitute,
reduced body weight by 6% and body fat by nearly 20%
over 9 months, whereas a standard reduced-fat diet with
the same available fat was relatively ineffective. How-
ever, a very-low-fat diet can be dif®cult for many people
to adhere to. For this reason, the best advice is to reduce
saturated and trans-fatty acids and to lower total fat to as
near 25% as possible for the individual.

Carbohydrate and Fiber

Carbohydrate and both digestible and indigestible
®ber intake can affect food intake. Although recent stu-
dies show that substituting starch for sugar does not
produce greater weight loss, the type of digestibility
of that carbohydrate may play a role. The glycemic
load, which is the glycemic index times the carbohy-
drate intake, may be important. In the Nurses Health
Study, the glycemic load was related to the risk of devel-
oping heart disease and diabetes. Diets with a low gly-
cemic index, i.e., with a lower rise in glucose, produce
more satiety than do diets with a high glycemic index.

Breast Feeding

Several recent studies suggest that the length of
breastfeeding affects childhood obesity. In a large
German study of more than 11,000 children, von
Kries et al. showed that the duration of breastfeeding
as the sole source of nutrition was inversely related to
the incidence of obesity, de®ned as a weight above the
95th percentile, when children entered the ®rst grade. In
this study, the incidence was 4.8% in children with no
breastfeeding, falling in a graded fashion to 0.8% in
children who were fed solely from the breast for 12

months or more. A second large report also showed
that breastfeeding reduced the incidence of overweight
adolescents. The third report with fewer subjects and
more ethnic heterogeneity failed to show this effect.
However, the possibility that lengthening the duration
of breastfeeding could reduce the future risk of obesity is
another reason to recommend breastfeeding for at least
6 to 12 months.

Dietary Calcium

Nearly 20 years ago, McCarron et al. reported that
there was a negative relationship between body mass
index and dietary calcium intake in the data collected by
the National Center for Health Statistics. More recently,
in 1999, Zemel et al. found that there was a strong
inverse relationship between calcium intake and the
risk of being in the highest quartile of body mass
index. These studies have prompted a reevaluation of
clinical trials that have given calcium supplements
orally. In the prospective trials, subjects receiving cal-
cium had a greater weight loss than did subjects receiv-
ing placebos. Increasing calcium from 0 to nearly
2000 g/day was associated with a reduction in body
mass index (BMI) of approximately 5 BMI units.
These data might suggest that low calcium intake
plays a role in the current epidemic of obesity.

EXERCISE

Exercise is an obvious way to increase energy expendi-
ture. This is desirable for all Americans and would be
bene®cial for reducing cardiovascular risks. However,
for many people who are overweight, exercise can be a
challenge, because they are already expending more
energy doing everyday activities. Thus, for many such
patients, a simple walking program can be the best
approach. That this is valuable is shown by the Diabetes
Prevention Program, where a lifestyle program of diet
and exercise produced a 58% reduction in the conver-
sion of patients with impaired glucose tolerance to
diabetes mellitus.

With substantial amounts of supervised exercise,
signi®cant weight loss can be obtained. However, for
many people, exercise adds little extra weight loss to a
dietary program aimed at weight loss, probably because
people do not maintain the amount of exercise that is
prescribed. Some reports suggest that exercise may con-
serve body protein during dieting, but others do not.

The most bene®cial part of an exercise program
comes when trying to maintain a lower body weight.
In a survey of people who were successful at maintaining
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weight, exercise was maintained at a level signi®cantly
above that in people without a weight problem.

MEDICATIONS

Medication should be seriously considered for clinically
overweight individuals, de®ned as individuals with a
body mass index above 30 kg/m2, or those with diabetes,
impaired glucose tolerance, hypertension, or heart dis-
ease combined with a BMI above 27 kg/m2. Two strate-
gies can be used to treat individuals who are clinically
overweight. If they have co-morbidities, individual
drugs can be used to treat each co-morbidity; i.e.,
patients can be treated for their diabetes, hypertension,
dyslipidemia, and sleep apnea. Alternatively, or in addi-
tion, patients with a BMI 4 30 kg/m2 could be treated
with anti-obesity drugs. Current drugs include appetite
suppressants that act on the central nervous system and
orlistat, which blocks pancreatic lipase. The availability
of these agents differs from country to country and any
physician planning to use them should be familiar with
the local regulations. Most of the drugs on the market
were reviewed and approved more than 20 years ago and
are approved for short-term use only. The basis for the
short-term use is twofold. First, almost all the studies of
these agents are short-term. Second, the regulatory
agencies are concerned about the potential for abuse
and thus have restricted their prescription to `̀ only a
few weeks,'' which is usually interpreted as up to 12
weeks. The withdrawal of fen¯uramine and dexfen¯ur-
amine from the market in 1997 following the develop-
ment of valvular heart disease in patients treated with
these drugs further compounds the concern of health
authorities about the safety of appetite suppressants.
Because of the regulatory limitations and the lack of
longer-term data on safety and ef®cacy, the use of the
drugs approved for short-term treatment must be care-
fully justi®ed. These drugs may be useful in initiating
treatment and in helping a patient who is relapsing, but
only for a few weeks.

Sibutramine (Meridia; Reductil) is approved in
many countries for long-term use. The evidence
shows that weight loss of 10% or more can be produced
with this drug. The side effect pro®le includes dry
mouth, asthenia, insomnia, and constipation. It also
produces a small increase in heart rate of 2ÿ5 beats
per minute and a small rise in blood pressure of
2ÿ4 mm Hg. Clinical data show no evidence of valvulo-
pathy. Blood pressure should be followed carefully and
the drug may be inappropriate in patients with stroke,
congestive heart failure, or recent myocardial infarc-
tion. It should not be used with other serotonergic
drugs or drugs that inhibit monoamine oxidase.

Orlistat (Xenical), a drug that blocks intestinal
lipase, has been approved for long-term use in many
countries. In clinical trials lasting up to 4 years, orlistat
was associated with a mean weight loss of up to 10% at
the end of 1 year in patients who were prescribed a 30%
fat diet. As might be expected, because the drug blocks
pancreatic lipase in the intestine, fecal fat loss is
increased. Major side effects related to the release of
undigested triglyceride occurred in some patients,
usually within the ®rst month, and were reported
with reduced frequency over time, indicating that
patients learned to use the drug effectively in relation
to dietary intake of fat. The effective use of this medica-
tion requires that physicians and their staff members
provide good dietary counseling to patients.

The combination of ephedrine and caffeine is a third
compound for which a randomized clinical trial has
been published by Astrup et al. Over 6 months, the
patients treated with ephedrine and caffeine lost more
weight than did the placebo-treated group or the two
groups treated individually with ephedrine or caffeine.
This research has been used for marketing of herbal
preparations that contain ephedra alkaloids with or
without caffeine. Two clinical trials by Boozer et al.
have shown signi®cantly greater weight loss with an
herbal ephedra/caffeine preparation than with placebo.

The epidemic of obesity, the discovery of genes that
produce obesity, and a slim armamentarium for treat-
ment of obesity have spurred many pharmaceutical
companies to search for new agents. These agents can
be divided into two categories: compounds that are in
clinical trials with suggestive data and new molecules
just entering the clinical arena. In the former category
are bupropion, leptin, and topiramate. Bupropion is
approved by the Food and Drug Administration
(FDA) as an antidepressant. Two recent studies show
that it produces weight loss. Leptin is the peptide pro-
duced primarily in adipose tissue. When de®cient, it
produces massive obesity. Leptin-de®cient patients
respond to leptin with weight loss, suggesting that leptin
might be clinically useful if the proper way of delivering
it can be found. The third molecule, topiramate, is an
anticonvulsant approved by the FDA for this purpose.
Several studies now suggest that topiramate produces
weight loss in patients receiving it for their epilepsy.
Clinical trials with this compound are currently
under way.

A number of other molecular targets could serve
as the basis for clinically useful drugs. These mole-
cules can be divided into those that have a peripheral
mechanism of action and those that act on the brain.
Thermogenic b-adrenergic receptors are one target that
have been investigated for more than 15 years, but as yet
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no clinically useful molecule has been identi®ed. Cho-
lecystokinin reduces food intake in animals and
humans. To date, no useful molecules that work
through this receptor have been identi®ed. Glucagon-
like peptide 1 (GLP-1) is processed from the enteroglu-
cagon molecule by gastrointestinal (GI) cells. Infusion
of GLP-1 into lean and obese human beings reduces food
intake and molecule agonists to this receptor system are
under development. Ghrelin, produced primarily in the
stomach, has been recently identi®ed and shown to
increase food intake when given peripherally or cen-
trally. Antagonists to this receptor system offer potential
for future molecules with which to treat obesity. Finally,
the pentapeptide enterostatin, cleaved from pro-coli-
pase in the intestinal lumen, reduces food intake and
primarily fat intake. This molecule or similar molecules
might have interesting potential for modulation of clin-
ical fat intake.

Neuropeptide Y is one of the most potent stimulators
of food intake when it is injected into the brain. Several
abstracts suggest that this may be a useful target, with
molecules aimed at either the Y-1 or the Y-2 receptor.
Loss of the melanocortin-4 receptor produces massive
obesity in mice, suggesting that molecules aimed at this
receptor could be useful. The endogenous signal for this
system is probably a-melanocyte-stimulating hormone
(a-MSH), which is produced from proopiomelanocor-
tin. Another endogenous molecule, agouti-related pep-
tide (AGRP), inhibits the effect ofa-MSH. Modulation of
the receptors for AGRP or a-MSH would be two poten-
tial targets. The peptides mentioned above are under
the control of circulating leptin acting on receptors in
the arcuate nucleus of the hypothalamus. Cocaineÿ
amphetamine-regulated transcript (CART) is a fourth
molecule in the brain that modulates, and reduces, food
intake. A receptor agonist that mimicked CART might
also be an attractive target. At least two other hypotha-
lamic peptides need to be considered in this discussion.
The ®rst is melanocortin-concentrating hormone. Ani-
mals overexpressing this peptide are heavier than con-
trols and disabling the production of this peptide
produces leanness. Other hypothalamic peptides are
corticotropin-releasing hormone (CRH) and urocortin,
two variants that differentially bind to CRH R1 and CRH
R2. CRH reduces food intake and modulating its activity
would be another potential mechanism to reduce
food intake.

SURGERY

Surgical intervention was initiated more than 40 years
ago with operations that shortened the absorptive
surface available to GI contents by various bypass

operations. At present, the principal operations are the
gastric bypass, the vertical banded gastroplasty, and the
gastric band, which allows a constrictive band around
the stomach to be expanded by injecting saline into a
subcutaneous reservoir. With the introduction of lap-
aroscopic surgery and advancement in the skill of sur-
geons using this surgery during the 1990s, the safety of
these procedures improved. Although originally recom-
mended for people with a body mass index above 40 kg/
m2, the studies showed marked bene®ts to patients hav-
ing this surgery, which suggests that the BMI should be
reduced to 35 kg/m2 or even lower if there are signi®cant
risks associated with the obesity.

BENEFITS OF INTENTIONAL
WEIGHT LOSS

Because the weight loss after gastric surgery is more
sustained than after other methods of weight reduction,
much of the data on the bene®ts of weight loss are der-
ived from those patients. Although the data are not
entirely clear, studies indicate that intentional weight
loss �20 pounds has been associated with an approxi-
mately 25% reduction in obese and overweight patients
who have an obesity-related illness, especially type 2
diabetes mellitus. Other bene®ts of modest sustained
weight loss include improved cardiovascular function,
better control of type 2 diabetes mellitus, dyslipidemia,
and hypertension. Improved respiratory function
with less obstructive sleep apnea and improved repro-
ductive and urinary tract function in women require
considerably more weight loss.

Although the relationship between obesity and fac-
tors that dispose to gastroesophageal re¯ux disease is
not clear, signi®cant weight loss after gastric surgery
caused resolution of symptoms, even before signi®cant
weight loss occurred. Gallstones may increase in inci-
dence in obesity and rapid weight loss increases bile
cholesterol supersaturation, increasing the risk of new
gallstones. Nonalcoholic fatty liver disease (NAFLD) is
associated with the metabolic syndrome (increased
insulin, hypertension, and hyperlipidemia), perhaps
as an earlier stage before obesity or diabetes mellitus
develops. A gradual weight loss may improve hepatic
chemistries and liver size, but rapid weight loss (e.g.,
after gastric surgery) may exacerbate NAFLD.

See Also the Following Articles
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Satiety
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Occult Gastrointestinal Bleeding
DON C. ROCKEY

Duke University Medical Center

capsule wireless endoscopy Use of a small camera contain-

ing a capsule that is ingested to evaluate the gastro-

intestinal tract. Typically used to investigate bleeding

sources in the small intestine.

hematemesis Vomiting of blood; indicates an upper gastro-

intestinal site of bleeding.

hematochezia Bright red blood per rectum; may or may not

be mixed with stool.

Meckel's diverticulum A 2- to 6-cm outpocketing of the

ileum along the antimesenteric border, usually located

50 to 180 cm proximal to the ileocecal valve.

melena Tarry, foul-smelling black stools.

Gastrointestinal bleeding is one of the most common pro-

blems in medicine. Bleeding from the upper and lower

gastrointestinal tracts is recognized as a major source of

disease-related morbidity and, on occasion, mortality.

Occult gastrointestinal bleeding is even more common

than upper and lower gastrointestinal bleeding. Patients

may present with bleeding that is truly hidden (occult);

this formof bleeding is extremely commonandcan even be

considered to be pervasive. Patients may instead have

clinically obvious bleeding, but the blood is from a source

in the gastrointestinal tract that is dif®cult to identify; this

type of occult bleeding has been termed `̀ obscure gastro-

intestinal bleeding.'' The clinical spectrum of occult gas-

trointestinal bleeding is therefore expansive and may

encompass any of a number of clinical scenarios. Because

patients may present with massive obvious bleeding or

may be entirely unaware that they are bleeding, gastroin-

testinal bleeding af¯icts inpatients as well as outpatients.

INTRODUCTION

Protocols for evaluation and management of patients
with gastrointestinal bleeding have undergone many
recent advances. Nonetheless, the fundamental clinical

Encyclopedia of Gastroenterology Copyright 2004, Elsevier (USA). All rights reserved.
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Occult Gastrointestinal Bleeding
DON C. ROCKEY

Duke University Medical Center

capsule wireless endoscopy Use of a small camera contain-

ing a capsule that is ingested to evaluate the gastro-

intestinal tract. Typically used to investigate bleeding

sources in the small intestine.

hematemesis Vomiting of blood; indicates an upper gastro-

intestinal site of bleeding.

hematochezia Bright red blood per rectum; may or may not

be mixed with stool.

Meckel's diverticulum A 2- to 6-cm outpocketing of the

ileum along the antimesenteric border, usually located

50 to 180 cm proximal to the ileocecal valve.

melena Tarry, foul-smelling black stools.

Gastrointestinal bleeding is one of the most common pro-

blems in medicine. Bleeding from the upper and lower

gastrointestinal tracts is recognized as a major source of

disease-related morbidity and, on occasion, mortality.

Occult gastrointestinal bleeding is even more common

than upper and lower gastrointestinal bleeding. Patients

may present with bleeding that is truly hidden (occult);

this formof bleeding is extremely commonandcan even be

considered to be pervasive. Patients may instead have

clinically obvious bleeding, but the blood is from a source

in the gastrointestinal tract that is dif®cult to identify; this

type of occult bleeding has been termed `̀ obscure gastro-

intestinal bleeding.'' The clinical spectrum of occult gas-

trointestinal bleeding is therefore expansive and may

encompass any of a number of clinical scenarios. Because

patients may present with massive obvious bleeding or

may be entirely unaware that they are bleeding, gastroin-

testinal bleeding af¯icts inpatients as well as outpatients.

INTRODUCTION

Protocols for evaluation and management of patients
with gastrointestinal bleeding have undergone many
recent advances. Nonetheless, the fundamental clinical
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issues surrounding acute gastrointestinal bleeding
remain unchanged. First, attention must be directed
at the patient's hemodynamic status. Subsequently,
the source of bleeding should be determined, any active
bleeding should be stopped, and recurrent bleeding
should be prevented.

CLINICAL PRESENTATION

Types of Manifest Bleeding

Clinical signs of gastrointestinal bleeding re¯ect the
site, etiology, and rapidity of bleeding. Clinically
obvious bleeding from the gastrointestinal (GI) tract
is usually manifest as hematemesis, melena, melenem-
esis, or hematochezia (coffee-ground emesis). Hema-
temesis is de®ned as the vomiting of blood and
indicates an upper gastrointestinal site of bleedingÐ
essentially a site proximal to the ligament of Treitz.
Such blood may be fresh (bright red) or old (with the
appearance of coffee grounds). Melena describes black
stools that are tarry and foul smelling. The black, tarry
character of melena is classic and must not be confused
with the greenish character of ingested iron or the black,
non-foul-smelling stool typical of that caused by inges-
tion of bismuth (i.e., as in bismuth salicylate com-
pounds such as Peptobismol); it is important to
review the patient history. Hematochezia refers to bright
red blood per rectum that may or may not be mixed with
stool. Occult bleeding (bleeding that is not noted by the
patient) is usually diagnosed by tests that detect small
amounts of blood in the stool (i.e., guaiac tests) or
because of iron de®ciency anemia.

Directed History

A directed history helps localize the source of bleed-
ing and is critical in making a preliminary diagnosis
(Table I). Hematemesis and melena are the most com-
mon symptoms and signs of gastrointestinal bleeding.
Melena is caused by at least 50 ml of blood in the upper
gastrointestinal tract (although larger volumes of blood
can be clinically silent). Although vomiting of bright red
blood usually signi®es aggressive bleeding, vomiting of
small amounts of blood can be alarming to patients and
care providers alike; therefore, a careful history about
volumes of vomited blood is important (as is assessment
of vital signs). Patients exhibiting coffee-ground emesis
typically have had a recent or remote bleed. Hemato-
chezia can result from bleeding anywhere in the gastro-
intestinal tract. When upper gastrointestinal tract
bleeding results in hematochezia, bleeding is brisk
and often hemodynamically signi®cant. Chronic, occult

blood loss may lead to end-organ symptoms such as
lightheadedness and orthostasis, dyspnea, and angina
(or symptoms of myocardial infarction).

An important historical feature in gastrointestinal
bleeding is age. Elderly patients are at risk for bleeding
from a number of disorders that are less common in
younger patients. Bleeding in very young patients is
most often due to Meckel's diverticula (which does
not occur in patients older than 25 to 30 years). A his-
tory of liver disease raises the possibility of bleeding
associated with portal hypertension. A history of
prior bleeding raises the likelihood of ulcer disease or
diverticular bleeding. A history of aspirin or nonsteroi-
dal antiin¯ammatory drug usage raises the possibility of
bleeding from gastric or gastroduodenal ulceration. A
history of re¯ux points to the esophagus as a potential
site of bleeding. Other important historical features
include the presence of abdominal pain (mesenteric
ischemia), retching (MalloryÿWeiss tear), change in
bowel habits (malignancy), anorexia, and weight loss
(the latter two can indicate malignancy).

The Physical Examination

Like the patient history, simple physical examina-
tion provides important information. Cutaneous spider
angiomata and Dupytren's contractures should suggest
the presence of liver disease; other signs of liver disease
(splenomegaly, ascites, caput) may suggest the possibi-
lity of portal hypertension. Acanthosis nigricans raises
the possibility of underlying cancer (especially gastric
cancer), cutaneous spider angiomata in the absence of
liver disease raises the possibility of hemorrhagic telan-
giectasia (OslerÿWeberÿRendu syndrome), pigmented

TABLE I Historical Features Important in Assessing the

Etiology of Gastrointestinal Bleeding

History Diseases suggested

Age Malignancy, vascular ectasia

Prior bleeding Vascular ectasia, ulcer disease,

diverticula

Previous surgery Ulcer disease

Liver disease Varices, portal hypertensive

gastropathy

Renal failure Vascular Ectasia

NSAIDs/ASAa Ulcer disease

Abdominal pain Ischemia

Change in bowel habits Colon Malignancy, celiac sprue

Weight loss/anorexia Malignancy, celiac sprue

Dysphagia, odynophagia Esophageal malignancy, achalasia

a NSAIDs, nonsteroidal antiin¯ammatory drugs; ASA, acetyl-

salicylic acid.
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lip lesions may be seen with PeutzÿJeghers syndrome,
cutaneous tumors suggest neuro®bromatosis, and
purpura are consistent with vascular disease (Hen-
lochÿSchoÈnlein syndrome or polyarteritis nodosa).
Abdominal pain (peptic ulcer, pancreatitis, ischemia),
abdominal masses, lymphadenopathy (malignancy),
and splenomegaly (cirrhosis, splenic vein thrombosis)
are important to detect.

Initial Patient Assessment

The ®rst step in all forms of gastrointestinal bleeding
is to assess the urgency of bleeding. Therefore, hemo-
dynamics are the initial focal point and remain the gold
standard for assessment of the overall clinical well being
of the patient. Features of the history and physical exam-
ination provide critical clues not only about the cause of
bleeding, but also about the severity of bleeding. `̀ Bed-
side'' tools are critical in initial assessment of the patient.
Vital signs are essential in helping to gauge the severity
of bleeding. Additionally, features of the history and
physical exam provide critical information. For exam-
ple, patients with brown stool are unlikely to have
aggressive bleeding. Patients passing numerous stools
containing melenaÐeven in the absence of a positive
nasogastric lavageÐare likely to have aggressive
ongoing bleeding. Patients with infrequent stools are
unlikely to be actively bleeding. Patients with a history
of coffee-ground emesis or even hematemesis, normal
appearing stools, and normal vital signs have had a
trivial bleed.

Laboratory Evaluation

The laboratory evaluation most often focuses on the
hematocrit. However, it is important to recognize that
the hematocrit, particularly when determined soon after
the onset of bleeding, may not accurately re¯ect blood
loss. Equilibration with extravascular ¯uid and subse-
quent hemodilution require several hours. In contrast,
patients who bleed small amounts of blood over long
periods of time develop iron de®ciency, and despite the
presence of a low hematocrit may be entirely hemody-
namically stable. The mean corpuscular volume (MCV)
is often an important clue in these patients; additionally,
the ferritin level is used to establish a diagnosis of iron
de®ciency. It is important to emphasize that ferritin
levels of even 50 mg/ml are consistent with iron de®-
ciency anemia.

The blood urea nitrogen (BUN) may be mildly ele-
vated in patients with upper GI bleeding. The elevation
is typically out of proportion to elevation in serum crea-
tinine, due to breakdown of blood proteins to urea by

intestinal bacteria as well as from a mild reduction in
glomerular ®ltration rate.

Clinical Localization of Bleeding

It is useful to determine the source of bleeding so as
to direct investigation; this can often be accomplished
with a careful history and physical examination. Hema-
temesis indicates an upper gastrointestinal source of
bleeding. Melena indicates that blood has been in the
gastrointestinal tract for extended periods of time.
Melena is usually the result of upper gastrointestinal
bleeding, but can be a result of distal small bowel and
even right-sided colonic bleeding. The latter occur-
rence, which is relatively uncommon, requires the
volume of bleeding to be too small to cause hematoche-
zia but suf®cient to supply enough hemoglobin for
degradation. Hematochezia typically is a result of colo-
nic bleeding, although an upper gastrointestinal lesion
may bleed briskly enough to cause hematochezia. Some-
where around 10% of all patients with rapid bleeding
from an upper source will pass bright red blood per
rectum. Other clues to an upper gastrointestinal source
of bleeding include hyperactive bowel sounds and an
elevation in BUN out of proportion to creatinine. The
use of nasogastric lavage can further help localize
bleeding.

OCCULT BLEEDING

Obscure Bleeding

A standard diagnostic evaluation with upper and
lower endoscopy, tagged red blood cell (RBC) scinti-
graphy, and visceral angiography is able to identify the
source of bleeding in the majority of patients. However,
in approximately 5% of patients, the source will remain
obscure after a diagnostic evaluation. Even more pro-
blematically, some of these patients experience recur-
rent gastrointestinal bleeding that can not be easily
ascribed to a de®nite site. These patients represent a
considerable management challenge.

Differential Diagnosis

The differential diagnosis in patients with obscure
gastrointestinal bleeding encompasses all of the lesions
that can bleed in the upper and lower gastrointestinal
tracts. The most common causes of obscure gastroin-
testinal bleeding are highlighted in Table II. The most
common lesion is vascular ectasia. These lesions are
often found in the small intestine, but can be identi®ed
in any location.
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Evaluation

The approach to evaluation should proceed along a
standard algorithm (Fig. 1). Initially, easily `̀ over-
looked'' lesions should be considered. Such lesions
include Dieulafoy's lesions, gastric and duodenal
varices, diverticula, aortoenteric ®stula, hemobilia,
hemosuccus pancreaticus, and, in young patients,
Meckel's diverticulum. Thus, repeat endoscopy directed

at the most likely site of bleeding is usually warranted.
Reexamination of the upper gastrointestinal tract within
reach of a standard gastroscope will identify lesions in a
substantial proportion of patients. Importantly, how-
ever, familiarity with rare and/or subtle bleeding lesions
is required. If a lesion cannot be identi®ed, further eva-
luation depends on the briskness of bleeding. In those
with active bleeding, technetium-99 radionuclide scan-
ning or angiography should be performed. Technetium
scanning, although sensitive (reportedly, as little as
0.1 ml/minute can be detected), is useful only to con®rm
the site of bleeding, and available literature assessing its
impact on management has been disappointing. Mesen-
teric angiography is less sensitive (requiring a bleeding
rate 40.5 ml/minute) than technetium scanning but
reportedly more often identi®es the site of bleeding,
perhaps due to selection bias in published studies. In
selected situations, other diagnostic tests (computed
tomography, Meckel's scan) may be helpful. In those
with subacute bleeding in whom repeat endoscopies are
negative, the focus of investigation should be broadened
to include the small intestine. The lesions most com-
monly identi®ed as bleeding sites in the small bowel

TABLE II Causes of Obscure Gastrointestinal Bleedinga

Vascular ectasiasb

Small bowel neoplastic lesions

Hemosuccus pancreaticus

Hemobilia

Aortoenteric ®stula

Dieulafoy's ulcer (stomach more frequently than other sites)

Meckel's diverticulum

Extraesophageal varices (gastric, small bowel, colonic)

Diverticula (especially small intestinal)

a From Rockey, D.C. (2002). Used with permission from W. B.

Saunders.
b Small intestinal lesions are particularly important.

FIGURE 1 Scheme for evaluation of obscure gastrointestinal bleeding. RBC, Red blood cell.

Adapted with permission from Rockey, D. C. (2002). Gastrointestinal bleeding. In `̀ Sleisenger &

Fordtran's Gastrointestinal and Liver Disease'' (M. Feldman et al., eds.), 7th Ed. W. B. Saunders,

Philadelphia.
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include tumors and vascular ectasias, which vary in
frequency depending on age. In patients less than 25
years of age, Meckel's diverticula are the most common
source of small bowel bleeding; in those between 30 and
50 years old, tumors are the most common abnor-
malities, and vascular ectasias predominate in the
elderly.

Once the upper and lower gastrointestinal tracts
have been excluded as a source of bleeding, the focus
of evaluation should shift to the small bowel. This
can be accomplished with standard small bowel
follow-through, enteroclysis, push enteroscopy, sonde
enteroscopy, intraoperative enteroscopy, or, most
recently, wireless capsule endoscopy. We prefer endo-
scopic evaluation over radiologic evaluation because of
the ability to identify ¯at lesions such as vascular ectasia,
which may be missed by barium studies. Push entero-
scopy should probably be the ®rst test; several recent
reports suggest that push enteroscopy is able to identify
a substantial number of gastrointestinal lesions in
patients with obscure gastrointestinal bleeding. Sonde
enteroscopy is limited by the inability to biopsy lesions
or make therapeutic interventions. Wireless capsule
endoscopy is rapidly gaining favor. Initial results with
this test are encouraging and demonstrate that it is cap-
able of identifying lesions that could be considered
a source of bleeding in up to 30ÿ40% of patients.

An alternative approach to the diagnosis of recur-
rent, obscure bleeding is to reactivate or augment bleed-
ing with the use of vasodilators, anticoagulants, and/or
thrombolytics in association with tagged RBC scintigra-
phy or visceral angiography. This approach is attractive
in principle, but may be dangerous in practice and needs
to be studied further.

Treatment and Outcome

Speci®c treatment for the obscure bleeder depends
on the abnormality identi®ed. Enteroscopy, which often
demonstrates putative bleeding lesions, has not always
led to improved outcomes. Enteroscopic cauterization
of vascular ectasias has been shown to lead to an
improvement in hemoglobin and a reduction in blood
transfusion requirements, and can be effective in
selected patients. Additionally, only about 50% of
patients treated at the time of intraoperative entero-
scopy will stop bleeding, indicating that this interven-
tion is not always ideal. Finally, wireless capsule
endoscopy is an attractive diagnostic approach in
patients with obscure bleeding. However, it and other
diagnostic interventions in obscure bleeding have yet to
be shown to improve meaningful outcomes. It is impor-
tant to emphasize that care of these patients requires an
experienced and dedicated team.

Small bowel vascular ectasias are the single most
common source of bleeding in patients with obscure
gastrointestinal bleeding. In general, speci®c endo-
scopic and surgical therapy is most successful in
those with large focal vascular ectasias. However,
because vascular ectasias are often diffuse, endoscopic
and surgical interventions are often limited. Hormonal
therapy with estrogen/progesterone compounds has
been advanced as a medical alternative; whereas some
clinicians have reported positive experiences with such
pharmacological therapy, controlled trials have failed to
show an advantage.

Fecal Occult Blood

Occult gastrointestinal bleeding is not clinically
apparent but rather is manifest by biochemical evidence
of blood in the stool or by laboratory evidence of iron
de®ciency. In these situations, blood loss is often
entirely unknown to the patient. When iron de®ciency
occurs in men or postmenopausal women, it is usually
due to occult gastrointestinal blood loss. Occult bleed-
ing can occur from any location in the gastrointestinal
tract.

Fecal occult blood is the most common form of
occult gastrointestinal bleeding; when fecal occult
blood tests have been applied to large populations,
up to 16% of those tested are positive. Although fecal
occult blood tests were designed to detect colonic
bleeding, they detect blood from other lesions in the
gastrointestinal tract. The likelihood that these tests
will detect blood resulting from gastrointestinal bleed-
ing varies and is dependent on the mechanistic features
of the test as well as the anatomic level of bleeding
(which in¯uences whether hemoglobin is degraded;
Fig. 2). A further critical issue, unrelated to character-
istics of fecal occult blood tests per se, is the biology of
bleeding gastrointestinal tract lesions, many of which
bleed in an irregular fashion. Thus, multiple factors
contribute to the ability of fecal occult blood tests to
detect bleeding lesions.

Types of Fecal Occult Blood Tests

The prototypical fecal occult blood tests are guaiac
based and take advantage of the fact that hemoglobin
possesses pseudoperoxidase activity. Guaiac tests are
more sensitive for detecting bleeding from the lower
than from the upper gastrointestinal tract because
hemoglobin is degraded in the gastrointestinal tract
(Fig. 2). The likelihood that occult blood will be
detected by a positive guaiac test is generally propor-
tional to the quantity of fecal heme, which in turn is
related to the size and location of the bleeding lesion.
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Thus, guaiac-based tests are best at detecting large, more
distal lesions. Fecal hemoglobin levels must exceed
10 mg/g (approximately 10 ml daily blood loss) before
most guaiac tests are positive at least 50% of the time. It
is important to emphasize that a number of other fac-
tors, many of which are dietary (Table III), in¯uence
guaiac test results. Another factor affecting the reactivity
of guaiac-based tests is fecal rehydration, which
markedly raises sensitivity but signi®cantly reduces spe-
ci®city. It is commonly believed that oral iron causes
false positive guaiac tests. Care must be taken not to
confuse the dark-green or black appearance of iron in

stool with the typical blue color of a positive guaiac
reaction; it has been con®rmed that orally administered
iron, even in large amounts, does not cause false positive
guaiac reactions. Bismuth-containing antacids and anti-
diarrheals cause the stool to become black and may
confound reading of guaiac-based tests, or may even
cause confusion with melena.

Immunochemical tests (using antibodies directed
against human globin) readily detect colonic blood
and do not detect small quantities of blood from
upper gastrointestinal sources (Fig. 2). Thus, they are
more speci®c than guaiac-based tests. However, they are

FIGURE 2 Intraluminal hemoglobin metabolism and fecal occult blood tests. In the upper gastro-

intestinal tract, hemoglobin is degraded by gastric pepsin and/or pancreatic proteases in the proximal

small intestine, resulting in heme and globin. Some (generally 515%) intraluminal heme is reab-

sorbed in the small intestine. A portion of heme that is not absorbed is converted to porphyrins and

iron via poorly understood mechanisms; this portion of heme has been termed the `̀ intestinal con-

verted fraction'' of heme. This fraction is not detected by guaiac tests but is detected by the

hemeÿporphyrin assay (HemoQuant), which measures both heme and porphyrins, and is therefore

a highly accurate indicator of bleeding, regardless of level. Globin in the upper gastrointestinal tract is

digested by pepsin and pancreatic and intestinal proteases and is thus not detected by immunochem-

ical fecal occult blood tests. Used with permission from Rockey (1999). Occult gastrointestinal bleeding.

N. Engl. J. Med. 341, 38ÿ46.

TABLE III Factors Affecting Fecal Occult Blood Testsa

Variable Guaiac Hemeÿporphyrin Immunochemical

False positives

Animal hemoglobin ���� ���� 0

Dietary peroxidases ��� 0 0

False negatives

Hemoglobin degradation �� 0 ��
Storage �� ���� ��
Vitamin C �� 0 0

a Adapted with permission from Rockey (1999). Occult gastrointestinal bleeding. N. Engl. J. Med. 341, 38ÿ46. Relative comparisons are shown

on a scale of 0 to ����, with 0 being negative and ���� highly positive.
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limited by technical problems such as loss of hemoglo-
bin antigenicity at room temperature and the require-
ment for laboratory processing. Finally, the
hemeÿporphyrin test (HemoQuant, Mayo Medical
Laboratories, Rochester, MN) measures porphyrin
spectro¯uorometrically and therefore allows precise
determination of total stool hemoglobin. Substances
that may interfere with or cause false positive guaiac
tests (i.e., vegetable peroxidases) do not affect this
test. However, this test detects myoglobin, an important
source of nonhuman heme found in red meats. This test
is the most sensitive method to detect occult gastro-
intestinal bleeding.

Differential Diagnosis and
Approach to Evaluation

Fecal occult blood tests are widely used to screen the
colon for cancer, but also help to investigate symptoms.
Virtually any gastrointestinal lesion can bleed and cause
a positive fecal occult blood test result (Table IV). Once
a patient is determined to have fecal occult blood, inves-
tigation is initially focused on the colon. However, the
choice of colonic imaging modality (colonoscopic or
radiographic) is controversial, both in terms of diagnos-
tic accuracy and in terms of cost. Flexible sigmoid-
oscopy is necessary for patients undergoing
air-contrast barium enema to fully evaluate the recto-
sigmoid colon. Air-contrast barium enema can accu-
rately detect colonic malignancy and large adenomas;
however, under certain circumstances, it may also be

inaccurate. Colonoscopy is generally considered to be
more accurate but may also miss important lesions.
Computed tomography and computerized rendering
of the colon (virtual colonoscopy or colonography)
may eventually play a role in colon evaluation, but
are currently not widely available. At present, it is gen-
erally believed that the best choice for evaluation of the
colon in patients with fecal occult blood is colonoscopy.

Patients with fecal occult blood but a normal colon
often harbor upper gastrointestinal pathology. A num-
ber of studies have addressed this issue and have empha-
sized that upper endoscopy will detect abnormalities in
around one-third of patients. This ®nding is somewhat
surprising because the guaiac-based tests used in these
studies have a relatively low sensitivity for detecting
upper gastrointestinal blood. Nonetheless, guaiac-
based tests are clearly capable of detecting even small
amounts of upper gastrointestinal tract blood, and many
of the types of lesions identi®ed in the upper gastroin-
testinal tract in these studies bleed enough to produce
positive guaiac-based tests. The cost-effectiveness of
upper gastrointestinal tract investigation in patients
with fecal occult blood and normal colons is unknown.

Whether patients with occult blood found in the
stool after digital rectal examination should be evalu-
ated is controversial; anorectal trauma and/or dietary
factors may lead to false positive tests. However, in both
symptomatic and asymptomatic patients with fecal
occult blood detected by digital rectal examination,
the number of new lesions identi®ed by gastrointestinal

TABLE IV Differential Diagnosis of Occult Gastrointestinal Bleeding a

Mass lesions Vascular

Carcinoma (any site)a Vascular ectasia (any site)b

Large (4l.5 cm) adenoma (any site) Portal hypertensive gastropathy/colopathy

In¯ammation Watermelon stomach

Erosive esophagitisb Hemangioma

Ulcer (any site)b Dieulafoy's ulcer d

Cameron lesionsc Infectious

Erosive gastritis Hookworm

Celiac sprue Whipworm

Ulcerative colitis Stronglyoidiasis

Crohn's disease Ascariasis

Colitis (nonspeci®c) Tuberculous enterocolitis

Idiopathic cecal ulcer Amebiasis

Miscellaneous Surreptitious

Long-distance running Hemoptysis

Fictitious Oropharyngeal (including epistaxis)

Pancreaticobiliary

a Adapted with permission from Rockey (1999). Occult gastrointestinal bleeding. N. Engl. J. Med. 341, 38ÿ46. Potential lesions leading to fecal

occult blood or iron de®ciency anemia are shown. Lesions that may lead to recurrent obscure bleeding are not listed (see Table I).
b Most common abnormalities.
c Linear erosions within a hiatus hernia.
d Large super®cial artery underlying mucosal defect.
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evaluation is substantial and therefore evaluation is
indicated; if symptoms are present, further evaluation
should be directed accordingly. Whether testing stool
obtained by digital rectal examination is a viable cancer
screening option is an important question and would be
in¯uenced by variables such as improved compliance
versus inadequate dietary preparation.

Occult gastrointestinal bleeding generally should
not be attributed to anticoagulant or aspirin therapy.
Indeed, fecal blood levels in patients therapeutically
anticoagulated have been reported to be normal and
low-dose aspirin alone does not result in signi®cantly
elevated fecal blood levels. Further, neither warfarin nor
low-dose aspirin alone appears to cause positive guaiac-
based fecal occult blood tests. Thus, a positive fecal
occult blood test should not be attributed to the effect
of anticoagulation or aspirin alone, but rather should
lead to standard evaluation.

Treatment and Outcome

Treatment of patients with fecal occult blood varies
and depends on the abnormalities identi®ed. Likewise,
outcomes are directly related to speci®c ®ndings. Non-

steroidal antiin¯ammatory drugs cause mucosal injury
and should be discontinued if possible. Patients with
vascular ectasias are problematic, and if they bleed
chronically should be managed carefully (see earlier
discussion of obscure gastrointestinal bleeding). The
prognosis of patients with positive fecal occult blood
tests but no identi®able gastrointestinal pathology is
generally favorable, but long-term outcome data on
this subject are lacking.

Iron De®ciency Anemia

Iron de®ciency anemia is the most common form of
anemia in the world. In the United States, 5ÿ11% of
adult females and 1ÿ4% of adult males are iron de®cient
whereas approximately 5 and 2% of adult women and
men, respectively, have iron de®ciency anemia.
Although iron de®ciency anemia in women of repro-
ductive age is typically assigned to menstrual- and preg-
nancy-associated iron losses, in groups other than
premenopausal women, iron de®ciency anemia is
assumed to be due to chronic occult gastrointestinal
bleeding, resulting depletion of the iron pool and
ultimately anemia (Fig. 3).

FIGURE 3 Gastrointestinal blood loss and iron balance. Normal obligate daily iron loss is from (1)

blood loss (presumably from gastrointestinal mucosal microerosions or microulcerations) and (2)

iron in sloughed gut epithelial cells. Total daily iron loss is thus approximately 1 mg. The usual

Western diet contains mostly elemental iron, of which about 10% is absorbed. Heme-iron, derived

primarily from myoglobin in meats, is preferentially absorbed and accounts for 60ÿ80% of the iron

absorbed per day. Under normal circumstances, iron homeostasis is tightly regulated and daily iron

loss is precisely balanced by iron absorption. Iron de®ciency results only when the dynamic, but

limited, absorptive capacity of the small intestine is exceeded by iron loss. The time required to

develop iron de®ciency depends on the size of initial iron stores, the rate of bleeding, and intestinal

iron absorption. Iron de®ciency generally occurs only with increased loss of over 5 ml of blood daily.

Importantly, anemia is a late manifestation of the iron-depleted state. With permission from Rockey

(1999). Occult gastrointestinal bleeding. N. Engl. J. Med. 341, 38ÿ46.
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Differential Diagnosis and
Approach to Evaluation

The diagnosis of iron de®ciency and iron de®ciency
anemia is most often con®rmed by a low serum ferritin
level or a bone marrow examination. Effort should be
made to verify the diagnosis in equivocal cases, because
a diagnosis of iron de®ciency anemia leads to extensive
and often costly evaluation. Iron de®ciency without
anemia is often also associated with signi®cant gastro-
intestinal tract abnormalities.

As with all occult gastrointestinal bleeding, virtually
any gastrointestinal tract lesion can bleed in an occult
fashion and lead to iron de®ciency anemia (Table IV).
Although the colon is traditionally viewed as the source
of bleeding in most patients with iron de®ciency anemia,
a number of studies have now documented prominent
abnormalities in the upper gastrointestinal tract in
patients without colonic lesions. The most common
abnormalities have been erosive disease of the esopha-
gus, stomach, and duodenum (i.e., severe esophagitis,
presumably re¯ux mediated, gastric, or duodenal
ulcer). Colon cancers and large adenomas are the
most commonly identi®ed lesions in the colon. Impor-
tantly, only about 5% of patients have had simultaneous
pathology identi®ed in both upper and lower gastro-
intestinal sites.

A large body of literature has helped change the way
patients with iron de®ciency anemia are currently man-
aged. The emphasis is on the importance of evaluation of
the upper gastrointestinal tract. It is important to
emphasize that although mass lesions and large ulcera-
tive upper gastrointestinal lesions can lead to signi®cant
blood loss (up to 20 ml/day), it is unlikely that trivial
lesions such as mild in¯ammation and small adenomas
bleed enough to lead to iron de®ciency. Thus, care must
be taken when attributing iron de®ciency anemia to
lesions not expected to cause signi®cant bleeding.

Gastrointestinal symptoms in patients with iron
de®ciency anemia typically help focus gastrointestinal
tract evaluation. Directed gastrointestinal tract evalua-
tion is practical and desirable as a cost- and risk-contain-
ing strategy. Although many patients with iron
de®ciency anemia are entirely asymptomatic, those
with classic symptoms (change in stool caliber, epigas-
tric pain, or heartburn) should undergo site-directed
investigation. The initial investigation should be direc-
ted toward the location of speci®c symptoms, if present
(Fig. 4). Because dual lesions are rare, identi®cation of
an abnormality clearly consistent with bleeding (mass
lesion, large ulceration, severe in¯ammation) makes
further evaluation unnecessary. In the absence of symp-
toms, particularly in elderly patients, evaluation should

FIGURE 4 Scheme for evaluation of fecal occult blood and iron de®ciency anemia. EGD, Eso-

phagogastroduodenoscopy. From Rockey, D. C. (2002). Gastrointestinal bleeding. In `̀ Sleisenger &

Fordtran's Gastrointestinal and Liver Disease'' (M. Feldman et al., eds.), 7th Ed. W. B. Saunders,

Philadelphia). Used with permission.
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+ –

–
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–

–
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begin with the colon, but if this is negative, evaluation of
the upper gastrointestinal tract is indicated.

The degree of gastrointestinal evaluation in preme-
nopausal women with iron de®ciency anemia is contro-
versial. On one hand, few iron de®ciency anemia
premenopausal women undergo evaluation. However,
in studies focusing on those referred to gastroenterol-
ogists, it has been reported that up to 20% of patients
will have signi®cant gastrointestinal tract abnormalities,
including important lesions such as colon cancer, celiac
sprue, and in¯ammatory bowel disease. Clearly, a man-
agement algorithm is required for these patients. A prac-
tical approach is as follows: for those with speci®c
gastrointestinal symptoms, weight loss, fecal occult
blood, or perhaps severe anemia, evaluation is indi-
cated. For asymptomatic women or those with abnor-
mal menses, whether to pursue gastrointestinal tract
evaluation should be individualized.

The small bowel is an important potential site of
bleeding in patients with negative colon and upper gas-
trointestinal tract examinations. For example, celiac
sprue, a classic small bowel disorder, can not only
lead to malabsorption of iron, but may cause occult
bleeding and should be considered. This is especially
true in patients of Northern European descent. Radio-
graphic examination of the small bowel (enteroclysis or
small bowel follow-through) is of limited value and is
generally not recommended. On the other hand, push
enteroscopy has a greater sensitivity for mucosal
abnormalities and detects abnormalities in approxi-
mately 25% of patients. However, it remains unknown
whether push enteroscopy leads to improved outcomes.
Likewise, the use of wireless capsule endoscopy in
patients with iron de®ciency anemia remains unsettled.

Nearly one-third of patients with iron de®ciency
anemia have no identi®able gastrointestinal tract
abnormality by routine endoscopic examination. In
these patients, explanations for iron de®ciency anemia
include non-gastrointestinal blood loss, misdiagnosis of
the type of anemia, missed lesions, or nutritional de®-
ciency. Additionally, these patients may have gastric
achlorhydria and atrophy, suggesting that lack of
acid in this subgroup could contribute to iron
malabsorption.

Treatment and Outcome

All patients with iron de®ciency anemia should be
started on iron therapy. Oral ferrous sulfate is the best
option because it is inexpensive and effective (the
recommended dose is 300 mg three times daily). Intol-
erance to ferrous sulfate is common; in these patients,
ferrous gluconate and fumarate are acceptable alterna-
tives. Parenteral iron therapy is reserved only for

patients with severe malabsorption or intolerance to
all iron supplements. The prognosis for patients with
iron de®ciency anemia and readily treatable lesions (i.e.,
duodenal ulcer, esophagitis, large adenoma) is excel-
lent. Likewise, the prognosis for patients who do not
have lesions identi®ed during gastrointestinal evalua-
tion is favorable; long-term followup of patients in this
group suggests that signi®cant lesions do not surface at a
later date. In patients who do not respond to iron ther-
apy, the diagnosis of iron de®ciency anemia should be
reevaluated and repeat gastrointestinal evaluation
should be contemplated. A careful reexamination of
the gastrointestinal tract for easily missed lesions (in
the esophagus, for Cameron lesions within hiatus her-
nia; in the stomach, for atrophic gastritis; in the small
bowel, celiac sprue) is indicated when evaluating
persistent unexplained iron de®ciency anemia.

CONCLUSIONS

Occult gastrointestinal bleeding is most often manifest
as occult blood in the stool, typically by the use of
guaiac-based fecal occult blood tests. Occult gastroin-
testinal bleeding may also be manifest as iron de®ciency
anemia, which often results from chronic occult gastro-
intestinal bleeding. These forms of occult gastrointest-
inal bleeding are common. In contrast to fecal occult
blood and iron de®ciency anemia, obscure gastrointest-
inal bleeding is uncommon but represents a consider-
able diagnostic and therapeutic challenge. Evaluation of
patients with fecal occult blood and iron de®ciency
anemia often parallels similar algorithms and in asymp-
tomatic patients should usually begin with investigation
of the colon. Colonoscopy is the preferred method, but
¯exible sigmoidoscopy plus air-contrast barium enema
may be acceptable. If evaluation of the colon does not
reveal a bleeding site, evaluation of the upper gastro-
intestinal tract should be considered, and in patients
with iron de®ciency anemia, this is mandatory. In
patients with iron de®ciency anemia, the role of small
bowel investigation is controversial and is probably best
reserved for those with persistent gastrointestinal symp-
toms or those who fail to respond to appropriate ther-
apy. Celiac sprue should be considered as a potential
cause of iron de®ciency anemia in certain epidemiolo-
gical groups. The treatment and prognosis of patients
with occult blood in the stool and/or iron de®ciency
anemia depends on the gastrointestinal tract abnormal-
ities identi®ed. Those without identi®able bleeding sites
generally respond to conservative management and
have a favorable prognosis. For patients with obscure
gastrointestinal bleeding, investigation is typically
focused on the small bowel, typically with enteroscopy,
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but perhaps also with wireless capsule endoscopy. In
these patients, vascular ectasias are a major considera-
tion. The prognosis for these patients is less clear, and
outcome studies are required. This group requires a
committed and experienced team approach to diagnosis
and therapy.
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acid-neutralizing capacity Amount of acid (mEq) neutralized

by a unit dose (teaspoonful or tablet) of an antacid.

antacids Soluble and/or insoluble substances capable of

buffering or neutralizing gastric (stomach) acid.

anti¯atulents Drugs effective for the relief of painful bloating

or sensations of pressure and fullness, commonly

referred to as gas in the digestive tract.

constipation Commonly de®ned as related to decreased

bowel movement frequency, dif®culty in initiating

passage of feces, passage of ®rm or small-volume feces,

or a feeling of incomplete evacuation.

diarrhea Symptom of several gastrointestinal disorders

affecting water and electrolyte transport; characterized

by alteration of the frequency and consistency of stools.

dyspepsia Mild pain present in the upper abdomen.

heartburn Speci®c symptom of gastroesophageal re¯ux

disease, typically manifested by a burning sensation in

the upper abdomen, behind the chest, and as high as the

throat.

histamine-2 (H2) receptor antagonists Drugs that block

action of histamine at a speci®c histamine (type 2)

receptor located in the stomach, which results in

effective inhibition of gastric acid secretion.

Increasing numbers of drugs are obtainable without a pre-

scription, i.e., over the counter (OTC), for self-treatment

of mild gastrointestinal symptoms. The consumer must be

able to recognize the symptoms of the condition that the

product can treat easily, without medical assistance.

Unlike prescription-based drugs, the ingestion of which

requires physicians' supervision and management for

treating the underlying disease process, OTC drugs are

primarily used for self-treatment of well-recognized sym-

ptomsbyconsumers. It is increasingly important to review

thetherapeuticsofgastrointestinaldrugsspeci®callyavail-

able for self-use and to remain vigilant about the safe use of

drugs sold on an OTC basis in the United States.

INTRODUCTION

The availability of OTC drugs lessens the economic
burden to our health care system and clearly provides
much needed convenience to consumers. However,
despite these advantages, there are clear risks related

to the use of OTC drugs. For example, aspirin and acet-
aminophen are still associated with serious gastrointest-
inal toxicity despite their availability as OTC drugs for
many years. In addition, chronic use of antacids and
OTC gastric antisecretory drugs can delay the diagnosis
of gastric cancer. Therefore, it is most essential that
consumers are made aware of the indications and lim-
itations of OTC drugs through improved education by
the pharmaceutical manufacturers and easily under-
stood labels, af®xed to the containers, which should
explain the desired uses, treatment duration, dosage,
and adverse effects of these drugs. Clear drug labeling,
as mandated by the Food and Drug Administration
(FDA), and perhaps pharmacist counseling are most
essential for the safe use of OTC drugs.

AGENTS BUFFERING OR INHIBITING
GASTRIC ACIDITY

Antacids

Antacids are drugs capable of buffering stomach
acid. Antacids raise the pH of the stomach contents
toward neutrality. An antacid that raises the pH from
1.5 to 3.5 produces a 100-fold reduction in the concen-
tration of gastric acid. Furthermore, the reduction of
acidity is accompanied by inhibition of pepsin activity,
another important component of the digestive juice.
According to their approved labeling, the only symp-
toms that can be safely diagnosed and self-treated with
OTC antacids are those caused by excess stomach acid.
These symptoms have been described as burning sensa-
tions in the upper abdomen, behind the chest, and high
as the throat. The of®cial FDA-approved claims for ant-
acids are for the relief of `̀ heartburn, sour stomach, acid
indigestion, and upset stomach.'' Based on the many
years that OTC antacids have been used for heartburn,
it is apparent that a consumer who has heartburn can
determine when he or she has heartburn, and in most
cases can predict what foods, situations, or life stresses
can cause heartburn.

Great disparity exists in the acid-neutralizing capa-
city (ANC) of various antacids (Table I). The more

Encyclopedia of Gastroenterology 16 Copyright 2004, Elsevier (USA). All rights reserved.



potent antacids (e.g., Mylanta II) require a smaller dose,
compared to a weaker product (e.g., Amphogel), and
this is advantageous for treating ulcers. However, ulcer
treatment is clearly outside the scope of OTC product
labeling and should be treated only by physicians, not by
self-treatment. The dose of antacid that will relieve pain
in a patient with gastric ulcer must provide an ANC of
152 mEq. A weaker product, such as Amphogel, would
require 25 teaspoonfuls to neutralize gastric acid,
whereas a stronger product, such as Mylanta II, requires
only 6 teaspoonfuls (Table I).

It should be noted that liquid antacid preparations
generally provide faster buffering action than do tablet
preparations. However, from a therapeutic perspective,
there is a dissociation between the duration of buffering
capacity of antacids, which is relatively short (30 min-
utes), and the duration of the pain relief required for
heartburn or peptic ulcer (approximately 4 hours).
Thus, on the basis of pain relief, antacids administered
at a low frequency of about three times daily would not
be therapeutically suf®cient for healing gastric or duo-
denal ulcers. However, this low frequency of adminis-
tration does provides pain relief in mild to moderate
heartburn.

The neutralization of gastric contents by antacids
promotes antral gastrin release, which promotes gastric
emptying and hence contributes to the short duration of
their buffering action. Due to the gastrin-induced gastric
emptying, the more potent antacids have durations of
buffering action essentially similar to those of weaker
antacids. Therefore, the increased potency of an antacid
should not be a criterion for a patient's product selection
for the self-treatment of heartburn.

Several principal ingredients are present in antacids:
bicarbonate (sodium, potassium, and calcium), alumi-
num, magnesium, phosphate, and silicates. Bismuth
subsalicylate (Pepto-Bismol), which is marketed for
the treatment of heartburn, has minimal antacid action
and therefore is not pharmacologically classi®ed as an
antacid. All antacid products contain at least one ingre-
dient; most contain at least two ingredients. Sodium
bicarbonate and calcium carbonate are more potent
antacids, compared to magnesium compounds. Magne-
sium compounds are more potent than aluminum com-
pounds. Sodium and potassium bicarbonate are soluble
antacids that are readily absorbed into the blood, and
thus are particularly risky for patients with impaired
kidney function. Calcium compounds (calcium carbo-
nate and calcium phosphate) are potent and fast-acting
antacids that are readily absorbed. However, these drugs
may form calcium kidney stones. Paradoxically, cal-
cium antacids promote antral gastrin release to a greater
degree than do noncalcium antacids, which in turn sti-
mulate gastric acid production. The aluminum com-
pounds induce constipation and the magnesium
compounds induce diarrhea, thus these two ingredients
are combined together, although the net effect of the
combined product is laxation. This is especially noted
when the combined drugs are taken at increased
dosages. The silicate antacids (e.g., magnesium trisili-
cate) interfere with the absorption of some drugs and
this needs to be considered by patients and health care
providers. For speci®c details about all available antacid
products and their pharmacological characteristics, the
readers are encouraged to consult the Physicians' Desk
Reference for Nonprescription Drugs.

TABLE I Acid-Neutralizing Capacity of Selected Antacidsa

Product

Acid-neutralizing capacity in

mEq acid/dose

Standard dose to

neutralize

152 mEq acid/dose

Alka-Seltzer (tablet) 10.6 tablets 15 tablets

Amphogel (liquid) 6.5 tsp 25 tsp

Amphogel (tablet) 9 tablets 17 tablets

Maalox (liquid) 13.5 tsp 11 tsp

Maalox Therapeutic

Concentrate (liquid)

28.5 tsp 5 tsp

Mylanta (liquid) 12.5 tsp 12 tsp

Mylanta II (liquid) 25.5 tsp 6 tsp

Mylanta II (tablet) 23 tablets 7 tablets

Titralac (liquid) 19 tsp 8 tsp

Tums (tablet) 10 tablets 16 tablets

a The amount of acid (mEq) being neutralized by a unit dose (teaspoonful or tablet) of an

antacid; tsp, teaspoonful.

Note: Data adapted from Zimmerman, 1983.
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Histamine-2 Receptor Antagonists

Histamine-2 (H2) receptor antagonists were pre-
viously marketed as prescription-based products for
the healing and prevention of gastric ulcers and duode-
nal ulcers, and for the management of gastroesophageal
re¯ux disease (GERD) due to their well-known gastric
antisecretory actions. However, patients with GERD
represent a spectrum ranging from mild to severe dis-
ease states and many patients with heartburn symptoms
have been accustomed to the use of OTC antacids and
H2 receptor antagonists. Therefore, three of the four H2
receptor antagonists that were previously marketed as
prescription-based products were switched to OTC use
at reduced doses, which are one-half of their prescrip-
tion doses (Table II). The currently available OTC
drugs, cimetidine, ranitidine, and famotidine, have
essentially two similar medical claims in their labeling:
(a) `̀ for the relief of heartburn associated with acid indi-
gestion and sour stomach'' and (b) `̀ for the prevention of
heartburn associated with acid indigestion and sour
stomach brought on by certain foods or beverages.''
The H2 antagonist nizatidine, which is currently avail-
able as a prescription-based product, has not yet been
switched to an OTC status.

The frequency of the administration of all three H2
antagonists is one to two doses per day and the duration
of self-use should not exceed 2 continuous weeks,
except under the advice and supervision of a physician.
All three drugs have similar biological half-lives of
about 2 hours (Table II). However, as is the case with
prescription-based products, ranitidine and famotidine,
but not cimetidine, are marketed at doses that exceed
their median effective gastric antisecretory doses
(ED50). Thus, when administered at the recommended
OTC dosage of twice daily, it is expected that ranitidine
and famotidine would provide a much longer duration
of gastric antisecretory action than would cimetidine.
However, despite the differences in the magnitude
of their doses, all three drugs appear to have similar
degree of ef®cacy for the treatment and prevention of
heartburn.

Unlike antacids, which provide immediate relief of
heartburn, there is some delay (15ÿ30 minutes) in the

onset of pain relief provided by H2 antagonists, because
they are systemically acting drugs and require absorp-
tion into the bloodstream. However, one H2 antagonist
combines famotidine with the antacids calcium carbo-
nate and magnesium hydroxide (Pepcid Complete) to
provide both immediate and prolonged gastric anti-
secretory action.

The tolerability of the three drugs appears to be
similar. However, given the fact that cimetidine is
known to inhibit various P450-metabolizing isoen-
zymes, which could affect metabolism of other drugs
and thereby increase their blood concentration, patients
should consult with their physicians if they are taking
theophylline, warfarin, and phenytoin with cimetidine.

ANTIFLATULENT (ANTIGAS) AGENTS

An anti¯atulent is a drug that expels gas from the sto-
mach and intestines. Simethicone (contained in pro-
ducts such as Mylicon, Phazyme, GAS-X, Gas Aid,
and others) is the only drug approved as anti¯atulent
by the FDA. The drug reduces the surface tension of
small gas bubbles and is often combined with antacids.
The approved OTC indication for the product is `̀ for the
relief of painful bloating, and the sensation of pressure
and fullness, commonly referred to as gas in the diges-
tive tract.'' Such gas is frequently caused by excessive
swallowing of air or by eating certain foods. The anti-
¯atulent property is useful in conditions in which the
retention of gas may be problematic, such as air swal-
lowing, functional dyspepsia, postoperative gaseous
distension, peptic ulcers, spastic or irritable colon, or
diverticulosis. Tablet or liquid formulations of the drug
are used in dosages of 80 to 125 mg, six times daily after
meals and at bedtime, or as directed by a physician.

ANTIDIARRHEAL AGENTS

Diarrhea is well recognized by ordinary individuals to
be a disorder of `̀ too rapid evacuation of too ¯uid stools.''
Diarrhea is a symptom of several gastrointestinal
(GI) diseases affecting water and electrolyte transport.
Several types of drugs exist for the treatment of diarrhea.

TABLE II Pharmacological Characteristics of Selected OTC Histamine-2 Receptor Antagonists

Drug Trade name Doses Half-life (hours) Drug interactions

Cimetidine Tagamet HB 200, others 200 mg up to twice daily 2.0 Yesa

Ranitidine Zantac 75, others 75 mg up to twice daily 2.1 No

Famotidine Pepcid AC 10 mg up to twice daily 2.6 No

a The OTC dosage of cimetidine has a small potential for pharmacokinetic interaction with theophylline. Prescription dosage of

cimetidine has shown pharmacokinetic interactions with phenytoin, theophylline, and warfarin.
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In some situations, diarrhea is an adaptive and defensive
process that expedites the removal of toxins, bacteria,
fungi, viruses, and protozoa from the GI tract. Under
these conditions, it is probably best not to interfere with
their removal using an antidiarrheal drug, because this
might prolong disease. Moreover, antidiarrheal drugs
do not affect the underlying GI disease process, but
rather provide control of symptoms.

Antipropulsive Drugs

Loperamide hydrochloride (e.g., Imodium A-D) was
previously available only as a prescription-based drug;
after about 10 years, it was introduced for OTC use.
Loperamide is the only available OTC antidiarrheal
drug; it works by inhibiting intestinal propulsive activ-
ity and by affecting water and electrolyte transport by
the bowel, probably secondary to the inhibition of pro-
pulsive motility. Loperamide is an opiate receptor ago-
nist similar to morphine and speci®cally binds to
receptors in the brain and in the gut (myenteric plexus).
Loperamide stimulates intestinal circular muscle con-
tractile activity to induce segmentation or mixing, but,
unlike morphine, it has reduced ability to cross the
bloodÿbrain barrier.

Loperamide is indicated for the symptomatic relief
of acute nonspeci®c diarrhea and should not be used if
diarrhea is accompanied by high fever (greater than
101�F), or if blood is present in the stool, suggesting
an infectious etiology. The dosage for adults is 4 mg (two
caplets or four teaspoonfuls) after the ®rst loose bowel
movement. If needed, 2 mg can be used after each addi-
tional loose bowel movement. An adult should not
exceed a total of 8 mg in a 24-hour period unless direc-
ted by a physician. A lower dosage is recommended for
children. Warnings appear on the package label and
instruct the user not to take the drug for more than
2 days unless directed by a physician. Following sys-
temic absorption, loperamide has a long half-life of
18 hours, and the recommended dosage must therefore
be adhered to in order to avoid potential toxicity.

Overdose of loperamide may result in constipation,
central nervous system depression, and nausea. A slurry
of activated charcoal administered promptly after inges-
tion may reduce the amount of the drug that is absorbed.
In the event of overdosage, patients should be moni-
tored for signs of central nervous system (CNS) depres-
sion for at least 24 hours. In addition, children may be
more sensitive to the CNS effect of loperamide. If CNS
depression is observed, the opiate antagonist naloxone
should be used. If responsive to nalaxone, vital signs
must be monitored carefully for the recurrence of

symptoms of drug overdose for at least 24 hours after
the last dose of naloxone.

Bismuth Drugs

Bismuth subsalicylate (Pepto-Bismol) is the only
colloidal bismuth salt drug approved for OTC use in
multiple GI conditions, including `̀ diarrhea, heartburn,
indigestion without constipation, nausea, and upset sto-
mach.'' The mechanism of action of bismuth subsalicy-
late in these gastrointestinal disorders is not completely
understood. Although colloidal bismuth compounds
have no signi®cant acid-neutralizing capacity, they inhi-
bit the action of pepsin, increase the secretion of mucus,
and interact with protein in necrotic ulcer craters, pre-
sumably forming a barrier to the diffusion of acid. Bis-
muth colloids have an antibacterial action, which is
relevant for the treatment of infectious diarrhea and
peptic ulcers (e.g., Helicobacter pylori). The salicylate
component of bismuth subsalicylate may exert intest-
inal antiin¯ammatory and antisecretory actions. Thus,
the combined antibacterial and intestinal antisecretory
action of bismuth subsalicylate is relevant for the OTC
treatment of mild to moderate diarrhea. Pepto-Bismol
controls diarrhea within 24 hours, and also relieves
associated abdominal cramps.

Pepto-Bismol is available in two liquid suspension
forms (262 and 525 mg per 15 ml) and in a tablet dosage
form (102 mg per tablet). The recommended dosage for
adults is 262 to 1050 mg, to be repeated every hour, if
needed, to a maximum of four doses in 24-hour period.
Lower dosages are provided for children of various age
groups. Pepto-Bismol should not be used in patients
who have a known allergy to aspirin. Caution is also
advised when administering to patients taking medica-
tions for anticoagulation, diabetes, and gout. A warning
statement advises caution in the administration of the
drug to children, including teenagers, during or after
recovery from chicken pox or ¯u. In addition, the med-
ication may cause a temporary and harmless darkening
of the tongue and/or stool.

Adsorbent Drugs

Adsorbents have been so named because of their
potential to adsorb intestinal luminal toxins and bac-
teria associated with some types of infectious diarrhea,
and theoretically they should enhance fecal elimination
of the toxins or bacteria. Although this adsorption prin-
ciple has been demonstrated in in vitro studies, there
have been no meaningful con®rmatory in vivo studies.
Furthermore, adsorbents are of little or no value for the
treatment or prevention of acute infectious diarrhea.
Clearly, additional clinical studies are needed to
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support the utility of these drugs for the treatment of
diarrhea. Several types of adsorbent drugs are commer-
cially available for OTC use and include kaolin
(e.g., Kaopectate, Donagel), attapulgite (e.g., Diasorb,
Rheaban), and pectin (e.g., Kaopectate, Donagel). The
of®cial claim for these products is `̀ for the relief of
diarrhea and cramps.''

Oral Rehydration Therapy

Although healthy adults with episodes of mild to
moderate diarrhea do not need extensive oral hydration
therapy, they are advised to eat easily digested food and
to drink noncarbonated beverages such as fruit juices.
Fruit juices contain easily digested sugars and water. It is
well established that glucose promotes the intestinal
absorption of water, sodium, and other electrolytes,
thus overcoming the losses associated with diarrhea.
In patients with severe diarrhea, however, and espe-
cially young children, the use of oral hydration solutions
containing glucose, electrolytes, and amino acids in
proportions similar to the World Health Organization
formula is advised. Such solutions are available OTC for
use in infants and children when recommended by
physicians (e.g., Pedialyte).

LAXATIVES

Laxatives are drugs or ®bers that relieve the symptoms
of constipation. Constipation is understood by lay indi-
viduals to be related to decreased fecal frequency, dif®-
culty in initiating fecal passage, the passage of ®rm or
small-volume feces, or a feeling of incomplete evacua-
tion. Although there are several types of laxatives, most
laxatives increase intestinal water content via distinct
pharmacologicalmechanisms(summarizedinTableIII).
All laxatives have a general warning statement that they
should not be used if abdominal pain, nausea, or vomit-
ing is present.

Bulk-Producing Laxatives

Bulk-forming hydrophilic colloids such as psyllium
husk derived from the plantago seed (e.g., Metamucil),
methylcellulose (e.g., Citrucel), and calcium polycarbo-
phil (Fibercon) are most popular with consumers. Psy-
llium is one of the oldest bulk laxatives, with more than
70 years of clinical application. Psyllium is available in
various oral dosage forms, including powder and
cookies. The bulking effect of the psyllium husk is
due both to the water-holding capacity (gel formation)
of the undigested ®bers and to an increased bacterial
mass following extensive colonic bacterial fermentation
(about 85%) of the undigested ®bers. Colonic fermenta-
tion of undigested psyllium ®bers and other natural
dietary ®bers leads to the formation of short-chain
fatty acids, which are osmotically active and add
water to the bulk of the stools. This fermentation results
in the formation of intestinal gases, which some indivi-
duals may ®nd objectionable. However, with dose
adjustments, most individuals are able to tolerate
chronic treatment with psyllium and other natural diet-
ary ®bers. In contrast, the synthetic bulk laxatives
methylcellulose and calcium polycarbophil act to
increase colonic water content primarily by gel forma-
tion, because they are poorly fermentable (15%).

All bulk laxatives produce bowel movements after
12 to 72 hours, and are well tolerated with good safety
records. Furthermore, the approved labeling indica-
tions for Metamucil (3.4 g psyllium/dose) and Citrucel
(2 g/dose) are rather broad, and include the treatment of
occasional constipation and, when recommended by a
physician, chronic constipation and constipation asso-
ciated with irritable bowel syndrome, diverticulosis,
hemorrhoids, convalescence, senility, and pregnancy.
In contrast, the approved labeling for calcium polycar-
bophil (625 mg/dose) ismore limited to `̀ thereliefofcon-
stipation and to help restore and maintain regularity.''

Osmotically Active Agents (Saline Laxatives)

This group contains the drugs magnesium hydro-
xide(e.g.,PhillipsMilkofMagnesia,others),magnesium
sulfate, magnesium citrate (e.g., Citrate of Magnesia),
and sodium biphosphate (e.g., Fleet Phospho-Soda,
Fleet Enema). Their cathartic action results from osmo-
tically mediated water retention in the bowel. The
increased intestinal volume stimulates intestinal peri-
stalsis and promotes defecation. The magnesium-con-
taining cathartics stimulate release of the intestinal
hormone cholecystokinin, which promotes intestinal
secretion and increased intestinal motility. The usual
adult dose of magnesium hydroxide is 800 to
1600 mg at bedtime, which produces a bowel movement

TABLE III Pharmacological Classi®cations of Major

Drugs Used for the Treatment of Constipation

Pharmacological class Drug examples

Bulk-forming agents Hydrophillic colloids, ®bers

Osmotic agents Nonabsorbable magnesium salts

Emollient agents Mineral oil

Nonspeci®c stimulants

or irritants

Docusate salts, anthraquinone (senna,

cascara, aloe), diphenylmethane

(bisacodyl), castor oil
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within 6 hours. Phosphate salts are better absorbed than
are magnesium salts and therefore require higher dosage
to effect catharsis. Saline cathartics should not be used
for more than 1 week unless directed by a physician.
Both magnesium- and phosphate-containing prepara-
tions are reasonably well tolerated, but they need to
be used with caution in patients with renal insuf®ciency
or cardiac disease.

Emollient Laxatives

Mineral oil is the only drug available as an indiges-
tible emollient. When used for 2 to 3 days, mineral oil
(e.g., Fleet Mineral Oil Enema, 118 ml/dose; or as an
oral liquid) can soften very dry stools. However, its poor
taste and possible oil leakage from the anus precludes its
regular use. Furthermore, the chronic use of mineral oil
could result in foreign body reactions and interference
with the absorption of fat-soluble substances, such as
some vitamins.

Nonspeci®c Stimulants (Irritant Laxatives)

Stimulant laxatives induce bowel movement by vir-
tue of their ability to alter intestinal mucosal permeabil-
ity and stimulate intestinal water and electrolyte
secretion in the bowel. This pharmacological class of
drugs constitutes four distinct subgroups:

1. Surfactants: Anionic surfactants containing the
docusate salts dioctyl sodium sulfosuccinate or dioctyl
calcium sulfosuccinate (e.g., Surfak Liqui-Gels, Colace,
Doxinate) are mild stimulant laxatives. These surfac-
tants were initially believed to act by lowering the sur-
face tension of stool to allow mixing of aqueous and fatty
substances in the stool, thereby permitting easier defe-
cation. However, more recent evidence indicates that
these drugs act in a manner similar to that of other
stimulant drugs in this class, by stimulating intestinal
water and electrolyte secretion. However, despite their
widespread use, these surfactants have marginal, if any,
ef®cacy in most cases of constipation.

2. Diphenylmethane derivatives: Bisacodyl (e.g.,
Dulcolax, 10-mg tablets or 5-mg rectal suppositories)
is the only currently available drug in this class, and
when taken orally once daily it produces a bowel move-
ment in about 6 hours. A suppository form, however,
can produce a bowel movement within 30 to 60 min-
utes. Bisacodyl is a prodrug and requires in vivo hydro-
lysis for its activation. To avoid activation of the drug in
the stomach and consequential gastric irritation,
enteric-coated tablets should be swallowed whole with-
out chewing. The laxative effects may be accompanied
with cramps and excessive ¯uid loss. The drug should

not be used for more than 10 days, unless advised by a
physician.

3. Anthraquinone laxatives: These are plant-derived
drugs that have been used as laxatives since ancient
times. This group includes senna (e.g., Senokot, Nature
Remedy, Ex-Lax), cascara sagrada, and aloe. All of these
drugs act by inducing a low-grade in¯ammatory state in
the small and large bowel; this in¯ammation induces the
secretion of water and electrolytes and this is accom-
panied by giant migrating colonic contractions. The
drugs are poorly absorbed in the small intestine and
require metabolic activation by colonic bacteria to
form monoanthrone derivatives. The usual dose of sen-
nosoides, derived from senna, is 8.6 to 15 mg, which
produces a bowel movement in 6 to 12 hours. The
chronic use of these drugs may results in laxative depen-
dence and a `̀ cathartic colon'' manifested by dilatation of
the colon, a relative absence of myenteric plexus neu-
rons, atrophy of the muscularis propria, and the inabil-
ity to evacuate without their use. This condition is
observed typically in women following chronic use of
these drugs. Given this colonic pathology, anthraqui-
none laxatives cannot be recommended for chronic use.
In fact, the of®cial labeling for this pharmacological
class mandates that these products should not be
used for more than 1 week, unless directed by a
physician.

4. Castor oil: Castor oil (Neoloid, Purge) is derived
from the castor bean plant and contains two noxious
ingredients, an extremely toxic protein, ricin, and an oil
composed of the triglycerides of ricinoleic acid. In the
upper intestine, the triglycerides are hydrolyzed by the
pancreatic lipase enzyme to liberate ricinoleic acid,
which acts in the small intestine to stimulate ¯uid
and electrolyte secretion and thereby reduce intestinal
transit time. Catharsis is produced within 1 to 3 hours.
However, due to its unpleasant taste and the potential
for toxicity toward the intestinal epithelium and myen-
teric neurons, similar to the senna, castor oil is now
seldom used.

ANTIEMETIC DRUGS

Dimenhydrinate (Dramamine, 50 mg/dose) and mecli-
zine hydrochloride (Bonine, 25 mg/dose) are centrally
acting histamine-1 (H1) receptor antagonists that are
effective for the `̀ prevention and treatment of nausea,
vomiting, or dizziness associated with motion sickness.''
Although their mechanism of action is not well under-
stood, it is believed that these drugs act by blocking
muscarinic receptors in the brain rather than by the
blockade of central histamine receptors. These drugs
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possess central nervous depressant activity and consu-
mers should be warned not to take these drugs when
driving motor vehicles or operating machinery, or when
taking sedatives, tranquilizers, or alcohol.

Emetrol, a phosphorylated carbohydrate solution, is
an oral preparation formulated for the `̀ relief of nausea
associated with upset stomach.'' Each 5-ml of solution
contains 1.87 g of glucose, 1.87 g of fructose, and
21.5 mg of phosphoric acid. The mechanism of the ben-
e®cial action is not fully understood, although the of®-
cial labeling states that this product `̀ has a local action
on the hyperactive GI tract.'' The product should not be
diluted. The adult dosage is 15 to 30 ml to be taken every
15 minutes until distress subsides. However, not more
than ®ve doses should be taken per hour without con-
sulting a physician.

Of interest is the observation that bismuth subsali-
cylate (Pepto-Bismol) is also indicated for the treatment
of `̀ upset stomach and nausea.''

GASTROINTESTINAL DIETARY
SUPPLEMENTS

Dietary supplements, which are available on an OTC
basis, are frequently used for GI disorders. Unlike drugs,
for which there are requirements addressing the proof of
safety, ef®cacy, and good manufacturing practices
(GMPs) to assure quality and standardization, dietary
supplements do not have these legal requirements. Diet-
ary supplements are therefore marketed on the basis of
the 1994 Dietary Supplement Health and Educational
Act (DSHEA) passed by the United States Congress. The
DSHEA requires that the label state that the product
`̀ must not be intended to diagnose, treat, cure, or pre-
vent any disease.'' Furthermore, dietary supplements do
not need premarket approval or review by the FDA, as is
the case for drugs, and hence their use by consumers is
not based on solid scienti®c evidence. However, a pre-
market safety noti®cation by the manufacturers is
required for new ingredients. The sponsor can only
claim the role of the nutrient or the dietary ingredient
`̀ intended to affect structure and function in humans.''

Several digestive products and probiotics are avail-
able OTC; however, these products have not been
evaluated for their clinical ef®cacy in controlled, double-
blind studies. Digestive products are substances that
promote the process of digestion in conditions charac-
terized by lack of one or more of the speci®c substances
that digest food. Two digestive (lactase enzyme and
a-galactosidase)andoneprobiotic(Lactobacillusreuteri)
products are commercially available.

Lactase Enzymes

Lactaid and other similar preparations represent a
family of products that contain a lactase enzyme derived
from Aspergillus oryzae. Lactase aids in the digestion of
lactose present in dairy products and converts it to the
simple sugars, glucose and galactose. Many adults, par-
ticularly those from speci®c ethnic groups, such as
African-Americans or Asian-Americans, have low levels
of intestinal lactase. If lactose is not fully digested, it can
be fermented by colonic bacteria to induce gas, bloating,
cramps, and diarrhea. In such patients, ingestion of
lactase may be desirable. Caplets or chewable tablets
of Lactaid must be taken with the ®rst bite of dairy
food and the dosage needs to be adjusted depending
on the desired response. The labeling instructs the
user to seek medical attention should he/she experience
any unusual symptoms, or symptoms seemingly unre-
lated to the condition for which the product was taken.
As a dietary supplement, lactase enzyme is also added to
milk to yield ®nished products for use by individuals
who have lactose intolerance.

a-Galactosidase

The product Beano contains the enzyme a-galacto-
sidase, which is derived from Aspergillus niger and aids
in the digestion of the sugars raf®nose, stachyose, and/or
verbascose. These sugars are present in almost all
legumes (e.g., beans, peas, chickpeas, lentils, oats)
and all or most of the cruciferous vegetables (e.g., cab-
bage, broccoli). Adverse reactions listed on the label of
Beano include cramping and diarrhea as well as allergic-
type reactions.

Lactobacillus reuteri

The product Probiotica is a digestive product con-
taining the bacteria Lactobacillus reuteri. The product
label indicates that this dietary supplement provides
`̀ friendly bacteria'' to the digestive system. However,
there is no speci®c information on the label to indicate
how this product provides improved digestive health.
In fact, the mechanisms of action of probiotic bacteria
in a variety of intestinal disorders, while supported
by anecdotal clinical reports, remain the subject of
investigation.

SUMMARY AND CONCLUSIONS

The availability of drugs on an over-the-counter basis
provides patients with improved access to effective
therapies. However, optimal therapy with OTC drugs
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requires that consumers correctly diagnose the under-
lying condition and safely use a desirable drug.

The OTC gastrointestinal drugs comprise six broad
therapeutic categories consisting of antacids and gastric
antisecretory agents, anti¯atulents, antidiarrheals, laxa-
tives, antiemetics, and dietary supplements. Antacids
and histamine (H2) receptor antagonists are effective
for the resolution of mild symptoms of occasional heart-
burn. However, H2 antagonists have a longer duration
of action than do antacids when used for the self-
treatment of heartburn. The product bismuth subsali-
cylate, which is not an antacid, is also indicated for the
treatment of heartburn. Simethicone is the only
approved anti¯atulent drug used for the relief of painful
bloating, commonly referred to as gas, in the digestive
tract. The antidiarrheal drugs loperamide and bismuth
subsalicylate are effective for the resolution of diarrheal
symptoms. However, adsorbent antidiarrheal drugs are
of no value for the treatment and prevention of acute
infectious diarrhea. Laxatives of various pharmacologi-
cal classes are effective for the treatment of constipation.
The bulk laxatives have the most physiologic action on
the colon, whereas stimulant laxatives have potential for
inducing intestinal toxicity and their use should be
restricted to short time periods. The histamine (H1)
receptor antagonists dimenhydrinate and meclizine
are effective antiemetics for the prevention and treat-
ment of nausea and vomiting associated with motion
sickness. Since 1994, diverse dietary supplements have
become available and consist of either digestive enzymes
(e.g., lactase, a-galactosidase) or probiotics.

Clearly, as drug patents expire for prescription-
based drugs, many such drugs will likely be switched
to an OTC status, thus bene®ting consumers and redu-
cing the burden of health care costs. However, it is
essential that continuous vigilance is maintained to ver-
ify that consumers are safely using OTC drugs and diet-
ary supplements.
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Pancreas, Anatomy
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ampulla of Vater A common channel receiving the contents

of the main pancreatic duct and the common bile duct.

common bile duct Vessel that receives the drainage of the

cystic duct of the gallbladder and common hepatic duct

of the liver; it drains into the ampulla of Vater.

duct of Santorini A small accessory pancreatic duct located

cephalad to the main pancreatic duct.

duct of Wirsung The main pancreatic duct.

pancreatic isletÿacinar portal system An arterial supply

network that connects the islet cells with the exocrine

cells.

sphincter of Oddi Smooth muscle surrounding the major

duodenal papilla, where the ampulla of Vater releases its

contents into the descending portion of the duodenum.

uncinate process That portion of the pancreas that lies

between the descending aorta posteriorly and the

superior mesenteric artery anteriorly.

The pancreas is a mixed endocrine and exocrine gland that

crosses the midline at the transpyloric plane (L1), extend-

ing between vertebral level T10 on the left and L2 on

the right. In humans, the pancreas weighs approximately

85� 15 g in the adult female, 90� 16 g in the adult

male, and approximately 5 g in the newborn. Located

just posterior to the stomach, the pancreas is mainly a

retroperitoneal organ and not readily palpated. Imaging

techniques can demonstrate pancreatic anatomy and pa-

thology. Computed tomography (CT) and ultrasound de-

tect inconsistencies in the pancreatic texture or masses

(as observed with in¯ammation or tumors) and de®ne its

relationships to neighboring structures. CT, magnetic

resonance imaging, and intravenous dyes that can be

visualized by X-ray are used to de®ne blood ¯ow and

vascular abnormalities. Endoscopic retrograde cholangio-

pancreatography is a combined endoscopic and X-ray

technique in which dye is injected into the pancreatic

and/or bile ducts.

ANATOMICAL RELATIONSHIPS

In cross section, the pancreas forms an anterior convex
curve, with the central portion of the pancreas located
on the midline ridge formed by the upper lumbar ver-
tebrae (Fig. 1). Abdominal trauma can lead to fracture

of the pancreatic duct at two sites: where the pancreas
crosses the lumbar vertebrae (the most common site)
and in the pancreatic tail, where it is attached to the
splenic hilum by the splenorenal ligament.

The pancreas is related to the duodenum (Fig. 2).
The head and uncinate process of the pancreas rest
against the duodenal bulb and descending duodenum.
Rarely, ulcers may penetrate the duodenal wall and
cause pancreatitis. Pancreatic tumors, in¯ammation,
or ®brosis may cause obstruction of the duodenum.
The anterior surfaces of the pancreas and duodenum
are covered with peritoneum, with the exception of

FIGURE 1 CT scan. This axial view reveals relationships of the

pancreas (P) to neighboring major structures: liver (right lobe, RL,

and left lobe, LL), stomach (St), kidneys (K), vertebral body of

lumbar vertebra (V), portal con¯uence (*), and inferior vena cava

(arrow). The body of the pancreas crosses the midline and the tail

of the pancreas lies in close proximity to the spleen (not seen) on

the left. The distal part of the body and the tail of the pancreas are

anterior to the left kidney. The body of the pancreas is anterior to

the inferior vena cava and the vertebral body. Note that the pan-

creas is posterior to the stomach and left lobe of the liver. The

portal con¯uence, visible in the head of the pancreas, is in close

approximation to the right lobe of the liver.

P
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the area at the midline where the transverse mesoderm
originates.

Structures anterior to the pancreas include the stom-
ach, omental bursa, and transverse colon. The omental
bursa (lesser peritoneal sac) lies between the peritoneal
coverings of the stomach (anterior) and the pancreas
(posterior). The transverse colon crosses anterior to the
descending duodenum and the head of the pancreas.
The transverse mesocolon is formed by the peritoneal
re¯ections off the posterior abdominal wall and anterior
surfaces of the duodenum and pancreas. Pancreatic in-
¯ammation may extend into the colon and result in
obstruction or bleeding. Gas in the overlying colon or
small intestine may obscure visualization of the pan-
creas by ultrasonography.

Many structures lie posterior to the pancreas (Fig. 2).
The tail and distal part of the body of the pancreas are
anterior and to the right of the left kidney, with the tail
encased in the splenorenal ligament. The splenic vein
passes through, or is adjacent to, the pancreas. Chronic
pancreatic in¯ammation can lead to splenic vein throm-
bosis, causing engorgement of the splenic vessels that
connect to the stomach through the left gastric vessels.
Enlargement of veins connected to the left gastric vein
can result in gastric varices, which are prone to spon-
taneous rupture and life-threatening bleeding. The su-
perior and inferior mesenteric vessels pass adjacent to
the pancreas. If they are involved in pancreatic cancer,
resection of the tumor is precluded. The portal vein
originates at the junction of the splenic vein and the

superior mesenteric veins. In some cases, it originates
at a junction composed of three veins: the splenic vein,
the superior mesenteric vein, and the inferior mesen-
teric vein. In either case, the portal vein drains directly
into the liver. The common bile duct passes through the
head of the pancreas and usually joins the main pancre-
atic duct to form a common channel that empties
into the duodenum. Tumors, in¯ammation, or ®brosis
within the head of the pancreas can obstruct the
intrapancreatic portion of the common bile duct. This
can cause jaundice and secondary biliary cirrhosis.
Since the pancreas does not have a capsule, and there
is no peritoneum between the dorsal part of the pancreas
and structures posterior to it, tumor cells can spread to
all of the structures located posterior to the pancreas.

REGIONS OF THE PANCREAS

The pancreas has four parts: the head, neck, body, and
tail. The head of the pancreas is located in the cap of the
duodenum. The uncinate process is an extension of the
pancreatic head that is located between the superior
mesenteric artery and the abdominal part of the de-
scending aorta. Constriction of these vessels compresses
the uncinate process. The neck lies anterior to the origin
of the portal vein. The body crosses the midline and lies
anterior to the aorta, the splenic vein, the left suprarenal
gland, the left renal vessels, the left kidney, and the left
crus of the diaphragm. The tail is the only intraperito-
neal part of the pancreas and lies within the splenorenal
ligament.

PANCREATIC DEVELOPMENT AND
THE DUCT SYSTEM

The structure of the adult pancreatic duct system is
directly related to the dual embryonic origin of the pan-
creas. The dorsal bud is larger than the ventral bud and
gives rise to the major portion of the pancreas. It
supplies all of the tail and the body and some of the
head and the uncinate process. Initially, the ventral bud
is a paired structure, with the left portion atrophying
and the right portion continuing to grow. After rotation
of the duodenum and the pancreatic buds, fusion of
the dorsal and ventral ducts occurs at approximately
6 weeks of human gestation. The main pancreatic
duct, called the duct of Wirsung, is surrounded by its
own smooth muscle sphincter and arises from the ven-
tral bud. It generally becomes the main conduit in the
pancreas. It supplies parts of the head and the uncinate
process. Approximately 80% of the time, the main pan-
creatic duct fuses with the common bile duct, which also

FIGURE 2 In situ view of the pancreas. The body of the pan-

creas (P) crosses the midline of the abdomen anterior to the su-

perior mesenteric vein (*) and artery. The head of the pancreas is

in the bulb of the duodenum (D) and its tail is on the left, in the

splenorenal ligament that extends between the spleen (S) and the

kidney (K). The inferior vena cava (IVC) is the most posterior

structure.
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has a smooth muscle sphincter, forming a common
channel called the ampulla of Vater. The ampulla of
Vater releases its contents into the descending portion
of the duodenum at the major duodenal papilla, which is
surrounded and innervated by the smooth muscle of the
sphincter of Oddi (Fig. 3). Most pancreatic duct con-
tents are released into the duodenum at the major du-
odenal papilla. In addition to the main pancreatic duct,
there is a small accessory duct, the duct of Santorini,
which is located cephalad. In the majority of cases, it
connects to the main pancreatic duct, but in a small
percentage of cases, it has a separate opening into the
minor duodenal papilla. The small minor duodenal pa-
pilla is cephalad to the major duodenal papilla (Fig. 3).

The pancreatic duct diameter becomes smaller from
the head to the tail. Increases in the diameter of the main
pancreatic duct are observed with some pathologic pro-
cesses, such as obstruction by tumors or in chronic

pancreatitis. However, the diameter of the pancreas may
also increase with age.

Variations in the scheme of the pancreatic ducts are
frequent. Most often, there is a small accessory duct.
However, in approximately 10% of individuals, the dor-
sal and ventral pancreatic ducts do not fuse. This is
called pancreas divisum. Most pancreatic secretions
drain though a small minor papillae in pancreas di-
visum. In a small minority of patients, this may cause
relative obstruction of the pancreatic duct that occasion-
ally leads to pancreatitis (Fig. 4). Annular pancreas, a
rare condition, may lead to obstruction in the duode-
num. It is caused by the lack of atrophy of one of the
portions of the ventral bud and the resulting emergence
of a bi®d ventral pancreatic bud that can surround and
constrict the descending duodenum.

VASCULATURE AND LYMPHATICS

Arterial supply to the pancreas is provided by the splenic
artery, the pancreatic branches of the gastroduodenal
and superior mesenteric arteries, the superior posterior
pancreaticoduodenal artery (a branch of the gastrodu-
odenal artery), and the inferior pancreaticoduodenal
artery (a branch of the superior mesenteric artery).
The splenic artery, a branch of the celiac trunk, lies
along the upper border of the pancreas and forms

FIGURE 3 Pancreatic duct system. (a) The common bile duct

(B) and the main pancreatic duct (P) join to form a common duct

(ampulla of Vater). The ampulla of Vater empties its contents into

the lumen (L) of the descending portion of the duodenum at the

major duodenal papilla, which is surrounded by the sphincter

of Oddi (arrows). Note that the main pancreatic duct and the

common bile duct are surrounded by their own sphincters.

(b) Three variations of the common bile duct and main pancreatic

duct system. (Top) Short common channel of the two ducts.

(Middle) Two separate ducts. (Bottom) Long common channel

of the two ducts. Adapted from Gerard Pucher (1991). In `̀ Pan-

creatitis (Morgenroth and Kozuschek, eds.), Walter de Gruyter.

FIGURE 4 Comparison between normal pancreatic duct

structure (A) and pancreas divisum (B). Note that in pancreas

divisum, there are separate dorsal and ventral pancreatic ducts.

There are several variations on this duct pattern.
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arcades with the pancreatic branches of the gastroduo-
denal and superior mesenteric arteries (Fig. 5).
The arcades supply the body and tail of the pancreas.
The intimate association of the pancreas with critical
vascular structures often leads to direct involvement of
pancreatic cancer with these blood vessels. This is often
the reason that pancreatic cancers cannot be removed
surgically. A pancreatic portal system connects the en-
docrine and exocrine pancreas, allowing arteries supply-
ing the islets to ¯ow directly to the acini located in the
immediate vicinity of the islets. Venous drainage of the
pancreas occurs by way of the splenic vein, which lies
posterior to the pancreas. Venous blood exiting the pan-
creas ¯ows directly into the liver through the portal vein.

Lymphatic drainage from the pancreas is carried to
the pancreaticosplenic, pancreaticoduodenal, subpylo-
ric, and hepatic lymph nodes. Lymph from these nodes
¯ows through the celiac lymph nodes into the intestinal
lymphatic trunk and the thoracic duct, ultimately drain-
ing into the junction of the left jugular and the left
subclavian veins.

NERVOUS INNERVATION

The autonomic nervous system (ANS) plays a major role
in the sensory and motor innervations of the pancreas.
Nerve ®bers are unevenly distributed throughout the
pancreas, with the ANS supply being richer in the
head of the pancreas than in the tail. The right celiac,

hepatic, and superior mesenteric nerve plexuses inner-
vate the head and neck of the pancreas. The celiac plexus
and splanchnic neurological networks supply the pan-
creatic body and tail.

General sensation from the pancreas is carried by
visceral afferent ®bers of the vagus nerve. Pancreatic
visceral pain carried by sympathetic ®bers is referred
to dermatomes T5ÿT10, which mark the upper abdo-
men in the area of the stomach. Severe abdominal pain is
a characteristic of both acute and chronic pancreatitis.
With chronic disease, the pain is associated with
changes in neuronal architecture and changes in neu-
rotransmitter content. Disruption of the perineural
sheath may allow toxic substances to come into direct
contact with nerve ®bers. In patients suffering from
chronic pancreatitis, in¯ammatory cells (lymphocytes,
granulocytes, and macrophages) are found around
nerves and ganglia supplying the pancreas and the
size of nerves is greatly increased. In pancreatic cancer,
tumor cells disrupt the perineural sheath and invade the
underlying nerve ®bers. Severe back pain may be due to
the activation of nerve ®bers located in the posterior
abdominal wall. Changes in neurotransmitter content
include the release of increased amounts of two pain
transmitter substances: calcitonin gene-related peptide
(CGRP) and substance P.

Recent research suggests that some pancreatic pain
may be the result of proteolytic activation of the protease-
activated receptor PAR-2, a member of the G-protein-
coupled receptor family. PAR-2 expression has been
detected on a subset of peripheral peptidergic neurons
and is involved in the neurogenic component of in¯am-
mation. In pancreatitis, PAR-2 may be activated by path-
ologically generated trypsin from acinar cells or tryptase
from mast cells. Pancreatic pain can also be generated by
edema, pancreatic duct distension, or ischemia.

Pancreatic secretion is controlled by the parasym-
pathetic and sympathetic nerve ®bers as well as peptid-
ergic nerve ®bers. Nerve ®bers secrete neurotransmitters
(acetylcholine from parasympathetic ®bers, norepine-
phrine from sympathetic ®bers, and various peptides
from peptidergic ®bers) along the length of their
axons. The neurotransmitters diffuse to target cells,
bind to cell surface receptors, and work through signal
transduction pathways to stimulate or inhibit pancreatic
secretion. Since sympathetic terminals are predomi-
nantly associated with blood vessels, decreased blood
¯ow is also related to decreased secretion. Corticotro-
pin-releasing factor (CRF) and CGRP also exert effects
on pancreas secretion indirectly, through sympathetic
pathways. CRF and CGRP cause the decreases in
pancreatic secretion associated with stress. Vagal para-
sympathetic ®bers are also major regulators of

FIGURE 5 Arterial supply to the pancreas. The major arterial

supply to the pancreas is from the splenic artery (2) on the su-

perior border of the pancreas and the posterior (5) and anterior (7)

superior pancreaticoduodenal arteries, which are branches of the

gastroduodenal artery (4). Other vessels in the region include the

left gastric (1), common hepatic (3), right gastroepiploic (6), and

superior mesenteric (asterisk) arteries.
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interdigestive secretion, supplying pancreatic acini and
islets. They stimulate secretion by releasing acetylcho-
line, which interacts with the M3 receptor on the acinar
cell. A major component of pancreatic secretion stim-
ulated by either cholecystokinin (CCK) or secretin is
probably indirect. In response to a meal, CCK is released
from I cells and secretin is released from S cells, in the
duodenum. These ligands bind to neural pathways and
release neurotransmitters that stimulate receptors on
acinar and duct cells. They also may have direct effects
on exocrine cells. Acetylcholine plays a major role in
this pathway. Another major pathway regulating pan-
creatic secretion is mediated by serotonin, released
when food is in the duodenum and interacts with
5-hydroxtryptamine receptors.

Peptidergic nerves in the pancreas exert effects on
exocrine tissue but are vulnerable to proteases, so they
act in a paracrine manner by releasing peptides that
stimulate secretion by neighboring acinar cells. Somato-
statin, enkephalin, and pancreastatin are examples of
peptides that act in a paracrine manner.

In summary, the pancreas is a mixed endocrine and
exocrine gland that crosses the midline at the trans-
pyloric plane (L1) of the abdomen. It consists of four
parts: the head, neck, body, and tail. Except for the tail,
which is intraperitoneal, the gland is retroperitoneal.
This fact, combined with the absence of a capsule, ex-
plains the various pathological conditions that arise due
to the spread of pancreatic tumors to other retroperito-
neal organs. The duct system, of dual embryonic origin,
releases its contents into the descending portion of the
duodenum. Anastomosis of several major arteries
supplies the pancreas. Venous blood drains into the
portal vein. Innervation to the pancreas is supplied

by the vagus nerve and the ANS. Imaging techniques
used to examine the pancreas include computed
tomography, ultrasound, endoscopic retrograde
cholangiopancreatography, and X-rays.
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homeobox/homeodomain Speci®c sequences of transcription

factor nucleotides and amino acids that confer a DNA

binding patterning/regulation capacity.

lateral inhibition Process by which a single, centrally located

cell self-determines its differentiation and, in doing so,

inhibits a similar fate selection by adjacent lateral cells.

lineage selection Process by which developmental fate

choices are made during organogenesis between different

cell lineage types.

Pdx-1 Patterning transcription factor required for early

development of the embryonic pancreas.

protodifferentiated Early state of differentiation wherein

cells exhibit low-level expression of lineage-speci®c

genes, but have not acquired the higher expression

levels characteristic of fully differentiated cells.

The pancreas develops through the evagination of early

endoderm. Cells then remain in the epithelium to become

the ductalÿacinar network or migrate out of the epithe-

lium to give rise to the endocrine cells. These processes

are controlled through a complex array of intracellular

and extracellular molecular in¯uences. Defects in these

pathways can lead to various pathologic states.

INTRODUCTION

The pancreas develops from the caudal foregut, where
endodermal cells give rise to a ventral and dorsal pan-
creatic bud. These two buds then fuse and mesenchymal
factors induce the early pancreatic epithelium to
undergo a complex pattern of cellular differentiation
and lineage selection to yield both epithelial exocrine
(acinar and ductal) and nonepithelial endocrine cells.
Studies of pancreatic organogenesis have identi®ed sev-
eral morphogenetic signals, patterning transcription
factors, and pathogenetic mechanisms of pancreatic
abnormalities. The following overview is a description
of the present knowledge of pancreatic organogenesis
and morphogenesis.

EMBRYONIC ANATOMY

At approximately 5 weeks of gestation in the human, the
pancreatic dorsal and ventral buds evaginate from the
endodermal lining of the caudal foregut. The ventral

bud moves with the axial rotation of the gut tube during
week 6, as the C-loop of the duodenum takes its ®nal
position and comes to lie behind and below the dorsal
bud. By gestational week 7, fusion of the two pancreatic
buds occurs (see Fig. 1).

The most clinically relevant gross anatomy of
the exocrine pancreas is the duct system. The main

FIGURE 1 Development of the derivatives of the human cau-

dal foregut. (A) Orientation of the gut within a human embryo at

about 30 days of gestation. (BÿD) The stomach, duodenum, and

pancreatic and hepatic diverticula at approximately 30, 33, and 36

days. (E) The de®nitive relationships of the pancreatic and com-

mon bile ducts. Reproduced with permission from Allan, F.G.

(1969). `̀ Essentials of Human Embryology.'' New York: Oxford

University Press.
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pancreatic duct (duct of Wirsung) is formed by fusion of
the distal dorsal duct with the entire ventral duct. This
main pancreatic duct drains into the duodenum via the
ampulla of Vater. The proximal dorsal duct usually per-
sists as an accessory duct, communicates with the main
duct, and opens into the duodenum at the minor papilla.
When present, this accessory duct is called the duct of
Santorini. Approximately 10% of humans with other-
wise normally developed pancreata do not have duct
fusion, and the entire dorsal duct drains via the
minor papilla. The ventral bud develops into the inferior
head and uncinate process of the mature pancreas; the
dorsal bud provides the remainder. The pancreas is
highly vascular and has extensive lymphatic drainage.
The connective tissue, septae, and lymphatics of the
adult gland are derived from the splanchnic mesoderm.

Histologically, the pancreas is composed of two
distinct tissue types, exocrine and endocrine. The
exocrine pancreas consists of lobules of acinar cells at
the tips of branched ducts. The acinar cells develop
zymogen granules containing proenzymes for over 20
digestive enzymes. Zymogens release these proenzymes
(nucleases, proteases, amylase, and lipase), into the gas-
trointestinal tract, where they are activated and partic-
ipate in digestion. The function of the healthy exocrine
pancreas is under complex regulation by hormones,
including cholecystokinin (CCK), neurohormones,
and secretin.

The cells of the endocrine pancreas constitute only
1ÿ2% of the adult gland, but early in differentiation
these represent a major component of the developing
pancreas. Clusters of endocrine cells, the islets of
Langerhans, form from cells that bud off of the exocrine
ducts. Four types of endocrine cells secrete their peptide
hormones into the bloodstream from the islets. The
majority of pancreatic endocrine cells are beta cells,
which produce insulin and amylin (an insulin antago-
nist). The other three cell types are glucagon-secreting
alpha cells, somatostatin-producing delta cells, and the
pancreatic polypeptide (PP)-secreting cells. These islets
do not arise from a single progenitor cell, and the cel-
lular content of islets is variable. For example, islets with
a higher concentration of pancreatic polypeptide-
producing cells are found in the head of the pancreas,
which derives from the embryologic ventral bud.

CELLULAR DIFFERENTIATION
AND MORPHOGENESIS

The normal structural development of the embryonic
pancreas during early gestation has been well described.
Speci®cally, Wessells and Cohen in 1967 and Pictet and
Rutter in 1972 delineated the morphogenesis of the

pancreas in the rat. The ®rst morphologic evidence of
the embryonic pancreas, an evagination of the foregut
dorsal and ventral endoderm, forms the dorsal and the
ventral pancreatic buds, respectively. Dorsal bud evag-
ination occurs ®rst and requires previous contact with
overlying notochord, followed by dorsal aorta. The pro-
cess of evagination and subsequent further growth and
differentiation of the pancreatic buds seems to require
the presence of the overlying splanchnic mesoderm.
This early evagination occurs at 9ÿ10 days of gestation
in the mouse.

The developing pancreatic bud starts as a simple
sheet of epithelium, which then quickly becomes highly
folded. Progressive growth and branching lead to the
exocrine (ducts and acini) network. This ductalÿacinar
structure of the pancreas is evident by 14.5 days in the
mouse. Detected throughout the early development of
the pancreas, endocrine cells appear to break away and
form nonepithelial clusters of endocrine cells that will
become vascularized and form the islets of Langerhans.

Pancreas-speci®c cytodifferentiation has been de-
scribed by Pictet and Rutter as beginning with a `̀ proto-
differentiated'' epithelial cell. Exocrine and endocrine
cell lineages both originate from these morphologically
undifferentiated cells. Expression of lineage-speci®c
mRNA, such as insulin and amylase RNA in these
cells, suggests an early commitment to a lineage. Insulin
and glucagon genes are expressed prior to dorsal pan-
creatic bud evagination at embryonic day 9.5 in the
mouse. Amylase and other acinar enzyme genes are
®rst expressed around days 11ÿ12 in the mouse.

MOLECULAR INFLUENCES

Although the morphologic and functional development
of the pancreas has been well described, the details of the
molecular in¯uences regulating pancreatic cell prolif-
eration and differentiation remain elusive. As men-
tioned previously, contact of early endoderm with the
notochord is necessary to induce evagination and sub-
sequent pancreatic differentiation. This interaction is
mediated through notochord production of ®broblast
growth factor-2 (FGF-2) and activin B, which inhibit the
production of sonic hedgehog (SHH) by the endodermal
cells that form the pancreas. This SHH suppression is
speci®c to the prepancreatic area. This backdrop of
extracellular signaling, accompanied by expression of
patterning transcription factors (Pdx-1 and Hlbx9),
leads to the early development of the embryonic pan-
creas. Differentiation pathways determined by homeo-
domain proteins such as Pdx-1 and Hlbx9 are further
modulated by the expression of secondary patterning
genes. For example, neurogenin 3, a helixÿloopÿhelix
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(HLH) protein, has been found to be necessary for the
commitment of Pdx-1-positive cells to become pancre-
atic endocrine cells. Notch signaling, through mecha-
nisms similar to pathways of neurogenesis called `̀ lateral
inhibition,'' opposes neurogenin 3 signaling and leads to
exocrine differentiation. Further levels of lineage selec-
tion occur after these events (see Fig. 2).

In endocrine differentiation, Pax4 and Pax6 confer
speci®c differentiation of the glucagon cell (alpha cell)
and the insulin cell (beta cell), respectively. In exocrine
differentiation, p48 is an HLH protein that is necessary
for exocrine differentiation and activates acinar genes.
Much of this secondary differentiation beyond the ini-
tial pancreatic commitment is mediated by factors in
the surrounding pancreatic mesenchyme. FGFs and
laminins are examples of such critical mesenchyme-
derived factors.

DEVELOPMENTAL ABNORMALITIES

A rare embryologic abnormality of the pancreas is com-
plete agenesis; this has been associated with mutation of
the Pdx-1 gene and is frequently fatal in the newborn. A
heterozygous Pdx-1 mutation leads to one form of
mature-onset diabetes of the young (MODY). Partial
pancreatic agenesis describes an otherwise normal
pancreas with a portion absent, typically the dorsal

pancreas. Hypoplasia of the pancreas, or `̀ lipomatous
pseudohypertrophy of the pancreas,'' is the congenital
absence of secondary exocrine structure development.
The pancreas has normal islets, but the ductal structures
have been replaced by fat.

Pancreas divisum is noncommunication of the ducts
in the dorsal and ventral pancreas. Failure of fusion
between the main duct (ventral) and the accessory
duct (dorsal) results in most of the pancreas draining
through the minor papilla via the persistent duct of
Santorini. Pancreas divisum is the most common anom-
aly of the pancreas (�5ÿ10%), and may be more prom-
inent in patients with pancreatitis (16ÿ25%).

Failure of proper pancreatic rotation is thought to
lead to a complete ring of pancreatic tissue around the
second portion of the duodenum (annular pancreas).
Annular pancreas is frequently associated with other
anomalies, such as trisomy 21 and duodenal atresia.

Persistent hyperinsulinemic hypoglycemia of in-
fancy (PHHI), also termed nesidioblastosis, is a condi-
tion wherein the insulin cells have faulty glucose
sensing and thus overproliferate and overproduce insu-
lin. PHHI is often due to mutations in the sulfonyl-
urea receptor 1 (SUR1) () or Kir6.2, and is
sometimes associated with the BeckwithÿWiedemann
syndrome and multiple endocrine neoplasia type
1(MEN 1). Ductÿendocrine proliferation, with new

FIGURE 2 Molecular in¯uences and cell lineage map for differentiation of the pancreas. SHH,

Sonic hedgehog; ngn3, neurogenin 3.
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islet formation from the pancreatic duct epithelium,
characterizes nesidioblastosis, but these ®ndings can
be seen in the normal neonate as well. Frequently a
dif®cult clinical and pathologic diagnosis, nesidio-
blastosis requires prompt medical and surgical treat-
ment to avoid brain damage from severe hypoglycemia.

See Also the Following Articles

Development, Overview � Endocrine Pancreas � Exocrine

Pancreas � Pancreas, Anatomy

Further Reading

Allan, F. G. (1969). `̀ Essentials of Human Embryology.'' Oxford

University Press, New York.

Edlund, H. (2001). Developmental biology of the pancreas. Diabetes

50(Suppl. 1), S5ÿS9.

Gittes, G. K., and Rutter, W. J. (1992). Onset of cell-speci®c gene

expression in the developing mouse pancreas. Proc. Natl. Acad.

Sci. U.S.A. 89, 1128ÿ1132.

Hill, D. J., and DuvillieÂ , B. (2000). Pancreatic development and adult

diabetes. Pediatr. Res. 48, 269ÿ274.

Maldonado, T. S., Crisera, C. A., Kadison, A. S., Longaker, M. T., and

Gittes, G. K. (2000). Role of mesenchymalÿepithelial interac-

tions in pancreas development. In `̀ Molecular Basis of Pancreatic

Endocrine Development and Function'' (M. Hussain, C. Miller,

and J. Habener, eds.), pp. 170ÿ188. Kluwer Academic Publ.,

Boston.

Peters, J., J�urgensen, A., and KloÈeppel, G. (2000). Ontogeny,

differentiation and growth of the endocrine pancreas. Virchows

Arch. 436, 527ÿ538.

Pictet, R., and Rutter, W. J. (1972). Development of the embryonic

endocrine pancreas. In `̀ Handbook of Physiology'' (D. F. Steiner

and N. Frenkel, eds.), Sect. 7, Vol. 1. American Physiological

Society. Williams & Wilkins, Philadelphia, PA.

Polak, M., Bouchareb-Banaei, L., and Scharfmann, C. P. (2000).

Early pattern of differentiation in the human pancreas. Diabetes

49, 225ÿ232.

Schwitzgebel, V. M., Scheel, D. W., Connors, J. R., Kalamaras, L. J.

E., Anderson, D. J., Sussel, L., Johnson, J. D., and German, M. S.

(2000). Expression of neurogenin3 reveals an islet cell precursor

population in the pancreas. Development 127, 3533ÿ3542.

Slack, J. M. W., (1995). Developmental biology of the pancreas.

Development 121, 1569ÿ1580.

Pancreas, Nutritional Effects on
C. S. PITCHUMONI

St. Peter's University Hospital, New Brunswick, New Jersey

kwashiorkor Protein de®ciency state with adequate caloric

intake.

marasmus De®ciency state resulting from deprivation of

both proteins and calories.

nutritional pancreatitis Form of nonalcoholic chronic

pancreatitis prevalent in India and other tropical

countries.

Inadequate nutrition, especially of protein, may lead to

pancreatic atrophy or in some cases chronic pancreatitis

or diabetes. Both the exocrine and endocrine components

of the pancreas can be injured. Factors causing injury to

the pancreas directly or indirectly interfere with both

components to a varying degree, although pancreatic exo-

crine and endocrine components have considerable func-

tional reserve and malabsorption is not seen until 90% of

the pancreas is lost.

MALNUTRITION AND EXOCRINE
PANCREATIC INJURY

Protein De®ciency

Among the specialized organs of the body, the
pancreas (along with liver and small intestine) has the
highest rate of protein synthesis. The acinar cells
synthesize and secrete between 6 and 20 g of digestive
enzymes in 24 hours. Consequently, the pancreas is
extremely vulnerable to short- or long-term protein
de®ciency. Protein energy malnutrition (PEM) is the
most important public health problem in developing
countries. Malnutrition in af¯uent nations is often oc-
cult, resulting from chronic alcoholism, drug abuse,
immunode®ciency states, and problems associated
with old age.

PANCREAS, NUTRITIONAL EFFECTS ON 33

Encyclopedia of Gastroenterology Copyright 2004, Elsevier (USA). All rights reserved.



islet formation from the pancreatic duct epithelium,
characterizes nesidioblastosis, but these ®ndings can
be seen in the normal neonate as well. Frequently a
dif®cult clinical and pathologic diagnosis, nesidio-
blastosis requires prompt medical and surgical treat-
ment to avoid brain damage from severe hypoglycemia.
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nutritional pancreatitis Form of nonalcoholic chronic

pancreatitis prevalent in India and other tropical

countries.

Inadequate nutrition, especially of protein, may lead to

pancreatic atrophy or in some cases chronic pancreatitis

or diabetes. Both the exocrine and endocrine components

of the pancreas can be injured. Factors causing injury to

the pancreas directly or indirectly interfere with both

components to a varying degree, although pancreatic exo-

crine and endocrine components have considerable func-

tional reserve and malabsorption is not seen until 90% of

the pancreas is lost.

MALNUTRITION AND EXOCRINE
PANCREATIC INJURY

Protein De®ciency

Among the specialized organs of the body, the
pancreas (along with liver and small intestine) has the
highest rate of protein synthesis. The acinar cells
synthesize and secrete between 6 and 20 g of digestive
enzymes in 24 hours. Consequently, the pancreas is
extremely vulnerable to short- or long-term protein
de®ciency. Protein energy malnutrition (PEM) is the
most important public health problem in developing
countries. Malnutrition in af¯uent nations is often oc-
cult, resulting from chronic alcoholism, drug abuse,
immunode®ciency states, and problems associated
with old age.
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Severe nutritional de®ciency causes initially revers-
ible and ®nally irreversible changes. In an experimental
study on Bonnet monkeys, animals on protein-de®cient,
normal carbohydrate diets showed atrophy of pancre-
atic tissue with replacement with adipose tissue. Ani-
mals on low-protein, high-carbohydrate diets showed
severe changes. The additional carbohydrate seemed to
harm the pancreas more than normal carbohydrate con-
sumption. The low-protein, high-carbohydrate diet
mimics the usual diet of the population groups in
most developing nations. Other experimental studies
have shown recovery of pancreatic function when
protein de®ciency is corrected, depending on the
severity and duration of malnutrition. Clinical observa-
tions support experimental studies. Children dying of
kwashiorkor have small ®brosed pancreases along with
atrophic intestinal mucosa. In children suffering from
marasmus and kwashiorkor, pancreatic enzyme output
is decreased with no change in HCO3

ÿ output. The
pancreatic ductules, which produce HCO3

ÿ, are usually
well preserved in kwashiorkor.

Micronutrient De®ciencies

Clinical malnutrition is seldom a pure protein
de®ciency state. Multiple de®ciencies of trace elements
and vitamins occur. Unopposed free radicals (FRs)
are potential mediators of injury to many organs, in-
cluding the pancreas. The roles played by antioxidant
enzymes, which include a mineral in their structure
(metalloenzymes), and antioxidant vitamins (such as
vitamins A, E, C, and b-carotene) are increasingly
clear. Zinc, an essential micronutrient, is a component
of enzymes such as DNA polymerase, RNA polymerase,
and reverse transcriptase, which are involved in protein
synthesis. Experimental studies have shown that zinc
de®ciency promotes acinar cell degeneration. Clinical
zinc de®ciency occurs in chronic alcoholism, cirrhosis
of the liver, sickle cell disease, and other conditions.
Similarly, selenium is an important trace element be-
cause it is a component of the enzyme glutathione per-
oxidase. A selenium-de®cient diet in chicks causes
pancreatic atrophy. Clinical selenium de®ciency occurs
in chronic alcoholics and cigarette smokers.

There is no pancreatic disease that can be solely
attributed to malnutrition. However, a form of nonal-
coholic chronic pancreatitis, prevalent in India and
other tropical countries, known as tropical or nutri-
tional pancreatitis, is reported to occur in children
and young adults of low-income groups. Although
the etiology for tropical pancreatitis is not yet
elucidated, experimental data coupled with epidemio-
logical observations have indicated that malnutrition
might play a major role in its pathogenesis.

Malnutrition and Endocrine Pancreatic Injury

The role of malnutrition as a cause for endocrine
pancreatic injury has only recently been recognized.
Although diabetes is often recognized to be a compli-
cation of being overweight, abnormal glucose tolerance
is a feature of malnutrition. A reduction in insulin se-
cretory capacity is noted in malnourished animals in
experimental studies. The functional damage to B cells
in malnutrition initially starts as high levels of insulin
(hyperinsulinemia) in early stages of subclinical mal-
nutrition and progresses to low levels of insulin
(hypoinsulinemia) with the onset of frank malnutrition.
In kwashiorkor, there is islet cell hypertrophy in early
stages, followed by atrophy. Malnutrition-related
diabetes mellitus is recognized to be a subtype of
diabetes. It is not clear whether protein de®ciency is
the sole cause of this diabetes.
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Pancreatic Anomalies
THEODORE R. LIN AND MICHAEL W. MULHOLLAND

University of Michigan Medical Center, Ann Arbor

endoscopic retrograde cholangiopancreatography A proce-

dure whereby pancreatic and biliary ducts are visualized

by endoscopic injection of contrast medium.

stenosis An area of narrowing.

The pancreas develops during the fourth week of gesta-

tion, arising from the endodermal lining of the duodenum.

From this anlage, two pancreatic pouches, dorsal and

ventral, develop, which ultimately give rise to the body/

tail and head/uncinate processes of the pancreas, respec-

tively. By the sixth week of gestation, the ventral pouch

assumes a position adjacent to the dorsal pouch through

the process of clockwise migration as the primitive duo-

denum rotates to assume its characteristic C-shaped con-

®guration. Fusion of the dorsal and ventral primordia and

their ductal systems is achieved by the eighth week. At the

time of birth, the pancreatic parenchyma is uni®ed and the

accessory and main pancreatic ducts are fused. Malforma-

tions of pancreatic embryology include annular pancreas,

pancreas divisum, and heterotopic pancreas.

ANNULAR PANCREAS

Annular pancreas occurs when the ventral pancreatic
pouch fails to properly rotate clockwise posteriorly
around the duodenum (see Fig. 1). Thus, the ventral
pouch lies anterior to the duodenum in this anomaly.
The duodenum can become partially or completely ob-
structed by the encircling pancreatic ring (Fig. 2). The
band of pancreatic tissue commonly lies proximal to the
major duodenal papilla. Microscopically, pancreatic tis-
sue often is found to invade the duodenal wall into the
muscularis layer. Other congenital defects associated
with annular pancreas include duodenal atresia, Down's
syndrome (trisomy 21), intracardiac defects, intestinal
malrotation, and tracheoesophageal ®stula. Annular
pancreas is the most common anomaly obstructing
the duodenum in infants, who may present with feeding
intolerance and vomiting. On examination, visible peri-
stalsis and distension may be appreciated due to the
obstruction. Less commonly, the existence of annular
pancreas may not become manifest until adulthood.
Patients may complain of bloating, pain, or vomiting.
Upper gastrointestinal obstruction, peptic ulceration,
and pancreatitis may result from annular pancreas.

Diagnosis is facilitated by plain abdominal radiograph,
which classically reveals the `̀ double-bubble'' sign char-
acteristic of gastric and duodenal dilation secondary
to duodenal obstruction. Often, however, upper
gastrointestinal contrast study is necessary to document
obstruction. Endoscopic retrograde cholangiopancrea-
togram (ERCP) may also be useful in demonstrating
ductal anomalies found with this condition.

Treatment is operative when obstructive symptoms
develop. Bypass of the obstruction by duodeno-
jejunostomy is preferred over resection of the annular
pancreatic tissue due to the high predisposition to
develop pancreatic and duodenal ®stulas.

PANCREAS DIVISUM

Failure of the ventral and dorsal pancreatic ductal
systems to fuse results in pancreas divisum. In this
disorder, the majority of the pancreas is drained through
the accessory pancreatic duct (duct of Santorini) into
the minor duodenal papilla (Fig. 3). Pancreatic secre-
tions from the uncinate process and portions of the
pancreatic head, derived from the ventral anlage,
drain via the major duodenal papilla (via the duct of
Wirsung), separate from the remainder of the pancreas.
Pancreas divisum is relatively common, demonstrated
in 5 to 10% of subjects by autopsy or by ERCP.

Manifestations of pancreas divisum occur uncom-
monly in childhood. Controversy exists as to whether
pancreas divisum has a causative role in recurrent idi-
opathic acute pancreatitis, chronic pancreatitis, and
chronic abdominal pain. Some investigators believe
that stenosis of the minor duodenal papilla must coexist
with pancreas divisum for pancreatitis to develop.
Diagnosis of pancreas divisum is made by ERCP; on
cannulation of the accessory papilla, the duct of
Santorini is found to span the length of the pancreas
without communicating with the duct of Wirsung.

Given the uncertainty of a causal relation-
ship between pancreas divisum and pancreatitis, no
speci®c intervention is advised for mild or single
episodes of pancreatitis. Severe or recurrent bouts
of pancreatitis may warrant therapeutic invention.
Both endoscopic and surgical approaches have been
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FIGURE 1 Development of the fetal pancreas from the ®fth to the eighth week. Rotation (arrows) of

the duodenum brings the ventral bud into apposition with the dorsal bud, with subsequent fusion.

Reprinted from Anderson, D. and Brunicardi, F. In `̀ Surgery: Scienti®c Principles and Practice''

(L. Green®eld, M. Mulholland, K. Oldham, G. Zelenock, and K. Lillemoe, eds.), 2nd Ed., with

permission. Copyright Lippincott-Raven Publishers, 1997.
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described. Stenosis of the minor duodenal papilla or
stricture of the accessory pancreatic duct may be ap-
proached endoscopically with dilation, stent placement,

or sphincterotomy. Surgical approaches include trans-
duodenal sphincteroplasty of the minor papilla, pancre-
atic head resection, and pancreaticojejunostomy.

HETEROTOPIC PANCREAS

When pancreatic tissue develops outside of the main
pancreaticbody, theseaberrantrestsof tissuearereferred
to as heterotopic pancreas. Heterotopic pancreatic tissue
may be found anywhere along the gastrointestinal tract,
most commonly in the stomach, duodenum, small
bowel, and Meckel's diverticulum. Rarely, ectopic pan-
creatic tissue may be found in the gallbladder, omentum,
umbilicus, colon, or lungs. The etiology of heterotopic
pancreas is unclear. Aberrations in stem cell differenti-
ation or migration of the pancreatic pouches during de-
velopment are thought to be involved in this anomaly.

Heterotopic pancreas is usually an asymptomatic
condition found incidentally at autopsy or surgery.
Bowel obstruction may result when rests serve as lead
points for intussusceptionoras space-occupying lesions.
Other complications include hemorrhage and ulcera-
tion. Upper endoscopy is helpful in diagnosis. Submu-
cosal nodules with central depression characteristic of
heterotopic pancreas may be discerned. Biopsy is re-
quired to distinguish these lesions from polyps,
leiomyomas, and lymphoma. Treatment is indicated
for patients with complications from heterotopic pan-
creas. Excision with histologic examination is required
to exclude malignancy.

See Also the Following Articles
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FIGURE 3 (A) Normal ductal anatomy. (B) Pancreas divisum.

No communication exists between the duct of Wirsung and the

duct of Santorini. Most of the pancreas is drained through the duct

of Santorini. Reprinted from Coran, A. In `̀ Surgery: Scienti®c Prin-

ciples and Practice'' (L. Green®eld, M. Mulholland, K. Oldham,

G. Zelenock, and K. Lillemoe, eds.), 2nd Ed., with permission.
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Pancreatic Bicarbonate Secretion
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cholecystokinin A peptide hormone produced by endocrine

cells of the upper small intestine.

vasoactive intestinal peptide A polypeptide from the

small intestine with cardiovascular and gastrointestinal

effects.

Following appropriate stimulation, the pancreas secretes

a bicarbonate (HCO3
ÿ)-rich ¯uid that is derived largely

from duct cells. Understanding how the pancreatic ductal

epithelium is able to secrete HCO3
ÿ at a concentration ®ve-

to sixfold greater than that in plasma is of intrinsic inter-

est. Moreover, it is important from a clinical viewpoint:

defects in ductal secretion underlie the pancreatic pathol-

ogy that characterizes cystic ®brosis and perhaps certain

forms of pancreatitis, whereas 90% of pancreatic cancers

are of ductal origin.

INTRODUCTION

Pancreatic juice is the product of two distinct secre-
tory processes: protein (enzyme) secretion and electro-
lyte secretion. Enzymes are secreted by exocytosis.
Electrolyte secretion is achieved by the vectorial trans-
port of ions across the secretory epithelium accompa-
nied by water in isotonic proportions. The most
signi®cant of these ions is bicarbonate (HCO3

ÿ). Each
day, these two secretory processes result in the human
pancreas delivering 6ÿ20 g of digestive enzymes to
the duodenum in approximately 2.5 liters of HCO3

ÿ-
rich ¯uid. Although the role of pancreatic enzymes
is de®ned, that of pancreatic HCO3

ÿ secretion is less
precise. Clearly, the ¯uid acts as a vehicle for transport-
ing enzymes to the duodenum where the HCO3

ÿ neu-
tralizes gastric acid. Pancreatic HCO3

ÿ may also aid
disaggregation of secreted enzymes following their
exocytosis.

PATTERNS OF
BICARBONATE SECRETION

The regulation of pancreatic electrolyte secretion and
the volume and composition of the secreted ¯uid differ

considerably from species to species (Table I). It is
important to recognize these differences for two
reasons: (1) observations made in one experimental
species, especially those involving models of disease,
cannot be assumed to be relevant to humans; (2) a reg-
ulatory or secretory mechanism dominant in one exper-
imental species may be present to a small, perhaps
unrecognized, extent in humans where it could account
for otherwise inexplicable symptoms and /or be ex-
plored therapeutically. The major differences and
their relevance are as follows:

1. In all species, secretin evokes the secretion of
HCO3

ÿ-rich pancreatic juice. However, the amount
of ¯uid that is secreted varies; an especially small
amount is secreted in the rat (approximately ®vefold
less than that in cat, per gram of tissue). During
maximal stimulation, HCO3

ÿ concentration reaches

TABLE I Species-Dependent Patterns of

HCO3
ÿ Secretion

Species Stimulus Volume

Maximum

[HCO3
ÿ]

(mM)

Dog, cat, and

human

Spontaneous

� Secretin

0 (�)

�����
Ð

145

� CCK � 60

� Vagus � ?

Rat Spontaneous � 25

� Secretin �� 70

� CCK ��� 30

� Vagus �� ?

Guinea pig Spontaneous � 95

� Secretin ����� 150

� CCK ��� 140

� Vagus ��� 120

Note. This table gives an idea of the response to stimuli given

alone: potentiation often occurs when stimuli are given together. Most

data were obtained from studies on anesthetized animals: quantitative

differences may occur in conscious animals, especially in the rat, in

which secretion is increased ®vefold in conscious animals. CCK,

cholecystokinin.
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130 mmol /liter or more in all species except the rat,
in which 70 mmol /liter is approximately the maxi-
mum value observed.

2. There is a reciprocal relationship between juice
HCO3

ÿ and Clÿ concentrations: as ¯ow rate increases,
so does HCO3

ÿ concentration, with a corresponding
reduction in Clÿ concentration. This reciprocal
relationship results from a ¯ow rate-dependent
loss of HCO3

ÿ from the primary secretion in exchange
for Clÿ as the ¯uid passes down the ductal tree.

3. The effect of cholecystokinin (CCK) on ¯uid secre-
tion is very variable. In rat, it evokes a relatively large
volume of Clÿ-rich ¯uid that is secreted by acinar
cells. In guinea pig, it evokes a HCO3

ÿ-rich ¯uid.
Studies on duct segments isolated from guinea pig
pancreas indicate that the ducts are a source of this
secretion, but do not exclude an acinar component.
In other species, the effect of CCK lies somewhere
between these two extremes. Where CCK is a weak
stimulant of HCO3

ÿ secretion, it usually potentiates
the action of secretin.

4. The in¯uence of vagal stimulation is also complex. In
some species, muscarinic cholinoceptor activation
evokes HCO3

ÿ secretion. In some species (notably
pig and guinea pig), vagal stimulation evokes a
copious HCO3

ÿ-rich secretion because in these
species the vagus nerves contain many VIPergic
neurons and the vasoactive intestinal peptide re-
leased from these neurons acts in a manner similar
to secretin.

In addition to these classical stimulatory mecha-
nisms, many other candidate stimulatory and inhibitory
control mechanisms undoubtedly in¯uence pancreatic
HCO3

ÿ secretion to a greater or lesser extent.

ORIGIN OF
BICARBONATE SECRETION

Studies on isolated pancreatic duct segments con®rm the
generally held view, ®rst proposed 50 years ago, that pan-
creatic duct cells are the principal site of HCO3

ÿ secretion,
without necessarily excluding a possible contribution
from acinar cells. Given that duct cells constitute approx-
imately 5% of gland mass, if all pancreatic ¯uid secretion
was derived from duct cells, they would secrete their own
volume of ¯uid in approximately 2 min. This assumes that
all duct cells contribute equally to secretion. However,
there is some evidence that the terminal duct cells
(centroacinar cells) and small ducts contribute dispropor-
tionately to secretion, in which case the ¯uid secretory rate
in that region is even faster.

MECHANISM OF DUCTAL
BICARBONATE SECRETION

The `̀ textbook'' model of HCO3
ÿ secretion by pancrea-

tic ducts has the following components: (1) genera-
tion of intracellular HCO3

ÿ by the hydration of

CO2 under the in¯uence of carbonic anhydrase; (2)
extrusion from the cell of the residual protons by

means of a Na�/H� exchanger in the basolateral mem-
brane; (3) secretion of HCO3

ÿ across the apical (lu-

menal) membrane in exchange for Clÿ on an anion
exchanger working in parallel with an anion channel

that allows entry of Clÿ into the lumen. This lumenal
anion channel is usually regarded as being the cystic

®brosis transmembrane conductance regulator protein

(CFTR).
This model arose from early studies on perfused

whole glands and, more recently (and more impor-

tantly), from experiments on isolated duct segments
from rat pancreas. Although the model can successfully

generate the HCO3
ÿ concentrations observed in the rat

(i.e., approximately 70 mmol /liter), on thermodynamic

grounds it seems most unlikely to be able to generate the
higher concentrations (up to 150 mmol /liter) seen in

other species. However, recent observations have

suggested a number of modi®cations to the model,
which help to explain how the ducts of these species

achieve such high secretory HCO3
ÿ concentrations.

At the basolateral membrane, the situation is rela-
tively clear. Although the Na�/H� exchanger may be

involved to a small extent in HCO3
ÿ accumulation across

the basolateral membrane, experimental studies on duct

segments isolated from guinea pig pancreas show that it
is largely achieved by a Na�ÿHCO3

ÿ co-transporter

(NBC) located in this membrane. Furthermore, the elec-

trogenicity of the NBC contributes to the driving force
for HCO3

ÿ secretion across the lumenal membrane. Im-

munohistochemical studies con®rm that NBC is ex-
pressed in the basolateral membrane of human duct

cells. However, since NBC is also present in rat ducts,
its presence alone cannot account for the much higher

HCO3
ÿ concentrations secreted by the guinea pig

pancreas.
At the lumenal membrane, the situation is less clear.

Although spontaneous secretion in guinea pig ducts
involves anion exchange across the lumenal membrane

(Fig. 1A), secretin-evoked secretion can occur in the

nominal absence of lumenal Clÿ or when the activity
of the anion exchanger is blocked. Furthermore, raising

the lumenal HCO3
ÿ concentration (as occurs during

secretin stimulation) actually inhibits lumenal anion

exchanger activity, thereby helping to prevent the reab-
sorption of secreted HCO3

ÿ. There must, therefore, be an

PANCREATIC BICARBONATE SECRETION 39



alternative pathway for HCO3
ÿ secretion across the lu-

menal membrane under these conditions.
In contrast to its effect in rat ducts, secretin does not

greatly depolarize cells in guinea pig ducts; instead the
membrane potential remains at approximatelyÿ60 mV.
Therefore, even at a lumenal HCO3

ÿ concentration of
125 mmol /liter and a cytoplasmic HCO3

ÿ concentration
calculated to be 20 mmol /liter, the electrochemical gra-
dient for HCO3

ÿ would favor diffusion from the cell to
the lumen via an anion channel. Furthermore, under
these conditions intracellular Clÿ dips to very low val-
ues (approximately 7 mmol /liter). Consequently, a
HCO3

ÿ-rich secretion is favored by the lack of driving

force for Clÿ provided that the anion conductance at
the lumenal membrane also conducts HCO3

ÿ (Fig. 1B).
Whether CFTR or another anion conductance provides
such a pathway for HCO3

ÿ remains to be clari®ed.
In other words, given a large enough HCO3

ÿ conduc-
tance at the lumenal membrane and a low intracellular
Clÿ concentration, there may be no need to invoke any
other membrane transport protein in the lumenal mem-
brane to explain the high HCO3

ÿ concentration observed
in pancreatic juice from the guinea pig. If so, what is true
for the guinea pig may presumably be true of other
species, including humans, that show a similar pattern
of HCO3

ÿ secretion.
Finally, why does the rat not achieve such high

HCO3
ÿ concentrations? The answer may lie in the

basolateral rather than the lumenal membrane. In rat
(and mouse) ducts, ¯uid secretion can be inhibited by
bumetanide. It thus seems likely that a Na�ÿK�ÿ2Clÿ

co-transporter is present on the basolateral membrane
of these species, which acts to increase intracellular Clÿ

concentration. As a result, there are driving forces for
both Clÿ and HCO3

ÿ secretion via the lumenal anion
conductance. This causes the production of a secretion
containing comparable concentrations of the two an-
ions. The absence or inactivity of this co-transporter
in the guinea pig (and other species?) ensures that
the secretion is HCO3

ÿ-rich.

See Also the Following Articles
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FIGURE 1 HCO3
ÿ secretion in guinea pig pancreatic duct.

(A) During spontaneous secretion, HCO3
ÿ enters the lumen by

anion exchange with Clÿ, which recycles across the lumenal mem-

brane via the CFTR Clÿ channel. (B) Following stimulation with

secretin, the anion exchanger becomes inhibited by the high lu-

menal HCO3
ÿ concentration and HCO3

ÿ secretion occurs mainly by

diffusion through a lumenal anion channel, probably CFTR. In

both situations, HCO3
ÿ uptake across the basolateral membrane is

achieved by Na�ÿHCO3
ÿ co-transport and, to a lesser extent,

through H� extrusion by Na�/H� exchange (not shown). Both

processes derive their energy from the inward Na� gradient

maintained by the basolateral Na�,K�-ATPase.
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Pancreatic Cancer
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CA 19ÿ9 Widely used serum marker for pancreatic cancer;

has limited speci®city because it is also expressed in

other malignancies as well as in pancreatitis, hepatitis,

and biliary obstruction.

chemical splanchnicectomy Chemical blockage of the celiac

nerve plexus, performed either intraoperatively or

percutaneously, in order to palliate pain associated with

pancreatic adenocarcinoma.

double duct sign Dilation of the distal pancreatic and

common bile ducts, with proximal stricturing of both

structures evident on endoscopic retrograde cholangio-

pancreatography and highly suggestive of adenocar-

cinoma affecting the head of the pancreas.

endoscopic ultrasonography Imaging technique whereby an

ultrasound probe attached to an endoscope is used to

assess structures through the gastric and duodenal wall.

gemcitabine Chemotherapeutic agent and potent

radiosensitizer that has recently been added to the

multimodality treatment regimen for pancreatic adeno-

carcinoma.

hereditary pancreatitis Autosomal dominant trait, leading to

recurrent acute pancreatitis and a 40-fold increased risk

of pancreatic adenocarcinoma.

K-ras Oncogene; the mutated form is found in over 90% of

pancreatic cancers.

laparoscopic staging Minimally invasive means of evalua-

ting the resectability of pancreatic adenocarcinoma by

visualization through a tube inserted into the abdomen.

neoadjuvant therapy Strategy of preoperative administration

of chemoradiation aimed at increasing the number of

patients able to complete multimodality therapy.

palliation Treatment of symptoms such as abdominal pain to

optimize quality of life, limit morbidity, and increase

survival.

pancreatic intraepithelial neoplasia Areas of focal

ductal proliferation adjacent to in®ltrating pancreatic

cancers that may be precursor lesions to pancreatic

adenocarcinoma.

pancreaticoduodenectomy Surgical excision of the head and

uncinate process of the pancreas by en bloc resection of

the distal stomach and duodenum to the ligament of

Treitz, common bile duct, and head of the pancreas. Also

known as a Whipple procedure.

Pancreatic adenocarcinoma is one of the deadliest known

human malignancies, with an overall 5-year survival rate

of less than 5%. Among gastrointestinal malignancies,

pancreatic adenocarcinoma is second to colorectal cancer

in terms of incidence in the United States, with 30,300

estimated new cases in 2002. Pancreatic cancer deaths in

the United States in 2002 were estimated to approach

29,700, making pancreatic cancer the ®fth most common

cause of cancer-related mortality. Delayed diagnosis, rel-

ative chemotherapy and radiation resistance, and an in-

trinsic biologic aggressiveness all contribute to the

abysmal prognosis associated with pancreatic adeno-

carcinoma. The risk of pancreatic adenocarcinoma is

twice as great in men compared to women, and African

Americans as well as Japanese Americans have a higher

incidence compared to other ethnic groups, suggesting an

as-yet undetermined speci®c genetic or environmental

association.

EPIDEMIOLOGY

Many risk factors for pancreatic adenocarcinoma
have been identi®ed, with cigarette smoking having
the strongest overall association and thought to
account for one-quarter of all patients diagnosed.
This may also in part explain the greater number of
men diagnosed with pancreatic adenocarcinoma. The
mechanism believed to be responsible for the associa-
tion between cigarette smoking and pancreatic
cancer involves the N-nitroso compounds present in
cigarette smoke. Exposure to these agents leads to
pancreatic ductal hyperplasia, a possible precursor to
adenocarcinoma.

Other factors associated with increased risk of pan-
creatic adenocarcinoma include saturated fat intake,
exposure to nonchlorinated solvents, and the pesticide
dichlorodiphenyl trichloroethane (DDT), although the
overall contribution of these is likely small. The risk of
pancreatic adenocarcinoma increases with age, with
most patients diagnosed between 60 and 80 years old.
Studies examining the risk between alcohol consump-
tion and pancreatic adenocarcinoma are equivocal, ex-
cept in the case of heavy alcohol use leading to chronic
pancreatitis. Chronic pancreatitis clearly increases the
risk of pancreatic adenocarcinoma, although the direct
or indirect role of alcohol is not yet de®ned.
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MOLECULAR GENETICS

Genetic analysis has shown two distinct patterns of in-

herited risk for developing pancreatic adenocarcinoma:
those inheriting mutations speci®cally in the PRSS1
gene, which leads to hereditary pancreatitis, and

those inheriting mutations in general cancer suscepti-

bility genes. Hereditary pancreatitis is an autosomal

dominant trait, with complete penetrance. Individuals

inheriting a mutated PRSS1 gene, which codes for cat-

ionic trypsinogen, develop recurrent acute pancreatitis,

frequently beginning in childhood. These individuals

have a 40-fold increased risk of developing pancreatic

adenocarcinoma when compared to the general popu-
lation. The mechanism seems to involve recurrent

bouts of acute pancreatitis, with increased pancreatic

ductal cell turnover, leading to increased rates of

DNA synthesis and accompanying random mutations.

It is believed that the accumulation of random genetic

mutations in key oncogenes and tumor suppressor

genes ®nally leads to the development of pancreatic

adenocarcinoma.
Increased risk for developing pancreatic adenocar-

cinoma also occurs when individuals inherit germ-line

mutations in cancer susceptibility genes. A germ-line

mutation in the BRCA2 gene is present in approximately

5ÿ10% of pancreatic adenocarcinomas and predisposes

an individual to pancreatic as well as breast and ovarian

cancer. The p16 tumor suppressor gene is mutated in

over 95% of the cases of pancreatic adenocarcinoma,

usually by a somatic mutation, yet germ-line mutations

have been described and are associated with an in-
creased risk of both pancreatic malignancy and

melanoma.
Inherited mutations in the LKB1/STK11 gene leads

to PeutzÿJeghers syndrome, which is associated with

the development of benign gastrointestinal polyps as

well increased risk of gastrointestinal cancers, including

pancreatic adenocarcinoma. Other familial cancer

syndromes involving increased risk of pancreatic ade-

nocarcinoma include hereditary nonpolyposis colorec-
tal cancer (Lynch II), Gardner's syndrome, and familial

and atypical multiple mole melanoma (FAMMM). In all

of these familial cancer syndromes, one of the two genes

inherited at birth is mutated, with cancer arising after

the loss of the remaining normal gene.
In contrast to inherited or germ-line gene muta-

tions, several genes have been found to be commonly

spontaneously mutated in pancreatic adenocarcinoma.

Mutations in the oncogene K-ras confer constitutive

activation of the gene and are found in over 90% of
pancreatic cancers. Mutations in K-ras have also been

detected in hyperplastic foci within the duct of patients

with chronic pancreatitis, and may predict which of
these patients is at risk to develop pancreatic adeno-
carcinoma. As might be expected, mutations in tumor
suppressor genes, both spontaneously arising and inher-
ited, are common in pancreatic tumors, with over 95%
of cases harboring mutations in p16, 50ÿ75% with p53
mutations, and approximately 55% with mutations in
Smad4/DPC4 (deleted in pancreatic cancer, locus 4).
Other less frequent mutations occur in tumor suppres-
sors MKK4 (4%), transforming growth factor-b (TGF-b)
receptors I or II (55%), and RB1 (55%).

PATHOLOGY

The pancreas has both exocrine and endocrine cell
types, and as such, neoplasms can arise from multiple
cellular structures. Approximately 90% of tumors of the
exocrine pancreas have a ductal phenotype, whereas
less than 1% have an acinar cell phenotype, with the
balance being of uncertain histogenesis. Overall, 75% of
pancreatic neoplasms are ductal adenocarcinoma, 65%
of which arise from the head, neck, or uncinate process,
15% from the body or tail, and 20% are diffuse. Hall-
marks of pancreatic adenocarcinoma include an intense
desmoplastic reaction and perineural invasion (Fig. 1).

Areas of focal ductal proliferation have been noted
both adjacent to in®ltrating pancreatic cancers and in
the setting of chronic pancreatitis. Molecular analysis of
these lesions, termed pancreatic intraepithelial neo-
plasia (PanIN), has shown progressive accumulation
of genetic changes with increasing severity of histologic
atypia. The genetic alterations in PanIN lesions are
similar to those seen in pancreatic adenocarcinomas,

FIGURE 1 Histologic section of an adenocarcinoma of the

pancreas, revealing the characteristic appearance of tumor cells

embedded in dense regions of ®brosis.
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supporting the hypothesis that they are precursor le-
sions. There appears to be a step-wise accumulation
of speci®c genetic alterations in the continuum from
normal tissue to in®ltrating carcinoma, with mutations
in K-ras and Her-2/neu occurring in low-grade lesions,
mutations in p16 present in intermediate-grade lesions,
and p53, DPC4, and BRCA2 mutations present in high-
grade lesions. Although the progressive accumulation of
genetic alterations has been identi®ed, some contro-
versy remains as to whether these lesions originate
from fully differentiated duct cells or metaplastic con-
version of either islet or acinar to ductal cells.

CLINICAL PRESENTATION

The early symptoms associated with pancreatic adeno-
carcinoma are nonspeci®c and therefore patients often
delay seeking medical attention until the disease is ad-
vanced. A common presenting symptom, present in
over 90% of patients with pancreatic cancer, is cachexia,
which usually precedes a diagnosis of pancreatic ade-
nocarcinoma by many months. A major contributor to
eventual mortality, cachexia is due to weight loss from
local obstructive factors causing nausea, vomiting, and
anorexia as well as to elaboration of tumor factors such
as tumor necrosis factor a (TNFa) and cytokines such
as interferon a (IFNa).

Abdominal pain is reported at presentation in
75ÿ90% of patients with pancreatic cancer. The pain
is believed to be caused by compression of, or invasion
into, perineural and splanchnic neuronal structures as
well as contiguous organs and the retroperitoneum.
Because of the proximity of the common bile duct
and duodenum to the pancreas, tumors located in the
head of the organ may grow and compress these struc-
tures. Bile duct compression leads to obstructive
jaundice in 70ÿ85% of patients with pancreatic head
lesions. Compression of the duodenum leads to delayed
gastric emptying and early satiety, contributing to nau-
sea and vomiting, which is initially present in 35ÿ45% of
patients. Up to 5% of patients present with advanced
tumors causing complete duodenal obstruction.

The onset of diabetes mellitus is also associated with
pancreatic adenocarcinoma, with 10ÿ15% of patients
developing glucose intolerance 6ÿ12 months prior to
cancer diagnosis. The onset of diabetes appears to be
due to tumor elaboration of a yet unde®ned factor that
stimulates islet cells to secrete the prodiabetic polypep-
tide amylin. Amylin levels are higher in patients with
pancreatic adenocarcinoma compared to patients with
diabetes and other gastrointestinal malignancies, and
serum amylin levels and insulin resistance abate after
tumor resection.

DIAGNOSIS AND STAGING

Although the constellation of symptoms of abdominal
pain, weight loss, nausea, vomiting, and obstructive
jaundice is highly suggestive of pancreatic malignancy,
other processes that can mimic these symptoms must
also be considered. Benign biliary strictures and com-
mon bile duct stones as well as carcinoma of the bile
ducts or gallbladder can cause these symptoms, as can
ampullary and duodenal tumors. The possible diagnosis
of pancreatic cancer is often proposed during the eval-
uation of obstructive jaundice by transabdominal ultra-
sonographic imaging. Because of multiple variables,
including skill of the examiner, patient habitus, and
overlying loops of gas-®lled bowel limiting complete
imaging, the sensitivity of transabdominal ultrasound
for diagnosing pancreatic cancer has ranged from 44 to
94% in different studies. Even with optimal results,
transabdominal ultrasound is not able to stage patients
or determine resectablity, thus it must always be accom-
panied by another imaging modality.

Once a diagnosis of pancreatic cancer is suspected,
the modality of choice for con®rmation is a helical com-
puted tomography (CT) scan of the abdomen with dual-
phase scan acquisition. Dual-phase scans, acquired
during both the arterial and the portal phases, allow
for pancreatic parenchymal and arterial enhancement
during the former phase, and hepatic parenchymal as
well as peripancreatic venous enhancement during the
later phase (Fig. 2). Enhancement of the pancreatic
parenchyma allows for detection of small, hypodense

FIGURE 2 Dual-phase computer tomography scan of a patient

with a mass in the head of the pancreas (arrow) representing an

adenocarcinoma.
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carcinomas as well as arterial involvement by the tumor,
which directly affects resectability and possible cure.
Tumor involvement of venous vessels and liver metas-
tasis are delineated during the portal phase. The sensi-
tivity of helical CT scanning to detect lesions greater
than 2 cm in diameter is approximately 89%, decreasing
to approximately 71% for lesions less than 2 cm in
diameter, with an overall diagnostic accuracy of 97%
for pancreatic adenocarcinoma.

Besides providing a diagnosis, CT scanning is useful
to determine resectability of the tumor. The criteria
for resectability include absence of extrapancreatic
disease, the absence of tumor extension to the superior
mesenteric artery and celiac axis, and a patent superior
mesentericÿportal vein con¯uence. The accuracy of CT
for predicting unresectability approaches 100%, but the
accuracy for predicting resectability is only approxi-
mately 30% due to the limited ability to detect small
metastases to the surface of the liver, peritoneum, lymph
nodes, and peripancreatic soft tissue.

Other modalities may be used to better de®ne
resectability prior to laparotomy. However, magnetic
resonance imaging (MRI) and magnetic resonance
cholangiopancreatography (MRCP) offer no diagnostic
advantage over CT, having an accuracy of 90ÿ100% in
several small series. The only role for magnetic reso-
nance imaging in evaluating for potential pancreatic
malignancy is in patients allergic to the iodinated con-
trast material used for CT imaging, because the contrast
agent used, gadolinium, is associated with a lesser in-
cidence of severe allergic reactions. Positron emission
tomography (PET) scanning with¯uodeoxyglucoseF18
offers promise for delineating in¯ammatory from neo-
plastic pancreatic processes, although experience is lim-
ited and data are unavailable for assessing overall
accuracy.

Endoscopic ultrasonography (EUS) is highly sensi-
tive for diagnosing pancreatic cancer, with an overall
sensitivity of approximately 93% when combining data
from various studies. EUS is particularly useful for
detecting small (52 cm) pancreatic tumors that may
not be well visualized by CT, as well as in assessment
of local vascular involvement. Combining EUS with
®ne needle aspiration (FNA) of the tumor increases
the speci®city of EUS alone for diagnosing pancreatic
cancer.

ERCP allows for visualization of the biliary and pan-
creatic ductal structures and may be useful for diagnos-
ing the cause of biliary obstruction when no mass is
evident by CT scanning, such as in ampullary tumors
or cholangiocarcinoma, and for differentiating focal
pancreatitis from neoplasm. Dilation of the distal pan-
creatic and common bile ducts with proximal

stricturing of both structures, the `̀ double duct sign,''
is highly suggestive of adenocarcinoma affecting the
head of the pancreas (Fig. 3). Data summarized from
16 studies suggest that ERCP has a sensitivity of 92% and
a speci®city of 96% for diagnosing pancreatic cancer.
Bile aspiration for cytologic evaluation and tissue sam-
pling by biopsy and ductal brushing can also be per-
formed at the time of ERCP. Biliary decompression can
also be achieved at ERCP if a tumor has been deemed
unresectable or if a patient with symptomatic biliary
obstruction will have a delay prior to resection. Multiple
studies have failed to show a bene®t from routine pre-
operative biliary decompression, and some studies have
shown increased operative morbidity related to infec-
tious complications.

In addition to radiographic and endoscopic assess-
ment, laparoscopy has been proposed as an accurate
means of evaluation for resectability prior to laparot-
omy. Evaluation begins with a thorough inspection of
the abdomen, including the liver and peritoneal sur-
faces. Any suspicious nodules should be biopsied for
histological assessment. Metastatic disease not identi-
®ed by spiral CT can be detected in as many as 30% of
patients undergoing laparoscopic staging of pancreatic
cancer. The addition of laparoscopic ultrasonography to
evaluate for intrahepatic and lymph node metastasis as
well as unrecognized vascular invasion may further alter
the management of additional patients.

Because of the limitations of detecting very early
pancreatic cancers, development of a biological marker
that could detect these early lesions may translate into

FIGURE 3 The `̀ double duct sign.'' Endoscopic retrograde

cholangiopancreatography of a patient with adenocarcinoma of

the head of the pancreas reveals that both the common bile duct

(arrow) and the pancreatic duct (arrowhead) are compressed by

the tumor.
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decreased mortality. Although many tumor markers
have been investigated, currently none exists with ac-
ceptable speci®city either for con®rmation of pancreatic
adenocarcinoma in equivocal cases or for routine
screening.

CA 19-9 is presently the most widely used serum
marker for pancreatic cancer. CA 19-9 is a sialylated
Lewisa antigen associated with circulating mucins and
is expressed in normal pancreatic, biliary, and gastric
epithelial cells. Although it is most frequently elevated
in pancreatic adenocarcinoma, it may also be expressed
in biliary, gastric, and colonic malignancies as well as in
acute and chronic pancreatitis, hepatitis, and biliary
obstruction. Marked elevations are found in acute
cholangitis and hepatic cirrhosis. The reported sensitiv-
ities and speci®cities of CA 19-9 for diagnosing pancre-
atic adenocarcinoma are related to the serum cutoff level
selected. A cutoff of 15 U/ml produces a sensitivity
of 92% and a speci®city of 60%, whereas a cutoff of
1000 U/ml yields a sensitivity of 40% and a speci®city
of 99%. When using the usual cutoff of 37 U/ml, com-
bined studies have shown a sensitivity of 81ÿ85% and a
speci®city of 81ÿ90%.

Carcineoembryonic antigen (CEA) is commonly
used as a serum marker for colon cancer. It has been
investigated as a marker for pancreatic adenocarcinoma,
but its sensitivity and speci®city from combined studies
is 58 and 75%, respectively. A higher diagnostic accu-
racy of 83% is observed when measuring CEA levels in
pancreatic juice rather than in serum. The oncogene
K-ras is mutated in more than 90% of pancreatic adeno-
carcinomas and can be detected in the pancreatic juice
from 55ÿ77% of these patients. Several reports retro-
spectively examining pancreatic juice specimens from
patients subsequently diagnosed with pancreatic adeno-
carcinoma have suggested that screening for K-ras mu-
tations may be effective for the early detection of
pancreatic cancer, but the utility of this is limited by
the ®nding that K-ras mutations are also present in some
cases of chronic pancreatitis. Whether K-ras mutations
in the setting of chronic pancreatitis predict those who
are at increased risk for developing pancreatic adeno-
carcinoma is currently unknown.

In some cases, even after multiple diagnostic modal-
ities have been applied, it is still impossible to differen-
tiate pancreatic adenocarcinoma from some other
in¯ammatory process, often chronic pancreatitis, prior
to laparotomy. In these instances, particularly when a
pancreatic mass is identi®ed in the setting of antecedent
chronic pancreatitis, a tissue diagnosis is not necessary
prior to resection. Although this approach risks over-
treating a benign process, the greater concern is under-
treating a potentially curable malignancy.

SURGICAL TREATMENT

Only approximately 20% of pancreatic tumors are re-
sectable at the time of diagnosis due to local vascular
invasion in 40% of patients and metastatic disease pres-
ent in 40%. Currently, the only potential cure for pan-
creatic adenocarcinoma is surgical resection. Because
lesions originating in the head and uncinate process
of the pancreas obstruct the bile duct and cause
jaundice, they tend to present at an earlier stage and
have a higher resectability rate than do cancers in the tail
and body. The uncommon lesion in the pancreatic body
or tail that is resectable may be treated by distal or
subtotal pancreatectomy and splenectomy, whereas
pancreatic head and uncinate lesions are treated by
pancreaticoduodenectomy.

Although survival rates following pancreaticoduo-
denectomy are approximately 25% at 5 years with
negative margins of resection, given the low postoper-
ative mortality of 1ÿ4% and the chance for cure, most
patients with resectable disease and no prohibitive
comorbidities undergo this operation. The procedure
involves division of either the distal stomach, in the
classic Whipple operation, or the proximal duodenum
2ÿ3 cm distal to the pylorus in the pylorus-preserving
modi®cation, with en bloc resection of the distal com-
mon bile duct and involved portion of the pancreas
along with the duodenum to the ligament of Treitz.
Reconstruction consists of pancreatic, biliary, and
either gastro- or duodenoenteric anastomoses, usually
in that anatomical order. Typically, the proximal jeju-
num is used to reestablish pancreaticÿenteric continu-
ity, although the stomach is preferred by some surgeons,
with roughly equivalent results.

Several important controversies surround the tech-
nical aspects of this operation. In Whipple's original
description, the stomach was transected proximal to
the antrum, whereas in the pylorus-preserving modi®-
cation, the duodenum is transected 2ÿ3 cm distal to the
pylorus. The more extensive gastric resection was per-
formed not only on oncologic grounds, but also to re-
duce the acid burden and subsequent incidence of
marginal ulceration. Pylorus preservation maintains
normal gastrointestinal physiology, speci®cally in
terms of acid production, gastric reservoir and emptying
functions, and hormone secretion. The rates of early
postoperative delayed gastric emptying are similar for
the two procedures, and pyloric preservation shortens
operative time and is associated with no adverse early or
late sequelae.

The extent of peripancreatic dissection is also
the source of some controversy. The extended or rad-
ical pancreaticoduodenectomy entails en bloc wide
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retroperitoneal lymphadenectomy and often resection
of the superior mesenteric veinÿportal vein con¯uence
along with the tumor. Arguments that favor this ap-
proach claim improve resectability and cure rates, yet
suf®cient data are currently lacking to make a ®nal de-
termination. Although operative mortality rates associ-
ated with pancreaticoduodenectomy are typically
1ÿ4%, up to half of the patients undergoing this oper-
ation will experience a complication. Approximately
30% of patients undergoing a pancreaticoduodenec-
tomy will experience delayed gastric emptying, though
to be related to decreased motilin levels, removal of the
duodenal pacemaker and disruption of gastroduodenal
neural connections. Erythromycin, a motilin agonist,
has been found to improve gastric emptying of both
solids and liquids when administered intravenously
during the postoperative period.

Pancreatic ®stula resulting from failure of healing at
the pancreaticÿenteric anastomosis, with subsequent
intraperitoneal leakage of pancreatic secretions, can
usually be managed conservatively if there is no evi-
dence of abdominal sepsis. Isolated ¯uid collections
should be drained, percutaneously if possible, and the
patient should have nutrition provided parenterally and
remain without oral intake. Intraoperatively, a drain is
usually placed in the vicinity of the pancreaticÿenteric
anastomosis and should be maintained as the ®stula
is allowed to heal.

Intraabdominal abscesses can result from leakage at
the pancreaticÿenteric, gastroenteric, or hepatico-
enteric anastomoses. Patients with evidence of systemic
infection should be evaluated for an intraabdominal
abscess and the collection should be drained, preferably
percutaneously, with the initiation of appropriate anti-
biotics. In addition, hepaticoenteric anastomotic leaks
may require a transhepatic catheter to allow for external
biliary drainage.

PALLIATION OF UNRESECTABLE
PANCREATIC ADENOCARCINOMA

At the time of diagnosis, 80% of patients are not candi-
dates for potentially curative resection, narrowing their
options to medical palliation for the primary disease
and treatment of speci®c complications of pancreatic
cancer. The majority of patients diagnosed with pancre-
atic adenocarcinoma will experience one or more of its
complications, including biliary obstruction, gastric
outlet obstruction, and severe abdominal pain. As
well, with improvements in determining preoperative
resectability of pancreatic cancer, fewer patients

undergo exploratory laparotomy during which pallia-
tive procedures are performed. Palliation of the compli-
cations of pancreatic cancer may be achieved
nonsurgically in most cases.

Up to 70% of patients with pancreatic cancer will
develop obstructive jaundice and accompanying
pruritis with an increased risk of cholangitis. In patients
deemed unresectable intraoperatively, a biliaryÿenteric
bypass may be performed for decompression. The pre-
ferred procedures involve hepatico- or choledo-
cojejunostomy; cholecystoenterostomy is associated
with a rate of recurrent jaundice of 20%. In patients
deemed unresectable who do not undergo an operation,
endoscopic or transhepatic radiographic placement of a
biliary stent may be accomplished. Radiographically
placed transhepatic catheters with exclusive external
biliary drainage result in large ¯uid and electrolyte
losses and are less desirable for palliation of obstructive
jaundice in patients with pancreatic cancer. This
procedure is reserved for patients who fail internal
endoscopic drainage. Biliary decompression prior to
planned resection should be limited to cases with severe
symptoms of obstructive jaundice in which surgery is
delayed.

Gastric outlet obstruction from duodenal compres-
sion will affect up to 25% of patients with pancreatic
cancer and may require surgical gastric bypass for pal-
liation. Controversy exists as to whether patients
deemed unresectable at exploratory laparotomy should
undergo a prophylactic gastroenteric bypass. Propo-
nents cite the higher mortality rate, approaching 25%,
for patients requiring a second operation for palliation
of gastric outlet obstruction following exploratory lap-
arotomy, as well as no increase in mortality when gastric
bypass is performed at the initial operation. Increased
morbidity associated with gastric bypass, most notably
delayed gastric emptying, as well as increased hospital
stay and overestimation of the need for gastric bypass
at the time of exploration is cited by its opponents. A
confounding factor in the discussion of pancreatic
cancer-related gastric outlet obstruction is whether
common symptoms of nausea and vomiting represent
gastroparesis or true mechanical obstruction. Clearly,
any patient with radiographically con®rmed gastric
outlet obstruction associated with pancreatic adenocar-
cinoma who is ®t for surgery should undergo gastro-
enterostomy, using either an open or laparoscopic
technique. Limited data are available regarding the
use of endoscopically deployed duodenal stents in
this setting.

Severe, debilitating abdominal pain and back
pain are a frequent complication of pancreatic
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adenocarcinoma, often requiring signi®cant analgesia
for adequate palliation. Chemical splanchnicectomy
with 50% ethanol, performed either at the time of
exploration or subsequently through the percutaneous
route, has been shown to palliate pain associated
with pancreatic adenocarcinoma, although its duration
is limited. When performed intraoperatively, this pro-
cedure has not been accompanied by increases in mor-
bidity, mortality, return to oral intake, or length of
hospital stay.

Thoracoscopic splanchnectomy, using video-
assisted thoracoscopy, transects the pain ®bers in the
posterior mediastinum as they course cephalad through
the sympathetic chain. The short-term ef®cacy is clear,
with 99% of patients reporting excellent analgesia and
50% reporting a sustained effect at 4 months. This pro-
cedure does involve a general anesthetic, a hospital stay,
and an associated risk of complications that occur more
often and are more severe compared to chemical
splanchnicectomy. The role of palliative radiotherapy
for pain control has been used, but has several limita-
tions, including extended length of time for pain control
to be achieved and need for repeated hospital visits.

For the 80% of patients deemed unresectable, pal-
liative chemoradiation has been shown to increase sur-
vival and possibly to reduce severity of pain compared
to untreated patients. In 1981, the Gastrointestinal
Tumor Study Group (GITSG) published results of a
trial in which patients surgically staged to con®rm un-
resectability and no evidence of peritoneal or liver me-
tastases were randomized to receive either external
beam radiation alone or external beam radiation with
5-¯uorouracil (5-FU). Patients treated with chemora-
diation fared better in terms of median survival (49
weeks) than did those receiving radiation alone (22
weeks). Other studies have con®rmed the bene®t of
multimodality therapy over either radiotherapy or che-
motherapy alone. In a subsequent GITSG trial, patients
received either combined streptozotocin, mitomycin C,
and 5-FU (SMF) alone or radiotherapy with 5-FU
followed by SMF. The median survival in patients re-
ceiving chemoradiation was 42 weeks, compared with
32 weeks in those assigned to the chemotherapy alone
group, and 1-year survival was 41% in the chemoradia-
tion group and 19% in the SMF alone group.

A recent advance in the chemotherapeutic regimen
to treat pancreatic adenocarcinoma is the use of
gemcitabine, a potent radiosensitizer. Gemcitabine
has been shown to improve survival when compared
to 5-FU, with reported 1- year survival rates of 18 and
2%, respectively. As well, gemcitabine appears to confer
clinical bene®t in terms of decreased pain intensity and

analgesic consumption with improvement in overall
functional status.

NEOADJUVANT THERAPY

The observation that 25ÿ30% of patients do not receive
adjuvant therapy following pancreatic resection due
to prolonged recovery, perioperative complications,
or patient refusal has led to the investigation of preop-
erative chemoradiation. Besides increasing the number
of patients able to complete multimodality therapy, neo-
adjuvant therapy has been studied for its ability to con-
vert locally unresectable pancreatic cancer to resectable
disease. Other advantages of this modality include more
effective radiation therapy to well-oxygenated cells not
devascularized by surgery, reducing tumor dissemina-
tion during surgical manipulation, and targeting retro-
peritoneal margins of excision that may not be
adequately treated surgically. As well, preoperative
chemoradiation would allow an interval window for
restaging prior to surgical resection so that previously
occult metastatic disease could be detected, thus saving
patients an unnecessary laparotomy. The utility of this
approach is currently under intense investigation.

ADJUVANT THERAPY FOR RESECTABLE
PANCREATIC ADENOCARCINOMA

The basis for adjuvant therapy following surgical resec-
tion with negative margins comes from a GITSG study
that showed a median survival nearly twice as long for
patients treated postoperatively with radiation and
concurrent 5-FU compared to those randomized to
observation alone (20 vs. 11 months, respectively).
Single-institution studies investigating the bene®t of
postoperative chemoradiation compared to observation
have also shown a survival bene®t. Thus, the current
data support the use of postoperative adjuvant chemo-
radiation in patients who undergo surgical resection.

FUTURE STRATEGIES

Although many recent advances have been made in the
treatment of pancreatic adenocarcinoma, including
lower postoperative mortality rates, neoadjuvant ther-
apy, and addition of gemcitabine to the multimodality
armamentarium, none is expected to dramatically alter
the high mortality associated with this disease. The
single advance that offers the most promise is elucida-
tion of the molecular events involved in pancreatic
oncogenesis, metastasis, and resistance to radiation
and chemotherapy.
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Understanding pancreatic adenocarcinoma on a
molecular level allows for the development of targeted
therapies that may be employed either alone or in com-
bination with traditional chemoradiation. The ®nding
that the K-ras oncogene is mutated and activated in over
90% of pancreatic adenocarcinomas, and that this is
an early event in the accumulation of genetic damage,
has prompted investigation into strategies that would
block its activation. SCH 66336, a farnesyl transferase
inhibitor that renders K-ras functionally inactive, as
well as K-ras antisense therapy, are currently being
investigated.

The p53 tumor suppressor is often mutated and
functionally inactive in pancreatic adenocarcinoma,
causing inhibition of a major apoptotic pathway in-
duced by most chemoradiation therapies. Strategies to
correct functional losses are more challenging than are
those that inhibit gene expression or function, but one
promising method is to use genetically modi®ed adeno-
viruses that replicate only in p53-de®cient cells. An
additional challenge for pancreatic cancer is delivering
the virus to the tumor target, although intratumoral
injection using endoscopic ultrasound is an area of in-
vestigation. Other molecular therapeutic targets are an-
giogenic factors such as vascular endothelial growth
factor (VEGF), which is up-regulated in pancreatic ad-
enocarcinoma, growth stimulatory factor receptors
such as the epidermal growth factor receptor and
human growth factor receptor 2 (HER2), as well as
matrix metalloproteinases that degrade the extracellular
matrix, allowing cancer cells to metastasize. Strategies
to antagonize these factors and their function have been
developed and are currently being tested in clinical tri-
als. Although the prognosis of pancreatic adenocarci-
noma remains abysmal, the outlook for novel molecular

strategies that would signi®cantly reduce the mortality
and suffering associated with this disease is very prom-
ising.
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Pancreatic Digestive Enzymes
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translational control The regulation of protein synthesis at

the level where the mRNA sequence is translated into the

amino acid sequence on the ribosome.

zymogen granules Pancreatic acinar cell secretory granules.

zymogens Inactive precursors of certain pancreatic digestive

enzymes that are activated by proteolytic cleavage.

The pancreatic digestive enzymes are a mixture of approx-

imately 20 enzymes synthesized by pancreatic acinar cells

and secreted into the pancreatic ducts. These enzymes are

responsible for almost all of the activity during the lu-

menal phase of digestion in the intestine.

INTRODUCTION

Pancreatic digestive enzymes can be divided into four
groups according to the major class of macronutrients
upon which they act (Table I). There is only one major
form of amylase, DNase, and RNase, possibly due to the

relatively limited number of distinct chemical bonds to
cleave. There is a much more diverse array of proteases,
due to the increased complexity of peptide bonds as
a result of the larger number of amino acids. Multiple
closely related forms, termed isoenzymes, are present
for many proteases, such as trypsinogens 1, 2, and 3.
The biological signi®cance of these multiple gene prod-
ucts is not clear. All of the pancreatic proteases, as well
as phospholipase A2 and colipase, are synthesized as
inactive precursors known as zymogens and designated
by either the pre®x `̀ pro'' or the suf®x `̀ ogen.'' These have
little or no enzymatic activity in the pancreatic juice but
are activated in the intestinal lumen by a cascade in
which the intestinal enzyme enterokinase cleaves and
activates trypsinogen and the released trypsin rapidly
activates the other enzymes. This article addresses the
general features of pancreatic digestive enzymes.

SYNTHESIS AND PACKAGING OF
DIGESTIVE ENZYMES

All of the digestive enzymes contain a sequence in the
nascent peptide that induces translation on ribosomes
attached to the endoplasmic reticulum (ER). The
nascent peptide is inserted through a protein channel
into the lumen of the ER. There the proteins are
processed and folded with the help of intralumenal
chaperone proteins. The proenzymes move to the
Golgi by vesicular transport and in the trans-Golgi net-
work are sorted into newly forming secretory granules,
termed condensing vacuoles, which are distinguishable
in electron microscopic images by their lower density.
With the possible help of granule membrane proteins,
such as GP-2, the contents become more densely packed
and lose some of their water. Mature zymogen granules
then move from the Golgi to the apical region of the cell
in a microtubule-dependent manner, where they await
the signal for exocytosis, the process by which their
contents are released into the acinar lumen. Although
the concept was somewhat controversial in the past, all
the different digestive enzymes synthesized in each cell
are believed to be packaged in the same granules. When
granules differ in enzyme content, it is believed to be due

TABLE I Human Pancreatic Digestive Enzymes

Enzyme Molecular weight (daltons)

Proteases

Trypsinogen 1 25,000

Trypsinogen 2 25,000

Trypsinogen 3 23,400

Chymotrypsinogen 24,000

Proelastase 1 33,000

Proelastase 2 26,600

Kallikreinogen 35,000

Procarboxypeptidase A1 44,500

Procarboxypeptidase A2 47,000

Procarboxypeptidase B1 47,300

Procarboxypeptidase B2 47,300

Glycosidase

Amylase 57,000

Lipases

Triglyceride lipase 48,000

Colipase 10,000

Carboxyl ester hydrolase 100,000

Phospholipase A2 14,000

Nucleases

DNase I 30,000

RNase 15,000
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to different levels of mRNA being expressed in different
cells. For example, the acinar cells surrounding the is-
lets of Langerhans have larger amounts of certain en-
zymes such as amylase, possibly due to locally high
concentrations of insulin. The stimulation of secretion
from such different regions of the gland can result in the
phenomenon of `̀ nonparallel secretion,'' in which the
composition of secreted digestive enzymes changes in
response to a physiological stimulus.

REGULATION OF DIGESTIVE ENZYME
SYNTHESIS BY DIET AND HORMONES

The synthesis of digestive enzymes is regulated at
several levels. Dietary adaptation occurs when the pan-
creas modi®es its composition of different digestive en-
zymes in response to changes in the level of dietary
protein, fat, and carbohydrate. In general, enzyme levels
increase in response to an abundance of their speci®c
dietary substrate. Thus, a high-starch diet induces the
presence of more amylase and a high-protein diet in-
duces the presence of more proteases. This effect takes
2ÿ10 days to occur and is accompanied by changes in
mRNA levels for the individual digestive enzymes. Some
of these effects are well established as being hormonally
mediated. Thus, insulin, which increases in response to
a high-carbohydrate diet, increases amylase mRNA
levels through enhanced gene transcription. Cholecys-
tokinin (CCK) has similarly been related to a high-pro-
tein diet and secretin to a high-fat diet. These changes
have been studied primarily in rodents and their rele-
vance to the human pancreas is unknown.

The second type of regulation is the increased rate of
protein synthesis due to enhanced mRNA translation

that occurs following a meal. In this case, because
mRNA levels are relatively unchanged, synthesis of
all the digestive enzymes increases in parallel and the
main function is to increase the amount of new enzyme
in the cell to be ready for the next meal. This effect is
mediated by the pancreatic secretagogues, CCK and
acetylcholine (the latter is released from the vagal
nerve), insulin, and dietary amino acids, particularly
branched chain amino acids such as leucine. These
all activate a biochemical pathway that involves protein
kinase B (Akt) and mTOR (mammalian target of
rapamycin) and leads to the activation, by phosphory-
lation or dephosphorylation, of speci®c translation fac-
tors and ribosomal proteins that are involved in the
initiation and elongation stages of translation.
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acute pancreatitis An acute condition due to in¯ammatory

disease of the pancreas that typically presents with

abdominal pain and elevated pancreatic enzymes in the

blood.

chronic pancreatitis A persistent in¯ammatory disease of the

pancreas characterized by irreversible morphological

change that often causes pain or loss of exocrine

function or both.

exocrine pancreas The portion of the pancreas that

synthesizes and secretes the components of pancreatic

juice. The juice contains digestive enzymes, water, and

bicarbonate. The pancreatic acinar and ductal cells

constitute the cellular components of the exocrine

pancreas.

pancreatic insuf®ciency Decreased secretion of digestive

enzymes or insulin to the extent that malabsorption or

diabetes mellitus appears. Malabsorption typically man-

ifests with steatorrhea, the presence of more than 7% of

dietary fat in the stool.

Disorders of the exocrine pancreas represent a small seg-

ment of pediatric disease, but are common enough that all

physicians caring for children should have a working

knowledge of the pancreatic diseases that affect children.

Cystic ®brosis is the most common ailment of the exo-

crine pancreas in children, but there are many other

causes of pancreatic dysfunction and in¯ammation in pe-

diatrics that present dif®cult diagnostic challenges. This

article focuses on the disorders of the exocrine pancreas

that affect children except for the pancreatic dysfunction

associated with cystic ®brosis.

CONGENITAL ANOMALIES

Pancreas Divisum

Incomplete fusion of the dorsal and ventral pancreas
may result in the substitution of the dorsal pancreatic
duct, which empties through the relatively small acces-
sory papilla, for the ventral duct as the main conduit for
pancreatic ¯uids (Fig. 1). This anatomical variant, pan-
creas divisum, is the most common congenital anomaly
of the pancreas and the most controversial. Some believe
that an anatomic or functional stenosis at the accessory
papilla produces increased ductal pressure, which, in

turn, causes bouts of acute and recurrent pancreatitis.
Others point out that there is no causal relationship
between pancreas divisum and pancreatitis and that
there is disagreement among clinical studies about
the incidence of pancreatitis in patients with pancreas
divisum. Some studies have found an increased inci-
dence, whereas other studies have failed to con®rm
those ®ndings.

The diagnosis of pancreas divisum is best made
by endoscopic retrograde cholangiopancreatography
(ERCP). The role of magnetic resonance cholangiopan-
creatography (MRCP) has not been established in pe-
diatric patients. Once pancreas divisum is diagnosed,

FIGURE 1 Three variations in ductal anatomy. (A) In 40ÿ50%

of people, the main pancreatic duct enters the duodenum with the

common bile duct and the accessory duct regresses. (B) Five to

10% of people have pancreas divisum. The main and accessory

pancreatic ducts do not connect and each duct drains into the

duodenum through its own papilla. (C) The main pancreatic duct

enters the common bile duct approximately 5 to 15 mm before the

ampulla of Vater in approximately 5 to 10% of individuals.
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the decision to treat, and how to treat, is not straight-
forward. If the patient has had recurrent episodes of
pancreatitis, most gastroenterologists opt for ERCP
therapies, such as sphincterotomy with or without
stenting, particularly if objective evidence of papillary
stenosis exists. Rarely, a surgical drainage procedure is
offered.

Common Channel Syndrome

Abnormal junctions of the common bile duct and
the main pancreatic duct represent another frequently
encountered ductal anomaly. In these cases, the com-
mon bile duct joins the main pancreatic duct 5 to 15 mm
before the ampulla of Vater to create a common channel,
which has been associated with pancreatitis,
choledochal cysts, and, in adults, bile duct or gallblad-
der cancer. Because the juncture occurs before the
sphincter of Oddi, bile can re¯ux into the main pancre-
atic duct and cause pancreatitis. Similarly, pancreatic
juice can re¯ux into the common bile duct, a situation
that may cause some choledochal cysts. Animal models
support both relationships. The presentation of these
patients relates to the symptoms of pancreatitis or of
choledochal cysts. The latter presents with right upper
quadrant pain, jaundice, and, sometimes, a palpable
mass below the liver. The diagnosis can be made by
ERCP, MRCP, or intraoperative cholangiogram. Treat-
ment for choledochal cysts is excision of the cysts with a
Roux-en-Y hepatojejunostomy. Therapy for an isolated
common channel has traditionally been surgical, but,
recently, ERCP treatments have been advocated al-
though long-term studies of outcome after ERCP ther-
apy are lacking.

Annular Pancreas

Annular pancreas is an uncommon developmental
anomaly that is generally associated with other congen-
ital malformations and has a particularly high incidence
in patients with trisomy 21. The exact pathogenesis of
annular pancreas remains unclear although most theo-
ries invoke a failure in one of the steps leading to fusion
of the ventral and dorsal pancreatic buds. Symptoms of
partial or complete upper gastrointestinal obstruction
present at any age, but newborns represent the largest
group. Radiographic studies, such as upper gastrointes-
tinal series, ultrasound, and ERCP, can suggest the di-
agnosis of annular pancreas, but de®nitive diagnosis
occurs at surgery. During surgery, the obstruction is
bypassed by a duodenoduodenostomy or duodeno-
jejunostomy.

Pancreatic Agenesis and Aplasia

Disorders of pancreatic development are rare and
range from complete to partial agenesis of the pancreas.
Only two cases of pancreatic agenesis and ®ve cases of
partial agenesis were described in an autopsy series of
2000 fetuses. These disorders almost certainly arise
from mutations in the genetic or signaling pathways
responsible for the early development of the fetal pan-
creas. In one patient with pancreatic agenesis, a homo-
zygous mutation in the PDX1 gene was identi®ed. PDX1
is a transcription factor that is required for pancreatic
development in rodents and almost certainly contrib-
uted to the lack of pancreatic development in this
patient.

Complete absence of the pancreas is incompatible
with life and is usually diagnosed at autopsy. Newborns
with this disorder have signi®cant intrauterine growth
retardation and insulin-dependent hyperglycemia. In
contrast, most cases of partial pancreatic agenesis re-
main asymptomatic and may be diagnosed at surgery or
autopsy. Only those with less than approximately 5% of
normal tissue will manifest evidence of exocrine dys-
function with poor growth and fat malabsorption or
evidence of endocrine dysfunction with hyperglycemia
and low glucagon levels and response. With treatment of
the endocrine insuf®ciency with pancreatic enzymes
and fat-soluble diets and insulin if required, these
patients may do well.

HEREDITARY DISORDERS

ShwachmanÿDiamond Syndrome

ShwachmanÿDiamond syndrome (SDS) is the sec-
ond most commonly recognized cause of pancreatic
insuf®ciency in children. Estimates of incidence for
this autosomal recessive disease range from 1 in
10,000 to 1 in 50,000 live births. Although the constel-
lation of pancreatic insuf®ciency and hematological ab-
normalities in the face of normal sweat electrolytes
typi®es this disorder, many other organ systems may
be affected (Table I). Among these, the prominent fea-
tures include short stature, skeletal abnormalities, and
learning or behavioral abnormalities.

The pancreas varies in size from normal to small and
has a prominent fatty in®ltration, which replaces acinar
tissue and can be appreciated in computed tomography
of the abdomen. The ducts appear normal and pancre-
atic secretions have relatively normal volume with nor-
mal levels of bicarbonate and chloride. The primary
defect is in the acinar cells and may involve a defective
transcription factor or growth factor, which would also
account for the wide range of organ involvement in SDS.
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Linkage studies suggest that the defective gene or genes
locate in the peri-centrometric region of chromosome 7.
At present, a speci®c gene has not been identi®ed.

Most patients present in infancy with symptoms of
pancreatic insuf®ciency. Interestingly, pancreatic exo-
crine function improves with age and as many as 50% of
patients have normal fecal fat excretion by 4 years of age.
Even so, these patients still have decreased secretion of
pancreatic enzymes in pancreatic stimulation tests.
This is also true of the patients who do not have steator-
rhea. Analysis of pancreatic secretions in this group
still reveals de®cient secretion of pancreatic enzymes
but at levels that permit ef®cient digestion of dietary
fats. Thus, normal fecal fat excretion does not exclude
the diagnosis of SDS.

Likewise, the bone marrow dysfunction, generally
neutropenia, anemia, or thrombocytopenia, is not al-
ways found initially. Both the neutropenia and throm-
bocytopenia can be intermittent and multiple blood
counts should be performed to aid diagnosis. The ane-
mia is less common than the other two abnormalities
and is often mild. Bone marrow biopsies in patients with
SDS vary considerably and may be normal or show de-
creased cellularity, fat in®ltration, and myeloid matu-
ration arrest.

Therapy is symptomatic and includes optimal pan-
creatic enzyme replacement, fat-soluble vitamin supple-
mentation, and aggressive treatment of febrile episodes,
particularly during periods of neutropenia. Even with
optimal treatment, SDS patients may not reach normal

adult height. Growth hormone therapy does not appear
to alter this outcome. Complications of bone marrow
failure produce the most morbidity and mortality in
SDS. Infections may be life-threatening in patients
with neutropenia, and myelodysplasia, aplastic anemia,
and acute myeloid leukemia may be signi®cantly
increased in SDS patients.

Johansson Blizzard Syndrome

This syndrome also causes pancreatic lipomatosis,
but it is considerably less common than SDS, with fewer
than three dozen cases described. Like SDS, the exocrine
pancreatic insuf®ciency in this syndrome most likely
results from a defect in acinar cell development, whereas
duct function remains intact. In addition to exocrine
pancreatic insuf®ciency, the syndrome includes im-
perforate anus, hypoplastic alae nasi, hypothyroidism,
ectodermal scalp defects, deafness, and mental retarda-
tion. Other endocrine abnormalities and genitourinary
defects have also been described. Unlike SDS, this
syndrome does not include hematological or skeletal
abnormalities.

Pearson's MarrowÿPancreas Syndrome

Described in 1979, this syndrome consists of refrac-
tory sideroblastic anemia with vacuolization of ery-
throid and myeloid precursors. The described
patients all required repeated blood transfusions and
all had failure to thrive. With increased age, many
organs, such as the liver, kidney, intestine, skin, and
nervous system, show abnormalities. The patients who
survived infancy underwent pancreatic stimulation test-
ing, which showed de®cient secretion of digestive en-
zymes, decreased volume, and low bicarbonate
concentrations, indicating defects in both acinar and
duct cell function in distinction from SDS. At autopsy,
®brosis and acinar cell atrophy were found. Fatty in®l-
tration was not present. Mutations, often deletions, in
mitochondrial DNA have been consistently found in
patients with this syndrome. The connection between
mutations in mitochondrial DNA and pancreatic dys-
function has not been established, but may relate to
impaired energy production in the pancreas, which
must meet the high energy requirements required to
produce large amounts of proteins.

Jeune Syndrome

Pancreatic insuf®ciency, abnormalities of the tho-
rax, short-limbed dwar®sm, cystic dysplasia of the kid-
neys, and hepatic portal lesions characterize this rare
syndrome. The skeletal abnormalities in the thorax may

TABLE I Features of ShwachmanÿDiamond Syndrome

Pancreatic exocrine insuf®ciency

Short stature

Hematological changes

Neutropenia

Thrombocytopenia

Anemia

Myelolymphoproliferative disorders

Skeletal changes

Metaphyseal chondrodysplasia

Short or ¯ared ribs

Clinodactyly

Delayed bone age

Recurrent infections

Liver changes

Elevated serum aminotransferases

Periportal ®brosis

Miscellaneous

Psychomotor retardation

Icthyosis

Dental abnormalities
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produce respiratory distress in neonates. Fibrosis and
cystic lesions are found in the pancreas.

Isolated Enzyme De®ciencies

A small number of papers report patients with de-
®ciencies of individual pancreatic digestive enzymes
and of enterokinase, an intestinal brush-border enzyme
that is required for activation of pancreatic zymogens.
The patients with decreased levels of triglyceride lipase
or of colipase, an essential cofactor for triglyceride li-
pase, all had evidence of fat malabsorption that was
improved by pancreatic enzyme supplementation.
These patients presented with oily bowel movements,
but otherwise had no other symptoms and were well
grown. In contrast, the two reported patients with de-
creased trypsin activity presented with severe growth
failure, hypoproteinemia, and edema. Although the au-
thors speculated that the patients had trypsin de®ciency,
the report lacked any supporting evidence for a defect in
trypsin. A later report of patients with identical clinical
symptoms and similarly decreased protease levels raised
additional questions about the existence of isolated
trypsin de®ciency. In these patients, enterokinase was
de®cient in small bowel biopsies, endogenous entero-
kinase corrected the protease de®ciencies, and the
symptoms resolved with pancreatic enzyme supplemen-
tation. No gene defects have been described in patients
with any of these purported de®ciencies and until that
time the existence of these isolated enzyme de®ciencies
is uncertain.

Hereditary Pancreatitis

First described in 1952, hereditary pancreatitis is a
rare disorder causing recurrent episodes of acute pan-
creatitis and, in approximately 75% of patients, chronic
pancreatitis. Multiple pedigrees have been well de-
scribed and it is clear that hereditary pancreatitis has
an autosomal dominant inheritance pattern with ap-
proximately 80% penetrance and a variable clinical
course even among family members.

Recently, mutations in the cationic trypsinogen gene
were linked to the development of hereditary pancrea-
titis in most kindreds. Two mutations, R122H and N29I,
are the most prevalent and have been described in
families from North America, Europe, and Japan. A
few patients have other substitutions at these same
amino acid positions. Additional mutations in the
same gene, A16V, D22G, and K23R, have been de-
scribed in a small number of patients, but these are
weakly associated with pancreatitis.

The mechanism behind the increased incidence of
pancreatitis in patients with mutations in the cationic

trypsinogen gene remains speculative. After the descrip-
tion of the R122H mutation, it was speculated that the
mutation interfered with the normal protective mech-
anisms of the acinar cells against premature activation of
trypsinogen (Fig. 2). Intracellular activation of trypsin-
ogen would permit the activation of other zymogens,

FIGURE 2 Mechanisms that protect the pancreas from prema-

ture trypsinogen activation. Acinar cells synthesize and package

trypsinogen and SPINK1 or pancreatic secretory trypsin inhibitor

at a 5 to 1 ratio. When trypsinogen is activated to trypsin, the ®rst

line of defense is inhibition by SPINK1. If there is enough tryp-

sinogen activation to overwhelm the capacity of SPINK1, then

trypsin autolysis provides a second line of defense. Autolysis be-

gins with cleavage of the bond after arginine 122. In hereditary

pancreatitis, the R122H mutation slows autolysis and allows tryp-

sin to activate other zymogens. Once the zymogen activation cas-

cade begins, autodigestion of the pancreatitis can occur and

produce pancreatitis.
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resulting in damage to the acinar cells. To protect
against premature trypsinogen activation, the acinar
cell contains an inhibitor of trypsin. This ®rst line of
defense is limited and can be overwhelmed by excessive
trypsin activation. In that case, the acinar cell has a
second line of defense, trypsin autolysis. Degradation
begins with hydrolysis at Arg-122. In hereditary pan-
creatitis, the histidine substitution at position 122 pre-
vents autolysis. In vitro studies on human cationic
trypsinogen con®rm the increased autolytic resistance
of the R117H mutant and also demonstrate that the
mutation interferes with multiple protective mecha-
nisms. For instance, the mutation increases trypsinogen
autoactivation. Similar studies on the R29I human cat-
ionic trypsinogen reveal that the mutation results in
faster autoactivation and increased trypsin stability.
Thus, both mutants can increase the trypsin levels in
the acinar cells and cause increased activation of other
zymogens.

Episodes of pancreatitis begin before the age of 20 in
approximately 80% of patients. Pain is generally the pre-
senting symptom and may be accompanied by nausea
and vomiting. Although some authors suggest that
fasting, fatty meals, alcohol, and stress may precipitate
pancreatitis, the triggers for individual episodes remain
ambiguous, despite the considerable progress made
inunderstanding thepathophysiology ofhereditarypan-
creatitis in the past 5 years. The attacks occur with var-
iable frequency and may become less frequent and less
severe with age, but this progression is not universal.

With time, the pancreas atrophies and calci®cations
develop in approximately 50% of patients. Pancreatic
insuf®ciency develops in a sizable proportion of pa-
tients, perhaps as many as 75%. Diabetes mellitus is
also relatively common. In some, glucose intolerance
may be more troublesome during episodes of pancrea-
titis. As in other causes of pancreatitis, pseudocysts and
hemorrhage can complicate the clinical course. Impor-
tantly, the risk of pancreatic cancer is increased above
that for the general population and the cumulative risk
may be 40% by age 70. The incidences of these compli-
cations have not been clearly established, in part be-
cause, until recently, identi®cation of patients was
limited to clinical diagnoses.

Treatment of acute episodes is supportive, as discus-
sed later. Little can be done to prevent episodes. If trig-
gers for acute pancreatitis are identi®ed, they should be
avoided. In most patients, the triggers are elusive. Even
so, patients should be advised to avoid alcohol and med-
ications known to cause pancreatitis. Antioxidant cock-
tails have been suggested as a way to prevent attacks, but
no study has demonstrated clear bene®t. Regular mon-
itoring for complications is an important facet of patient

management. Patients who develop pancreatic insuf®-
ciency should receive pancreatic enzyme and fat-soluble
vitamin supplementation. Some may require insulin.
Chronic pain develops in many patients and presents
dif®cult management decisions. Narcotic analgesia may
be required for long periods of time. Treating structural
complications may relieve pain in some patients.
Pseudocysts can be observed over time for spontaneous
resorption or they may require drainage (Fig. 3). Cur-
rently, endoscopic internal drainage and external drain-
age by interventional radiologists offer viable options to
surgery. The chronicity, size, location, and complexity
of the pseudocyst all contribute to decisions about the
best treatment. Generally, pancreatic duct strictures and
pancreatic stones can be treated by balloon dilation and
stent placement during ERCP. In some patients, surgical
drainage procedures, such as a modi®ed Puestow (lon-
gitudinal pancreaticojejunostomy), are performed in an
attempt to relieve chronic pain. The success of these
procedures is dif®cult to assess because available reports
group hereditary pancreatitis with other forms of
chronic pancreatitis.

ACUTE PANCREATITIS

Pancreatitis in children is not common, although the
true incidence has never been reliably determined. Ear-
lier published series reported 2 to 9 cases per year in
each institution. A more recent series from a large chil-
dren's hospital shows a steady increase in incidence
from 5 cases per year to 113 cases per year 5 years
later. Whether this change represents an actual increase
in incidence or in diagnosis is uncertain.

FIGURE 3 Pancreatic pseudocysts. Fluid collections are com-

mon complications of acute and chronic pancreatitis. Larger col-

lections may persist and develop a pseudomembrane. These

collections can become infected, obstruct other organs, and be

a source of hemorrhage.
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There are multiple causes of acute pancreatitis
in children. Trauma has always been mentioned as
a leading cause of pancreatitis and accounts for approx-
imately 20% of acute pancreatitis in childhood. The
largest proportion of cases, approximately 50%, occur
in patients with associated systemic illness. Approxi-
mately 15ÿ20% of patients have idiopathic pancrea-
titis, 10% have pancreaticobiliary disease such as
gallstones or duct anomalies, and approximately 5%
of pancreatitis cases are associated with medications.
Other causes contribute a small percentage of cases
(Table II). Even though hereditary pancreatitis affects
a small fraction of patients, these patients account for
a disproportionate number of episodes and hospital
admissions.

As in adults, the predominant symptom of acute
pancreatitis in children is pain. Although the pain
can be severe, it may be mild or even absent. Radiation
to the back may occur. Nausea and vomiting may be pre-
sent and sometimes the diagnosis is ®rst suspected be-
cause of feeding intolerance when feeding is introduced

in patients with systemic illness. Transient fever or
jaundice can also be present. Jaundice should raise
concerns about biliary tract involvement. Rarely, pa-
tients present with an abdominal mass or ascites.

The diagnosis of acute pancreatitis can be dif®cult
because no readily available test con®rms the diagnosis.
Most patients are screened with serum amylase and li-
pase levels. There are no studies of the diagnostic per-
formance of either amylase or lipase levels in children.
Although there have been multiple attempts to deter-
mine the sensitivity and speci®city of elevations in both
enzymes in adults, the studies all suffer from the absence
of a method to separately and absolutely document pan-
creatitis. It is clear that both enzymes can be normal
when there is radiographic and clinical evidence of pan-
creatitis. Also, both enzymes can be elevated by other
conditions unrelated to pancreatitis (Table III). The
level of elevation is also not diagnostic although the
higher the level is above the upper reference limit,
the more likely there is to be pancreatic in¯ammation.
Levels just above the upper reference limit may still be
secondary to pancreatitis especially in patients who
present several days after the onset of symptoms.
Other pancreatic products, such as phospholipase A2,
trypsin, trypsinogen activation peptide, and elastase, are
also elevated in pancreatitis, but none has found
widespread use in the clinical laboratory. Serum trans-
aminases are elevated in some patients and the combi-
nation of elevated amylase or lipase and elevated serum
transaminases may be more predictive of pancreatitis
than elevated amylase or lipase alone.

Radiographic studies help in the diagnosis of acute
pancreatitis and in de®ning complications of acute pan-
creatitis. Both ultrasound and computed tomography
(CT scan) have been used to document pancreatitis.
Ultrasound ®ndings include enlargement of the pan-
creas, altered echogenicity of the pancreas, dilated main
pancreatic duct, gallstones, pancreatic calci®cations,
choledochal cysts, and ¯uid collections, either peri-
pancreatic or cystic. CT scan will show similar ®ndings,

TABLE II Etiology of Pancreatitis in Childhood

Trauma

Multisystem disease

Shock

Sepsis

Rheumatological disease

In¯ammatory bowel disease

Infection

Pancreaticobiliary abnormalities

Gallstones

Pancreas divisum

Ductal strictures

Common channel

Choledochal cyst

Drugs

Azathioprine

Valproic acid

L-Asparaginase

Sulfonamides

Thiazides

Metabolic or genetic

Hyperlipoproteinemia I, IV, or V

Cystic ®brosis

Hereditary pancreatitis

Hypercalcemia

Protein-calorie malnutrition

Miscellaneous

Juvenile tropical pancreatitis

Perforated duodenal ulcer

Spinal surgery

Idiopathic ®brosing pancreatitis

Enteric duplication cysts

Idiopathic

TABLE III Causes of Elevated Amylase or Lipase

Pancreatic disease Nonpancreatic causes

Acute pancreatitis Salivary adenitis

Chronic pancreatitis Salpingitis

Pseudocyst End-stage renal disease

Pancreatic ascites Burn injury

Pancreatic cancer Acute cholecystitis

Upper GI endoscopy

Diabetic ketoacidosis

Macroamylasemia

Macrolipasemia
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except that abnormal attenuation, rather than altered
echogenicity, is seen. If the pancreas does not perfuse
with intravenous contrast during the CT scan, pancre-
atic necrosis is likely. MRCP may be helpful in de®ning
abnormalities of the ductal system, but its utility in pe-
diatric patients has not been carefully studied. ERCP
should be reserved for patients with unexplained recur-
rent episodes of pancreatitis, a prolonged episode of
pancreatitis, or gallstone pancreatitis.

Medical management of acute pancreatitis is sup-
portive and consists of providing adequate ¯uids and
analgesia and of monitoring for metabolic complica-
tions (Table IV). Nutritional therapy should be started
early in the hospitalization. Until recently, parenteral
nutrition was considered the only option, but several
studies show that adult patients with acute pancreatitis
tolerate jejunal feeding with fewer complications than
those given parenteral nutrition.

Fortunately, pancreatitis is generally not severe in
children. Hemorrhagic pancreatitis and infected pan-
creatic necrosis can occur, but the incidence has not
been adequately established. Hypovolemic shock and
severe underlying systemic illness are risk factors for
severe pancreatitis in children. Typically, patients with
severe pancreatitis develop ominous clinical ®ndings
such as peritoneal signs, respiratory distress, or circu-
latory collapse. The utility of either the Ranson or
APACHE II scoring system for the severity of pancrea-
titis has not been tested in pediatrics. The prophylactic
use of broad-spectrum antibiotics in severe pancreatitis
remains an unsettled issue because current evidence
supporting this approach has many uncertainties and
leaves unanswered a number of questions about details
of therapy. Still, many clinicians would commence a
course of broad-spectrum antibiotics in critically ill pa-
tients. Surgical debridement is rarely required in chil-
dren, but should be considered in patients with necrosis
who are deteriorating or failing to progress despite max-
imal supportive care.

Other complications of pancreatitis may require
speci®c treatment. Pancreatic pseudocysts occur fre-
quently in children and are managed as discussed

earlier. Abscesses can often be treated with external
drainage and intravenous antibiotics and surgical drain-
age is rarely necessary. Surgery may be necessary for
traumatic rupture of the duct although endoscopic
stenting across the disrupted duct is another option.

CHRONIC PANCREATITIS

The distinction between acute and chronic pancreatitis
may present diagnostic problems, particularly in the
early stages of chronic pancreatitis. To make a diagnosis
of chronic pancreatitis, irreversible morphological
changes in the pancreas must be present. These changes
are most often determined by radiographic studies or by
ERCP (Fig. 4). The presence of permanent exocrine
insuf®ciency and diabetes mellitus in association with
the morphological changes greatly aids the diagnosis.
Patients with recurrent pancreatitis that is secondary to
ductal obstruction may show radiographic changes sim-
ilar to those seen in chronic pancreatitis and may even
have evidence of decreased function, but these can im-
prove on correction of the obstruction.

In pediatrics, cystic ®brosis is by far the commonest
cause of chronic pancreatitis. Other causes, hereditary
pancreatitis and SDS, have been discussed. The remain-
ing causes occur quite infrequently. Many cases remain
idiopathic despite advances in the diagnosis of genetic
and structural defects. In a few affected patients, biopsy
of the pancreas reveals marked ®brosis of the paren-
chyma with relative sparing of islets. This entity has
been called juvenile idiopathic ®brosing pancreatitis
and may lead to pancreatic or bile duct obstruction
by ®brotic tissue. Other identi®able causes of chronic
pancreatitis include hyperparathyroidism (in which the
hypercalcemia is thought to cause repeated episodes of
pancreatitis) and hyperlipidemias, in particular types I,
IV, and V. Tropical pancreatitis is found only in tropical
areas including south India and Africa and its etiology
remains unknown. Autoimmune pancreatitis causes
chronic pancreatitis associated with increased serum
gamma globulin, autoantibodies, enlargement of the

TABLE IV Complications of Acute Pancreatitis

Local Systemic

Edema Shock

In¯ammation Pulmonary edema

Fat necrosis Pleural effusions

Phlegmon Acute renal failure

Hemorrhage Coagulopathy

Abscess Hypocalcemia

Fluid collections Hyperglycemia

Extension to nearby organs Distant fat necrosis

FIGURE 4 ERCP in chronic pancreatitis. (A) Normal ductal

anatomy is visualized by contrast injection. (B) The dilated and

tortuous main pancreatic duct in a patient with chronic pancre-

atitis. A stricture is present near the tail (arrow).
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pancreas, which may be diffuse or localized, and a nar-
row main pancreatic duct. Although rare, the diagnosis
is important because these patients respond to steroid
therapy. To date, there have been no reports of autoim-
mune pancreatitis in children. The diagnosis and treat-
ment of childhood chronic pancreatitis are the same as
discussed for hereditary pancreatitis.
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is predominantly glandular or ductal.

ascites the accumulation of free ¯uid in the peritoneal cavity.

Blumer's shelf Palpable rectovaginal or rectovesical nodu-

larity that may represent metastatic disease from an

intra-abdominal or retroperitoneal malignancy.

carcinomatosis The presence of widespread peritoneal
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cholangitis Infection of the biliary tract.

Courvoisier's sign A nontender, palpable gallbladder, often

associated with a malignant obstruction of the common

bile duct.

double duct sign A radiographic sign seen on computed

tomography scan or endoscopic retrograde cholangio-

pancreatography that results from the simultaneous

obstruction of the common bile duct and pancreatic

duct by a mass from the head of the pancreas.

endoscopic retrograde cholangiopancreatography A method

of cholangiography that involves cannulating the

sphincter of Oddi under direct vision through a ®ber-
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via an endoscope that can be useful in evaluating the

presence and character of a gastric, duodenal, biliary, or
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gastric outlet obstruction A clinical condition that consists

of epigastric abdominal pain, early satiety, and post-

prandial emesis that can be associated with, but is not
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gastric varices Dilated gastric veins that occur as a result of

portal hypertension; may also occur as a result of splenic
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jaundice Yellowish discoloration of the skin.

oncogene The altered form of a proto-oncogene that

promotes uncontrolled cell proliferation.

proto-oncogene Cellular genes that are involved in the regula-

tion of proliferation, development, and differentiation.

Sister Mary Joseph's nodule Periumbilical mass that may

contain lymph node metastases from a peritoneal source

of malignancy.

steatorrhea Excess fecal fat, which may be a manifestation

of pancreatic exocrine insuf®ciency and fat malabsorp-

tion.

Trousseau's sign Recurrent or migratory super®cial throm-

bophlebitis that may be an early manifestation of

abdominal cancer or other systemic illnesses.
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tumor suppressor gene Altered form of anti-oncogene whose

loss-of-function or deactivation has a permissive role in

the development of a neoplasm.

Virchow's node Lymph node located at the terminus of the

thoracic duct in the left supraclavicular region that may

contain lymph node metastases from distant primary

sites via the retroperitoneal and postmediastinal lymph

channels.

Pancreatic ductal adenocarcinoma is a malignancy of the

exocrine pancreas that is the ®fth leading cause of cancer-

related deaths. Although the exact cause of this disease is

unknown, factors thought to contribute its etiology in-

clude cigarette smoking and other environmental risks.

The molecular mechanisms involved in the pathogenesis

of these tumors include mutations in the K-ras oncogene,

p53 and DPC4 tumor suppressor genes, and the p16 cell

cycle regulatory protein. The clinical symptoms of pan-

creatic cancer include jaundice, abdominal pain, and

weight loss. There is often a delay in diagnosis that con-

tributes to the high rate of mortality resulting from the

disease. Newer diagnostic and staging modalities involve

the use of tumor markers, helical computed tomography

scanning, magnetic resonance imaging, endoscopic ultra-

sound, and laparoscopy. If the tumor is localized to the

pancreas, surgical resection offers the only chance of long-

term cure. Adjuvant chemoradiation strategies can im-

prove survival and decrease local recurrence. In advanced

disease, palliation of obstructive jaundice, gastric outlet

obstruction, and pain is important.

INTRODUCTION

In the United States, pancreatic cancer (ductal adeno-
carcinoma) accounts for approximately 30,000 deaths
per year. The majority of patients present in the late
stages of the disease with locally advanced or metastatic
tumors. Only 10ÿ20% of patients are candidates for
resection and hence have any potential for cure. The
signs and symptoms of pancreatic cancer vary from
vague nonspeci®c abdominal complaints to severe
jaundice and often the diagnosis can be dif®cult, espe-
cially in the early stages. Until the past decade or so, the
traditional approach was surgical exploration for tissue
diagnosis, staging, and assessment of resectability.
More recently, sophisticated tests, including thin-cut
helical computed tomography (CT) scan, magnetic res-
onance imaging (MRI), endoscopic ultrasound (EUS),
biochemical tumor markers, ®ne-needle aspiration
(FNA) cytology, and laparoscopy, have added a new
dimension to the diagnosis and staging of pancreatic
carcinoma. The treatment of pancreatic cancer is surgi-
cal resection, when possible. Adjuvant chemoradiation

has been shown by several, but not all, studies to im-
prove survival. The overall prognosis for these patients
depends on pathologic variables of the tumor. Future
strategies for earlier diagnosis and treatment are focused
on the evolving knowledge of the genetic mutations that
characterize pancreas cancer.

EPIDEMIOLOGY AND ETIOLOGY

Cancer of the pancreas is distinctly more common in
older people with most patients between the ages of 65
and 80 at diagnosis. There is a slight male predilection
for the disease with the male to female ratio being 1.3 to
1.0. The strongest association is between pancreatic
cancer and cigarette smoking. Current estimates suggest
that 30% of pancreatic cancer cases are due to cigarette
smoking. A high-protein and high-fat diet, characteris-
tic of the Western population, has been proposed as a
possible factor. Exposure to industrial carcinogens, es-
pecially betanaphthylamine and benzidine, has been
documented in pancreatic cancer patients. A higher
that normal incidence rate of the neoplasm has also
been reported in chemists, workers in metal industries,
and coal and gas plant employees.

Diabetes mellitus has been proposed as a risk factor
for pancreatic cancer. However, a large cohort study
examining this issue showed that the diabetes was typ-
ically of new onset, indicating that it was brought on by
the tumor. Another known risk factor is longstanding
chronic pancreatitis. Such patients have a 1.8 and 4.0%
chance of developing pancreatic cancer 10 and 20 years,
respectively, after their initial diagnosis of chronic pan-
creatitis. Finally, pancreatic cancer is associated with
certain inherited diseases, such as the atypical mole
melanoma syndrome and hereditary pancreatitis.

PATHOLOGY AND
MOLECULAR BIOLOGY

Most (95%) malignant neoplasms of pancreatic origin
arise from the exocrine portion of the gland, with ductal
adenocarcinomas being the most common subtype. The
predominant histologic feature of these tumors is a
dense collagenous stroma with atrophic acini, remark-
ably preserved islet cell clusters, and a slight to moderate
increase in the number of ducts, both normal-appearing
and cancerous (Fig. 1). The diagnosis of ductal adeno-
carcinoma rests on the identi®cation of mitoses, nuclear
and cellular pleomorphism, discontinuity of ductal
epithelium, and evidence of perineural, vascular, or
lymphatic invasion. Much more infrequent are tumors
arising from the islets of Langerhans (endocrine cells
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of the pancreas). Primary nonepithelial tumors of
the pancreas (e.g., lymphomas or sarcomas) are
extremely rare.

Sporadic cancers of the pancreas are frequently as-
sociated with the activation of an oncogene, K-ras, and
the inactivation of multiple tumor suppressor genes,
including p53, DPC4 (deleted in pancreatic carcinoma,
locus 4), p16, and Rb. Up to 90% of human pancreatic
cancers have ras gene mutations, most of which are
K-ras mutations, and K-ras mutations seem to be an
early event in pancreatic carcinogenesis. A number of
studies have indicated that p53 mutations are relatively
common in adenocarcinoma of the pancreas, occurring
in 70% of patients. In addition, p53 mutation may be an
independent prognostic factor in patients with pancre-
atic ductal adenocarcinoma. Mutations in the p16 gene
are found in approximately 60% of pancreatic adeno-
carcinomas and may be associated with short patient
survival. DPC4 is inactivated in approximately half of
all pancreatic cancers and, in contrast to p53 and p16,
appears to be relatively speci®c to pancreatic cancer.

CLINICAL PRESENTATION

The clinical features of pancreatic cancer vary from
vague symptoms of abdominal discomfort to anorexia,
weight loss, and obstructive jaundice (Table I). The
initial symptoms and signs depend on the site and extent
of the pancreatic cancer. Not surprisingly, tumors of the
pancreatic body and tail can grow to a very large size
before obvious symptoms alert the patient or physician
to the diagnosis. On the other hand, small tumors, when
located in the pancreatic head, can cause obstructive

jaundice or `̀ pancreatitis,'' alerting the clinician to sus-
pect pancreatic cancer.

Progressive jaundice occurs in over 75% of patients
with carcinoma of the head of the pancreas and the
incidence of jaundice decreases as the location of the
lesion progresses to the left toward the tail of the pan-
creas. Occasionally, a tumor may invade and compress
the third or fourth part of the duodenum without actu-
ally obstructing the common bile duct. This is often seen
in cancer originating in the lower part of the uncinate
process that tends to extend inferiorly into the root of
the superior mesenteric vessels. Pain is extremely fre-
quent and the classic description of painless jaundice is
rarely encountered. Weight loss and anorexia are also
common symptoms even in early stages. Nausea, epi-
gastric bloating, change in bowel habits, and vomiting
are occasionally present. Hematemesis and melena may
sometimes occur in late cases as a result of direct inva-
sion into the duodenal or gastric mucosa by tumor or
portal veinÿsplenic vein compression by the tumor,
leading to gastric varices. Chills and fever due to ascend-
ing cholangitis rarely occur even in longstanding biliary
obstruction unless the biliary tree is contaminated
by catheterization at endoscopic retrograde cholangio-
pancreatogram (ERCP).

Physical examination may not be pathognomonic
but may aid in the diagnosis. Approximately 75% of
patients with carcinoma of the head of the pancreas
are jaundiced. The palpable gallbladder (Courvoisier's
sign) may be present in 25% of patients with a malignant
obstruction of the common bile duct. Patients with
advanced disease may present with ascites, palpable
supraclavicular lymphadenopathy (Virchow's node), a
periumbilical mass (Sister Mary Joseph's nodule), or
a palpable rectovaginal or rectovesical nodularity
(Blumer's shelf). Diabetes of recent onset in elderly

FIGURE 1 Hematoxylin and eosin section of pancreatic ductal

adenocarcinoma. Note extensive ®brosis and perineural invasion.

TABLE I Signs and Symptoms of Pancreatic Cancer

Jaundice

Pain

Weight loss

Anorexia

Nausea

Bloating

Emesis

Courvoisier's gallbladder

Diabetes of recent onset

Advanced disease

Ascites

Virchow's node

Sister Mary Joseph's nodule

Blumer's shelf

Trousseaus's sign (migratory thrombophlebitis)
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patients with vague gastrointestinal symptoms should
alert the physician to a possible underlying pancreatic
carcinoma. Migratory thrombophlebitis (Trousseau's
sign) can be present in any patient with advanced
cancer, is not speci®cally indicative of pancreatic car-
cinoma, and, by itself, does not merit diagnostic
laparotomy or laparoscopy.

DIAGNOSIS AND STAGING

It is clear that no clinical feature by itself is suf®ciently
accurate to make a de®nite diagnosis of, or to exclude, a
pancreatic cancer. The following list should serve as a
guideline to choose those patients who may warrant
further investigation of the pancreas. The clinical sus-
picion should be increased in patients who are over 40
years of age, who are heavy cigarette smokers, and who
present with any of the following symptoms: (1) ob-
structive jaundice; (2) unexplained recent weight loss
greater than 10% of body weight; (3) unexplained upper
abdominal or lumbar back pain; (4) unexplained dys-
pepsia; (5) sudden onset of diabetes mellitus without
any predisposing factors, such as a family history of
diabetes mellitus or obesity; (6) one or more attacks
of `̀ idiopathic'' pancreatitis; and (7) unexplained steat-
orrhea. It should be remembered that the earlier the
cancer, the more dif®cult it is to achieve a positive
diagnosis, even at operation.

CA 19{9 and Other Tumor Markers

CA 19{9 was ®rst described in 1979 as a tumor-
associated antigen and later identi®ed as a Lewis
blood group-related mucin. Although initially CA
19{9 was thought to be useful in the management of
patients with colorectal carcinoma, its role in pancreatic
cancer became more evident. Over the past 10 years,
several hundred papers have subsequently documented
the utility of CA 19{9 in the diagnosis, prognosis, and
monitoring of pancreatic cancer. However, as is the case
with most tumor markers, the sensitivity of CA 19{9 is
not perfect. Therefore, the proper role for CA 19{9 is as a
diagnostic adjunct or simply as another piece of critical
diagnostic information to be integrated into the
diagnostic decision-making process.

When CA 19{9 reference values of 490 or
4200 U/ml are used, the diagnostic accuracy for pan-
creatic cancer is 85 or 95%, respectively. However, there
are several factors that in¯uence CA 19{9 interpretation,
most importantly the degree of jaundice. The false in-
crease is likely because of hepatic insuf®ciency to de-
grade and excrete CA 19{9 metabolically. Additionally,
CA 19{9 levels can be elevated in other tumor types,

such as lung and ovarian cancers. Even in severe cases of
pancreatitis, high CA 19{9 levels are noted. Interferon
signi®cantly elevates CA 19{9. Finally, patients with the
Lewis blood phenotype (-a, -b) and pancreatic cancer
may not have elevated levels of CA 19{9. The combined
use of CT and CA 19{9 in nonicteric patients provides a
positive predictive value of 99 to 100% in the diagnosis
of pancreatic cancer when a reference value of 100 U/ml
is used. Likewise, better results are obtained if CA 19{9
is used in conjunction with ultrasound or ERCP. A host
of other tumor markers, such as CA 125, CEA, CA 494,
CA 242, CA 50 SPAN-1, DU-PAN 2, and CA12ÿ5, have
been described for detection of pancreatic adenocarci-
noma. Although some of these markers appear promis-
ing, most of them are not widely available and have not
been tested to same degree as CA 19{9.

Ultrasonography

Real-time ultrasonography is an excellent modality
for the initial evaluation of upper abdominal pain or
obstructive jaundice. It does not entail exposure to ion-
izing radiation and is less costly and time consuming
than CT scan. However, 15 to 20% of ultrasound exam-
inations are technically suboptimal, as a result of bowel
gas interference, obesity, or previous operations. Fur-
thermore, visualization of the body, tail, and uncinate
process is often marginal. Bile duct dilation de®ned as
greater than 7 mm is commonly seen with carcinoma of
the pancreatic head. However, bile duct dilation is not
speci®c for carcinoma and may be indicative of
advancing age, prior cholecystectomy, common duct
stones, ampullary stenosis, and pancreatitis. Pancreatic
ductal dilation, de®ned as ductal diameter exceeding
2 to 3 mm, is one of the most frequent secondary
signs, seen in 20 to 60% of cases of pancreatic cancer.
Most pancreatic cancers are hypoechoic relative to the
normal parenchyma, whereas an increase in echo-
genicity may be found in focal pancreatitis. Ultrasonog-
raphy is also useful in the detection of ascites and liver
metastases. The yield of ultrasonography depends
mostly on the skill of the ultrasonographer and thus
may vary from institution to institution.

Computed Tomography Scanning

Thin-section helical CT scanning through the
pancreas with an intravenous bolus injection of contrast
remains the test of choice to evaluate the extent of dis-
ease in pancreatic cancer and to assess tumor resect-
ability (Fig. 2). Typical CT ®ndings of pancreatic
cancer are those of a mass that deforms the size and
contour of the gland. Most tumors have a central area
of decreased attenuation (hypodense compared to
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normal pancreas). Dilation of the pancreatic duct prox-
imal to the tumor is present in 70ÿ80% of cases. Other
common ®ndings include pancreatic atrophy proximal
to the tumor and a double duct sign if the tumor is
located in the pancreatic head (Fig. 2).

The radiologic criteria for potentially resectable dis-
ease are de®ned as (1) the absence of extrapancreatic
disease; (2) the absence of direct tumor extension to the
superior mesenteric artery and celiac axis as de®ned by
the presence of a fat plane between the low-density
tumor and these arterial structures; and (3) a patent
superior mesentericÿportal vein con¯uence (Fig. 3).
In addition, CT is useful in determining the distant
spread of pancreatic cancer. Liver metastases from

pancreatic ductal carcinoma are hypovascular and are
hypoattenuating to the liver on portal-phase scans
(Fig. 3). Other common sites of metastases include
the mesentery, the omentum, and the lungs. The pres-
ence of ascites usually indicates carcinomatosis and un-
resectability. False-negative CT scanning can be caused
by small (less than 1 cm) metastasis to the liver and
small peritoneal seedings.

Magnetic Resonance Imaging

Although CT scan is typically the ®rst choice in
pancreatic imaging, MRI is rapidly evolving and may
play an increasing role in the evaluation of the patient

A B

FIGURE 2 (A) CT scan showing both common bile duct and pancreatic duct dilation (double duct sign) in a patient

with adenocarcinoma of the pancreatic head. (B) Note the massively enlarged, easily palpable gallbladder (Courvoisier's

gallbladder).

A B

FIGURE 3 (A) CT scan of an unresectable adenocarcinoma of the pancreatic head with tumor encasement of the

celiac artery. Note the extensive venous collateral secondary to occlusion of the superior mesentericÿportal vein con¯uence.

(B) Large hypodense liver metastases in stage IV pancreatic adenocarcinoma.
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with pancreatic cancer. Optimal MRI of the pancreas
uses phased-array surface coils placed anteriorly on
the patient's abdomen and posteriorly against the
spine. Axial T1- and T2-weighted images are then
obtained through the pancreas using a section thick-
ness of 6 to 8 mm, with a 1 to 2 mm gap, respectively.
On axial T1-weighted images, pancreatic abnormalities
generally show decreased signal compared with the
relatively high signal of the normal pancreas. Axial
T2-weighted images are particularly useful in asses-
sing the extent of in¯ammatory or cystic disease
involving the pancreas. Duct dilation is demonstrated
best on T2-weighted or magnetic resonance cholangio-
pancreatography (MRCP) images.

Endoscopic Retrograde
Cholangiopancreatography

Until recently, ERCP played a major role in the
diagnosis of pancreatic cancer. However, rapid techno-
logic advances in newer imaging modalities, such as
MRCP and endoscopic ultrasonography, are rede®ning
the indications for ERCP. Furthermore, ERCP is an
invasive test that carries a morbidity of 2 to 3%, most
commonly from pancreatitis and cholangitis. Therefore,
the role of ERCP in the diagnosis of pancreatic cancer
is rapidly diminishing.

The utility of preoperative endoscopic stent drain-
age in the jaundiced patient has been controversial.
Recent data suggest that preoperative biliary drainage
is associated with increased morbidity and mortality
rates in patients undergoing pancreaticoduodenectomy.
At the Memorial Sloan Kettering Cancer Center, over
half of patients undergoing a Whipple resection under-
went preoperative biliary drainage (endoscopic stents,
percutaneous drains/stents, or surgical drainage). Pre-
operative biliary drainage was determined to be the only
statistically signi®cant variable associated with infec-
tious complications, intra-abdominal abscess, and post-
operative death. These investigators concluded that
stent drainage should be avoided whenever possible
in patients with potentially resectable pancreatic and
peripancreatic lesions.

ERCP will continue to be indicated in the patient
who is not a surgical candidate. Stent drainage is widely
considered a reasonable way of palliating malignant
obstructive jaundice in patients who are not candidates
for operative palliation. Other indications for ERCP
include biliary obstruction that is not associated with
a pancreatic mass. In such cases, diagnostic ERCP may
reveal a nonmalignant cause of biliary obstruction such
as choledocholithiasis, which can be effectively treated
by sphincterotomy and stone extraction. However,

diagnostic endoscopic ultrasound is emerging as the
initial evaluative method, reserving ERCP for sphinc-
terotomy and stone extraction.

Endoscopic Ultrasound

Endoscopic ultrasound produces high-frequency
ultrasonographic images of the pancreas using the wall
of the stomach and duodenum as an acoustical window.
EUS provides an exceptional degree of anatomic detail
that results in the ability to identify and stage lesions
accurately. The pancreas, portal vein, celiac axis, com-
mon bile duct, gallbladder, and liver can all be visual-
ized with EUS (Fig. 4). Although EUS itself does not
provide a tissue diagnosis, the development of EUS-
guided FNA makes diagnosis possible.

An abundance of data indicates that EUS is a sensi-
tive method for the detection of pancreatic tumors. The
larger series have demonstrated sensitivities of 90% or
better. EUS is especially helpful for smaller lesions. In
most studies, EUS is superior to transabdominal ultra-
sound and CT and is equivalent to ERCP for lesions
that are 3 cm or smaller. Most tumors are relatively
hypoechoic compared with pancreatic parenchyma, al-
though the echo pattern becomes mixed and more var-
iable the larger the size of the tumor. Cancers tend to
have an irregular margin, sometimes with extending
pseudopodia, but malignant lesions smaller than
3 cm may have a smooth margin. Unfortunately, areas
of focal in¯ammation can also have a similar hypoe-
choic pattern and therefore the speci®city for EUS for

FIGURE 4 Endoscopic ultrasound of the pancreas. CBD, com-

mon bile duct; GB, gallbladder; P, pancreas; PV, portal vein.
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differentiating pancreatic cancer from focal pancreatitis
is approximately 70%.

Fine-Needle Aspiration Cytology

In patients with potentially resectable disease, per-
cutaneous or endoscopic ultrasound-guided needle
biopsy should be considered only in cases where pre-
treatment cytologic con®rmation of the diagnosis is im-
portant, such as in patients being considered for
preoperative multimodality therapy as part of a clinical
trial. FNA is performed by passing a 21- to 23-gauge
needle into the pancreatic mass using the appropriate
imaging technique for guidance and then applying suc-
tion with a syringe. The specimen is then expressed onto
a microscope slide, smeared, ®xed in 95% alcohol, and
stained by the Papanicolaou or other method. If an ex-
perienced cytopathologist is available, a diagnosis can
generally be made within 20 minutes of obtaining the
biopsy.

The typical ®ndings of pancreatic adenocarcinoma
include single or irregularly arranged clusters of cells
exhibiting cellular pleomorphism, large vesicular nu-
clei, and prominent nucleoli. However, such cytologic
appearances may sometimes fail to differentiate between
an adenocarcinoma, a lymphoma, or an islet cell tumor.
The main problem with ®ne-needle aspiration, how-
ever, is sampling error. A negative cytologic specimen
does not exclude cancer.

FNA of the pancreas is useful for masses in the body
and tail of the gland because cancers in this location are
usually unresectable, especially if there is CT or EUS
evidence of unresectability. It is especially valuable in
the frail or elderly patient in whom one wishes to avoid a
purely diagnostic laparotomy when surgical palliation is
not indicated or warranted. The technique, however,
should not be used for small, potentially resectable can-
cers because of sampling error and the theoretical pos-
sibility of seeding along the needle tract. The pancreas
is a vascular organ with a rich lymphatic network.
Common sense dictates that meddlesome needling
can disseminate a cancer that already has a high pro-
pensity for local invasion and vascular permeation.
When FNA is indicated, EUS may be the preferred
approach, owing to a more direct route that does not
violate the peritoneum.

Laparoscopy

Pancreatic cancer is notorious for its high
predilection for liver and peritoneal metastases. Identi-
fying small (1 to 2 mm) implants that are not de®nable
on CT scan can now be achieved with laparoscopy.
Laparoscopy is minimally invasive and can establish

the diagnosis through visualization and biopsy of met-
astatic lesions. It can also serve as an avenue for obtain-
ing peritoneal cytology, which can be positive in 20 to
30% of cases. With peritoneal lavage, cytologic exam of
washings can be positive up to 30% of the time, indi-
cating tumor unresectability and poor survival (median
56 months).

The exact role of laparoscopy as a diagnostic tool
and in the staging of pancreatic cancer remains to be
de®ned. Studies by Cuschieri and Warshaw have estab-
lished the value of laparoscopy in detecting liver and
peritoneal metastases. However, many of their patients
had locally advanced disease that was not amenable to
surgical resection. When laparoscopy is limited to pa-
tients who ful®lled strict CT criteria for resectabi-
lity, Fuhrman and colleagues could not con®rm the
diagnostic value of routine preoperative laparoscopic
evaluation.

Sequence of Diagnostic Tests

The goal of preoperative diagnostic staging in
pancreatic cancer is to differentiate the small group of
patients who have a potentially resectable localized
cancer from those with locally advanced disease and/
or disseminated metastases. Figure 5 is an algorithm for
the diagnosis and staging of pancreatic tumors. Patients
with a clinical suspicion of pancreatic cancer should
undergo physical examination and laboratory evalua-
tion including CA 19{9 levels. Helical CT scan is the
initial modality used to image the pancreas. MRI offers
an alternative or adjunct to CT imaging of the pancreas.
If the CT scan is equivocal, endoscopic ultrasound has
been found to be useful, especially in the detection of
small ampullary or periampullary neoplasms. If EUS
reveals ®ndings of unresectablity, such as superior mes-
enteric or celiac artery encasement, portal vein occlus-
ion, or liver metastases, a tissue diagnosis can be
established in the same session by EUS-guided FNA.

If the patient appears to have localized, surgically
resectable disease by CT and EUS, it is appropriate to
prepare the patient for an operation. Laparoscopy may
be used as a preliminary test to detect small peritoneal or
liver metastases that were not seen on initial imaging
studies. The authors do not advocate routine biopsy of
the mass or peripancreatic lymph nodes at surgery be-
cause these are excised en bloc with the specimen. On the
other hand, if the tumor is found to be unresectable at
operation, every attempt must be made to establish a
tissue diagnosis by biopsy and frozen section histology
prior to leaving the operating room. This removes any
doubt about the exact diagnosis and the patient can be
referred for palliative treatment.
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CURRENT TREATMENT STRATEGIES
AND PROGNOSIS

Emphasis must be placed on preoperative evaluation
and adequate preparation of patient with pancreatic
cancer. As mentioned earlier, CT scan, cytology, and
EUS provide the surgeon with valuable preoperative
information and obviate the need for time-consuming
maneuvers on the operating table. It cannot be overem-
phasized that pancreatic exploration with a view to re-
section should not be performed by the occasional
surgeon or resident in training or at institutions
where there is not suf®cient back-up expertise (endo-
scopy, radiology, cytology, and critical care) that is nec-
essary for the care and management of these dif®cult
problems.

Surgery

Pancreaticoduodenectomy (Whipple operation) is
most commonly employed for tumors of the head of
the pancreas (Fig. 6). The operation is optimal for ma-
lignant tumors that are con®ned to the duodenum, am-
pulla of Vater, or lower common bile duct. The neck of
the gland is divided to the left of the superior mesenteric
vein and the body and tail of the pancreas and spleen are

left undisturbed. En bloc excision of the regional lymph
nodes from the porta hepatis, aortocaval, and superior
mesenteric regions again forms part of the operation.
With the Whipple operation, endocrine function can be
preserved. Although there is the possibility of an anas-
tomotic leak from the pancreaticojejunostomy, this
complication occurs in less than 10ÿ15% of patients
at centers experienced with pancreatic surgery. Also,
more effective management of pancreatic anastomotic
leakage with hyperalimentation, percutaneous drain-
age, and a somatostatin analogue has reduced the mag-
nitude of this problem. Total pancreatectomy should be
reserved for situations when there is tumor at the pan-
creatic margin on serial frozen sections or if the pancreas
is not suitable for an anastomosis. A pylorus-preserving
Whipple operation is a reasonable alternative but may
result in transient gastric stasis.

A cancer of the pancreas is considered unresectable
if there are distant (liver or peritoneal) metastases,
invasion of major vessels (portal vein, hepatic artery,
superior mesenteric vessels, or celiac axis), or any ex-
tension beyond the area of usual total pancreatectomy
specimen. The possible exception is the case of isolated
portal vein invasion provided the vein is patent. In these
selected cases, portal vein resection with interposition
graft placement has been described. Puckering of the

FIGURE 5 Algorithm for diagnosis and staging of pancreatic tumors.
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transverse mesocolon per se does not always indicate
unresectability since the transverse mesocolon and, if
necessary, the transverse colon can be excised in a total
pancreatectomy specimen if there are no contraindica-
tions to a resection.

The mortality for major pancreatic resection is be-
tween 0 and 5% at specialized centers. Death as a result
of operative complications usually occurs within the
®rst 2 months of operation. After 2 months and up to
2 years later, death is usually due to metastatic pancre-
atic cancer although a few individuals can present as late
as the end of the third year with metastatic disease. If the
patient has survived 3 years, the cause of death is usually
unrelated to pancreatic cancer. The estimated 5-year
survival rate in patients with localized adenocarcinoma
of the pancreas who undergo surgical resection of the
primary tumor ranges from 6 to 24%. Survival after
potentially curative resection for periampullary neo-
plasms including pancreatic cancer depends primarily
on pathologic factors. Factors shown to in¯uence sur-
vival include tumor size, lymph node metastases, tumor
differentiation, margin status, and vascular and peri-
neural invasion. In addition, tumors of the ampulla of
Vater, distal common bile duct, and duodenum have a
more favorable prognosis than that of pancreatic ductal
carcinoma.

Chemotherapy and Radiation

Data from several randomized trials have shown
a signi®cant survival bene®t in patients treated with
infusional 5-¯uorouracil (5-FU) and external beam
radiation following pancreatectomy. Therefore, in
patients who are well enough to tolerate it, adjuvant
chemoradiation is recommended. Newer agents, such
as gemcitabine, are currently being studied in combi-
nation with radiation as alternatives to 5-FU.

If diagnostic studies indicate that the patient has
locally advanced, unresectable disease or metastatic dis-
ease, nonoperative palliation of jaundice can usually be
achieved by endoscopically placed biliary stents. If the
patient survives for more than a few months, recurrent
cholangitis associated with stent blockage is a problem
that necessitates regular endoscopic removal and re-
placement of the stent. Newer self-expandible metallic
devices, such as the Wall stent, may provide improved
patency rates compared to plastic stents. Percutaneous
transhepatic placement of an internal expandable metal
stent is being tried by interventional radiologists and
offers yet another option for palliation of the jaundiced
patient with malignant biliary obstruction.

If these nonoperative techniques are unsuccessful,
biliary tract decompression can be performed either
by cholecystojejunostomy or by hepaticojejunostomy
(each with a diverting enterostomy), depending on
whether the cystic duct is widely patent and is in full
communication with the biliary tree proximal to ob-
structing cancer. When there is evidence of gastric
outlet obstruction from tumor compression of the du-
odenum, gastrojejunostomy can be performed. Chemo-
radiation with 5-FU and external beam irradiation for
locally advanced, unresectable tumors is indicated. If
liver metastasis or carcinomatosis is found at laparot-
omy, single-agent chemotherapy with gemcitabine
may provide palliation and improve the patient's
quality of life.

CONCLUSION

Pancreatic cancer is a common cause of cancer-related
mortality. Although the exact etiology for pancreatic
cancer is unknown, the molecular events that take
place involve mutations in oncogenes and tumor

A B

FIGURE 6 (A) Whipple specimen from a patient with pancreatic cancer. (B) The tumor is sectioned.
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suppressor genes. The diagnosis of pancreatic cancer
continues to evolve with new technological advances
in imaging, endoscopy, and biochemical tumor mark-
ers. The goal of such new diagnostic testing remains
earlier tumor detection, thus providing the patient
with the best chance for cure. The primary treatment
for localized disease is surgical resection. Adjuvant
chemoradiation has been shown by most, but not all,
studies to improve local control and survival. In patients
with advanced disease, palliation of jaundice, pain, and
gastric outlet obstruction can be achieved by the use of
stents and/or surgical bypass. Newer agents, such as
gemcitabine, have been shown to improve the quality
of life for patients with advanced pancreatic cancer.
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Pancreatic Enzyme Secretion (Physiology)
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acetylcholine The major neurotransmitter of the parasympa-

thetic nervous system.

cholecystokinin A gastrointestinal peptide hormone with

multiple functions regulating pancreatic secretion and

gastrointestinal function.

cholecystokinin-releasing peptide A trypsin-sensitive pep-

tide whose presence in the lumen of the intestine leads to

the release of cholecystokinin from intestinal enteroen-

docrine cells.

chyme The mixture of ingested foodstuffs with gastric

secretions.

dorsal motor nucleus of the vagus A region of the brainstem

that contains nuclei for vagal efferent neurons.

enteroendocrine cells Endocrine cells found throughout the

epithelium of the gastrointestinal tract.

G-proteins Guanine nucleotide-binding proteins.

protein kinases Enzymes that add phosphate groups to

proteins and thereby regulate their functions.

secretin A gastrointestinal peptide hormone that stimulates

bicarbonate and ¯uid secretion from pancreatic ducts.

vagus nerve The 10th cranial nerve, which innervates much

of the digestive system, including the pancreas.

zymogen granule The membrane-bound granules within

pancreatic acinar cells that store digestive enzymes.

Pancreatic secretion occurs in various `̀ phases'' corre-

sponding to the demand for pancreatic juice. The major

phases are the (1) interdigestive, (2) cephalic, (3) gastric,

(4) intestinal, and (5) humoral phases. The interdigestive

phase is that period between meals when there is little

need for pancreatic juice. The cephalic phase occurs when

there is anticipation of food, perhaps due to smell, taste,

or habitual behavior associated with feeding. The gastric

phase begins with the ingestion of food and corresponds

to that period of time when the food resides within the

stomach, before entering the small intestine. The intesti-

nal phase is the time during which the food resides within

the intestine; this phase corresponds to the period when

there is peak demand for pancreatic juice. The humoral

phase describes the time after signi®cant digestion has

taken place and nutrient absorption has occurred, but

while active digestive processes are still present. Speci®c

regulatory mechanisms are responsible for regulating

pancreatic secretion during these different phases and

these regulatory mechanisms are the primary focus of

this article.

INTRODUCTION

The exocrine pancreas produces a bicarbonate-rich

secretion termed `̀ pancreatic juice'' that contains abun-

dant digestive enzymes, proteins specialized for the mo-

lecular disassembly of complex organic constituents.

Pancreatic juice is necessary for the proper digestion

of ingested foodstuffs. Relative to its weight, the pan-

creas secretes more protein than any other organ. With-

out proper digestion, food cannot be absorbed and

hence insuf®cient pancreatic secretion can lead to mal-

nutrition. Furthermore, undigested food that reaches

the colon promotes bloating, gas, and diarrhea. Thus,

it is important that pancreatic secretion matches food

intake.
Pancreatic juice originates from the exocrine pan-

creas, which is composed of numerous acini, cluster-

like groups of acinar cells, and associated ducts. The

acinar cells are responsible for the synthesis, storage

within zymogen granules, and regulated release of the

digestive enzymes and may also contribute to the ¯uid

component of pancreatic juice. The duct cells provide a

conduit for passage of pancreatic juice out of the pan-

creas and are also the primary site of pancreatic bicar-

bonate and ¯uid secretion. Because the major

constituents of pancreatic juice, digestive enzymes

and bicarbonate-rich ¯uid, originate in two different

cell types, it is possible experimentally to separate the

factors that in¯uence each component. However, phys-

iologically these components are not separated but

occur in a coordinated manner with greater or lesser

proportions of each being secreted depending on the

demand. In addition to these two basic cell types that

produce pancreatic juice, there are other important in-

¯uences on pancreatic secretion. One such in¯uence is

the sphincter of Oddi. This sphincter, located at the

entrance of the common bile/pancreatic duct into the

intestine, regulates the ¯ow of juice from the pancreas

into the intestine and is in¯uenced by nervous and

hormonal inputs. Another in¯uence on pancreatic

secretion is pancreatic blood ¯ow. Secretion is an

energy-consuming process such that increased blood

¯ow, supplying oxygen to the tissue, is required during
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FIGURE 1 Regulation of exocrine pancreatic secretion. Pancreatic secretion of protein from

acinar cells and of ¯uid and bicarbonate from duct cells is regulated by cholinergic (ACh) and

peptidergic neurons within the intrinsic pancreatic neural network. Activity of the

intrapancreatic nerves is modulated by extrinsic innervation through the vagus nerve originating

in the brainstem. Vagal signals are in¯uenced by information arising from sensory input both

within the vagus and from other central nervous system (CNS) centers that are coordinated in the

nucleus of the solitary tract (NTS). Pancreatic secretion is also modulated both positively (solid

arrows) and negatively (dashed arrows) by hormones. Hormones arise both from the endocrine

pancreas and from enteroendocrine cells within the epithelium of the intestine. Hormones can

have direct effects or in¯uence the nervous system. CCK and secretin are the major hormonal

regulators of pancreatic secretion. CCK in¯uences pancreatic secretion in humans by activating

afferent neurons within the enteric nervous system. Secretin acts directly on pancreatic duct cells

and synergizes with the effects of ACh on acinar cells. Somatostatin is an inhibitory substance that

appears to act as a hormone on the CNS and also as a paracrine inhibitor of CCK and secretin

release. Hormone-secreting cells and nerves within the gastrointestinal (GI) tract respond to the

presence of speci®c components of chyme within speci®c compartments of the GI tract. The

release of CCK and secretin appears to be regulated by releasing factors originating from cells

within the GI tract. Signals from proximal portions of the GI tract tend to be stimulatory, whereas

those from distal portions tend to be inhibitory.
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active secretion and factors that diminish pancreatic
blood ¯ow reduce pancreatic secretion.

GENERAL ISSUES CONCERNING THE
INTEGRATIVE PHYSIOLOGIC
REGULATION OF PANCREATIC
ENZYME SECRETION

Pancreatic secretion is in¯uenced by many types of
regulators, including hormones, neurotransmitters,
and paracrine effectors. Figure 1 summarizes the
roles of several of the major regulatory factors that
will be discussed in this article. As noted in Fig. 1,
the effects of regulatory substances on pancreatic secre-
tion can occur either directly, by effects on acinar or
duct cells, or indirectly, by effects on afferent neurons,
the central nervous system (CNS), or enteroendocrine
cells. Regulatory substances can also have interactions
with one another that can be antagonistic, additive, or
synergistic.

Many factors are able to in¯uence pancreatic secre-
tion experimentally. However, not all factors that are
able to affect secretion do so in a normal physiological
setting. Thus, it becomes important to distinguish be-
tween those that normally regulate pancreatic secretion,
generally termed `̀ physiological,'' and those that in¯u-
ence secretion only under experimental conditions,
often termed `̀ pharmacological.'' In order for a regula-
tory substance to be considered physiological, it must
meet certain criteria. First, the concentration of the sub-
stance must increase in the physiologically relevant
compartment during the appropriate phase of digestion.
For a hormone, that means that plasma levels, which are
relatively easy to monitor, must be elevated. For neu-
rotransmitters or paracrine regulators, the relevant
compartment is much less accessible and determination
of relevant concentrations can be dif®cult. Second, con-
centrations of the candidate regulator that occur natu-
rally must be able to in¯uence pancreatic secretion.
Again, many substances can affect pancreatic secretion
at high concentrations that do not in¯uence pancreatic
secretion in normal circumstances. This criterion re-
quires knowledge of the physiologic concentration,
which is again easier for hormones than for neurotrans-
mitters or paracrine substances. Furthermore, some reg-
ulators have important synergistic interactions with
other regulators. In this case, administration of one
without the other may not be suf®cient to elicit a re-
sponse. The third criterion is that inhibition of the reg-
ulator should in¯uence pancreatic secretion during a
normal meal. Experimental strategies to test this may
include pharmacological, immunological, and genetic

approaches. Each of these experimental approaches has
its caveats. However, when several approaches verify the
same role, then strong conclusions can be made. Sim-
ilarly, it may not be possible to ful®ll all three of these
criteria for a speci®c molecule, but the more criteria that
can be ful®lled, the stronger the argument for a phys-
iologic role.

INTEGRATIVE REGULATORS OF
PANCREATIC SECRETION

Neural Mechanisms

Intrinsic Pancreatic Neurons and the
Enteropancreatic Neural Re¯ex

Intrapancreatic postganglionic cholinergic and
noncholinergic neurons directly in¯uence acinar and
duct cell secretory activity. These neurons are activated
by the central nervous system via the vagus nerve.
Important vagovagal re¯exes occur during gastric and
intestinal phases of pancreatic secretion in which both
afferent and efferent nerves are carried by the vagus. The
vagal afferent nerve terminals in the stomach and duo-
denum are responsive to cholecystokinin (CCK), leptin,
serotonin, interleukin-1B, and mechanical stimuli and
communicate with the central nervous system. Direct
neural connections have also been recently described
between neurons in ganglia of the myenteric plexi of the
stomach and duodenum and the intrapancreatic plexus.
These enteropancreatic neural pathways have choliner-
gic and serotonergic components.

The Central Nervous System Controls
Pancreatic Secretion through the
Autonomic Nervous System

During the cephalic phase of pancreatic secretion,
information from olfactory, visual and other inputs is
integrated at the level of the nucleus of the solitary tract
(NTS), which is located in the medulla or brainstem.
Similarly, during later phases of pancreatic secretion,
information arriving from vagal afferent neurons is
processed in the NTS. The NTS projects to the efferent
vagal neurons in the dorsal motor nucleus of the vagus.
Central stimulants of vagally mediated pancreatic secre-
tion remain to be clearly identi®ed. However, central
administration of orexin-A and thyrotropin-releasing
hormone stimulates pancreatic juice ¯ow. Central in-
hibitors of vagal efferent neurons include pancreastatin
and pancreatic polypeptide.

The parasympathetic nervous system is the major
controller of pancreatic secretion, with the vagus
nerve being the primary source of parasympathetic
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innervation. Activation of parasympathetic activity
stimulates pancreatic ¯uid and enzyme secretion. In
contrast, the sympathetic nervous system primarily
plays an inhibitory role in regulating pancreatic secre-
tion. Sympathetic innervation occurs chie¯y through
the splanchnic nerves. Splanchnic neural activation ap-
pears to inhibit pancreatic secretion largely through its
vasoconstrictive effects on pancreatic blood ¯ow.

Neurotransmitters Regulating
Pancreatic Secretion

The most important stimulant of pancreatic secre-
tion is acetylcholine released from the nerve termini of
intrapancreatic neurons, which acts directly on both
acinar and duct cells through the occupation of musca-
rinic cholinergic receptors (m3 receptors). Activation of
these receptors leads to increased cellular signaling
events, which result in the exocytotic release of digestive
enzymes from the pancreatic acinar cell and increased
bicarbonate and ¯uid secretion from the duct cells.
Thus, inhibition of cholinergic nervous transmission,
for example, by administration of atropine, inhibits
both ¯uid and enzyme secretion.

There are also direct actions of noncholinergic,
peptidergic neurotransmitters released from intra-
pancreatic neurons. Gastrin-releasing peptide, vasoac-
tive intestinal peptide (VIP), and pituitary adenylate
cyclase-activating polypeptide are stored in and released
from intrapancreatic neurons and can act as stimulants
of pancreatic secretion. These effects are more pro-
nounced in certain animal species. Somatostatin, pep-
tide tyrosine tyrosylamide (PYY), and enkephalins are
examples of peptides that act as inhibitors of pancreatic
secretion. Few of these, however, act directly on acinar
cells and most inhibit the CNS or act at the level of
intrapancreatic ganglia. The speci®c roles of these
peptidergic neurotransmitters has been dif®cult to
determine because of signi®cant interactions between
regulators and species differences in the activity of the
regulators.

Hormonal Mechanisms

Pancreatic secretion is also regulated by the actions
of a number of gastrointestinal hormones that originate
from endocrine cells within the mucosa of the gastro-
intestinal tract and are therefore referred to as `̀ entero-
endocrine'' cells. These hormones are released into the
blood on ingestion of a meal. Individual hormones are
regulated by speci®c components of the chyme, includ-
ing both ingested foodstuffs and components secreted
into the gut by mucosal cells and accessory organs.
Hormones travel through the blood and can have direct

effects on pancreatic acinar or duct cells via high-af®nity
receptors for the hormones or they may interact with
afferent neurons to regulate local neural mechanisms or
act on central neural sites.

Cholecystokinin

CCK is the major peptide hormone that regulates
pancreatic protein secretion. CCK also in¯uences the
¯ow of secretions into the small intestine by relaxing the
sphincter of Oddi and contracting the gallbladder. In
addition, CCK reduces gastric emptying. Taken to-
gether, these actions of CCK regulate the movement
of both food and digestive secretions into the small in-
testine. CCK also supports pancreatic secretion through
its tropic effects on the pancreas. It stimulates the
synthesis of new digestive enzymes and maintains the
growth of the pancreas. In various species, the pancreas
atrophies in the absence of intralumenal nutrients and
will grow under conditions in which plasma CCK is
chronically elevated, as occurs following administration
of trypsin inhibitor.

CCK is produced and secreted by a speci®c class of
intestinal enteroendocrine cells (I cells). It is released
by hydrolytic products of digestion including amino
acids and fatty acids. The mechanism by which
these nutrients induce CCK release is not fully under-
stood. The presence of active trypsin in the intestinal
lumen inhibits CCK release in many species and
ingestion of trypsin inhibitors causes high and sus-
tained levels of plasma CCK. Diversion of the pancreatic
juice from the duodenum also increases CCK plasma
levels. Taken together, these observations suggest
that feedback inhibition of CCK release occurs. The
`̀ feedback hypothesis'' suggests that proteins bind or
inhibit intralumenal endopeptidases, which would
otherwise inactivate a CCK-releasing peptide. Several
candidate molecules that have the ability to increase
CCK release when infused into the small intestine
have been identi®ed. However, the physiological signif-
icance of these CCK-releasing peptides remains to be
elucidated.

CCK plays a central role in the stimulation of pan-
creatic secretion during a meal. Under fasting condi-
tions, the plasma CCK levels are very low (�1 pmol/
liter in humans). After ingestion of a typical meal, the
concentration increases to 6ÿ8 pmol/liter within 10 to
30 min, followed by a gradual decline to basal levels
over �3 h. Infusion of similar doses of CCK produces
the same levels of pancreatic enzyme secretion. Further-
more, administration of CCK antagonists produces
a 50ÿ60% reduction of meal-stimulated pancreatic
secretion.
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The mechanism of CCK stimulation of pancreatic
secretion appears to be somewhat determined by the
species. In rodents, receptors exist on pancreatic acinar
cells that can respond directly to CCK within physio-
logic concentrations. However, in humans, these recep-
tors are not expressed on pancreatic acinar cells.
Therefore, it appears that the major mechanism of
CCK stimulation of pancreatic secretion is via an indi-
rect mechanism that involves activation of receptors on
vagal afferent neurons that are present within the enteric
nervous plexus in the intestinal mucosa. These neurons
communicate with the central nervous system and a
stimulatory signal is conveyed back to the pancreas
via vagal efferents to mediate secretion that is dependent
on cholinergic signaling. The major evidence in support
of this model is that the cholinergic antagonist atropine
blocks pancreatic secretion in response to infusion
of physiological doses of CCK. There may also be effects
of CCK on enteropancreatic neurons that do not require
an intact vagus nerve, as CCK can stimulate pancreatic
secretion in patients after vagotomy. However, this
remains unproven.

Secretin

Secretin is the intestinal peptide hormone that is the
major regulator of pancreatic ¯uid and bicarbonate se-
cretion. Secretin is released from intestinal entero-
endocrine cells (S cells) in response to a reduction in
duodenal pH. Acidic chyme entering from the stomach
leads to secretin release and subsequent pancreatic bi-
carbonate secretion, which neutralizes gastric acid. The
mechanisms responsible for secretin release remain
under active investigation, but there is some evidence
for a secretin-releasing factor that may be released by
low-pH conditions. Nonacid factors may also play a role
in secretin release. Bile, as well as fatty acids and other
digestive products of fat, can increase plasma secretin
levels. However, the physiologic importance of these
nonacid factors is questionable, as plasma secretin
does not increase in subjects in whom meal-induced
acid secretion is neutralized.

Infusion of secretin at concentrations similar to
those observed after a meal leads to the stimulation of
pancreatic ¯uid and bicarbonate secretion, and neutral-
ization of secretin, using antiserum, greatly reduces
pancreatic bicarbonate release. Secretin activates spe-
ci®c receptors expressed on pancreatic duct and acinar
cells. Thus, secretin appears to directly mediate its ef-
fects on pancreatic secretion. Secretin appears to act in
synergy with CCK, as the combination of these hor-
mones leads to much greater levels of pancreatic secre-
tion than either one alone.

Other Stimulatory Hormones

A variety of other hormones have been reported to
have stimulatory effects on pancreatic secretion. Insulin
potentiates the secretory response to CCK and secretin,
an observation that may explain why enzyme secretion
is frequently reduced in human diabetics who otherwise
do not exhibit overt pancreatic disease. The in¯uences
of insulin on exocrine secretion may also help to explain
the location of the insulin-secreting cells that are within
the islets of Langerhans, which are dispersed through-
out the exocrine pancreas. Insulin is also critical for
maintaining rates of acinar cell protein synthesis and
adequate stores of digestive enzymes.

Other hormones that may be stimulatory for pan-
creatic secretion include gastrin, neurotensin, and
motilin. Gastrin, which is structurally related to CCK,
can also stimulate pancreatic secretion when infused at
relatively high concentrations. However, it is unclear
whether or not the serum levels of gastrin obtained
after a meal are suf®cient for pancreatic stimulation.
Neurotensin is released from enteroendocrine cells by
intestinal fatty acids and infusion of neurotensin can
stimulate pancreatic secretion. However, the concentra-
tions of neurotensin required to stimulate pancreatic
secretion are higher than those normally observed
after a meal. Therefore, it is unclear whether or not
neurotensin is a physiological stimulant of pancreatic
secretion. Motilin is a hormone that is known to regulate
the cyclic interdigestive migrating motor complex that
in¯uences intestinal motility. Bolus injection of motilin
also results in a transient increase in pancreatic secre-
tion. Thus, it has been suggested that motilin may reg-
ulate the cyclic secretion of pancreatic juice during the
interdigestive state.

Inhibitory Hormones

After a meal, pancreatic secretory levels decline and
return to a low basal level. Much of this reduction in
pancreatic secretion is due to a decrease in the levels of
stimulatory signals. However, there is also evidence for
inhibitory control. For example, infusion of glucose or
amino acids to raise serum concentrations inhibits pan-
creatic secretory responses to a test meal. The release of
inhibitory hormones from the islets of Langerhans, dis-
tal small intestine, and colon has been postulated to
account for this observation. The most well-established
inhibitory hormones include glucagon and its related
peptides, as well as somatostatin, and PYY.

Glucagon and the glucagon-related molecules
oxyntomodulin and glucagon-like peptide-1 (GLP-1)
inhibit pancreatic secretion stimulated by secretin and
CCK or by ingestion of a test meal. The inhibitory effect

72 PANCREATIC ENZYME SECRETION (PHYSIOLOGY)



includes a reduction of ¯uid and bicarbonate as well as
enzyme secretion. Glucagon is released from pancreatic
islets of Langerhans by the hyperaminoacidemia ob-
served after a high-protein meal. Oxyntomodulin is a
37-amino-acid glucagon-containing peptide that is
10 times more potent than pancreatic glucagon in
terms of its ability to reduce pancreatic secretion.
Oxyntomodulin originates in enteroendocrine cells lo-
cated in the distal intestine and its release is stimulated
by hypertonic solutions. GLP-1 is another GI hormone
derived from the glucagon precursor whose cells of or-
igin (K cells) are located within the epithelium of the
more distal small intestine. GLP-1 appears to be secreted
in response to carbohydrates within the gut lumen. Glu-
cagon, oxyntomodulin, and GLP-1 appear to inhibit
pancreatic secretion via action on a central vagal site.

Somatostatin is another candidate as a physiological
inhibitor of pancreatic secretion. Somatostatin is pro-
duced and secreted by both delta cells of the islets of
Langerhans and enteric endocrine cells. Infusion of so-
matostatin inhibits CCK-stimulated pancreatic enzyme
secretion. However, the concentrations required for this
effect are higher than those observed in the serum under
physiologic conditions. Furthermore, the mechanisms
involved in the inhibitory effects of somatostatin remain
uncertain. Somatostatin does not seem to exert effects on
vagal afferent or efferent pathways but instead has effects
on a central vagal site where it can reduce the effects of
CCK. Somatostatin also has been reported to reduce the
release of secretin and CCK from enteroendocrine cells
and it is therefore likely that somatostatin also has a
paracrine effect on CCK and secretin release.

PYY and pancreatic polypeptide are also inhibitory
hormones. PYY is a 36-amino-acid peptide that is pres-
ent in the distal small intestine, colon, and rectum and is
released by fat and protein in the distal gut. Pancreatic
polypeptide (PP) is closely related to PYY, but PP is
localized in the islets of Langerhans. The only apparent
physiologic actions of PP are the inhibition of pancreatic
and biliary secretion. PP secretion is regulated by a
cholinergic mechanism. Infusion of either PYY or PP
inhibits meal-stimulated pancreatic secretions. These
effects appear to be mediated by an in¯uence on central
vagal regulation of pancreatic secretion.

CELLULAR MECHANISMS REGULATING
PANCREATIC SECRETION

Receptors

As described above, hormones and neurotransmit-
ters that stimulate pancreatic secretion may do so by
directly regulating acinar and duct cells or by regulating

these cells indirectly through nerves or blood vessels.
Determination of the physiologic regulatory pathways
can be aided by analysis of effects on isolated acinar and
duct cells and localization of receptors for each regula-
tor on its target cell. For pancreatic acinar cells, the
ability to stimulate amylase secretion in vitro is useful
for determining the direct effects of agonists and antag-
onists. The presence of speci®c receptors has also been
con®rmed by binding studies with radiolabeled ana-
logues and antagonists. Receptors can also be localized
using electron microscopic autoradiography and confo-
cal ¯uorescence microscopy. Preparations of isolated
duct segments or cultured monolayers of duct cells
that can be utilized to investigate direct interactions
with regulatory molecules have also been developed.

Acinar cells have been found to bear receptors for
CCK, bombesin, acetylcholine (m3 muscarinic), VIP,
and secretin. However, important differences exist be-
tween species. For example, rodents, but not humans,
express CCK1 receptors. CCK interacts with both CCK1

(previously CCKA) receptors, which are highly speci®c
for CCK, and CCK2 (gastrin, previously CCKB) recep-
tors, which respond to both CCK and gastrin. Much is
known about CCK1 and m3 receptors and their signal-
ing, because of their presence on rodent acinar cells.
CCK receptors on afferent nerves appear to be of the
CCK1 type and have properties similar to those on ac-
inar cells. It is more dif®cult to study the receptors
regulating the pancreatic duct cells because of the rel-
atively small number of these cells and the dif®culty in
studying their physiologic functions (e.g., ion trans-
port) in vitro. However, studies have indicated the pres-
ence of receptors for secretin, ATP, CCK, VIP, and
acetylcholine on these cells.

Transmembrane Signaling

All major secretagogue receptors are members of the
seven hydrophobic transmembrane domain family of
receptors that interact with guanine nucleotide-binding
proteins (G-proteins) to activate intracellular signaling.
The secretagogue receptors couple to the activation of
heterotrimeric G-proteins that are composed of three
subunits (a, b, and g) and are usually de®ned on the
basis of their a-subunit. The G-proteins primarily re-
sponsible for the stimulation of pancreatic acinar cell
secretion are members of the Gq family, which includes
Gq and G11. These G-proteins regulate secretion through
interactions with a phosphoinositide speci®c phospho-
lipase C, leading to increases in diacylglycerol and ino-
sitol trisphosphate and ultimately protein kinase C and
Ca2�. Other secretagogues, such as secretin, activate Gs

proteins. Gs is coupled to the activation of adenylate
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cyclase and increases intracellular cyclic AMP (cAMP)
and protein kinase A activity. Gs-coupled receptors are
weak stimulators of acinar cell secretion but have
synergistic effects when combined with receptors that
activate the Gq/Ca2� pathways.

It should also be noted that secretagogue receptors
may have other important actions on pancreatic acinar
cells, such as tropic effects or in¯uences on enzyme gene
expression, and these effects may involve other signal-
ing pathways. CCK has been reported to activate a wide
variety of effector proteins including phospholipase C,
phospholipase A2, phospholipase D, protein kinase A,
protein kinase C, phosphatidylinositol 3-kinase, focal
adhesion kinase, tyrosine kinases, several mitogen-
activated protein kinases, and stress-activated protein
(SAP) kinase and the nuclear oncogenes c-fos, c-myc,
and c-jun.

Mechanism of Action of
Intracellular Messengers

The mechanisms by which increases in intracellular
messengers act to induce protein and ¯uid secretion are
not completely understood. It is generally held that sec-
ond messengers exert their effects by changes in the
phosphorylation of regulatory proteins. In addition to
protein kinase C and protein kinase A (PKA), which
were previously mentioned, several Ca2�-activated
kinases have been identi®ed in pancreatic acinar cells
including Ca2�/calmodulin-activated type II and type
III kinase and myosin light chain kinase. Pancreatic
acinar cells also contain the major classes of serine/thre-
onine phosphatases (i.e., PP1, PP2A, and PP2B), which
may also be important for the regulation of pancreatic
secretion. One of these, PP2B or calcineurin, is activated
by the Ca2�/calmodulin complex.

The role of intracellular messengers and effectors in
pancreatic enzyme secretion is summarized in Fig. 2.
Simulation of secretion normally involves synergistic
interactions among intracellular messengers. In the
case of acetylcholine and CCK, this includes interactions
between Ca2� and diacylglycerol-activated pathways.
Agents such as VIP and secretin, which increase cAMP,
addafurtherinteractionat theintracellulareffector level.
Proteins localized on the granule and lumenal plasma
membrane and several soluble and cytoskeletal proteins
may be involved in exocytosis. In pancreatic duct cells,
the same intracellular messengers and kinases regulate
ion pumps, carriers, and channels involved in ¯uid and
electrolyte secretion. In this case, the primary intracel-
lular messenger is cAMP, which activates PKA, which
phosphorylates cystic®brosis transmembrane regulator,
the ion channel involved in anion egress from duct cells.

Zymogen Granule Exocytosis

The terminal steps in protein secretion involve exo-
cytotic release of enzymes from zymogen granules. This
involves a membrane fusion event between zymogen
granules and the apical plasma membrane. Membrane

FIGURE 2 Pancreatic acinar cell stimulusÿsecretion coupl-

ing. The pancreatic acinar cell expresses receptors for a variety

of molecules that stimulate secretion. Speci®c high-af®nity recep-

tors including muscarinic cholinergic (m3 ACh) and gastrin-re-

lated peptide (GRP) receptors, as well as in some species either

CCK1 or CCK2 receptors or both, activate G-proteins of the Gq/

G11 type to activate a phospholipase C (PLC), which converts

phosphotidylinositide 1,4-bisphosphate (PIP2) into diacyglycerol

(DAG) and inositol 1,4,5-trisphosphate (IP3). IP3 subsequently

activates speci®c receptors on the endoplasmic reticulum (ER)

intracellular Ca2� stores, causing an increase in cytoplasmic Ca2�.

Increased Ca2� activates Ca2�-dependent kinases including cal-

modulin kinase (CAMK). DAG activates protein kinase C (PKC).

Other stimulatory molecules, such as the neurotransmitter vaso-

active intestinal peptide (VIP) and the hormone secretin, activate

speci®c receptors that are coupled to G-proteins of the Gs type.

Activation of Gs stimulates adenylate cyclase (AC) production of

cyclic AMP (cAMP). Increased cAMP levels activate protein

kinase A (PKA). Increased activity of the various kinases leads

to activation of the exocytotic machinery, which includes

membrane fusion-related molecules including Rab and soluble

N-ethylmaleimide-sensitiveattachmentprotein receptor (SNARE)

proteins existing on zymogen granule (ZG) membranes and the

apical plasma membrane, as well as cytoskeletal components

including actin and microtubule networks.
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fusion involves a number of speci®c membrane-
associated proteins of the soluble N-ethylmaleimide-
sensitive attachment protein receptor (SNARE) family
and Rab families. The actin cytoskeleton is also involved
in exocytosis, serving alternately as a barrier, preventing
premature secretion, and as a potential motile element.
Microtubules are also involved in the movement of zy-
mogen granules to the apical portion of the cell, where
they can interact with the exocytotic machinery.

SUMMARY

In summary, pancreatic exocrine secretion is regulated
by a complex interplay of nervous, hormonal, and para-
crine regulation that matches ¯uid, bicarbonate, and
enzyme levels to meet physiologic demands. Complex
interactions occur between multiple regulatory mole-
cules and signaling pathways. The relative contribution
of various components to the overall secretory function
varies with the phase of secretion. Signi®cant species
differences occur with regard to receptor localization
and the importance of different arms of the regulatory
mechanisms.
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Pancreatic Function Tests
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bentiromide test Tubeless pancreatic function test that

indirectly measures pancreatic chymotrypsin output

using bentiromide as a substrate.

cholecystokinin Gastrointestinal hormone that stimulates

secretion of digestive enzymes by pancreatic acinar cells.

chronic pancreatitis Clinical diagnosis re¯ecting permanent

or progressive deterioration in pancreatic function or

structure or both.

fecal pancreatic elastase I Tubeless pancreatic function test

that directly measures fecal pancreatic elastase I in stool.

malabsorption Impaired intestinal absorption of micronu-

trients due to either intestinal disease or maldigestion.

maldigestion Impaired digestion of macronutrients (i.e., fat),

as in pancreatic insuf®ciency.

secretin Gastrointestinal hormone that stimulates secretion

of bicarbonate and water by pancreatic ductal cells.

The exocrine function of the human pancreas is to secrete

digestive enzymes that aid in absorption of dietary nutri-

ents. Tests to measure pancreatic secretions can be inva-

sive, requiring insertion of tubes to collect pancreatic

¯uids, or noninvasive, requiring oral administration of

compounds and subsequent assays of stool, blood,

urine, or breath components.

INTRODUCTION

Pancreatic function tests are used to measure pancreatic
secretion in humans. The tests are clinically useful to
discriminate between pancreatic and nonpancreatic
causes of malabsorption. Pancreatic malabsorption oc-
curs when residual pancreatic enzyme secretion is only
5ÿ10% of normal levels, as occurs in severe chronic
pancreatitis, when tests of pancreatic function are fre-
quently abnormal. Both invasive and noninvasive tests
exist. The most sensitive and speci®c tests, the secretin
and cholecystokinin (CCK) stimulation tests, are inva-
sive in that they require placement of a gastroduodenal
tube; they are also time-consuming (2ÿ3 hours) and are
performed in only a few medical centers. `̀ Tubeless''
tests are more ef®cient, but, unfortunately, their clinical
use is limited by their relative insensitivity to detecting
mild impairments in pancreatic function, as in early
chronic pancreatitis, when the secretin or CCK test
may be abnormal.

TESTS REQUIRING A
GASTRODUODENAL TUBE

Secretin and cholecystokinin are gastrointestinal hor-
mones that may be given alone or together to stimulate
and measure pancreatic secretion directly. This proto-
col, which is primarily used in research, requires place-
ment of a double-lumen tube (Dreiling tube), which is
anatomically positioned using ¯uoroscopy. The gastric
aspiration port is positioned in the distal stomach for
removal of contaminating gastric juice, while the duo-
denal aspiration port is positioned in the ®rst, second,
and third segments of the duodenum for removal of
pancreatic juice under continuous suction. Juice re-
moved from the duodenal port is used for analysis of
pancreatic secretion, including measurements of pan-
creatic juice volume and bicarbonate concentration for
the secretin test and trypsin and lipase output for the
CCK test. For example, either in response to meals (the
Lundh test) or to intravenous secretin administration,
both pancreatic juice ¯ow and juice bicarbonate con-
centration increase. A peak bicarbonate ¯uid concen-
tration of less than 80 mEq/liter of bicarbonate indicates
impaired pancreatic secretory function, suggestive of
chronic pancreatitis. However, a positive test (and im-
paired pancreatic secretion) may occur in the absence of
clinical or radiologic features of chronic pancreatitis, in
conditions such as diabetes mellitus, protein-calorie
malabsorption, gastric surgery, truncal vagotomy, celiac
sprue, and hepatic cirrhosis.

TUBELESS TESTS

Noninvasive tubeless pancreatic function tests indi-
rectly measure pancreatic function by relying on two
bioassay principles. Patients with chronic pancreatitis
may produce insuf®cient pancreatic digestive enzymes
(e.g., lipase, chymotrypsin, amylase, elastase, and tryp-
sin), causing maldigestion and poor absorption of foods
(e.g., fat, protein, and carbohydrates), which may be
measured in the stool. Alternatively, oral administration
of a synthetic compound that is acted on by a speci®c
pancreatic digestive enzyme will generate a product
that may be measured in stool, blood, breath, or urine.
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Diminished recovery of the product suggests impaired
pancreatic enzymatic activity. Insensitivity and failure
to detect mild disease is a problem common to all tube-
less tests; bioassays in these protocols are able to dist-
inguish reliably only among patients with moderate and
severe pancreatic insuf®ciency. In addition, these tests
are not always speci®c to pancreatic function; patients
with normal pancreatic secretion may have a positive
test result if they have hepatobiliary disease or small
bowel diseases causing malabsorption (i.e., celiac
sprue, Crohn's disease, or Whipple's disease) or have
had prior gastric surgery.

As illustration of a tubeless test, the bentiromide test
indirectly measures pancreatic chymotrypsin output.
Endogenous chymotrypsin, a pancreatic digestive en-
zyme, cleaves orally administered bentiromide
(N-benzoyl-L-tyrosyl-p-aminobenzoic acid), liberating
para-aminobenzoic acid (PABA), which is absorbed,
hepatically metabolized, and excreted in urine. De-
creased recovery occurs in patients with inadequate
pancreatic function, as in chronic pancreatitis. Many
medications interfere with urinary measurements of
free PABA and its metabolites and should be discontin-
ued 3 days prior to the test. Because renal dysfunction
lowers urinary recovery of PABA, measurement of PABA
in serum rather than in urine has been developed with
similar test sensitivity. An alternative but similar tube-
less test is the ¯uorescein dilaurate (pancreolauryl) test,
which measures nonspeci®c lipase (cholesterol ester-
ase) activity and is slightly more sensitive than the
bentiromide test.

Measurement of fecal pancreatic elastase I is the
most commonly used tubeless test in the United States
and Europe but is nonetheless controversial, because it
has not been shown to be consistently sensitive or
speci®c for mild or moderately impaired pancreatic

secretion. The test is simple, relatively inexpensive,
and involves measuring human fecal pancreatic elastase
by enzyme-linked immunosorbent assay (ELISA). Un-
like other pancreatic digestive enzymes, fecal pancreatic
elastase levels do not change during intestinal transit,
are stable in stool samples for up to 1 week, and are
unaffected by concurrent use of oral pancreatic enzyme
replacement therapy.

SUMMARY

Tubeless pancreatic function tests are useful for diag-
nosis of chronic pancreatitis in the setting of malabsorp-
tion, when the pancreas is severely damaged. In the
setting of mild to moderate disease (when malabsorp-
tion is not present), the clinical utility of these tests is
less well de®ned due to poor test sensitivity. In this
situation, when a diagnosis is necessary to achieve pa-
tient management, the invasive secretin and CCK stim-
ulation tests are preferred, if available.

See Also the Following Articles

Amylase � Cholecystokinin (CCK) � Pancreatic Triglyceride

Lipase � Pancreatitis, Chronic � Secretin � Trypsin
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Pancreatic Polypeptide Family
PETER J. MANNON

National Institute of Allergy and Infectious Diseases, Bethesda, Maryland

enteroendocrine cell A specialized epithelial cell diffusely

distributed throughout the gut epithelieum that releases

a hormone after exposure to luminal contents and other

stimuli.

enterogastrone Intestine-derived factor released in response

to intestinal fat; inhibits gastric acid secretion when

administered at physiologic levels.

interdigestive motility complex A cyclic, periodic pattern of

gastric and intestinal contraction during the fasting state

characterized by four phases: no activity (Phase 1),

uncoordinated activity (Phase 2), a brief period of

sweeping peristaltic contractions (Phase 3), and a period

of uncoordinated activity preceeding Phase 1 (Phase 4).

prepro hormone The precursor peptide containing all the

hormone gene-encoded amino acids (including the

signal peptide) before processing to the mature peptide.

The pancreatic polypeptide family of peptides consists of

pancreatic polypeptide, peptide YY, and neuropeptide Y.

These peptides share signi®cant features of gene organi-

zation, amino acid sequence, three-dimensional structure,

and receptor binding speci®city. However, pancreatic

polypeptide and peptide YY are restricted to endocrine

cells of the pancreas and distal gut epithelium and are

released in response to meals. Neuropeptide Y is re-

stricted to neural tissue and is released by nerve stimu-

lation in the manner of a neurotransmitter. Pancreatic

polypeptide and peptide YY generally exert inhibitory

effects on gut function, such as gastric acid secretion

and gastrointestinal motility, in order to regulate the post-

prandial state. Neuropeptide Y is better known for its

effects on the cardiovascular, endocrine, and central ner-

vous systems, but it also exerts inhibitory effects on gut

secretion and motility.

INTRODUCTION

The pancreatic polypeptide family of peptides includes
pancreatic polypeptide (PP), peptide YY (PYY), and
neuropeptide Y (NPY). These peptides are related by
a high degree of sequence homology among their 36
amino acids as well as by a shared hairpin-like tertiary
structure. These similarities are thought to re¯ect ori-
gins from common ancestral genes, gene duplications
resulting in new peptides, and peptide sequence

conservation related to evolutionary pressures. How-
ever, there has been signi®cant divergence of distribu-
tion, production, and actions of these peptides, with PP
and PYY produced by endocrine cells of the pancreas
and the gut epithelium, respectively, and NPY produced
by neurons in the peripheral and central nervous
systems.

Family Discovery

Pancreatic polypeptide was the ®rst family member
to be puri®ed and identi®ed by amino acid sequence
following its recognition as a persistent contaminant of
insulin preparations. In contrast, peptide YY and neu-
ropeptide Y were both discovered using a strategy to
isolate novel peptides that have been amidated at
their C terminus, a biochemical modi®cation often in-
dicating innate bioactivity in peptides. Peptide YY and
neuropeptide Y were isolated from extracts of porcine
intestine and brain, respectively. The puri®cation
and amino acid sequence of all of these peptides were
completed in advance of establishing their biological
effects.

Peptide Structure

The three-dimensional structures of the peptides in
this family, deduced from crystallography and molecu-
lar modeling, have helped to explain the stability of
these molecules and the speci®city of interaction with
receptor proteins. The structure is best described as two
helices running antiparallel to each other; there is a
polyproline type II helix (amino acids 1ÿ8) connected
to anahelix (amino acids 14ÿ32) connected by a type II
b turn and stabilized by hydrophobic interactions be-
tween the helices. The C-terminal hexapeptide is ¯ex-
ible, projecting from the base of the molecule. Much of
the receptor binding speci®city is found in the close
approximation of amino acid residues from the two
ends of the molecule, as well as the terminal hexapeptide
composition.
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PANCREATIC POLYPEPTIDE

Tissue Distribution

Pancreatic polypeptide expression is restricted to
endocrine cells found predominantly in the pancreas,
where they can exist as part of the endocrine islets or as
single or groups of cells in the exocrine pancreatic tis-
sue, and less often in the epithelium of pancreatic ducts.
The density of PP-containing cells is highest in the pan-
creatic head, and the tissue concentration of PP is ®ve to
eight times higher in the pancreatic head compared to
the tail. The PP-immunoreactive cells have also been
reported in the gastric mucosa of some adult mammals
(dog, cat, opossum) and in the human colon.

Gene Organization

The human gene for pancreatic polypeptide is made
up of four exons and three introns that encode the 95-
amino-acid pancreatic polypeptide prepro hormone.
Exon 1 encodes the 50 untranslated region, exon 2 en-
codes a 29-amino-acid signal peptide and PP, exon 3
encodes a 23-amino-acid extension, and exon 4 encodes
a further 7-amino-acid extension and the 30 untrans-
lated region. Posttranslational processing produces
the 36-amino-acid peptide with an amidated C-terminal
tyrosine residue.

Mechanisms of Pancreatic Polypeptide Release

Pancreatic polypeptide is primarily released follow-
ing nutrient ingestion and requires an intact vagus nerve
for full response. PP release occurs with all phases of
feeding, including the cephalic, gastric, and intestinal
phases. The cephalic phase, induced by sham feeding in
animals or spit-and-chew techniques in humans, stim-
ulates between 10 and 20% of the total meal-stimulated
PP response. The cephalic-phase release of PP enhances
further PP release during the gastric and intestinal
phases that follow. The early phases of meal-stimulated
PP release depend on vagal input. The cephalic-phase
PP release is blocked by anticholinergic drugs and
truncal vagotomy. Similarly, gastric distension resulting
in PP release is blocked by anticholinergic drugs and
vagotomy. Vagal activity, whether by direct electrical
vagal stimulation or stimulation by insulin hypoglyce-
mia, can increase PP serum levels.

In contrast, the intestinal phase of the feeding re-
sponse, simulated by administering nutrients directly
into the duodenum, does not depend on the neural re-
¯exes mediating the cephalic phase and gastric disten-
sion responses. Although intestinal-phase PP release is
optimized by intact vagal inputs, it still occurs after

vagotomy, likely through remaining local entericÿ
pancreatic neural re¯exes. Moreover, it is thought
that intestinal-phase feeding also involves other nutri-
ent-stimulated hormonesÐcholecystokinin (CCK), for
instanceÐthat contribute to the later increases in meal-
induced PP release. The hormonal regulation of PP re-
lease during intestinal digestion is complex and not
well de®ned.

Serum pancreatic polypeptide levels in the fasting
state vary rhythmically with the hormonal and motility
events that characterize the interdigestive motility com-
plex. Basal PP levels peak through phases 1 to 3 and then
return to low levels during phase 4. These basal PP level
¯uctuations are abolished by local ganglionic blockade
and anesthetic use, supporting a role for neural re¯exes
in this response. Finally, average basal (fasting) pancre-
atic polypeptide levels increase with age.

Pancreatic Polypeptide Receptors

The Y4 receptor, the high-af®nity receptor for pan-
creaticpolypeptide,hasbeenclonedandsequencedfrom
many mammalian species, including rodents, pigs, and
humans. The Y4 receptor is a member of the G protein-
coupled receptor superfamily, and Y4 receptors have
dissociation constants in the range of 20ÿ40 pM for
same-species cognate ligands (human PP for the human
PP receptor, for instance). However, Y4 receptors are
only PP preferring and not PP speci®c, allowing binding
of PYY and NPY peptides at 100-fold lower af®nities. In
certain species, PP binds to the Y5 receptor (human and
bovine PP have high binding af®nity, and rat PP has low
binding af®nity, for the rat PP Y5 receptor), although
with lower af®nity than NPY or PYY. Last, lower verte-
brates possess a PP receptor that also recognizes PYY.

Pancreatic polypeptide receptors have been re-
ported in the gut, pancreas, brain (hypothalamus, hip-
pocampus, and vagal nuclei of the brain stem), and
kidney of various species.

Pancreatic Polypeptide Biological Actions

There is limited understanding of the physiologic
role of pancreatic polypeptide. Two biologic effects
that pancreatic polypeptide exerts in a number of spe-
cies are inhibition of exocrine pancreatic secretion and
inducing relaxation of the gallbladder. When PP is ad-
ministered to produce serum levels attainable after
meals, stimulated pancreatic enzyme secretion in
dogs and humans is inhibited. Reduced bilirubin
secretion into the duodenum after PP infusion is also
noted in humans, and decreases in intraluminal gall-
bladder pressure (pigs) and increased gallbladder ®lling
are seen in animal models. Because these effects occur at
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nonpharmacologic serum levels, they are interpreted as
being possibly physiologic responses. The effect on the
pancreas could act as a negative feedback signal to turn
off meal-stimulated pancreatic secretion and the gall-
bladder effect could preserve extrahepatic bile excretion
between meals.

Other effects attributed to PP include inhibition of
gastric secretion (at high doses in dogs; no effect at lower
doses in humans), modulation of gastric emptying,
and modest inhibition of feeding when administered
peripherally (accompanied by decreased gastric empty-
ing) and stimulation of feeding when given centrally
(accompanied by increased gastric emptying). How-
ever, hypersecretion of PP in humans due to PP-
producing tumors produces no symptoms, and elevated
PP levels in rats transgenic for the PP gene are associated
with only modest inhibition in food intake and gastric
emptying. On the other hand, patients with Praderÿ
Willi syndrome (congenital obesity, hyperphagia,
hyperglycemia, and hyperinsulinemia) have abnor-
mally low basal and meal-stimulated levels of PP; PP
administration can diminish their hyperphagia through
an unknown mechanism.

PEPTIDE YY

Tissue Distribution

Peptide YY is predominantly expressed in endocrine
cells but is also produced by neurons in certain species.
The primary source of serum PYY released into the
bloodstream is enteroendocrine cells in the distal gut
epithelium; PYY-immunoreactive cells can be found in
the upper small intestine of many mammals, but the
concentration of these cells increases in an aboral di-
rection, whereby the colon and rectum have the highest
density of PYY-producing cells. The PYY-containing
cells have a ¯asklike appearance characteristic of
open-type endocrine cells, with a wide base containing
the secretory granules and a thin apical arm extending to
the gut lumen. A large proportion of the PYY-containing
granules also contain proglucagon-derived peptides
such as glicentin and glucagon-like peptides 1 and 2.

PYY is also contained in endocrine cells in the gastric
mucosa of a few adult animal species, but these are a
minor proportion of total PYY-containing cells. PYY can
colocalize with glucagon (rats and mice) and PP (dogs
and pigs) in pancreatic endocrine cells and in special-
ized epithelium of alveolar ducts (Syrian golden ham-
sters). Peptide YY has been found in neural structures of
the enteric nervous system, including myenteric ganglia
and serosal ganglia. Central nervous system localization
of PYY has also been made in the hypothalamus, brain
stem, and spinal cord of the rat.

Gene Organization

The human gene for peptide YY is also made up of
four exons and three introns that span approximately
1.2 kb and encode a 97-amino-acid prepro hormone.
Exon 1 encodes the 50 untranslated region, exon 2 en-
codes a 28-amino-acid signal peptide and most of PYY,
exon 3 encodes the C-terminal PYY tyrosine and a
26-amino-acid extension, and exon 4 encodes a further
7-amino-acid extension and the 30 untranslated region.
Posttranslational processing produces the 36-amino-
acid peptide with an amidated C-terminal tyrosine res-
idue. The structure of this gene is so similar to that of the
human PP gene that it is thought to be the result of a gene
duplication event.

Peptide YY has also been discovered to exist as a
34-amino-acid peptide, PYY 3ÿ36, in some species,
including humans. This shortened form is likely due
to proline dipeptidyl peptidase IV digestion of the
full-length peptide. PYY 3ÿ36 can account for up to
50% of total PYY activity in postprandial human
serum, and has af®nity for Y receptors that bind
C-terminal fragments of PYY and NPY. Last, the pros-
tate- and testis-restricted 33-amino-acid human seminal
plasmin peptide (so-called PYY2) is homologous to the
12 amino-terminal residues of human PYY, but does not
appear to have binding activity at Y receptors.

Mechanisms of Peptide YY Release

Peptide YY is released in response to ingested food,
presumably to coordinate postprandial gastrointestinal
re¯exes. In humans, PYY serum levels begin to increase
within 30 minutes of a meal and reach a plateau after
1ÿ2 hours. The maximum level is maintained for up
to 4 hours and then returns slowly to baseline. It is
hypothesized that the early increase is due to signals
from the duodenum because ingested nutrients have
not had time to reach the distal gut for direct stimulation
of PYY-containing cells. There are data to support a
neurohumoral mechanism regulating PYY release
from the distal gut by upper intestinal stimuli, but
this is only found in certain species.

There is evidence that gastrin and CCK may be in-
volved in the early postprandial PYY release. Gastric
acid secretion stimulated by meals (in dogs) contributes
to gastric-phase PYY release because early PYY release
can be blocked by histamine receptor blockade and
proton pump inhibitors. Gastrin has been found to in-
hibit PYY release from intestinal endocrine L cells, so the
inhibition of gastrin release accompanying gastric acid
secretion may remove this inhibitory input on PYY
secretion. In rats treated with proton pump inhibitors,
the resulting increases in gastrin levels are thought to
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be responsible for the decrease in PYY content and
mRNA levels in the colon because this effect is blocked
by a gastrin/CCK-B receptor antagonist. Furthermore,
in dogs, CCK infusion increases PYY levels, and this
effect can be blocked by CCK-A receptor antagonists.
It is not clear if CCK acts directly on PYY-secreting cells
or via intermediate neural pathways.

Neural factors play a role in physiologic PYY release.
For instance, there may be a baseline inhibitory effect of
intact gut innervation on PYY release because truncal
vagotomy, general anesthesia, and jejunoileal denerva-
tion enhance meal-stimulated PYY release in dogs.
On the other hand, a PYY-releasing signal from the du-
odenum to the distal gut can be interrupted by atropine
(in dogs, not rats), hexamethonium (dogs and rats),
truncal vagotomy (rats), and CCK receptor antagonists
(dogs, not rats). In addition, adrenergic, cholinergic,
and certain peptidergic (bombesin, gastrin-releasing
peptide) stimuli have been shown to stimulate PYY re-
lease, but the physiologic relevance of this is unknown.

The majority of postprandial PYY release is related to
exposure of the distal small bowel and colon to the
luminal remnants of a meal. In humans, peptide YY is
released in proportion to the calorie content (higher
levels with more calories) and nutrient composition
of a meal (fat meals stimulate signi®cantly more PYY
release compared to isocaloric protein or carbohydrate
meals). This is consistent with the effect on PYY release
following direct instillation of speci®c nutrients into the
distal gut. Administration of oleic acid to distal intesti-
nal epithelium can result in PYY release (seen in dog,
cat, rat, and human models). However, the most con-
sistent effect is seen with combinations of oleic acid and
bile salts, speci®cally taurocholate and deoxycholate;
oleic acid by itself may have no effect on PYY release
(in humans, for instance). Although bile salts enhance
the effect of fatty acids on PYY release via direct epithel-
ial contact, they can also have similar stimulatory effects
on their own. Glucose and protein or amino acids can
also stimulate PYY release after instillation into the dis-
tal gut, but whether this is of physiologic importance is
not known. Last, adenylyl cyclase-coupled stimuli in-
creasing intracellular cyclic AMP levels appear to be the
predominant signals for directing PYY release.

Peptide YY Receptors

Peptide YY is a high-af®nity cognate ligand for sev-
eral Y receptor subtypes, including the Y1, Y2, and Y5
receptors. Y1 receptors have high af®nity for PYY, neu-
ropeptide Y, and speci®c substituted forms of these pep-
tides, [Pro34]PYY and [Pro34]NPY, and low af®nity for
C-terminal fragments of these peptides as well as intact

PP. In addition to widespread distribution in the central
nervous system, Y1 receptors are also found in veins and
arteries as well as in colonic epithelial cells and nerve
®bers and ganglia of the enteric nervous system in hu-
mans. Y2 receptors display high af®nity for PYY, NPY,
and various of their C-terminal fragments; compared to
the Y1 receptor, there is low-af®nity binding of [Pro34]-
PYY and [Pro34]NPY and no binding of PP. Y2 receptors
occur in the brain, but also in the colonic epithelium of
rats, in blood vessels (dog saphenous vein), and in nerve
®bers of the autonomic nervous system. The Y5 receptor
is described as `̀ Y1-like'' because not only do PYY and
NPY bind with high af®nity, but so do the Y1 analogues
([Pro34]PYY and [Pro34]NPY) in addition to long
C-terminal fragments such as NPY 2ÿ36 and PYY
3ÿ36; however the C-terminal fragment NPY 13ÿ36
binds with much lower af®nity (PP binding af®nity
for the rat and human Y5 receptor was low for rat PP
but high for human and bovine PP). The Y5 receptor
subtype is found primarily in the brain.

Other reported receptors for PYY include the Y6
receptor and a PYY-preferring receptor. The Y6 receptor
was originally found in rat brain and subsequently rab-
bit, monkey, and human homologues were described.
The rat Y6 receptor has been variably shown to possess a
high af®nity for PYY with a Y1-like binding pro®le
or a high af®nity for PP and lower af®nity for PYY.
The Y6 receptor has not been shown to be a physiolog-
ically relevant receptor in humans. A PYY-preferring
receptor has been suggested to exist because of a
three to ®ve times greater potency compared to NPY
for some biological effects, but this purported receptor
has not been characterized molecularly and remains
theoretical at present.

Peptide YY Biological Actions

Peptide YY has been characterized as a candidate
enterogastrone but additionally has been shown to in-
hibit intestinal motility, gut epithelial secretion, and
pancreatic secretion. There are several aspects of inter-
pretation of the large body of data pertaining to the
biological effects of PYY that must be kept in mind;
although similar effects for PYY are seen in many animal
models, the ultimate effect of PYY is very dependent on
(1) the species studied, (2) whether resting or stimu-
lated conditions are tested for PYY inhibitory effects
(and the type of stimulation used), and (3) what
doses of PYY are required for effects (whether effects
of PYY are observed at postprandial serum concentra-
tions or only at higher, so-called pharmacologic, doses).

Whether PYY acts as a classic enterogastrone is
not clear. On the one hand, it has been shown that
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intravenous administration of PYY at doses reproducing
higher postprandial levels and supraphysiologic levels
can inhibit gastric acid production in humans, rats, and
dogs. On the other hand, the inhibition of gastric acid
production and emptying induced by introducing fat
into the upper small intestine is not due to the accom-
panying PYY elevations (in humans and dogs) but is due
to other factors, such as CCK. On its own, PYY is most
potent at inhibiting cephalic-phase gastric acid produc-
tion (nearly 90% inhibition in sham-fed dogs), and this
requires vagal innervation. PYY can also inhibit gastric
acid production by additive effects with glucagon-like
peptide-1, secretin, and somatostatin or by directly
blocking gastrin-stimulated histamine release from en-
terochromaf®n-like (ECL) cells (in rats).

PYY can also act in the central nervous system (CNS)
to modulate gastric acid secretion. However, the route
of access of PYY to the CNS results in different effects
on gastric acid production. It has been shown that in-
travenous PYY can cross the bloodÿbrain barrier to bind
speci®cally to regions of the dorsal vagal complex
(DVC) [the nucleus tractus solitarii, the dorsal motor
nucleus (DMN) of the vagus, and the area postrema
(AP)], where Y receptor subtypes Y1, Y2, and Y4
have been found. The inhibitory activity of PYY on cen-
trally stimulated gastric acid secretion (cephalic phase,
for instance) may occur within the CNS because
intracisternal injection of neutralizing antibodies
against PYY can block its inhibitory effects. On the
other hand, when PYY is directly microinjected into
the DVC of rat brain stem, there is a dose-dependent
increase in gastric acid secretion (that is dependent on
an intact vagus nerve). These observations suggest that
PYY has a complex role in gastric acid regulation that
varies with the phase of gastric acid production.

One of the most consistently observed effects of
PYY is the inhibition of intestinal motility. This effect
is thought to enhance intraluminal nutrient digestion
and absorption, earning PYY the rubric `̀ the ileal brake.''
Delays in orocecal transit time are induced by PYY in-
fusions that reproduce normal postprandial PYY levels.
The decrease in intestinal motility following fat expo-
sure in the lower small bowel can be blocked by neu-
tralizing serum PYY with speci®c antisera. This effect on
intestinal motility may be bene®cial in conditions re-
sulting in delivery of unabsorbed nutrients to the distal
bowel and colon, such as pancreatic insuf®ciency,
Crohn's disease, and acute diarrhea, which are associ-
ated with high basal and postprandial PYY levels.

In the pancreas, supraphysiologic levels of PYY can
inhibit secretin-stimulated secretion in the anesthetized
cat. Similarly, high doses of intravenous PYY inhibit
meal- and secretin-stimulated pancreatic secretion in

the dog, but porcine PYY has no effect on secretin- or
CCK-stimulated pancreatic secretion in humans.

Other PYY biological effects in the gut include in-
hibition of stimulated apical chloride secretion in gut
epithelium and an increase in intestinal absorption in
intact animals. PYY has been shown to stimulate pro-
liferation in gut epithelium (Y receptors are expressed
by the gut epithelium of humans, rabbits, and rats) and
may be involved in gut epithelial differentiation signals.
PYY effects on feeding behavior are included in the
discussion of neuropeptide Y.

NEUROPEPTIDE Y

Tissue Distribution

The majority of neuropeptide Y is found in the
central and peripheral nervous systems (also seen in
chromaf®n cells of the adrenal medulla and pheochro-
mocytomas), so that its distribution in the gut is within
nerve cells and ®bers. The NPY-immunoreactive (NPY-
IR) nerves in the gut may be intrinsic or extrinsic to the
gut. The intrinsic NPY-IR nerves are part of the non-
adrenergic enteric nervous system, where NPY may
colocalize with other neuropeptides, such as vasoactive
intestinal peptide (VIP) and peptide histidine isoleu-
cine. The extrinsic NPY-IR nerves generally are adren-
ergic ®bers where NPY colocalizes with norepinephrine,
and they innervate vascular structures. NPY is found in
ganglia cell bodies, with higher frequency in submuco-
sal plexi but also occurring in the myenteric plexi and
extrinsically in the celiac ganglion. NPY-IR nerve ®bers
are found extending from plexi to the muscle layers of
the muscularis propria, as well as within the muscularis
mucosa, and into the mucosa, where they may closely
invest the crypts. Perivascular NPY-IR ®bers are largely
of extrinsic adrenergic origin.

NPY Gene Expression and Receptors

ThehumangeneforneuropeptideYisalsomadeupof
four exons and three introns that span approximately
8 kb and encode 97-amino-acid residues of the NPY
prepro hormone. Exon 1 encodes the 50 untranslated
region, exon 2 encodes residues 1ÿ28 of the signal
peptide and most of NPY, exon 3 encodes the
C-terminal tyrosine, the 3-amino-acid cleavage site,
and a 23-amino-acid extension, and exon 4 encodes a
further 7-amino-acid extension and the 30 untranslated
region. Posttranslational processing produces the 36-
amino-acid peptide with an amidated C-terminal tyro-
sine residue.

The full-length amidated 36-amino-acid peptide is
the major form of NPY found in the bloodstream after
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release from nerve endings following sympathetic stim-
ulation or feeding. NPY binds to several Y receptor sub-
types as previously discussed. An NPY-speci®c receptor
subtype, Y3, that does not bind PYY has been described
pharmacologically but has yet to be cloned. Given the
extensive representation of NPY in nerves in the gut, it is
important to note that Y receptors are found on ganglion
cells and nerve ®bers (in humans) and on epithelial cells
(in rabbits, humans, rats, and mice), where NPY re-
leased from nerve endings (and possibly PYY released
from enteroendocrine cells) could exert an effect.

NPY Biological Actions

Neuropeptide Y has a wide variety of activities, in-
cluding vasoconstriction and regulation of cardiac func-
tion, stimulation of feeding, modulation of pituitary
release of hormones, and effects on circadian rhythm
and anxiety state. In the gut, administration of NPY po-
tently inhibits mucosal ¯uid and electrolyte secretion
stimulated by prostaglandin E2, VIP, and cholera toxin.
NPY has effects on gut motility as well, mediating con-
traction and relaxation of the lower esophageal sphincter
(cat), contraction of longitudinal muscle and inhibition
of peristalsis and circular muscle re¯ex contraction
(guinea pig), and contraction of longitudinal muscle
(rat, dog). NPY appears to mediate its effects on motility
notby direct actionson muscle but ratherby inhibitionof
excitatory neurons of the enteric nervous system.

Neuropeptide Y has emerged as one of the key neu-
ropeptides active in stimulating feeding behavior and
coordinating peripheral signals involved in body weight
regulation. Studies in rodents show that NPY injected
into the brain (cerebral ventricles and hypothalamus)
induces feeding, prolongs feeding, and causes feeding to
resume in fed animals. Increases in endogenous NPY
occur in the paraventricular nucleus of the hypothala-
mus prior to nocturnal feeding, during fasting, and ac-
companying the hyperphagia of drug-induced diabetes
and genetically obese animals such as fatty Zucker rats
and ob/ob mice. These latter observations suggest that
NPY plays a physiologic role in feeding behavior. Cur-
rent models of NPY-induced feeding show that the NPY
released from ®bers originating in the hypothalamic
arcuatenucleusisresponsibleforstimulatingfeeding.The
stimulation of feeding appears to be mediated through
Y1 or Y5 receptor subtypes, likely located in other hy-
pothalamic areas such as the paraventricular nucleus.
Though rises in NPY levels in the hypothalamus precede
feeding, it is not yet clear what the exact proximate
mechanismsarethatcontrolandcoordinatethisincrease.

Neuropeptide Y-stimulated feeding may also be part
of a larger regulatory mechanism that is in¯uenced by

signals from outside the central nervous system. It has
been shown that activation of Y2 receptor subtypes in
the rat hypothalamus can decrease the release of NPY. In
support of this activity, a Y2-preferring ligand PYY 3ÿ36
can inhibit nocturnal onset feeding in rats (injected
intraperitoneally) and decrease calorie intake in hu-
mans following intravenous infusions that mimic post-
prandial blood levels. This suggests that peripheral
postprandial PYY release (recall the PYY 3ÿ36 fragment
can account for up to 50% of total PYY activity in post-
prandial human serum) may contribute to a satiety ef-
fect by attenuating the NPY effect in the hypothalamus.
Whether this inhibitory effect is accomplished by direct
effects on the hypothalamus or indirectly via other neu-
ral mechanisms has yet to be established.

Leptin is another peripheral signal related to regu-
lation of body weight that can in¯uence hypothalamic
NPY activity. Leptin can decrease the production of NPY
in the arcuate nucleus of the hypothalamus (mice);
subpopulations of NPY-containing neurons in the rat
hypothalamus involved in reactions to fasting also ex-
press the leptin receptor, supporting a role for leptin
regulation of NPY in feeding response. It is thought that
¯uctuations in leptin levels related to body fat stores
may contribute to enhanced NPY-induced feeding dur-
ing low-body-fat conditions (low leptin levels) and
blunted NPY-induced feeding during high-body-fat
states (high leptin levels).

These data suggest that NPY has an important role in
central control of feeding behavior and that peripheral
signals, including postprandial PYY release and leptin
levels related to body fat stores, modulate the feeding
response to establish satiety and energy homeostasis.
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Pancreatic Pseudocysts
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computerized tomography A radiographic technique allow-

ing visualization of a plane or section through the body.

endoscopic retrograde cholangiopancreatography A proce-

dure whereby pancreatic and biliary ducts are visualized

by endoscopic injection of contrast medium.

pseudocyst A non-epithelial-lined collection of pancreatic

secretions.

Pancreatic pseudocysts are non-epithelial-lined ¯uid col-

lections that arise as a consequence of acute pancreatitis,

trauma, or chronic pancreatitis. They are believed to re-

sult from disruption of the pancreatic duct with

subsequent leakage of pancreatic exocrine secretions

into surrounding peripancreatic tissue. The incidence

of pancreatic pseudocysts varies widely, especially with

the increased use of axial imaging in patients with pan-

creatitis and abdominal pain. Most pseudocysts are

asymptomatic; the development of symptoms may herald

signi®cant complications, including perforation, obstruc-

tion, hemorrhage, and infection. Most pseudocysts are

single, unilocular lesions. One-third of pseudocysts are

located in the pancreatic head and the remainder

are found in the body and tail regions. The ¯uid ®lling

the pseudocyst cavity is usually watery in nature and

rich in pancreatic enzymes, including amylase, lipase,

and trypsin. Some endoscopic retrograde cholangio-

pancreatogram studies have shown that in 80%

of cases, the pancreatic duct communicates with the

pseudocyst.

PRESENTATION AND DIAGNOSIS

A lingering course of acute pancreatitis, persistent ab-
dominal pain, or an epigastric mass may be potential
indicators of pseudocyst development. Additional signs
and symptoms may signify complications. Infection
manifests with fever and abdominal pain. Patients
with ruptured pseudocysts present with severe acute
abdominal pain, peritoneal irritation, and shock. Gas-
trointestinal bleeding and vomiting occur when pseudo-
cysts erode into the surrounding viscera and vascular
structures.

The diagnosis of pseudocysts has been greatly
facilitated by the use of axial imaging. Computerized

tomography (CT) is the standard for diagnosis and de-
tects small pseudocysts even less than 1 cm in diameter.
Moreover, CT is helpful in delineating the features of
pseudocysts, including anatomic location, ®brosis of the
wall, presence of blood or infectious material, and via-
bility of the surrounding pancreatic parenchyma
(Fig. 1).

An assessment of the likelihood of spontaneous res-
olution and the risk of developing complications guides
clinical decision-making. Management may consist of
observation and surveillance or intervention. Pancreatic
pseudocysts resolve spontaneously through absorption,
rupture into neighboring viscus, or drainage through
the pancreatic duct, with spontaneous resolution in
50% of cases. Factors that affect the likelihood of spon-
taneous resolution include size, chronicity, and multi-
plicity. Most pseudocysts will resolve without
intervention within 6 weeks. Lesions that are less
than 6 cm in size are more likely to heal than those
that are larger than 6 cm. Those attributed to chronic
pancreatitis are less likely to heal than pseudocysts
secondary to acute pancreatitis. Multilocular lesions

FIGURE 1 CT scan showing a large pancreatic pseudocyst.

Reprinted from Guice, K. In `̀ Surgery: Scienti®c Principles

and Practice'' (L. Green®eld, M. Mulholland, K. Oldham,

G. Zelenock, and K. Lillemoe, eds.), 2nd Ed., with permission.

Copyright Lippincott-Raven Publishers, 1997.
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are also less likely to heal spontaneously than unilocular
lesions.

THERAPEUTIC APPROACHES

Endoscopic, percutaneous, and surgical approaches
may be employed to treat complicated or symptomatic
pancreatic pseudocysts. Endoscopy may be used to
create a communication between the pseudocyst
and either the stomach or small bowel. A broadly
adherent, opposing wall of stomach or small bowel
is absolutely required for this approach to be consid-
ered; preprocedural axial scanning is required to
document this circumstance. A stent or catheter is
then deployed, creating a conduit for internal drainage
of the pseudocyst. Radiographically guided percutane-
ous placement of an indwelling catheter into the
pseudocyst is another means of treating unresolving
or complicated cases of pancreatic pseudocyst. External
catheter drainage of the pseudocyst may be complicated
by secondary infection of the pseudocyst, catheter ob-
struction from particulate debris, and the development
of enterocutaneous or pancreaticocutaneous ®stulas.
Surgical approaches to complicated pancreatic pseudo-
cysts are based on creating an internal drainage com-
munication between the pseudocyst and either the
stomach or small intestine (Fig. 2). As in the endoscopic
approach, a broadly adherent pseudocyst wall is essen-
tial to the success of the drainage procedure. Moreover,
an adequately mature and ®brous wall is required to
ensure a stable anastamosis. Pseudocysts located in
the tail of the pancreas may be amenable to resection
by distal pancreatectomy. In these cases, splenectomy is
warranted if the lesion is in close proximity to the
splenic hilum.

See Also the Following Articles
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FIGURE 2 Pancreatic pseudocyst in close apposition to the

duodenum, allowing for cyst drainage into the duodenum (cys-

toduodenostomy). Reprinted from Bradley, E. L. (1997). `̀ Mastery

of Surgery'' (Nyhus, Baker, Fischer, eds.), 3rd Ed., p. 1228, with

permission. Copyright Lippincott Williams & Wilkins.
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Pancreatic Transplantation
ROBERT M. MERION

University of Michigan, Ann Arbor

allograft A graft transplanted between genetically noniden-

tical individuals of the same species.

diabetes mellitus A chronic metabolic disorder in which

utilization of carbohydrate is impaired and that of lipid

and protein is enhanced; it is caused by an absolute or

relative de®ciency of insulin and is characterized, in

more severe cases, by chronic hyperglycemia, glycosuria,

water and electrolyte loss, ketoacidosis, and coma.

diabetic neuropathy A generic term for any diabetes

mellitus-related disorder of the peripheral nervous

system, autonomic nervous system, and some cranial

nerves.

immunosuppression Prevention or interference with the

development of an immunologic response; it may re¯ect

natural immunologic unresponsiveness (tolerance), may

be arti®cially induced by chemical, biological, or

physical agents, or may be caused by disease.

pancreatic islet Cellular masses varying from a few cells to

hundreds of cells lying in the interstitial tissue of the

pancreas that constitute the endocrine portion of the

pancreas and are the source of insulin and glucagon.

renal failure Loss of kidney function, either acute or chronic,

that results in azotemia and syndrome of uremia.

retinopathy Retinal changes occurring in diabetes mellitus,

marked by microaneurysms, exudates, and hemorrhages,

and sometimes by neovascularization.

Pancreatic transplantation is a surgical treatment for

severe diabetes mellitus and its complications. Most com-

monly, the entire gland is transplanted heterotopically in

cases of longstanding type 1 diabetes. In a number of

scattered reports, isolated pancreatic islets have been

transplanted, with mainly unsatisfactory results. The

two primary objectives of pancreatic transplantation

are to restore normal glucose homeostasis and to prevent,

delay, or reverse the end-organ complications associated

with the underlying disease.

INTRODUCTION

Pancreatic transplantation has been performed since
1966. Results were poor during the ®rst two decades
for three main reasons. First, inability to successfully
preserve pancreatic allografts during the required
period of time between removal from the donor and

implantation into the recipient led to early allograft
failure in a signi®cant proportion of cases. Second, fra-
gility of the organ and injury related to ischemia and
reperfusion resulted in a high incidence of allograft
thrombosis. Third, immunosuppression was inadequate
to prevent rejection and the treatment of pancreas trans-
plant rejection was unsatisfactory.

Since the 1980s, results of pancreatic transplanta-
tion have steadily improved. Improved procurement
techniques and more reliable preservation solutions
have reduced the early failure rate and, combined
with surgical innovations, have lessened the incidence
of early allograft thrombosis. Immunosuppressive drug
developments have signi®cantly reduced the incidence,
severity, and consequences of allograft rejection and
now result in excellent long-term insulin-independent
survival.

INDICATIONS AND
CONTRAINDICATIONS

Patients with longstanding type 1 diabetes mellitus are
candidates for pancreatic transplantation. A demon-
strated absence of C peptide con®rms the failure of
endogenous insulin production. The development of
end-organ complications such as diabetic proliferative
retinopathy, peripheral and autonomic neuropathy,
gastrointestinal dysmotility, and diabetic nephropathy
signals advanced stages of the disease and warrants con-
sideration for transplantation.

Three forms of pancreatic transplantation are of-
fered to suitable patients depending upon the degree
of renal impairment. These comprise pancreas trans-
plant alone (PTA), simultaneous pancreasÿkidney
transplantation (SPK), and sequential pancreas after
kidney transplant (PAK).

In patients without marked renal impairment,
control of blood glucose via conventional means such
as intermittent subcutaneous insulin injections or
insulin pump is almost always successful in preventing
life-threatening hypoglycemic episodes. However, a
small number of patients have severe hypoglycemic
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unawareness, multiple hospitalizations for diabetic
coma or seizures, and inability to control blood sugar
despite adequate compliance with an aggressive regi-
men. These patients may be candidates for PTA, pro-
vided that an adequate renal reserve is present.

Individuals who have already developed renal fail-
ure are also candidates for pancreatic transplantation
and require renal replacement therapy as well, in the
form of a kidney transplant. Two modalities are avail-
able for such patients and the choice between them
depends on the availability of a kidney donor. In the
®rst case, if a living donor is available, the kidney trans-
plant is performed ®rst and the patient may receive a
subsequent cadaveric pancreas transplant (PAK), pro-
vided that the kidney transplant is functioning ade-
quately. If a living donor transplant is not feasible,
the patient may receive both organs from a single
cadaveric donor (SPK).

RECIPIENT EVALUATION

Candidates up to 45 years of age are routinely consid-
ered, but older patients require more careful scrutiny
due to demonstrated inferior patient and graft survival
outcomes. The duration of diabetes mellitus should be
assessed and absence of C-peptide secretion con®rmed.
Systematic assessment of end-organ complications is
important. Diabetic retinopathy requiring laser photo-
coagulation, vitrectomy, or other measures should be
assessed. Blindness is not an absolute contraindication
to pancreatic transplantation, but its presence may sug-
gest more advanced systemic disease. Peripheral neu-
ropathy and associated musculoskeletal manifestations
such as Charcot joints may be present. Autonomic neu-
ropathy with symptomatic orthostatic hypotension and
gastrointestinal dysmotility syndromes are common in
this patient population. Meticulous investigation of cor-
rectable coronary artery disease is mandatory in light of
the high incidence of both overt and asymptomatic le-
sions. The presence of severe peripheral vascular disease
is a marker for systemic atherosclerosis and, particularly
if associated with major amputation, is considered a
relative contraindication. The need for immunosup-
pressive therapy, with its attendant risks of neoplasia
and infection, means that preexisting malignancies
(other than nonmelanoma skin cancers) and active or
ongoing infections are also contraindications to pancre-
atic transplantation.

Unlike most surgical procedures, solid organ trans-
plantation requires lifelong immunosuppression and
cooperation with a complex medical regimen. Accord-
ingly, patients must be capable of understanding the

risks and bene®ts of the procedure and have a requisite
system of social support.

DONOR CONSIDERATIONS

Virtually all pancreatic transplants are procured from
brain-dead cadaveric donors. Donor assessment is a
critical step as the pancreas is more susceptible to pre-
procurement ischemic injury than other solid organs.
Donors over the age of 45 years and those whose cause of
death was cerebrovascular accident are risk factors for
allograft failure. High levels of vasopressor drugs and
the use of antidiuretic drugs (vasopressin, desmo-
pressin) to treat diabetes insipidus in the donor may
also be associated with a higher risk of failure.

Most cadaveric pancreata are procured from multi-
organ donors from whom kidneys, liver, heart, and
lungs are also being retrieved. Coordination between
several donor operative teams may therefore be neces-
sary, although these procedures are now fairly standard-
ized. The entire pancreas along with the associated
donor duodenum is procured. The vascular anatomy
of the liver and pancreas must be shared, since the portal
vein is the venous out¯ow for the pancreatic allograft
and is also required for the liver. Similarly, the arterial
blood supply to the pancreas and liver arises from the
celiac axis and arterial anomalies, which may be found
in upward of 20% of donors, must be assiduously
searched for and preserved.

RECIPIENT OPERATION

Technical details of the recipient pancreas transplant
have evolved signi®cantly. Placement of the organ
into the iliac fossa within the peritoneal cavity (as op-
posed to the retroperitoneum) is preferred. Arterial
blood supply to the pancreas, arising from branches
of the celiac axis and from the superior mesenteric
artery, dictate ex vivo reconstruction prior to implanta-
tion. A Y-graft of bifurcated donor iliac artery is gener-
ally used to enable a single arterial anastomosis to the
common or external iliac artery in the recipient. The
donor portal vein is anastomosed to the external iliac
vein of the recipient.

The more common systemic drainage results in
chronic hyperinsulinemia, although no speci®c adverse
consequences have emerged and glucose homeostasis is
excellent. Some groups have advocated portal venous
drainage of the pancreas as a more physiological
setup. First passage of pancreatic venous blood through
the liver is associated with normal levels of circulating
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insulin and a glucose tolerance that more closely
approximates a normal pattern.

Exocrine secretion of the pancreas is the Achilles
heel of pancreatic transplantation. The two major
choices are to create an anastomosis between the
donor duodenum and the recipient bladder or to create
an anastomosis between the donor duodenum and
the recipient small bowel. The former was used for
many years, as it was perceived to be safer in the
event of a postoperative leak. However, dehydration
and acidosis from urinary losses of alkaline pancreatic
secretions have led to a return to enteric drainage of the
donor pancreas in over one-half of cases.

The pancreas allograft is placed contralateral to a
kidney transplant. Most groups prefer to place the
pancreas graft on the right side if possible. Since the
left iliac vein passes under the iliac artery on that
side, placement of the pancreas on the left may result
in venous hypertension in the graft and a higher risk of
allograft thrombosis.

IMMUNOSUPPRESSION

The majority of transplant centers use anti-lymphocyte
preparations as part of an induction immunosuppres-
sion regimen following pancreatic transplantation. The
agents available include polyclonal (equine and rabbit)
and murine monoclonal antibodies to the T-cell CD3
receptor or the receptor for interleukin-2. Maintenance
immunosuppression usually consists of a three-drug
cocktail using a calcineurin inhibitor (cyclosporine or
tacrolimus), an anti-metabolite (usually mycophenolate
mofetil), and corticosteroids.

Rejection occurs in up to one-half of recipients.
It must be diagnosed early and treated aggressively to
avoid graft failure. The diagnosis increasingly relies
on a tissue biopsy obtained percutaneously, laparo-
scopically, or via laparotomy. Pancreas allograft rejec-
tion is most commonly treated with a full course of
anti-lymphocyte globulin or monoclonal anti-T-cell
antibody.

OUTCOME

The success of pancreatic transplantation can be mea-
sured in terms of patient and graft survival as well as by
the effects of the transplant on end-organ complications.
Patient survival for all modalities of the procedure (PTA,
SPK, PAK) exceeds 94% at 1 year and 83% at 5 years.
Pancreas graft survival rates are dependent on several
factors, the most important of which is the modality of
therapy (Table I). SPK recipients have the highest pan-
creas graft survival rates, closely followed by recipients

of PAK transplants. Rejection is easiest to diagnose in
SPK recipients, where the kidney transplanted from the
same cadaveric donor acts as a barometer for the im-
munologic response to the grafts. Those who receive a
PTA have the poorest results, presumably because the
diagnosis of rejection is more dif®cult.

Diabetic retinopathy may paradoxically worsen
transiently after pancreatic transplantation, but by
2 years post-SPK transplantation a higher proportion
of patients have stable eyes when compared to compa-
rable diabetic patients treated with kidney transplant
alone. Peripheral neuropathy may have multifactorial
etiology, particularly in patients with established renal
failure. Nevertheless, pancreas transplant recipients
have been shown to have less severe and more slowly
progressive neuropathy than their nontransplanted
counterparts. A successful pancreatic transplant pro-
tects the transplanted kidney (or the native kidney in
the case of a PTA) from the development or progression
of diabetic nephropathy.

Quality of life is dramatically improved for recipi-
ents of pancreatic transplantation. Freedom from
decades of dietary restrictions and abolition of the
fear of hypoglycemic coma or seizures are obvious ben-
e®ts. Objective measures of health status and quality of
life have been repeatedly demonstrated to be greatly
improved among pancreatic transplant recipients.

STATUS OF ISLET TRANSPLANTATION

Since the primary objective of pancreatic transplanta-
tion is the restoration of glucose homeostasis, the con-
cept of isolated pancreatic islet transplantation has been
attractive for many years. Unfortunately, despite several
decades of research and modest numbers of human clin-
ical investigations, long-term insulin independence has
been achieved in fewer than 10% of cases. A recent effort
using a corticosteroid-free immunosuppressive regimen
in a small number of patients has provided promising
results. Improved methods for large-scale islet isolation
and more effective immunosuppressive drugs are

TABLE I 1- and 3-Year Pancreas Transplant Graft

Survival Rates by Modality of Transplantation

Pancreas transplant modality

1-year graft

survival (%)

3-year graft

survival (%)

Simultaneous pancreasÿ
kidney transplant

84 77

Pancreas after kidney transplant 70 56

Pancreas transplant alone 64 50
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credited with these successes. However, long-term fol-
low-up will be required before any conclusions can be
drawn regarding the ef®cacy of this approach.
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dietary fats Predominantly triglycerides, which consist of

acyl chains or fatty acids linked to glycerol through ester

bonds.

lipase Enzyme that catalyzes the hydrolysis of ester bonds in

dietary fats to release fatty acids.

pancreatic triglyceride lipase Speci®c enzyme produced and

secreted by pancreatic acinar cells; primarily responsible

for intestinal digestion of triglycerides.

Pancreatic triglyceride lipase is the major pancreatic

lipase synthesized and secreted by pancreatic acinar cells.

It accounts for most of the luminal digestion of triglycer-

ides in the small intestine. This function is critical for the

utilization of dietary triglycerides, because intestinal en-

terocytes cannot absorb long-chain triglycerides unless

lipases convert them to fatty acids and monoacylglycerols.

INTRODUCTION

The digestion of dietary fats in humans begins in the
stomach, where gastric lipase (a distinct protein) re-
leases about 15% of the fatty acids from triglycerides.

Lipases secreted by the pancreas complete dietary fat
digestion in the small intestine. Of these lipases,
pancreatictriglyceridelipase(PTL)predominates,asevi-
denced by patients with congenital de®ciency of PTL
who malabsorb 50ÿ60% of dietary fats. Cholesterol es-
terase, another nonspeci®c lipase, mediates the hydro-
lysis of other dietary lipids. Other more distantly related
lipases, such as lipoprotein lipase and hormone-sensi-
tive lipase, mediate the uptake and release of fatty acids
from various tissues.

PHYSIOLOGY

Only the pancreas synthesizes signi®cant amounts
of PTL, and this occurs in the acinar cells of the pan-
creas. In addition to this tissue-speci®c expression,
mRNA encoding PTL shows temporal and cell-speci®c
regulation. The fetal pancreas of humans and rodents
does not express mRNA for PTL. After birth, the pan-
creas of suckling mouse or rat pups does not express
PTL mRNA until the sucklingÿweanling transition.
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credited with these successes. However, long-term fol-
low-up will be required before any conclusions can be
drawn regarding the ef®cacy of this approach.
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The digestion of dietary fats in humans begins in the
stomach, where gastric lipase (a distinct protein) re-
leases about 15% of the fatty acids from triglycerides.

Lipases secreted by the pancreas complete dietary fat
digestion in the small intestine. Of these lipases,
pancreatictriglyceridelipase(PTL)predominates,asevi-
denced by patients with congenital de®ciency of PTL
who malabsorb 50ÿ60% of dietary fats. Cholesterol es-
terase, another nonspeci®c lipase, mediates the hydro-
lysis of other dietary lipids. Other more distantly related
lipases, such as lipoprotein lipase and hormone-sensi-
tive lipase, mediate the uptake and release of fatty acids
from various tissues.

PHYSIOLOGY

Only the pancreas synthesizes signi®cant amounts
of PTL, and this occurs in the acinar cells of the pan-
creas. In addition to this tissue-speci®c expression,
mRNA encoding PTL shows temporal and cell-speci®c
regulation. The fetal pancreas of humans and rodents
does not express mRNA for PTL. After birth, the pan-
creas of suckling mouse or rat pups does not express
PTL mRNA until the sucklingÿweanling transition.
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Human newborns have decreased lipase activity in
pancreatic secretions and may also have decreased
expression of PTL. Once expressed, mRNA encoding
PTL appears in the pancreatic acinar cells and not in
other cell types in the pancreas. Pancreatic acinar cells
synthesize and secrete PTL into the pancreatic duct
through both basal and regulated pathways. In the com-
mon duct, PTL mixes with biliary lipids and bile salts
before entering the duodenum, where lipolysis occurs.
PTL is active at the neutral pH normally present in the
intestinal lumen. It can be inactivated by low pH, as
occurs with gastric hypersecretion.

LIPOLYSIS

PTL is a carboxyl esterase that prefers acylglycerides to
other dietary lipids, such as phospholipids, cholesterol
esters, and galactolipids. PTL ef®ciently hydrolyzes
a broad range of acyl chains of varying length and
saturation from the 1 and 3 positions of tri- and digly-
cerides, producing fatty acids and 2-monoacylglycer-
ides. In vitro, PTL cleaves acyl chains from C14 to C22

carbon chains with only a sixfold difference in rates
between the best and worst substrates.

Several properties of PTL distinguish it from other
enzymes. Like all lipases, PTL has low activity against
water-soluble substrates and has much higher activity
against water-insoluble substrates at oilÿwater inter-
faces, such as those presented by emulsions of dietary
lipids. Paradoxically, many of the usual constituents
of the duodenum, such as bile salts, phospholipids, pro-
teins, and polysaccharides, inhibit PTL. Another pancre-
aticprotein,colipase, restoresactivity toPTLunder these
conditions by anchoring it at the lipidÿwater interface.

PROTEIN STRUCTURE

The primary structures of PTL and of colipase
from multiple species have been solved by chemical
methods or predicted from their cDNA sequence.
Both proteins are synthesized with 17-amino-acid signal

peptides. Mature human PTL contains 449 amino acids
(molecular mass, 49,558 Da) and human colipase con-
tains 95 amino acids (molecular mass, 10,104 Da). In
contrast to many other pancreatic exocrine proteins,
PTL is not synthesized as an inactive proform or zymo-
gen. Colipase is secreted as a proform, called procolip-
ase, that contains a ®ve-amino-acid propiece, which
is cleaved to produce colipase. Unlike the exocrine
proenzymes, procolipase does function and can restore
activity to bile-salt-inhibited PTL.

The three-dimensional structure of PTL without
colipase and two structures of the PTLÿcolipase com-
plex have greatly increased our understanding of PTL
function. PTL consists of two distinct domains, an
N-terminal a /b hydrolase fold and a C-terminal
b-sheet structure with homology to the C2 domains
that are found in a wide range of proteins. Colipase
binds to the C-terminal domain of PTL. The active
site of PTL resides in the N-terminal domain and
contains a glutamic acidÿhistidineÿserine catalytic
site. In the PTL structure and in one of the PTLÿcolipase
structures, a surface loop covers the active site and pre-
vents substrate from entering the active site. In the other
PTLÿcolipase structure, the `̀ lid'' has moved into a po-
sition that opens and con®gures the active site and,
together with colipase, presents a large hydrophobic
surface that serves as the lipid binding site.
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Pancreatic Tumors, Other
R. TODD FREDERICK AND JOHN M. CARETHERS

University of California, San Diego

pancreatic cystic neoplasms Pancreatic tumors that arise

from parenchymal cells and often form cystic shapes

seen in imaging studies.

pseudocyst A non-epithelial-lined collection of pancreatic

secretions.

The vast majority of pancreatic tumors are adenocarcino-

mas arising from the ductal epithelium. Pancreatic tumors

other than ductal adenocarcinoma are rare and can be

broadly classi®ed as cystic versus solid lesions. The pri-

mary cystic neoplasms of the pancreas represent the ma-

jority of these tumors; other rare solid tumors are

occasionally seen.

INTRODUCTION AND CLASSIFICATION

Lesions arising from within the pancreas can generally
be classi®ed as either cystic or solid and as benign or
malignant. However, the distinction between benign
and malignant neoplasms can be dif®cult to make
and several tumors represent a spectrum of disease
with an indistinct transition point from benign to ma-
lignant. The most commonly encountered masses in the
pancreas are not tumors or cysts but collections of ¯uid
with a ®brous wall, termed pseudocysts. Pancreatic ad-
enocarcinoma represents the most common neoplasm
of the pancreas, accounting for perhaps 90ÿ95% of tu-
mors. The other tumors are all considered rare and can
be classi®ed based on appearance as cystic or solid (see
Table I). The solid tumors include nonendocrine tu-
mors, metastatic cancers, and endocrine tumors. This
article will focus on the primary cystic neoplasms of the
pancreas with a brief discussion of the assortment of
other solid nonendocrine tumors.

Cystic Tumors of the Pancreas

The cystic neoplasms were ®rst recognized in 1824
but their classi®cation has continued to evolve for the
past 180 years. Initially, cystic tumors were recognized
according to the sizes of the cysts, being either micro-
cystic or macrocystic. In 1978, the distinction between
two major types of cystic neoplasms was made

according to the nature of the cyst contents: serous
versus mucinous. A few years later in 1982, the third
major tumor in this class was discovered. However, the
terminology varied considerably and not until the late
1990s was the term intraductal papillary mucinous
tumor (IPMT) widely accepted.

The list of cystic tumors within the pancreas is large
but more than 90% of these tumors are composed of
mucinous cystic neoplasms, serous cystadenomas, and
IPMTs. The remainder are exceedingly rare and limited
information is available regarding their nature. These
tumors have many similar features in age of onset, clin-
ical presentation, and treatment; however, prognosis
varies considerably. The most important differential di-
agnosis to consider with all cystic tumors is the vastly
more common pseudocyst for which detailed historical

TABLE I Classi®cation of Pancreatic Tumors

A. Cystic

a. Mucinous cystic neoplasms

i. Mucinous cystadenoma

ii. Mucinous cystic tumor with moderate dysplasia

iii. Mucinous cystadenocarcinoma

b. Serous cystadenoma

c. Serous cystadenocarcinoma (case reports)

d. Intraductal papillary mucinous tumor

e. Acinar cell cystadenocarcinoma

f. Cystic choriocarcinoma

g. Cystic teratoma

h. Cystic islet cell tumor

i. Cytic necrosis of adenocarcinoma/lymphoma

j. Papillary cystic epithelial neoplasm

k. Angimatous neoplasms

i. Angioma

ii. Lymphangioma

iii. Hemangioendothelioma

B. Solid

a. Ductal adenocarcinoma

b. Pancreatic lymphoma (primary vs systemic)

c. Adenosquamous carcinoma

d. Giant cell carcinoma (sarcomatoid or osteoclast-like

carcinoma)

e. Acinar cell carcinoma

f. Pancreaticoblastoma
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information regarding pancreatitis or abdominal
trauma is paramount. Other ®ndings to suggest pseudo-
cyst rather than cystic tumor include lack of septations,
loculations, solid components, or calci®cations on
computed tomography (CT) or any communication
between the cyst and ductal system on endoscopic
retrograde cholangiopancreatography (ERCP). Perhaps
the best distinguishing feature is the amylase content of
the aspirated ¯uid, generally greater than 5000 IU/liter.

Mucinous Cystic Neoplasms

These tumors represent a spectrum of disease rang-
ing from presumably benign to clearly malignant with
local invasion and distant metastases occasionally
seen. Previously classi®ed as mucinous cystadenoma
with variable degrees of dysplasia versus cystadeno-
carcinoma, the currently favored term is mucinous cys-
tic neoplasms (MCNs) due to the dif®culty in accurately
diagnosing these lesions as benign versus malignant.

The MCNs are the most frequently encountered
form of cystic neoplasm in the pancreas, representing
45ÿ50% of these tumors. Women are more commonly
affected, perhaps as high as 4 : 1, and the median age at
diagnosis is 50ÿ55 years. MCNs are usually composed
of multiple cysts and range in size from 1 to 26 cm.
Benign tumors tend to be smaller (5 to 6 cm), whereas
malignant tumors average 8 to 11 cm. The mucinous
tumors tend to be `̀ macrocystic'' in appearance, with
fewer cysts and each cyst greater than 2 cm in size.
Solid components and calci®cations are occasionally
found and usually connote a malignant change. The
majority of MCNs are found in the body and tail of
the pancreas and rarely connect with the ductal
system (5%).

The majority of patients diagnosed with MCNs are
symptomatic. Common presenting symptoms include
vague abdominal pain, bloating or abdominal fullness,
and early satiety. A few patients are able to feel an
abdominal mass. Jaundice, pancreatitis, and weight
loss are less common to rare. An increasing percentage
of patients are asymptomatic and found to have inci-
dental pancreatic masses after abdominal imaging for
unrelated conditions. Diagnosis is then made after ab-
dominal imaging is obtained, with ultrasound (US), CT,
or magnetic resonance imaging. Although MCNs can be
suspected based upon radiologic ®ndings, a de®nitive
diagnosis requires either aspiration of cyst ¯uid or sur-
gical resection. Large tumors can be percutaneously
aspirated safely; however, smaller tumors are increas-
ingly being sampled via endoscopic US (EUS). Charac-
teristic and diagnostic features of MCN ¯uid include
high viscosity, positive mucin staining, low amylase,

positive cytology (in 50%), and moderately elevated
carcinoembryonic antigen (CEA) >200 ng/ml.

The lining of MCNs is composed of a mucin-pro-
ducing tall columnar epithelium with a ductal origin.
Up to 75% of cysts have been found to have regions of
cyst wall denuded of epithelium, involving on average
40% of the wall. In addition, multiple reports of benign,
dysplastic, and malignant epithelium coexisting within
the same tumor have been described. For these reasons,
once an MCN is suspected, surgical resection is strongly
advised. This should entail either a distal pancreatec-
tomy with splenectomy or a pancreaticoduodenectomy
or Whipple procedure. Limited enucleation is not rec-
ommended. Long-term survival is good for patients with
resectable disease, ranging from 50 to 75% at 5 years.
Studies of adjuvant therapy including chemotherapy
and radiation are ongoing and thus their effectiveness
is not fully known.

Serous Cystadenoma

As opposed to its mucinous counterpart, the serous
cystic tumor represents a more homogenous and pre-
dictable entity. Almost universally benign, only six case
reports of malignant serous cystadenocarcinomas have
been reported.

The serous cystadenomas are probably the second
most common cystic tumor of the pancreas, represent-
ing 16 to 27% of cystic tumors in most series. Similar to
MCNs, women are predominantly affected, again ap-
proaching 4:1 in incidence, and age at diagnosis is typ-
ically the sixth or seventh decade. These tumors can also
be a component in 15% of patients with Von Hippel-
Lindau syndrome. Concomitant renal, retinal, or cere-
bellar vascular tumors are usually found. The overall
size of the serous tumors is similar to MCNs at 1 to 26 cm
with an average of 6 to 10 cm, but the individual cysts
tend to be much smaller, ranging from micrometers
to 2 cm in diameter in a honeycomb fashion. The
previously descriptive classi®cation of `̀ microcystic'' ad-
enoma is no longer used. Unlike the MCNs, serous
tumors often have characteristic ®ndings on radiologic
imaging. The vascular, ®brous, calci®ed connective tis-
sue of the tumor creates a central stellate scar with a
characteristic `̀ sunburst'' pattern on plain ®lms, CT, or
angiography. Unfortunately, this pathognomonic ®nd-
ing is present in only 10 to 30% of tumors. Some authors
believe that if it is present, further diagnostic testing,
such as cyst aspiration, is unnecessary. Although found
throughout the gland, these tumors tend to occur in the
head of the pancreas more commonly than MCNs.

As with MCNs, the majority of patients diagnosed
with serous tumors are symptomatic at presentation.
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Symptoms are generally related to mass effect and in-
clude abdominal pain, fullness, and the feeling of a mass
in up to 33% of patients. Biliary or pancreatic obstruc-
tion resulting in jaundice, cholangitis, or pancreatitis is
unusual. Weight loss may be present, probably related
to early satiety rather than to anorexia as is commonly
found with malignancy. The proportion of patients who
are asymptomatic at diagnosis will likely continue to
increase with the rising use of abdominal imaging mo-
dalities for various complaints. As with MCNs, de®ni-
tive diagnosis of serous cystadenomas usually requires
additional testing after initial radiographic studies re-
veal a cystic mass. Aspiration of cyst ¯uid is helpful but
may be more dif®cult due to smaller sizes of the indi-
vidual cysts. The ¯uid can usually be distinguished from
MCNs or pseudocysts by ®nding low viscosity, negative
mucin staining, low CEA 55 ng/ml, low amylase, and
a unique characteristic of positive PAS (periodic acid-
Schiff)-staining cells on cytologic analysis due to the
abundant glycogen. PAS-positive cells are reported in
approximately half of cases and if present, strongly
support the diagnosis.

The epithelium of serous cystadenomas is composed
of glycogen-rich low cuboidal cells. No mucin is pro-
duced. Unlike the MCNs, the progenitor cell is believed
to be the centroacinar cell as opposed to ductal epithelial
cells. The problem of frequently coexisting benign and
dysplastic cells has not been reported for serous tumors.
Due to the more benign nature of these tumors, patient
management includes more options. Patients who are
elderly or otherwise poor surgical candidates and
asymptomatic patients may be safely followed with sur-
veillance imaging. If the lesion continues to grow or
symptoms develop or worsen, then surgical referral
can be reconsidered. Most authors agree that young
patients or symptomatic patients should undergo com-
plete resection with either a distal pancreatectomy or a
Whipple procedure to eliminate the chance of malig-
nant degeneration as well as potential complications,
such as hemorrhage or obstruction. Long-term survival
is excellent.

Intraductal Papillary Mucinous Tumor

In the early 1980s, a new subset of the mucinous
cystic tumor was noted that tended to involve the ductal
system causing ductal dilation as well as acute and
chronic pancreatitis. Various names were given to de-
scribe this subset of tumors, such as mucinous ductal
ectasia, mucin-hypersecreting tumor, mucinous villous
adenomatosis, and ductectatic mucinous cystadenoma,
to name a few. By the mid-1990s, the consensus was for
intraductal papillary mucinous tumor (IPMT). Similar
to MCNs, IPMTs encompass a spectrum of disease from

entirely benign to frankly malignant with many inter-
mediates in between. Approximately 40% of tumors are
malignant at time of presentation.

IPMTs are less common than MCNs, but are similar
in incidence to serous tumors, representing the third
most common cystic tumor of the pancreas (some au-
thorities list IPMT as the second most common type).
The incidence has risen over the past decade, likely due
to increasing recognition of this distinct tumor type as
well as improved radiographic techniques. Unlike both
MCNs and serous tumors, males are more commonly
affected with IPMTs. Age of onset is usually over 60
years. The gross and histologic ®ndings are distinct
from the other cystic tumors in that there is a papillary
growth of tumor within the main or secondary pancre-
atic ducts, giving rise to main duct or branch duct types.
The ducts then become obstructed and subsequently
dilated, giving the appearance of a cystic tumor.
`̀ Mucin lakes'' have been described in the surrounding
pancreas and one series reported 20% to have concom-
itant lesions similar to MCNs, typically in the head of the
pancreas. These likely represent the branch duct type
with cystic dilations. The other characteristic ®nding,
usually seen at ERCP, is protrusion of the major and/or
minor papillae into the duodenum with extrusion of
copious amounts of mucin.

As with the other cystic tumors of the pancreas, the
majority of patients with IPMT are symptomatic at di-
agnosis. Unlike other cystic tumors, patients with IPMT
frequently suffer from recurrent acute pancreatitis or
chronic pancreatitis with episodic or chronic abdominal
pain and symptoms related to obstruction of the bile
ducts, pancreatic ducts, or small bowel. Weight loss,
steatorrhea, and diabetes are not uncommon. Elevations
of amylase or lipase are found in up to half of patients at
presentation. The tumor markers CEA and CA19-9 are
elevated in approximately 10 to 15% but are not felt
to be useful in diagnosis due to the low speci®city.
Diagnosis usually requires advanced endoscopic tech-
niques such as ERCP and EUS with ®ne-needle aspira-
tion. Characteristic ®ndings include a patulous ampulla
with mucus emanating from a dilated ori®ce, cystic di-
lation of the main and secondary ducts, ®lling defects
within the ducts, and pancreatic parenchymal atrophy.
Strictures are notably absent. ERCP also allows for col-
lection of ductal secretions and forceps biopsy for pa-
thology and cytology. EUS is particularly helpful in
distinguishing this tumor from chronic pancreatitis,
which can have a similar appearance. These procedures
are important for outlining the extent of disease to plan
for surgical resection.

The epithelium of the IPMTs is composed of tall
columnar mucin-producing cells, similar to MCNs.
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These cells tend to form papillary projections, which
can also be seen in MCNs. The epithelium frequently
undergoes hyperplastic, dysplastic, and carcinomatous
changes. Local invasion is not uncommon. The disease
typically begins in the head of the pancreas with slow
spread throughout the gland. Due to the high likelihood
of ®nding malignant disease at diagnosis or on follow-
up, complete resection is strongly recommended for all
surgical candidates without evidence of local or meta-
static spread. This typically requires a pancreaticoduo-
denectomy, distal pancreatectomy with splenectomy, or
total pancreatectomy. The use of intraoperative frozen
sections to outline the extent of malignancy is essential
for curative resections. The survival for patients with
curative resections is good, with estimates of 60 to 80%
at 5 years. Patients with unresectable disease have out-
comes similar to those for pancreatic adenocarcinoma.

Other Cystic Lesions

The vast majority of cyst-like lesions within the pan-
creas are not true cysts or tumors but actually pseudo-
cysts. These are collections of pancreatic secretions
related to ductal disruption after acute pancreatitis or
pancreatic trauma.

Other cysts within the pancreas are exceedingly
rare. These can be classi®ed as congenital/inherited,
infectious, and neoplastic. The congenital/inherited
lesions include simple cysts, polycystic disease (with
or without kidney involvement), Von Hippel-Lindau
disease, dermoid cysts, and macrocysts secondary to
cystic ®brosis. Infections with parasites such as
Echinococcus granulosis and Taenia solium can also
produce cystic lesions within the pancreas. Other neo-
plastic cystic lesions in addition to the three most
common ones described above include acinar cell
cystadenocarcinoma, cystic choriocarcinoma, cystic
teratoma, cystic islet cell tumors/acinar cell cystadeno-
carcinoma (usually nonfunctioning), cystic necrosis of
adenocarcinoma or lymphoma, papillary cystic epi-
thelial neoplasms, and angiomatous lesions, such as
angiomas, lymphangiomas, and hemangioendothelio-
mas. These tumors are described in the literature with
case reports, and only minimal details regarding their
clinical behavior are known.

Solid Tumors of the Pancreas

Though the overwhelming majority of solid tumors
in the pancreas are adenocarcinomas, a few other types
of tumors are known to occur and will be described here.

Lymphomas can involve the pancreas in up to one-
third of patients. However, primary lymphoma of the
pancreas is a rare tumor, accounting for less than 1%

of all extranodal non-Hodgkin's lymphomas and only
0.3% of pancreatic tumors. Abdominal pain and
weight loss are common complaints at presentation.
Lactate dehydrogenase may be elevated. Due to the
large size attained by these tumors, a palpable mass
can be felt in over half of patients. Jaundice may be
found in one-third. Pancreatitis is uncommon. These
tumors are frequently misdiagnosed as adenocarci-
noma prior to surgery. A clue to the diagnosis may
be an unusually large solid tumor. Therapy consists of
combination chemotherapy and radiation but survival
is poor.

Two variants of ductal adenocarcinoma include
adenosquamous carcinoma and giant cell carcinoma
of the pancreas. Both arise from the ductal cell.
Adenosquamous cancers have a transition point to
squamous epithelium. They tend to be hypervascular.
The giant cell carcinoma is also known as sarcomatoid
and several subtypes have been described. Of note,
these tumors tend to spread hematogenously and
generate distant metastases unlike adenocarcinoma.
Overall, the clinical presentation, response to
therapy, and prognosis are very similar to those for
adenocarcinomas.

Acinar cell carcinomas have also been described.
These malignant tumors arising from the endocrine por-
tion of the pancreas can present as cystic or solid tu-
mors. Most are nonfunctioning and are discovered
incidentally or due to mass effect. Serum lipase levels
may be elevated and peripheral fat necrosis may
be noted.

Pancreaticoblastoma is a rare tumor usually found in
children at a mean age of 4 years. Girls are affected more
often than boys. Rare cases can present in adulthood.
The tumors tend to be large at the time of presentation
and symptoms of pain or fullness are related to mass
effect. Distant metastases can develop. Treatment
involves wide excision.
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computed tomography scan Radiographic technique allow-

ing visualization by computer reconstruction of a plane

or section through the body.

endoscopic retrograde cholangiopancreatography Proce-

dure whereby the pancreatic ducts are visualized by

endoscopic injection of contrast media.

pancreatic pseudocyst Non-epithelial-lined collection of

pancreatic secretions.

pancreatitis In¯ammatory disease of the pancreas.

serum amylase Pancreatic amylase in the serum; serves as a

marker of acinar cell damage, i.e., pancreatitis.

trypsin activation peptide Part of the molecule cleaved from

trypsinogen to activate trypsin.

zymogens Proteolytic proenzymes that exist in cells as an

inactive precursor; pancreatic zymogens are normally

activated by cleavage in the gut lumen.

Pancreatitis is an in¯ammatory disease of the pancreas. In

clinical terms, acute pancreatitis usually develops rapidly

and without a prior history of repeated pancreatitis at-

tacks. In contrast, chronic pancreatitis may be character-

ized by symptoms that slowly develop and a history of

multiple previous pancreatitis attacks. Pathologically,

acute pancreatitis is de®ned as pancreatitis that occurs

in a previously healthy gland and that, after the acute

attack resolves, leaves a pancreas that may be both mor-

phologically and functionally normal. In contrast, the

gland is usually abnormal before an attack of chronic

pancreatitis becomes clinically apparent. That preexisting

abnormality usually involves diffuse ®brosis of the gland

with loss of both exocrine and endocrine elements, and

those changes persist even after the attack of chronic

pancreatitis has resolved.

PATHOLOGY

An attack of acute pancreatitis may be either mild or
severe. Pathological changes of mild acute pancreatitis
include edema, peripancreatic fat necrosis, and a mild
intrapancreatic in¯ammatory reaction. In contrast, se-
vere pancreatitis is pathologically characterized by vary-
ing degrees of parenchymal necrosis along with a severe
intrapancreatic in¯ammatory reaction. Intrapancreatic
hemorrhage as well as both intrapancreatic and peri-
pancreatic ¯uid collections can be seen in severe pan-
creatitis along with extensive peripancreatic fat
necrosis.

ETIOLOGY

Acute pancreatitis typically occurs as a consequence of
some other process; collectively, those processes are
referred to as the `̀ etiologies'' of acute pancreatitis. In
developed countries, roughly 80% of patients with acute
pancreatitis develop their disease as a result of either
biliary tract stone disease or as a result of prolonged and
excessive abuse of ethanol. In any particular population,
the distribution between these two causes is related to
the incidence of those inciting events in that popula-
tionÐi.e., in inner city populations, ethanol abuse is the
most common cause, whereas in more af¯uent suburban
groups, biliary tract stones account for most cases of
pancreatitis. A number of drugs can also cause pan-
creatitis (see Table I). Duodenal or pancreatic tumors
as well as other lesions causing pancreatic duct
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vere pancreatitis is pathologically characterized by vary-
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creatitis along with extensive peripancreatic fat
necrosis.

ETIOLOGY

Acute pancreatitis typically occurs as a consequence of
some other process; collectively, those processes are
referred to as the `̀ etiologies'' of acute pancreatitis. In
developed countries, roughly 80% of patients with acute
pancreatitis develop their disease as a result of either
biliary tract stone disease or as a result of prolonged and
excessive abuse of ethanol. In any particular population,
the distribution between these two causes is related to
the incidence of those inciting events in that popula-
tionÐi.e., in inner city populations, ethanol abuse is the
most common cause, whereas in more af¯uent suburban
groups, biliary tract stones account for most cases of
pancreatitis. A number of drugs can also cause pan-
creatitis (see Table I). Duodenal or pancreatic tumors
as well as other lesions causing pancreatic duct
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obstruction (e.g., duodenal Crohn's disease, duodenal
ulcers, or periampullary diverticulitis) can also precip-
itate an attack of acute pancreatitis. Some patients have
acute pancreatitis on a hereditary basis. Recent studies
have identi®ed a number of genetic mutations that are
associated with pancreatitis in those individuals. In
some people, the mutation results in an abnormal cat-
ionic trypsinogen that, once activated, may be resistant
to inactivation by trypsin inhibitors in the pancreas. In
other individuals, hereditary pancreatitis may be due to
genetic defects that result in production of ineffective
trypsin inhibitors in the pancreas. Pancreatitis can
also be triggered by a number of miscellaneous
events, including hyperlipidemia, shock, hypothermia,
trauma, scorpion bites, and endoscopic retrograde
cholangiopancreatography (ERCP). The anatomic var-
iant pancreas divisum has also been associated with
episodes of pancreatitis, but whether it should be con-
sidered a cause of acute pancreatitis is a controversial
issue. Roughly 15% of patients develop pancreatitis for
no identi®able reason. In those cases, the pancreatitis is
considered to be `̀ idiopathic.'' Recent reports have
suggested that many of those patients with idiopathic
pancreatitis actually have pancreatitis as a result of over-
looked biliary tract disease (microlithiasis), an autoim-
mune process, or cystic ®brosis.

The mechanisms by which a biliary tract stone
might trigger acute pancreatitis have been the subject
of considerable study and speculation. Opie suggested
in 1901 that a stone might migrate into or through the
terminal biliopancreatic ductal system, causing ob-
struction and creating, behind that obstruction, a
common bileÿpancreatic channel that would permit
bile to re¯ux, retrogradely, into the pancreatic duct.

More recent studies, however, have indicated that
stone-induced obstruction of the pancreatic duct, rather
than re¯ux of bile into the pancreatic duct, is the event
that probably triggers acute pancreatitis. Presumably,
the stone, or in¯ammation caused by passage of a
stone, causes obstruction of the distal duct, and con-
tinued secretion above that obstruction leads to pan-
creatic ductal hypertension. By mechanisms that have
not been de®ned, pancreatic ductal hypertension then
causes changes within pancreatic acinar cells that re-
sult in acinar cell injury and pancreatitis (see below).

The mechanisms by which ethanol abuse might
cause acute pancreatitis are not known with certainty,
but it is generally believed that ethanol or one of its
metabolites triggers pancreatitis by exerting a direct
toxic effect on the pancreas, much like a drug. Exper-
imental evidence to support this hypothesis is, however,
limited. The chronic pancreatitis that is associated with
prolonged and excessive ethanol abuse may re¯ect
changes resulting from repeated subclinical episodes
of acute ethanol-induced pancreatitis.

PATHOPHYSIOLOGY

The earliest changes of acute pancreatitis appear to
occur within pancreatic acinar cells, and perhaps the
earliest of those changes involves intraacinar cell acti-
vation of digestive enzyme zymogens. The pancreatic
acinar cell synthesizes and secretes a large number and
amount of digestive enzymes, and those enzymes play a
critical role in digestion. Under normal conditions, the
potentially harmful digestive enzymes are synthesized
and secreted as inactive proenzymes or zymogens,
which become activated only after they traverse the
pancreatic ductal system and enter the duodenum.
There, the brush border enzyme enterokinase (entero-
peptidase) catalyzes the activation of trypsinogen and
trypsin activates the other zymogens, including chymo-
trypsinogen, proelastase, and the procarboxy-
peptidases. During the earliest stages of pancreatitis,
activation of digestive enzyme zymogens, including
trypsinogen, occurs within acinar cells. The mecha-
nisms responsible for that intraacinar cell activation
of trypsinogen are not entirely clear, but one widely
accepted hypothesis suggests that it is catalyzed by ly-
sosomal hydrolases such as cathepsin B and that the
activation occurs because lysosomal hydrolases and di-
gestive enzymes become colocalized within membrane-
bounded intracellular organelles during the very early
stages of pancreatitis. Presumably, intraacinar cell
zymogen activation leads to acinar cell injury and
that injury then leads to pancreatitis.

TABLE I Drugs That May Cause Acute Pancreatitis

De®nite causes Probable causes Equivocal causes

Furosemide L-Asparaginase Rifampin

Valproic acid Phenformin H2 blockers

Azathioprine Acetominophen Isoniazid

6-Mercaptopurine Procainamide Steroids

Methyl-DOPA Chlorthalidone Acetaminophen

Tetracycline Erythromycin Propoxyphene

Ethycrynic acid

Sulfonamides

Iatrogenic

hypercalcemia

Metronidazole

5-Aminosalicylate

Pentamidine

Estrogens

Dideoxyinosine

Thiazides
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CLINICAL PRESENTATION

Symptoms

The classical symptoms of acute pancreatitis are ab-
dominal pain, nausea, and vomiting. The pain is usually
experienced in the upper abdomen and usually radiates
straight through to the back. It is usually constant and
gradually increases in severity. It may be relieved by
sitting upright and/or leaning forward. Nausea and vom-
iting usually follow the onset of pain but the pain is not
relieved even by repeated episodes of vomiting. Fever is
common but rigors, when they occur, should suggest
that biliary obstruction and cholangitis are also present.
Clinical jaundice can be present either as a result of
biliary tract obstruction or as a result of cholestasis
caused by pancreatitis.

Physical Examination

Acute pancreatitis is usually associated with dif-
fuse abdominal tenderness, and both voluntary and in-
voluntary guarding are typically noted on physical
examination. An abdominal mass, particularly in the
upper abdomen, can sometimes be felt. The patient is
frequently described as `̀ writhing about'' on the stretcher
in search of a position of comfort. Physical changes
indicative of severe dehydration may be present either
as the result of repeated vomiting or because of loss of
¯uid into the extravascular spaces. Tachycardia, fever,
tachypnea, and hypotension are commonly seen when
pancreatitis is severe. When retroperitoneal hemorrhage
has occurred, ecchymoses in the ¯ank (GreyÿTurner
sign) or periumbilically (Cullen's sign) may be observed.
Jaundice is not uncommon, but during the early stages of
pancreatitis, the jaundice is usually mild.

Blood Tests

Routine blood tests usually reveal an elevated
white blood cell count and a so-called shift to the left

manifested by an increase primarily in neutrophils. The
hematocrit is usually elevated as a result of ¯uid loss,
either externally as the result of vomiting or internally as
a result of ¯uid shifts to the extravascular compartment.
Measurement of serum electrolytes in the former case
usually reveals changes indicative of a hypochloremic
alkalosis whereas serum electrolytes may be normal in
spite of severe dehydration if most of the ¯uid has been
lost into the extravascular space. In either case,
hypoalbuminemia is common. The bilirubin and trans-
aminases may be elevated, and the alkaline phosphatase
may be elevated with these changes due either to extra-
hepatic biliary obstruction or to the cholestasis of severe
illness. Patients with hyperlipidemia-induced pancrea-
titis typically have very high serum triglycerides during
an attack and, not infrequently, lactescent serum can be
seen. The classical change in blood chemistry associated
with acute pancreatitis is a rise in the serum amylase,
lipase, or both. The magnitude of these rises does not
indicate the severity of the attack and a substantial frac-
tion of patients may be examined in the hospital setting
after these changes have resolved and their amylase or
lipase levels have returned to normal. It is important to
recognize that an elevated amylase can be noted in a
variety of disease states other than pancreatitis (see
Table II) and that a rise in serum amylase is therefore
not necessarily diagnostic of pancreatitis. Similarly, a
normal or near-normal serum amylase value does not
exclude the diagnosis of acute pancreatitis.

A number of other tests have been proposed for the
diagnosis of acute pancreatitis. These include measure-
ment of trypsinogen activation peptide (TAP) in blood
or serum, measurement of serum immunoreactive tryp-
sin, measurement of urine amylase levels, and measure-
ment of the clearance ratio of amylase to creatinine.
Unfortunately, none of these tests is without false pos-
itives or false negatives and, at present, they would
appear to have little to offer for the diagnosis of acute
pancreatitis. Recent studies have suggested that a

TABLE II Causes of Elevated Serum Amylase Activity

Pancreatic causes Intraabdominal nonpancreatic causes Extraabdominal causes

Acute pancreatitis Perforated hollow viscus Salivary gland pathology

Pancreatic ascites Cholangitis Burns

Pancreatic trauma Renal failure Lung tumors

Chronic pancreatitis Mesenteric ischemia/infarction Diabetic ketoacidosis

Pancreatic cancer Cholecystitis Pneumonia

Endoscopic retrograde

cholangiopancreatography

Ruptured ectopic pregnancy

Bowel obstruction

Pseudocysts Ovarian cyst

Duct obstruction
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number of blood tests can be used to predict the severity
of pancreatitis. These include measurement of serum
interleukins (IL-1 and IL-6), tumor necrosis factor a
(TNFa), and C-reactive protein. Changes in the levels
of these elements are not speci®c to pancreatitis and
these tests should therefore not be used for the diagnosis
of pancreatitis.

Imaging Studies

Plain ®lms of the abdomen usually reveal an ileus
pattern. Occasionally, a prominent loop of air-®lled je-
junum (sentinel loop) near the pancreas is seen in the
left upper quadrant of the abdomen, but this is not
uniformly the case. On chest X-ray, pleural effusions
and lower lobe atelectasis are common. Occasionally,
ultrasound examination of the abdomen may be helpful
in the diagnosis by revealing pancreatic swelling and
the presence of gallbladder and/or bile duct stones.
However, ultrasound examination is often incomplete
because the dilated, gas-®lled bowel loops that are
present as the result of pancreatitis-induced ileus may
preclude a comprehensive ultrasound exam.

Perhaps the most useful imaging study for acute pan-
creatitis is the computed tomography (CT) scan, partic-
ularly when it is combined with intravenous bolus
administration of contrast material. This exam usually
detects all but the mildest changes of pancreatitis, includ-
ing pancreatic swelling, peripancreatic in¯ammation, the
presence of acute peripancreatic ¯uid collections, and the
development of pancreatic necrosis. The latter change is
manifested by areas of non-contrast-perfused pancreatic
tissue. The contrast-enhanced CT scan can be particu-
larly useful by excluding other causes of severe abdom-
inal pain and peritonitis, including perforated viscus and
ischemic bowel. The ®nding of a normal pancreas on
contrast-enhanced CT examination in the presence of
clinical changes suggestive of severe pancreatitis should
alert the clinician to the high likelihood that the patient
does not, indeed, have pancreatitis.

Prognosis

Several scoring systems have been used in an attempt
to determine, early in the course of pancreatitis, whether
the attack is mild or severe. These include the Ranson
system (see Table III), the Glasgow system, the CT scor-
ing system, and the Acute Physiology and Chronic
Health Evaluation (APACHE) scoring system. Obesity
has also been identi®ed as an independent risk factor.
It is also likely that an experienced clinician using
simple `̀ good judgment'' can also discriminate between
mild and severe pancreatitis with similar accuracy.
Patients with severe pancreatitis, for the most part, ex-
perience a complex disease with secondary failure of
other organs (lungs, kidney, etc.), which often requires
prolonged intensive care, may necessitate repeated op-
erations and may be associated with mortality rates of
20ÿ40%. On the other hand, mild pancreatitis is truly a
mild disease with recovery in several days, little mor-
bidity, and negligible mortality.

TREATMENT

Initial Treatment

The initial treatment of acute pancreatitis includes
the ®rm establishment of a diagnosis. A number of other
serious problems, including perforated viscus, ischemic
or infarcted bowel, and bowel obstruction, can mas-
querade as pancreatitis, and making the ®rm diagnosis
of acute pancreatitis may not be a trivial matter. Usually,
patients present with classical symptoms, physical
®ndings, and laboratory changes, including hyperamyl-
asemia. An early CT scan can be used to con®rm the
diagnosis. However, when doubt persists, a diagnostic
laparotomy, to exclude other causes of abdominal pain,
may be required.

Once the diagnosis of acute pancreatitis is estab-
lished, attention should be directed at relieving pain
and providing ¯uid resuscitation. The pain of pancrea-
titis may be severe and dif®cult to control. It is generally

TABLE III Ranson's Signs for the Prognosis of Acute Pancreatitisa

On admission During initial 48 hours

Age Over 70 Years Hematocrit decrease over 10% with rehydration

White blood cell count over 18,000/mm3 Blood urea nitrogen rise greater than 2 mg/dl

Blood glucose over 20 mg/dl Serum calcium below 8 mg/dl

Lactate dehydrogenase over 400 IU/liter Arterial oxygen below 60 mmHg

Glutamic aspartate aminotransferase above 250 U/liter Base de®cit over 5 mEq/liter

Fluid sequestration over 4 liters

aAdapted from Ranson (1979). The total number of positive items correlates with morbidity and mortality.
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believed that meperidine, rather than morphine, is the
opiate of choice for pain control in pancreatitis. Fluid
requirements, particularly in severe pancreatitis, can be
enormous, and, in many ways, resemble those of a se-
vere burn. The hematocrit elevation can be used to es-
timate the intravascular ¯uid de®cit, and that de®cit
should be replaced with an isotonic solution containing
albumin. Usually, the standard serum electrolytes are
normal and ¯uid replacement can be achieved with ei-
ther lactated Ringer's solution or normal saline. Hypo-
calcemia can be present and, if ionized serum calcium
levels are depressed, calcium administration may be
indicated. Hypomagnesemia, particularly in patients
with a history of ethanol abuse, may also be present
and require treatment.

Adequate ¯uid resuscitation is perhaps the single
most important element in the early treatment of severe
pancreatitis, and there is evidence that inadequate ¯uid
repletion can markedly worsen the severity of a pancre-
atitis attack. Proper administration of ¯uid in this set-
ting may require placement of a central venous or
pulmonary artery pressure monitor. This is especially
true in patients with comorbidities such as cardiac dis-
ease and in those with adult respiratory distress
syndrome (ARDS), because overhydration in these
patients may also create serious problems.

Prophylactic antibiotics may be helpful in the early
treatment of patients with severe acute pancreatitis. Sev-
eral reports have indicated that early administration of
broad-spectrum antibiotics that penetrate the pancreas
may decrease either the mortality or the morbidity of
severe pancreatitis by reducing the incidence of later
septic complications. This is a controversial issue, how-
ever, because the administration of prophylactic antibi-
otics may favor the emergence of resistant organisms,
particularly fungi, in the in¯amed pancreas, actually
worsening the clinical course.

Patients with severe pancreatitis may suffer from a
prolonged illness, and provision of adequate nutrition is
therefore essential. The early institution of total paren-
teral nutrition in these patients has gained wide accep-
tance, although, at present, there is considerable interest
in providing nutrition via an enteral route. Early enteral
nutrition, provided via a nasoenteric or nasogastric tube,
may also be bene®cial in preventing bacterial transloca-
tion from the bowel to the pancreatic bed, thus, in this
manner, reducing the incidence of pancreatic infection.
Randomized studies to evaluate this possibility are cur-
rently underway.

A number of other therapies for pancreatitis have
been proposed, frequently on the basis of preclinical
animal experiments, but none of these interventions
has been shown to be of bene®t. Included among

these unproved therapies are peritoneal lavage, plasma
ultra®ltration, nasogastric suction, and administration
of variety of agents, including atropine, glucagon, cal-
citonin, somatostatin, steroids, protease inhibitors, hep-
arin, and platelet-activating factor antagonists. There is
currently great interest in the possibility that agents that
modify the in¯ammatory response by interfering with
cytokine/chemokine action may be useful in the early
treatment of pancreatitis, and it is likely that prospective
trials of such agents will be forthcoming. However, at
present, no agents directed at altering the in¯ammatory
response have been of proved bene®t in the treatment of
severe acute pancreatitis.

The role of early (i.e., within 48ÿ72 hours of the
onset of an attack) endoscopic biliary stone clearance,
achieved by ERCP, with or without endoscopic
sphincterotomy, has been the subject of several prospec-
tive randomized trials. Each of those studies has shown
that early stone clearance is of no bene®t in mild pan-
creatitis. On the other hand, in severe pancreatitis, early
stone clearance has been shown to be of bene®t in two
studies but of no bene®t in a third study. Thus, at pres-
ent, the role of early stone clearance by ERCP and
endoscopic sphincterotomy is controversial.

Late Treatment of Complications

Acute pancreatitis may be complicated by the late
development of pancreatic infection or by the evolu-
tion of a pancreatic pseudocyst. Pancreatic infection,
when it involves infection of either necrotic pancreatic
tissue or necrotic peripancreatic tissue, usually requires
surgical debridement. For the most part, this is accom-
plished by repeated operations, during which the in-
fected necrotic tissue is removed and drains are placed.
Recently, attempts to accomplish this by percutaneous
or even endoscopic methods have also been described,
but the role of those methods remains to be established.

Pancreatic pseudocysts are collections of ¯uid that
are contained within the boundaries created by adja-
cent structures. Most communicate with the pancre-
atic ductal system and contain ¯uid with high
concentrations of pancreatic digestive enzymes.
They may be colonized by bacteria, but clinical infec-
tion, with signs of sepsis, is usually absent. When
clinical infection is present, a pancreatic abscess
(i.e., infected pseudocyst) should be suspected. Pan-
creatic pseudocysts that are asymptomatic and of sta-
ble size do not require treatment. When infected, they
should be drained, usually by percutaneous methods
externally. It is generally believed that, in the absence
of infection, pseudocysts that are symptomatic and/or
enlarging after 6 weeks of observation should be
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treated, but there is no agreement as to the ideal
method of treating such pseudocysts. Successful treat-
ment has been reported using percutaneous drainage
(i.e., with CT or ultrasound guidance), endoscopic
internal drainage (i.e., with endoscopic ultrasound
guidance), or by surgical internal drainage (i.e., by
cyst gastrostomy or cyst Roux-en-Y jejunostomy). In
practice, the approach is usually determined by the
local expertise available at the treating institution.

See Also the Following Articles

Amylase � Computed Tomography (CT) � Pancreatic Diges-

tive Enzymes � Pancreatic Function Tests � Pancreatic
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Experimental Models � Trypsin � Ultrasonography
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cholecystokinin A gastrointestinal hormone that stimulates

pancreatic secretion of digestive enzymes as well as

gallbladder contraction.

endoscopic retrograde cholangiopancreatography A proce-

dure utilizing an endoscope to inject radiographic

contrast into the pancreatic and bile ducts. Treatment

of certain problems including ductal strictures and

removal of ductal stones is possible with this technique.

endoscopic ultrasonography A procedure utilizing an

endoscope with an ultrasound probe mounted on the

tip, which allows highly detailed examination of the

pancreas and surrounding structures.

neurolysis Destruction of nerves to produce pain relief

pseudoaneurysm Aneurysmal dilation of a peripancreatic

artery produced by the local injurious effects of a

pseudocyst.

pseudocyst A collection of ¯uid produced by leakage of

pancreatic juice and surrounded by a capsule of ®brous

and granulation tissue.

secretin A gastrointestinal hormone that stimulates pancrea-

tic secretion of ¯uid and bicarbonate.

steatorrhea The presence of signi®cant undigested fat in the

stool. A marker of inadequate or incomplete digestion

of fat.

trypsinogen A pancreatic digestive enzyme that, once

activated, has the capacity to activate all the other

pancreatic digestive enzymes.

trypsin inhibitor protein (also known as SPINK-1) A

pancreatic secretory protein that inhibits the action of

activate trypsin and functions as a protective mechanism

to prevent inadvertent activation of digestive enzymes

within the pancreas.

Chronic pancreatitis is characterized by in¯ammation,

®brosis, and eventually destruction of both exocrine

and endocrine tissue. By de®nition, the damage is perma-

nent and irreversible. This histological de®nition, al-

though still widely accepted, is dif®cult to apply in

practice, as pancreatic tissue is rarely available for eval-

uation. Over a number of years, a series of international

panels have attempted to draw up de®nitions for chronic

pancreatitis but these have also been based on histology.

More recent attempts to de®ne and categorize chronic

pancreatitis have focused on the results of diagnostic

tests or on etiology, bypassing the dif®cult issue of de®n-

ing the disease. For many clinicians, the de®nition has

been based on abnormalities of the pancreas visible on

imaging studies such as computed tomography, ultra-

sound, or endoscopic retrograde cholangiopancreato-

graphy. Unfortunately, these abnormalities (such as

diffuse pancreatic calci®cations or a dilated pancreatic

duct) may take years to develop and may not even develop

in some patients. De®ning the disease based on imaging

studies will therefore miss many patients with the dis-

ease. More recent attempts to categorize chronic pancre-

atitis have focused more on etiology, but no single, widely

accepted method for de®ning and categorizing chronic

pancreatitis exists.

DEMOGRAPHIC FINDINGS

Estimates of the incidence and prevalence of chronic
pancreatitis vary widely. Autopsy studies suggest a prev-
alence of 0.04ÿ5%. Autopsy studies may overestimate
true prevalence as histologic changes of chronic pan-
creatitis can be found in certain subgroups (e.g., long-
standing alcohol use, very elderly) in whom no
symptoms of chronic pancreatitis were present in life.
Incidence studies range from less than 1 to more than 10
new cases per 100,000 population. The single prospec-
tive study that was performed found a prevalence of
27.4 cases per 100,000 population and an incidence
of 8.2 new cases per 100,000 population. In the United
States, this accounts for more than 60,000 hospital ad-
missions yearly in which chronic pancreatitis is one of
the discharge diagnoses.

Most of these demographic data are based on pa-
tients with alcohol-induced chronic pancreatitis, as
these are the easiest to diagnose using routinely avail-
able imaging studies. Patients with other forms of pan-
creatitis (e.g., idiopathic chronic pancreatitis) and those
with less advanced cases of alcoholic chronic pancrea-
titis may lack these easily identi®able abnormalities and
so may not be included in epidemiological studies. The
true incidence and prevalence are therefore probably
higher than the available estimates.

Chronic pancreatitis produces signi®cant morbid-
ity, mortality, and health care costs. A recent analysis
of both acute and chronic pancreatitis estimated total
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costs at 2.5 billion dollars yearly. Morbidity and mor-
tality occur as a consequence of the disease itself, the
therapy used to treat it (e.g., surgery), or ongoing alco-
hol abuse (in those with alcohol-induced chronic pan-
creatitis). Abdominal pain, maldigestion with weight
loss, diabetes mellitus, secondary cancers, and contin-
ued alcohol abuse are the major negative in¯uences on
quality and length of life. Overall, 10-year mortality is
approximately 30% and 20-year mortality is approxi-
mately 50% or greater. Death is often not due to chronic
pancreatitis but rather to other medical conditions (cir-
rhosis, malignancy, and vascular disease), continued
alcohol abuse, or postoperative complications.

ETIOLOGY AND PATHOPHYSIOLOGY

Despite intense effort, no clear unifying pathophysio-
logic mechanisms have been identi®ed. Although all
etiologies of chronic pancreatitis may produce similar
histologic damage, the pathophysiologic mechanism
may vary from etiology to etiology. The ultimate effect
is damage to the pancreatic acini, ducts, nerves, and islet
cells and the development of the cardinal manifestations
of abdominal pain, maldigestion, and diabetes mellitus.
The etiologies of chronic pancreatitis are listed in Table I
and are discussed below.

Alcohol Consumption

Alcohol consumption is the major cause of chronic
pancreatitis. Although there is no `̀ safe'' level of intake
below which chronic pancreatitis does not occur,
prolonged alcohol intake is usually required (e.g., 4
pints of beer or 800 ml of wine per day for 6ÿ12
years). Only a minority of alcoholics (approximately

15%) drinking this much will actually develop chronic
pancreatitis, suggesting that an important cofactor
(such as diet or genetics) exists. In Westernized socie-
ties, 70% of cases of chronic pancreatitis are due to
alcohol consumption, with the remaining 30% due to
other causes or idiopathic disease. The mechanism by
which alcohol produces pancreatic injury and chronic
pancreatitis is unknown.

By the time the ®rst clinical attack of alcoholic pan-
creatitis occurs, most patients have already developed
histologic changes of chronic pancreatitis. Continued
alcohol abuse leads to ongoing pancreatic damage al-
though damage may continue even with complete ab-
stinence, albeit at a slower rate. The prognosis of
alcoholic chronic pancreatitis is poor, with the frequent
development of exocrine or endocrine insuf®ciency and
increased mortality due to the consequence of contin-
ued alcohol abuse.

Tropical Pancreatitis

Tropical pancreatitis is the most common form of
chronic pancreatitis in certain areas of Indonesia, India,
and Africa. The most classic form includes abdominal
pain beginning in childhood, with subsequent diabetes,
malnutrition, and diffuse pancreatic calci®cations. Less
severe forms also seem to exist. Most people ultimately
die from complications of the disease. Malnutrition is
felt to be important in the development of tropical
chronic pancreatitis, perhaps due to de®ciencies in
trace elements or antioxidants. Toxic products
contained in the diet (e.g., cassava or sorghum) or
the environment or genetics may also play a role in
pancreatic injury.

Pancreatic Duct Obstruction

Any condition that chronically obstructs the main
pancreatic duct can lead to chronic pancreatitis in the
gland `̀ upstream'' from the obstruction. Obstruction
may be due to benign strictures, ampullary stenosis
or neoplasms, pancreatic tumors or pseudocysts, con-
genital variants, or endoscopically placed pancreatic
duct stents. Long-standing obstruction leads to irrevers-
ible chronic pancreatitis, but both functional and struc-
tural improvement can be seen if the obstruction is
discovered and relieved.

One form of pancreatic duct obstruction deserves
speci®c mention. Pancreas divisum, a congenital failure
of fusion of the dorsal and ventral pancreatic ducts, may
lead to obstruction of the pancreatic duct and chronic
pancreatitis. The small ventral pancreas drains through
the larger major papilla and the larger dorsal pancreas
drains through the smaller accessory papilla. Pancreas

TABLE I Causes of Chronic Pancreatitis

Alcohol abuse

Tropical pancreatitis

Obstruction of pancreatic duct

Trauma to pancreatic duct

Benign or malignant ductal stricture

Consequences of pancreatic duct stent

Pancreas divisum

Genetic causes

Hereditary pancreatitis (trypsinogen gene mutations

and others)

Cystic ®brosis

Autoimmune chronic pancreatitis

Recurrent or severe acute pancreatitis

Idiopathic pancreatitis

Early-onset

Late-onset
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divisum occurs in up to 7% of the population. Although
the vast majority of patients with this congenital abnor-
mality have no symptoms, a small subset of patients will
develop acute or chronic pancreatitis.

Genetic Forms of Chronic Pancreatitis

Hereditary Pancreatitis

Several kindreds from around the world with acute
and chronic pancreatitis have been described. The pat-
tern of inheritance is autosomal dominant with incom-
plete penetrance and the typical clinical features are
recurrent acute pancreatitis beginning at an early age,
culminating in advanced chronic pancreatitis. Pancre-
atic cancer is a common complication, occurring in up
to 40% of these patients. There are a number of genetic
defects that have been identi®ed in these kindreds with
hereditary pancreatitis. Functional genomic studies ini-
tially identi®ed a single point mutation in the cationic
trypsinogen gene. Trypsinogen is a proenzyme that,
once activated, has the ability to activate not only itself
but other digestive enzymes as well. In the normal state,
trypsinogen is activated only within the duodenum,
safely away from the pancreas. Trypsinogen may, how-
ever, undergo a very slow autoactivation within the
pancreas. A number of mechanisms exist to prevent
this activated trypsin from activating other digestive
enzymes within the pancreas and causing pancreatitis.
Based on molecular modeling, the mutation was
thought to convey a gain-of-function mutation, in
which the mutated trypsinogen was resistant to inacti-
vation once activated. Trypsin, the activated form of
trypsinogen, could then activate all of the other pancre-
atic digestive enzymes within the pancreas. This con-
tinual low-grade activation of digestive enzymes within
the pancreas is believed to produce ongoing damage,
which ultimately produces severe chronic pancreatitis.
Since this initial discovery, several other gene mutations
have been identi®ed in the cationic trypsinogen gene as
well as within an enzyme meant to inactivate trypsin, the
trypsin inhibitor protein (serine protease inhibitor kazal
type 1 or SPINK-1). Studies have not yet identi®ed these
gene mutations as being important in patients with
other forms of chronic pancreatitis (idiopathic and
alcoholic chronic pancreatitis).

Cystic Fibrosis

In children, cystic ®brosis is the most common cause
of pancreatic insuf®ciency. Precipitation of protein
plugs and inspissated mucus occur in the pancreatic
duct, much as in the bronchioles, leading to damage
to the gland due to chronic obstruction. Recent studies
have noted cystic ®brosis gene mutations in patients

with acute and chronic pancreatitis who have no pul-
monary or sinus conditions commonly associated with
cystic ®brosis. In some studies, at least half of patients
initially diagnosed with `̀ idiopathic'' chronic pancreati-
tis have at least one cystic ®brosis allelic mutation. Many
of these mutations are not measured on commercially
available screens and complete genetic analysis is
required to identify the mutations.

Rare Forms of Chronic Pancreatitis

Autoimmune Chronic Pancreatitis

Chronic pancreatitis may rarely be seen in associa-
tion with autoantibodies, elevated levels of immuno-
globulins, and dense lymphocytic in®ltrate within the
pancreas (if histology is available). In over half of these
cases, other autoimmune diseases coexist including pri-
mary sclerosing cholangitis, primary biliary cirrhosis,
autoimmune hepatitis, and Sjogren's syndrome.

Recurrent or Severe Acute Pancreatitis

A very severe attack of acute pancreatitis or multiple
less severe attacks may produce enough damage to the
gland to result in chronic pancreatitis. Most commonly,
this occurs after the development of a stricture in the
pancreatic duct that produces continuing damage to the
gland upstream of the stricture.

Hypertriglyceridemia

Triglyceride levels above 1000 mg/dl can initiate
acute pancreatitis. Recurrent attacks of hyperlipidemic
pancreatitis may ultimately produce chronic pancreati-
tis. This occurs most commonly as a result of familial
hyperlipidemias (types IV and V) exacerbated by estro-
gen use or poorly controlled diabetes. This cause of
both acute and chronic pancreatitis should not be for-
gotten, as effective therapy is available.

Idiopathic Chronic Pancreatitis

Between 10 and 30% of patients will not have an
easily de®nable cause of chronic pancreatitis. Idiopathic
chronic pancreatitis is the second most common cause
of chronic pancreatitis in adults, behind alcohol abuse.
Some of these patients may actually be alcoholics and
may be missed if this history cannot be elucidated. Some
may have cystic ®brosis gene mutations, as noted above.
Two different forms of idiopathic chronic pancreatitis
have been described, a late-onset form and an early-
onset form. The late-onset form occurs at a mean age
of 56 years, commonly presenting with steatorrhea or
diabetes and less commonly with abdominal pain. The
early-onset form begins at approximately age 20 and is
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characterized by severe pain in essentially all patients
but very infrequently by steatorrhea or diabetes. Many
of these patients with early-onset idiopathic chronic
pancreatitis do not have easily identi®able abnormali-
ties of the pancreas on imaging studies [computed
tomography (CT), ultrasound (US), or endoscopic ret-
rograde cholangiopancreatography (ERCP)] and are
commonly misdiagnosed.

CLINICAL FEATURES

Abdominal Pain

Abdominal pain is the predominant symptom of
chronic pancreatitis and the one that most adversely
affects quality of life. The most frequent type of pain
is dull, located in the epigastrium with associated back
pain, and made worse by eating or lying in the supine
position. Food may be avoided, leading to weight loss
and malnutrition. Pain may be episodic (lasting from
hours to weeks) or more constant or continuous. The
pain is generally moderate to severe and narcotic anal-
gesics are required in many patients. Pain is not univer-
sal, however. Pain never develops in up to 15% of
patients with alcoholic chronic pancreatitis and up to
25% (or more) of patients with late-onset idiopathic
chronic pancreatitis. In some patients, the pain may
`̀ burn out'' after many years of chronic pancreatitis,
although this is unpredictable.

There are many potential sources of pain. The most
commoncontributingfactorsareconsideredtobein¯am-
mation and damage to pancreatic and peripancreatic
visceral afferent nerves, pancreatic tissue ischemia, hy-
perstimulation of the pancreas due to interruption of
normal feedback control, and complications of chronic
pancreatitis (pseudocyst, common bile duct or duode-
nal obstruction, superimposed pancreatic carcinoma).

Maldigestion

Exocrine insuf®ciency (steatorrhea) due to chronic
pancreatitis does not occur until the capacity of the
pancreas to secrete lipase and colipase is reduced to
less than 10% of normal. Maldigestion is thus a marker
of far-advanced chronic pancreatitis. Fat maldigestion is
more common and more clinically important than pro-
tein or carbohydrate maldigestion. Maldigestion is due
to diminished secretion of pancreatic enzymes as well as
reduced secretion of bicarbonate from the pancreatic
ductal system; with reduced bicarbonate, the lower
duodenal pH inactivates many pancreatic digestive en-
zymes. Weight loss is not invariable with maldigestion
as intake may be increased, but can occur if food is
avoided due to pain or if intake is inadequate due to

chronic alcoholism. Folate de®ciency may be seen, par-
ticularly in chronic alcoholics. Osteopenia and osteo-
porosis may also develop as a consequence of vitamin D
de®ciency.

Diabetes Mellitus

Endocrine insuf®ciency (diabetes mellitus) devel-
ops when enough pancreatic islet cells have been de-
stroyed to signi®cantly impair insulin production. The
islet cells are more resistant to damage than the acinar
and ductal cells, so diabetes is also a marker of far-ad-
vanced chronic pancreatitis. This form of diabetes is
rarely associated with ketoacidosis but frequent treat-
ment-associated episodes of hypoglycemia can occur
(due to inadequate glucagon reserves). Microvascular
complications of diabetes (retinopathy or neuropathy)
occur as frequently as in other diabetics, if corrected
for the duration of disease.

DIAGNOSIS

Clinical features such as abdominal pain, steatorrhea, or
diabetes usually suggest the possibility of chronic pan-
creatitis, and this is con®rmed by one of a wide variety of
diagnostic tests. The true gold standard diagnostic test,
pancreatic histology, is rarely available and alternative
tests serve as imperfect substitutes. Most of the diagnos-
tic tests currently in use are imaging studies that detect
structural abnormalities within the pancreas. These can
include such features as a dilated or irregular pancreatic
duct, pancreatic gland atrophy, or diffuse pancreatic
calci®cations. Chronic pancreatitis can be a slowly pro-
gressive disease and these changes may take years to
develop. Similarly, functional problems such as exo-
crine or endocrine insuf®ciency may not develop for
years. In advanced and long-standing disease, easily
visible structural and functional abnormalities may be
seen and this makes the diagnosis straightforward. In
less advanced disease or disease of shorter duration,
however, these structural and functional changes may
not be present and the diagnosis can be challenging.
This has led to a general clinical differentiation: `̀ big-
duct disease'' and `̀ small-duct disease.'' Big-duct disease
is the presence of signi®cant structural abnormalities of
the pancreas (dilation of the main pancreatic duct, dif-
fuse calci®cations) and is often associated with exocrine
or endocrine insuf®ciency. Small-duct disease implies
the absence of these advanced structural abnormalities
and usually the absence of exocrine or endocrine insuf-
®ciency. This differentiation is clinically useful; those
with big-duct disease have advanced or long-standing
disease, are easiest to diagnose, are usually alcoholic,
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and are most suitable for endoscopic or surgical therapy.
Those with small-duct disease are much more dif®cult
to diagnose, are more likely idiopathic, and are most
suitable for medical therapy.

Very few diagnostic tests measure abnormalities of
pancreatic function. With the exception of direct hor-
monal stimulation testing, these tests of function are
abnormal only in far-advanced disease when exocrine
insuf®ciency has already developed. Diagnostic tests
used for chronic pancreatitis are listed in Table II and
are discussed below.

Tests of Pancreatic Structure

Plain Abdominal X Rays

The ®nding of diffuse pancreatic calci®cation on a
plain abdominal radiograph is speci®c for chronic pan-
creatitis but is seen only in far-advanced disease. Focal
pancreatic calci®cation may be due to other conditions
such as trauma, islet-cell tumors, or hypercalcemia.

Abdominal Ultrasonography and
Computed Tomography

A transabdominal ultrasound may note pancreatic
parenchymal calci®cations, pancreatic atrophy, or a di-
lated pancreatic duct. Overlying bowel gas can interfere
with visualization of the pancreas, making the sensitiv-
ity of ultrasound greater than that of plain X rays but less
than that of CT. CT ®ndings of chronic pancreatitis
include atrophy of the gland, irregular contour of the
pancreas, dilation or irregularity of the pancreatic duct,
and calci®ed pancreatic calculi (Fig. 1). CT is also useful

in looking for complications of chronic pancreatitis
(e.g., pancreatic carcinoma or pancreatic pseudocyst).

Magnetic Resonance Imaging and Magnetic
Resonance Cholangiopancreatography

The quality of standard magnetic resonance imaging
(MRI) images of the pancreas continues to improve but
has not yet reached the overall quality of CT. Magnetic
resonance cholangiopancreatography (MRCP) utilizes
an anatomic reconstruction of the biliary and pancreatic
ductal systems. MRCP is most accurate in advanced
chronic pancreatitis but the accuracy with less-ad-
vanced chronic pancreatitis is substantially reduced.

Endoscopic Ultrasonography

The endoscopic ultrasonography (EUS) instrument
is a high-frequency ultrasound probe mounted on an
endoscope. High-resolution images can be acquired of
the pancreatic duct, parenchyma, and surrounding
structures. EUS is highly accurate in advanced chronic
pancreatitis (Fig. 2). The sensitivity and especially the
speci®city of the test in patients without these advanced
abnormalities are not yet known.

Endoscopic Retrograde
Cholangiopancreatography

ERCP is one of the most commonly used imaging
techniques in the evaluation of patients with presumed
chronic pancreatitis. The procedure involves injection
of the pancreatic duct with radiographic contrast. The
diagnosis of chronic pancreatitis by ERCP is based on
changes in the main pancreatic duct and the duct side
branches. These changes include duct dilation, stricture
formation, irregular duct contour, associated ®lling of

TABLE II Diagnostic Tests and Studies for Chronic

Pancreatitis (Listed in Order of Decreasing Sensitivity)

Tests of function

Procedures examining

structure

Secretin or secretinÿ
cholecystokinin test

EUSa

Fecal elastase or chymotrypsin ERCP

Serum trypsin MRI/MRCPa

Fecal fat CT

Blood glucose Ultrasound

Plain abdominal

radiograph

a Estimated. The sensitivity of EUS may be better than that of

ERCP, MRI, and CT. The speci®city of EUS is, however, suboptimal

and limits its overall accuracy. The sensitivity of MRI/MRCP is not

known but is still probably less than that of ERCP using current image

technology.

FIGURE 1 An abdominal CT scan demonstrates diffuse and

dense calci®cation within the pancreas of a patient with long-

standing alcohol-induced chronic pancreatitis.
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cavities or pseudocysts, and ®lling defects (i.e., pancre-
atic ductal calculi). ERCP is highly accurate in advanced
disease and reasonably accurate in less severe disease
(Fig. 3). Some patients, however, can have chronic pan-
creatitis with a normal ERCP. ERCP is also limited by a
number of clinical considerations. In up to one-third of
procedures, the ERCP image obtained is of inadequate
quality to allow a de®nitive conclusion. Other condi-
tions can mimic the ERCP changes seen in chronic pan-
creatitis (pancreatic carcinoma, acute pancreatitis,
pancreatic duct stenting, and aging). The procedure
is expensive and requires substantial experience and
skill and procedure-related complications can occur
in up to 10% of patients. Given these factors, ERCP is
usually a late step in the evaluation of patients with
suspected chronic pancreatitis. ERCP does have one
advantage in that therapy can also be accomplished
in some patients. This therapeutic, rather than diagnos-
tic, role of ERCP is discussed below.

Test of Pancreatic Function

Laboratory Tests

Serum amylase or lipase levels are often normal and
also not of diagnostic importance. Serum trypsin (an-
other pancreatic enzyme) is more useful as a diagnostic

test. Levels below 20 mg/dl are seen in advanced chronic
pancreatitis (i.e., steatorrhea is present). Pancreatic en-
zymes may also be measured in stool. Since these en-
zymes are not reabsorbed, diminished levels in stool are
an indirect measure of output of pancreatic enzymes.
Both fecal elastase and fecal chymotrypsin have been
measured, but only fecal elastase is commercially avail-
able. Overall, the sensitivity approaches 90% in ad-
vanced disease but is only approximately 50ÿ60% in
less advanced disease. This is equivalent to the accuracy
of serum trypsin. Measurement of serum glucose or 72 h
fecal fat output can document endocrine or exocrine
insuf®ciency but are not useful for diagnostic purposes.

Indirect Tests of Pancreatic Function

There are a number of methods to indirectly mea-
sure pancreatic function. Usually, a substrate that re-
quires the presence of pancreatic digestive enzymes
within the gut lumen for metabolism is given. Metabolic
products are then measured; their relative production
rate indirectly re¯ects pancreatic enzyme secretion.
Maldigestion of these substrates does not occur until
overall exocrine insuf®ciency has developed; hence,
these tests will be accurate in advanced or end-stage
disease but inaccurate in earlier disease. Many varia-
tions of this type of test have been developed using a

FIGURE 2 An EUS image of chronic pancreatitis. The instru-

ment is seen at the top of the image. The dilated pancreatic duct

(measurement markers) is seen at the bottom. The parenchyma of

the gland between the scope and dilated duct has irregular echo-

texture, also consistent with chronic pancreatitis.

FIGURE 3 An ERCP of a patient with chronic pancreatitis. The

scope can be seen, along with a pancreatic duct ®lled with radio-

graphic contrast. The pancreatic duct is dilated and the side

branches of the duct are also dilated and irregular. The ®ndings

are consistent with chronic pancreatitis and demonstrate big-duct

disease (see text for explanation).
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variety of substrates (bentiromide test, pancrealauryl
test, Lundh test meal, amino acid consumption test,
and dual-label Schilling test). None of these tests is
available for routine clinical use.

Direct Tests of Pancreatic Function

These tests measure the actual output from the pan-
creas after stimulation with a secretagogue. The secre-
tagogues used are secretin, cholecystokinin, or both.
Pancreatic secretions are collected with a tube placed
in the duodenum. The sensitivity of these tests, like
all diagnostic tests, depends on the severity of the dis-
ease. The overall sensitivity (74ÿ90%) and speci®city
(80ÿ90%) are however, superior to those of any other
currently available diagnostic test. There are substantial
data indicating that direct hormonal stimulation tests
can also diagnose chronic pancreatitis at a somewhat
earlier stage than any other available test. Unfortu-
nately, these tests are available at only a few referral
centers and are unavailable to many clinicians.

Diagnostic Strategy

The ideal test would have high sensitivity (in both
small-duct and big-duct disease) and speci®city and be
inexpensive, safe, and widely available. No ideal diag-
nostic test exists. The appropriate use of the variety of
available tests requires an understanding of their sensi-
tivity, cost, and risk. Initially, tests that are safe, simple,
and inexpensive are used. These tests generally are able
to identify only patients with advanced or big-duct
chronic pancreatitis. Such tests could include serum
trypsin, fecal elastase, and US. When these ®rst-echelon
tests are not diagnostic, more invasive, risky, or costly
tests would be considered. Second-echelon tests include
hormonal stimulation tests, CT scan, MRI/MRCP, or
EUS. The most invasive and risky test, ERCP, is most
commonly used when the diagnosis remains unclear or
when therapy, rather than diagnosis, is required.

TREATMENT

Treatment of Exocrine and
Endocrine Insuf®ciency

Steatorrhea

Steatorrhea occurs only when 90% of pancreatic
output has been lost, due to inadequate delivery of
both lipase and bicarbonate. The acidic environment
further inactivates what lipase may be present and pre-
cipitates bile salts, worsening fat absorption. The re-
placement of endogenous digestive enzymes with
exogenous enzymes is the goal of therapy. The use of

appropriate dosages of these enzymes leads to resolu-
tion of diarrhea and weight loss, although steatorrhea is
rarely completely corrected.

The various commercially available preparations
and their lipase content are listed in Table III. At
least 30,000 IU of lipase needs to be delivered to the
duodenum during each meal. Patients using the
lower-potency preparations must therefore take three
to four pills with each meal. Fewer pills must be taken
with the more potent formulations. The enteric-coated
preparations are protected from gastric acid. The non-
enteric-coated preparations will be destroyed by gastric
acid and so must be used in conjunction with an agent to
reduce gastric acid output (histamine-2 receptor antag-
onists or proton pump inhibitors). The most common
reason for failure of these enzymes to correct steatorrhea
is inadequate dose, usually due to the patient's unwill-
ingness to take the number of pills required. Another
common reason is inactivation of lipase by gastric acid
in those receiving non-enteric-coated preparations.
Dietary manipulations may be needed in the manage-
ment of malabsorption and malnutrition. The diet
should usually contain a moderate percentage of fat
(30%), a high percentage of protein (30%), and a low
percentage of carbohydrates (40%) and should be
supplemented with a high-quality multivitamin, cal-
cium, and vitamin D.

TABLE III Commercially Available Pancreatic Enzymes

for the Treatment of Steatorrheaa or Painb

Brand name

Units of lipase

per pill

Non-enteric-coated enzyme preparations

Viokase, Viokase 16 8,000; 16,000

Ku-Zyme HP 8,000

Generic pancrealipase 8,000

Enteric-coated enzyme preparations

Creon 5, 10, 20 5,000; 10,000;

20,000

Pancrease MT 4, 10, 16, 20 4,000; 10,000;

16,000; 20,000

Ultrase 6, 12, 18, 20 6,000; 12,000;

18,000; 20,000

a For the treatment of steatorrhea, both non-enteric-coated and

enteric-coated preparations can be used. The dosage depends on the

lipase content; 30,000 units of lipase should be delivered with each

meal. Non-enteric-coated enzymes require cotreatment with agents to

suppress gastric acid.
bFor the treatment of pain, only non-enteric-coated enzyme prep-

arations are used: four to eight pills (depending on potency) before

meals and at night. As above, an adjuvant agent to reduce gastric acid is

required.

PANCREATITIS, CHRONIC 107



Diabetes Mellitus

Diabetes is late complication of chronic pancreatitis.
Microangiopathic complications occur with regularity,
including retinopathy, nephropathy, neuropathy, and
more rapid atherosclerosis. Another common compli-
cation is treatment-induced hypoglycemia. These pa-
tients can have inadequate glucagon as well as insulin
reserves and cannot respond to hypoglycemia with a
glucagon surge and subsequent increase in blood glu-
cose levels. Overly vigorous attempts to control blood
sugar can be associated with disastrous complications of
treatment-induced hypoglycemia.

Some patients will respond to oral hypoglycemics,
but many require insulin. The goal of insulin therapy is
usually to control urinary losses of glucose rather than
attempt tight control of blood sugar. Tight control of
blood sugar is usually indicated in only one subgroup,
those with hyperlipidemic pancreatitis, where tight con-
trol of blood sugar is needed to allow control of triglyc-
eride levels.

Pain

Medical Treatment

There are many causes of pain and no single treat-
ment is effective in all patients. Abstinence from alcohol
reduces the risk of other alcohol-related complications
such as cirrhosis, prolongs life, slows the rate of pro-
gression of chronic pancreatitis, and may reduce pain.
Analgesics are routinely required. Nonnarcotic analge-
sics should be used ®rst and if narcotics are required,
the least potent formulation should be tried ®rst (e.g.,
propopxyphene with acetaminophen, tramadol). More
potent narcotics are required in many patients and ad-
diction occurs in up to 20% of these patients. In patients
who require narcotics, the addition of an antidepressant
(tricyclic antidepressants or selective serotonin reup-
take inhibitors) can be helpful as these can potentiate
the effect of narcotics.

Several small studies have suggested that non-
enteric-coated pancreatic enzymes can reduce abdom-
inal pain in some patients with chronic pancreatitis. The
theoretical basis of their effect is to reduce pancreatic
stimulation (or hyperstimulation) by cholecystokinin.
This effect, of reestablishing normal negative feedback
control of pancreatic secretion, is operative only in the
duodenum. Enteric-coated preparations typically re-
lease their enzymes in the jejunum; hence, non-en-
teric-coated preparations are selected if the intent is
to treat pain. The response in these trials is mixed.
Patients who seemed to respond best to the use of con-
ventional enzymes are those with mild to moderate

chronic pancreatitis (without steatorrhea or small-
duct disease). Patients with advanced disease (steator-
rhea or big-duct disease) did not seem to respond. If
tried, this therapy should be considered only in select
patients (small-duct disease, no steatorrhea) and should
use the correct enzyme and the correct dose (non-
enteric-coated preparations at high dosage, coupled
with an agent to reduce gastric acid).

A few small studies of octreotide (Sandostatin) have
suggested that the use of this agent may reduce the pain
of chronic pancreatitis, perhaps by reducing pancreatic
stimulation or perhaps by a direct anti-nociceptive ef-
fect. A few small studies have also suggested that the use
of antioxidants (mixtures of vitamins E and C, selenium,
methionine, and b-carotene) may reduce pain. Neither
treatment is currently recommended outside clinical
trials.

Neurolysis

Interruption of nociceptive visceral afferents from
the pancreas can be accomplished by ablation of the
celiac nerve plexus. This has been tried by both CT-
guided and EUS-guided methods, using injection of an-
esthetics, steroids, or alcohol. The therapy seems most
effective for the pain of pancreatic cancer but is usually
too short-lived for patients with chronic pancreatitis.
EUS-guided techniques appear to work better and
for somewhat longer periods of time than CT-guided
techniques. Destruction of visceral afferents by destruc-
tion of the splanchnic nerves (thoracoscopic splanchni-
cectomy) is also being investigated but the ef®cacy
remains to be established.

Endoscopic Therapy

Available endoscopic therapies include pancreatic
duct sphincterotomy, pancreatic duct stenting, dilation
of ductal strictures, removal of pancreatic stones, and
treatment of complications such as pseudocyst or biliary
obstruction. The primary goal of endoscopic therapy is
to remove or bypass any obstruction within the pancre-
atic duct. Careful selection of patients for this therapy is
critical. Appropriate candidates are those with a signif-
icant pancreatic ductal stricture in the head of the pan-
creas or those with a few obstructing stones in the head
of the gland. Approximately one-third to one-half of
patients with big-duct disease satisfy these criteria. In
these carefully selected groups, up to three-fourths of
patients will experience pain relief after endoscopic
therapy. Complications of endoscopic treatment of
chronic pancreatitis occur in 15ÿ20% of patients
(pancreatitis, bleeding, perforation, and sepsis). Pancre-
atic stents, used for therapy in these patients, can in
and of themselves also injure the pancreatic duct and
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parenchyma in up to half of patients treated, and these
changes may not resolve. Endoscopic therapy is a rea-
sonable alternative in appropriately selected patients at
centers with appropriate expertise.

Surgical Treatment

Surgical therapy is considered for pain and for com-
plications of chronic pancreatitis (pseudocyst, bile duct
obstruction, and duodenal obstruction). The most com-
monly performed operation for pain is the lateral pan-
creaticojejunostomy (modi®ed Puestow procedure).
The dilated pancreatic duct is longitudinally incised
along its length and overlaid with a defunctionalized
Roux limb. The procedure carries low rates of compli-
cations (5%) and mortality (2%). The pancreatic duct
must usually be dilated to greater than 5 mm; hence, this
type of surgery is considered in those with big-duct
disease. After a Puestow procedure, immediate pain re-
lief occurs in 70ÿ90% of patients. Pain is controlled in
only 50% after 1ÿ3 years of follow-up. In some centers,
resection of all or part of the head of the pancreas is
combined with a ductal drainage procedure. Morbidity
and mortality from these operations is higher than that
seen with a Puestow procedure, but long-term pain re-
lief is also higher. Subtotal or total pancreatic resections
are rarely indicated and are currently associated with
unacceptable postoperative complications, particularly
brittle diabetes mellitus.

Treatment for Pain

No single therapy is effective in all patients and the
choice of a treatment depends on a variety of factors. The
most important include pancreatic ductal anatomy,
presence of complications, and local expertise. The
®rst step is to make sure the diagnosis is correct. It is
inappropriate to consider therapies with potential side
effects or complications unless the diagnosis is secure.
Second, it is worthwhile to look for speci®c complica-
tions that have speci®c therapy, such as pancreatic
pseudocyst, duodenal obstruction, common bile duct
obstruction, peptic ulcer disease, or pancreatic carci-
noma (these are discussed below). Medical therapy is
appropriate in all patients. This should include encour-
agement of abstinence from alcohol (if applicable), a
low-fat diet, and analgesics. The choice of subsequent
therapy depends in large part whether the patient has
small-duct or big-duct disease. In those with small-duct
disease, a trial of high-dose non-enteric-coated enzymes
coupled with acid suppression is appropriate. Treat-
ment options for those with big-duct disease are largely
mechanical, with either endoscopic or surgical attempts
to decompress the enlarged pancreatic duct. Patients
who fail the above therapies may be considered for

more experimental therapies such as celiac plexus
block, splanchnicectomy, or octreotide. Signi®cant pan-
creatic resections are considered an option of last resort
in both groups of patients.

COMPLICATIONS

Pancreatic Pseudocyst

Approximately one-quarter of patients with chronic
pancreatitis develop a pseudocyst. Many pseudocysts
remain asymptomatic. Symptomatic pseudocysts may
obstruct a surrounding hollow viscus (duodenum pro-
ducing nausea and vomiting or common bile duct pro-
ducing jaundice), may cause pain, may bleed (internally
or into the gut lumen), or may rupture (into the peri-
toneal cavity producing pancreatic ascites or into the
pleural space producing a pancreatic pleural effusion).
Overall, these complications occur in approximately
one-third of patients. The diagnosis is best made with
CT. The diagnosis is usually suspected due to a wors-
ening pattern of pain, persistent elevations in amylase or
lipase, or symptoms pointing toward one of the above
complications.

Not all pseudocysts require treatment. Those that
are less than 6 cm in diameter, that are causing no
symptoms, and that occur in a reliable patient can be
safely observed. Symptomatic pseudocysts can be man-
aged with percutaneous, endoscopic, or surgical decom-
pression, depending on location and local expertise.

Two complications deserve speci®c mention. Bleed-
ing is rare but can be life-threatening. Bleeding can
occur from a pseudoaneurysm associated with a pseudo-
cyst. Evidence of gastrointestinal bleeding in a patient
with a pseudocyst is usually treated as an emergency. If
initial evaluations do not reveal a source, an emergent
CT is performed to look for a pseudoaneurysm. Con-
®rmation of the pseudoaneurysm with CT should be
followed with emergent angiography and embolization.
Rupture of a pseudocyst or leak from the pancreatic duct
can produce pancreatic ascites of a pancreatic pleural
effusion. These should be suspected when a very high
level of amylase (typically 44000 IU/liter) is found in
ascites or a pleural effusion. Endoscopic treatment at
ERCP, with sphincterotomy and stenting, is usually cu-
rative. Surgical therapy is reserved for failure of endo-
scopic therapy.

Pseudocysts should not be mistaken for cystic neo-
plasms. These neoplasms usually have a thick wall or
internal nodules along the wall, often with internal
sepatations. They most frequently occur in middle-
aged women without previous pancreatitis and with-
out risk factors for pancreatitis. These neoplasms are
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frequently misdiagnosed; the therapy is resection, not
drainage.

Gastrointestinal Bleeding

Bleeding may occur not only as a consequence of a
pseudoaneurysm (as noted above) but also from throm-
bosis of the splenic vein as it travels behind the pan-
creas. This produces a `̀ left-sided'' portal hypertension
with gastric varices out of proportion to esophageal
varices. Splenectomy is curative.

Pancreatic Carcinoma

Chronic pancreatitis is a risk factor for pancreatic
adenocarcinoma and the two may coexist. The overall
risk is approximately 4% lifetime, although this may
increase to 40% for those with hereditary pancreatitis.
There is no currently effective screening method, but
superimposed carcinoma is usually suspected due to
weight loss or a worsening in a previously stable pain
pattern.

Duodenal or Common Bile Duct Obstruction

Obstruction of the duodenum or intrapancreatic
common bile duct may occur due to ®brosis and in¯am-
mation within the head of the pancreas or due to an
associated pseudocyst. Duodenal obstruction produces
nausea, vomiting, and early satiety and is best con®rmed
by a barium upper gastrointestinal series. Common bile
duct obstruction can produce jaundice, biliary pain,
cholangitis, or asymptomatic elevations in liver chem-
istries. These patients may also have intrinsic liver dis-
ease, so a liver biopsy is usually indicated before
deciding on treatment for asymptomatic elevations in
liver chemistries. All other symptomatic presentations
require therapy. Endoscopic biliary stenting is an ap-
propriate temporizing measure but these patients gen-
erally require surgical biliary bypass.

Others

Small bowel bacterial overgrowth and gastroparesis
may complicate chronic pancreatitis. Both can interfere
with effective treatment of steatorrhea and gastroparesis
may cause pain of its own accord.
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Pancreatitis, Experimental Models
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acute pancreatitis Acute in¯ammatory disease of the

pancreas.

caerulein An analogue of cholecystokinin that, because it is

more stable, is used for secretagogue-induced pancrea-

titis.

CDE diet Choline-de®cient diet supplemented with ethio-

nine; this diet induces pancreatitis in female mice.

sodium taurocholate A bile salt that induces pancreatitis

when injected retrograde into the pancreatic duct.

trypsin The pancreatic digestive enzyme whose premature

activation within the pancreas is a common feature of

various models of pancreatitis.

Acute pancreatitis is an in¯ammatory disease of the

pancreas that is associated with little or no ®brosis. It

can be initiated by several factors including gallstones,

alcohol, trauma, and infections and in some cases it may

be hereditary. Very often, the patients develop additional

complications, such as sepsis, shock, and respiratory and

renal failure, resulting in considerable morbidity and mor-

tality. Approximately 300,000 cases occur in the United

States each year; some 20% of cases are severe. Despite

considerable work being carried out in this area, the path-

ophysiological mechanisms associated with this disease

still remain incompletely understood. This can be attrib-

uted in part to the relative inaccessibility of clinical ma-

terial for experimental studies and has therefore led to the

development of several models of experimental pancrea-

titis to explore its etiology, pathophysiology, and treat-

ment regimens. This article will focus on the experimental

models used to study acute pancreatitis. For the sake of

simplicity, these models have been divided into two broad

categories depending on the approach used to induce pan-

creatitis, namely, noninvasive and invasive models.

NONINVASIVE MODELS
OF PANCREATITIS

Secretagogue-Induced Pancreatitis

More than a century ago, Mouret observed that ex-
cessive neural stimulation results in injury of the
exocrine pancreas. Subsequent studies have not only
con®rmed these ®ndings but also have shown that in

addition to stimulation with the cholinergic agonists

(carbamylcholine), excessive stimulation with chole-

cystokinin (CCK) and its analogue, caerulein, also re-

sults in acute pancreatitis. In fact, the caerulein-induced

model has become the most widely used model with

which to study acute pancreatitis in rodents.
CCK receptors present on the pancreatic acinar cells

exist in two af®nity statesÐhigh and low. Occupancy of

high-af®nity receptors by low concentrations of CCK

(or caerulein) results in stimulation of digestive enzyme

secretion, whereas interaction of CCK with low-af®nity

receptors results in inhibition of digestive enzyme se-

cretion. Acute pancreatitis is induced by occupancy of

these low-af®nity receptors by caerulein and it can be

prevented by administration of CCK-receptor antago-

nists (e.g., L-364-718 or CCK-JMV-180, an antagonist

of low-af®nity CCK receptors in rats).
Administration of caerulein to rodents at doses that

are 10- to 100-fold higher than those that evoke max-

imal secretion of digestive enzymes from pancreatic ac-

inar cells results in a rapid development of pancreatitis.

Stimulation with supramaximal concentrations of CCK

and carbamylcholine can also induce pancreatitis; how-

ever, caerulein is used most frequently. Caerulein can be

given intravenously at doses suf®cient to deliver

5ÿ10 mg/kg/h in a continuous infusion. Alternatively

and perhaps more conveniently, pancreatitis can also

be induced by hourly intraperitoneal or subcutaneous

injections, although this approach is usually not as re-

liable as intravenous infusions. Pancreatic injury in rats

develops rapidly, increases with the duration of infu-

sion, and is maximal within 12 h. This relatively mild

form of pancreatitis is characterized by massive

pancreatic edema (which can be visualized macroscop-

ically), increased serum levels of pancreatic enzymes

(such as amylase and lipase), cytoskeletal (actin) reor-

ganization, acinar cell vacuolization, necrosis, and in-

¯ammation. Strikingly, intra-acinar cell activation of

trypsinogen can be observed within minutes of initia-

tion of caerulein infusion.
The caerulein-induced model has become the

model of choice for studying pancreatitis in mice, par-

ticularly in genetically altered strains. For these studies,
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pancreatitis is usually induced by administration of 8 to

12 hourly intraperitoneal injections of caerulein (50 mg/
kg). The resulting pancreatitis is more severe in mice
than in rats and after 12 injections of caerulein, the
pancreas develops extensive necrosis and in¯ammation.
This noninvasive model has also proved to be a good
model with which to study pancreatitis-associated lung
injury.

Due to its ease of use and reproducibility, the
caerulein-induced model has been extensively used to
study the pathophysiological mechanisms involved in
pancreatitis. Several recent studies using this model
have shown that one of the earliest events in the
onset of pancreatitis is the colocalization of digestive
enzyme zymogens and lysosomal hydrolases in large
vacuoles observed during pancreatitis. This colocaliza-
tion could result in premature intra-acinar activation of
trypsinogen and perhaps other digestive zymogens,
leading to acinar cell injury. This model has also
been extensively used to elucidate the role of heat
shock proteins and in¯ammatory mediators in pancre-
atitis and associated lung injury.

Overall, the caerulein-induced model is probably
the most popular experimental model of pancreatitis
because it offers several advantages: it is very easy
and inexpensive to use, is noninvasive, develops rapidly
and reproducibly in mice and rats, which are easy to
handle and in addition, the severity of the resulting
disease can be regulated and manipulated. However,
the main drawback of this model is its questionable
clinical relevance.

Diet-Induced Pancreatitis

Administration of ethionine, the ethyl analogue of
methionine, was initially shown to induce mild edem-
atous, nonlethal pancreatitis in rats, cats, dogs, and
monkeys. Subsequently, Lombardi and co-workers in
1975 developed a model of acute necrotizing hemor-
rhagic pancreatitis by feeding a choline-de®cient ethi-
onine-supplemented (CDE) diet to young female mice.
However, this disease is lethal and all the mice die within
5 days if they are fed the CDE diet ad libitum. Later, this
protocol was modi®ed to reduce the mortality rate to
50 to 70% by limiting diet consumption and feeding the
CDE diet for only 24 h. The mice are fasted for 24 h
before and after being given the CDE diet. Estrogen
and a reduced capacity to neutralize acute pancreatitis
enzymes probably mediate the sex difference in
response to the dietary regimen.

Like the secretagogue model, this model has
also been shown to be associated with a defect in
stimulusÿsecretion coupling and the digestive enzyme

zymogens have been shown to be colocalized with the
lysosomal enzymes within 1 day of the start of the CDE
diet. This model shares many histological and biochem-
ical features with clinical pancreatitis in humans and is
also associated with acute lung injury.

Arginine-Induced Pancreatitis

This infrequently used model, originally described
by Tani and co-workers in 1990, involves administra-
tion of a single large intraperitoneal injection of L-argi-
nine to rats and results in necrotizing pancreatitis that is
less severe than the CDE diet-induced pancreatitis. The
disease evolves over a period of 72 h with the initial
appearance of small intracellular vesicles within 6 h, a
signi®cant elevation in serum amylase and lipase and
acinar cell necrosis within 24 h, and a marked inhibition
of protein synthesis within 72 h after administration of
the injection. Changes in the actin cytoskeleton are an
early component in this model of pancreatitis. It is also
accompanied by a stress response with a large increase
in heat shock proteins 27 and 70. The pancreas starts
recovering by 7 days and regains its normal function by
14 days. The mechanism by which L-arginine induces
pancreatitis is not well understood although it is likely
that it acts by inducing an intracellular stress response.

Immune-Induced Pancreatitis

Immune-induced pancreatitis can be initiated by a
Schwartzmann or an Arthus type of reaction, by injec-
tion of foreign serum intraperitoneally or into the
pancreatic duct, and by the intraductal injection of
anti-pancreatic basement membrane antibodies.

INVASIVE MODELS OF PANCREATITIS

Observations made as early as 1856 by Claude Bernard
and in 1901 by Opie laid the foundation for the devel-
opment of invasive models of acute pancreatitis. Opie
proposed the `̀ common channel'' theory on the basis of
the autopsy results of two patients who died from acute
necrotizing pancreatitis and were found to have gall-
stones impacted in the ampulla of Vater. According to
this theory, the stones obstructed the terminal common
channel of the bile and pancreatic ducts so that the bile
could now re¯ux into the pancreatic ductal system and
initiate pancreatitis. Although several objections have
been raised and alternative hypotheses suggested, this
hypothesis is still accepted by many as a valid explana-
tion for the triggering event in gallstone pancreatitis.
Alternatively, a stone on passage into the duodenum
stretches the sphincter of Oddi, thus permitting re¯ux
of duodenal contents into the pancreatic duct.
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Yet another widely accepted theory is based on the
premise that obstruction of the pancreatic duct leads
to retention of the pancreatic juice within the pancreatic
ductal system and that rupture of the intrapancreatic
ducts because of the increased ductal pressure leads to
spilling of the pancreatic juice containing the digestive
enzymes into the gland itself, thereby initiating a
cascade of events resulting in pancreatitis.

For the most part, these experimental models
have been designed to test the validity of the afore-
mentioned theories and thus include perfusion or ret-
rograde injection of bile and other agents into the
pancreatic duct, construction of a closed duodenal
loop to facilitate re¯ux of duodenal contents into the
pancreatic ductal system, and temporary obstruction/
ligation of the pancreatic or biliopancreatic ductal
system.

Closed Duodenal Loop

This model, one of the ®rst experimental models
of acute pancreatitis when it was described by Pfeffer
et al. in 1957, has undergone a series of modi®cations
over the years and is used mainly to establish the etiol-
ogy of pancreatitis. In their initial studies, Pfeffer and co-
workers, using fasted mongrel dogs, isolated 10 cm of
the duodenum just beyond the pylorus and ligated the
bile duct so that the closed duodenal segment com-
municated with the pancreatic ductal system. Gastric
out¯ow was reestablished by construction of a gastro-
jejunostomy. Under these conditions, edematous
changes were noted after 4 h and parenchymal necrosis
developed between 9 and 11 h after the surgery. How-
ever, fat necrosis and in¯ammation occurred infre-
quently. The possible mechanisms of pancreatitis
induced using this approach include pancreatic ische-
mia, overdistension of the duodenal loop, and re¯ux of
the duodenal contents into the pancreatic ductal system
since pancreatic duct ligation or pancreatic duct cannu-
lation ameliorates the changes associated with pancre-
atitis in this model.

The model has undergone several changes including
placement of an intralumenal tube in the ligated area
to maintain intestinal continuity, performing a gastro-
jejunostomy and insertion of a bypass cannula (Herrera
®stula), and injection of infected bile or bile saltÿ
trypsin mixture into the closed loop.

Since the severity of pancreatitis associated with
this model is highly variable and is associated with
little or no fat necrosis and in¯ammation, it is not
universally accepted as a model of acute pancreatitis.
Furthermore, its clinical relevance still remains to be
established.

Retrograde Ductal Injection and
Prograde Perfusion

Acute pancreatitis can be induced in relatively large
animals (dogs, cats, pigs, rats) by cannulating the pan-
creatic duct and retrogradely injecting agents such as
activated digestive enzymes (trypsin, elastase, lipase,
phospholipase A), bile, bile plus trypsin or the puri®ed
bile salt, sodium taurocholate alone or with trypsin, and
fatty acids. The critical features of this model are the
pressure that is used for injecting these agents and the
®nding that the severity of pancreatitis is directly cor-
related with the pressure and the volume of the injected
material.

Perhaps the earliest model of acute pancreatitis was
developed in1856byClaudeBernard,who injectedolive
oil and bile retrogradely into the pancreatic duct of the
dog and observed the subsequent development of pan-
creatitis. This model is suitable to study the late but not
the early events associated with severe pancreatitis. In an
attempttostudytheearlyeventsandtoreducetheseverity
of pancreatitis, Aho and co-workers modi®ed the pro-
tocol by injecting small volumes of sodium taurocholate
(3 to 5%) over a period of 1 min in rats. The pancreatitis
induced in this case evolves slowly over a period of 72 h
and the severity of pancreatitis correlates directly with
the injected concentration of sodium taurocholate.

Pancreatitis of severity ranging from mild edema-
tous to necrotizing can also be initiated in large animals
such as cats, pigs, dogs, and primates by cannulating
the pancreatic duct and prograde perfusing it with a
permeability-increasing agent at low pressure followed
by infusion of infected bile, hydrochloric acid, aspirin,
bile salts, or even activated digestive enzymes. Perfusion
of the last agent in combination with prostaglandin E2
has been shown to induce necrotizing pancreatitis.

Duct Ligation/Obstruction Models

Pancreatic duct ligation or obstruction models were
designed to recapitulate the events that occur during
gallstone pancreatitis in humans. Ligation or temporary
obstruction of the pancreatic duct in most animals re-
sults in pancreatic edema, mild in¯ammation, and ac-
inar cell apoptosis, ultimately leading to atrophy of the
gland. However, the severity of the pancreatitis can be
enhanced by combining duct ligation with stimulation
of secretion and pancreatic ischemia. Most of these
studies have been performed on rabbits and rats.

On the other hand, ligation of the pancreatic duct or
of the common biliopancreatic duct of the American
opossum results in severe hemorrhagic pancreatitis,
which is associated with acute lung injury and a
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14-day mortality rate of 100%. The opossum is a very
useful animal for studies mimicking gallstone pancrea-
titis because its biliopancreatic anatomy closely resem-
bles that of humans. However, unlike in humans where
necrotizing pancreatitis is focal and restricted, in the
opossum it is diffuse and uniformly distributed through-
out the gland. In the opossum, pancreatic duct obstruc-
tion appears to be the sole cause of pancreatitis and
neitherbiliaryductobstructionnorbilere¯uxisessential
for triggering or worsening the severity of pancreatitis.

IN VITRO MODEL OF PANCREATITIS

Although pancreatitis is an in¯ammatory disease, many
of the early changes take place in pancreatic acinar cells.
For example, in all models of pancreatitis, intra-acinar
cell activation of trypsinogen is one of the earliest events
that precede overt pancreatitis. In order to study the
mechanisms of pathobiological events initiated in pan-
creatic acinar cells, an in vitro model has been developed
and has been extensively used in the past few years. In
this model, stimulation of rat pancreatic acini with su-
pramaximal concentrations of caerulein results in intra-
acinar cell activation of trypsinogen.

For these studies, dispersed pancreatic acini are pre-
pared from freshly harvested pancreas by collagenase
digestion and gentle shearing. Acini thus prepared are
more than 95% viable and remain healthy for up to 24 h.
These acini can be incubated with high concentrations
of caerulein and the resulting acinar cell changes can be
monitored. Such an in vitro reductionist approach has
been useful in studies designed to elucidate the mech-
anisms involved in the activation of trypsinogen and the
ensuing acinar cell injury that is observed during pan-
creatitis. Furthermore, studies using this in vitro model
have shown that a sustained rise in intracellular calcium
is required for activation of trypsinogen and that inhi-
bition of cathepsin B activity prevents this activation.

CONCLUSIONS

Although a number of models, both invasive and nonin-
vasive,havebeendevelopedtostudy thedifferentaspects
of acute pancreatitis, there is still no `̀ perfect model'' that
recapitulates the events occurring during clinical acute
pancreatitis in their entirety. Notwithstanding the short-
comings associated with the models described above,
these experimental approaches have helped greatly in

unraveling the signaling events and the complex inter-
action of acinar, nonacinar, and in¯ammatory cells dur-
ing the initiation and progression of this disease.
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Pancreatitis, Hereditary

DAVID C. WHITCOMB

University of Pittsburgh

cationic trypsinogen Precursor form of trypsin de®ned by its

cationic (net positive) charge.

hereditary pancreatitis Form of the disease that appears to

be acquired via an inherited gene.

pancreatitis In¯ammation of the pancreas.

Hereditary pancreatitis refers speci®cally to otherwise

unexplained acute or chronic pancreatitis in an individual

from a family in which pancreatitis appears to be passed

down from generation to generation through an inherited

gene. Familial pancreatitis is a broader term that refers to

pancreatitis of any cause in an individual from a family

whose members develop pancreatitis at a higher rate than

would be expected by chance alone. Familial pancreatitis

may or may not be caused by a genetic mutation. Hered-

itary pancreatitis therefore de®nes a narrow, speci®c term

whereas familial pancreatitis is a broad, general term that

also encompasses inherited types of pancreatitis.

CLINICAL FEATURES

Pancreatitis is in¯ammation of the pancreas. Acute
pancreatitis occurs when normal pancreatic tissue sud-
denly becomes in¯amed. In¯ammation is occasionally
caused by a bacterial or viral infection or by direct
trauma to the abdomen. However, in most cases,
acute pancreatitis develops when the inactive pancreatic
digestive enzymes become active inside the pancreas
rather than inside the intestine. In this case, the pancreas
literally begins to digest itself, leading to severe in¯am-
mation. Chronic pancreatitis describes the effects of
prolonged in¯ammation in which the normal pancreatic
tissue is partially or completely destroyed and replaced
with scar tissue.

A typical description of hereditary pancreatitis in-
cludes a family history in which the older generations
describe lifelong histories of attacks of abdominal pain
beginning in childhood. The pain often becomes con-
tinuous by adulthood or disappears. In more severe
cases, chronic pancreatitis or diabetes mellitus devel-
ops, and pancreatic cancer (or an adenocarcinoma of
unknown origin) may be seen after age 50 years. In the
younger generations, the childhood attacks would be

diagnosed as acute pancreatitis. However, only about
half of the offspring in each generation develops the
typical symptoms, and the other half of the family
tree never has symptoms. In some cases, the symptoms
skip a generation, demonstrating that about one out of
®ve people with the pancreatitis-causing gene mutation
are silent carriers. This pattern of inheritance is typical
of autosomal dominant genetic disorders that are
passed from generation to generation through a single
defective gene.

The average person inheriting a gene mutation caus-
ing hereditary pancreatitis has several symptoms. At
about age 10 years they begin developing attacks of
severe abdominal pain caused by acute pancreatitis.
The exact age of ®rst attack in an individual can vary
from about 1 year old to adulthood, but usually occurs
in childhood. The pain is centered in the epigastrium,
which is about a third of the way from the rib cage to the
navel. The pain often increases, beginning as a poorly
described ache with nausea and becoming a very severe,
steady pain with nausea and vomiting. The pain may
extend to the back, to the sides (usually left), or to the
entire abdomen. It is unusual to have fever or diarrhea,
and during the attack the person usually tries to lie in
a curled up position and to remain motionless. The
attacks may last for 2ÿ3 days (this is also variable),
with attacks usually occurring a couple of times a year.

Later in life, about 5ÿ10 years after the ®rst attack of
acute pancreatitis, up to half of the individuals with
hereditary pancreatitis will develop chronic pancreati-
tis. The symptoms of chronic pancreatitis include con-
tinuous abdominal pain, dif®culty digesting food, bulky
stools or diarrhea-like symptoms, and (later) diabetes
mellitus. Patients with chronic pancreatitis for several
decades are also susceptible to pancreatic cancer,
especially if they smoke cigarettes.

CAUSES

The ®rst mutation causing hereditary pancreatitis was
discovered in 1996 on chromosome 7 within the cationic
trypsinogen gene, or PRSS1. Trypsinogen is the inactive
form of the protein-digesting enzyme trypsin, which
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cuts protein chains at arginine or lysine amino acids.
Trypsinogen normally becomes activated to trypsin
after passing into the intestine, and trypsin activates
the other inactive digestive enzymes inside the intestine,
where ingested food is digested. The hereditary pancre-
atitis mutation changes the DNA code for a key arginine
amino acid (symbol R) at position 122 of the trypsin
molecule to code for the amino acid histidine (symbol
H), resulting in a `̀ R122H'' mutation. Arginine 122 acts
an emergency `̀ fail-safe'' self-destruction site on the back
side of the trypsin molecule, allowing this digestive en-
zyme to be eliminated by a second trypsin molecule if
the trypsinogen becomes active trypsin inside the pan-
creas. This site is regulated by calcium, and in low cal-
cium concentrations the trypsin will destroy itself
(e.g., within the acinar cell). When this site is mutated
to histidine, the pancreatic acinar cells cannot eliminate
prematurely activated trypsin, which then activates
other digestive enzymes. The prematurely active diges-
tive enzymes begin digesting the pancreas, leading to
acute pancreatitis. Repeated episodes of acute pancre-
atitis lead to severe scarring of the pancreas, or chronic
pancreatitis. About two-thirds of the families with he-
reditary pancreatitis have one of several known cationic
trypsin mutations, and the other third has unknown
mutations.

DIAGNOSIS AND TREATMENT

The diagnosis of hereditary pancreatitis is currently
made by diagnosing pancreatitis in two or more mem-
bers of a family in two generations in which other causes
have been excluded (for example, pancreatitis from gall-
stones). In addition, hereditary pancreatitis can be di-
agnosed in individuals with pancreatitis through genetic
testing. The two common mutations for which testing is
recommended are the cationic trypsinogen R122H and
N21I mutations. Mutations in the trypsin inhibitor gene
(SPINK1) and some mutations in the cystic ®brosis gene
(CFTR) are also seen in pancreatitis, but usually not in

families with hereditary pancreatitis. Mutations in these
genes are common, and a single mutation does not cause
the pancreatitis seen in hereditary pancreatitis.

Currently, there are no speci®c, proved therapies to
prevent or treat hereditary pancreatitis. Smaller meals,
diets low in fat and protein, and vitamin and antioxidant
supplements have been recommended by some experts,
and are usually not discouraged. Smoking cigarettes
and alcohol consumption are strongly discouraged
because these factors promote pancreatitis and contrib-
ute to pancreatic cancer. Medications to reduce stomach
acid, supplements containing pancreatic enzymes, and
even insulin injections may be necessary if chronic pan-
creatitis develops. Surgery may be necessary to treat
some complications.
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Pancreatitis, Pediatric
M. JAMES LOPEZ

University of Michigan Medical Center, Ann Arbor

acute pancreatitis An acute in¯ammatory condition of the

pancreas associated with a broad variety of etiologies in

children.

chronic pancreatitis An in¯ammatory condition of the

pancreas with evidence of permanent and progressive

morphological damage.

hereditary pancreatitis An autosomal dominant disease that

accounts for 1% of cases of both chronic and recurrent

pancreatitis; genetic mutations have been identi®ed in

cationic trypsinogen for many patients.

metabolic pancreatitis Pancreatic disorder related to ab-

normalities such as hyperlipidemia or hypercalcemia,

which can cause acute or recurrent pancreatitis but

which is extremely rare in pediatrics.

pseudocyst A complication of pancreatitis with a cystic

structure not lined with epithelium, which distinguishes

it from a true cyst. Most commonly, the walls of the cyst

are formed in part by the stomach, spleen, and pancreas.

sphincterotomy Incision of the sphincter of Oddi (with

reference to pancreatitis).

Pancreatic disorders in childhood include congenital

anatomic and genetic disorders as well as acquired disor-

ders. Most of these disorders are rare. This article will

focus on the various types of pancreatitis and brie¯y

describe their clinical characteristics.

ACUTE PANCREATITIS

Acute pancreatitis is an acute in¯ammatory condition of
the pancreas. It is associated with a broad variety of
causes in childhood, in contrast to the two main causes
of gallstones and alcohol in adults (Table I). Nearly 20%
of pediatric cases of pancreatitis are associated with
trauma, approximately 10% are associated with gall-
stones or congenital structural abnormalities of the
pancreatico-biliary ductular system, and less than 5%
are associated with medications; only rarely are cases
associated with metabolic abnormalities and between
15 and 20% have no explanation even after exhaustive
evaluation (idiopathic). Over half of all children
with pancreatitis have an associated systemic illness.
Of those with multisystem disease, between one-
quarter and one-third present with sepsis or shock,

approximately 5% have an associated viral illness,
and over half have a systemic illness, such as a collagen
vascular disease or heart disease. In children under 4

TABLE I Reported Causes of Acquired Pancreatitis

in Children

Trauma

Biliary tract disease

Gallstones

Structural abnormalities (e.g., choledochal cyst)

Drug-induced

Azathioprine

Valproic acid

L-Asparaginase

Thiazides

Tetracyclines

Sulfonamides

Furosemide

Estrogen

Infection

Mumps virus (uncommon now)

Enterovirus

EpsteinÿBarr virus

Hepatitis A virus

Coxsackie virus B

In¯uenza A

Measles (uncommon now)

Leptospirosis

Mycoplasmosis

Typhoid fever

Ascariasis

Malaria

Rubella (uncommon now)

Metabolic

Protein-calorie malnutrition

Hypercalcemia

Reye's syndrome (rare now)

Hypertriglyceridemia

Cystic ®brosis (pancreatic suf®ciency)

Miscellaneous

Henoch-SchoÈnlein purpura

Systemic lupus erythematosus

Perforated duodenal ulcer

Kawasaki disease

Congenital partial lipodystrophy

Juvenile tropical pancreatitis

Following endoscopic retrograde cholangiopancreatography
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years of age, the ®nal diagnosis is rarely idiopathic, and
in children under 3 years of age, all patients will have an
associated systemic illness, such as sepsis or shock.

The incidence of pancreatitis in childhood has been
dif®cult to determine. Acute pancreatitis has been an
uncommon diagnosis at most pediatric institutions.
However, a recent single institution review suggested
that there may be an increasing incidence with between
70 and 100 new cases of pancreatitis now identi®ed
each year. The symptoms at presentation are similar
to those in adults. Typically, children present with
abdominal pain and/or vomiting. The combination of
elevated serum lipase and amylase levels is reliable
for the diagnosis of pancreatitis in children. Pancrea-
titis appears to be less severe in children with a low
mortality compared to adults (no prospective studies
available). However, severe metabolic and physical
complications, such as hypoalbuminemia, hypocalce-
mia, pseudocysts, necrosis, pleural effusions, and hyp-
oxia, can result.

Hemorrhagic pancreatitis is said to occur in approx-
imately 13% of cases, but in recent experience it appears
to be less frequent. Use of Ranson's or the Glasgow
criteria to assess severity has not been validated for
the pediatric population, but these criteria appear to
be useful in providing evidence of complications.

Pseudocysts are reported to occur in approximately
15% of children with pancreatitis but limited informa-
tion about this complication is available. Usually, the
amylase and lipase levels are elevated and associated
with abdominal pain, emesis, and/or fever.

The mainstay of treatment is symptomatic and
similar to that in adults.

CHRONIC PANCREATITIS

Chronic pancreatitis is an in¯ammatory condition of the
pancreas with evidence of permanent and progressive
morphological damage observed on biopsy, autopsy, or
radiological studies. Clinically, it is characterized by
recurrent or persistent abdominal pain (80% of pa-
tients). Steatorrhea and weight loss may also be present.
The incidence and prevalence of this condition in chil-
dren are uncertain but chronic pancreatitis is un-
common. However, estimates in adults suggest that
the prevalence is between 1 and 5% with an incidence
of close to 8 cases per 100,000 population.

In children, chronic pancreatitis appears to result in
two primary forms: (1) a calcifying form that can be
associated with hereditary pancreatitis, hypercalcemia,
hyperlipidemia, cystic ®brosis (with pancreatic suf®-
ciency), juvenile tropical pancreatitis, and idiopathic
pancreatitis and (2) an obstructive form (unusual in

children) that is more commonly associated with
trauma, sclerosing cholangitis, sphincter of Oddi dys-
function, congenital anomalies, idiopathic ®brosing
pancreatitis, and chronic renal failure. Autoimmune
pancreatitis resulting in chronic pancreatitis has been
described in adults but, as of this writing, it has not been
recognized in children.

Genetic susceptibility to chronic pancreatitis ap-
pears to be related to mutations in the cationic trypsin-
ogen gene (PRSS1; see Hereditary Pancreatitis below),
cystic ®brosis transmembrane conductance regulator
(CFTR), and polymorphisms in the serine protease in-
hibitor, Kazal type 1 (SPINK1). These mutations do not
account for all cases of chronic pancreatitis.

Treatment is symptomatic and similar to that
used in adults.

HEREDITARY PANCREATITIS

Hereditary pancreatitis is an autosomal dominant
disease that accounts for 1% of cases of both chronic
and recurrent pancreatitis. The disease has been
associated with mutations in the cationic trypsinogen
gene. In addition, polymorphisms in SPINK 1 appear
to increase the risk for the development of both
familial (hereditary) and chronic pancreatitis but not
primarily cause it. Clinically, there is incomplete pen-
etrance with variability in the age at presentation and the
severity of symptoms. Symptoms can begin as early as
the ®rst decade and are present in up to 80% of affected
individuals by 20 years of age (range between 11 months
and old age). Initial attacks resemble those of acute
pancreatitis. Over time, patients develop signs and
symptoms more typical of chronic pancreatitis although
some patients will have calci®cation and some evidence
of atrophy at the time of ®rst presentation.

If hereditary pancreatitis evolves to chronic pan-
creatitis, some patients will develop complications
more typical of this chronic disorder, including ®brosis,
ductal abnormalities, calci®cations, diabetes mellitus
(reported in 10ÿ25% of cases), steatorrhea and mal-
absorption (reported in 5 to 45% of cases), pseudocysts,
and portal and splenic vein thrombosis. A more serious
complication is that of pancreatic cancer, which may
have a greater than 50-fold increased incidence in
patients with hereditary pancreatitis.

Therapeutic interventions remain symptomatic.
Thus, the approaches used are the same as those for
other forms of pancreatic in¯ammation. Additionally,
antioxidant cocktails are commonly prescribed. There
are limited data supporting their effectiveness in this
condition, although they are reported to be effective
in recurrent pancreatitis.
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METABOLIC PANCREATITIS

Hyperlipidemia

Hyperlipidemia is a reported cause of pancreatitis
but appears to be exceedingly rare in pediatrics. The
reported incidence of pancreatitis for each type of hy-
perlipidemia is as follows: type 1, 35%; type IV, 15%;
and type V, 30ÿ40%. The pancreatitis appears to be
acute and recurrent. Use of an antioxidant cocktail
has been reported to stop recurrent episodes of pancre-
atitis related to hyperlipidemia. If triglycerides are ele-
vated during an episode of acute pancreatitis, they
should be reevaluated after resolution of the pancreatitis
to determine whether an underlying error in lipid
metabolism is present.

Hypercalcemia

Hypercalcemia is a rare cause of pancreatitis. It can
result from a variety of disorders, including total par-
enteral nutrition, vitamin D poisoning, sarcoidosis, met-
astatic bone disease, and the infusion (iatrogenic) of
high doses of calcium. The role of primary hyperpara-
thyroidism in either acute or chronic pancreatitis is
unclear but certainly is a rare cause. It appears to occur
in 7ÿ15% of all patients with hyperparathyroidism and
accounts for less than 1% of all cases of pancreatitis in
adults or children.

See Also the Following Articles
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chronic intestinal pseudo-obstruction A syndrome due

to a failure of intestinal propulsion and characterized

by a clinical picture resembling mechanical obstruction

in the absence of any lesion occluding the lumen of

the gut.

enteric nervous system The collection of neurons embed-

ded in the wall of the gastrointestinal tract, organized

in two major ganglionated (i.e., the myenteric or

Auerbach's and submucosal or Meissner's) plexuses

and able to control all digestive functions, includ-

ing motility, absorption/secretion, sensitivity, and

microcirculation.

onco-neural antigens Antigens shared by tumor cells and

neural tissues that are likely capable of triggering the

immune response involved in the neuropathophysiology

of paraneoplastic syndrome.

Paraneoplastic syndromes encompass a wide array of clin-

ical manifestations that may affect virtually all organs of

the human body as a result of a systemic response evoked

by a remote tumor. The gastrointestinal tract may be the

target of a paraneoplastic syndrome evoked most com-

monly by small-cell lung carcinoma, thymoma, and gyne-

cological and breast tumors. Symptoms arising in this

context include diarrhea, constipation, nausea, vomiting,

and abdominal pain. These symptoms may precede the

diagnosis of the underlying neoplastic disease; thus, the

differential diagnosis of gastrointestinal manifestations

may also take into account the occurrence of a remote

cancer. Symptoms are the result of altered gastrointesti-

nal secretory motor function related to an impairment of

the intrinsic innervation supplying the gastrointestinal

tract (i.e., the enteric nervous system).

INTRODUCTION AND
GENERAL FEATURES

Certain types of tumors express molecules, namely,
onco-neural antigens, against which the immune system
reacts as part of the immune-mediated anti-neoplastic
response. This humoral and cell-mediated immune re-
sponse cross-reacts with onco-neural antigens physio-
logically expressed by the enteric nervous system, thus

leading to dysfunction and structural damage. As a re-
sult, a severe perturbation of gastrointestinal motility,
ranging from achalasia, gastroparesis, and megacolon to
chronic intestinal pseudo-obstruction, occurs. The his-
topathological hallmark of these motor disorders is an
in¯ammatory lympho-plasmacellular in®ltrate within
the ganglionated plexuses of the enteric nervous system,
mainly in the myenteric plexus (or Auerbach's plexus).
This histopathological picture, referred to as myenteric
ganglionitis, is associated with degeneration and loss
of neurons, likely re¯ecting the immune-mediated
injury within the myenteric plexus, throughout the
gastrointestinal tract.

TYPES OF ANTI-NEURONAL
ANTIBODIES IN PARANEOPLASTIC
SYNDROME

In addition to a cellular immune response, several
distinctive anti-neuronal antibodies can be found in
the serum of patients with paraneoplastic dysmotility.
Depending on their molecular target, they are referred to
as anti-Hu (also known as type 1 anti-neuronal nuclear
antibodies), anti-Yo (anti-Purkinje cell cytoplasmic an-
tibodies), P/Q- and N-type Ca2� channel antibodies, and
ganglionic-type nicotinic acetylcholine receptor anti-
bodies. Although the pathogenetic role played by anti-
neuronal antibodies in enteric neuronal damage is still
underinvestigation,theirdetectionisofgreatimportance
in the diagnosis of an underlying, often occult, tumor.

Anti-Hu antibodies, usually found in the serum
of patients with paraneoplastic encephalomyelitis/
subacute sensory neuropathy, can be also detected in
paraneoplastic gastrointestinal dysmotility. The Hu an-
tigens are four nervous system-speci®c RNA-binding
proteins, with a crucial role in neuronal development
and survival. It is plausible that binding of autoanti-
bodies to the enteric neuronal Hu proteins may play
a role in the neuronal dysfunction underlying gastroin-
testinal paraneoplastic syndrome. Another class of anti-
neuronal antibodies includes the anti-voltage-gated
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Ca2� channels, which are often identi®ed in the serum
of patients with Lambert-Eaton myasthenic syndrome
associated with small-cell lung carcinoma. These
autoantibodies, including the P/Q- and N-type Ca2�

channels (which control acetylcholine release), may
also be involved in central as well as autonomic ner-
vous system dysfunction related to paraneoplastic
syndromes. Together with anti-Hu antibodies, the
N-type anti-voltage-gated Ca2� channel antibodies
are the most common autoantibodies described in
patients with paraneoplastic dysmotility.

Anti-Yo antibodies, found in the serum of patients
with paraneoplastic cerebellar degeneration as a mani-
festation of gynecologic or breast cancer, are also
detected in rare cases of paraneoplastic gastrointestinal
dysmotility related to ovarian carcinoma. These anti-
bodies target the Yo (recently rede®ned as cerebellar
degeneration-related) antigens, which exert a func-
tional inhibition of c-myc transcriptional activity, likely
inducing neuronal damage through the activation of
apoptosis.

In severe gastrointestinal dysmotility, the suspicion
of a paraneoplastic syndrome should be always taken
into account. Testing for neuronal autoantibodies
is helpful for accurate diagnosis of patients with

paraneoplastic syndrome. Further research is needed
to better clarify the mechanisms underlying paraneo-
plastic-related enteric neuropathy.
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cyst An environmentally stable form of the life cycle of a

protozoan that reproduces asexually. The cyst has a hard

outer wall and is involved in the transmission of the

organism from one host to another.

de®nitive host The host in which a parasite achieves sexual

maturity.

intermediate host For a parasite with sexual reproduction,

this is an additional host(s) in which a parasite develops

to some extent, but not to sexual maturity.

oocyst Cystic stage of the Apicomplexa, resulting from

sporogony (e.g., Plasmodium, Cryptosporidium, Toxo-

plasma, Cyclospora).

parasite An organism that is physiologically dependent on

another organism and extracts its nutrients from this

host. More speci®cally, when the term is used for

organisms colonizing humans, it frequently refers to

protozoans and helminths and sometimes ectoparasites

(e.g., ticks, lice).

trophozoite The vegetative or growing form of an organism,

used to describe an asexual stage of a protozoan

organism.

All the noncommensal (and perhaps commensal) bacte-

ria, fungi, protozoa (or protists), and helminths are par-

asitic organisms when they colonize their human hosts.

However, this article will be limited to the more com-

monly used, narrow de®nition that includes only the

protozoa and helminths. The parasitic diseases are major

causes of morbidity and mortality throughout the world,

but strike the populations of the tropical and developing

regions disproportionately. Plasmodium falciparum, the

species that causes most cases of fatal malaria, along

with Mycobacterium tuberculosis, is one of the two organ-

isms most likely to cause fatal infection. Substantial dis-

ease burden also results from numerous other protozoan

and helminthic organisms. This article will focus prima-

rily on those parasitic organisms that cause diseases with

signi®cant gastrointestinal manifestations.

INTRODUCTION

In addition to the readily apparent differences in biology
and size of the protozoa in comparison to the helminths,
there are a number of important generalizations that can

be made in regard to the differences in human infections

and clinical manifestations. All of the protozoa that are

pathogenic for humans are microscopic unicellular or-

ganisms that have the ability to reproduce asexually

within the human host and thus have the potential to

cause a very high disease burden from a single inocu-

lating organism. In contrast, the pathogenic helminths

are multicellular organisms that replicate sexually in the

de®nitive host and many require at least one interme-

diate host to complete their life cycles. Therefore, they

do not multiply within the human host, so the disease

manifestations are determined by the initial inoculum

size, the chronicity, and the host response to the infec-

tion. Most of the helminths do not live in the human host

for more than several years, so late clinical manifesta-

tions are generally the residual of earlier infection and

in¯ammatory response rather than ongoing infection. A

corollary of this principle is that acquired immunode-

®ciency syndrome (AIDS) and other forms of immuno-

compromise do not result in the markedly increased

disease burden that can be seen with protozoa, fungi,

or bacteria. The major exception to this general rule is

Strongyloides stercoralis, which has an autoinfection

cycle and is able to replicate to very high numbers in

immunocompromised human hosts, especially those

receiving high doses of corticosteroids.
Blood eosinophilia is common with invasive hel-

minth infections, frequently reaching very high levels

(e.g., 30 to 50% of cases). The degree of eosinophilia is

relatively mild in helminths that reside in the gut lumen.

Protozoan pathogens typically do not evoke signi®cant

blood eosinophilia, but Entamoeba histolytica infections

do frequently cause tissue eosinophilia. The most com-

mon (and not so common) medically important

protozoa are listed in Table I and the helminths are listed

in Table II. The subsequent portion of this article will

give a brief description of the parasites with signi®cant

gastrointestinal manifestations. Even for those organ-

isms without signi®cant gastrointestinal manifestations,

the diagnosis may be established by identi®cation of the

organism or its eggs in intestinal or fecal samples. The

organisms for which the diagnosis may be made by

gastrointestinal samples are listed in Table III.
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TABLE I Protozoa Pathogenic for Humans

Organism Classi®cation Geographic distribution Means of human acquisition Other mammalian hosts Tissue tropism

Method of

diagnosis

Clinical

manifestations

Plasmodium sp. Apicocomplexa

(Sporozoa)

Tropical and subtropical regions Anopheline mosquito bite None (for human Plasmodium

species)

Erythrocytes Microscopic

examination of

blood smear

Febrile illness

Babesia spp. Apicocomplexa Worldwide Tick bite Rodent (B. microti); cattle

(B. bovis and B. divergens)

Erythrocytes Microscopic

examination of

blood smear

Febrile illess

Toxoplasma gondii Apicocomplexa Worldwide Ingestion of pseudocysts in

contaminated meat; ingestion

of oocysts in material

contaminated by cat

fees; vertical transmission

Cat is de®nitive host;

numerous mammals are

incidental hosts

Nucleated cells,

especially in

heart and brain

Histology; serology Multiple

Cryptosporidium parvum Apicocomplexa Worldwide Ingestion of oocysts, especially

in contaminated water

Cattle and other mammals Small intestinal

epithelial cells

Stool microscopy;

intestinal

histology

Diarrhea; rare

extraintestinal

disease

Cyclospora cayetanensis Apicocomplexa Worldwide Ingestion of oocysts in

contaminated food or water

None known Small intestine Stool microscopy Diarrhea

Sarcocystis sp. Apicocomplexa Worldwide, especially

Southeast Asia

Ingestion of sporocysts from

feces or meat (human is

de®nitive host); ingestion of

fecal oocysts (human is

intermediate host)

Carnivore is de®nitive host;

herbivore is intermediate

host

Muscle cells Histology (muscle) Usually asympto-

matic; myositis;

diarrhea

Isospora belli Apicocomplexa Tropical and subtropical regions Ingestion of oocyst None known Small intestine Stool microscopy Diarrhea

Leishmania sp. Kinetoplastid

¯agellate

Different locales for different

species in tropical and

subtropical regions

Bite of sand¯y Numerous Histology; serology

(for visceral)

Visceral infection;

mucocutaneous;

cutaneous

Trypanosoma cruzi Kinetoplastid

¯agellate

South and Central

America

Bite of Reduviid bug Numerous Muscle, especially

cardiac and GI

Serology Acute (meningitis

or carditis); chronic

(cardiomyopathy,

mega-GI

disease)

Trypanosoma brucei sp. Kinetoplastid

¯agellate

Equatorial Africa Bite of Tsetse ¯y Game animals (East

African); none (West

African)

Lymphatics, blood;

CNS

Microscopy of

blood or CSF

Histology

Febrile illness with

lymphadenopathy;

meningo-

encephalitis

(continues)



TABLE I Protozoa Pathogenic for Humans (continued)

Organism Classi®cation Geographic distribution Means of human acquisition Other mammalian hosts Tissue tropism

Method of

diagnosis

Clinical

manifestations

Giardia lamblia Diplomonad

¯agellate

Worldwide Ingestion, most commonly

through contaminated

water

Numerous Small intestine Stool microscopy;

stool antigen

detection

Diarrhea;

malabsorption

Entamoeba histolytica Rhizopod (ameba) Developing regions Ingestion, most commonly

through contaminted food

None Stool microscopy;

serology

Colitis; hepatitic

`̀ abscesses''

Dientamoeba fragilis Trichomonad Worldwide Water; fecalÿoral Intestine Stool microscopy Usually

asymp-

tomatic;

diarrhea

Balantidium coli Ciliate Worldwide Ingestion of cysts Numerous, especially pigs Colon Stool microscopy;

intestinal

histology

Usually

asymptomatic;

colitis

Blastocystis hominis Unknown Worldwide, especially

developing regions

Probably fecalÿoral Unknown Intestine Stool microscopy Usually

asymptomatic;

may cause

diarrhea

Naegleria fowleri Rhizopod (ameba) Warm climate; freshwater Nasal invasion from

swimming in warm

freshwater

Free-living CNS Microscopy

of CSF

Meningitis

Acanthamoeba spp. Rhizopod (ameba) Worldwide Eye (direct contact) Free-living CNS; cornea CNS (brain

histology); eye

(histology or

culture)

Meningoencephalitis;

keratitis

Trichomonas vaginalis Trichomonad Worldwide Sexual None Vaginal epithelium Microscopy of

vaginal ¯uid

Vaginitis

Enterocytozoon bieneusi Microsporidia Worldwide Ingestion of contaminated

water

Numerous Gastrointestinal

tract

Stool microscopy Diarrhea (chronic

in AIDS)



TABLE II Helminths Pathogenic for Humans

Organism Geographic distribution Means of human acquisition De®nitive host

Intermediate

host(s) Tissue tropism Method of diagnosis

Nematodes

Ascaris lumbricoides Worldwide, especially

tropics

Egg ingestion Human, possibly

other mammals

None Small intestine Identify ova in stool

Ancylostoma duodenale

(Old World hookworm)

Eastern hemisphere Penetration of skin by larvae Human None Small intestine Identify ova in stool

Necator americanus

(New World hookworm)

Americas Penetration of skin by larvae Human None Small intestine Identify ova in stool

Enterobius vermicularis Worldwide Egg ingestion Human None Cecum Identify worms in

perianal area

Trichuris trichiura Worldwide, especially

developing regions

Egg ingestion Human, other

mammals

None Large intestine Identify ova in stool

Trichinella spiralis Worldwide Ingestion of larvae from muscle Numerous

carnivores

Same as

de®nitive

Small intestine,

muscle

Serology, identify

larvae in muscle

Wuchereria bancrofti Tropics and subtropics Larvae injected by mosquito Human Mosquito Blood, lymphatics Identify micro®lariae

in blood, serology

Brugia malayi South and Southeast Asia Larvae injected by mosquito Human Mosquito Blood, lymphatics Identify micro®lariae

in blood, serology

Onchocerca volvulus Africa, Central and

South America

Larvae injected by black¯y Human Black¯y Eye, skin Identify micro®lariae

in skin, serology

Strongyloides stercoralis Worldwide, especially

tropics and subtropics

Penetration of skin by larvae;

Penetration of colon by larvae

(autoinfective cycle)

Human (also

free-living)

None Small intestine Identify larvae in

concentrated fecal

samples, serology

Trematodes

Schistosoma mansoni Africa, South America Penetration of skin by cercariae Human Snail Inferior mesenteric

veins

Identify eggs in stool,

serology

Schistosoma hematobium Africa, Middle East Penetration of skin by cercariae Human Snail Vesical plexus Identify eggs in urine

Schistosoma japonicum Southeast Asia Penetration of skin by cercariae Human Snail Superior mesen-

teric veins

Identify eggs in stool,

serology

Paragonimus westermani Asia, Africa, South

America

Ingestion of metacercariae Human Snail, crab Lungs Identify eggs in stool

Clonorchis sinensis Southeast Asia Ingestion of metacercariae Human Snail, ®sh Biliary system Identify eggs in

concentrated stool

Fasciola hepatica Sheep-raising areas Ingestion of metacercariae Human Snail, watercress Biliary system Identify eggs in stool

Cestodes

Taenia solium Scattered worldwide Ingestion of cysticerci in meat

(to be de®nitive host);

ingestion of eggs (to be

intermediate host)

Human Pigs (occasionally

humans)

Intestine (muscle

and brain as in-

termediate host)

Identify eggs or

proglottids

in stool, serology

Taenia saginata Cattle-raising areas Ingestion of cysticerci in meat Human Cattle Intestine Identify eggs or

proglottids in stool

Echinococcus spp. Scattered worldwide Egg ingestion Canines Numerous

mammals

Liver, other organs Serology, identify

cysts in lesions

Diphyllobothrium latum Scattered worldwide Cyst ingestion from uncooked

®sh

Human, other

mammals

Freshwater ®sh Intestine Identify eggs or

proglottids in stool



PROTOZOA

The protozoa have generally been classi®ed according to
morphologic criteria into four major groups, the
Sporozoa, the ¯agellates, the amebas, and the ciliates.
The Sporozoa form a diverse group of organisms in
terms of their hosts, transmission cycles, tissue tropism,
and clinical manifestations, but clearly fall into one
clade or genetic group. In contrast, the ¯agellates
form several genetic groupings: the kinetoplasts
(Trypanosoma spp., Leishmania spp.), the diplomonads
(Giardia lamblia), and the trichomonads (Trichomonas
vaginalis). En. histolytica is the most important pathogen
of the amebas. Balantidium coli is rarely a pathogen,
but is frequently listed since it is the only medically
important ciliate. In addition to these four groups,
the microsporidia have emerged as important patho-
gens, especially as complications of human immuno-
de®ciency virus (HIV) infection. The microsporidia
may actually be fungi, but will be addressed here
since they are commonly considered to be protozoa.
In addition to the pathogenic organisms, a number of
protozoa are frequently identi®ed in fecal specimens,
but are seldom or never associated with disease.
Blastocystis hominis may occasionally be pathogenic,
although this remains controversial. Entamoeba coli,

Entamoeba hartmanni, and Endolimax nana, as well as
a number of other organisms, may be identi®ed in fecal

specimens, but are nonpathogenic.
En. histolytica is the most frequent parasitic cause of

life-threatening gastrointestinal disease, resulting in

an estimated 100,000 deaths per year throughout the

world. Human infection is initiated by ingestion of

En. histolytica cysts via contaminated food or water or

by direct contact with infected individuals. There are

no known nonhuman hosts, so zoonotic transmission

does not occur. An accumulation of literature since

1978 has provided convincing evidence of pathogenic

and nonpathogenic strains of En. histolytica, eventually

resulting in the division of these organisms into two

species, the pathogenic En. histolytica and the non-

pathogenic En. dispar. The two organisms appear the

same morphologically, so routine fecal specimens will

not distinguish between the two.
After excystation in the small intestine, En.

histolytica trophozoites replicate in the large intestine,

where they ingest host immune cells and erythrocytes

and cause tissue necrosis. Infected patients have locally

invasive disease with abdominal pain, bloody diarrhea,

and fever. Occasionally, the trophozoites disseminate

beyond the large intestine, most commonly to the

TABLE III Important Parasitic Infections Diagnosed from Gastrointestinal Samples

Organism Type of sample

Protozoa

Entamoeba histolytica Identi®cation of cysts or trophozoites in feces or colon biopsy specimens

(also do serology)

Giardia lamblia Identi®cation of cysts or trophozoites in feces

Cryptosporidium parvum Identi®cation of oocysts in feces or merozoites in intestinal biopsies

Cyclospora cayetanensis Identi®cation of oocysts in feces

Isospora belli Identi®cation of oocysts in feces

Enterocytozoon bieneusi Identi®cation of organism in intestinal biopsy or fecal sample

Helminths

Trichuris trichiura Identi®cation of ova in microscopic examination of stool

Enterobius vermicularis Identi®cation of pinworms in perianal region

Ascaris lumbricoides Identi®cation of ova in microscopic examination of stool

Strongyloides stercoralis Identi®cation of larvae in feces or duodenal contents; poor sensitivity, so

serologic studies should also be performed

Hookworm (N. americanus and A. duodenale) Identi®cation of ova in microscopic examination of stool

Schistosoma mansoni Identi®cation of ova in feces or rectal biopsy; serologic studies are helpful

Clonorchis sinensis Identi®cation of ova in feces using concentration techniques

Fasciola hepatica Identi®cation of ova or adult worms in feces

Paragonimus westermani Identi®cation of ova in microscopic examination of stool

Taenia solium Identi®cation of parasite proglottids or ova in feces (ova appear identical to

T. saginata ova)

Taenia saginata Identi®cation of parasite proglottids or ova in feces (ova appear identical to

T. solium ova)

Diphyllobothrium latum Identi®cation of parasite proglottids or ova in feces
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liver. Patients with liver involvement have right
upper quadrant abdominal pain and fever and dis-
crete lesions that can be identi®ed by ultrasound or
computed tomography (CT) scanning. The ®nding of
liver abscesses in a patient with a compatible clinical
presentation who has anti-amebic antibodies is nearly
diagnostic of amebic liver abscess, but pyogenic liver
abscesses should be ruled out in patients with negative
serologic tests and those who fail to respond to appro-
priate medical therapy (usually metronidazole).

Although the observation of Entamoeba cysts in fecal
specimens in fecal specimens will not distinguish be-
tween En. histolytica and En. dispar infections, the dis-
covery of trophozoites engul®ng red blood cells (RBCs)
is diagnostic of En. histolytica infection. RBCs are com-
monly present in stool specimens, but white blood cells
are uncommon, probably because the trophozoites in-
gest the neutrophils. In invasive colonic disease, an an-
tibody response is found in over 90% of patients.
Although these are not protective antibodies, their mea-
surement is very useful in the diagnosis of amebiasis. Up
to 99% of patients with extraintestinal amebiasis will
demonstrate an antibody response.

G. lamblia is a common cause of diarrheal disease
with malnutrition and weight loss throughout the
world. Human infection is initiated when the environ-
mentally stable cysts are ingested, most commonly via
contaminated water or by direct fecalÿoral contact,
such as may occur in a day-care center. Although
there has been considerable controversy regarding the
potential role of zoonotic transmission, recent molecu-
lar studies allow the conclusion that most dog and live-
stock G. lamblia isolates are genetically different from
human isolates, indicating that these organisms are not
major sources of human infection. In contrast, cats and
beavers harbor genotypes that are the same as the
human isolates, leaving open the possibility that
human infection can be acquired from these animals.

Excystation occurs in the proximal small intestine,
yielding the disease-causing trophozoites that replicate
in the small intestine. Trophozoites adhere to the intes-
tinal wall by mechanical suction generated by the ven-
tral disk. The mechanism of diarrhea is unknown, since
invasion does not occur and no toxins have been iden-
ti®ed. Many people remain asymptomatic, but those
with symptoms have diarrhea with loose foul-smelling
stools and bloating. Weight loss is common and
symptoms frequently last weeks or months in the ab-
sence of treatment. In the United States, giardiasis
causes approximately the same number of hospitaliza-
tions as shigellosis. The diagnosis is usually established
by the identi®cation of cysts or trophozoites in fecal
specimens or by detection of Giardia antigens in fecal

specimens, either by indirect ¯uorescent antibody
(IFA) or by enzyme-linked immunosorbent assay.
The diagnosis can sometimes be made using a string
test in which patients swallow a capsule on a string.
After several hours, the capsule is examined microscop-
ically for the presence of Giardia trophozoites. In pa-
tients with persistent diarrhea and malabsorption who
have negative fecal examinations, upper endoscopy
with small intestinal biopsy can be used to look for
evidence of giardiasis or other small intestinal disease.

Cryptosporidium parvum is an apicocomplexan
organism that was recognized as an important cause
of diarrhea after the advent of the AIDS epidemic.
Human infection results when oocysts are ingested, typ-
ically from contaminated water. The infections may be
acquired from other humans or from livestock. An out-
break involving an estimated 400,000 persons in
Milwaukee, Wisconsin, in 1993 may have resulted
from human or livestock contamination of the water.
In immunocompetent individuals, diarrhea with loose
stools typically lasts approximately 1 week. However, in
patients with advanced HIV infection, profuse watery
diarrhea may persist for months, leading to dehydration.
In addition, C. parvum may rarely disseminate to the
gallbladder, causing symptomatic biliary disease. The
asexual replication of merozoites in an intracellular, but
extracytoplasmic space in small intestinal endothelial
cells results in the symptoms. The diagnosis of intestinal
disease is established when the oocysts are identi®ed
in fecal samples, either by routine staining or by acid-
fast or ¯uorescence antibody staining. Candida spp. can
be confused with C. parvum oocysts on routine stains,
but the acid-fast stain will easily distinguish the two,
since C. parvum oocysts are acid-fast. The diagnosis can
also be established by identifying the merozoites in
small intestinal endothelial cells obtained by intestinal
biopsy. There is no known effective therapy for crypto-
sporidiosis, so treatment is supportive.

Cyclospora cayetanensis is a recently identi®ed cause
of diarrheal illness in humans. It was initially thought to
be a cyanobacteria-like organism or a blue green alga,
but in 1993, was described as an apicocomplexan,
which is closely related to the poultry pathogens, the
Eimeria spp. Cyclosporiasis gained prominence in
the United States when it was associated with outbreaks
of diarrheal disease acquired from imported raspberries
in the summer of 1996 and subsequent summers.
Human infections are initiated when sporulated oocysts
are ingested followed by replication in the small intes-
tine. Diarrhea with loose stools begins an average of
1 week after exposure and may last several weeks in
the absence of therapy. The diagnosis is established
by identifying the oocysts in fecal specimens from
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infected persons after routine preparation or after
acid-fast staining or by the detection of auto¯uorescing
oocysts. To date, no nonhuman reservoirs have been
identi®ed.

Trypanosoma cruzi is a zoonotic organism that in-
fects a variety of mammals throughout much of South
and Central America and is transmitted from one host to
another by the bite of a Reduviid (kissing) bug. Humans
are accidental hosts and not part of the usual life cycle
of the organism. Epimastigotes replicate in the Redu-
viid bug, followed by differentiation into metacyclic
trypomastigotes. The infection results when the
metacyclic trypomastigotes from the insect feces gain
access through a mucous membrane surface or through
compromised skin. The bite of the insect is intensely
pruritic and the scratching that occurs after the bite may
allow the Tr. cruzi epimastigotes access. The organisms
then invade host cells, where they differentiate into
amastigotes, replicate, and then differentiate into
trypomastigotes followed by cell rupture and invasion
of the next cell.

An acute illness with fever, local in¯ammation, and
sometimes cardiac or central nervous system (CNS)
manifestations may result. Most of these cases resolve
spontaneously. Subsequently, whether or not symptoms
are present acutely, some patients go on to a prolonged
asymptomatic parasitemia (indeterminate phase). Some
of those patients go on to develop chronic Chagas'
disease, sometimes known as mega-gastrointestinal
disease. The most common cause of morbidity and mor-
tality is cardiomyopathy with concomitant ventricular
arrhythmias. The other major cause of morbidity is hy-
pertrophy and dilation of the gastrointestinal tract, most
commonly the colon or esophagus. Patients may thus
present with severe constipation or megacolon or with
severe dysphagia and regurgitation. When the diagnosis
is suspected in someone with an appropriate exposure
history and clinical syndrome, serologic testing will
usually support the clinical diagnosis. Endogenous
cases in the United States have been documented rarely
in Texas, but cases have been acquired through organ
transplants from infected individuals and may also
occur by blood transfusion. Anti-parasitic treatment
is sometimes effective in acute infections, but is ineffec-
tive in chronic infections. Therefore, treatment of
chronic infection is supportive.

The microsporidia are currently classi®ed with the
protozoa, but their classi®cation is uncertain and they
may belong to the fungi. They are obligate intracellular
organisms and became recognized as signi®cant human
pathogens after the advent of the AIDS epidemic. Many
species from multiple genera have been associated with
human infection. Enterocytozoon bieneusi is the most

common microsporidial infection in AIDS patients
and infects the small intestine, biliary tract, and liver.
Patients have diarrhea and malabsorption, with the
severity and duration of disease depending on the
level of immunosuppression. The diagnosis can be
established by the identi®cation of organisms in
intestinal biopsy samples, by electron microscopy, or
by routine histochemical methods. Sometimes the or-
ganisms can be detected in biliary, intestinal, or fecal
¯uids. Other microsporidia cause primarily dissemi-
nated or corneal disease.

HELMINTHS

The helminths that cause human infections are classi-
®ed as nematodes (roundworms), cestodes (¯atworms),
and trematodes (¯ukes). The nematodes are frequently
divided intestine and tissue-dwelling organisms.

Ascaris lumbricoides (roundworm) infection is initi-
ated when the ova are ingested from an environmental
source. When larvae hatch from the ova, they migrate
through the lungs, sometimes resulting in cough and
pulmonary in®ltrates. Blood eosinophilia is common at
this time. The larvae are then swallowed and return to
the small intestine where they become adult worms.
Most infections result in no gastrointestinal symptoms,
but heavy infections can result in intestinal obstruction
due to a mass of adult worms. Biliary tract invasion
occurs rarely, resulting in acute abdominal pain and
biliary obstruction. In roundworm infections with no
overt symptoms, malabsorption is common, especially
in developing areas.

Hookworm infections are established when larvae
from the soil penetrate the skin and migrate through the
lungs. They are then swallowed to make their way to the
small intestine. The initial phase of the infection may
result in pruritis at the site of larval penetration or pul-
monary symptoms similar to those of roundworm
infections. The majority of infections do not result
in gastrointestinal symptoms, but abdominal pain,
diarrhea, and malabsorption may be seen, especially
with heavy infections. The most important clinical
consequence of infection is iron de®ciency anemia,
which is proportional to the worm burden and is
more severe with Old World hookworms (Ancylostoma
duodenale) than with New World hookworms (Necator
americanus).

Trichuris trichiura (whipworm) infections are initi-
ated by the ingestion of ova, followed by hatching into
larvae in the small intestine and migration of the larvae
to the large intestine, where the adult worm lays eggs.
Most infections are probably asymptomatic, but heavy
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infections can result in iron de®ciency anemia, dysen-
tery, or rectal prolapse.

Trichinella spiralis infections (trichinosis) are estab-
lished when meat that contains larvae from infected
mammals (e.g., pigs, polar bears) is ingested. Cooking
and prolonged freezing kill the larvae, so the risk is
greatest from fresh raw meat. Mild gastrointestinal
symptoms may ensue within a week after infection,
but most patients remain asymptomatic at this stage.
After approximately 2 to 6 weeks, larval migration re-
sults in fever, headache, periorbital or facial edema,
conjunctivitis, and neurologic symptoms. The severity
of illness generally correlates with the degree of the
initial inoculum. Eosinophilia is pronounced. Death
may occur from heart failure or CNS involvement. A
suspected diagnosis may be supported by serologic test-
ing and con®rmed by the detection of larvae in muscle
biopsy specimens. Treatment consists of corticosteroids
in addition to anti-helminthic therapy.

St. stercoralis third-stage (L3) larvae in soil infect
humans by direct penetration of intact skin. They
pass through the lungs and mature in the intestine
into parthogenetic adult worms, which lay eggs that
hatch in the intestine to form L1 larvae. The L1 larvae
may then complete their life cycle in the soil. However,
as part of the autoinfective cycle, the larvae can mature
to the L3 stage in the intestine and migrate to a location
in the intestine or elsewhere. The number of larvae in
the typical Strongyloides infection is small, but in im-
munocompromised hosts (especially those on high
doses of corticosteroids for prolonged periods of
time), large numbers of larvae are produced through
the autoinfective cycle. These larvae may invade ex-
traintestinal sites such as the lungs and CNS, carrying
bacteria with them as they go. These bacteria are actually
the major cause of morbidity and mortality in over-
whelming strongyloidiasis.

Schistosomiasis refers to disease caused by several
species of the genus, Schistosoma. The Schistosoma spe-
cies that infect humans cause most of their disease when
the adult worms lay eggs in the venous system for which
they are tropic, causing scarring and venous obstruc-
tion. Schistosoma hematobium infects the bladder and its
venous system, whereas the other Schistosoma species
infect the gastrointestinal system and are tropic for parts
of the mesenteric venous system. The most common
cause of gastrointestinal and mesenteric infection is
Schistosoma mansoni; the others have similar clinical
manifestations, but vary in their geographic distribu-
tions. Sc. mansoni infection is initiated when cercariae
released by the intermediate host snail, which resides
in freshwater, penetrate the intact skin. Pruritis
(swimmer's itch) may develop at the time of cercarial

penetration, but is more commonly associated with
schistosomes that do not infect humans; these latter
schistosomes may be encountered in the United States.
Approximately 1 to 2 months after a massive Sc. mansoni
or Schistosoma japonicum infection, patients may de-
velop a syndrome with acute fever with systemic and
pulmonary symptoms, called Katayama fever. They
have hepatosplenomegaly, lymphadenopathy, and eo-
sinophilia. Most people recover spontaneously, but
deaths may occur, especially with Sc. japonicum.

However, most of the morbidity associated with
schistosome infections is due to the chronic scarring
that results. The degree of scarring is generally propor-
tional to the worm burden and egg output of the
infecting organisms. The cercariae transform into
schistosomulae, which ®rst migrate to the liver and
lungs and then to the inferior mesenteric plexus,
where they mature into adults and lay their eggs. The
scarring results in elevated splenic and portal pressures
with splenomegaly and portal hypertension. The
diagnosis can be established by the identi®cation of
Sc. mansoni eggs in fecal specimens or in rectal biopsies.
In endemic areas, liver ultrasound is very effective in
evaluating the extent of hepatic ®brosis resulting from
the chronic infection. Screening is important in these
areas, since anti-helminthic treatment may eliminate
the organisms and prevent scarring, but does not reverse
scarring that has already occurred.

Clonorchis senensis is a liver ¯uke found in eastern
Asia that infects ®sh-eating mammals, whereas Fasciola
hepatica is found in sheep-raising areas throughout the
world. Human infections with these parasites may result
in symptomatic biliary disease.

The human is the de®nitive host for Taenia saginata,
the beef tapeworm, and cattle are the intermediate hosts.
Human infections are generally asymptomatic, although
mild abdominal pain or diarrhea may result. Infections
may be diagnosed by ®nding the eggs or the proglottids
in fecal specimens. When only the eggs are found, they
cannot be distinguished morphologically from those of
Taenia solium.

Humans are normally the de®nitive hosts for Ta.
solium, the pork tapeworm. The human infection results
when inadequately cooked meat containing cysticerci
(the larval form) is ingested. The tapeworm then ma-
tures in the intestine and lays eggs, which are passed in
the feces to be ingested by the porcine intermediate host.
This form of infection is relatively inconsequential.
However, humans may develop cysticercosis when
they become an accidental intermediate host by ingest-
ing eggs either from their own infection or from another
source. The larvae then migrate to muscles or
brain, where they eventually calcify. The in¯ammatory
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response and calci®cations of cysterci in the brain may
result in seizures or other CNS manifestations. In en-
demic areas, cysticercosis is the most common cause of
adult-onset seizures. Cysticercosis can be diagnosed
by the classic clinical ®ndings as well as by
serologic testing. Patients may have simultaneous intes-
tinal infection, so fecal specimens should be examined
in patients with a new diagnosis of cysticercosis.

Canines are the de®nitive hosts of the Echinococcus
species and the intermediate hosts vary with the species.
Echinococcus granulosus causes hydatid disease and is
the most common species to infect humans. Domestic
dogs are the usual de®nitive hosts and sheep and other
livestock animals are the normal intermediate hosts, so
the organism is endemic in many grazing areas. In the
United States, most cases are found in sheep-grazing
areas of southern Utah and northern Arizona. Human
infections are initiated when people ingest eggs from
canine feces, becoming accidental intermediate hosts.
The eggs hatch to form oncospheres, which migrate to
their ®nal destination to form larval cysts. The most
common location is the liver, but the lungs or other
organs may also be involved. Symptoms usually result
from the space-occupying effect of the cysts, but an
abrupt onset of fever with hypotension or even ana-
phylaxis can result from accidental rupture of a cyst.
Imaging with ultrasound or CT scanning yields charac-
teristic results and the suspected diagnosis can be con-
®rmed by serologic testing. Therapy may consist of
medical (albendazole) and/or surgical therapy and
should be individualized. When needle aspiration or
surgical excision of a possible echinococcal lesion is
performed, care must be taken to avoid spilling the
contents into the peritoneum, which could lead to
life-threatening anaphylaxis or spreading of the
infection. Echinococcus multilocularis causes a more ag-
gressive disease (alveolar hydatid disease), since the
cysts produce buds that metastasize throughout the
body. Although liver lesions are the most common le-
sions, life-threatening cerebral lesions may also result.
The usual de®nitive hosts of Ec. multilocularis are
northern foxes and the intermediate hosts are the ro-
dents on which the foxes feed; therefore, the organism is
endemic to parts of the Arctic and sub-Arctic regions.
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Parasympathetic Innervation
JACKIE D. WOOD

The Ohio State University College of Medicine and Public Health

dorsal vagal complex The parasympathetic center in

the brainstem (medulla oblongata) where sensory

signals from the gut and motor out¯ow to the gut are

integrated.

efferent neuron A neuron that transmits signals from the

brain or spinal cord to the gut.

Three divisions of the autonomic nervous system

innervate the digestive tract. One is the parasympathetic

division; the other two are the sympathetic and en-

teric divisions. The parasympathetic division is sub-

divided anatomically into the cranial and sacral

divisions due to the neuroanatomic organization in

which neurons that send ®bers to the gut are located

both in the brainstem and in the sacral region of the

spinal cord. Projections to the digestive tract from

these regions of the central nervous system are termed

preganglionic efferents.

PARASYMPATHETIC NEURONS

Neuronal cell bodies of the parasympathetic cranial
division reside in the medulla oblongata and project
out of the brain in the vagus nerves (see Fig. 1).
Cell bodies of the sacral division are located in the
sacral region of the spinal cord and project in the pelvic
nerves to the large intestine. Efferent ®bers in the pelvic
nerves make synaptic contact with neurons in ganglia
located on the serosal surface of the colon and in
ganglia of the enteric nervous system deeper within
the large intestinal wall. Efferent vagal ®bers form
synaptic connections with neurons of the enteric
nervous system in the esophagus, stomach, small intes-
tine, and colon, as well as in the gallbladder and
pancreas.

DORSAL VAGAL COMPLEX

Cell bodies of efferent vagal neurons are in the dorsal
motor nucleus of the medulla oblongata. They are part
of the dorsal vagal complex, which consists of the dorsal
motor nucleus of the vagus, nucleus tractus solitarius,

area postrema, and nucleus ambiguous. The nucleus
tractus solitarius handles the sensory information en-
tering the brain from the gut. The area postrema is a
chemical sensor that signals the presence of agents in the
blood and the nucleus ambiguous consists of motor
neurons, some of which project to innervate the
esophagus.

The dorsal vagal complex is the central integrative
center for the out¯ow of signals from the brain to the gut.
This center in the brain is more directly involved in the
control of the specialized digestive functions of the
esophagus, the stomach, and the functional cluster of
the duodenum, gallbladder, and pancreas than in the
distal small bowel and large intestine. The circuits in
the dorsal vagal complex and their interactions with
higher centers are responsible for the rapid and more
precise control required for adjustments to rapidly
changing conditions in the upper digestive tract during
anticipation, ingestion, and digestion of meals of varied
composition.

FIGURE 1 The parasympathetic division of the autonomic

nervous system has cranial and sacral divisions. The cranial divi-

sion consists of nerve cell bodies located in the medulla oblongata

and the projections of the vagus nerves to the digestive tract. Cell

bodies of neurons of the sacral division are positioned in the sacral

region of the spinal cord. They project from the pelvic nerves to

the large intestine.
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FUNCTION

Efferent nerves of the cranial parasympathetic
division transmit signals to the enteric innervation of
the gastrointestinal musculature to control digestive
processes both in anticipation of food intake and fol-
lowing the meal. This involves both stimulation and
inhibition of contractile behavior in the stomach, stim-
ulation of gastric acid secretion, stimulation of pancre-
atic secretion, and contraction of the gallbladder.
Stimulation of inhibition or contraction results from
activation of the enteric circuits that excite inhibitory
or excitatory motor neurons, respectively.

Parasympathetic sacral efferents to the small and
large intestinal musculature are predominantly stimu-
latory due to their input to the enteric microcircuits that

control the activity of excitatory motor neurons. Signals
transmitted by the sacral efferents are involved mainly
in the initiation of defecation.

See Also the Following Articles
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Enteric Nervous System � Gastric Motility � Vagus Nerve
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enteral Gastrointestinal feedings, either by mouth or through

a tube placed in the stomach or intestinal tract.

parenteral nutrition The infusion of all essential nutrients

by the intravenous route, bypassing the gastroin-

testinal tract. Also referred to as PN, total parenteral

nutrition, arti®cial nutrition, intravenous feedings, or

hyperalimentation.

tonicity A measure of the number of osmotic particles within

a ¯uid. Isotonic refers to a similar number of particles

in an intravenous solution and in the blood plasma. A

hypertonic solution has a higher concentration of a

solute than is found in blood.

Parenteral nutrition is a method of feeding patients by

infusing a mixture of all necessary nutrients into the cir-

culatory system, thus bypassing the gastrointestinal tract.

This approach is also referred to as intravenous nutrition,

total parenteral nutrition, arti®cial nutrition, and hyper-

alimentation. This method of nutritional support is uti-

lized in patients who cannot eat or take nutrients into the

intestinal tract by tube feedings. In other situations, this

method of feeding is indicated in patients who cannot

absorb adequate nutrients due to gastrointestinal disease,

injury, or loss of the intestinal tract and therefore can

receive nutrients into the body only by intravenous

infusion.

BACKGROUND

Intravenous ¯uids administered to hospitalized pa-
tients usually contain only sugar (glucose, also re-
ferred to as dextrose) and some minerals (usually
only salt, sodium chloride). These solutions are sim-
ilar in concentration (tonicity) to blood plasma and
therefore this infusate does not injure the lining of the
veins in the arms through which they are infused (this
injury to veins is a process called phlebitis). Addition-
ally, the isotonic solutions do not damage the circu-
lating red blood cells. This means, however, that the
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solutions can contain only 50 g of glucose per liter of
solution. Because the usual adult patient requires only
2ÿ3 liters of solution per day to maintain normal
hydration, only 100ÿ150 g of glucose will be delivered
daily, providing approximately 400ÿ600 cal/day. This
amount of energy is inadequate to meet the daily en-
ergy requirements of the usual adult, which usually
range from 1500 to 2500 kcal/day, and these needs
may be further increased due to disease and weight
loss.

The breakthrough in the development of parenteral
nutrition came on two fronts. First, dietary fat (soybean
oil) was emulsi®ed and provided as lipid particles,
which were safe and well tolerated when administered
intravenously. Next, all other essential nutrients (glu-
cose, amino acids, electrolytes, vitamins, and minerals)
were mixed together to make a highly concentrated
solution. This nutrient mix was combined with the
fat emulsion and infused slowly into the superior
vena cava (the large vein that drains blood from the
head, upper chest, and arms into the heart) via a central
venous infusion catheter. The concentrated solution
was rapidly diluted by the high level of blood ¯ow
through the heart and the nutrients were delivered
by the bloodstream to all organs of the body. Infusion
of this concentrated solution into an arm vein causes
severe chemical phlebitis, resulting in extensive
local in¯ammation and clotting at the infusion site. In-
fusion through the central venous catheter, however,
allowed adequate nutrients to be delivered in a reason-
able volume of ¯uid without this complication
occurring.

Approximately 35 years ago, researchers demon-
strated the ef®cacy of this approach by feeding beagle
puppies for up to 1 year entirely by the intravenous
route. Normal growth and development were observed.
Next, the mixture was infused into an infant who was
born with only a short length of small intestine, inad-
equate to maintain suf®cient absorption. The child was
sustained by intravenous feedings for up to 2 years while
surgical correction of the bowel was undertaken. During
this time, the baby also demonstrated normal growth
and development. These were the ®rst demonstrations
that by infusing all necessary nutrients by the intrave-
nous route and bypassing the gastrointestinal tract of
an organism normal growth and development could
be achieved.

INDICATIONS

In adults, the general indications for parenteral feedings
include hospitalized patients who cannot take food
or tube feeding formulas by the enteral route (e.g.,

via the intestinal tract). In well-nourished individuals,
7ÿ10 days of conventional intravenous support (using
5% dextrose solutions) is generally provided, but if the
period of partial starvation is to extend beyond this
time, parenteral nutrition is indicated to prevent the
potential complications associated with malnutrition.
If the duration of illness is known to extend beyond
10 days, such as occurs in patients with severe pancre-
atitis, major trauma, or burn injuries, and enteral feed-
ings are impossible, parenteral nutrition is initiated at an
earlier stage in the hospital course. If the patient is
malnourished as indicated by weight loss, the feedings
will also be started as soon as the patient has stabilized.
Preoperative patients with weight loss (greater than
15% normal body weight) who cannot take enteral feed-
ings may also bene®t from a course of parenteral
nutrition for 7ÿ10 days before surgery.

Individuals who have undergone massive intestinal
resection may also require parenteral nutrition as a form
of long-term nutritional support. Others with in¯am-
matory bowel disease, severe malabsorption, and mo-
tility and obstructive disorders also frequently require
such intravenous support.

Premature infants have minimal body stores of ad-
ipose and lean tissue and often require several weeks of
intravenous feedings before full enteral feeding is pos-
sible. Therefore, parenteral nutrition is often utilized in
these infants and those requiring surgical correction of
major gastrointestinal anomalies.

NUTRITIONAL REQUIREMENTS

In order to provide adequate nutrients to an individual
patient, the speci®c nutritional requirements of the in-
dividual must be determined. These needs may differ
from requirements that were present during health; mal-
nutrition is associated with de®cits that need repair
and many diseases are associated with infection and
in¯ammation that impose increased requirements for
many nutrients.

Energy

Basal energy requirements are a function of the indi-
vidual's weight, age, gender, and activity level and the
disease process. In general, hospitalized adults require
approximately 25ÿ30 kcal/kg/day but these require-
ments may be greater in patients with injury or infection
(see Table I).

Protein

Protein (or amino acids, the building blocks of pro-
teins) is the functional and structural component of the
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body. With disease, poor food intake, and inactivity,
body protein is lost and individuals become weak and
waste muscle mass. Protein requirements for most
healthy individuals are 0.8 g/kg/day (approximately
40ÿ70 g of protein/day). Critically ill patients may
need 1.5ÿ2.0 g protein/kg/day (approximately
60ÿ150 g/day) depending on the disease process, but
this amount is often reduced in patients with kidney or
liver disease.

Vitamins and Minerals

These requirements are usually met when standard
volumes of a nutrient mix are provided. Increased
amounts of vitamins are usually provided to severely
ill patients (Table II) and blood levels are periodically
determined to adjust the infusion levels of minerals
such as sodium, potassium, chloride, phosphorous,
magnesium, and zinc. Trace elements are usually
added daily (Table III).

APPLICATION

The Solution

The patient is assessed and the nutritional require-
ments are determined by a physician, dietician, or other
skilled provider. A prescription is submitted to the
pharmacy or nutrition-mixing service for a mixture of
parenteral nutrients to be composed for the speci®c
patient. The nutrients are usually placed in 2- to 3-
liter plastic bags and the contents are infused daily
(Table IV). Alternatively, premixed solutions can be
taken off the shelf and utilized but the ®xed nutrient
concentration limits the versatility of this approach in a
heterogeneous patient population.

The Central Venous Catheter

To administer the highly concentrated nutrient
solutions, a catheter must be placed into the central
venous system with its tip in the superior vena cava.

TABLE I Energy Requirements

Patient condition Basal metabolic rate

Approximate energy requirement

(kcal/kg/day)

No postoperative complications, gastrointestinal

®stula without infection

Normal 25ÿ30

Mild peritonitis, long-bone fracture or mild to

moderate injury

25% above normal 30ÿ35

Severe injury or infection 50% above normal 35ÿ45

Burn 40ÿ100% of total body surface Up to 100% above normal 35ÿ60

TABLE II Vitamin Requirements

Vitamin Units

Recommended dietary

allowance (RDA) for

daily oral intake

Daily requirement of

the moderately injured

Daily amount provided by

standard intervenous

preparations

Vitamin A (retinol) IU 1760 (females)ÿ3300 (males) 5000 3300

Vitamin D (ergocalciferol) IU 200 400 200

Vitamin E (tocopherol) mg 8ÿ10 Unknown 10

Vitamin K (phylloquinone) mg 20ÿ40 20 0

Vitamin C (ascorbic acid) mg 60 75 100

Thiamine (vitamin B1) mg 1.0ÿ1.5 2 3

Ribo¯avin (vitamin B2) mg 1.2ÿ1.7 2 3.6

Niacin mg 13ÿ19 20 40

Pyridoxine (vitamin B6) mg 2.0ÿ2.2 2 4

Pantothenic acid mg 4ÿ7 18 15

Folic acid mg 0.4 1.5 0.4

Vitamin B12 mg 3.0 2 5

Biotin mg 100ÿ200 Unknown 60
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Such a catheter can be placed via the subclavian vein,
through a neck vein (the jugular vein approach is less
desirable because of the high rate of associated in-
fection), or by using a long catheter placed in an arm
vein and then threaded into the central venous
system (a peripherally inserted central catheter
line) (Fig. 1). Once the correct position of the cath-
eter has been established (usually by X ray), the in-
fusion can begin.

Administration

To ensure that the solution is administered at a
continuous rate, an infusion pump is utilized to ad-
minister the solution. In hospitalized patients, infu-
sion usually occurs over 22ÿ24 h/day. In ambulatory
home patients, administration usually occurs over-
night (12ÿ16 h).

Monitoring

With solution infusion, a variety of determinations
are made to ensure that the individual is responding
appropriately to the infusate. This step involves prima-
rily the measurement of glucose in the blood or urine
(using techniques similar to those utilized by diabetic
patients when monitoring sugar levels) but monitoring
may be much more frequent and complex in critically
ill patients. Urine output is measured over each 24 h

period. In hospitalized patients, these measurements
are usually performed by a highly trained nurse.

Variations Due to Age and Disease

Fluid volume and nutrient concentration must vary
in pediatric patients depending on their age and weight.
In adults with abnormal ¯uid loss, renal or liver failure,
or other metabolic disorders, special mixtures are
compounded to meet specialized ¯uid and nutrient
requirements.

PERIPHERAL VEIN NUTRITION

Slightly hypertonic nutrition solutions can be prepared
from commercially available amino acid mixtures (5%)
dextrose solutions (10%), and fat emulsions (20%).
These nutrient mixtures have a low caloric density (ap-
proximately 0.3 to 0.6 kcal/ml) and thus provide only
1200 to 2300 kcal/day in 2000 to 3500 ml of solution.
The advantage to using these dilute nutrient mixtures is
that they can be infused through a plastic cannula placed
in a large-bore arm vein, thus avoiding the central cath-
eter. This approach may be useful in the short term or,
combined with minimal feedings administered via the
gastrointestinal tract, the two methods of nutrient ad-
ministration together may provide adequate nutrient
requirements to a critically ill patient. These solutions
tend to cause phlebitis (in¯ammation) of the arm veins
and the infusion site must be inspected frequently and
the infusion site changed every 48ÿ72 h. Thus, this
approach is acceptable only as a short-term solution
to delivery of the parenteral nutrients.

COMPLICATIONS AND MONITORING

Catheter Care and Catheter Sepsis

Although it is not the most common problem related
to intravenous feedings, catheter infection is probably
the most common, serious problem related to this
technique. The catheter is a plastic or Silastic tube
that passes through a skin puncture site and then enters

TABLE III Trace Mineral Requirements

Mineral

Recommended dietary allowance (RDA)

for daily oral intake (mg)

Suggested daily intravenous

intake (mg)

Zinc 15 2.5ÿ5.0

Copper 2ÿ3 0.5ÿ1.5

Manganese 2.5ÿ5.0 0.15ÿ0.8

Chromium 0.05ÿ0.2 0.01ÿ0.015

Iron 10 (males)ÿ18 (females) 3

TABLE IV The Composition of a Standard Liter of Adult

Parenteral Nutrient Solution

Glucose 150 g

Amino acids 42 g

Sodium 50 mEq

Chloride 60 mEq

Potassium 40 mEq

Phosphorous 15 mg

Acetate 75 mEq

Magnesium 12 mEq

Sulfate 12 mEq

Calcium 5 mEq

Gluconate 5 mEq
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the circulatory (venous) system. Thus, the catheter
entrance site may serve as a portal for the entry of bac-
teria and other microorganisms into the body. In addi-
tion, many individuals requiring this therapy have
inadequate mechanisms to ®ght infection, making
these malnourished or critically ill patients all the

more vulnerable to this completion of catheter sepsis
(infection).

Catheter sepsis is characterized by the classic
signs of infection: chills, fever, and, on occasion,
drainage around the catheter entrance site. The white
blood cell count is usually elevated and frequently

A B

C D

FIGURE 1 (A) This is a central venous catheter placed in the subclavian vein with its tip in the

superior vena cava. (B) In the operating room, a catheter is inserted into the jugular vein in the neck

and is directed into the superior vena cava. The distal portion of the catheter is tunneled under the skin

to provide a subcutaneous tract that will resist infections. This device, which is inserted in patients

requiring long-term (home) therapy, is often referred to as a Hickman catheter. (C) This ®ne plastic

catheter is placed in an arm vein and is directed into the superior vena cava. This procedure is

performed at the bedside, usually by a highly trained nurse. This approach is commonly referred

to as a PICC (peripherally inserted central catheter) line. (D) This catheter is buried entirely below the

skin and has a circular port covered by a rubber diaphragm, which is placed just below the skin. The

patient intermittently pierces the skin and underlying diaphragm with the infusion needle in prep-

aration for the nutrient infusion. The needle is removed at the termination of the therapy, so that no

external catheter is visible.
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microorganisms are cultured from the bloodstream or
the catheter tip. Fortunately, with removal of the infu-
sion catheter, the symptoms usually abate in most pa-
tients. A short course of antibiotics is then usually
adequate to clear the infection. However, many criti-
cally ill patients have fever from other sources (pneu-
monia or wound infections, for example) and the
presence of this symptom complex associated with
fever in a seriously ill patient often makes accurate di-
agnosis of catheter infection very dif®cult.

To prevent this complication, a rigorous program of
catheter care is followed. Only intravenous nutrition
solutions are administered through the catheter and
no blood may be withdrawn from the catheter. Two
to three times weekly, the dressing around the catheter
is removed and, using sterile technique, the skin around
the entrance site is scrubbed to reduce the number of
microorganisms on the skin, thus decreasing the chance
of catheter infection. The entrance site is inspected for
signs of in¯ammation and drainage and if present, cul-
tures are usually taken or the catheter is removed. Sterile
technique is also utilized while attaching a new bag of
nutrient solutions to the catheter for infusion. Catheter

care and administration of the nutrient solution are
generally carried out by a specially trained member of
the nursing staff or a nurse with expertise in this ®eld
assigned to the nutritional support service.

Metabolic Complications

Although there is wide potential for problems
(Table V) because of the variability in the patient's clin-
ical status, metabolic complications are generally min-
imized by the adherence to a strict monitoring protocol
(Table VI).

The major concern is the occurrence of
hyperglycemia (an elevated blood sugar), which is as-
sociated with the infusion of excess glucose in the feed-
ing solution or the diabetic-like state in the patient
associated with many critical illnesses. Hyperglycemia
can result in an osmotic diuresis (abnormal loss of ¯uid
via the kidney), dehydration, and hyperosmotic coma. A
diagnosis is made by the presence of elevated blood
glucose levels and the detection of sugar in the urine.
When this complication occurs, the infusion solution
may be reformulated to decrease the amount of infused

TABLE V Some Metabolic Complications of Parenteral Nutrition

Problems Possible causes Solution

Glucose

Hyperglycemia, glycosuria, osmotic

diuresis, hyperosmola nonketotic

dehydration, and coma

Excess quantity of glucose infused;

inadequate endogenous insulin;

increased glucocorticoids; sepsis

Reduce quanity of glucose infused

Ketaocidosis in diabetes mellitus Inadequate endogenous insulin response;

inadequate exogenous insulin therapy

Administer exogenous insulin;

reduce glucose

Fat

Altered coagulation Hyperlipidemia Decrease administration rate

Hypertriglyceridemia Rapid infusion; decreased clearance Decrease administration rate

Impaired liver function May be caused by fat emulsion or by an

underlying disease process

Consider infusions for only

16ÿ18 h/day

Essential fatty acid de®ciency Inadequate essential fatty acid

administration

Administer fat emulsion

Amino acids

Serum amino acid imbalance Unphysiologic amino acid pro®le of the

nutrient solution; ?? amino acid

utilization with various disorders

Change type of amino acid

mixture administered

Hyperammonemia Excessive ammonia in protein hydrolysate

solutions; de®ciency of speci®c amino

acids; primary hepatic disorder

Prerenal asotemia Excessive amino acid infusion with

inadequate calorie administration;

inadequate free water intake;

dehydration

Reduce amino acid intake

Elevated or subnormal blood levels

of electrolytes and minerals

Inadequate or excess administration Adjust administration rate;

evaluate underlying

pathophysiology

PARENTERAL NUTRITION 137



glucose (usually the glucose infused should not exceed
4 mg/kg/min). Alternatively, insulin can be adminis-
tered (either administered by subcutaneous injection
or placed in the infusion bag).

The patient may also accumulate triglycerides in the
bloodstream with infusion of the fat emulsion. Infusion
of both glucose and fat emulsion in excess may result in
pulmonary insuf®ciency. With excess glucose infusion,
excess carbon dioxide (CO2) production occurs as CO2

accumulates in the bloodstream, a result of glucose me-
tabolism. With lipid infusion, the lipid particles may
accumulate in the lungs and reduce the diffusion capa-
city of respiratory gases.

In addition to these metabolic problems, the con-
centrations of a variety of electrolytes and minerals may
vary and these levels are monitored by frequently de-
termining concentrations in the bloodstream. Adjust-
ments in the concentrations of the nutrients in the
infusates are then made.

Mechanical Complications

As with any device, catheters and tubing may be-
come clotted or twist and obstruct. Pumps may also fail

or operate improperly. Of more concern is the infre-
quent complication of superior vena cava thrombosis,
which is related to the catheter being placed in this large
vein. This complication is associated with clotting of
this large vessel draining the upper body and results
in swelling of the arms and face. This occurs more
commonly in children than adults but usually prevents
further intravenous support and thus poses a serious
life-threatening problem to many patients when this
complication occurs.

HOME PARENTERAL NUTRITION

Patients who are unable to eat and absorb adequate
nutrients for maintenance over the long term may be
candidates for home parenteral nutrition. Many such
individuals suffer from short-bowel syndrome caused
by loss of the intestinal tract due to (1) extensive Crohn's
disease, (2) mesenteric infarction, or (3) severe abdom-
inal trauma. Pseudo-obstruction, radiation eneteritis,
carcinomatosis, necrotizing enterocolitis, and intestinal
®stulas are other reasons for poor bowel function
and indications for home nutritional support.

TABLE VI Monitoring Patients Receiving Parenteral Nutrition

Suggested monitoring frequency

Variables First week Later

Energy balance Daily Daily

Weight

Metabolic variables

Blood measurements Daily 1ÿ2� weekly

Plasma electrolytes (Na�, K�, Clÿ) 3� weekly 2� weekly

Blood urea nitrogen 3� weekly 2� weekly

Plasma total calcium and inorganic phosphorus Daily 3� weekly

Blood glucose 3� weekly 2� weekly

Plasma transaminases 2� weekly Weekly

Plasma total protein and fractions As indicated As indicated

Blood acidÿbase status Weekly Weekly

Hemoglobin 2� weekly Weekly

Magnesium Weekly Weekly

Triglycerides

Urine measurements Daily Daily

Glucose Daily Daily

Speci®c gravity or osmolarity

General measurements Daily Daily

Volume of infusate Daily Daily

Oral intake (if any) Daily Daily

Urinary output

Prevention and detection of infection

Clinical observations (activity, temperature, symptoms) Daily Daily

WBC and differential counts As indicated As indicated

Cultures As indicated As indicated
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To be eligible for this home parenteral nutritional
therapy, patients must be able to master the techniques
associated with this support system, be motivated, and
have adequate social support in the home. Patients re-
ceive extensive evaluation, teaching, and training dur-
ing a period of hospitalization that covers basic
principles of parenteral nutrition and provides guide-
lines for catheter care, the maintenance of asepsis, and
the use of infusion pumps.

A patient who is judged to be a candidate for home
parenteral nutrition requires an indwelling Silastic cath-
eter designed for long-term permanent use (see Fig. 1).

The nutrient solutions are prepared weekly and de-
livered to the patient's home. The patient sets up the
infusion system and attaches the catheter to the delivery
tubing in the evening for infusion over the next
12ÿ16 h. The intravenous nutrition is terminated by
the patient the next morning. Home care nurses see
the patient at regular intervals and monitor infusion
techniques, evaluate the patient's response to therapy,
and continue the educational process for both the pa-
tient and family.

Home nutrition evolved because patients required
this type of nutritional support for months or years, but
costs of hospitalization made such therapy impossible in
the hospital setting. This resulted in the development of
private home care companies who have a support staff
(including home nurses), mix and provide the solu-
tions, maintain an inventory of supplies, respond to
emergencies, and facilitate billing and collection for
these services from insurers.

EFFICACY

Though the need for nutrition support in critically ill
patients may seem obvious, this method of care has only
recently became subject to critical review and to the
objective assessment of outcome and cost bene®t. A
summary of these ®ndings follows.

In one report, a total of 13 prospective randomized
trials that evaluated the use of preoperative parenteral
nutrition in surgical patients were identi®ed. The pa-
tients were considered by their physicians to be mod-
erately malnourished. A pooled analysis of the data
showed that patients who received preoperative TPN
had 10% fewer postoperative complications than the
control group. The analysis found no signi®cant
difference in mortality between the parenterally fed
groups and the controls.

Use of parenteral nutrition in the immediate post-
operative period was also evaluated. In contrast to
the analysis of the preoperative data, this study of
postoperative feeding concluded that patients who

received TPN after an operation had an approximately
10% higher risk of ensuing complications, with no asso-
ciated bene®t.

Trials addressing perioperative nutritional support
have also been conducted in patients undergoing sur-
gery in the upper abdomen for gastroenterological
malignancies. In one such study, patients undergoing
major pancreatic resection were randomly assigned ei-
ther to a group that received TPN on postoperative day 1
or to a non-TPN group. No signi®cant bene®t from the
use of adjuvant TPN could be demonstrated and the
incidence of complications (primarily those associated
with infection) was signi®cantly greater in the TPN
group.

Finally, a large meta-analysis evaluated the effects
of providing parenteral nutrition versus no feeding in
2211 critically ill patients. The use of intravenous feed-
ings did not in¯uence mortality but may have reduced
the complication rate, especially in malnourished
patients. The authors concluded that further studies
were necessary to ®rmly establish the latter conclusion.

All of these studies indicate the need to identify
speci®c targeted patient groups who will bene®t from
this complex and expensive technique. Broad-scale use
of this nutritional support technique is not indicated.

THE FUTURE

Because of costs, complications, and the ability to pro-
vide nutritional support by enteral tube feedings, the use
of parenteral nutrition is decreasing in the United States.
However, in speci®c patient groups it remains cost-
effective and life-saving.

Several new components or products have become
available to improve the type of substrate administered.
New fat emulsions that include omega-3 fatty acids (®sh
oil) have been developed and these compounds are be-
lieved to be able to enhance the immune system in
critically ill patients. In addition, some amino acids
have not been included in the parenteral mixtures be-
cause of solubility problems or instability related to
sterilization or prolonged shelf-life. However, these
compounds have recently been combined with other
amino acids to form stable dipeptides, which are now
being included in the parenteral amino acid solutions.
One such substance that is now available is the amino
acid glutamine, which is thought to enhance immuno-
logical and bowel function in selected populations. This
may translate into a method of nutritional support that
improves recovery following major surgery and chemo-
therapy and improves resistance to infection in individ-
uals with other life-threatening illnesses.
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cotransporter An ion transporter that carries more than one

ion in the same direction across the outer cell

membrane.

endocytosis The process by which a cell membrane folds

inward to internalize substances.

exchanger An ion transporter that transports ions in opposite

directions across the cell membrane.

exocytosis The release of substances in a vesicle by a process

in which the membrane surrounding the vesicle fuses

with the membrane surrounding the outside of the cell.

H�,K�-ATPase The hydrogen, potassium ATPase protein

that pumps protons across the cell membrane in a 1:1

exchange for potassium ions.

microvilli Microscopic, hair-shaped cellular projections that

contain F-actin in their cores.

secretagogue A substance, such as a hormone or paracrine

signal, that stimulates secretion.

Parietal cells are located within glands in the gastric mu-

cosa. They have the unique ability to secrete a massive

amount of hydrochloric acid (HCl), which sustains the

highly acidic environment within the lumen of the stom-

ach. The unusual morphology of the parietal cell has fas-

cinated researchers for over 100 years. When parietal cells

are stimulated by the appropriate secretagogues, they also

undergo spectacular morphological transformations that

are correlated with the activation of the enzyme H�,K�-

ATPase. HCl is generated by the H�,K�-ATPase, acting in

concert with ion channels and other ion transporters.

The H�,K�-ATPase is composed of a catalytically active

a-subunit and a b-subunit that targets the enzyme to the

appropriate membrane compartment. The three major se-

cretagogues, histamine, acetylcholine, and gastrin, stim-

ulate HCl secretion by activating different signaling

pathways that interact at the level of the parietal cell. Be-

cause of the common occurrence of peptic ulcer disease,

the acid secretory function of the parietal cell has been

studied extensively. However, the parietal cell has other

functions. In human, monkey, cat, dog, sheep, rabbit, and

guinea pig, parietal cells secrete intrinsic factor, which is

essential for the ef®cient absorption of vitamin B12 or

cyanocobalamin in the distal ileum. Parietal cells may

also secrete prostaglandins as well as growth factors in-

cluding transforming growth factor-a, amphiregulin, and

heparin-binding epidermal growth factor. Prostaglandins

exert a cytoprotective effect on the gastric mucosa and the

local releaseofgrowth factorsappears toplayan important

role in regulating the growth and differentiation of epithel-

ial cells within the gland units.

LOCATION AND STRUCTURE OF THE
PARIETAL CELL

Parietal cells are present in glands within the fundus and
body of the stomach and are the largest cells in these
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also secrete prostaglandins as well as growth factors in-
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exert a cytoprotective effect on the gastric mucosa and the
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LOCATION AND STRUCTURE OF THE
PARIETAL CELL

Parietal cells are present in glands within the fundus and
body of the stomach and are the largest cells in these
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glands. They originate from immature progenitor cells
in the gland isthmus and then migrate upward toward
the pit region and downward toward the base of the
gland. Parietal cells near the base of glands are smaller
and frequently have dense accumulations of F-actin
within their intracellular canaliculi. In contrast, parietal
cells in the upper region of the gland have a more
rounded appearance and contain more well-de®ned in-
tracellular canaliculi. The designation `̀ parietal'' arose
from the location of this cell within the gastric gland
(bulging out along the wall; parietal being de®ned as
relating to the walls of any hollow part of a plant or
animal). Parietal cells are also referred to as oxyntic
cells, based on the Greek word oxyntos (to generate
an acidic substance). The `̀ typical'' parietal cell is usually
depicted in a triangular shape with the apical region of
the cell forming the apex of the triangle, which borders
the lumen of the gastric gland. In stimulated parietal
cells, the canaliculi are stylistically represented as sim-
ple bifurcations of microvillar membrane that extend
partway into the cell. In reality, however, the intracel-
lular canaliculi are complex, interconnected tubular
systems that extend from the lumenally facing side of
the cell to the basolateral membrane region (Fig. 1). The
extensive array of intracellular membranes immediately
beneath the intracellular canaliculi has historically been
referredtoas `̀ tubulovesicles.''Thistermwasacomprom-
ise, because it was not possible to determine whether the
membrane-rich structures detected with standard elec-
tron microscopy (EM) techniques were elongated
tubules or round vesicles. Recent work, based on
rapid freeze ®xation and scanning EM as well as 3D

reconstructions of transmission EM-based serial thin
sections, suggests that the tubulovesicular system
contains tightly packed cisternae that bear some
resemblance to classical Golgi stacks.

MORPHOLOGICAL CHANGES AND
ION TRANSPORT ACTIVITIES
ASSOCIATED WITH HYDROCHLORIC
ACID SECRETION

In addition to complex internal membrane struc-
tures, parietal cells are unusually rich in F-actin
and possess a large number of energy-generating
mitochondria. When parietal cells are stimulated to se-
crete hydrochloric acid (HCl), the canalicular mem-
brane compartment expands at the expense of the
intracellular tubulocisternal membrane compartment
and this expansion is correlated with the appearance
of numerous elongated microvilli. The mechanism driv-
ing these changes is controversial. One view is that the
two compartments are continuous. The other, which
forms the basis of the membrane recruitment hypothesis
originally proposed by John Forte and colleagues in
1977, is that the canalicular and tubulocisternal mem-
branes are distinct intracellular compartments. The
membrane recruitment hypothesis proposes that the
activation of the acid secretory response induces an
exocytotic-like insertion of tubulocisternal membrane
containing the H�,K�-ATPase into the canalicular
membrane. Removal of the stimulus results in an endo-
cytotic retrieval of membrane plus the H�,K�-ATPase
back into the tubulocisternal compartment. Currently,
this latter hypothesis is favored and is supported by
the localization of a number of proteins associated
with vesicle recycling within the parietal cell, as well
as by observations that the H�,K�-ATPase translocates
to a biochemically distinct compartment following
stimulation.

Parietal cell proteins associated with vesicular
traf®cking include SNAP-25 (25 kDa synaptosomal-
associated protein), syntaxin 3, and VAMP-2 (vesicle-
associated membrane 2), which form a ternary complex
that is implicated in the docking and fusion of vesicles.
Proteins associated with endocytosis that have been lo-
calized in the parietal cell include clathrin, clathrin
adapters, and dynamin-2. Also present are SNAREs,
which are also implicated in vesicle fusion; SCAMPs,
which are transmembrane proteins found in vesicles
involved in membrane recycling; myosin 5b; and several
rab proteins including rab11a, rab11b, and rab25.
Evidence from other cellular systems suggests a role
for rab proteins in regulating vesicular traf®cking

FIGURE 1 The complexity of the intracellular canaliculus is

not conveyed in simple drawings. (Left) Typical depiction of an

actively secreting parietal cell with a simple canaliculus contain-

ing elongated microvilli (arrow). (Right) 3D reconstruction of

confocal microscopic images of a parietal cell within a gastric

gland. The gland was ®xed and stained with ¯uorescently tagged

phalloidin, which speci®cally labels F-actin. Reprinted from

Chew, C. S., Parente, J. A., Jr., Chen, X., and Chaponnier, C.

(2000). The LIM and SH3 domain-containing protein, lasp-1,

may link the cAMP signaling pathway with dynamic membrane

restructuring activities in ion transporting epithelia. J. Cell Sci.

113, 2035ÿ2045, with permission.
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between membrane compartments. The expression of a
dominant negative form of rab11a in gastric parietal
cells also inhibits the recruitment of the H�,K�-ATPase
to the canalicular membrane.

Although the relationship between changes in
F-actin polymerization and microvillar elongation has
not yet been established, changes in the plasticity of the
actin cytoskeleton are implicated in this process. At least
two different actin-binding proteins, ezrin and lasp-1,
are highly expressed in the parietal cell and are regu-
lated by the cyclic AMP (cAMP) signaling pathway.
Parietal cells also contain two different pools of actin:
g-actin, which is present at the cortical cell membrane,
and b-actin, which is present mainly within the cana-
licular region.

The precise biochemical steps associated with the
generation of HCl are unknown. Protons are thought to
be derived from H2O by the reaction, HOH ! H� �
OHÿ. Once generated, protons are actively extruded
into the apically directed intracellular canaliculus by
the H�,K�-ATPase in a neutral exchange for K�. The
activity of the H�,K�-ATPase is balanced by (1) the
movement of Clÿ through a Clÿ channel and (2) the
reuptake, or recycling, of K� through a K� channel.
Although there are currently several candidates, the
identity of these channels remains to be determined.
The hydroxyl (OHÿ) ions produced during the gener-
ation of protons combine with CO2 in a reaction cata-
lyzed by carbonic anhydrase to form bicarbonate
(HCO3

ÿ), which is extruded from the cell by the action
of Clÿ/HCO3

ÿ exchangers (AE2 isoforms) on the
basolateral membrane. When this bicarbonate enters
the general circulation, the pH of the venous blood ex-
iting the stomach rises above that of the arterial blood
entering the stomach, a phenomenon that has been
labeled the `̀ alkaline tide.''

In addition to Clÿ/HCO3
ÿ exchangers, a Na�/K�/

2Clÿ cotransporter (NKCCl) resides on the basolateral
membrane. Recent evidence suggests that there is a re-
ciprocal relationship between the expression of the
Na�/K�/2Clÿ cotransporter and AE2. In rats, parietal
cells above the neck of the glands express AE2 at high
levels, whereas NKCCl expression is not detectable.
This distribution is reversed in the neck and the base
of the glands. The differences in the distribution of
these transporters suggest that there are at least two
different populations of parietal cells with different
Clÿ entry mechanisms.

Na�/H� exchangers (NHE2 isoforms) are also
present on the basolateral membrane of the parietal
cell. Although not directly coupled with AE2, these ex-
changers may act in concert with this Clÿ/HCO3

ÿ ex-
changer in a pH-dependent manner, thereby indirectly

mediating the transport of NaCl into the cell. The ac-
tivities of NHE2 and AE2, coupled with the basolateral
Na�,K�-ATPase, or sodium pump, and a basolateral K�

conductance, may facilitate the uptake of Clÿ into the
cell against its electrochemical gradient. Based on tar-
geted gene disruption studies, however, it appears that
neither NHE2 nor NKCC1 is required for the acute
acid secretory response.

SIGNALING PATHWAYS INVOLVED IN
THE REGULATION OF HYDROCHLORIC
ACID SECRETION

Parietal cells possess receptors for histamine (H2-recep-
tor subtype), acetylcholine (muscarinic M3 receptor
subtype), and gastrin [cholecystokinin B (CCK-B) or
CCK2 receptor subtype] (Fig. 2). When histamine binds
to H2 receptors, the enzyme adenylyl cyclase is activated
through a stimulatory heterotrimeric G-protein, Gs, cat-
alyzing the generation of cAMP from ATP. Once ele-
vated, cAMP activates a cAMP-dependent protein
kinase(s) that phosphorylates two F-actin-associated
proteins, ezrin and lasp-1. The functions of these pro-
teins in the activation of the acid secretory response
have not yet been de®ned; however, their localization
within F-actin-rich compartments supports a role in the
regulation of changes in the actin cytoskeleton that ac-
company active secretion. The response to acetylcholine
and gastrin involves the elevation of intracellular cal-
cium concentrations ([Ca2�]i), presumably by coupling
of the receptors with another heterotrimeric G-protein,
Gq, which activates phospholipase Cb. Once activated,
this phospholipase catalyzes the breakdown of phos-
phatidylinositol 4,5-bisphosphate to form diacylglyce-
rol (DAG), which activates protein kinase C, and
inositol 1,4,5-trisphosphate (IP3). IP3 activates an intra-
cellular calcium channel, the IP3 receptor, allowing for
calcium release from intracellular stores. Intracellular
calcium release is coordinated with the in¯ux of extra-
cellular calcium through unidenti®ed storage-operated
calcium channels in the plasma membrane (Fig. 2). In
isolated parietal cells, histamine weakly elevates [Ca2�]i

in a subpopulation of parietal cells, but this response
is not coupled to the activation of HCl secretion. In
contrast, the presence of extracellular calcium has
been shown to be essential for cholinergic activation
of secretion.

Although the intracellular signaling pathways that
are activated by acetylcholine and gastrin are similar
with respect to calcium, only acetylcholine elicits a sig-
ni®cant acid secretory response in the absence of a his-
tamine background. The reason for the divergence in
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the secretory response to acetylcholine and gastrin is
unclear, but may be associated with differences in their
signaling response patterns. Acetylcholine induces a
greater rise in [Ca2�]i than does gastrin. In addition,
acetylcholine elicits a uniform response from parietal
cells in isolation, whereas gastrin stimulates only�30%

of the same cells. Moreover, although both agonists
appear to activate protein kinase C, they do not appear
to increase the phosphorylation of the same down-
stream proteins. Acetylcholine also activates the
mitogen-activated protein kinases [extracellular signal-
related kinase variants 1 and 2 (ERKs 1 and 2)], JUN

i

FIGURE 2 Overview of the intracellular signaling pathways involved in the activation of parietal

cell HCl secretion. When histamine binds to H2-type receptors, the enzyme adenylyl cyclase is

activated and catalyzes the breakdown of ATP to form cAMP, leading to the activation of a

cAMP-dependent protein kinase(s). These kinases phosphorylate lasp-1 and ezrin, which are

F-actin-associated proteins. Acetylcholine and gastrin activate a calcium-dependent signaling path-

way(s) by binding to muscarinic M3 and CCK2 receptors, respectively. Gastrin is a weak agonist at

the level of the parietal cell and little is known about its actions beyond elevation of [Ca2�]i. It is also

unknown how elevated cAMP levels potentiate the responses to acetylcholine and gastrin. Acetyl-

choline and gastrin induce the formation of IP3 and DAG, presumably by activating phospholipase

Cb. IP3 induces the release of [Ca2�]i from intracellular stores. Calcium also enters the cell through

an unidenti®ed storage-operated calcium channel(s) (SOC) in the plasma membrane. Protein kinase

C (PKC) and calcium-dependent protein kinase(s) are subsequently activated, leading to increases in

phosphorylation of coroninse and CSPP28. Acetylcholine also activates ERK/JNK/p38 kinases and

may increase the production of PGE2. This latter response could serve as a delayed autocrine negative

feedback loop to regulate histamine-stimulated HCl secretion. The link between changes in protein

phosphorylation and agonist-induced changes in the actin-based cytoskeletal has not yet been

de®ned. However, recent evidence suggests that protein phosphorylation may be involved in reg-

ulating dynamic cytoskeletal changes and vesicle transport events involved in the insertion and

retrieval of the H�,K�-ATPase from the canalicular membrane. Dashed lines indicate less established

pathways.
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N-terminal kinase (JNK), and possibly the p38 kinase
signaling pathway. Recent evidence suggests that the
activation of these latter pathways increases cyclooxy-
genase 2 (COX-2) gene expression and prostaglandin
E2 (PGE2) production by the parietal cell. Increased
PGE2 production may serve as a delayed negative feed-
back control pathway to regulate histamine-stimulated
HCl secretion (see below).

As with histamine, the intracellular signaling
events that that are modulated by cholinergic sti-
mulation have just begun to be de®ned. Thus far, two
proteins have been found to undergo increased
phosphoryation in parietal cells stimulated with acetyl-
choline: coroninse and CSPP28. Coroninse is an
actin-binding protein that has been implicated in the
regulation of endocytosis. CSPP28 is phosphorylated
by a calcium-dependent mechanism and is enriched
in light membrane fractions. Thus, like coroninse,
CSPP28 may be involved in controlling vesicle move-
ment and/or fusion.

In most, but probably not all species, histamine and
cAMP are the most powerful stimulators of the acid
secretory response at the level of the parietal cell.
There is an acute potentiating interaction between the
cAMP and calcium signaling pathways such that a low
dose of acetylcholine administered along with a sub-
maximal dose of histamine induces a greater than
additive response. There is a similar potentiating inter-
action between histamine and gastrin. The mechanisms
responsible for these potentiating interactions are not
yet established.

Several factors have been found to suppress the
acute acid secretory response to histamine in isolated

parietal cells, including prostaglandins of the E series,
somatostatin, epidermal growth factor (EGF), and
transforming growth factor-a (TGF-a). All of these fac-
tors appear to couple with an inhibitory heterotrimeric
G-protein, Gi. Longer exposure of parietal cells in pri-
mary culture to EGF/TGFa enhances the acid secretory
response. This long-term response may be initiated by
activation of the serine/threonine protein kinase, Akt,
and the induction of H�,K�-ATPase gene expression.

See Also the Following Articles

Exocytosis �Gastric Acid Secretion �Gastric H�,K�-ATPase

� Gastrin � Histamine

Further Reading

Forte, J. G., and Yao, X. (1996). The membrane-recruitment and

-recycling hypothesis of gastric HCl secretion. Trends Cell Biol.

6, 45ÿ48.

McDaniel, N., and Lytle, C. (1999). Parietal cells express high levels

of Na-K-2Cl cotransporter on migrating into the gastric gland

neck. Am. J. Physiol. 276, G1273ÿG1278.

Okamoto, C. T., and Forte, J. G. (2001). Vesicular traf®cking

machinery, the actin cytoskeleton, and H�,K�-ATPase recycling

in the gastric parietal cell. J. Physiol. 532, 287ÿ296.

Schultheis, P. J., Clarke, L. L., Meneton, P., Harline, M., Boivin, G.

P., Stemmermann, G., Duffy, J. J., Doetschman, T., Miller, M. L.,

and Shull, G. E. (1998). Targeted disruption of the murine

Na�/H� exchanger isoform 2 gene causes reduced viability of

gastric parietal cells and loss of net acid secretion. J. Clin. Invest.

101, 1243ÿ1253.

Soll, A. H., and Berglindh, T. (1994). Receptors that regulate gastric

acid secretory function. In `̀ Physiology of the Gastrointestinal

Tract'' (L.R. Johnson, ed.), 3rd Ed., Vol. 2, 1139±1169, Raven

Press, New York.

144 PARIETAL CELLS



Pathologic and Paralytic Ileus
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ileus Absence of propulsive motility in the gastrointestinal

tract.

laparotomy Surgical incision through the abdominal wall.

physiologic ileus Normal absence of gastrointestinal con-

tractile activity.

The term `̀ ileus'' is derived from the Greek word eileos,
which is translated as `̀ to block or to twist.'' Ileus is gen-

erally de®ned as absence of propulsive motility in the

small or large intestine. Absence of propulsive motility

implies stasis of the luminal contents. The presence of

ileus can re¯ect normal intestinal physiology or it can be

pathologic.

INTRODUCTION

Physiologic ileus refers to the absence of motility that
normally occurs for short periods of time during spe-
cialized motility patterns, such as the inactivity found
during the interdigestive state in the small intestine.
Pathologic ileus refers to the prolonged absence of
propulsive motility that is associated with clinical
symptoms of an intestinal obstruction. Various names
have been applied to this form of obstruction. It may be
known as adynamic ileus, inhibitory ileus, or paralytic
ileus. The latter term is not strictly accurate in a path-
ophysiologic sense because the intestinal musculature is
not paralyzed in the same sense as in skeletal muscle
paralysis.

CLINICAL SYMPTOMS

Pathologic ileus can result from a variety of diverse
conditions that include disease changes in the intestine
and disease activity in the peritoneal cavity. Pathologic
ileus may also be induced as a neurally mediated re¯ex
response to conditions outside the peritoneum and may
be associated with conditions such as general infections,
spinal cord injury, and irritation of the kidneys. This
form of obstructive intestinal inactivity is most com-
monly seen during and for prolonged periods following
laparotomy. Exposure and handing of the bowel is a

strong stimulus for the production of ileus. Neverthe-
less, the most clinically important cause of pathologic
ileus is peritonitis.

The entire intestine in pathologic ileus becomes di-
lated with large collections of both ¯uid and gas. The
gaseous composition is mostly air. Unlike mechanical
obstruction whereby the intestine above the point of
occlusion becomes distended gradually, dilatation of
the entire bowel occurs quickly, with thinning of the
wall as the radius increases. This underlies the extreme
degree of abdominal distension that is one of the pri-
mary signs of the condition.

The clinical features of pathologic ileus do not par-
allel those found in mechanical obstruction. Pain is usu-
ally not a complaint, or, if present, is a dull continuous
ache rather than the intermittent sharp cramping pain
that occurs in structural blockage. Nausea and vomiting
can be prominent and ¯uids given by mouth are regur-
gitated. Defecation and the passage of gas usually stop
completely with the onset of the ileus.

PATHOPHYSIOLOGY

Paralytic ileus is not entirely applicable as a synonym for
pathologic ileus, because the intestinal musculature is
not paralyzed. The ability of the smooth muscle to gen-
erate maximal force of contraction is unchanged in
pathologic ileus. Neural in¯uences actively inhibit the
intestinal musculature and account for the prolonged
absence of muscle contraction and motility seen in path-
ologic ileus. The way it starts and the prolonged nature
of pathologic ileus are reminiscent of skeletal muscle
re¯ex paralysis that is acutely associated with spinal
cord injury and ensuing spinal shock. In spinal
shock, the neural circuits of the spinal cord that nor-
mally mediate motor re¯exes become nonfunctional for
a transient period of time. In the case of pathologic ileus,
the neural circuits of the enteric nervous system that
normally initiate and organize propulsive motor behav-
ior in the intestine become nonfunctional for a transient
period. Although neural mechanisms are involved in
both cases, the details of the neurophysiologic changes
cannot be explained fully for either case.
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Activation of sympathetic innervation is implicated
in the initiation of pathologic ileus. Virtually all of the
sympathetic nerve ®bers, which enter the intestine out-
side of the sphincters, end in the ganglia of the enteric
nervous system. Norepinephrine released from the
sympathetic nerves acts to suppress the release of ace-
tylcholine at the millions of nicotinic synapses that are
part of the integrative neural networks of the enteric
nervous system. This inactivates the neural circuits
and thereby prevents them from activating propulsive
motility. Subpopulations of enteric inhibitory motor
neurons remain active in this circumstance and act to
continuously suppress contraction of the inherently
myogenic musculature.

Although sympathetic activation and the release
and action of norepinephrine in the enteric nervous
system are an attractive explanation for pathologic
ileus, some observations do not support the hypothesis.
For example, pretreatment with drugs that block the
receptors for norepinephrine or that suppress its release
from sympathetic nerves is ineffective for prevention of
the ileus associated with laparotomy. In®ltration of the
splanchnic innervation with a local anesthetic to block
sympathetic nerve traf®c to the intestine does not re-
verse the ileus seen during laparotomy in dogs. On
the other hand, injection of a local anesthetic into
the blood entering the intestine immediately evokes
rigorous contractile activity. Two conclusions emerge
from these observations. One is that activation of
sympathetic re¯exes may release substances other

than norepinephrine that initially `̀ lock'' the integrated
microcircuits of the intestinal enteric nervous system in
a state of prolonged paralysis; this ensues for prolonged
periods of time without further sympathetic input. The
second conclusion is that ongoing activity of enteric
inhibitory motor neurons accounts for the absence of
contractile behavior. Blockade of the inhibitory neuro-
nal activity by injection of a local anesthetic releases the
muscle from the inhibition. Uncoordinated contractile
activity appears after neural blockade due to the auto-
genic properties of the musculature.

See Also the Following Articles

Autonomic Innervation � Basic Electrical Rhythm � Colonic

Obstruction � Disinhibitory Motor Disorder � Enteric

Nervous System � Hirschsprung's Disease (Congenital

Megacolon) � Intestinal Pseudoobstruction � Toxic

Megacolon

Further Reading

Cullen, J., Caropreso, D., Hemann, L., Hinkhouse, M., Conklin, J.,

and Ephgrave, K. (1997). Pathophysiology of adynamic ileus.

Dig. Dis. Sci. 42, 731ÿ737.

Summers, R., and Liu, C. (1995). Approach to the patient with ileus

and obstruction. In `̀ Textbook of Gastroenterology'' (T. Yamada,

D. Alpers, C. Owyang, D. Powell, and F. Silverstein, eds.), 2nd

Ed., Vol. 1, pp. 796ÿ798. J. B. Lippincott, Philadelphia.

Wood, J. (1999). `̀ Neurogastroenterology and Motility.'' Milner-

Fenwick, Timonium, Maryland.

146 PATHOLOGIC AND PARALYTIC ILEUS



Pepsin
JEAN-PIERRE RAUFMAN

University of Maryland School of Medicine, Baltimore

pepsin Aspartic proteinase (36 kDa), derived from pepsino-

gen under acidic conditions; assists the digestion of

dietary protein.

pepsinogen Proenzyme (40 kDa) synthesized and stored in

zymogen granules and secreted by chief cells of the

stomach.

Pepsin, a protease present in the gastric lumen, is secreted

by the chief cells of the gastric mucosa as an inactive

precursor, pepsinogen; pepsinogen is activated by acid

present in the gastric lumen, which initiates digestion

of protein. Multiple genes code for immunologically dis-

tinct forms (isoenzymes) of pepsin, but all forms appear to

have functional similarity. Peptic ulcers and acid-

peptic disease derive their names from pepsin.

HISTORICAL OVERVIEW

In groundbreaking experiments using human gastric
juice, the American physician/physiologist William
Beaumont (1785ÿ1853) hypothesized that, in addition
to acid, an unknown factor contributed to protein di-
gestion. The German physiologist Theodor Schwann
(1810ÿ1882) identi®ed this factor from its ability to
digest egg white and designated it `̀ pepsin'' (derived
from the Greek word pepsis, for digestion). In England,
using amphibian peptic cells as a model, the Cambridge
physiologist John Langley (1852ÿ1925) elucidated the
formation of pepsinogen in chief cells, its storage in
cytoplasmic zymogen granules, and, after secretion,
its conversion to the active acid protease, pepsin. In
1930, John Northrop crystallized pepsin. Recent ad-
vances in structural biology have revealed how the
three-dimensional structure of these molecules explains
their activation and actions.

STRUCTURE AND ACTIVATION
OF PEPSIN

Like other aspartic proteinases (EC 3.4.23.X), pepsin
(approximate molecular mass, 36 kDa) is synthesized as
a proenzyme, pepsinogen (approximate molecular
mass, 40 kDa), which is stable at neutral and alkaline
pH (46) and is converted to active pepsin at acid pH by

proteolytic cleavage of an N-terminal prosegment (in-
hibitory piece). Studies of the crystal structure of pep-
sinogen indicate that the inhibitory piece shields the
substrate-binding portion of the active protease, with
six basic amino acids in the prosegment forming elec-
trostatic interactions with acidic amino acids in pepsin.
Thus, at neutral pH, the inhibitory piece maintains
the enzyme in its inactive form by sterically blocking
access to the active site and neutralizing negative
charges in pepsin, thereby stabilizing the conformation
of the proenzyme.

Exposure to acid results in protonation of carbox-
ylate groups and repulsion of the net positive charges
that disrupt the electrostatic interactions, unblocking
the active site and activating the enzyme. Moreover,
pepsinogen is subject to the proteolytic action of acti-
vated pepsin (autocatalysis). By these mechanisms, ex-
posure to pH 56 (as expected in the gastric lumen)
activates a rapid (2 sec at pH 5ÿ6; 5 msec as the pH
approaches 2) cascade of pepsin activation. Returning
ambient pH to neutrality can arrest or reverse these
conformational changes. Increasing the pH to
47.2 (as expected in the normal small intestine) or
the temperature to 465�C irreversibly denatures pep-
sin, whereas pepsinogen is stable to pH 10 and 100�C.

The molecular structure of human pepsin (Fig. 1) is
very similar to that of other members of the aspartic
proteinase family. The central hydrophobic core of pep-
sin (catalytic aspartic acid residues at position 32
and 215) comprises the active site of the enzyme. This
site can accommodate an approximately 8-amino-acid
portion of protein substrate.

MEASUREMENT OF PEPTIC ACTIVITY

Measurement of peptic activity was ®rst standardized by
Anson and Mirsky in 1932; they de®ned 1 peptic unit as
the activity of pepsin (pH 2, 37�C) that results in the
release over 10 minutes of 0.1 mmol of tyrosine from
5 ml of 2% hemoglobin. To increase sensitivity and
facilitate the analysis of multiple samples, investigators
have modi®ed this assay by using radiolabeled substrate
(hemoglobin and albumin) and automated assays.
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Rather than using a de®ned absolute unit of peptic ac-
tivity, many investigators express results as a percentage
of peptic activity in experimental samples compared to
control or, in secretory studies, as a percentage of total
peptic activity in the sample.

ACTIONS IN NORMAL PHYSIOLOGY
AND DISEASE

The major function of pepsin is to initiate digestion of
ingested proteins. The greater activity of pepsin for meat

proteins, such as collagen, indicates that the enzyme is
less important for hydrolysis of vegetable proteins. In
addition, in neonates, pepsin may assist in milk clotting.
The pH optimum for peptic hydrolysis of proteins de-
pends on the substrate (pH 1.5ÿ2.5 for hemoglobin, pH
3 for albumin, and pH 5.5 for milk clotting).

Peptic activity releases free amino acids and small
peptides that can be absorbed by enterocytes lining the
small intestine. Relatively large peptides resulting from
incomplete pepsin digestion also enter the duodenum
and are further degraded by pancreatic proteinases.
Some products of peptic digestion also serve a signaling
function because they stimulate the release from the
distal stomach (gastrin) and duodenum of hormones
(cholecystokinin-releasing peptide and others) that
play additional roles in regulating digestion.

Pepsin appears to play a crucial, if not necessary, role
in ulceration of the stomach and duodenum. In the
absence of pepsin, gastric acid does not cause ulcera-
tion. Hence, major bene®ts of antacid therapy in the
treatment of ulcer disease may be inhibition of the con-
version of pepsinogen to pepsin and the maintenance of
a gastric luminal pH greater than the optimum for the
enzyme. Changes in the level or distribution of pepsin-
ogen in blood and urine that are observed in peptic ulcer
disease and gastric cancer have not proved clinically
useful.

See Also the Following Articles

Chief Cells � Duodenal Ulcer � Gastric Acid Secretion �
Gastric Ulcer � Protein Digestion and Absorption of

Amino Acids and Peptides

Further Reading

Fujinaga, M., Chernaia, M. M., Tarasova, N. I., Mosimann, S. C., and

James, M. N. (1995). Crystal structure of human pepsin and its

complex with pepstatin. Protein Sci. 4, 960ÿ972.

Hershey, S. J. (1994). Gastric secretion of pepsins. In `̀ Physiology

of the Gastrointestinal Tract'' (L. R. Johnson, ed.), 3rd Ed.,

pp. 1227ÿ1238. Raven Press, New York.

Raufman, J.-P. (1996). Peptic activity and gastroduodenal mucosal

damage. Yale J. Biol. Med. 69, 85ÿ90.

Sielecki, A. R., Fujinaga, M., Read, R. J., and James, M. N. (1991).

Re®ned structure of porcine pepsinogen at 1.8 AÊ resolution.

J. Mol. Biol. 219, 671ÿ692.

FIGURE 1 Schematic structure of human pepsin (EC
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Percutaneous Drainage
DAVID B. LAUTZ AND RODNEY CHAN

Brigham and Women's Hospital and Harvard Medical School

abscess Collection of pus formed by tissue destruction in an

in¯amed area of a localized infection.

Seldinger technique Used for the insertion of a guidewire

into a vessel.

tandem-trocar technique Used to cannulate into a vessel.

Even though there has never been a debate about whether

abscesses should be drained; the available options for

drainage have changed. Traditionally, an operation has

been required, whether a thoracotomy for empyema, or

a laparotomy for diverticular abscess. The modern tech-

nique of image-guided percutaneous drainage has now

become the ®rst choice for many clinicians and patients.

Surgery is increasingly reserved only for dif®cult-to-reach

locations, for cases in which percutaneous drainage fails,

or for cases in which urgent surgical exploration is needed

in view of impending sepsis.

INDICATIONS, APPROACHES,
AND GUIDANCE

Patients harboring intraabdominal abscesses usually
present with signs of systemic in¯ammation, including
fever, leukocytosis, and pain. Postoperative ¯uid col-
lections represent the most common cause of intra-
abdominal abscess and are often localized to the
dependent pelvis. Other common causes of pelvic ab-
scesses include appendicitis, diverticulitis, and pelvic
in¯ammatory diseases. Although most abscesses are
drained transabdominally when possible, the pelvis re-
presents a challenge due to obscuring bowel loops from
ileus and the abundance of vascular structures. Alter-
native approaches of transrectal and transvaginal
drainage guided by ultrasound as well as transgluteal
drainage guided by computed tomography (CT) are
employed routinely.

Liver abscesses are common and they can be
either single or multiple. Single pyogenic abscesses
are frequently located in the right lobe, whereas
multiple abscesses occupy both lobes. Drainage of single
abscesses can often be guided by ultrasound alone, but
multiple abscesses typically require multiple drains and
are CT guided. Subdiaphragmatic abscesses represent a

challenging location and require a combination of im-
aging procedures for guidance.

Pancreatic ¯uid collections occur following epi-
sodes of acute pancreatitis. They can present early as
pancreatic necrosis or late as symptomatic pseudocysts.
CT is the usual method of drainage in these cases. As-
piration without catheter placement is not appropriate
as the chance of recurrence approaches 70%.

PROCEDURES

Before starting the procedure, it is important to ensure
that drainage is clinically indicated, coagulopathy is
corrected, and the imaging modality and the approach
are chosen. Broad-spectrum antibiotics are usually
given 1 hour preprocedure. The procedure is usually
performed with a combination of intravenous conscious
sedation (fentanyl, versed) and local anesthesia. A di-
agnostic scan is typically obtained with a radio-opaque
skin marker.

Diagnostic aspiration with a 22-gauge needle will
con®rm the depth of the cavity as well as the path for
catheter placement. The aspirate should be examined by
gram stain and culture, although organisms may not be
found if patients have been receiving antibiotics. White
cells can be absent if patients are immunocompromised.
In addition, the presence of creatinine suggests a uri-
noma, bilirubin suggests biloma, fat globules suggest
lymphocele, and amylase suggests pseudocysts. Care
is taken not to decompress the abscess cavity com-
pletely. The exchange of the aspiration needle for the
catheter is done using the Seldinger technique or the
tandem-trocar technique and a large catheter of 12- to
14-gauge lumen is left for drainage. There are many
types of catheters. Pigtails are the most common
types, and the drainage site is left in the dependent
position if possible. After catheterization, the cavity is
irrigated many times and, most importantly, the drain is
secured externally. Finally, an additional scan is com-
pleted to ensure that there are no undrained collections.

Daily drain care and inspection are paramount. The
usual recommendation for ¯ushing is 5 ml, three or four
times a day, to prevent clogging. When the catheter
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drains less than 10 ml for a 24-hour period, it is usually
reasonabletoremoveit,but it is important tocon®rmthat
the decrease in drainage is not secondary to blockage.
Suddendecrease indrainagecanbesecondary tocatheter
obstruction. Imaging with either CT or a sinogram is
important to demonstrate complete drainage.

CLINICAL TRIALS

There is a lack of randomized clinical trials comparing
surgical drainage to percutaneous drainage of abscesses.
In a retrospective review of 32 patients with Crohn's
disease who underwent percutaneous drainage from
1985 to 1999, there was a 95% success rate, with
50% of patients avoiding surgery in the short term
(5 60 days). There was not any signi®cant increase in
need for surgery long term among those patients treated
by drainage. The abscess recurrence rate of 22% was
comparable to surgical drainage.

Although most retrospective studies of percutane-
ous drainage have shown promising results, one review
of 160 unselected patients who underwent drainage of
pancreatic pseudocysts revealed lower success (88 vs.
42%), higher mortality (16 vs. 0%), more complications
(64 vs. 27%), and longer hospital stay (45 vs. 18 days) in
the percutaneous drainage group.

CATHETER COMPLICATIONS

In an older retrospective study on the use of percuta-
neous drainage in 118 patients from 1979 to 1984, there
was a reported 4.2% major complication rate, which
includes septic shock, hemorrhage, subphrenic abscess,
and formation of an arteriovenous ®stula, and a mor-
tality rate of 2.5%. Other complications include the
formation of an enteric ®stula, which presents as a
change in character and volume of the drainage.

CONCLUSION

There is still some debate among authorities on surgical
approaches and percutaneous drainage of abscesses, but
the majority of patients who develop intraabdominal
abscesses are now treated noninvasively. This approach
has radically changed the surgical management of many
patients and has allowed them to avoid an open surgical
approach, which may increase their chances for other
postoperative complications. The increasing use of and
demand for guided percutaneous drainage will revolu-
tionize the treatment of many surgical disorders as
well as offer clinicians and their patients another less
invasive option for drainage.
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Percutaneous Endoscopic Gastrostomy (PEG)
JEREMY SPECTOR

Duke University Medical Center

enteral By way of the gastrointestinal tract.

¯uoroscopy Examination of the tissues using an X-ray

¯uoroscope.

gastrostomy An opening into the stomach.

ligament of Treitz Suspensory muscle of the duodenum that

anatomically divides the duodenum from the jejunum.

parenteral By means other than the gastrointestinal tract,

such as via intravenous injection.

volvulus Twisting of the intestine, resulting in obstruction.

The placement of a percutaneous endoscopic gastrostomy

tube is a widely used method of delivering enteral

nutrition to those unable to eat. The process involves

inserting a thin tube through the wall of the abdomen

into the stomach; the tube allows nutrient augmentation,

¯uid administration, or medication delivery. In properly

selected patients, the procedure is safe, well tolerated,

and successful in over 90% of individuals.

INTRODUCTION

As the population ages and life-sustaining technol-
ogies are advanced, many circumstances arise in
which patients are unable to eat or tolerate oral intake.
In this setting, additional means exist to provide
nutrition, ¯uids, and medications, either by enteral or
parenteral methods. When possible, enteral feeding is
the preferred route to provide nutrition to patients
with a functioning gastrointestinal (GI) system. By
maintaining even a minimal exposure of nutrients to
the enteral GI tract, there are signi®cant bene®ts for
the patient, including preserving the function of the
enteral immune system, preventing mucosal atrophy,
maintaining the normal gut ¯ora, and reducing the
incidence of sepsis. In addition, enteral nutrition is
generally safer and less costly than parenteral nutrition.
For short-term needs, nasoenteric feeding tubes are safe,
effective, and easy to place and subsequently to remove.
However, when oral intake will be compromised
for an extended period of time, percutaneous endo-
scopic gastrostomy (PEG) tubes have become the de-
livery systems of choice. Introduced in the early 1980s,
PEG tubes have several advantages over surgical
gastrostomies. PEG tubes can be placed using only

mild sedation and topical anesthesia and require less
time compared to surgical gastrostomies, which are gen-
erally performed under general anesthesia. In addition,
PEG tubes are less expensive and have fewer complica-
tions compared to surgical gastrostomies.

INDICATIONS AND
CONTRAINDICATIONS

In the adult population, the most common conditions
that lead to PEG placement are neurologic disorders
such as strokes, amyotrophic lateral sclerosis, neuro-
logic trauma, and dementia. Other illnesses include
head and neck cancers, facial trauma, and the short
bowel syndrome. PEG tubes are most often placed for
the purpose of providing long-term enteral nutrition.
Other goals may include decreasing the risk of aspira-
tion, improving survival, decreasing the risk of infec-
tion, and healing pressure ulcers. At times, PEG tubes
are also placed to allow decompression of the stomach,
such as in the setting of malignant intestinal obstruction
or gastric outlet obstruction, often referred to as a
`̀ venting'' PEG. Less common indications include treat-
ment of gastric volvulus via ®xation of the stomach to
the anterior abdominal wall, and to allow access to the
stomach for transgastric surgical instrumentation.

Absolute contraindications to PEG placement are
the inability to advance the gastroscope, a limited life
expectancy, or the inability to bring the gastric wall and
anterior abdominal wall in apposition (which is re-
quired for proper healing and tract formation). The in-
ability to transilluminate the anterior abdominal wall is
considered by many to also be a contraindication to
placement. However, there are data to suggest that
with de®nite localization, with external palpation,
and in the absence of air aspiration prior to needle vi-
sualization (see below), the technique can be performed
safely. There are relative contraindications as well, in-
cluding compromised wound healing, morbid obesity,
massive ascites, coagulopathy, gastric varices, history of
subtotal gastrectomy, peritoneal dialysis, portal hyper-
tension, large hiatal hernia, hepatomegaly, and neoplas-
tic or in®ltrative disease involving the gastric wall.
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PEG INSERTION

The following description is a standard technique for
placing PEG tubes. Prior to the procedure, intravenous

antibiotics are typically administered to minimize infec-

tious complications. An endoscope is passed through

the mouth and esophagus and into the stomach. The
stomach is insuf¯ated with air to fully distend it. The

room lights are lowered and through the use of external

palpation of the anterior abdominal wall, combined
with internal transillumination through the gastric

wall, the site for PEG tube insertion is identi®ed. This

site is marked and then prepared with a cleansing so-

lution and a sterile ®eld is created. Local anesthetic is
administered to this site. A small-caliber needle is in-

serted along the projected tube insertion tract for con-

®rmation. The needle is slowly advanced in the

direction of the stomach lumen while continuous neg-
ative pressure is being applied to the plunger. Endo-

scopic visualization of the needle tip as it pierces the

gastric wall must coincide with aspiration of air back
into the syringe. Aspiration of air bubbles prior to en-

doscopic visualization of the needle suggests the pene-

tration of an interposed hollow viscus (e.g., colon) and

should prompt immediate removal of the needle. Once
the direct tract of the PEG tube has been con®rmed in

this manner, a skin incision approximately 1 cm in

length is made to allow passage of a trochar. The trochar

is passed through the skin incision into the stomach and
a ¯exible guidewire is advanced through the trochar.

A snare is then passed through the endoscope into the

stomach. The snare is opened and manipulated to
secure the end of the guidewire. The scope, snare, and

guidewire are then withdrawn through the mouth as a

single unit.
At this point in the procedure either a `̀ pull'' or

`̀ push'' technique can be performed. Both methods
have similar success rates, and choice is based on op-

erator preference and experience. Using the pull tech-

nique, a loop on the most proximal end of PEG tube is

tied to the end of the guidewire that was withdrawn
through the mouth. The tube is generously lubricated

and the guidewire with the attached PEG is `̀ pulled''

back through the mouth into the stomach from the
site of the skin incision. The tapered tube passes through

the stomach wall and emerges through the premade skin

incision. Traction is applied until gentle resistance,

caused by an internal bumper attached to the distal
end of the tube, is felt. Once mild resistance is met,

the PEG tube is secured in place with an external bum-

per. Tube markings (in centimeters) indicate the dis-
tance between the internal and external bumpers. This

distance, which is typically between 3 and 6 cm, is

recorded. Usually, the endoscope is reinserted to visu-
alize the internal bumper, in order to verify that there is
the appropriate amount of traction on the tube, al-
though this step is not required. A topical antibiotic
ointment is applied to the skin site and the area is dres-
sed and bandaged. The super¯uous external portion of
the PEG tube is trimmed to a workable length. An ab-
dominal binder is applied to help keep the tube in place
and minimize the risk of inadvertent tube removal while
the tract matures. The push technique differs in that the
tube has a central lumen, through which the guidewire
is passed. The tube is `̀ pushed'' over the guidewire and
advanced until it emerges through the skin surface. It is
then secured in a manner similar to that used in the pull
technique. A less commonly performed alternative to
the push and pull techniques is the direct placement
method, which uses a trochar with a peel-away surface
that delivers the PEG tube and internal bumper into the
stomach lumen, obviating the need to use a guidewire.

PERCUTANEOUS ENDOSCOPIC
JEJUNOSTOMY

Clinical scenarios occur when enteral nutrition deliv-
ered directly to the small bowel is indicated, and a PEG
tube will not suf®ce. Direct percutaneous endoscopic
jejunostomy (PEJ) tubes are an available option for en-
teral access in these situations. Indications for PEJ tubes
include patients who have undergone gastric resection
or have gastric outlet obstruction, gastric dysmotility, or
a nonfunctioning gastrojejunostomy, or patients at sig-
ni®cant risk for aspiration events. PEJ tubes are placed
in a manner similar to that of PEG tubes. A push en-
teroscope, which is longer than the standard upper en-
doscope, is used and passed into the jejunum beyond the
ligament of Treitz. As with PEG insertion, transillumi-
nation of a loop of small bowel must be achieved fol-
lowed by the insertion of a feeding tube into the
jejunum, using the technique described for PEG place-
ment. The tubes used for PEJs are those found in stan-
dard PEG kits. Fluoroscopy or a combined approach
with a gastroenterologist and radiologist is often used
to facilitate the placement of PEJ tubes. Although the
procedure is more technically demanding, the success
rate is comparable to that of PEG placements. Direct
PEJ tubes should be differentiated from jejunal tubes
that are placed through gastrostomy or PEG tubes (the
so-called JET-PEG). These tubes are often used for
indications similar to those for direct PEJ tubes, but it
has been shown that the jejunal portions of these
tubes tend to migrate back into the stomach, essentially
rendering them a PEG tube.
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COMPLICATIONS

PEG placement is generally a safe and well-tolerated
procedure. The procedure has an associated mortality
rate of approximately 1%, with major complications
occurring in 2.5ÿ3% of cases. Complications can be
divided into major and minor categories. Major com-
plications include perforation, peritonitis, aspiration,
gastrocolocutaneous ®stula, necrotizing fasciitis, and
premature device dislodgment. Minor complications
include peristomal wound infection, which is the
most common complication. Antibiotic prophylaxis
with 1 g of cephazolin 30 minutes prior to the procedure
is recommended to reduce the incidence of this com-
plication. Additional minor complications include tube
malfunction or clogging, leakage around the tube site,
and migration of the tube. Less common complications
also include implantation or seeding of tumor cells at
the PEG tube site, aortogastric ®stula, and gastric
volvulus.

ETHICAL CONSIDERATIONS

It is unfortunate that most patients in need of a PEG tube
are severely debilitated and often near the end of life.
Because of this, PEG use has often been the subject of
charged ethical debate. In a dif®cult and emotional set-
ting such as this, it is essential that the goals of the
intervention are clear, and the risks and bene®ts thor-
oughly considered. Although there are many currently
accepted indications for PEG placement, very few data
are available to directly support its use, despite being a
commonly performed procedure for over 20 years. A
keen example is the use of PEG tubes to reduce the risk
of aspiration pneumonia. Although direct instillation of
nutrients into the stomach obviates problems with swal-
lowing food, to date, there have been no trials that con-
clude either PEG or PEJ tubes reduce the risk of
aspiration. Enteral feeding tubes will not eliminate as-
piration of oropharyngeal secretions, a common and
recurrent cause of aspiration. Further, it has been
suggested that PEG tubes can actually increase the
amount of gastroesophageal re¯ux, a risk factor for as-
piration, by altering the gastroesophageal angle. Similar
to the case for aspiration, there are few data to support
PEG use to decrease mortality, improve wound healing,
or improve markers of nutrition. These areas deserve
further study.

When the bene®t of a procedure is in question, the
risks of the procedure must be carefully examined. PEG,

although generally accepted as a safe procedure, does
carry risks of morbidity and even mortality,
as previously described. In several large studies, the
1-year mortality rate after PEG placement was greater
than 50%. In this severely ill population, alternative
noninvasive approaches should always be presented.
Postprocedural ethical issues also need to be consid-
ered. These include the fact that often physical and
chemical restraints need to be used in order to prevent
confused or agitated patients from pulling out the tube,
with the attendant complications. Additionally, when
PEG feedings are to be used on a trial basis, the end
points for discontinuing PEG use, such as duration and
improvement in clinical parameters, should be clearly
set prior to placement. All patients or their surrogates
should be fully informed of the potential bene®ts, risks,
and alternatives to PEG placement.

CONCLUSION

Since its description as an alternative to open gastro-
stomy, PEG tube placement has become a common en-
doscopic procedure. A pragmatic understanding of the
realized bene®ts of PEG placement and enteral feeding,
as well as the risks, by both the health care team and
patient, is an essential ®rst step in the process. In the
future, technological advances, combined with respon-
sible patient selection, will optimize the use of the PEG
procedure for optimizing delivery of enteral feeding in
various clinical settings.
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Percutaneous Transhepatic
Cholangiography (PTC)
PAUL V. SUHOCKI

Duke University Medical Center

choledochocele Cystic biliary dilatation within the wall of

the duodenum.

choledochoenterostomy Anastomosis created between bile

duct and intestine. The most commonly performed

anastomosis is between bile duct and jejunostomy

(Roux-en-Y) because it eliminates biliary re¯ux of food

material.

endoscopic retrograde cholangiopancreatography Visualiza-

tion of the bile ducts and pancreatic duct, achieved by

injecting iodinated contrast medium through an endo-

scope into the biliary and pancreatic ducts in a

retrograde manner.

magnetic resonance cholangiopancreatography Visualiza-

tion of the bile ducts and pancreatic duct, achieved

during magnetic resonance imaging; does not require

contrast medium to be injected into the ducts. The ducts

are visible because of differences between the magnetic

properties of the biliary/pancreatic ¯uid and surrounding

tissues.

percutaneous transhepatic cholangiography Visualization

of the intrahepatic and extrahepatic bile ducts,

achieved by injecting iodinated contrast medium into

the bile ducts. Injection is done by passing a needle and

catheter through the abdominal wall, through the liver

capsule, and into the bile ducts. Percutaneous access

to the bile ducts also allows the operator to perform

biliary tract interventions such as percutaneous biliary

drainage.

portoenterostomy Surgical treatment (Kasai) procedure for

extrahepatic biliary artesia. A Roux-en-Y limb is

anastomosed to the dissected ®brous biliary plate on

the undersurface of the liver.

Percutaneous transhepatic cholangiography (direct injec-

tion of iodinated contrast medium into the bile ducts

under ¯uoroscopy) is a method of imaging the bile

ducts with contrast medium. Prior to the emergence of

endoscopic retrograde cholangiopancreatography

(ERCP), which involves injection of contrast medium

into the biliary tree endoscopically through the ampulla

of Vater, percutaneous transhepatic cholangiography

(PTC) was the sole means of imaging the bile ducts

with contrast medium. Currently, because ERCP is less

invasive than PTC for obtaining a cholangiogram, it is the

method of choice in medical centers that are staffed

by endoscopists who are adept at the procedure. Cho-

langiography obtained by injection of iodinated

contrast medium into the bile ducts during ERCP or

PTC is considered to be the gold standard for bile duct

imaging.

INDICATIONS FOR PTC

Computedtomography(CT),ultrasound(US),andmag-
netic resonance cholangiopancreatography (MRCP)
have emerged over the past two decades as noninvasive
means of viewing the bile ducts. These modalities do not
require injection of iodinated contrast into the bile
ducts. However, current technical limitations make
the bile duct detail obtained with these imaging methods
inferior to that obtained with PTC and ERCP. This is
particularly true for visualization of the subsegmental
bile ducts.

PTC is indicated for the following reasons:

1. To determine the level of biliary obstruction and
to attempt to categorize the lesion as benign or
malignant.

2. For preoperative delineation of bile duct anatomy. In
this case, it is important to demonstrate the amount of
normal bile duct above an obstruction for planning a
choledochoenterostomy and also for excluding the
presence of variant biliary anatomy.

3. To determine if abiliary stricture is present in the pati-
ent with normal-caliber bile ducts on cross-sectional
imaging and to assess clinical and laboratory evidence
of biliary obstruction. This scenario is most often en-
countered inthepostoperativepatient(biliarybypass,
partial liver resection, orthotopic liver transplant)
who has undergone choledochoenterostomy.

4. To provide a percutaneous transhepatic tract for
future percutaneous interventions, such as bile
duct biopsy, stone removal, balloon dilatation of a
biliary stricture, or placement of a permanent metal-
lic stent across a nonoperable malignant biliary
occlusion.
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PREPROCEDURE WORKUP

The patient has usually had a CT scan, abdominal mag-
netic resonance imaging (MRI), MRCP, or liver ultra-
sound prior to PTC. When obstructive cholangitis is
suspected, these studies will have supplied information
about the presence or absence of bile duct dilatation,
obstructing mass, gallstones, biliary strictures, collect-
ions of bile, and ascites. Bile collections related to bile
leak are drained percutaneously under CT or ultra-
sound guidance before PTC. When the presence
of biliary pathology is suggested on these studies,
ERCP is usually performed next to provide information
about the bile ducts with an iodinated contrast cholan-
giogram. ERCP is associated with less risk than PTC and
obviates the need for PTC if technically successful.
ERCP can be unsuccessful because of: postoperative
anatomy (Roux-en-Y), dif®culty passing the endoscope
through the duodenum because of a duodenal stricture
related to pancreatitis or tumor, inability to visualize or
cannulate the ampulla of Vater because of duodenal
stricture or tumor, and inability to achieve an adequate
level of sedation.

When PTC becomes necessary, informed consent is
obtained from the patient or guardian. General anesthe-
sia is arranged for the pediatric patient or the adult
patient in whom an adequate level of conscious sedation
cannot be achieved. Antibiotics are administered intra-
venously. Coagulation and platelet count abnormalities
are corrected to as near normal as possible. Vital signs
are monitored throughout the case. The patient is given
corticosteroids prior to the procedure if an allergy to
iodinated contrast exists.

TECHNIQUE

A radiologist performs PTC in the interventional suite of
the department of radiology. A dedicated interventional
radiology nurse administers conscious sedation and
monitors vital signs throughout the procedure. The pa-
tient is placed prone on a ¯uoroscopy table in a room
out®tted with a multiangle image intensi®er. The abdo-
men is prepped and draped in sterile fashion from the
level of the nipples to the umbilicus. A 22-gauge Chiba
needle is passed into the liver under ¯uoroscopic guid-
ance. The stylet is withdrawn and contrast is injected
through the needle while the needle is retracted slowly.
The operator stops retracting the needle when contrast
¯ows into a bile duct. Several milliliters of contrast are
injected into the ductal system. A 0.018-inch-diameter
guidewire is advanced through the needle into the duct.
The needle is replaced with a #3 French catheter with
multiple side holes. The potentially infected bile is
aspirated and sent to the microbiology laboratory for

culture. Contrast is then injected into the ducts to obtain
a diagnostic cholangiogram. Radiographic images of
the opaci®ed bile ducts are exposed from anteriorÿ
posterior, in the right-anterior oblique and left-anterior
oblique directions, in order that the total extent of each
duct can be evaluated.

For percutaneous access to the right hepatic biliary
tree, the needle is passed into the right hepatic lobe at
the junction of the lower and middle thirds of the liver.
The needle is directed toward the left shoulder. For
percutaneous access to the left hepatic lobe, the needle
is passed into the ventral duct of the left biliary tree
under sonographic guidance. Entry to the left biliary
tree is usually made through a window between the
left costal margin and the xiphoid process.

Unusual means of accessing the bile ducts some-
times become necessary. The gallbladder can be injected
with contrast to ®ll the biliary tree in a retrograde fash-
ion via the cystic duct. This method can only be used if
the patient has a gallbladder and a patent cystic duct
with free communication of the cystic duct with the
extrahepatic and intrahepatic ducts. In patients with
massive ascites and dilated bile ducts, the ductal system
can be accessed by passing a needle system through the
right internal jugular vein, through the right atrium,
into inferior vena cava, and into the middle hepatic
vein. The needle is then passed through the wall of
the middle hepatic vein, through liver parenchyma,
and into the biliary tree. Iodinated contrast medium
is then injected through the needle system.

After diagnostic cholangiography is performed, the
decision whether to intervene percutaneously is made.
Interventions include bile duct biopsy, biliary drainage,
balloon dilation of a benign stricture (Fig. 1), and plac-
ing an endobiliary stent (Fig. 2). This decision is
often made in conjunction with the surgical and medical
services.

COMPLICATIONS

Complications occurring during PTC vary with the
degree of technical dif®culty experienced during the
procedure. Patients with obesity, coagulopathy, comor-
bidities, sepsis, presence of ascites, and nondilated bile
ducts are at increased risk. Complications include bil-
iary sepsis, bile ascites, hemobilia, hemorrhage, and
pneumothorax.

INTERPRETATION

Biliary Obstruction

Most cases of biliary obstruction are related to
calculi or neoplasm. The most common tumors are
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pancreatic cancer (Fig. 3) and metastatic disease
(Fig. 4), followed by cancer of the bile ducts (Fig. 5),
ampulla, and gall bladder. Less common causes of bil-
iary obstruction include congenital biliary obstruction,
bile duct injury, pancreatitis, sclerosing cholangitis,
biliary atresia, choledochal cyst, duodenal diverticu-
lum, infection, and parasitic infestation.

Biliary atresia is the most common cause of obstruc-
tive jaundice in infancy. It can involve the intra-
hepatic or extrahepatic bile ducts, the latter being
more commonly involved and found in 1/10,000ÿ
1/15,000 births. Hepatic biliary scintigraphy suggests
the diagnosis if there is a delay of radiotracer excretion
into the gastrointestinal tract. Treatment for extrahe-
patic biliary atresia is surgical. A portoenterostomy
(Kasai procedure) is performed. Liver transplantation
is considered for the patient who has a failed Kasai
procedure or for whom the diagnosis of biliary atresia
was made late.

Choledochal cysts are seen in 1/13,000 hospital ad-
missions in the United States. Three-quarters of affected
patients are female. Theories for the pathogenesis of
choledochal cysts include (a) anomalous pancre-
atobiliary duct junction, (b) abnormal canalization of
the bile ducts, and (c) abnormal autonomic innervation
of the extrahepatic bile duct. Todani's classi®cation of
choledochal cyst disease is most widely used. Type I
cysts are extrahepatic and are seen in 80ÿ90% of all
cases. These can be focal or fusiform. A type II cyst is
a diverticulum of the extrahepatic duct and is seen in 3%
of cases. Type III is a choledochocele, seen in 5% of
cases. Type IV cysts account for 10% of cases and are
subdivided into two groups; type IVA is characterized
by dilatation of the intrahepatic and extrahepatic biliary
tree, and type IVB cysts are multiple extrahepatic cysts.
Type V cysts, known as Caroli's disease, are intrahepatic
and rare. Complications of choledochal cysts include
biliary obstruction, cholangitis, rupture, hepatic ab-
scess, and cancer of the bile ducts or gallbladder. Com-
plete excision of the cyst is recommended because of the
associated risk of cancer. In patients with pancreatitis,
long segment narrowing of the common bile duct (CBD)
can be seen, with gentle tapering distally. The entire
CBD may be involved and the ampullary segment
may be normal.

Primary sclerosing cholangitis (PSC) is a progressive
disease of the biliary tree characterized by in¯ammatory
and ®brotic bile duct lesions. The etiology of the disease
is unclear. Patients often present with recurrent epi-
sodes of fever, chills, weight loss, pruritus, jaundice,
and mild right upper quadrant discomfort. Laboratory
tests usually reveal an elevated white blood cell count
and a cholestatic biochemical pro®le. Histologic

a

b

c

FIGURE 1 (a) Benign anastomotic stricture (arrowhead)

developed 13 months following creation of an anastomosis

between the common hepatic duct and the jejunum. (b) A

waist can be seen while dilating the stricture percutaneously

with a 10-mm-diameter balloon. (c) A biliary drainage catheter

(#8 French; arrowheads) with multiple side holes is kept in place

for 6 weeks postprocedure, allowing drainage of bile across the

anastomosis.
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®ndings on liver biopsy are often nonspeci®c. The dis-
ease course is usually progressive, resulting in chole-
static liver disease. Cholangiography is a key
component in making the diagnosis of PSC. Abnormal-
ities of intrahepatic and extrahepatic bile ducts are seen
in 75ÿ80% of the patients. Isolated involvement of ei-
ther the intrahepatic or extrahepatic ducts occurs in
10ÿ20% of cases. Cholangiographic ®ndings include
focal narrowings, beading, pseudodiverticula, and
pruning of intrahepatic duct branches. Long segment
bile duct narrowing is not uncommon. However, brush

cytology of dominant bile duct strictures should be
performed because of the development of
cholangiocarcinoma in 40% of the patients.

Several disease processes can mimic PSC on chol-
angiography. These include metastatic disease to the
liver, lymphoma, cholangiocarcinoma, cirrhosis, he-
patic arterial chemotherapy, graft-versus-host disease,
chronic allograft rejection, opportunistic infection of
the bile ducts, multiple liver abscesses, systemic fungal
disease, and ischemic bile duct strictures related
to hepatic arterial compromise following hepato-
biliary surgery or transplantation. Chronic biliary
obstruction from gallstones or biliary strictures or chro-
nic re¯ux of intestinal contents across biliaryÿenteric
anastomoses can cause bacterial infection of the biliary
tree, resulting in secondary cholangitis. These entities
canbedifferentiatedfromPSCaftercarefulhistorytaking
and review of hepatobiliary imaging and laboratory
blood tests.

Common duct stones (Fig. 6) are seen in approxi-
mately 15% of patients with cystic duct stones. Retained
stones in the biliary tree are present in 4% of patients
who undergo cholecystectomy for gallbladder calculi.
Bile duct calculi can also be seen in the setting of cho-
lestasis related to intrahepatic or extrahepatic bile duct
strictures (Fig. 7). Stones in the biliary tree are usually
removed through an endoscopic approach. They are
removed by a percutaneous transhepatic approach

FIGURE 3 Abrupt termination (arrowheads) of the common

bile duct is seen in a patient with pancreatic carcinoma.

a b

FIGURE 2 (a) A biliary drainage catheter (#8 French) with multiple side holes (arrowheads) traverses a long-segment malignant biliary

occlusion. (b) A 10-mm-diameter stent (arrows) was positioned across the malignant occlusion to allow internal drainage of bile across the

lesion. The percutaneous access was removed.
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when the endoscopist is unable to access the biliary tree,
usually in the setting of postoperative biliary anatomy.
The diagnosis of biliary calculi is usually made by a
noninvasive imaging method such as ultrasound or
MRCP. Fifteen percent of gallstones are radio-opaque.
On cholangiography, radio-opaque gallstones appear as
well-de®ned ®lling defects. They are differentiated from
tumors by their mobility within the ducts. Occasionally,
an in¯ammatory reaction in the adjacent bile duct wall
may cause them to be ®xed, simulating a tumor. Con-
traction of the sphincter of Oddi can mimic the presence
of a gallstone in the distal CBD. It can be dif®cult to
differentiate gallstones from air bubbles and blood clots.

Air bubbles coalesce, can be aspirated, and collect in
anterior bile ducts. Blood clots usually clear after several
days of biliary drainage.

Benign bile duct strictures are usually short. They
may develop following hepatobiliary surgery, either
as an iatrogenic injury to the duct or as anastomotic
stricture following surgical creation of a choledocho-
enteric communication. When increased in length, be-
nign biliary strictures are usually smooth and taper
gradually. Cholangiographic features suggestive of can-
cer of the bile ducts, pancreas, or ampulla include
abrupt termination of the bile duct, `̀ apple core'' con-
centric narrowing of the bile duct, and changes in cal-
iber along the length of the stricture. Tumors can extend
from the wall into the lumen of the bile duct in an
exophytic fashion. Cross-sectional imaging often
helps in making the diagnosis of malignancy. Brush
biopsy of the biliary stricture or surgical exploration
may be necessary to differentiate between benign and
malignant lesions.

Bile Duct Leak

Bile duct injury can develop during cholecystec-
tomy, partial liver resection, slippage of clip or ligature
from the cystic duct following cholecystectomy,
PTC, liver biopsy, and blunt or sharp abdominal
trauma. Drainage catheters are usually placed into

FIGURE 6 Oval ®lling defect (arrowhead) in the distal com-

mon bile duct represents a gallstone.

FIGURE 5 Cholangiocarcinoma (Klatskin tumor) involves the

convergence of the right anterior sectoral duct (curved arrow), the

left main hepatic duct (arrowhead), and the common hepatic duct

(open arrows). The right posterior sectoral duct is completely

occluded and does not ®ll with contrast.

FIGURE 4 Colon carcinoma involving the portal lymph nodes

creates a mass defect (arrowheads) on the common hepatic

duct and the anastomosis of the common hepatic duct with the

jejunum.
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bile collections under CT or US. ERCP is usually suc-
cessful at demonstrating a cystic duct leak or leakage
from a partially or completely lacerated bile duct. PTC
becomes necessary when ERCP is unrevealing or tech-
nically unsuccessful. PTC is dif®cult in this patient
group because the decompressed bile ducts are dif®cult
to access with a needle and subsequently to cannulate.

Aberrant extrahepatic bile ducts are at risk for injury
during operation because the surgeon may not antici-
pate their presence. PTC may demonstrate an aberrant

right hepatic duct that was torn intraoperatively and no
longer communicates with the biliary tree. This torn
aberrant bile duct may go unappreciated on ERCP if
a vascular clip is placed on the stump of the transected
bile duct that arises from the main biliary tree. In this
case, the radiologist passes a catheter percutaneously
into the aberrant bile duct, allowing the surgeon
to identify this transected duct intraoperatively for
anastomosis of the duct to jejunum.

See Also the Following Articles

Bile Duct Injuries and Fistulas � Cholangiocarcinoma �
Computed Tomography (CT) � Gallbladder Cancer �
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FIGURE 7 Multiple ®lling defects represent gallstones in the

common hepatic duct (arrowheads) and gallbladder (arrows).
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Perforation
DAVID B. LAUTZ AND GLEN W. BARRISFORD

Brigham and Women's Hospital, Boston

angularis Angular `̀ notch'' in the stomach that demarcates

the division between the body and antrum of the

stomach.

diathermy Local elevation of temperature within the tissues,

produced by high-frequency current, ultrasonic waves,

or microwave radiation.

diverticulum Pouch or sac opening from a tubular structure

or saccular organ such as the gut or bladder.

perforation Abnormal opening in a hollow organ or viscus.

Perforation is de®ned as an abnormal opening in a hollow

organ or viscus. It is derived from the Latin perforatus,
meaning `̀ to bore through.'' Perforation is one of the most

common etiologies of surgically treatable abdominal pain.

INTRODUCTION

Abdominal pain is a leading cause of hospital admission
and physician visits. The severity ranges from benign
self-limiting etiologies to life-threatening surgical emer-
gencies. Subtle differences in the presentation cause this
to be a very complex diagnostic dilemma. A thorough
systematic evaluation is required for signi®cant abdom-
inal pain. Consequently, abdominal pain presents a
universal challenge that transcends a wide spectrum
of medical and surgical specialties.

Most abdominal pathology presents with associated
abdominal pain. A complete understanding of the path-
ophysiology coupled with this abdominal pain is essen-
tial in the recognition of disease. Visceral, parietal, and
referred pain are the commonly acknowledged divi-
sions. The onset, quality, duration, location, and asso-
ciated symptoms classify the pain. Visceral pain is
perceived via autonomic nerve ®bers (sympathetic /
parasympathetic), which symmetrically innervate ab-
dominal organs. As a consequence of this symmetry,
the sensory perception is along the midline. Visceral
pain is characterized as intermittent, deep, dull, aching,
crampy pain associated with nausea and diaphoresis.
Stimuli on the visceral organs include stretching /
traction, compression, torsion, and chemicals. Somatic
(parietal) pain is perceived via spinal nerves ipsi-
laterally innervating the body wall. Greater localization
is achieved for this severe, persistent, sharp, stabbing

pain that results from local in¯ammation and irritation.
Referred pain typically arises from visceral organs,
travels via sympathetic visceral nerve ®bers, and is per-
ceived in a location remote from the site of pathology.
This double innervation is a consequence of common
embryonic origin. Common examples include back pain
resulting from pancreatitis, right shoulder pain from
hepatobiliary disease, and left shoulder pain secondary
to splenic pathology.

The initial evaluation of the acute abdomen begins
with a complete history and physical, and continues
with inspection, auscultation, and palpation. Nausea,
vomiting, fever, chills, constipation, diarrhea, and
natural history/quality/distribution of symptoms are im-
portant historical facts. Distension on inspection and
decreased bowel sounds on auscultation are consistent
with acute abdominal pathology. On palpation, guard-
ing/rigidity, diffuse or point tenderness, and rebound
tenderness can be observed.

Abdominal pain can arise from an array of varied
etiologies presenting in a similar fashion. Subtle
differences in the history, presentation, evaluation,
and diagnostic workup guide the clinician. Nonsurgical
pathology can mimic surgical disease. The clinician
must consider nonsurgical pathology (gastroenteritis,
acute hepatitis/pancreatitis, sickle cell crisis, lead tox-
icity, acute porphyria, or pneumonia) when considering
potential surgical emergencies. Surgical disease can be
further subdivided into nonperforated (acute cholecys-
titis) and perforated (duodenal ulcer) pathology. The
commonly encountered gastroenteral perforations are
presented here.

PERFORATED ESOPHAGUS

Esophageal perforation is not typically considered a
cause of abdominal pain. However, in order to complete
the discussion of gastroenteral perforation, esophageal
perforation is brie¯y considered. Esophageal perfora-
tion is a surgical emergency requiring rapid diagnosis.
It most commonly occurs as a result of instrumentation,
trauma, spontaneous perforation, and swallowing of a
foreign body. It presents with pain in the cervical area,
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dysphagia, and odynophagia. Symptoms are notably ex-
acerbated with swallowing or movement. A recent his-
tory of instrumentation or vomiting is usually noted.
Diagnostic workup includes posteroanterior and lateral
chest ®lms with ®ndings of mediastinal emphysema /
widening, cervical emphysema, or pneumothorax. Bar-
ium esophagram in the right lateral decubitis position is
the gold standard for evaluation. Computed tomogra-
phy and endoscopy have a limited role in the presence of
an esophagram, but may be useful in complicated cases
with equivocal studies. Treatment objectives include
limitation of extravasation, prevention of infection,
nutritional maintenance, and restoration of structural
integrity. Nonoperative treatments offer a limited role
in isolated cases. Operative exploration, wide drainage,
and primary closure within 24 hours (if possible) re-
main the treatments of choice. Outcomes are variable
and are contingent on duration to diagnosis and treat-
ment, cause and location of injury, comorbidities, and
existing esophageal disease.

PERFORATED GASTRIC ULCER

Gastric ulceration often presents with acute-onset epi-
gastric pain that radiates to the back and is exacerbated
by the ingestion of food. Common risk factors include
use of nonsteroidal antiin¯ammatory drugs (NSAIDs),
cigarette smoking, and chemotherapeutic agents
(5-¯uorouracil, cisplatin, doxorubicin, or mitomycin C).
Gastric ulcer disease presents in approximately 100,000
new cases annually and is most commonly seen in men
and the elderly. Complications of gastric ulceration re-
sult in several thousand deaths and a 10% rate of gastric
malignancy annually. Normal or decreased levels of acid
secretion are observed with a breakdown in the gastric
mucosal barrier. Ulceration is most common along the
lesser curvature of the stomach at the junction between
the antral and fundic mucosa. Of ulcers, 70% occur
superior to the incisura angularis and 20% are distal.
Gastric ulcers are classi®ed into ®ve categories de®ned
by location and secretory status.

The gold standard for the evaluation of gastric ul-
ceration is endoscopy. Treatment options include med-
ical, endoscopic, and surgical management. Initial
medical management includes antimicrobials directed
at Helicobacter pylori (isolated in 85ÿ90% of gastric
ulcers) and antisecretory medications. Typically, a
12- to 24-week trial is undertaken. Endoscopic dia-
thermy or vasoconstrictive injection can treat or tem-
porize active bleeding. However, surgical management
is indicated in cases complicated by nonhealing /
recurrent ulcers, suspected malignancy, obstruction,
hemorrhage (most common), and perforation.

Several surgical treatment options exist. Typical
treatment includes excision of the lesion, a vagotomy,
and a drainage procedure. The lesion should be excised
if possible. Truncal or proximal gastric (highly selec-
tive) vagotomy is performed to limit acid secretion.
Truncal vagotomy is undertaken at the level of the di-
aphragm as the vagal nerve ®bers enter the abdomen. It
is associated with a greater reduction in acid secretion
and a lower recurrence rate compared to proximal gas-
tric vagotomy. However, the gastric drainage mecha-
nism and vagally supplied viscera are denervated and
impaired. Thus, a gastric drainage procedure is manda-
tory with truncal vagotomy. However, antral nerve ®-
bers (and gastric drainage) are preserved in cases of
proximal gastric vagotomy. Unfortunately, this comes
at the expense of a higher recurrence rate and greater
acid secretion.

Drainage procedures include pyloroplasty and
antrectomy. Several different types of pyloroplasty pro-
cedures are performed to improve drainage. However,
each utilizes a longitudinal incision at the pylorus that is
horizontally closed. Antrectomy is the resection of the
distal stomach and removal of the pylorus. The defect
can be repaired with a gastroduodenostomy (Billroth I)
or gastrojejunostomy (Billroth II). Complicated proxi-
mal gastric ulceration may require a subtotal gastrec-
tomy, whereas widespread gastric disease may require a
near-total gastrectomy or gastric devascularization.
These latter procedures are often associated with a
very high morbidity and mortality and represent less
commonly employed techniques. Following gastric
drainage procedures or gastric resection, postgastrec-
tomy syndromes can emerge. Early and late dumping,
afferent and blind loop obstruction, alkaline re¯ux, gas-
tric atony, and nutritional disturbances are all
well-described complications of gastric surgery.

PERFORATED DUODENAL ULCER

Duodenal and gastric ulcer diseases are jointly referred
to as peptic ulcer disease. Although the pathophysiology
and treatments are similar, duodenal ulcer disease war-
rants a brief independent discussion. Duodenal ulcer
disease is three times as common as gastric ulcer disease
(300,000 patients yearly). Malignancy is far less com-
monly associated with duodenal ulceration. Typically,
the presentation is similar to that of gastric ulceration.
However, the symptoms of duodenal ulceration are
often alleviated with consumption of food. As in gastric
ulceration, a better understanding of the pathophysiol-
ogy has led to a decrease in operative indications.
However, the operative indications/interventions are
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similar. Evaluation utilizes endoscopy as the diagnostic
standard.

As with gastric ulceration, treatment options may
include medical, endoscopic, and surgical approaches.
Surgical options are based on the same operative indi-
cations (bleeding, perforation, obstruction, and intrac-
tability). In the case of perforation, a duodenal ulcer is
oversewn and a well-vascularized Graham patch is used
to cover the defect. Highly selective vagotomy is pre-
ferred, but truncal vagotomy and drainage procedures
are within the standard of care. Duration of symptoms,
previous treatments, medication usage (NSAIDs),
and comorbidity assist in operative planning. Postgas-
trectomy syndromes are, again, a well-documented
complication.

PERFORATED APPENDICITIS

Appendicitis is the most common emergent surgical
procedure performed in Western countries. Reginald
Herber Fitz, a Harvard Medical School pathologist,
®rst described the pathologic process in 1889. He illus-
trated an event sequence of luminal obstruction, in¯am-
mation, perforation, abscess formation, and peritonitis.
Presentation involves acute or gradual onset of midline
pain (usually periumbilical, but occasionally epigastric)
that begins as dull cramping (visceral pain). As the in-
¯ammatory process progresses, sharp stabbing pain is
localized in the right lower quadrant (somatic pain).
This is often associated with nausea, anorexia, and vom-
iting. In the predominant number of cases, fever will be
absent.

Evaluation begins with a physical examination, lab-
oratory studies, and plain ®lms of the chest and abdo-
men. On examination, peritoneal signs (rebound /
guarding) and pain with any movement (Dunphy's
sign), with internal rotation of the hip (obturator
sign), during extension of the hip (ileopsoas sign),
and initiating in the right lower quadrant during palpa-
tion of the left lower quadrant (Rosving's sign) support
the diagnosis without con®rmation. Laboratory studies
are often unremarkable. Leukocytosis of greater than
10,000/ml is seen in approximately two-thirds of pa-
tients. In cases in which the leukocytosis exceeds
20,000/ml, suspicion for perforation greatly increases.
Hematuria, proteinuria, and pyuria are commonly en-
countered in the absence of urologic disease. Fecaliths
and free intraperitoneal air are occasionally seen on
plain ®lms. Ultrasound ®ndings of a target lesion or a
thickened incompressible appendiceal wall can be 80%
sensitive and 90% speci®c. Computed tomography
is increasingly used in establishing diagnosis. With
improvement in technology, computed tomography

is often more accurate than ultrasound, and more ca-
pable of identifying an abnormally positioned appendix.
Additionally, a negative study rules out a variety of ab-
dominal pathologies and diminishes the need for costly
hospitalization/observation. Barium contrast studies are
safe and available, but are infrequently implemented in
the presence of ultrasound or computed tomography.

In general, patients who present with a clinical
picture suggesting appendicitis require exploration.
This can be performed laparoscopically or via laparot-
omy. Laparoscopic appendectomy is diagnostic and
therapeutic, often resulting in a reduction of postoper-
ative pain and length of hospitalization when compared
with laparotomy. Unfortunately, laparoscopy is associ-
ated with increased operative time (expense) and post-
operative emesis. However, it is often bene®cial in
female patients when there exists complicated differen-
tiation from gynecologic pathology. Appendectomy via
laparotomy utilizing a muscle-splitting incision remains
the standard of care. In cases of perforation, the fascia is
closed while the skin and subcutaneous tissues are left to
close by secondary intention.

The factor associated with the greatest morbidity
and mortality in cases of appendicitis is delay in diag-
nosis and treatment. Approximately 64% of patients
present with a retrocecal appendix, which can delay
the diagnosis. Diagnostic delay results in increased
rates of perforation. Perforation is associated with less
than 5% mortality, compared to 0.6% in nonperforated
appendicitis. The perforation rate is approximately 4%
in young patients and is greatly increased in the elderly.
A negative appendectomy rate of approximately 25% is
considered acceptable when compared with the com-
plications associated with delay in treatment.

PERFORATED DIVERTICULITIS

The word `̀ diverticulum'' is derived from the Latin
deverticulum, a `̀ by-road'' or `̀ diversion'' (French,
de-verto; `̀ to turn aside''). The diverticula arise as the
colonic mucosal tissue herniates through the
muscularis. Generally, two types of diverticula are
seen. Right colon diverticula are usually congenital
and are more commonly seen in Asian countries. Con-
versely, sigmoid diverticula usually occur as a conse-
quence of a low-®ber diet (high intraluminal pressures)
and are more prevalent in Western societies. Diverti-
culitis was initially described in the early twentieth cen-
tury and has signi®cantly increased in prevalence. It is
incidentally noted in one-third of the population over
45 years of age (two-thirds over 85 years).

Diverticulitis typically presents with acute or sub-
acute onset of left lower quadrant abdominal pain,
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constipation, diarrhea, fever, and, infrequently, a pal-
pable mass. The expression `̀ left-sided appendicitis'' has
described this clinical presentation. The diagnosis is
largely based on clinical ®ndings and can be made in
the absence of further imaging. However, computed
tomography (CT) with intravenous contrast has been
used as the initial diagnostic exam to provide objective
data, assist in treatment planning, and elucidate dif®cult
clinical scenarios. Characteristic ®ndings on CT include
thickening of the colonic wall, pericolonic fat in®ltra-
tion, and pericolonic /distant abscess formation. The
role of endoscopy and barium enema is limited during
the acute episode due to the risk of perforation.

Diverticular disease can be categorized in two
groups, asymptomatic diverticulosis and acute uncom-
plicated or complicated diverticulitis. Asymptomatic
diverticular disease is found incidentally and can bene®t
from a high-®ber diet. No additional treatment may be
required. Acute uncomplicated diverticulitis presents
with left lower quadrant pain, fever, and leukocytosis
(occasionally constipation /diarrhea, nausea /vomiting,
and dysuria). It is de®ned as local perforation without
abscess, bleeding, or free perforation. Therapy includes
a high-®ber diet and broad-spectrum antibiotics. Cover-
age for gram-negative and anaerobic bacteria is imple-
mented. Stable patients without diffuse abdominal
®ndings on examination can be treated as outpatients,
with close followup as judged by an experienced
surgeon. In the event that these patients worsen clini-
cally (pain/fever), admission and further evaluation/in-
tervention are required. If no ®ndings are noted on CT,
but clinical improvement does not occur within 72ÿ96
hours, surgical intervention can be considered. For im-
munocompromised patients or those unable to tolerate
oral medications, admission for administration of intra-
venous antibiotics is preferred.

The presence of an abscess, ®stula, intestinal ob-
struction, or free perforation classi®es diverticulitis as
complicated (complicated diverticulitis). The incidence
of free perforation is rare, but the mortality can be as

high as one-third. Traditional practice has been to resect
with the initial episode. However, more conservative
methods have emerged with great success. Small peri-
colic abscesses can be managed conservatively, whereas
larger and more distant ¯uid collections can be success-
fully drained under CT guidance. In cases when drain-
age is inadequate, urgent surgery is required. Surgical
treatment generally includes resection of the diseased
sigmoid, proximal diversion, and the creation of a Hart-
man's pouch. Primary bowel anastomosis can be con-
sidered only under the best possible conditions and in
experienced hands. Recent advent of laparoscopic re-
section has offered a reduction in pain and hospitaliza-
tion when performed under elective circumstances.
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Peristalsis
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monosynaptic spinal re¯ex Neural re¯ex circuit in the spinal

cord consisting of a sensory neuron and a motor neuron

with a single synaptic connection between the two.

re¯exes Motor responses to sensory stimulation; each time a

`̀ hardwired'' neural circuit is activated, the responses are

repeated in the same way.

Peristalsis is a term used in reference to the organized

propulsion of material over variable distances within the

lumen of the esophagus, the small and large intestine, and

sometimes the distal stomach. The muscle layers of the

intestine and esophagus behave in a stereotypical pattern

to achieve peristaltic propulsion. Integrated neural cir-

cuits of the enteric nervous system control the behavior

of the intestinal musculature. Peristaltic propulsion in the

esophagus is controlled by signals transmitted from the

brain stem to the esophagus by the vagus nerves and by

the enteric nervous system.

PERISTALTIC PROPULSION

During peristalsis (Fig. 1), the longitudinally oriented
muscle in the segment ahead of the advancing
intraluminal contents contracts while the circumferen-
tially oriented muscle layer relaxes in the same segment.
The esophagus and intestine are tubes that behave phys-
ically like a cylinder with constant surface area. Short-
ening of the longitudinal axis of the cylinder is
accompanied by widening of the cross-sectional diam-
eter. Simultaneous shortening of the longitudinal axis
and relaxation of the circular muscle result in expansion
of the lumen. This prepares a receiving segment for the
forward-moving intraluminal contents during peri-
stalsis.

The second component of stereotypic peristaltic be-
havior is contraction of the circumferentially oriented
muscle layer in the segment behind the advancing
intraluminal contents. The longitudinally oriented mus-
cle layer in this segment relaxes simultaneously with
contraction of the circular muscle, resulting in conver-
sion of this region to a propulsive segment that propels
the luminal contents ahead, into the receiving segment.
Intestinal segments ahead of the advancing front be-
come receiving segments and then propulsive

segments in succession as the complex of propulsive
and receiving segments travels along the intestine.

PERISTALTIC REFLEX

Peristaltic re¯ex is a term sometimes applied inappro-
priately; it is not synonymous with the multiple patterns
of coordinated propulsive motility that occur in the

FIGURE 1 The circumferential and longitudinal muscle layers

of the intestines behave in a stereotypical pattern during peristaltic

propulsion. A `̀ hardwired'' re¯ex circuit in the enteric nervous

system determines the pattern of behavior of the two muscle layers.

During peristaltic propulsion, the longitudinal muscle layer in the

segment ahead of the advancing intraluminal contents contracts

while the circumferential muscle layer relaxes simultaneously.

Simultaneous shortening of the longitudinal intestinal axis and

relaxation of the circumferential muscle in the same segment result

in expansion of the lumen, which becomes a receiving segment for

the forward-moving contents. The second component of the re¯ex

is contraction of the circular muscle in the segment behind the

advancing intraluminal contents. The longitudinal muscle layer in

the same segment relaxes simultaneously with contraction of the

circular muscle, which results in conversion of this region to a

propulsive segment that propels the luminal contents ahead into

the receiving segment. The re¯ex circuits are coupled in series

along the intestine, such that receiving segments convert to pro-

pulsive segments as the next segment in line becomes a receiving

segment. Propulsive segments then return to their previous state

of physiologic ileus. The distance over which the peristaltic

re¯ex circuit for the formation of propulsive and receiving seg-

ments is activated in sequence down the bowel determines the

length of bowel over which propulsion occurs in one or the other

of the intestinal motility patterns.
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small and large intestine during different digestive
states. The peristaltic re¯ex is, rather, the intestinal an-
alogue of spinal motor re¯exes, such as the monosyn-
aptic patellar and Achilles tendon re¯exes.
Monosynaptic spinal re¯exes are investigator-evoked
artifacts arising from connections of stretch receptors
in the muscle to alpha spinal motor neurons that inner-
vate the same muscle. They re¯ect the effects of sudden
activation of stretch receptors (i.e., muscle spindles) in
the muscle and have little relevance for understanding
the complexity of neural control of movement. The
peristaltic re¯ex is much the same in that it is a ®xed
response evoked by investigational stretching of the
intestinal wall or stroking of the mucosa. It is like a
spinal re¯ex in that it is a motor response to sensory
stimulation, and is repeated the same way each time the
`̀ hardwired'' re¯ex circuit is activated. The peristaltic
re¯ex circuit is `̀ wired'' such that it evokes relaxation
of the circumferentially oriented muscle layer and con-
traction of the longitudinal muscle below the point of
stimulation, and contraction of the circumferentially
oriented muscle layer above the point of stimulation.

Like the spinal re¯exes, the peristaltic re¯ex is po-
sitioned at the lowest level of the hierarchical organi-
zation of neural control of intestinal motility, and
undoubtedly underlies each of the various patterns of
propulsive motility that impart functionality to the in-
testine during daily life. As with a spinal motor re¯ex,
the sequencing of the pattern of behavior of the various
muscle groups is hardwired into the circuitry, whereas
the repetition rate of the pattern and strength of each
motor component of the pattern are adjusted by sensory
feedback or other commands to compensate automati-
cally for local loads and higher functional demands on
the intestine as a whole. Added factors requiring a
higher order of neural control are the distance and

direction in which propulsion occurs for the patterns
of motility that characterize the various digestive states.
Short-distance propulsion in the postprandial digestive
state, propulsion over intermediate distances during
interdigestive motility (i.e., migrating motor complex),
long-distance power propulsion all in the orthograde
direction, and retropulsion during emesis are neural
control requirements unique to the enteric nervous
system. Better understanding of the neural basis for in-
testinal motility will require moving forward from the
overworked concept of the peristaltic re¯ex and on to
investigation of microcircuits in positions at levels of
organization beyond the re¯ex hardwiring that faith-
fully reproduces the muscle behavior each time the
investigator stretches the intestinal wall or strokes
the mucosa.
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peritonitis In¯ammation of the peritoneal linings of the

abdominal cavity; may be of infectious, chemical, or

unknown origin.

peritoneal mesothelioma A rare malignant tumor arising

from the peritoneal lining of the abdominal cavity.

pseudomyxoma peritonei A rare condition manifested by

diffuse, gelatinous implants of the peritoneal cavity and

omentum arising from mucinous neoplasms of the ovary

or appendix.

Peritonitis, an in¯ammation of the peritoneal lining of the

abdominal cavity, is the most common peritoneal disease

and may be of infectious, chemical, or unknown origin.

Other peritoneal disorders include peritoneal mesotheli-

oma, a rare malignant tumor that arises from the perito-

neal lining of the abdominal cavity, and pseudomyxoma

peritonei, a rare condition manifested by diffuse, gelati-

nous implants of the peritoneal cavity and omentum that

arises from mucinous neoplasms of the ovary or appendix.

PERITONITIS

The most common disorder of the peritoneum is
in¯ammation, or peritonitis, which is usually of infec-
tious origin. Peritonitis can be classi®ed into two types
based on etiology.

Primary Peritonitis

Primary peritonitis occurs without an identi®able
source of infection, usually in patients with preexisting
ascites (most commonly cirrhosis in adults or nephrotic
syndrome in children). Diagnosis is made by cell count
and culture of the ascitic ¯uid. Treatment requires an-
tibiotic coverage appropriate for both gram-positive and
gram-negative bacteria, because Escherichia coli and
Klebsiella pneumoniae are increasingly common in
ascitic ¯uid cultures.

Secondary Peritonitis

Secondary peritonitis, much more common than
primary peritonitis, is caused by an intra-abdominal in-
fection, such as perforation of the bowel, and can be
further divided into acute suppurative, granulomatous,

and aseptic (chemical) forms. Acute suppurative perito-
nitis is usually caused by spillage of intestinal contents
into the peritoneal cavity as a result of primary intra-
abdominal disease (e.g., perforated peptic ulcer, appen-
dicitis, diverticulitis, perforated carcinoma), penetrating
trauma, or iatrogenic perforation after instrumentation
or radiologic procedures. Early signs of peritoneal in-
¯ammation include nausea, vomiting, anorexia, and
vague poorly localized abdominal pain. As the infection
progresses, these symptoms may worsen and the pain
becomes more focal as the in¯ammation of the visceral
peritoneum extends to the parietal peritoneal. Fever and
signs of hypovolemia (tachycardia, dry mucous mem-
branes, low urinary output) may also be present. Treat-
ment consists of proper ¯uid resuscitation, antibiotic
therapy, and prompt treatment of the underlying pathol-
ogy usually through surgical intervention.

Granulomatous peritonitis may be from fungal,
amebic, or parasitic sources, but tubercular infection
is by far the most common etiology. There has been
an unfortunate resurgence of tuberculous peritonitis
(Fig. 1) due to an increase in the prevalence of acquired
immune de®ciency syndrome, although it still

FIGURE 1 Computed tomography scan demonstrates ascites

(open arrow) and small bowel thickening (®lled arrow) in a pa-

tient with tuberculous peritonitis. Courtesy of Charles J. Fagan,

M.D. (Galveston, TX).
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complicates less than 1% of all Mycobacterium tubercu-
losis infections. The infection usually originates outside
the peritoneum from diseased bowel, from salpingitis,
or through hematogenous spread of a primary pulmo-
nary infection. Unlike suppurative peritonitis, onset of
symptoms is quite insidious with 70% of patients dis-
playing fever, malaise, anorexia, weakness, or weight
loss for more than 4 months prior to diagnosis. Ascites
and diffuse tenderness are usually present and should
suggest the illness in high-risk or immunocompromised
patients with unexplained fever and malaise. The dis-
ease usually responds rapidly to anti-tuberculosis
therapy with the exception of cases involving newly
emergent drug-resistant mycobacteria.

Chemical (aseptic) peritonitis results from spillage
of irritant materials that are initially sterile, but with
time become secondarily infected and present as sup-
purative peritonitis. Bile, urine, and chyle are potential
endogenous causes, whereas iatrogenic etiologies
include barium from radiologic studies (with a
concurrent perforation) and starch powder from surgi-
cal gloves. Patients who undergo continuous ambula-
tory peritoneal dialysis may acquire infections of the
normally sterile catheter and peritoneum, leading to
bacterial peritonitis. Treatment is similar to suppurative
peritonitisÐ¯uid resuscitation, appropriate antibiotic
coverage, and surgery to control the source of peritoneal
contamination.

PRIMARY MESOTHELIOMA

Similar to pleural forms, primary peritoneal
mesothelioma is linked to asbestos exposure, although
only 20ÿ40% of mesotheliomas occur in the perito-
neum (Fig. 2). Clinical presentation includes nonspe-
ci®c abdominal pain, nausea, vomiting, weight loss, and
diarrhea; ascites is found in 90% of patients. Most cases
are not identi®ed until laparoscopy or laparotomy is
performed. Curative treatment is rare because the dis-
ease is usually quite advanced at the time of diagnosis.
Surgery serves only to con®rm the diagnosis and provide
palliative procedures to relieve obstruction. Chemo-
therapy and radiotherapy have shown minimal success
although newer intraperitoneal chemotherapy and im-
munotherapy may improve the prognosis.

PSEUDOMYXOMA PERITONEI

Pseudomyxoma peritonei is a rare condition manifested
by diffuse, gelatinous implants of the peritoneal cavity
and omentum arising from mucinous neoplasms of the
ovary or appendix (Fig. 3). Most cases occur in women

who have disease in both organs; thus, the tissue of
origin is not established. Patients may present with ab-
dominal pain or increasing girth due to mucinous
ascites, but most diagnoses are made following surg-
ical exploration for appendicitis or ovarian tumors.
Computed tomography may reveal characteristic
`̀ scalloping'' of the hepatic and bowel margins. Treat-
ment is primarily surgical, to include aggressive
debulking, appendectomy, bilateral oophorectomy,
and omentectomy. Recurrence rates are high (approx-
imately 75% of patients); however, due to the low grade
of this malignancy, repeat debulking procedures are
indicated and may improve outcome. Chemotherapy

FIGURE 2 Computed tomography scan demonstrates diffuse

mesenteric and peritoneal involvement of a soft tissue mass

(arrow) causing displacement of intra-abdominal organs in a pa-

tient with peritoneal mesothelioma. Courtesy of Charles J. Fagan,

M.D. (Galveston, TX).

FIGURE 3 Computed tomography scan demonstrates large

gelatinous masses (arrows) in a patient with pseudomyxoma

peritonei. Courtesy of Charles J. Fagan, M.D. (Galveston, TX).
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may produce a modest survival advantage over surgery
alone; radiotherapy appears to have no role in the treat-
ment of pseudomyxoma peritonei.
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coelom Body cavity of the embryo.

mesothelium Layer of ¯at cells derived from the mesoderm

that lines the coelom.

peritoneum Serous membrane lining the abdominopelvic

walls and investing the viscera.

The peritoneum is the mesothelial lining of the peritoneal

cavity and its contained viscera; it functions as a bidirec-

tional dialysis membrane and thus plays a major role in

defending against in¯ammatory processes of the abdo-

men. The peritoneum is the key organ involved in sensa-

tion of abdominal pain and is thus integral to diagnosing

abdominal pathology.

EMBRYOLOGY AND DEVELOPMENT

The peritoneum and other body cavities begin to
develop from the intraembryonic coelom near the
end of the third week of gestation. The coelom has a
parietal wall and a visceral wall, both lined by mesothe-
lium; the parietal mesothelium is derived from somatic
mesoderm whereas the visceral mesothelium is derived
from splanchnic mesoderm. By the fourth week of ges-
tation, the coelom appears as a horseshoe-shaped cavity
in the cardiogenic and lateral mesoderm. The curve of
the `̀ horseshoe'' represents the future pericardial cavity,
and the lateral and caudal extensions represent the

eventual pleural and peritoneal cavities (Fig. 1).
These lateral areas communicate with the extraembry-
onic coelom. The development of the midgut involves a
herniation through this communication into the umbil-
ical cord, where the midgut develops into the small
intestine and part of the large intestine. At this point,
the intraembryonic coelom is divided into right and
left halves that are divided by the ventral and dorsal
mesenteries.

Toward the end of the fourth week of gestation, the
lateral parts of the intraembryonic coelom move onto
the ventral aspect of the embryo and the ventral mes-
entery degenerates, creating a large peritoneal cavity
with a dorsal mesentery (Fig. 2). Until the seventh
week of gestation, this peritoneal cavity communicates
with the pericardial and pleural cavities through peri-
cardioperitoneal canals; during the ®fth and sixth weeks
of gestation, folds form near the cranial and caudal ends
of these canals. Fusion of these membranous folds with
mesoderm ventral to the esophagus separates the peri-
cardial and pleural cavities while fusion of the caudal
pleuroperitoneal membranes forms the diaphragm and
separates the pleural and peritoneal cavities. The peri-
toneal cavity then loses its connection with the extra-
embryonic coelom during the tenth week of gestation,
when the intestines return to the abdomen from the
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may produce a modest survival advantage over surgery
alone; radiotherapy appears to have no role in the treat-
ment of pseudomyxoma peritonei.
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coelom Body cavity of the embryo.

mesothelium Layer of ¯at cells derived from the mesoderm

that lines the coelom.

peritoneum Serous membrane lining the abdominopelvic

walls and investing the viscera.

The peritoneum is the mesothelial lining of the peritoneal

cavity and its contained viscera; it functions as a bidirec-

tional dialysis membrane and thus plays a major role in

defending against in¯ammatory processes of the abdo-

men. The peritoneum is the key organ involved in sensa-

tion of abdominal pain and is thus integral to diagnosing

abdominal pathology.

EMBRYOLOGY AND DEVELOPMENT

The peritoneum and other body cavities begin to
develop from the intraembryonic coelom near the
end of the third week of gestation. The coelom has a
parietal wall and a visceral wall, both lined by mesothe-
lium; the parietal mesothelium is derived from somatic
mesoderm whereas the visceral mesothelium is derived
from splanchnic mesoderm. By the fourth week of ges-
tation, the coelom appears as a horseshoe-shaped cavity
in the cardiogenic and lateral mesoderm. The curve of
the `̀ horseshoe'' represents the future pericardial cavity,
and the lateral and caudal extensions represent the

eventual pleural and peritoneal cavities (Fig. 1).
These lateral areas communicate with the extraembry-
onic coelom. The development of the midgut involves a
herniation through this communication into the umbil-
ical cord, where the midgut develops into the small
intestine and part of the large intestine. At this point,
the intraembryonic coelom is divided into right and
left halves that are divided by the ventral and dorsal
mesenteries.

Toward the end of the fourth week of gestation, the
lateral parts of the intraembryonic coelom move onto
the ventral aspect of the embryo and the ventral mes-
entery degenerates, creating a large peritoneal cavity
with a dorsal mesentery (Fig. 2). Until the seventh
week of gestation, this peritoneal cavity communicates
with the pericardial and pleural cavities through peri-
cardioperitoneal canals; during the ®fth and sixth weeks
of gestation, folds form near the cranial and caudal ends
of these canals. Fusion of these membranous folds with
mesoderm ventral to the esophagus separates the peri-
cardial and pleural cavities while fusion of the caudal
pleuroperitoneal membranes forms the diaphragm and
separates the pleural and peritoneal cavities. The peri-
toneal cavity then loses its connection with the extra-
embryonic coelom during the tenth week of gestation,
when the intestines return to the abdomen from the
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umbilical cord. At this point, the peritoneum lines the
abdominal wall and invests the abdominal viscera.

ANATOMY AND PHYSIOLOGY

The peritoneum is made up of the visceral and parietal
layers; it has a total surface area of approximately 2 m2.
The visceral peritoneum covers the intraperitoneal
organs and forms the mesenteries by which they are
suspended. The peritoneum and its mesentery are
supplied mainly by the splanchnic blood vessels, and,
to a lesser extent, by branches of the visceral and parietal
peritoneum.

Differences arise in the innervations of the visceral
and parietal peritoneum, leading to differing patterns of
sensation of painful stimuli. The visceral peritoneum
receives its innervation from the autonomic nervous
system and responds primarily to traction and pressure
or distension; painful stimuli are perceived as a poorly
localized, dull pain. In general, pain in the epigastric

region is referred from a foregut structure (e.g., stom-
ach, duodenum, pancreas, or biliary tract); pain in the
periumbilical area is the result of stimulus to a midgut
structure (appendix, jejunum, or ileum) and pain in the
hypogastric or suprapubic region is from a hindgut
source (distal colon or rectum). In contrast, both so-
matic and visceral afferent nerves innervate the
parietal peritoneum. Therefore, noxious stimuli are per-
ceived as a localized, sharp pain with rebound tender-
ness and are referred to as `̀ peritonitis.''

Functionally, the peritoneum serves as a bidirec-
tional dialysis membrane through which both large-
and small-molecular-weight solutes pass by simple
passive diffusion. Absorption can be altered by changes
in intraabdominal pressure, temperature, pH, and portal
pressure in addition to lymphatic blockade and perito-
neal scarring. The peritoneum contains a complex
defense system that protects against in¯ammatory pro-
cesses. This system consists mainly of mechanical
clearance of the peritoneal cavity, the bactericidal

FIGURE 2 (A) Transverse section illustrating embryonic folding and its effects on the intra-

embryonic coelom and other structures. (B) Transverse section illustrating formation of the ventral

body wall and disappearance of the ventral mesentery. Arrows indicate the junction of the somatic

and splanchnic mesoderm. Reproduced with permission from Moore and Persaud (1998).

FIGURE 1 (A) Drawing of a dorsal view of a 22-day-old embryo, showing outline of the

horseshoe-shaped intraembryonic coelom. (B) Transverse section through embryo at the level

shown in A. Reproduced with permission from Moore and Persaud (1998).
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mechanisms of polymorphonuclear leukocytes, and se-
questration mechanisms such as ®brin trapping of
bacterial activation of complement. The peritoneum
is the key organ in sensation of abdominal pain and
in the physical diagnosis of ongoing intraabdominal
pathology.
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intrinsic factor A glycoprotein that binds cobalamin

speci®cally, attaches to a receptor (cubilin) on the apical

membrane of the ileal epithelial cell, and is internalized

together with its cobalamin by that cell.

Pernicious anemia (PA) is de®ned as cobalamin (vitamin

B12) de®ciency caused by that vitamin's malabsorption

because of the patient's failure to secrete gastric intrinsic

factor. This anachronistic hematological name for what is

really a gastroenterological disorder was coined originally

to re¯ect the megaloblastic anemia that cobalamin de®-

ciency often causes. However, many patients diagnosed

with PA have little or no anemia; moreover, folate de®-

ciency and rare metabolic disorders can cause the same

anemia. PA does not refer to cobalamin de®ciency pro-

duced by any other mechanisms, such as intestinal

disease.

PATHOGENESIS AND DIAGNOSIS

The parietal cell synthesizes intrinsic factor (IF) and
secretes it, as well as acid, into the gastric lumen. The

pathogenetic basis of pernicious anemia (PA) is the
inability of the parietal cell to do so. Without IF,
cobalamin cannot be absorbed ef®ciently.

In the more common, acquired form of PA, the lack
of IF results from severe atrophic gastritis with loss of
parietal cells. The gastritis tends to involve the fundus
while sparing the antrum and the disorder has many
features of an autoimmune process. Antibody directed
at the H�,K�-ATPase pump of the parietal cell circulates
in the blood in 70ÿ90% of patients, but it is character-
istic for atrophic gastritis in general and is not speci®c
for PA. Approximately 60ÿ70% of patients with PA have
circulating antibodies to IF, whose presence is virtually
diagnostic for pernicious anemia. Serum gastrin levels
are elevated in >80% of cases and often massively so.
The gastritis in approximately 10% of patients with ac-
quired PA is diffuse, does not spare the antrum, and is
accompanied by fewer immune phenomena. A much
rarer form of PA is an unrelated inborn error of IF
synthesis in which the stomach and parietal cell func-
tion are otherwise normal.
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ciency and rare metabolic disorders can cause the same

anemia. PA does not refer to cobalamin de®ciency pro-

duced by any other mechanisms, such as intestinal

disease.

PATHOGENESIS AND DIAGNOSIS

The parietal cell synthesizes intrinsic factor (IF) and
secretes it, as well as acid, into the gastric lumen. The

pathogenetic basis of pernicious anemia (PA) is the
inability of the parietal cell to do so. Without IF,
cobalamin cannot be absorbed ef®ciently.

In the more common, acquired form of PA, the lack
of IF results from severe atrophic gastritis with loss of
parietal cells. The gastritis tends to involve the fundus
while sparing the antrum and the disorder has many
features of an autoimmune process. Antibody directed
at the H�,K�-ATPase pump of the parietal cell circulates
in the blood in 70ÿ90% of patients, but it is character-
istic for atrophic gastritis in general and is not speci®c
for PA. Approximately 60ÿ70% of patients with PA have
circulating antibodies to IF, whose presence is virtually
diagnostic for pernicious anemia. Serum gastrin levels
are elevated in >80% of cases and often massively so.
The gastritis in approximately 10% of patients with ac-
quired PA is diffuse, does not spare the antrum, and is
accompanied by fewer immune phenomena. A much
rarer form of PA is an unrelated inborn error of IF
synthesis in which the stomach and parietal cell func-
tion are otherwise normal.
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Whereas atrophic gastritis itself is quite common,
PA is relatively uncommon. Although PA predominates
in the elderly, approximately 2% of whom have unsus-
pected PA, it affects younger individuals too, especially
among black women.

The diagnosis of PA is usually established by proving
IF absence directly by assay of gastric juice or indirectly
by showing abnormal absorption of radioactive cobal-
amin with correction when IF is given exogenously
(Schilling test). A presumptive diagnosis can also be
made by demonstrating antibody to IF in the blood.

DEFICIENCY OF COBALAMIN

When IF secretion fails, cobalamin absorption virtually
ceases and a negative cobalamin balance gradually
develops. The progression is slow because the daily
turnover of cobalamin is only approximately 0.1% of
the body stores. Several years usually elapse before the
clinical signs of cobalamin de®ciency begin to appear.
Although all cells require cobalamin, the most common
manifestations of cobalamin de®ciency, whether due to
PA or other diseases, are hematological and neurolog-
ical ones. Patients can have both or just one of these
two types of manifestationsÐor, if caught early, neither
one of them.

Megaloblastic anemia is characterized by large red
blood cells (a high mean corpuscular volume is often the
earliest expression of cobalamin de®ciency), abnormal
nuclei, and eventually pancytopenia as ineffective
hematopoiesis progresses. The `̀ methylfolate trap'' pro-
duced by cobalamin de®ciency causes the impaired
DNA synthesis of this anemia, which is indistinguish-
able from that in folate de®ciency. The neurological
problems typically involve the posterior, and occasion-
ally lateral, columns of the spinal cord and peripheral
nerves. However, all parts of the nervous system can be
affected, including cerebral function. The biochemical
basis for the neurological dysfunction is unknown.

COMPLICATIONS

Two types of disorders complicate PA more often than
expected. One is organ-speci®c immune disorders such

as endocrinopathy, especially hypothyroidism, which
can affect 5% of patients. The other complication is
gastric neoplasia. The risk of gastric carcinoma is in-
creased several-fold in PA and gastric carcinoids may be
even more common than cancer.

THERAPY AND MANAGEMENT

The cobalamin de®ciency is easily treated: megaloblas-
tic anemia is readily reversed and, if cobalamin therapy
is begun early enough, so are the neurologic abnormal-
ities. However, the gastric defect persists, making life-
long cobalamin replacement mandatory. Because
cobalamin is absorbed poorly in PA, treatment is usually
by injection (oral cobalamin can be used, but very large
daily doses must be given). Most experts advise endo-
scopy for neoplasia in every patient at the time of diag-
nosis and thyroid function should be monitored
periodically.
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Pharmacology, Overview
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agonist Drug or substance that binds to a receptor on a cell

to induce a response.

antagonist Drug or substance that binds to a receptor

on a cell to prevent or reverse the response of an

agonist.

in¯ammatory bowel disease A severe in¯ammatory disorder

of the gastrointestinal tract characterized by abdominal

pain, rectal bleeding, diarrhea, fever, and severe weight

loss.

irritable bowel syndrome A functional disorder of the

gastrointestinal (GI) tract characterized by abdominal

pain and discomfort associated with altered bowel

habits, occurring in the absence of structural or

biochemical abnormalities within the GI tract.

neurotransmitter A chemical released by neurons in the

brain or peripheral nervous system to communicate with

other neurons.

peptic ulcer disease A disorder of the upper gastrointestinal

tract (esophagus, stomach, and duodenum), character-

ized by in¯ammation and ulceration.

prebiotic Agents that stimulate selectively the growth of

bi®dobacteria and lactobacilli in the gut.

probiotic A live microbial food supplement that affects the

host by improving its intestinal microbial balance.

prokinetics Agents that stimulate the movement of lumenal

contents along the gastrointestinal tract.

receptor A protein structure to which neurotransmitters,

hormones, and pharmaceutical bind selectively to

produce a functional effect.

Disorders of the gastrointestinal (GI) tract are

common, unpleasant, and complex, affecting the mucosa,

musculature, and innervation from the esophagus to the

colon. These disorders are manifested as ulceration, in-

¯ammation, obstruction, diarrhea, constipation, and ab-

dominal pain. Over the past few years, although the

pharmacological treatment of many GI disorders has im-

proved signi®cantly, the management of GI disorders still

continues to pose a signi®cant challenge to clinicians.

However, as understanding of the biology of GI disorders

expands, the potential for the future development of novel

pharmacological agents increases. This article provides a

brief pharmacological overview of the approaches to treat

a series of important GI disorders.

PEPTIC ULCER AND
GASTROESOPHAGEAL REFLUX
DISEASE THERAPY

Under physiological conditions, cytoprotective mecha-
nisms exist to prevent intraluminal contents from dam-
aging the mucosal lining of the gastrointestinal (GI)
tract. However, under pathophysiological conditions,
there is an imbalance between defensive factors, on
the one hand, and offensive factors, on the other, leading
to mucosal in¯ammation and injury. Nonsteroidal anti-
in¯ammatory drugs (NSAIDs) are the mainstay for the
treatment of musculoskeletal in¯ammatory diseases, yet
they represent one of the major causes of serious GI
injury. Traditional NSAIDs are nonselective inhibitors
of cyclooxygenase (COX) isoforms COX-1 and COX-2
and destroy the mucosal defense system in part through
decreasing the synthesis of cytoprotective COX-1-de-
rived anti-in¯ammatory prostaglandins in the upper
GI tract. GI toxicity associated with NSAIDs includes
dyspepsia, gastroduodenal ulcers, and severe gastric
bleeding. Newer NSAIDs that act selectively to inhibit
COX-2-derived pro-in¯ammatory prostaglandins, but
not COX-1, have signi®cantly reduced GI toxicity. An-
other major cause of peptic ulcer disease is Helicobacter
pylori infection. Gastric damage also occurs in
critically ill patients due to stress-related mucosal dis-
ease, thought to be caused by decreased blood ¯ow,
mucosal ischemia, and hypoperfusionÿreperfusion
injury.

The goals of treatment for peptic ulcer disease
include relieving symptoms, increasing healing rate,
preventing complications such as bleeding, perfora-
tions, and obstruction, and ®nally, avoiding recurrence.
Pharmacological treatment for peptic ulcer disease
includes the use of over-the-counter (OTC) antacids
to neutralize the pH of gastric contents. Subsequently,
histamine type 2 (H2)-receptor antagonists, such as
cimetidine (Tagamet), ranitidine (Zantac), nizatidine
(Axid), and famotidine (Pepcid), are used to inhibit
acid secretion. Proton pump inhibitors, which include
omeprazole (Prilosec), lansoperazole (Prevacid),
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rabeprazole (Aciphex), pantoperazole (Protonix), and
esomeprazole (Nexium), are able to effectively suppress
basal and stimulated gastric acid secretion by noncom-
petitive inhibition of the H�,K�-ATPase pump on the
parietal cell. Other agents that can be employed to treat
peptic ulcer disease include coating agents, such as
sucralfate (Carafate), an aluminum salt of a sulfated
disaccaride that coats the mucosal lining and allows
healing to occur. For those patients who present with
NSAID-induced peptic ulcer disease, the use of the
synthetic prostaglandin analogue misoprostil (Cytotec)
in combination with the NSAID has reduced the inci-
dence of peptic ulcer disease. For patients who test
positive for H. pylori infection, eradication of the mi-
croorganism results in ulcer healing and reduces the risk
of ulcer recurrence and complications. Eradication of
H. pylori is complex, requiring a 10- to 14-day multidrug
regimen of antibiotics and acid suppression. However,
newer approaches to improve the eradication of
H. pylori will likely improve patient compliance, be
devoid of the potential for antimicrobial resistance,
and have a lower cost.

Another common disorder of the upper GI tract
is gastroesophageal re¯ux disease (GERD), which is
de®ned as the excessive back¯ow of gastric contents
into the esophagus. Symptoms of GERD include fre-
quent or daily heartburn, which can progress to esoph-
ageal injury. Extraesophageal injury can also occur in
association with GERD, resulting in hoarseness, vocal
cord granulomas, dental erosions, chronic cough, bron-
chitis, asthma, and unexplained chest pain. Those at
risk for GERD include infants younger than 12 months,
though the condition is often self-limiting. Older
adults are also at risk for GERD due to prolonged
acid exposure over many years. Additional risk factors
for GERD include increased acid secretion, use of drugs
that reduce lower esophageal sphincter (LES) pressure,
abnormalities in esophageal clearance mechanisms, gas-
troparesis (delayed gastric emptying), hiatal hernia,
obesity, spinal cord injury, thyroid disease, Zollinger-
Ellison syndrome, diabetes, and connective tissue dis-
orders. The management of GERD requires a stepwise
approach, and if lifestyle modi®cations fail to control
symptoms, pharmacological therapy can be added.
Drugs used for the management of GERD include
OTC antacids to neutralize the pH of gastric contents.
However, acid suppression remains the cornerstone of
treatment for GERD since it provides adequate
symptom relief, restores the quality of life, and prevents
many of the potential complications associated with
the disorder. H2-receptor antagonists are able to
inhibit acid secretion, provide heartburn relief, and
can be purchased OTC. Proton pump inhibitors

suppress acid secretion and thus provide symptomatic
relief for patients with GERD and represent the pre-
ferred therapy for the long-term management of pa-
tients with erosive esophagitis. Prokinetics (see next
section) can be used in patients with GERD to increase
LES pressure, promote gastric emptying, and enhance
gastroduodenal coordination; however, the side
effects of currently available agents often limit their
usefulness.

PROKINETIC AGENTS

Disorders such as gastroparesis, postoperative ileus, and
pseudo-obstruction are recognized motility disorders
that can affect propulsion and cause a delay in intestinal
transit. Agents that accelerate GI transit are known as
prokinetics and examples include cholinomimetics,
such as bethanechol (Urecholine), which causes con-
traction of the GI musculature through stimulation of
the cholinergic receptor (M2) present on smooth muscle
cells. However, the use of bethanechol is not popular
since smooth muscle contractions induced by
bethanechol are simultaneous rather than peristaltic.
Additionally, cholinergic agonists have many side ef-
fects, including abdominal pain, diarrhea, salivation,
and gastric acid secretion. Newer prokinetics came
from a chemical class known as substituted benzamides,
which include metoclopramide (Reglan), a dopamine
D2 receptor antagonist, and cisapride (Propulsid),
which works through a serotonin receptor mechanism.
Both agents enhance gastric emptying and increase
intestinal transit through these different mecha-
nisms. However, recent clinical experience has linked
cisapride to life-threatening cardiac arrhythmias due to
slowing of cardiac repolarization (QT prolongation),
resulting in withdrawal of cisapride. This has created a
gap in the prokinetic arena and appears to have resulted
in the increased use of metoclopramide. Unfortunately,
metoclopramide is associated with its own set of serious
side effects, including gynecomastia, galactorrhea,
fatigue, tremor or rigidity, and tardive dyskinesia.
Motilides represent another class of prokinetic agents,
so named because they stimulate the motilin receptor
present on smooth muscle cells and enteric neurons.
Examples include erythromycin, a macrolide antibiotic
that can accelerate gastric emptying, enhance coordina-
tion between the stomach and duodenum, and stimulate
the migrating motor complex. Although recent ad-
vances in the area of prokinetics have been limited, a
new serotonin receptor agonist, tegaserod (Zelnorm),
has been shown to stimulate intestinal transit and re-
lieve the symptoms of constipation.
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PHARMACOLOGICAL TREATMENT OF
INFLAMMATORY BOWEL DISEASE

Ulcerative colitis (UC) and Crohn's disease (CD), col-
lectively known as in¯ammatory bowel diseases (IBDs),

are immunoregulatory disorders of the GI tract, char-
acterized by an abnormal, intense, and sustained in¯am-
matory response to antigen stimulation. The current

hypothesis is that hyperimmune reactivity toward the
antigens of enteric bacteria, in a genetically susceptible
host, is the basis for disease pathogenesis. Since IBD is

characterized by spontaneous `̀ ¯ares'' and remission,
therapies are directed at treating the active in¯amma-
tion and maintaining remission. 5-Aminosalicylates are

the accepted therapy in the treatment of acute in¯am-
mation and maintaining remission in UC. Sulfasalazine
(Azul®dine) was the ®rst agent introduced for the treat-

ment of UC and its pharmacologically active moiety is
5-aminosalicylic acid (5-ASA). Since 5-ASA is absorbed
in the small intestine, delivery systems enabling 5-ASA

to reach the colon before absorption occurs have been
established. Speci®cally, such systems include enteric
coatings that dissolve at the alkaline pH present in the

terminal ileum or via a prodrug, such as balsalazide
(Colozol), which is metabolized by bacterial azo-
reductases in the colon to release the therapeutically

active moiety (5-ASA) and an inert carrier molecule.
Topical therapy by enemas, suppositories, or foams
has been an advance in the management of distal

IBD. For severe active disease, glucocorticoids have
clinical importance based on their immunosuppressive
capacity against humoral and cell-mediated immune

responses. Glucocorticosteroids bind to speci®c recep-
tors that, on activation, translocate to the nucleus and
either increase or decrease the expression of responsive

genes. The effects of natural (cortisol) and synthetic
[prednisolone (Prelone, Pedoapred, Orapred), dexa-
methasone(Decadron,Dexone,Hexadrol),budesonide]

glucocorticoids involve regulation of the transcription
and production of pro-in¯ammatory cytokines and
tumor necrosis factor (TNF). A major limitation in

the use of glucocorticoids for chronic treatment is
that therapeutic doses are much greater than the daily
glucocorticoid production and thus cause signi®cant

side effects. A partial solution to this problem is the
development of topical-use glucocorticoids, which
have low systemic bioavailability due to poor absorption

or extensive local or ®rst-pass hepatic metabolism. Top-
ical instillation of budesonide, beclomethasone
dipropionate, or prednisolone metasulfobenzoate into

the colorectal area has been shown to be effective in
patients with active distal IBD. New formulations of
budesonide for controlled ileal release (EntocortEC)

show high topical ef®cacy with minimal side effects
in the treatment of mild to moderate, active CD. Immu-
nosuppressive drugs with steroid-sparing properties
may be bene®cial in patients who failed to respond or
who develop severe side effects to glucocorticoids. Cy-
totoxic agents, such as azathioprine (Imuran) and 6-
mercaptopurine, have been found to be helpful in pa-
tients with CD. Cyclosporine, which suppresses cellular
immunity, has been shown to be effective in patients
with UC. Methotrexate, a folic acid antimetabolite that
is structurally related to interleukin-1 (IL-1) and can
interfere with its function, is currently used in patients
with refractory IBD. However, the bene®ts of immuno-
suppressants are limited by the risk of high toxicity and
serious side effects. Recent therapeutic strategies for the
treatment of IBD are based on the ability of monoclonal
antibodies to neutralize the effect of immune molecules.
In¯iximab (Remicade), a chimeric monoclonal immu-
noglobulin G1 antibody that neutralizes TNFa, has been
found to have ef®cacy for refractory or ®stulizing CD.
Additionally, a therapy based on antibodies to CD4 is
under investigation. Speci®c inhibitors of intercellular
adhesion molecules have been designed to eliminate
mucosal tissue damage by reducing leukocyte in®ltra-
tion. Most recently, synthetic compounds (CNI-1493)
or small protein molecules (granulocyte/macrophage
colony-stimulating factor, bacterial /permeability-
increasing protein rBPI21) that are normally produced
by the immune system have been manufactured by re-
combinant gene technology and are undergoing clinical
trials. Recombinant anti-in¯ammatory cytokines IL-10
and IL-11, as well as peptide growth factors, are also in
clinical development. Despite some promising results,
the clinical signi®cance of these new mediator-targeted
strategies for IBD treatment is still limited by the incon-
venience and high cost imposed by the intravenous or
subcutaneous routes of drug administration. Future ad-
vances in the pharmacologic approach toward IBD
and optimizing the clinical management of patients
with IBD will lie in identifying factors predictive of
response.

TREATMENT OF DIARRHEA

Diarrhea, the frequent passage of watery/semiformed
stool, is not only distressing but may be debilitating
or even life-threatening. Acute uncomplicated diarrhea
is often self-limiting; however, when diarrhea is
chronic, it represents a major health problem and
leads to signi®cant dehydration and electrolyte imbal-
ances. Diarrhea can be caused by infectious organisms or
malabsorption and can also be drug-induced by agents
such as tetracycline, speci®c antacids, antihypertensive
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drugs such as reserpine or guanethidine, and chemo-
therapy. Diarrhea is also a prominent symptom of IBD.
The management and pharmacological therapy of
diarrhea depend on its severity. Acute uncomplicated
diarrhea is often treated by OTC medications such
as loperamide (Imodium), a peripherally acting opiate
agent that decreases motility and limits epithelial
secretion. Loperamide is ef®cacious and free of
opiate-like and unwanted central nervous system side
effects. In patients with chemotherapy-induced diar-
rhea, loperamide is moderately effective but for those
patients refractory to loperamide, evidence suggests that
octreotide, a somatostatin analogue, may be helpful in
promoting intestinal absorption and relieving diarrhea.
A common health problem among travelers to devel-
oping countries is diarrhea. The primary objective with
pharmacotherapy for traveler's diarrhea is to reduce the
symptoms and their duration with a combination of an
antimicrobial agent and loperamide. Fluoroquinolones
are the ®rst drugs of choice for moderate to severe tra-
veler's diarrhea; however, with the emergence of resis-
tance, especially in Campylobacter jejuni ententis, other
agents such as azithromycin and rifaximin are being
investigated. For more severe forms of diarrhea, such
as that seen with cholera infection, oral rehydration
therapy can successfully treat the diarrhea. Future ther-
apeutic approaches to prevent episodes of diarrhea may
involve the use of prebiotics and probiotics to enhance
the presence of bi®dobacteria and lactobacilli in the gut
to increase the body's natural defense against invading
pathogens. However, future studies are needed to de-
termine the ef®cacy and usefulness of these types of
agents for the treatment of diarrhea.

TREATMENT OF CONSTIPATION

Constipation is one of the most common medical com-
plaints in Western countries and is de®ned as dif®culty
in passing or straining to pass stool, with less than three
bowel movements per week. Constipation often results
from disordered motility, leading to a delay in intestinal
propulsion and slow transit. Other patients with con-
stipation have a disorder in defecation with normal
colonic transit; however, in the majority of cases, con-
stipation results from a diet low in ®ber. Constipation
can also result from diabetes, pregnancy, and structural
diseases of the colon and rectum. Constipation is a very
common problem affecting the elderly and often results
from polypharmacy since many drugs used by the el-
derly are known to be associated with constipation.
Usually patients with constipation have mild to moder-
ate symptoms and can be treated with increased ¯uid
and ®ber intake accompanied by regular exercise.

Laxatives are commonly used to treat constipation
and most are available OTC. Laxatives exert their effects
by increasing stool frequency and stool weight. They are
divided into (1) dietary ®ber and bulk-forming laxa-
tives, (2) saline and osmotic laxatives, and (3) stimulant
laxatives. The dietary ®ber and bulk-forming laxatives,
such as bran, psyllium, and methylcellulose, increase
the water content and mass of the stools, thereby stim-
ulating intestinal peristalsis and decreasing colonic
transit time. Saline and osmotic laxatives cause the re-
tention of water within the GI tract because they are
poorly absorbed. Examples include magnesium salts,
which are charged and thus do not readily cross cell
membranes and so remain in the lumen of the GI tract.
Magnesium salts have a rapid onset of action and are
used for cleansing the bowel prior to radiological pro-
cedures. Nonabsorbable sugars, such as lactulose, are
also examples of osmotic laxatives, as are sorbitol, glyc-
erin, and polyethylene glycol-based solutions. Stimu-
lant laxatives, such as bisacodyl, senna, cascara, castor
oil, and colace, increase colonic peristalsis and act as
powerful cathartics. Taken together, however, there is a
lack of published evidence for the long-term effective-
ness of laxatives for the treatment of constipation. Pro-
biotics have been suggested to improve motility and
reduce fecal enzyme activity in patients with constipa-
tion. However, large carefully controlled clinical trials
are needed to determine the usefulness of probiotic
therapeutic approaches for relieving constipation.

THERAPIES FOR IRRITABLE
BOWEL SYNDROME

Irritable bowel syndrome (IBS) is a disorder of the GI
tract that often begins in early adult life and may affect
up to 15ÿ20% of the population; thus, it is associated
with major health and economic effects. Currently, IBS
is characterized according to symptoms of abdominal
pain and discomfort associated with altered bowel func-
tion occurring in the absence of structural and biochem-
ical abnormalities. The pathophysiology of IBS is due at
least in part to heightened visceral sensitivity, altered
intestinal motility, and psychosocial factors, which
likely are mediated via alterations in the bidirectional
cross talk between the neuronal networks in the
brain (central nervous system) and the gut (enteric
nervous system). Because functional bowel disorders
are multifaceted, drug treatment of patients with IBS
is complex; however, the management of IBS in
North America was recently reviewed by the American
College of Gastroenterology Functional Gastrointesti-
nal Disorders Task Force and evidence-based recom-
mendations were made.
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Traditional IBS therapeutic approaches have in-
cluded the use of antispasmodic agents, such as hyoscy-
amine and dicyclomine, which are thought to reduce
high-amplitude contractions in the GI tract. Anticho-
linergic side effects, such as dry mouth, blurred vision,
and constipation, limit their usefulness. Moreover, there
are insuf®cient data from clinical trials to determine the
effectiveness of antispasmodic agents in patients with
IBS. Antidiarrheal agents, such as loperamide, have been
shown to decrease stool frequency and improve stool
consistency in IBS patients; however, there is no demon-
strable effect of loperamide on the relief of abdominal
pain and bloating. Laxatives, such as ®ber, are effective
at relieving constipation but there is no demonstrable
effect of bulking agents on the relief of abdominal pain
and bloating in IBS. There is a limited amount of data
suggesting that antidepressant therapy may provide
pain relief in IBS patients. However, tricylic antidepres-
sants, such as amitriptyline, desipramine, trimipramine,
and doxepin, have not been shown to be more effective
than placebo in clinical trials. The effectiveness of se-
rotonin reuptake inhibitors for the treatment of IBS has
not been carefully documented, though preliminary ev-
idence is promising.

Recent advances in the understanding of gut phys-
iology have led to the introduction of two novel phar-
macological approaches for the treatment of IBS, both
targeted toward speci®c receptor systems, which are
likely to improve the treatment of patients with IBS.
The 5-hydroxytryptamine type 3 (5-HT3) receptor an-
tagonist alosetron (Lotronex) has been shown to reduce
the symptoms of IBS in female patients with diarrhea.
Alosetron has received Food and Drug Administration
(FDA) approval for the treatment of women with severe
diarrhea-predominant IBS who have failed to respond to
conventional IBS therapy. This cautious approach by the
FDA is based on incidents of ischemic colitis that have
been identi®ed in patients taking alosetron. The ef®cacy
of alosetron is thought to result from a delay in colonic
transit and a decrease in abdominal discomfort during
colonic distension. The mechanism(s) underlying the
effect of alosteron remains incompletely understood;
however, evidence suggests that 5-HT3 receptors are
present on afferent nerves. Thus, a reduction in
symptoms may occur through a decrease in the activity
of central autonomic networks. Another recent
therapy designed to treat IBS is tegaserod (Zelnorm), a
5-hydroxytryptamine type 4 (5-HT4) receptor partial
agonist, which possesses promotility effects through
the stimulation of intestinal and colonic transit. In pre-
clinical studies, tegaserod reduced afferent ®ring rates
in cats and inhibited visceral sensitivity in rodents.
Tegaserod recently received FDA approval for the

short-term treatment of women with IBS who have con-
stipation. In clinical trials, tegaserod was more effective
than placebo at relieving global IBS symptoms in female
patients with constipation. Tegaserod also signi®cantly
improved abdominal discomfort, bloating, and consti-
pation. Unlike cisapride, cardiac repolarization is unaf-
fected by tegaserod and thus is not associated with
potential life-threatening cardiac arrhythmias.

To improve pharmacological treatment of patients
with IBS, a strong scienti®c rationale exists to examine
the effectiveness of other agents targeted toward speci®c
neurotransmitter systems involved in the brainÿgut
axis. Newer generation anticholinergics that selectively
antagonize the muscarinic M3 receptor, as well as selec-
tive antagonists of neurokinin receptors (NK1, NK2, and
NK3), corticotropin-releasing factor receptor type 1,
somatostatin, and cholecystokinin receptor, may reduce
the symptoms of IBS. Finally, as knowledge of the role of
intestinal micro¯ora grows, future approaches for the
treatment of IBS to reduce pain and abdominal bloating
may include dietary supplementation with prebiotics
or probiotic bacteria to enhance the levels of speci®c,
bene®cial intestinal bacteria, such as Lactobacillus
plantarium 299 and casei GG or Bi®dobacterium infantis.
However, to date, the evidence in support of probiotic
bacteria for the treatment of IBS remains controversial
and requires further investigation.

FINAL COMMENTS

Substantial progress has been made in understanding
the effective pharmacological approaches to the treat-
ment of GI disorders. Future research needs to be
directed at better de®ning GI physiology and patho-
physiology so that current treatment approaches can
be modi®ed and new therapies that possess enhanced
ef®cacy and fewer side effects can be developed.
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Physiologic Ileus

JACKIE D. WOOD
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interdigestive state Physiologic conditions in the digestive

tract in the time between completion of digestion and

absorption of a meal and the ingestion of the next meal.

migrating motor complex A speci®c pattern of small

intestinal motility that begins when digestion of a meal

is complete and ends with intake of the next meal. Also

called interdigestive motility.

paralytic ileus/adynamic ileus A condition in which the

prolonged absence of intestinal motility is pathologic.

Physiologic ileus is the term used to describe the normal

absence of motility along a length of intestine. It re¯ects

the operation of one of the neural programs in the spec-

trum of programs present in the enteric nervous system.

Physiologic ileus is a fundamental behavioral state of

the intestine in which quiescence of motor function is

neurally programmed. For example, in the interdigestive

state, the musculature of the small intestine is quiescent

except in a limited region where the activity front of the

migrating motor complex is present.

NEURAL MECHANISM

The state of physiologic ileus disappears following ab-
lation of the enteric nervous system. In situations in
which enteric neural functions are blocked by anesthet-
ics or in patients in which pathological factors have

destroyed the enteric nervous system, contractile behav-
ior that is disorganized and nonpropulsive occurs con-
tinuously.

Physiologic ileus requires the continuous activity of
subpopulations of inhibitory motor neurons that are
present in the enteric nervous system. Ongoing dis-
charge of impulses by these neurons releases inhibitory
neurotransmitters at neuromuscular junctions and this
maintains a state of inhibition in the muscles, which are
autogenically active in the absence of neural inhibition.
In the absence of ongoing neural inhibition, myogenic
pacemakers (i.e., electrical slow waves) evoke contrac-
tions with each slow cycle and this results in continuous
and uncontrolled contractions. Physiologic ileus refers
to the normal state of motor quiescence, whereas the
terms paralytic ileus and adynamic ileus refer to condi-
tions in which the prolonged absence of intestinal mo-
tility is pathological. Pathological ileus is well known as
a consequence of manipulation of the bowel and irrita-
tion of the peritoneal membranes during abdominal
surgery.

See Also the Following Articles

Basic Electrical Rhythm � Enteric Nervous System �Migrat-

ing Motor Complex � Toxic Megacolon
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geophagia Clay eating.

pagophagia Ice eating.

pica Persistent eating of nonnutritive substances for a period

of at least 1 month, without an associated aversion to

food.

Pica, the persistent eating of nonnutritive substances,

without an associated food aversion, occurs in people

of all ages and both sexes, particularly in young children

and pregnant women. The term ``pica'' comes from the

Latin word meaning magpie, presumably named after

this bird's peculiar eating behaviors involving an indis-

criminate preference for both foods and nonfoods. The

causes of pica are uncertain, thus treatment is dif®cult.

Although pica is not always dangerous, the underlying

possible etiologies should be assessed.

HISTORY

The Diagnostic and Statistical Manual of Mental Dis-
orders (DSM-IV) de®nes pica as the persistent eating
of nonnutritive substances for a period of at least
1 month, without an associated aversion to food. The
behavior must be developmentally inappropriate and
not part of a culturally sanctioned practice, and severe
enough to warrant clinical attention. Some clinicians
argue that a diagnosis of pica can include the com-
pulsive consumption of certain foods, blurring the
distinction between pica and food cravings. Pica is
most frequently reported in pregnant women, patients
of lower socioeconomic status, and children. It is also

found in some cases of iron-de®ciency anemia as well
as in de®ciencies of other nutrients, such as zinc. In
some cultures, pica is considered therapeutic and is
used in treating maladies such as anemia and anxiety.
Interestingly, the range of reported items of consump-
tion has not changed much during the past four cen-
turies. Pica of dirt and clay was known to the Greeks
and the Romans and was recorded in a thirteenth
century Latin work. Pica was ®rst addressed in a med-
ical book in 1563, in which geophagia was described
in pregnant women and in children.

EVALUATION

The cause of pica behavior has eluded researchers for
centuries. Researchers have described several theoreti-
cal approaches that attempt to explain the etiology
from nutritional, sensory, physiologic, neuropsychiat-
ric, cultural, or psychosocial perspectives. There have
been few epidemiologic studies detailing the prevalence
of pica. Estimates have varied widely within a particular
population, depending on the criteria used. Studies of
pregnant, otherwise healthy women have found pica
in approximately 8% of respondents. Many of these
patients had low serum ferritin levels, suggesting a
link between pica and iron de®ciency.

In the absence of complications that might signal
abnormal eating patterns, diagnosis depends on self-
reporting. Patients are likely to underreport pica behav-
ior because of embarrassment or because they are not
aware that such behavior might be worth reporting.
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Clinical suspicion is therefore required to diagnose pica
in the ambulatory setting. Iron or zinc nutrient de®cien-
cies may be suggestive; likewise, lead or mercury
poisoning may lead to the diagnosis of pica. Gastroin-
testinal complications such as bezoars or obstructions
may also suggest pica.

TREATMENT

Given the dif®culty inherent in diagnosing pica and the
multitude of possible etiologies, treatment is dif®cult.
Many studies have described diminished pica behavior
in patients following iron or zinc replacement to treat
low iron or zinc levels, although the empiric evidence
implicating zinc de®ciency in pica is less convincing
than is the evidence for iron. In any case, if iron de®-
ciency leads to pica, then pica behavior should cease
once iron is replaced. Cessation of pica behavior with
iron replacement may not happen, however, suggesting
that continued pica behavior may constitute an addic-
tion or a learned pattern of behavior.

Not all forms of pica are dangerous, and some cases
might not require intervention. However, physicians
must be prepared for cases of pica in their daily practice.
Education about nutrition, along with iron therapy or
transfusions, might be the ®rst wave of intervention.
Psychological counseling or behavior therapy can also
be useful adjuncts. Recently, there has been some evi-
dence that pica is a part of the obsessiveÿcompulsive
disorder (OCD) spectrum of diseases. In support of this
theory, selective serotonin reuptake inhibitors (SSRIs)
have shown some promise. Severe or recalcitrant cases
could require referral to a mental health specialist.

Review of the literature on pica con®rms just how
little is known about this common but commonly

missed condition. Its cause is related to many factors,
and there are questions about whether pica is a cause of
or an effect of metabolic or behavioral states. Accurate
diagnosis is hindered by the need for self-reporting on
the part of the patient and by a low index of suspicion on
the part of the clinician. No speci®c screening tests for
pica exist, but an accurate and timely diagnosis can help
to avoid some of the many nutritional, gastrointestinal,
and psychological complications. Finally, when pica is
diagnosed, there are no proven treatments. Although
selective serotonin reuptake inhibitors can be helpful
in some cases, diagnosis and treatment must be individ-
ualized, and the practicing physician will most likely
need to rely on help from mental health professionals.
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Picture Archiving and Communication
Systems (PACS)
MARC J. GOLLUB

Memorial Sloan-Kettering Cancer Center, New York

analog imaging system Plain radiograph (e.g., chest X ray,

mammogram) scan devices; images are not obtained

using digital computer technology.

archive Storage of data.

bit Binary unit; smallest unit of information used by a

computer; 8 bits equals 1 byte.

computed radiography System using computers to capture

and digitize an image rather than print it on ®lm.

digital display protocol Preselected method of displaying a

patient's new and old radiographic images.

digital ¯uoroscopy Capturing and transmitting ¯uoroscopy

information to a computer rather than intensifying it and

using it to expose ®lm.

digital images Binary-coded representations that can be

interpreted by a computer and displayed on a monitor.

ergonomics Design of environment or equipment related to

natural body position and physical comfort.

®lm digitizer Machine containing a laser that converts

analog information on conventional ®lm into digital

data, which can be stored in a computer and displayed

on a monitor.

®lm ®le room Place where X rays are stored.

®lm screen Combination of silver-coated photographic ®lm

layers, sensitive to X rays only, enclosed in a light-proof

cassette.

gigabyte One billion (1� 109) bytes.

graphical user interface Setup that allows humans to

interface with software, using words, pictures, and

computer tools (keyboard and mouse); a workstation

monitor, for example, on which two-dimensional and

three-dimensional images are manipulated.

hardware components Computers, monitors, printers, and

any other peripheral computer-connected devices.

hospital information system Computerized system contain-

ing patient medical and personal identity information.

imaging device Machinery that scans and captures body

images (as in computer tomography, magnetic resonance

imaging, radiography, and ¯uoroscopy).

image fusion Digital overlap of data from different types of

images.

image noise Information that interferes with interpretation

of utilizable data.

imaging plate System analogous to silver nitrate ®lm, but

using phosphorescent technology to capture images

digitally, rather than converting silver to form an image.

image resolution Degree to which very small objects located

in close proximity can be distinguished in an image.

lossless compression Method to compress digital data

without losing critical information.

lossy compression Method to compress voluminous data

with some loss of information.

network Interconnected computer systems (for example, in a

hospital or community health care system).

open architecture Network design that allows intercon-

nected components to communicate using the same

standards and language.

operating system Programs (software) that determine the

functions and abilities of a computer; disk operating

system (DOS) (examples include Windows 95 and Apple

DOS).

pixel Picture element.

processing speed Time it takes a computer to accomplish a

given task.

radiology information system Computerized system used for

scheduling and storing pertinent patient data.

region of interest Area indicated by a circle or square on a

cross-sectional image in which the computer is pro-

grammed to display a reading that may indicate a solid or

¯uid component.

storage archiving units Disks that are recorded and read

using laser light (examples include read-only memory

compact and digital video disks).

telecommunications Transmission of sounds, images, and

digital data using electrical and computer technology.

three-dimensional computed tomography angiography

Three-dimensional reconstruction of blood vessels,

extracting background data from conventional computed

tomography images to allow images to appear as if they

were simply an angiogram.

three-dimensional rendering Computer reconstruction of

two-dimensional data to appear as though three-

dimensional.

virtual colonoscopy Three-dimensional images of the colon,

simulating an endoscopic view, created using informa-

tion obtained from a computer tomography scan.

A picture archiving and communication system is a

network of computers and imaging devices, databases,

storage devices, and display monitors, all of which com-

municate with one another throughout a hospital, health
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network, or community to store, transmit, and display

digital images and patient information in a rapid and con-

venient manner. The system eliminates conventional

hardcopy ®lm and replaces the conventional ®lm ®le

room and associated personnel, avoiding the inadvertent

duplication and loss of information associated with an

analog imaging system. A fully networked hospital-

wide system facilitates simultaneous image viewing and

consultation of radiographic studies by, for example, a

surgeon in the operating room, a radiologist in the reading

room, and an oncologist in the clinic. The system incor-

porates the hospital information system and radiology

information system for seamless data transmission,

billing, and patient scheduling.

BRIEF HISTORY

Great technological advances in the past century that
set the stage for the creation of picture archiving and
communication system (PACS) have included the de-
velopment of digital ¯uoroscopy, digital image systems,
computed radiography, high-resolution (2048� 2048
pixels� 12 bits) liquid crystal display ¯at-screen mon-
itors, personal computers with high-capacity memory,
self-contained units using dry ®lm and laser technology,
and gigabyte-speed Ethernet wide area networks has
enabled systematic linkages of picture archives and
communication.

Dr. Paul Capp introduced the concept of digital ra-
diology in the early 1970s. Soon after, the invention of
computed tomography (CT) by Godfrey Houns®eld re-
presented a landmark advance in imaging science. CT
introduced cross-sectional imaging, but also demon-
strated the value of computers in image production.
Plain radiography (®lm screen) and its associated short-
comings, including inability to change the image once
the ®lm is exposed, inability to view the ®lm at multiple
locations, and inef®ciency of manual ®ling and retrieval
of ®lms, are well-known to radiologists. The develop-
ment of imaging plate (IP) systems (based on photo-
stimulable phosphor technology) in the late 1970s and
early 1980s allowed for replacement of ®lm-screen
imaging and creation of computed radiography (CR)
in 1987. Concurrent with these advances, computer
technology evolved rapidly, with increases in proces-
sing speed, more powerful operating systems and graph-
ical user interfaces, increased storage capacity, and
decreased cost. Finally, the development of the ®rst
®lm digitizer and large-capacity optical storage disk
by Kodak further provided essential components for
PACS development. Eventually, storage devices, essen-
tially redundant arrays of inexpensive disks (RAIDs, see
later), were created.

The ®rst international conference and workshop on
PACS for medical applications took place in January
1982, sponsored by the International Society of Optical
Engineering (SPIE). At the time, however, much of med-
ical imaging technology had yet to be developed. During
the 1980s, Ethernet, a local area network (LAN) com-
munications system via coaxial cable radiofrequencies,
became a telecommunications standard, with data
transmission rates quickly maturing from 1 megabyte
per second to the current 100 megabytes per second
(gigabyte Ethernet). Concurrently, data compression
was created as an alternative way to speed network de-
livery. Lossless compression rates of 3 : 1 have evolved
toward lossy compression techniques promising rates
on the order of 20 : 1 or 30 : 1. The American College of
Radiology and National Electrical Manufacturer's Asso-
ciation (ACR-NEMA) group proposed standards for
communication of medical images over networks,
which became of®cial in 1985. These limited standards
were revised in the 1990s into the Digital Imaging and
Communications in Medicine (DICOM) standard to
embrace traditional computer networks. The saga of
PACS development continues as technology improves
and various companies have begun to offer ®ber-distrib-
uted data interfaces (FDDIs), T3 lines (carrying large-
bandwidth signals on ®ber-optic cable), and asynchro-
nous transfer modes (ATMs), an international standard
adopted by the telecommunications industry, promis-
ing memory-to-memory transfer rates of 2.4 gigabytes
per second.

GENERAL PRINCIPLES

PACS consists of image acquisition devices [e.g., com-
puted radiography/tomography and magnetic reso-
nance imaging (MRI) scanners], storage archiving
units (e.g., RAIDs, optical disks, read-only memory
digital video disks), display workstations, computer
processors, and databases. A communications network
and a database management system integrate these
components. The hardware components are integrated
by standardized, ¯exible software systems for commu-
nications, error handling, database and storage manage-
ment, job scheduling, interprocessor communication,
and network monitoring (Fig. 1).

PACS must include system standardization, open
architecture, connectivity, reliability, and security.
System standards might include UNIX and Windows
NT operating systems, transmission control protocol/
Internet protocol (TCP/IP), DICOM communication
protocols, structured query language, ACR-NEMA
and DICOM image formats, C and C�� programming
languages, X Window user interface, American
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Standard Code for Information Interchange (ASCII)
text representation for message passing, and health
level-7 (HL-7) for health care database information
exchange.

Open architecture and connectivity describe a
system in which components that are to be connected
are able to `̀ speak'' to one another in the same `̀ language,''
so that they are not isolated. They can also be simulta-
neously upgraded. Reliability (thus high `̀ up time'') is
critical to patient care. Extended periods of down time
cannot be tolerated. Systems must use fault-tolerant
measures, including error detection and logging soft-
ware, external auditing programs, and hardware redun-
dancy. Finally, security is important in the realm of
medicolegal and patient con®dentiality issues. Viola-
tions can include physical intrusion and misuse of
privilege.

Image compression is used in PACS to decrease data
storage and transfer requirements and to increase data
transfer speed. Compression can involve either no loss of
information (lossless) or reduction of data with preser-
vation of important information (lossy). Typical accept-

abledatacompressionratiosusedtodayare3 : 1using the
Joint Photographic Experts Group (JPEG) ®le format,
which is DICOM compatible. Wavelet transform can
allow higher rates of compression, but is not currently
DICOM compatible. Image compression has become a
more important issue with the emergence of thinner and
more voluminous multislice CT data sets. Megibow et al.
recently evaluated the ability to diagnose appendicitis,
depending on the amount of lossy wavelet compression
from8 : 1to24 : 1.Beyond8 : 1, sensitivityandeventually
accuracy (at 24 : 1) decreased, suggesting that ®nite
levels of wavelet transform may be applied to CT images
without compromising diagnostic performance.

Using effective networking, many components can
be interconnected in PACS. This capability is a key
feature of PACS and is facilitated by the DICOM com-
munication standard developed by ACR-NEMA to allow
the sharing of information using products from different
suppliers. Networks vary according to data transmission
methods, architecture of the network hardware, image
distribution methods, and image identi®cation and re-
trieval methods. Typical setups include (1) a regular
Ethernet LAN between the image modality device
and the image acquisition gateway (low speed; 10 mega-
bits/sec, because the CT scanner is slow to generate
images), (2) an Ethernet or FDDI (medium speed;
100 megabits/sec) or ATM (high speed; 155ÿ622 mega-
bits/sec) between the gateway and the PACS controller,
and (3) an ATM or FDDI between the PACS controller
and the display workstations, because clinicians must
access images at a rapid rate.

Network hardware architecture may be centralized
(a central location for all images, with direct high-speed
links to any workstation at any time), local (tailored to
a speci®c modality, e.g., ultrasound miniPACS), or dis-
tributed (in which local modality archivesÐCT, MRI,
and ultrasound (US)Ðare connected by a high-speed
standardized network). Each of these network organi-
zations has advantages and disadvantages regarding cost
and demands on the server.

Image distribution methods include on-demand and
routed (cached). An on-demand system allows a user to
log on and access any image from any workstation (usu-
ally in centralized systems). In routed systems, studies
are stored locally at a workstation or at speci®ed work-
stations, but not at all of them. An example of a cen-
tralized, on-demand type system (Fig. 2) is the General
Electric Pathspeed PACS. Images are sent from an im-
aging modality to a central database server and then to a
central archive (e.g., a RAID) for short-term memory
(images are typically copied from the RAID to long-term
storage as well). When a user selects a study at a work-
station, it is sent from the RAID to the workstation's

FIGURE 1 An example of a basic PACS con®guration. HIS,

Hospital information system; RIS, radiology information system;

RAID, redundant array of inexpensive disks. # ECRI (2000).

Reprinted with permission from Health Devices 2000 Nov;

29(11): 387.
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memory. When a user updates a study, the updates are
sent back to the RAID (and also copied to long-term
storage). Similarly, when a user requests a study from
the long-term archive, it is sent from there directly to the
RAID and then routed to the user's workstation. This
same process occurs in `̀ prefetching,'' whereby PACS
automatically retrieves relevant studies from the long-
term archive when a patient is admitted or scheduled at
the radiology information system (see later). One draw-
back of centralized versus distributed systems is that a
system failure of the central database disables the whole
PACS. However, PACS today have signi®cant built-in
redundancy to prevent such system-wide failures.

ANATOMY OF PACS

Input

The database server and archive system together
comprise the PACS controller. The controller organizes
data from multiple sources into a coherent package.

It acquires images, archives them, and distributes
them to display workstations and processes image re-
trieval requests. PACS can also be interrogated in order
to retrieve images, review patient and study informa-
tion, study practice statistics, and perform outcomes
analysis.

Images from the acquisition devices (e.g., CT, MRI,
and CR scanners) and from devices that convert analog
images to digital images (digitizers), as well as pertinent
patient information, arrive at the acquisition gateway
computer (AGC). The job of the AGC is to receive im-
ages from the respective modality components, extract
text information describing the received study, update
the database management system, determine the desti-
nation workstation, automatically retrieve necessary
comparison images, determine optimal contrast and
brightness parameters for display from lookup tables
for cross-sectional modalities (e.g., window and
level), perform image data compression, archive new
studies onto the optical disk library, and service archive
retrieval requests from workstations and other PACS

FIGURE 2 Simpli®ed representation of the work¯ow in a PACS that uses an on-demand image

distribution method with a centralized architecture. (A) Images are sent from an imaging modality to a

central database server, which in turn (B) sends the images to a redundant array of inexpensive disks

(RAID). (C) At this point, images may also be copied to the long-term archive. (D) Images requested

from the long-term archive, either those retrieved before the procedure or those requested by the user

at the workstation, are also moved to the RAID. (E) Users at any workstation can query the database

server to receive any image in the system. # ECRI (2000). Reprinted with permission from Health

Devices 2000 Nov; 29(11), 395.
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controllers. The AGC ensures the integrity of image data
at various points along the path. At the imaging device,
an image will not be deleted from the local storage de-
vice until veri®ed by a technologist that it has been
archived via the PACS connections. At the AGC, images
remain on the local magnetic disk until the archive sub-
system acknowledges that a successful archive has oc-
curred, at which time space is made on the disk and
these are cleared. At the PACS central node, images
arriving in the archive server from various nodes are
not deleted until permanently archived.

Other sources of information arriving at the database
server of the PACS controller are the hospital informa-
tion system (HIS) and radiology information system
(RIS). The HIS serves three functions: (1) it supports
clinical and medical patient care activities in the hospi-
tal, (2) it facilitates administration of the hospital's daily
business transactions, including ®nancial, personal,
payroll, and bed census, and (3) it assists the evaluation
of hospital performance, costs, and long-term forecast
projections. RIS manages patient demographics, billing,
procedure descriptions, scheduling, diagnostic reports,
patient arrival scheduling, ®lm location, ®lm move-
ment, and exam room scheduling. It consists of a
computer system with peripheral devices such as alpha-
numeric terminals, printers, and bar code readers. Using
the HL-7 standard, scanning a simple bar-code entry can
download the relevant data from the RIS to the acqui-
sition unit, which would then incorporate the data into
the DICOM packet with the image.

RIS/HIS interfacing occurs using a standard
Ethernet. Information and messages concerning patient
admission, discharge, and transfer are sent to PACS only
when a patient is scheduled for an examination in ra-
diology. An HL-7 standard data format is used running
on TCP/IP communication protocols. Prefetching is also
initiated as soon as HIS/RIS gets an admission, dis-
charge, or transfer message. Prefetched data are sent
to display workstations prior to current exam comple-
tion. The prefetched algorithm is based on prede®ned
parameters such as examination type, disease category,
radiologist, referring physician, and location of display
workstation. Integration of these systems into PACS
reduces redundant data entry and storage and avoids
the expense and clutter of separate of®ce computers,
terminals, and workstations.

Archive

An important advantage of PACS has been the elim-
ination of ®lm. Nonetheless, a busy department can
generate many gigabytes (109) of data per day and
several terabytes (1012) per year. This presents a

technological and economic challenge. Digitized
images created over several years can be accessed on a
variety of storage media, including magnetic and optical
disks and tapes, on `̀ jukebox'' systems for storage of mul-
tiple disks and tapes.

A tiered approach between short- and long-
term methods offers two advantagesÐcost control
and maintaining useful retrieval times based on likeli-
hood and immediacy of need; less expensive storage
media can be used for long-term storage because the
level of functionality required is less than that needed
for short-term storage. Short-term storage, usually
accomplished using RAIDs, can involve storing studies
for only a few weeks; users can specify any length of
time. The demand for rapid display of images at the
display workstation is well served by RAIDs, whereby
multiple disks are accessed to aggregate data fragments.
As the cost of RAIDs decreases there is a greater ten-
dency to use this method for intermediate and even
long-term storage, allowing images to be retrieved
quickly regardless of when they were archived.

To provide both temporary and permanent storage,
long-term archive employs a variety of media, including
magneto-optical disks and read-only memory compact
and digital videodisks. Typically, PACS copies images
to both short-term and long-term storage immediately
to protect from loss of short-term memory in a system
failure. Images in short-term storage are removed once
they have been read.

Output

With PACS, ®lm is no longer the medium of the
radiologist. The image output is to a display workstation
or to an inexpensive paper printer. This reduces costs
associated with ®lm, chemicals, ®lm storage, and ®lm
management. Different display workstations offer var-
ious levels of functionality, resolution, and other display
characteristics and can meet the needs of different users.
From prior surveys, radiologists have deemed most im-
portant the ability to compare new with old studies, and
rapid access to images. Certain workstation display fea-
tures are considered standard, such as zooming, chang-
ing window and level, rotating an image, and obtaining
density measurements. Each display workstation con-
sists of a host computer and an image display board, a
display video monitor, and a local storage device.

Workstations will differ in their physical (spatial
resolution, focus, luminance, computation speed,
local storage space, bus speed, and network access
speed) and functional (software capabilities and
humanÿcomputer interface) requirements. Important
features include ergonomics, lighting conditions,
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glare, and acoustic noise from hardware. A key issue
determining workstation quality is image resolution.
Resolution increases with an increased number of
pixels. Bit depth (number of bits/pixel) is another im-
portant feature in grayscale depiction. Although 12 bits/
pixel is standard for CT/MR and CR for all tissues, US
requires only 8 bits/pixel. The development of monitor
technology to overcome limitations and inadequacies
for the accurate display of mammograms and skeletal
radiographs has been a challenge.

Six types of workstations can be described: diagnos-
tic, review, analysis, digitizing and printing, interactive
teaching, and desktop. At a diagnostic workstation, ra-
diologists make primary diagnoses using the best reso-
lution possible. This includes 2K (K� 1024 linear
pixels; 2048� 2048 pixel imaging array) monitors for
plain radiography (necessary for analysis of ®ne detail)
and 1K (1024� 1024 pixels) monitors for CT and MR.
At the diagnostic monitors, a digital Dictaphone may be
available. A worklist may also be available to include
all studies that meet the user's selection criteria, e.g.,
body-MR cases. The user also can choose how to arrange
the images on the monitor, including positioning of old
studies, using various digital display protocols (DDPs).
The resolution of review workstations in clinics and
hospital wards need not be as high, because cases are
primarily being reviewed after they have been inter-
preted, and not every minute detail need be observed.

Analysis workstations are packaged with specialized
image analysis software; they can perform, for example,
three-dimensional rendering, image fusion, and color
enhancement. Models include the GE Navigator soft-
ware for virtual colonoscopy and Vital Images Vitrea
software for three-dimensional CT angiography. A dig-
itizing and printing workstation is used by the ®lm ®le
room personnel to digitize historical ®lms or ®lms ac-
quired outside the hospital. Elimination of ®lm is the
ideal objective of PACS, but sometimes hardcopy im-
ages will be necessary. This is accomplished with a mul-
tiformat camera and laser ®lm, a laser scanner, and a
laser or paper printer. Interactive teaching workstations
emulate the role of teaching ®les in the ®lm library, but
with more interactive features. Finally, a desktop work-
station is used to generate lecture slides and teaching
and research material from images on PACS. This
is done at a personal computer and requires only
a 512� 512-pixel monitor.

WORKFLOW SCHEMA

In a ®lm-based department: a procedure is scheduled
and patient data are entered in the RIS. Before the

patient arrives, the ®lm ®le room personnel retrieves
prior studies for that patient and sends them to the
radiologist's reading room. When the patient arrives
for the study, the identifying data are reentered into
the imaging modality. The patient is scanned and
®lms are exposed at the modality. These are developed
and brought to the reading room for posting on a ®lm
alternator. These are read while also reviewing prior
images. If additional prior imaging studies are needed,
the radiologist requests these from the ®le room. Once
they arrive, the radiologist ®nishes the case and dictates
a report. A transcriptionist types the dictated report and
sends a printed report to the radiologist, who edits it
as necessary. Once revised by the transcriptionist, the
report is sent to the referring physician. This whole
process may take 3ÿ4 days.

After full PACS implementation, the work¯ow
would proceed as follows: scheduling information
and patient data are entered in the RIS and sent to
the relevant imaging modality automatically. Before
the patient arrives, PACS automatically retrieves prior
studies from its long-term archive based on the infor-
mation in the RIS and the rules established. The images
are made available in local storage for ready access. At
the scheduled time, the patient is imaged and digital
images are transmitted immediately to PACS. These
are read along with relevant prior images at a PACS
workstation. Images can be easily adjusted for improved
viewing or analysis. Radiologists at other locations can
be consulted on the same study if necessary. If older
studies are needed, they can be accessed from long-term
storage within a few minutes. When review is complete,
a report is dictated using speech-recognition tools. The
radiologist edits the electronic report directly and
sends it to the referring physician immediately through
RIS or e-mail. This can take several hours or less from
start to ®nish.

ADVANTAGES

General

As a new and evolving costly technology, PACS will
need to undergo formal critical evaluation by physi-
cians, the health care system, and society. The method-
ology for doing this has been set forth by Fryback and
Thornbury. Categories of evaluation include safety,
technical ef®cacy, diagnostic accuracy ef®cacy, diagnos-
tic thinking, therapeutic ef®cacy, patient outcome ef®-
cacy, and societal ef®cacy.

Widely publicized studies from the hospital of the
University of Pennsylvania in the early 1990s demon-
strated a statistically signi®cant reduction in time spent
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by clinicians performing clinical activities when images
were available on digital display, compared with tradi-
tional ®lm retrieval protocols. Imagine the advantages in
gastrointestinal radiology if more immediate clinical
action could be taken in cases of bowel obstruction,
perforation, gastrointestinal bleeding, ischemia, post-
operative leaks, and the like. Other studies looking at
time savings have shown that nonphysician employee
staff can be reduced 26% and that signi®cantly increased
time is available to technologists when ®lm handling
is eliminated. The overall bene®ts to the diagnostician,
referring physician, patient, and hospital are summa-
rized in Table I. In a practice of gastrointestinal
radiology, PACS can facilitate daily practice in both
¯uoroscopy and cross-sectional modalities.

Gastrointestinal Fluoroscopy

Fluoroscopy is a unique modality that involves
the hands-on, potentially time-intensive radiological
examination of a patient with repeated and continuous

radiation exposure (at the radiologist's discretion). A
constantly moving tube (because of peristalsis) is
being examined within the patient. Characterization
of this is useful in addition to information gained
from static images. Intermittent distension and collapse
of the bowel and variable progression of administered
contrast through the gastrointestinal tract limit the ex-
aminer. The window of opportunity to capture time-
dependent changes can be missed or capitalized on in
a manner quite unlike the radiological examination of
any other organ system.

Examining the patient using digital technology and
PACS, compared to ®lm, allows more rapid and well-
timed exposure and capture of pertinent information
because a cassette is not mechanically moving into
place. Acquisition of rapid-sequence digital exposures
(8/sec) also becomes possible (versus mechanically de-
rived exposures of 100-mm ®lm, limited to 3/sec). Dig-
ital exposures can be immediately reviewed on the
monitor before ¯uoroscopy resumes. The adequacy of
each ®lm can be immediately assessed, and assessed
sooner en masse, compared to cassette ®lm. Immediate
supervision of residents can be done for quality control
and can minimize the number of errors caused by tech-
nically suboptimal exams. The immediate or rapid avail-
ability of old studies and correlative modalities enables
very quick answers to any queries and allows re-
examination while the patient is still in the department;
this is a very problem-oriented and tailored approach.
Waiting for development of spot radiographs is avoided,
eliminating the long delays that may prevent reexamin-
ing a patient, only to ®nd suboptimal coating and dis-
tension. Finally, compared to conventional ¯uoroscopic
equipment, digital technology allows lower radiation
exposure, depending on the number of exposures, the
use of pulsed ¯uoroscopy, and screen capture.

Immediate image review has practical bene®ts. In
cases in which overheads are not required, patients need
no longer wait in the department while a series of
cassettes is developed in a ®lm processor. They can
leave immediately after review of spot ®lms on the work-
station. This also frees up the room and the technologist
more quickly, further expediting overall throughput.
Signi®cant advantages are also available during ®nal
®lm readout sessions at the PACS monitor. Old studies
are readily available for comparison. Even old studies,
performed at an outside hospital but pertinent to the
current ¯uoroscopic studies, can be digitized in advance
for later review. In addition, immediate side-by-side
correlative modality comparison (to CT, MRI, PET,
etc.) is a useful educational tool in gastroenterology,
because the study is often being performed as followup
to questionable ®ndings on cross-sectional studies.

TABLE I Summary of Bene®ts of the Picture

Archiving and Communications Systemsa

Category Bene®t

1 Bene®ts to the diagnostician

Improved access to current patient records

Improved access to patient history records

File integrity and speed of retrieval

Better diagnosis

Quicker diagnosis/improved productivity

2 Bene®ts to the referring physician

Better patient management/earlier intervention

Better patient outcome

Reduced length of stay

Reduced legal costs arising from

maladministration claims, based on loss of ®lms,

lack of patient history, etc.

3 Bene®ts to the patient

Reduced radiation exposure from X-ray equipment

Shorter examination times

Reduced radiation exposure as a result of less need

for retakes of images

Reduced patient inconvenience in attending

hospitals for examination and reexaminations

Reduced chance of adverse reaction to contrast

agents

4 Bene®ts to the hospital

Better communication with physicians

Better hospital administration

Better training of radiology and other students

through access to on-line image ®les and to

digital teaching ®les

Greater staff retention due to improved morale

a Data reprinted with permission from Crowe (1992).
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This process may also allow demonstration of ®ndings
more rapidly.

The software tools available at the workstation mon-
itor allow control of brightness, contrast, magni®cation,
and edge enhancement so that a granular or reticular
mucosal pattern or small polyps or ulcers may be more
easily seen. Small postoperative leaks and extraluminal
gas collections may be made more apparent with these
adjustments as well. The scrolling function allows
scrolling through captured rapid-sequence studies for
a dynamic effect and avoids obtaining more ®lms.

PACS has improved the ef®ciency of communica-
tion and reporting of results to referring clinicians. Plac-
ing arrows and annotations to mark signi®cant images
allows a quick review of the pertinent ®ndings by cli-
nicians at remote display monitors. PACS makes a pos-
itive contribution to teaching and learning. More images
can be displayed more quickly without the burden of
handling many ®lms. Residents and fellows can scroll
through these images to arrive at a better gestalt for the
abnormality. Instead of displaying suboptimal copy
®lms on a light box, digital images (which can be ma-
nipulated) are automatically accessible and can be
viewed and demonstrated in a conference room from
a PACS monitor connected to audiovisual equipment.
This facilitates better visualization for all residents/fel-
lows in the conference room, rather than the few sitting
up front or actually `̀ taking the case.''

PACS can also assist in research and publication
efforts. It allows more ef®cient collection of similar
cases, by saving them in a teaching folder in the
PACS module/worklist. In the academic setting, using
a personal computer web browser or workstation, pro-
duction of slides quickly and without loss of image
quality is an added bene®t for both teaching ®les and
publication uses. Finally, teleradiology has great poten-
tial for aiding consultations and extending expertise
around the world.

Cross-Sectional

The contribution of PACS to the capture, transmis-
sion, and display of images from cross-sectional modal-
ities has been nothing short of revolutionary. If `̀ a picture
is worth a thousand words,'' then one can barely do
justice trying to express in any amount of words the
incremental advantages of displaying a 500-`̀ picture''
MRI study on soft copy, versus on innumerable pages
of laser-printed ®lm. For example, viewing images in a
rapid sequential manner on PACS offers a teleological
three-dimensional gestalt that cannot be achieved
with ®lm reading. In PACS, the imaging specialist has
the ability to scroll or cineloop through images and

mentally reconstruct anatomy and pathology, based
on training and experience. Stated in another way,
many structures are anatomically aligned more longi-
tudinally in the body, such that interpretation of axial
images gives an incomplete picture of the overall organ
or process. Radiologists have all had the experience of
deciding if a dot is a lung nodule or lymph node based on
whether it is visible on several slices above and below
(is longitudinally continuous and therefore a vessel or
other tubular structure), or is isolated to that slice
(real pathology). Scrolling allows more rapid assess-
ment of longitudinality. When dealing with the alimen-
tary tract, not only is tracing the course of the colon
facilitated, but an orderly tracing of the entire small
bowel can be nearly achieved. Localizing obstructions
and masses, intussusceptions and even accurately iden-
tifying the course of bowel and its relationship to adja-
cent structures become more reliable. The teleologically
gifted can often draw a coronal `̀ road map'' for the
surgeon after viewing the intestines in this manner.
The use of specialized display workstations (e.g., GE
Advantage Windows 3.1) to reformat images into
coronal or sagittal views or create angled multiplanar
reconstructions may assist with these tasks as well.

In the solid gastrointestinal tract (liver, gallbladder,
pancreas, and intestinal mesentery), PACS offers
advantages in image manipulation, archive, volume
handling, and image viewing. Manipulation of
images may include distance measurements, volumes
(tumor burden changes with treatment, liver transplant
volume estimation, lung reduction surgery evaluation,
etc.), region of interest density measurements, and
magni®cation/mini®cation. In addition, the window
and level can be easily adjusted to the observer's liking.
Annotations using arrows and text can be added, and
signi®cant images can be marked for later reference or
remote conferencing with other interested clinicians.

Image archive is now digital. It is not necessary to
look through an entire ®lm folder for old/misplaced/
jumbled CT examinations. All prior studies are available
either in short-term (prefetched) or long-term archive,
which may take 1ÿ2 minutes to retrieve, saving time
and manual labor. Comparison with other types of
studies is also facilitated. This ef®cient, invaluable pro-
cess has the potential to help us learn how to better
interpret various studiesÐin a sense, providing per-
sonal quality control.

The volume of images in a PACS folder may chal-
lenge memory capacity, depending on image compres-
sion types and ratios, but still represents a major
advantage over ®lm. Filming extra sequences (delayed
images, thinner slice reconstructions, coronal or
other reformats, etc.) no longer requires using more
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®lm and personnel time, both valuable and expensive
resources, but rather merely requires sending the
images to PACS.

Viewing images is facilitated with PACS. Any two
images from any study and any date can be placed di-
rectly next to one another. This can be accomplished
with preset digital display protocols. These DDPs can
be personalized and saved and shared among different
users. The scrolling function, in addition to being useful
in distinguishing longitudinally oriented structures
from lymph nodes or lung nodules, can also be used to
simulate motion in vascular perfusion studies. Finally,
the timely arrival of PACS has facilitated the viewing of
large data sets associated with virtual colonoscopy.

Some dif®culties, disadvantages, and pitfalls have
been found with PACS. Several institutions have ini-
tially found that cost savings for ®lm attributable to
PACS can be largely offset by PACS equipment main-
tenance costs. On the other hand, cost effectiveness also
varies with intangible bene®ts, such as referring physi-
cians' and support staff productivity gains. Pitfalls in
PACS are usually a result of human error, whereas
bottlenecks are due to imperfect design. Three errors
involving the acquisition device are entering the wrong
input parameters, stopping an image transmission pro-
cess improperly, and incorrect patient positioning (in
CR, the most common error occurs when the techno-
logist places the imaging plate under the patient in the
wrong direction).

A recent United States Department of Defense
survey of PACS de®ciencies at 14 sites found that the
components most commonly cited for de®ciencies were
the radiologist's workstation (25%), the HIS/RIS/PACS
broker interface (16%), the RIS (14%), monitor displays
(10%), and the web-based image distribution systems
(6%). Larger systems had more failures than
smaller ones.

FUTURE DEVELOPMENTS/SUMMARY

PACS originated as an image management system for
improving the ef®ciency of radiology practice. It has
evolved into a hospital-integrated system dealing with
information media in many forms, including voice, text,
medical records, images, and video recordings. To
integrate these various types of information requires
the technology of multimedia: hardware platforms, in-
formation systems and databases, communication pro-
tocols, display technology and system interfacing and
integration.

Future developments may include enterprise- and
community-wide image distribution systems to balance
workload and maximize scarce professional resources,

improvements in the quality of service to referring
physicians with web-based information distribution
systems, wavelet compression techniques, ¯at-panel
monitors, reduced cost of RAIDs, analysis workstations
on every monitor, seamless incorporation of HIS/RIS,
voice-recognition and computer-automated detection
software, and temporal image database management
systems to perform outcomes analysis (for example,
in lung cancer screening studies by extracting volumes
of lung nodules in longitudinal scans).
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Pituitary Adenylate Cyclase-Activating
Polypeptide (PACAP)
JOSEPH R. PISEGNA
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hip (SV1) Incorporates a 20-amino-acid insertion in the

third intracellular loop of PAC1.

hip-hop (SV3) Incorporates a 40-amino-acid insertion

composed of both the hip and hop cassettes.

hop (SV2) Incorporates a 20-amino-acid insertion in the

third intracellular loop of PAC1.

PAC1 Pituitary adenylate cyclase-activating polypeptide type

1 receptor.

Pituitary adenylate cyclase-activating peptide (PACAP) is

the most recently discovered neuropeptide in the vasoac-

tive intestinal polypeptide, secretin, glucagon, and related

family of peptide hormones. It is so named because, fol-

lowing its discovery in the rat anterior pituitary, this 38-

amino-acid peptide hormone was shown to be a potent

stimulator of adenylyl cyclase. This hormone was discov-

ered in 1993 and all of its physiological functions are still

not completely understood. Given the distribution of this

hormone in the peripheral systems, including the gastro-

intestinal tract, it would be expected to have a major role

in physiological regulation.

PACAP HORMONE

Discovery and Gene Structure

Pituitary adenylate cyclase-activating peptide
(PACAP) was discovered by Arimura and co-workers

using isolated fractions of ovine hypothalamic extracts
that stimulated adenylyl cyclase activity in anterior pi-
tuitary cells. PACAP circulates as two biologically active
forms, one containing 38 amino acids (PACAP-38) and
the other containing 27 amino acids (PACAP-27). There
is signi®cant interspecies conservation of the amino acid
structure of the PACAP hormone.

The primary sequence of the PACAP hormone has a
68% homology with vasoactive intestinal polypeptide
(VIP), therefore PACAP is a member of a broader cat-
egory of hormones that includes VIP, secretin, gluca-
gon, and growth hormone-releasing factor (GRF). As
demonstrated in Table I, there is signi®cant homology
amongst these peptides. The three-dimensional struc-
ture for hormones in this family also demonstrates sim-
ilarities. The primary amino acid sequence similarity
re¯ects the close similarity in gene structure among
the relatives of PACAP, suggesting a similar ancestral
gene and perhaps also gene duplication. The PACAP
hormone gene has been cloned in several species, in-
cluding mice and humans. The human gene is com-
posed of ®ve exons and has a structure that is similar
to that of other members of this family of peptides. This
close similarity suggests that all of the members of this
family of peptides may have originated from a similar
ancestral gene through duplication.

TABLE I Alignment of Amino Acid Sequences for PACAP and Related Hormones

Hormonea Sequenceb

PACAP-38 HSDGIFTDSYSRYRKQMAVKKLAAVLGKRYKQRVKNK-NH2

PACAP-27 HSDGIFTDSYSRYRKQMAVKKLAAVLG-NH2

VIP HSDAVFTDNYTRLRKQMAVKKLNSILNK-NH2

Secretin HSDGTFTSELSRLREGARLQRLLQGLVG-NH2

Helodermin HSDAIFTYSKLLARLALQKYLASILGSRTSPPP-NH2

Glucagon HSQGTFTSDYSKYLDSRRAQDFVQWLMNT-NH2

GRF YADAIFTNSYSKVLGQLSARKLLQDIMSRQQGESNQERGARARL-NH2

aAbbreviations:PACAP,pituitaryadenylatecyclase-activatingpeptide;VIP,vasoactiveintestinalpeptide;GRF,growthhormone-releasingfactor.
b Boldface type designates amino acids with complete identity at those positions of the PACAP-38 hormone.
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PACAP Hormone Distribution

In mammals, the highest concentration of PACAP is
in the central nervous system (CNS). The regions of the
brain that appear to have the highest concentration (in
the rat) are the paraventricular and supraoptic nuclei
within the hypothalamus. It is presumed that PACAP is
transported from the hypothalamus to the anterior pi-
tuitary, where it can exert its effects on the endocrine
system. PACAP-38 immunoreactivity has also been
shown to be present in extrahypothalamic sites, such
as the substantia nigra, cerebellum, pons, and the para-
ventricular nuclei of the thalamus. In addition, the spi-
nal cord also contains PACAP that is mainly localized in
the dorsal root ganglia and dorsal horn. Outside of the
CNS, PACAP is present in the adrenal medulla, where it
appears to be a potent stimulator of catecholamine re-
lease. PACAP is also present in the enteric neural plexus,
where it is an important mediator of gastric acid secre-
tion and intestinal motility.

THE PACAP TYPE 1 RECEPTOR (PAC1)

Cloning, Pharmacology, and Signaling

Through cloning studies, PACAP has been deter-
mined to have high af®nity for three receptors. The
®rst of these receptors to be cloned was the classical
VIP receptor (VPAC1); subsequently cloned were the
type 1 PACAP receptor (PAC1) and the VIP2 receptor

(VPAC2). Although PACAP has high af®nity for all
three receptors, each can be distinguished by their af-
®nities for the ligands VIP, PACAP, and helodermin, as
shown in Table II (see also Table III for nomenclature of
PACAP and receptors). Interestingly, PAC1 has af®nity
for only PACAP-38 and PACAP-27.

Cloning of rat PAC1 cDNA shows that it is homol-
ogous to the VIP and secretin receptors. The PAC1
cDNA encodes a 495-amino-acid protein with a molec-
ular mass of approximately 50 kDa. Cloning of the rat
PAC1 gene shows that the receptor can exist as one of
four major splice variants (Fig. 1). The major difference
between these four potential splice variants is the struc-
ture of the third intracellular domain. There is a `̀ hip''
splice variant (SV1) and a `̀ hop'' splice variant (SV2),
each with a 20-amino-acid third-loop insertion; a
`̀ hip-hop'' splice variant (SV3) incorporates a combined

TABLE II Classi®cation of Receptors in the PACAP

Superfamily Based on Relative Af®nities to Related

Peptidesa

IUP b

nomenclature Relative af®nities

PAC1 PACAP-27� PACAP-38�VIP4Helodermin

VPAC1 PACAP-27� PACAP-38�VIP�Helodermin

VPAC2 Helodermin4PACAP-27� PACAP-38�VIP

a Adapted from Harmer et al. (1998).
b IUP, International Union of Pharmacology.

TABLE III Nomenclature for the PACAP-Related Receptor Superfamily in Comparison to Previous

Nomenclature and Hormone Af®nitya

Receptor type

IUPb

nomenclature

Previous

nomenclature

Selective

agonists

Selective

antagonists

Fluorescent

agonists

Selective

antagonists

PAC1 PACAP type 1 PACAP-38 PACAP 6ÿ38 Fluor-PACAP PACAP(6ÿ38)

PVR1 PACAP-27 PACAP 6ÿ27

Maxadilan?

VPAC1 VIP [Arg16]chicken

secretin

Fluo-VIP [Ac-His1, D-Phe2,

Lys15, Arg16]

VIP1 [K15R16L27]VIP (1ÿ7)

GRF(8ÿ27)-NH2

VIP(3ÿ7)

GRF(8ÿ27)-NH2

PACAP type 2

PVR2

VIP/PACAP1

VPAC2 VIP2 Helodermin

PACAP-3 Ro 25-1553

PVR3 Ro 25-1392

VIP/PACAP2

aAdapted from Harmar et al. (1998).
b IUP, International Union of Pharmacology.

190 PITUITARY ADENYLATE CYCLASE-ACTIVATING POLYPEPTIDE



40-amino-acid third-loop insertion. These differences
in the structure of the third intracellular loop may ac-
count for variations in signal transduction coupling to
phospholipase C and differences in the tissue distribu-
tion of the splice variant. Additional splice variants,
affecting either the N-terminus or the second and fourth
exons, have also been identi®ed and all of the human
PAC1 receptor cDNA splice variants have been cloned.
However, unlike the rat splice variants, differences in
signal transduction coupling are not observed and the
human gene is localized to chromosome 7, whereas in
the rat it is localized to chromosome 4. What was ob-
served was a higher ef®cacy for the hop variant, an in-
termediate coupling for the hip-hop splice variant, and a
lower ef®cacy of the hip splice variant for coupling to
phospholipase C.

The PAC1 receptor, unlike the VPAC1 and VPAC2
receptors, is coupled to a dual signal transduction path-
way. A fourth transmembrane splice variant is not cou-
pled to either adenylyl cyclase or phospholipase C yet
couples to an L-type Ca2� channel. The region of the
native PAC1 shown to be responsible for signal trans-
duction coupling is the COOH terminus, and two amino
acids, Ser and Arg, appear to be coupled to signaling.

Localization of PAC1 Receptors

The PAC1 receptor appears to be expressed in both
the CNS and peripheral tissues. In the CNS, the greatest
density of receptors occurs in the hypothalamus (i.e.,
the supraoptic nucleus, periventricular nucleus, and
lateral hypothalamus), with the predominant splice
variant being the null variant without a splice variant
cassette. In the retina, PAC1 has been detected and
distributed in the inner plexiform layer. In peripheral

tissues, the greatest density of PAC1 is in the adrenal
medulla, where the predominant splice variant is the
hop type; a similar predominance is found in the ante-
rior pituitary. The human prostate gland contains PAC1
receptors that appear to be up-regulated in conditions
such as benign hyperplastic prostate. PAC1 receptors
are also present on germ cells of the testis as well as on
spermatogonia and Sertoli and Leydig cells. PAC1 and
VPAC1 receptors are expressed within the gastrointes-
tinal (GI) tract; the PAC1 receptor is expressed on the
gastric enterochromaf®n like (ECL) cells and the
VPAC1 receptor is expressed on the somatostatin-
containing D cells and chief cells of the stomach. The
liver appears to contain predominantly VPAC1 recep-
tors. The smooth muscles of the GI tract contain VPAC1
and PAC1 receptors, and the PAC1 receptor has been
described in the rat tanei coli. The PAC1 receptor has
also been found in macrophages, and other PACAP re-
ceptor types have been described in a number of tumor
cell lines. PAC1 receptor expression has been reported
in human lung and breast cancer cell lines. Differences
in splice variant expression of PAC1 receptors in pitu-
itary tumors have also been demonstrated.

PHYSIOLOGY OF PACAP

Central Nervous System

Based on the high concentration of PACAP and its
receptor, it would be expected that PACAP exerts sig-
ni®cant neurophysiological effects. PACAP increases
the activity level as well as amount of vasopressin
release, and intracisternal administration of PACAP
results in the release of gonadotropin-releasing hor-
mone (GnRH), luteinizing hormone (LH), prolactin,
somatostatin, and the dopamine analogue 3,4-
dihydroxyphenylacetic acid (DOPAC). In the pineal
gland, there is a high concentration of PAC1, and
PACAP can stimulate melatonin secretion. Given its
expression in the hypothalamus, another potential ac-
tion of PACAP is in the control of appetite. In cultured
cell systems, PACAP has been shown to activate the
c-fos, c-Jun, and mitogen-activated protein (MAP)
kinase signaling system, indicating its role in regulating
proliferation of cells. In cerebellar granule cells, PACAP
appears to reduce apoptosis and have a protective effect
against gp120 cultured neuroblasts, again supporting a
role for this hormone as a neuroprotective factor.

Endocrine Organs

PACAP regulates the anterior pituitary to release
growth hormone (GH), LH, follicle-stimulating
hormone (FSH), prolactin, and adrenocorticotropic

FIGURE 1 Structure of the heptahelical receptor for PACAP,

PAC1. The receptor has seven transmembrane domains indicated

by the cylinders and a long third intracellular loop. Splice variants

are indicated in the shaded rectangle.
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hormone (ACTH). PACAP has been shown to stimulate
somatotropic cells that release growth hormone in a way
that is additive to the effects of growth hormone-releas-
ing factor (GRF). PACAP acts synergistically with
GnRH to stimulate the release of LH and FSH. No direct
effect of PACAP has been shown on thyrotropic cells of
the pituitary. The second major endocrine site of phys-
iological activity is in the male and female reproductive
tracts. PACAP has been localized to the smooth muscles
of the female reproductive tract, where it plays a role in
muscle relaxation. VPAC2 receptors have been identi-
®ed in placental tissue, which was the site of initial
cloning of the VPAC2 receptor. The ovary contains
PACAP in the granulosa zone, where PACAP stimulates
progesterone production in the preovulatory phase.
PACAP and PAC1 receptors are expressed in large
numbers in the male gonadal germ cells, and PACAP
stimulates testosterone release in the epididymis and is
involved in sperm release. A physiological reduction
in PACAP may therefore play a clinical role in male
impotence. Outside of the CNS, the highest concentra-
tion of PACAP is found in the adrenal gland, where
PACAP is the most potent stimulator of catecholamine
release.

Respiratory Organs

The major effect of PACAP in the respiratory tract is
bronchodilation, an effect that is mediated primarily
through the VPAC1 receptor. Expression of PAC1 in
this system is unlikely.

Gastrointestinal Tract

PACAP-containing enteric nerve ®bers are present
and colocalized with PAC1 in the stomach and intestine.
PACAP is the major neural regulator of gastric acid
secretion and may account for the observed nocturnal
increase in secretion. VPAC1 receptors are expressed on
the surface of the D cell, where PACAP, along with
galanin, inhibits acid secretion through the release of
somatostatin from the gastric D cell (Fig. 2). Another
important effect of PACAP is in the regulation of intes-
tinal motility. PACAP acts mainly to promote VPAC1
receptor-mediated relaxation. In the rat colon, PACAP
stimulates apamin-sensitive K� channels, leading to re-
laxation. The major colonic peristaltic re¯ex is mediated
via VIP whereas the descending relaxation phase of in-
testinal peristalsis appears to be regulated by PACAP
through the VPAC1 receptor. Another novel effect that
has been discovered is related to nitric oxide synthesis
and the interplay between the hormones VIP and
PACAP, although the exact mechanism has not been
discovered.

Cardiovascular System

Similar to the respiratory system, the predominant
effects of PACAP in the cardiovascular system occur
through smooth muscle relaxation that is mediated
through the VPAC1 receptor. In the cardiovascular
system, PACAP relaxes smooth muscle through cAMP
and protein kinase A, resulting in hypotension. In an-
imals, PACAP administration results in a biphasic effect,
with initial vasodilation and a later catecholamine re-
lease re¯ex causing an increase in blood pressure and
heart rate. In cultured cardiac myocytes, PACAP exerts
positive inotropic and chronotropic effects).

Immune System

The effects of PACAP on cell-mediated immunity
have not been thoroughly investigated and only recently
has the expression of PAC1 been discovered on
lymphocytes. In mice, PACAP stimulates murine mac-
rophages, which in turn stimulate T cell prolifera-
tion through VPAC1 receptors, thereby releasing
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FIGURE 2 Model for the regulation of gastric acid secretion by

the hormone PACAP. Released by neurons of the gastrointestinal

enteric neural plexus, PACAP binds to the PAC1 receptors of

nearby enterochromaf®n-like (ECL) cells. PACAP stimulation

of ECL cells triggers the release of histamine. Liberated histamine

then binds to histamine-2 receptors (H2R) located on the surface

of stomach parietal cells, thereby regulating gastric acid secretion.
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interleukin-10 (IL-10) and inhibiting IL-6 and IL-12
production. VIP and PACAP inhibit IL-2 transcription
in T cells by inhibiting c-Jun. VIP and PACAP have been
shown to inhibit nuclear factor kB (NF-kB) by inhib-
iting p65 nuclear translocation and NF-kB DNA bind-
ing. In macrophages, VIP and PACAP inhibit interferon
g (IFN g)-induced activation of the Jak1/Jak2/STAT/
IRF-1 signaling cascade.

Tumor Biology

The majority of the early work on pharmacology and
signal transduction relied on tumor cells consisting of
the AR42 J rat pancreatic cancer, NB-OK1, human astro-
cytoma, and PC-12 rat pheochromocytoma cell lines.
In these cell systems, PACAP stimulates c-fos, c-myc,
and c-jun and is a potent stimulator of cell proliferation.
In human lung cancer cell lines, PACAP stimulates
growth. Radioligand binding studies demonstrate
expression of receptor in a large percentage of human
tumors, including those of breast, prostate, pancreas,
lung, colon, stomach, and liver as well as lymphomas
and meningiomas.

CONCLUSIONS

PACAP is one of the most recently described neuropep-
tides and therefore very little is known about its func-
tion. Its physiological relevance in health and disease is
now only beginning to be understood. Recent studies of
gene deletion in mice may elucidate further the func-
tional signi®cance of the PACAP hormone and its
receptor, PAC1.

See Also the Following Articles
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hematochezia Passage of bloody stools.

lymphangioma Well-circumscribed nodule of lymphatic

vessels; the vessels vary in size, are usually greatly

dilated, and are lined with normal endothelial cells. They

are most frequently found in the neck, axilla, arm,

mesentery, and retroperitoneum.

necrotizing enterocolitis Extensive ulceration and necrosis

of the ileum and colon in premature infants in the

neonatal period; possibly due to perinatal intestinal

ischemia and bacterial invasion.

pneumoperitoneum Presence of air or gas in the peritoneal

cavity as a result of disease, but can also be arti®cially

produced (i.e., postsurgical intervention).

pseudomembranous colitis In¯ammation of the small and

large bowels, with the formation and passage of

pseudomembranous material in the stools usually

secondary to Clostridium dif®cile toxin.

tenesmus Painful spasm of the anal sphincter, causing an

urgent desire to evacuate the bowel or bladder and

involuntary straining, with the passage of little fecal

matter or urine.

volvulus Twisting of the intestine, causing obstruction.

Pneumatosis intestinalis is de®ned as multiple submuco-

sal, subserosal, or muscularis gas-®lled cysts in the wall of

the gastrointestinal tract from the stomach to the rectum.

Originally, these intramural cysts were referred to as

pneumatosis cystoides intestinalis, but because a linear

and curvilinear distribution of the cysts also exists, the

term `̀ pneumatosis intestinalis'' is now used to include all

intramural gas collections. The most common locations

for these cysts are, in order of prevalence, the jejunum,

ileocecal region, and colon. Other structures that can be

involved include the mesentery, peritoneum, and

falciform ligament.

INTRODUCTION

Pneumatosis intestinalis (PI) is an uncommon condi-
tion that has the highest incidence in the fourth through
seventh decades of life. PI is usually an unexpected
®nding on plain abdominal and barium radiographs
and is generally a benign condition. In fact, it is the
most common cause of benign pneumoperitoneum.
However, when associated with fulminant conditions
such as hemorrhage or intestinal necrosis, PI has serious
implications. In neonates, pneumatosis is frequently
associated with necrotizing enterocolitis (NEC). As a
result, it is important to recognize that the prognosis
of patients with PI is a function of their underlying
condition and management should be based on clinical
grounds.

PATHOGENESIS

The cause of pneumatosis may be primary or secondary.
The primary, or idiopathic, form is not associated
with any other lesions and usually does not require
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treatment. The secondary form has a variety of causes.
The majority of cases, which are benign, are associated
with chronic obstructive pulmonary disease (e.g., cystic
®brosis) or the immunocompromised state, (i.e., AIDS,
high-dose steroid treatment, or chemotherapy). The
more serious cases are classically related to conditions
that cause bowel ischemia. A variety of related pulmo-
nary and gastrointestinal (GI) disorders are listed in
Table I and Table II. In the appropriate clinical setting,
these conditions should be considered in the differen-
tial diagnosis of pneumatosis intestinalis.

The de®ning pathogenesis of pneumatosis is un-
known, but as shown in Table III, several theories
have been proposed. The proposed mechanisms can
be summarized as follows:

� Primary: idiopathic cysts tend to resolve spontane-
ously, but can sometimes recur.

� Secondary:

A. The mucosal disruption hypothesis suggests that
gas from the bowel lumen adjacent to the damaged
mucosa dissects under pressure along the tissue spaces
into the intestinal wall. Distant spread is thought to
be through the mesentery. The mechanism for PI in
collagen vascular disorders is unclear, but is likely re-
lated to vasculitis that eventually results in mucosal
disruption.

B. Another mechanism suggests that the intestinal
wall is penetrated by gas-forming organisms. For exam-
ple, in bowel ischemia, there is microscopic in®ltration
of polymorphonuclear leukocytes with debris contain-
ing bacteria. Although this theory is based on strong
clinical and experimental evidence, most cases of PI
are not related to infection, and most cyst ruptures
do not produce peritonitis.

C. Bacterial fermentation of carbohydrates may re-
sult in high intraluminal hydrogen tension. This hydro-
gen diffuses into the intestinal wall and attracts
nitrogen, oxygen, and carbon dioxide from the blood.
As a result, an intramural bubble, or cyst, is created,
consisting of nitrogen as the other gases get absorbed.

D. A theory that explains the pulmonary causes of
PI is the dissection of air from alveolar rupture along the
bronchopulmonary bundles into the mediastinum,
tracking along the major blood vessels into the retro-
peritoneum, and then along the mesenteric vessels to
the visceral surface of the bowel.

E. Increased bowel wall permeability due to loss of
structural integrity from the shrinkage of submucosal
lymphoid tissue is a mechanism proposed to explain
PI in immunocompromised patients.

PATHOLOGY

Other names for PI, cystic lymphomatosis and
enteromesenteric emphysema, are based on pathologic
appearance. Grossly, the cysts resemble cystic lym-
phangiomas, hydatid cysts, or sessile polyps. A thin
layer of endothelial or simple cuboidal epithelial cell
lines the cysts. The diameter of the cysts can vary,
if the cysts grow, from a few millimeters to a few
centimeters. On cross-section, the cysts can have a

TABLE I Pulmonary Conditions Associated with

Pneumatosis Intestinalis

Chronic obstructive pulmonary disease

Asthma

Cystic ®brosis (with pancreatic involvement)

High-pressure pulmonary ventilation

Chest trauma

TABLE II GI Conditions Associated with Pneumatosis Intestinalis

Peptic ulcer disease Whipple's disease

Intestinal obstruction Volvulus of stomach and sigmoid colon

Mesenteric vascular occlusion Intestinal lymphosarcoma, leukemia, Hodgkin's disease

Acute necrotizing enterocolitis Enteric feeding via needle catheter jejunostomy

Chronic in¯ammatory bowel disease (Crohn's disease, ulcerative colitis) Jejunoileal bypass for obesity

Hirschsprung's disease Postsurgical bowel anastomosis

Perforated diverticulum Abdominal trauma

Appendicitis Mucosa damage from caustic agent ingestion

Collagen vascular disorders (scleroderma, dermatomyositis, lupus) After sigmoidoscopy, colonoscopy, or endoscopy

Immunocompromised (intestinal graft-vs.-host disease, organ transplantation,

bone marrow transplantation, AIDS, steroids, chemotherapy)

Biliary stent perforation

Sclerotherapy

Cytomegalovirus infection of the intestinal mucosa Intestinal dysmotility

Intestinal parasites and tuberculosis N2O anesthesia

Diabetic enteropathy Treatment with lactulose

Systemic amyloiosis
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`̀ honeycomb'' appearance without communication to
the bowel lumen. This can be dif®cult to distinguish
from dilated lymphatic channels, which have a similar
appearance. The connective tissue surrounding the
cysts usually consists of in¯ammatory changes. A ®-
brotic reaction can occur if the cysts do not spontane-
ously resolve, leading to their obliteration. Ultimately,
this can lead to a rigid or dysfunctional intestinal wall.
Puncture of these cysts during biopsy results in their
collapse and sometimes a `̀ popping'' sound. Although
variable, the pattern of the intramural cysts can aid in
distinguishing the cause. A bubbly pattern is most com-
mon in necrotic bowel, whereas, in non-life-threatening
causes the cysts are usually well localized, larger, and
more spherical. They also tend to assume a linear or
clusterlike pattern.

SIGNS AND SYMPTOMS

Symptoms are nonspeci®c and often depend on the lo-
cation of the cysts and the extent of bowel involvement,
especially in the primary form. Colonic cysts are com-
mon in the primary form and can result in crampy ab-
dominal pain, hematochezia, mucus in stools, weight
loss, diarrhea, tenesmus, and ¯atus. Steatorrhea has
been reported in idiopathic small bowel cysts, but ab-
dominal distension and vomiting are more common
when the small bowel is involved. In the secondary
form, symptoms are usually related to the associated
disease. Cyst rupture, usually from the small bowel,
is the most common cause of nonsurgical pneumo-
peritoneum that is not procedure related. In healthy
patients with vague abdominal complaints and free
air under the diaphragm, without evidence of a perfo-
rated viscous, PI should be suspected.

In 3% of the cases, indications require immediate
intervention. These include volvulus, obstruction, hem-
orrhage, and intestinal perforation. Peritonitis can also
occur, but is unusual. When PI complicates intestinal
ischemia or pseudomembranous colitis, it should be
regarded as an ominous sign. In neonates, one of the

serious causes of PI is NEC. These babies often present
with emesis, feeding intolerance, abdominal distension,
increased gastric residuals, and bloody stools. Nonethe-
less, the physical exam can be misleading. The presence
of abdominal free air can cause the abdomen to be
tympanitic. Free air between the liver and diaphragm
may obscure normal liver dullness on percussion. If the
cysts are large, they may present as a palpable mobile
mass. Cysts in the rectal wall can even be felt as ®rm
nodules during a rectal exam.

DIAGNOSIS

Adults

Upright or decubitus plain abdominal radiograph or
barium studies and computed tomography (CT) usually
initially suggest the diagnosis. On plain radiographs,
predominantly linear or segmentally clustered intramu-
ral air is seen (see Fig. 1). The cystic pattern does not
consistently correlate with the severity of PI, but the
location may suggest an underlying condition or pre-
disposing factor. In the gastric wall, linear pneumatosis
should raise the question of gastric outlet obstruction or
mucosal disruption from prior intubation. A mottled
cystic pattern has been associated with phlegmonous
gastritis. Small bowel cysts have been associated with
collagen vascular diseases. Colonic cysts are common in
the idiopathic form, but are also present in the setting of
colitis and ischemia. The latter becomes a grave sign
when associated with portal venous gas (see Fig. 2).

TABLE III Mechanisms of Pneumatosis Intestinalis

I. Primary

Idiopathic

II. Secondary

A. Mucosal disruption

1. Increased intraluminal gas pressure

2. Vasculitis

B. Intestinal wall penetration by organisms

C. Carbohydrate fermentation

D. Retroperitoneal air dissection from lungs

E. Decreased submucosal lymphoid tissue

FIGURE 1 Plain frontal radiograph of the abdomen. The ar-

rowheads point to a linear pattern of PI secondary to in¯ammatory

boweldisease inthis22-year-oldpatientcomplainingofabdominal

pain. After steroid treatment, the patient's pain resolved and she

was discharged home. Radiograph courtesy of Dr. Stephen Bloom.
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Procedures such as colonoscopy or sigmoidoscopy can
result in linear colonic cysts. Air between the bowel
loops may represent free air from a ruptured cyst, but
a large mesenteric cyst can have a similar appearance. In
the presence of isolated PI and pneumoperitoneum,
idiopathic cyst rupture or ruptured pulmonary alveoli
from prior general anesthesia administration should be
considered. Pulmonary causes of PI also tend to be tran-
sient. On barium studies, radiolucencies indent the bar-
ium column as they line the intestinal wall, resulting in a
smooth and undulating marginal pattern. CT with
lung windows is probably the most sensitive tool in

evaluating PI (see Fig. 3). Ultrasound (US) is another
modality that can be used to make the diagnosis. On
sonography, the intramural bubbles are seen as
hyperechoic structures with shadowing, sometimes re-
ferred to as the `̀ circle sign.'' Magnetic resonance imag-
ing (MRI) can also aid in the diagnosis.

Pediatrics

NEC is a common GI emergency in neonates. The
most common risk factor is prematurity. PI is present in
75% of patients with NEC and should be considered a
diagnostic sign in the appropriate clinical setting. Al-
though rare, patients with NEC can also have air in the
gastric wall, known as pneumatosis gastralis, or emphy-
sematous gastritis. No individual laboratory features are
diagnostic or speci®c for NEC, which is why abdominal
radiographs remain essential in the diagnosis and man-
agement of NEC (see Fig. 4). The presence of PI is
considered a relatively early stage of NEC and can pre-
cede the clinical ®ndings by several hours. The bubbly
intramural gas collections can be confused with stool or
meconium in a normal colon. Prone views or followup
radiographs can help to make the distinction. In NEC, PI
most commonly involves the terminal ileum and colon.
It is usually associated with dilated bowel loops and an
asymmetric bowel gas pattern. The cystic intramural

FIGURE 3 Axial abdominal CT image with contrast. Pneumat-

osis is present throughout the dilated large and small bowel

(arrowheads) in this 45-year-old male with ischemic bowel sec-

ondary to infection. The patient was admitted and treated with

antibiotics. Clinically, the patient improved and was eventually

discharged home.

FIGURE 4 Plain frontal radiograph of the abdomen. This pre-

mature infant presented with abdominal distension. Note the dif-

fuse pneumatosis throughout the bowel wall. The baby was treated

for NEC.

FIGURE 2 Axial abdominal CT image without contrast. Portal

venous gas is present throughout the hepatic veins in this 54-year-old

female with sepsis (arrowhead). Shortly, after obtaining the CT,

the patient continued to decompensate, developed shock, and

then expired.
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pattern may present as linear stripes, a ring, or a local-
ized cluster. If it occurs in a more diffuse pattern, it
should be a marker for a more serious condition. Ileal
involvement of PI can also simulate meconium ileus.
Portal venous gas is usually associated with the more
severe cases of NEC and heralds surgical intervention.
Sonography of the portal vein during NEC will often
show bubbles of gas traveling into the liver, where they
collect anteriorly, giving a characteristic echogenic loss
of de®nition of the normal liver structure.

Colonic PI has also been associated with
Hirschsprung's disease. The presence of perinatal PI
should also raise the question of congenital cardiac
anomalies such as hypoplastic left heart. Patients with
PI who are more likely to have a poor outcome are those
with underlying congenital heart disease and tissue
transplants. Graft-versus-host disease, colitis, and
bowel ischemia are also ominous preceding events.
Contrast enemas, which are not routinely performed
because of the risk of perforation, especially in NEC,
show mucosal irregularity and edema. Additional
causes of pediatric PI include complications of chemo-
therapy for leukemia and lymphoma and cardiac sur-
gery (as listed in Table IV). The disappearance of PI or
portal venous gas does not always correlate with clinical
improvement. The only universally agreed indication
for surgery when clinical suspicion of NEC is high
is pneumoperitoneum, which is not always present
in all babies with a perforation.

Several conditions may be included in the differen-
tial diagnosis of PI. However, the presence of speci®c
secondary ®ndings helps to differentiate PI. For exam-
ple, unlike PI, enterogenous cysts are usually single.
Nodules of lymphosarcoma may clinically resemble
PI, but on imaging studies they are not radiolucent.
The reversible thumbprint-like deformity of the mesen-
teric border in bowel ischemia can sometimes be
misinterpreted as PI. Infectious etiologies or pseudo-
membranous colitis should be correlated with the
clinical presentation. Mucosal polyps on barium studies
result in intraluminal ®lling defects as opposed to the

smooth, scalloped margins of PI. Crohn's colitis and
ulcerative colitis also result in barium ®lling defects,
but without cystic lucencies. It is important to realize
that any of the related conditions mentioned here can be
included in the differential assessment of PI, but it is the
clinical setting that should guide the correct diagnosis.

MANAGEMENT AND CONCLUSION

PI is generally an asymptomatic benign entity, but on
rare occasions can also be serious. In the absence of
intestinal in¯ammation or necrosis or a high white
blood count, and with a benign physical exam, conser-
vative treatment is safe. Hyperbaric oxygen to decom-
press the cysts and antibiotics have demonstrated some
ef®cacy, but watchful management can be suf®cient.
When a life-threatening complication such as bowel
perforation, obstruction, hemorrhage, or intestinal is-
chemia occurs in the setting of PI in the adult or pedi-
atric population, immediate surgical intervention may
be crucial to the patient's outcome.
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TABLE IV Pediatric Conditions Associated with

Pneumatosis Instestinalis

Necrotizing enterocolitis (usually involves the terminal ileum,

colon)

Hirschsprung's disease

Congenital cardiac anomalies (i.e., hypoplastic left heart)

Graft-versus-host disease

Ischemic bowel

Postchemotherapy for leukemia and lymphoma

Postcardiac surgery
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antizyme An enzyme homologue of ornithine decarboxylase

capable of binding and inhibiting it.

apoptosis An endogenous program of cellular reactions that

results in cell death without allowing toxic degradation

products to be released into the cellular milieu.

con¯uent Cells in culture at high density and in contact with

one another so that there are no empty spaces.

cytoskeleton The inner framework of the cell. It maintains and

adapts cell shape, makes directed migration possible, and

provides strength and organization for cellular functions.

dimer A molecule made up of two identical units.

down-regulating Reducing the level of a product by

inhibiting its synthesis, degrading it, or transporting it

out of the cell.

®lopodia Narrow spike-like extensions of cell borders in

cells that are not necessarily migrating.

focal adhesions Concentrated patches of stress ®bers, associ-

ated proteins, and integrin receptors on the plasma mem-

brane by which integrins attach to the extracellular matrix.

lamellipodia Wide wave-like extensions of the cell border in

migrating cells.

lamina propria A layer of mostly ®broblastic cells that forms

the extracellular matrix for epithelial cell attachment. It

lies between the epithelium and the muscularis.

neoplastic Rapidly growing cells that are not necessarily

transformed.

organelles Small intracellular `̀ organs'' that perform specia-

lized tasks.

overexpression Production of excessive amounts of a

product by cells because extra copies of the gene

encoding the product have been introduced into the

cell chromosomes.

26S-proteosome A specialized lysosome in cytoplasm that

degrades discarded molecules.

subcon¯uent Cells at low density that have not yet formed a

continuous layer.

transfected Cells with arti®cially introduced genes in their

chromosomes.

transformed Cells with altered DNA that have lost normal

regulatory control.

villi Finger-like projections of mucosa covered with

differentiating epithelial cells that increase the absorptive

area of the intestine.

Although polyamines are required in a large, but still

unknown, number of the most basic functions in all

forms of eukaryotic and prokaryotic life, an understand-

ing of their participation in the life of the cell has been

many years developing. With every discovery of another

biological function that requires them, an entirely new

interdependent set of cellular reactions previously unsus-

pected is found. This article attempts to describe the cur-

rent knowledge of polyamines in the cellular physiology

of the gastrointestinal mucosal epithelium.

INTRODUCTION

A Brief History of Polyamine Discovery

During the period of the Scienti®c Revolution,
Antonie van Leeuwenhoek, using an early microscope,
began to explore the previously invisible world of var-
ious plant and animal samples. In 1678, he wrote a now
famous letter to the Royal Society of London in which he
reported observing sperm as well as a slowly crystal-
lizing substance in human semen. Two hundred forty-
six years later, the `̀ slowly crystallizing'' substance was
identi®ed as spermine phosphate and the letter became
the earliest documented record of a polyamine.

As chemistry evolved from alchemy, the gases oxy-
gen, carbon dioxide, and nitrogen were fractionated
from air. Methods were developed for their analyses
and studies of oxidized and reduced nitrogen (ammo-
nia) followed. In 1838, F. Wohler converted ammonium
cyanate to urea. His studies led to the detection of ni-
trogen in more complex compounds such as uric
acid, allantoin, and asparagine and established organic
chemistry as a new ®eld of chemistry. Organic chemis-
try, in turn, revealed the structures of the amines
and polyamines and resulted in the development of
other branches of chemistry, i.e., analytical chemistry,
pharmacology, biochemistry, microbiology, and immu-
nology. The beer and wine industries, searching for new
methods to improve fermentation and avoid spoilage,
isolated and identi®ed the basic amino acids arginine,
lysine, and ornithine and other amino acids soon fol-
lowed. Other key discoveries were the structural role of
nitrogen, an ornithine cycle in mammalian liver, and
speci®c amino acid decarboxylases and oxidases. Sper-
mine, cadaverine, putrescine and spermidine were
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identi®ed in 1881, 1886, 1889, and 1927, respectively.
After that, further progress toward understanding their
biological functions stalled until the 1960s when bio-
chemists began to investigate the structure of poly-
amines in relation to their effects on organ function,
animal metabolism, and nutrition. Research on poly-
amines has greatly accelerated in recent years. Over
the period 2001 to 2002 alone, the National Library
of Medicine lists more than 1000 reports dealing with
polyamines.

The authors have borrowed much of this short his-
tory of polyamines from their ®rst observation to the
period ending with World War II from a detailed time-
line published as an appendix in the 1998 book Poly-
amines by Seymour S. Cohen (see Further Reading).

The Distribution of Polyamines in Nature

Originally, biologists thought that spermine was
found only in higher eukaryotes and that prokaryotes
had only putrescine and spermidine. As an increasing
variety of microbes, plants, and animals were investi-
gated, many exceptions appeared. For example, in pro-
karyotic thermophilic microbes, nucleic acids are
distorted by hydrogen bonding at the temperatures at
which they live (65ÿ75�C) and proteins can be
synthesized only when the nucleic acids are bound to
spermine. Some halophiles living in very-high-salt en-
vironments lack polyamines entirely. Eukaryotic photo-
synthetic algae, yeast, and slime molds contain
putrescine and spermidine but often do not contain
spermine. Spermine is absent in protozoa and shrimp
but present in mollusks, arthropods, echinoderms, and
tunicates. Unusual polyamines, i.e., hydroxypolya-
mines, branched tertiary polyamines, and quaternary
polyamines, are found in prokaryotic thermophilic
microbes and in some eukaryotic animals. Even more
unusual are two eukaryotes, the plant Arabidopsis thali-
ana and the protozoan Trypanosoma cruzi, neither of
which has ornithine decarboxylase (ODC), the rate-
limiting enzyme that controls the biosynthesis of
polyamines. Putrescine, spermidine, and spermine
are present in all cells of all vertebrates.

BIOCHEMISTRY

Polyamine Structure

The four basic polyamines in mammals and in
human are putrescine, cadaverine, spermidine, and
spermine. Putrescine and cadaverine are primary dia-
mines, 1,4-diaminobutane, and 1,5-diaminopentane,
respectively. Cadaverine is usually a product of bacteria
in the gut. Strictly speaking, the diamines are not

polyamines, but they are often included with the poly-
amines for the sake of convenience. Spermidine is a
triamine and spermine is a tetramine. Both contain pri-
mary and secondary amines (R1R2NH). Other natural
polyamines that include tertiary (R3) and quaternary
(R4N�OH) amines have been found as have moieties
with one carbon less than the usual 1,4-diaminobutane,
called norspermidine or norspermine.

Biosynthesis of the Polyamines

Three key enzymes, all with short half-lives, are re-
sponsible for the biosynthesis of the natural polyamines,
putrescine, spermidine, and spermine (see Fig. 1).
The three enzymes are ODC, S-adenosylmethionine de-
carboxylase (AdoMetDC), and spermidine/spermine
acetyltransferase. ODC is the rate-limiting enzyme be-
cause, by decarboxylating ornithine to synthesize
putrescine, it provides both an active polyamine and
a precursor of other polyamines. AdoMetDC decarbox-
ylates S-adenosyl methionine to make spermidine by
transferring its aminopropyl moiety to putrescine and,
by another aminopropyl transfer to spermidine, to make
spermine. Spermidine/spermine acetyltransferase regu-
lates polyamine interconversion and allows cells to adjust
the levels of the three polyamines. The higher eukar-
yotes also have another pathway by which, with acety-
lation and oxidation, spermine can be converted to
spermidine and spermidine to putrescine. Spermidine
synthase, spermine synthase, and polyamine oxidase, an
enzyme that oxidatively splits the monoacetyl deriva-
tives of spermidine and spermine, are usually present in
excess and are not rate-limiting under physiological
conditions. In nontumorigenic rapidly dividing cells
such as embryonal cells and gut mucosal cells, ODC
synthesizes transient high levels of putrescine. In non-
proliferating cells, AdoMetDC provides a basal level of
putrescine by conversion from spermidine. Research on
the structure of ODC has shown that it is a dimer of 52 to
55 kDa subunits and is well conserved in eukaryotes
from fungi to humans. In addition, it has been crystal-
lized and found to be a group IV pyridoxal phosphate-
dependent enzyme.

POLYAMINE REGULATION

How Is ODC Regulated?

The response of ODC to hormones or growth factors
in tissues and cultured cells is typically a rapid 10- to
100-fold increase in ODC activity followed by an equally
rapid decrease even before the cells begin DNA
synthesis. The speed and extent of these responses
were unexpected and investigators have wondered
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how the sudden decreases in ODC and polyamines are
controlled especially since prolonged high levels of
polyamines are toxic to cells. Several regulatory proces-
ses for the polyamines have been proposed, i.e., negative
feedback and repression, antizymes, and segregation by
macromolecules. Negative feedback and repression is a
process common to many enzymes. In the case of ODC,
negative feedback is mediated through translational ex-
pression at the 30-untranslated region of ODC mRNA.
Antizymes, analogues and suicide inhibitors of ODC,
are novel endogenous ODC inhibitors. These inhibitors
are unique in two respects. They target the enzyme ODC
for degradation (most enzymes are targeted by ubiqui-
tin) and they are induced by rising levels of ODC's
product, spermidine. Also, in addition to down-regulat-
ing ODC, antizymes inhibit polyamine uptake and
stimulate its outward transport. Finally, some investi-
gators have suggested that negative feedback may not
function in the low levels of free polyamines. Most of the
polyamines produced at any one time are quickly seg-
regated because they are strongly basic due to their
amine groups and bind to proteins, DNA, RNA, and
other negatively charged macromolecules. The free

polyamines remaining can be regulated by antizymes.
Some investigators have suggested that ODC may be
regulated for the control of another as yet unknown
reaction. If this should be demonstrated, it would
open new and exciting possibilities for polyamine re-
search. At present, the most obvious and only proven
role of ODC is to provide a biosynthetic route for
putrescine and cadaverine.

Synthetic Inhibitors of Polyamines

The rapid rise and fall of the polyamine biosynthetic
enzymes ODC and AdoMetDC intrigued biochemists
when they observed it during the 1960s. When poly-
amines were found in large quantities in the tumors,
blood, and urine of cancer patients, biochemists began
to synthesize inhibitors in the hope that they could
lower the levels of polyamines and stop the growth of
the tumors. a-Di¯uoromethylornithine (DFMO) and
methylglyoxal-bis-guanylhydrazone (MGBG) emerged
as promising inhibitors.

DFMO is one of the most useful of the synthesized
inhibitors of ODC because it irreversibly and

L

FIGURE 1 The biosynthesis of the major physiological polyamines and their precursor, putrescine.

The polyamines are shown in shorthand representation, i.e., putrescine is H2NCH2CH2CH2CH2NH2.

Thus, putrescine has 4 CH groups, spermidine has 7, and spermine has 10. They carry two, three, and

four positive charges that re¯ect the strength of their ability to bind to anions. The enzymes involved in

the reactions are numbered. Reprinted from McCormack, S. A., Ray, R. M., and Johnson, L. R. (2002).

Polyamines in intestinal epithelial restitution. In `̀ Gastrointestinal Mucosal Repair and Experimental

Therapeutics'' (C.-H. Cho and J.-L. Wang, eds.), 3rd Ed., Vol. 1, pp. 43ÿ56. Karger, Basel, Switzerland,

with permission.
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speci®cally inhibits ODC, blocks the production of
putrescine from ornithine, inhibits or reduces any cell
functions that require putrescine, is relatively non-
toxic, and is easily dissolved in aqueous medium. Exper-
iments with animals and cells in culture have shown that
the speci®city of polyamine de®ciency can be demon-
strated by supplying a polyamine at the same time as the
DFMO because the combination can maintain any in-
hibited function at near normal levels. DFMO is widely
used experimentally to study the effects of polyamine
depletion on cell growth, migration, attachment, the
actin cytoskeleton, signaling, etc., in culture and in vivo.

MGBG is an effective inhibitor of spermidine
synthesis by AdoMetDC. However, it is more toxic
than DFMO, may reduce the availability of methionine
for protein synthesis, and, unexpectedly, has been
shown to increase polyamines to very high levels in
the brain. Both MGBG and DFMO have been used in
cancer therapy and, in some cases, have caused improve-
ment. Researchers continue to synthesize new inhibitors
in the hope of improving their effectiveness. Unfortu-
nately, reducing polyamines signi®cantly in the gastro-
intestinal tract is dif®cult even when polyamines are
severely restricted in the diet because they are contrib-
uted by food, bacteria, and sloughed cells in the lumen.

POLYAMINE ROLES IN ESSENTIAL
PHYSIOLOGICAL PROCESSES

Cytoskeletal Maintenance

The cytoskeleton is the framework of cellular struc-
ture and organization. Actin is its major protein and is
present in two forms. The ®lamentous form of actin,
F-actin, polymerizes and depolymerizes continuously
to meet the demands of the moment with the help of
an array of associated proteins. In the process, F-actin
provides shape, rigidity, and strength to the cell. The
monomeric form, G-actin, is the result of F-actin depo-
lymerization as well as a source of new monomers for
polymerization. Nonmuscle myosin II, a second protein
intimately involved with the cytoskeleton, is the motor
for cytoskeletal movement. It also adjusts cell shape,
responds to calcium levels, and transports and distrib-
utes organelles and proteins. Polyamine de®ciency de-
creases nonmuscle myosin II protein by 75% and
changes its distribution so that it no longer binds to
actin ®laments but aggregates in apparently nonfunc-
tional clumps. Other actin-binding proteins important
for cytoskeletal function are also adversely affected by
polyamine de®ciency.

Under the microscope, the cytoskeleton presents a
beautiful, intricate pattern when stained with ¯uores-

cently linked phalloidin, a toxin of Amanita phalloides
that binds and stabilizes polymeric actin. The effects of
polyamine de®ciency on the cytoskeleton can be easily
recognized because the distribution of F-actin in the cell
is radically altered (see Fig. 2). Actin ®laments and stress
®bers disappear from the cell interior and concentrate
at the cortex rather than maintain their usual position
throughout the cell. Even when subcon¯uent, the cells
are rounded and have few of the extensions
(lamellipodia and ®lopodia) seen in normal subcon¯u-
ent cells. This rearrangement shows that cytoskeletal
functions necessary for cell migration, such as polari-
zation, control of direction, cell shape, signaling, and
ability to generate force, are disrupted, severely dis-
abling attachment, spreading, and migration. These
phenotypic changes were ®rst noticed over 20 years
ago in cells with mutant ODC genes.

Cell Growth

Polyamines are required for growth in almost all
cells. An adequate supply of polyamines is especially
important to the gastrointestinal epithelium where
72 h is the length of an average cell's life. Cell growth
(as proliferation) is the basis of the continual renewal of
the gastrointestinal epithelium. The epithelium lies in a
single layer on the mucosa. It is not a level layer but an
arrangement of pits (crypts) and their associated villi
that expand the tract's absorptive surface enormously.
The depth of the crypts and height of the villi vary in
different parts of the tract. A single stem cell at the
bottom of each crypt divides continuously; its progeny
divide further and move up onto the villi, differentiating
as they go into the various types of functional cells of the
gastrointestinal epithelium. The oldest cells at the vil-
lous tips undergo apoptosis (a programmed death pro-
cess that minimizes toxicity to surrounding cells) and
are sloughed off into the lumen after approximately
72 h. The precise and timely progression of this cycle
is vital to the health of the gastrointestinal tract and is
dependent on polyamines.

Polyamines are supplied to the gastrointestinal epi-
thelial mucosa from four sources, making its experi-
mental elimination exceedingly dif®cult. The sources
are as follows: (1) new synthesis via ODC in prolifer-
ating cells; (2) absorption of dietary polyamines, bac-
terial products, and intestinal secretions in the lumen;
(3) absorption of polyamines from sloughed intestinal
villous cells in the lumen: and (4) synthesis via ODC in
villous cells transported to the crypt cells through mu-
cosal circulation (see Fig. 3). Polyamines appear in the
human gut after a meal and soon disappear from
the duodenal and jejunal lumen as a consequence of
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absorption and distribution to remote organs and tis-
sues. Normal or neoplastic epithelial cells of the gut
mucosa take up polyamines by an active transport pro-
cess that can be stimulated by mitogens and peptide
growth factors.

In culture, normal, transformed, or ODC gene-
deleted mutants also depend on polyamines for growth.
After the removal of supplemental polyamines from the
medium of ODC gene-deleted cells or after treatment of
normal cells with DFMO, proliferation is reduced nearly
to zero by the time all cells have reached cell cycle stage
G1. The cell cycle is arrested at G1 because of an in-
crease in cell cycle inhibitors p21, p27, and p53. With-
out ODC, the pool of putrescine rapidly falls to very low
levels and the source of putrescine from which Ado-
MetDC synthesizes spermidine is no longer available
either. The spermine pool does not fall lower than
40% of normal, probably because it is largely bound
to macromolecules. Conversely, cells transfected to
overexpress the ODC gene do not require supplemental
polyamines and DFMO can depress their growth only
marginally.

Cell Migration

When damage to the gastrointestinal epithelial tract
occurs, it must be repaired quickly in order to maintain a
barrier to the spread of infection throughout the body.
Repair occurs in two stages. The ®rst, restitution, can
last up to 12 h and consists of a response to cytokines,
hormones, and factors secreted by surrounding cells.
The restitution response in gastrointestinal epithelial
cells consists of extending the cytoplasm in lamellipodia
and ®lopodia into the wounded area. These specialized
structures attach to the extracellular matrix through
focal adhesions that form on their leading edge. Focal
adhesions at the rear of the cell detach, allowing the
trailing end of the cell to be drawn up. The process is

FIGURE 2 The migrating edge of rat intestinal cells (IEC-6) in

culture. The cells are shown at 3 h of migration after 4 days of

(A) no treatment (control), (B) DFMO, or (C) DFMO plus putres-

cine. F-actin is stained with Texas red phalloidin. The abundance

of F-actin is obvious in the control and DFMO plus putrescine

groups. Cell polarization toward the open area and lamellipodia

(LM) are also plainly visible. The DFMO group shows scarce

interior stress ®bers, a thickened cell cortex (cortex), and the

lack of lamellipodia characteristic of polyamine de®ciency. Re-

printed from McCormack, S. A., Ray, R. M., and Johnson, L. R.

(2002). Polyamines in intestinal epithelial restitution. In `̀ Gastro-

intestinal Mucosal Repair and Experimental Therapeutics'' (C.-C.

Cho and J.-L. Wang, eds.), 3rd Ed., Vol. 1, pp. 43ÿ56. Karger,

Basel, Switzerland, with permission.
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repeated to cover as much of the wound as possible. In
other words, restitution is primarily a function of
spreading and migration. After 12 h, the second stage
of repair begins with the advent of cell proliferation.
Hormones and growth factors play an important role
during this stage as well. Growth continues until the
wounded area is again covered with epithelium as before.

The severe inhibiting effects of polyamine de®ciency
on cell migration have been known since the early
1990s. Gastrointestinal mucosal wounds heal slowly
in polyamine-de®cient animals. Cultured cells from in-
testinal and gastric cells as well as cells from a variety of
tissues show greatly reduced migration in quantitative
migration studies. Investigators have found that this
reduction is due to a number of speci®c effects that

impinge on cell migration. These include rearrange-
ment of the actin cytoskeleton, reduced focal adhesion
signaling, impaired attachment, reduction of RhoA
activity, reduced phosphorylation of speci®c transcrip-
tion factors, and other cytoskeletal damaging effects.
These observations open the door to undiscovered func-
tions of the polyamines.

Since restitution primarily relies on the machinery
of migration, it is heavily dependent on polyamines. Not
only is it important to reinstate the barrier to microor-
ganisms in the gastrointestinal tract quickly if it is
breached, but the success of the second stage of repair
depends to some extent on the success of the ®rst.

The deceptively simple process of extending the
cell's border into lamellipodia deserves some explana-
tion in order to appreciate at least part of the elaborate
mechanism involved. The lamellipodia have dense,
branching actin ®laments formed by the activity of
the Arp2/3 complex at their outer leading edge. As
more actin ®laments form near the leading edge, the
cell membrane is pushed outward. Focal adhesion
sites form on the outer membrane through which
integrin receptors can bind to ligands in the extracel-
lular matrix. The key players coordinating this inte-
grated system are the Rho family of small GTPases,
speci®cally RhoA, Rac1, and Cdc42. RhoA regulates
the assembly of actin stress ®bers, focal adhesions,
and contractility. Rac1 stimulates actin polymerization
and the formation of ruf¯es and Cdc42 controls the
formation of ®lopodia. New investigations show that
the Rho family proteins have many other molecular
links to the actin cytoskeleton through which they reg-
ulate actin polymerization, depolymerization, the activ-
ity of actin myosins, the speed of migration, and other
processes.

ARE POLYAMINES INVOLVED IN
GASTROINTESTINAL DISEASE?

Cancer

High levels of ODC activity and intracellular poly-
amines are common in cancer tissue. In premalignant
tissue, they are a reliable sign of increased proliferation
rates. Therefore, extracellular ¯uid polyamine levels
that re¯ect intracellular events can be useful indicators
of the effectiveness of therapy. For instance, in Barrett's-
associated adenocarcinoma of the esophagus, an in-
crease in tissue polyamine levels has been used to detect
the disease still in an occult stage. In colon cancer pa-
tients on a low-polyamine diet, polyamine levels in
urine may be useful for evaluating the effectiveness

FIGURE 3 Model depicting how polyamines from various

sources could reach the proliferating cells of the intestinal

crypt and in¯uence growth. The model reconciles the effects of

various lumenal stimulators and hormones with known changes

in mucosal growth. The numbers refer to four different mecha-

nisms by which polyamines reach proliferating cells: (1) new

synthesis via the ODC within the proliferating cell; (2) absorption

from the lumen of polyamines supplied by the diet, intestinal

secretions, or bacterial synthesis; (3) absorption from the

lumen of polyamines contained within sloughed villous cells; and

(4) synthesis via ODC in villous cells and transportation to the

crypt cells in the mucosal circulation. Reprinted from Johnson, L.

R., Tseng, C.-C., Wang, P., Tipnis, U. R., and Haddox, M. K.

(1989). Mucosal ornithine decarboxylase in the small intestine:

localization and stimulation. Am. J. Physiol. 256 (Gastrointest.

Liver Physiol. 19), G624ÿG630, with permission.
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of therapy. DFMO and MGBG have been effective treat-
ments in some cases of colon cancer. Polyamine
analogues that inhibit polyamine metabolism are also
a possible adjunct to chemotherapy.

Gastrointestinal Immune System Diseases

The mucosal immune system is the ®rst line of de-
fense against microbial and dietary antigens. It connects
closely regulated inductive (Peyer's patches) and effec-
tor (lamina propria) tissues for the induction of the
immune (IgA) response sites that maintain immunolog-
ical homeostasis in the gut. If homeostasis is lost, in-
¯ammatory bowel disease, Crohn's disease, colitis,
gastric ulcer, cancer, celiac disease, and other gastroin-
testinal problems can result. Approximately 50% of the
population is infected with Helicobacter pylori, bacteria
responsible for most cases of peptic ulcer. These bacteria
elicit a strong in¯ammatory response that becomes
chronic and, instead of providing protection, eventually
contributes to tissue damage and ulcer. Fortunately, the
disease develops only in people with a speci®c combi-
nation of bacterial, environmental, and genetic factors.
The polyamine content of the lumen is essential for
normal healing in peptic and intestinal ulcer. Poly-
amines can protect cells against apoptosis in growth
situations, but when normal cellular regulatory func-
tions are lost, they can also encourage apoptosis in cells
that are part of the immune defense system. Inhibitors of
polyamine biosynthesis, polyamine analogues, and
combinations of polyamine analogues with oligonucle-
otides may also be candidates for prevention and treat-
ment in these diseases.

Aging

Polyamines are implicated in several changes that
accompany aging in humans. One of these is increased
susceptibility to gastrointestinal mucosal damage. The
gastric mucosa is especially subject to mechanical and
chemical damage, bacterial attack, ischemic damage,
aberrant immunological responses, and stress. These
types of damage must be repaired promptly by restitu-
tion and proliferation to avoid impairment of mucosal
function. The gastrointestinal mucosa is dependent on
epidermal growth factor and other hormones to main-
tain growth and cell differentiation as cells advance from
the crypts onto the villi. With aging, polyamine levels,
prostaglandins, cyclooxygenases, and epidermal growth
factor receptors are decreased. The sum of these age-
related changes retards restitution, cell migration, and
proliferation and seriously impedes the repair of gastro-
intestinal mucosal damage.

Intestinal Parasites

Two billion people in developing countries are se-
riously debilitated by intestinal parasites. Yet, investi-
gation of polyamines in these parasites was begun only
in the past 10ÿ15 years. More detailed knowledge on a
variety of parasites is essential to prevent and cure these
diseases.

All helminthic parasites that have been studied con-
tain spermine and spermidine but lack signi®cant
amounts of putrescine. They also do not have ornithine,
arginine, or S-adenosylmethionine decarboxylases and,
therefore, their survival and growth are not affected by
ODC or AdoMetDC inhibitors. Apparently they cannot
biosynthesize polyamines and must depend on uptake
from the lumen of their hosts. This fact offers a unique
and convenient treatment modality. Depending on the
parasite, a polyamine-free diet or the inhibition of poly-
amine transport may be an effective treatment. Other
helminthic parasites have unusual polyamine homo-
logues, a degradative pathway operating through
N-acetyl polyamines, possibly a new type of ODC,
etc. The fact that some parasites must obtain necessary
polyamines in unusual ways may offer effective and
speci®c treatments that could be utilized to a greater
degree than at present.

SUMMARY

The history of the polyamines throughout the develop-
ment of the biological sciences is a fascinating story.
Biologists have been slow to appreciate the roles poly-
amines play in physiological processes, perhaps because
there are so many roles and also for lack of necessary
tools. The distribution of polyamines in nature is more
varied and individual than was expected. All vertebrate
mammals do have the same three natural polyamines,
putrescine, spermine, and spermidine, and they
synthesize, transport, interconvert, and degrade them
by similar pathways. Although all of the facts about
polyamine regulation are not yet at hand, it is clear
that they can be toxic and that regulation is necessary.
The association between rapid cell proliferation, poly-
amine levels, and cancer stimulated a search for
synthetic polyamine inhibitors that is still ongoing in
pharmaceutical laboratories. Inhibitors for both polya-
mine biosynthetic pathways are now available. DFMO
and MGBG are especially useful in cell culture studies
though less successful in treating human cancer. Re-
cently, experiments using deletion and transfection of
the ODC gene have corroborated the effects of
DFMO. Polyamines are essential for cell proliferation,
differentiation, migration, signaling, and attachment.
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The cytoskeleton requires polyamines for virtually all of
its normal functions. Repair of the gastrointestinal mu-
cosa requires polyamines for the coordination of resti-
tution and proliferation. Finally, polyamines are
important in human gastrointestinal diseases, both
from the standpoint of excess and of de®ciency. Cancer,
immune diseases, and diseases of aging can all result
from failure to maintain polyamines at normal levels.
Finally, polyamines may underlie other essential pro-
cesses that have not yet been discovered. In short, con-
tinued vigorous investigation of polyamines promises to
bene®t both medical and basic science.
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Porcelain Gallbladder
SHIH-TING PATRICIA TSAI

University of Southern California and LAC/USC Medical Center

carcinoma Any cancer that arises from the epithelium.

cholecystectomy Surgical removal of the gallbladder.

cholelithiasis The formation of stones in the gallbladder.

hyperechoic Ultrasound description of lesions that re¯ect

sound waves.

Porcelain gallbladder is a rare condition and is de®ned as

intramural calci®cation of the gallbladder. Patients are

generally asymptomatic and diagnosis is usually inciden-

tal. The pathogenesis remains unknown but is highly as-

sociated with cholelithiasis. Ultrasound and computed

tomography are used to assist in diagnosis. There is a

high incidence of gallbladder carcinoma in patients

with this condition and therefore cholecystectomy is rec-

ommended. However, some recent studies show contro-

versial results and de®nitive management remains to be

determined.

INTRODUCTION

Porcelain gallbladder is a rare disease; Grandchamps
®rst described it in 1797 and Florcken ®rst used the
term in 1929. Many terms have been used to describe
the appearance of this gallbladder condition: `̀ calcifying
cholecystitis,'' `̀ china gallbladder,'' `̀ cholecystopathy
chronic calcanea,'' `̀ calci®ed gallbladder,'' and `̀ porce-
lain gallbladder.'' The term porcelain gallbladder de-
scribes the brittle consistency and bluish discoloration
of the gallbladder wall.

INCIDENCE

The incidence is low, ranging between 0.06 and 0.8% of
cholecystectomy specimens. The disease is ®ve times
more common in women between the ages of 38 and
70 years (with a mean of 54 years) than in the general
population. Rarely, pediatric cases are reported.

PATHOGENESIS

The pathogenesis of the calci®cation remains controver-
sial. It occurs either as a broad, continuous band in the
muscularis or as multiple punctate areas in both the

glandular spaces and sinuses. Three potential mecha-
nisms are proposed. One mechanism may be cystic duct
obstruction that leads to mucosal deposition of calcium
carbonate salts, resulting in bile stagnation within the
gallbladder. Another mechanism of injury may be re-
lated to chronic irritation of the wall by stones or an-
other foreign body. This theory is supported by the
observation that more than 95% of patients with porce-
lain gallbladder also have stones. The third mechanism
may be related to a dystrophic process due to chronic
low-grade infection and compromised circulation from
cystic duct obstruction. This process results in hemor-
rhage, scarring, and hyalinization of the wall, which in
turn provides a matrix for the deposition of lime salts.

CLINICAL PRESENTATION

Most patients are asymptomatic and the lesion is gen-
erally detected incidentally.

DIAGNOSIS

Plain ®lm usually shows a large solitary calci®ed mass in
the right upper quadrant. However, computed tomog-
raphy and ultrasound are the usual imaging modalities
that provide more de®nitive diagnosis of porcelain gall-
bladder. In 1984, Kane reported three distinct sono-
graphic patterns in nine patients. The type I pattern
was identi®ed by a hyperechoic semilunar structure
with a posterior shadow and no gallstones. Type II
had a biconvex, curvilinear echogenic structure with
acoustic shadowing and stones, and type III had irreg-
ular echoes with posterior shadowing. In 1989,
Shimizu and co-workers reviewed 30 cases in the
world's literature in which ultrasound features of por-
celain gallbladder were described. They recommended
a simple classi®cation: complete (complete replacement
of the mucosa with dense connective tissue and cal-
ci®cation, correlated to type I) and incomplete (some
mucosa remaining, correlated to types II and III). They
found no gallstone and no cancer in the complete
type. However, in the incomplete type, gallstones are
detected and there is a 41% incidence of cancer. They
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hypothesized that malignancies arise only from the mu-
cosal epithelium and therefore gallbladder malignancy
is improbable in the type I complete group.

MANAGEMENT AND RELATIONSHIP
TO GALLBLADDER CARCINOMA

Prophylactic cholecyctectomy is generally recom-
mended due to the risk of malignancy. The incidence
reported in the older literature varies from 12.5 to 61%.
However, a recent study by Hines that reviewed 10,741
cholecystectomy specimens showed no carcinoma
among 15 patients with porcelain gallbladder. Another
study by Berger and colleagues that reviewed 25,900
gallbladder specimens con®rmed the association be-
tween gallbladder carcinoma and calci®ed gallbladder
but at a lower rate than previously estimated. The inci-
dence of cancer depends on the pattern of calci®cation;
selective mucosal calci®cation poses a signi®cant risk of
cancer (7%), whereas diffuse intramural calci®cation
does not. Therefore, management of asymptomatic

patients with debilitating comorbidities remains contro-
versial. The natural history of porcelain gallbladder re-
mains to be elucidated.
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genetic heterogeneity Several different mutations in the

same gene are found in a genetic disorder.

porphyrin Compound with a chemical structure consisting

of four pyrrole groups linked by methene bridges; the

compound is pigmented and exhibits red ¯uorescence

when exposed to ultraviolet light around 400 nm (Soret

band).

porphyrinogen Reduced form of the porphyrin; not pigmen-

ted and does not exhibit ¯uorescence.

porphyrin precursors Early intermediates of the heme

biosynthetic pathway (d-aminolevulinic acid and por-

phobilinogen) from which pyrrole groups are formed.

The porphyrias are genetic/metabolic disorders that are

characterized biochemically by the excessive accumula-

tion and excretion of porphyrins and porphyrin precur-

sors. These compounds are intermediates of the heme

biosynthetic pathway, and each of the porphyrias is as-

sociated with de®cient activity of a speci®c enzyme in the

pathway. The major clinical manifestationsÐphoto-

cutaneous lesions, neuropsychiatric dysfunction, and

structural liver diseaseÐare linked to the biochemical

abnormalities. Therapy is directed to ameliorate the bio-

chemical abnormalities, which improves the clinical

status of patients.

INTRODUCTION

The ®rst descriptions of the porphyrias appeared in
the latter part of the nineteenth century. During the
twentieth century, the individual porphyrias were
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hypothesized that malignancies arise only from the mu-
cosal epithelium and therefore gallbladder malignancy
is improbable in the type I complete group.

MANAGEMENT AND RELATIONSHIP
TO GALLBLADDER CARCINOMA

Prophylactic cholecyctectomy is generally recom-
mended due to the risk of malignancy. The incidence
reported in the older literature varies from 12.5 to 61%.
However, a recent study by Hines that reviewed 10,741
cholecystectomy specimens showed no carcinoma
among 15 patients with porcelain gallbladder. Another
study by Berger and colleagues that reviewed 25,900
gallbladder specimens con®rmed the association be-
tween gallbladder carcinoma and calci®ed gallbladder
but at a lower rate than previously estimated. The inci-
dence of cancer depends on the pattern of calci®cation;
selective mucosal calci®cation poses a signi®cant risk of
cancer (7%), whereas diffuse intramural calci®cation
does not. Therefore, management of asymptomatic

patients with debilitating comorbidities remains contro-
versial. The natural history of porcelain gallbladder re-
mains to be elucidated.
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The ®rst descriptions of the porphyrias appeared in
the latter part of the nineteenth century. During the
twentieth century, the individual porphyrias were
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identi®ed and their biochemical and clinical features
were de®ned. The porphyrias have been classi®ed as
hepatic or erythropoietic, depending on which tissue
is the major site of expression of the biochemical ab-
normalities. Some are also classi®ed as acute or induc-
ible because they are associated with episodic attacks
of neuropsychiatric dysfunction. In this article, the
biochemical and clinical features of the eight types of
porphyria are outlined. Two conditions that may be
confused with the porphyrias, secondary porphyrinuria
and pseudoporphyria, are also described.

BIOCHEMICAL ABNORMALITIES
IN PORPHYRIAS

Porphyrins/porphyrinogens and porphyrin precursors
are intermediates of the heme biosynthetic pathway, a
critical metabolic process that involves eight enzymes.
The ®rst step in the pathway, which is the condensa-
tion of succinyl coenzyme A and glycine to form
d-aminolevulinic acid (ALA), is catalyzed by the mito-
chondrial enzyme ALA synthase and is rate limiting in
the liver. The last step, in which ferrous iron is inserted
into protoporphyrin to produce heme, also takes
place in the mitochondria. Intermediate steps to form

porphobilinogen (PBG) and porphyrinogens occur in
the cytoplasm.

De®cient activity of an enzyme in the pathway
causes a speci®c pattern of accumulation and excretion
of porphyrins and porphyrin precursors (Table I). In the
acute porphyrias, this is exacerbated during an attack
due to a marked increase in hepatic ALA synthase ac-
tivity. The pattern of biochemical abnormalities is used
to diagnose porphyria in a patient with compatible clin-
ical features. Demonstration of de®cient enzyme activity
in cells/tissue is also used in diagnosis, particularly in
acute intermittent porphyria and the familial form of
porphyria cutanea tarda.

The cloning and sequencing of cDNA and genomic
DNA for enzymes of the pathway have made it pos-
sible to identify gene mutations that underlie the en-
zyme defects in the porphyrias. Genetic heterogeneity
has been found in each. Thus, molecular analysis has
not yet found widespread use in diagnosis, but
it is helpful in identifying asymptomatic carriers of
the gene defect in families in whom a mutation has
been found and for evaluating individuals in geo-
graphic areas where a speci®c mutation has a high
prevalence. There is not usually a clear relationship
between speci®c gene mutations and the severity of
clinical and biochemical manifestations, and express-
ion of the disease is variable even among members of a

TABLE I Biochemical Abnormalities in the Porphyriasa

Type of porphyria Enzyme defect

Location/

biosynthetic step

Major site

of expression

Principal biochemical

features

ALA dehydrase de®ciency ALA dehydrase Cytoplasm/2 Liver " ALA in urine

Acute intermittent porphyria PBG deaminase Cytoplasm/3 Liver " ALA and PBG in urine

Hereditary coproporphyria Coproporphyrinogen

oxidase

Mitochondria/6 Liver " ALA, PBG, coproporphyrin

in urine

" Coproporphyrin in feces

Variegate porphyria Protoporphyrinogen

oxidase

Mitochondria/7 Liver " ALA, PBG, coproporphyrin

in urine

" Protoporphyrin in feces

Porphyria cutanea tarda Uroporphyrinogen

decarboxylase

Cytoplasm/5 Liver and bone

marrow

" Uroporphyrin in urine

Isocoproporphyrin in feces

Hepatoerythropoietic

porphyria

Uroporphyrinogen

decarboxylase

Cytoplasm/5 Liver " Zn-protoporphyrin in red cells

" Uroporphyrin in urine

Isocoproporphyrin in feces

Erythropoietic porphyria Uroporphyrinogen III

synthase

Cytoplasm/4 Bone marrow " Uroporphyrin in red cells

" Uroporphyrin in urine

Erythropoietic protoporphyria Ferrochelatase Mitochondria/8 Bone marrow

(liver variable)

" Protoporphyrin in red cells

" Protoporphyrin in feces

a Abbreviations: ALA, d-aminolevulinic acid; PBG, porphobilinogen.
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family. Thus, other genetic and/or acquired factors are
often critical to the phenotypic expression of the
disorder.

HEPATIC PORPHYRIAS

Several porphyrias are classi®ed as hepatic because the
liver is the major site of expression of the biochemical
abnormalities (Table I). Four of the hepatic porphyrias
are also termed acute because there occur episodes of
severe neuropsychiatric dysfunction that are separated
by asymptomatic periods (Table II). The acute attacks
are precipitated by ingestion of drugs, fasting, alcohol-
ism, infection, and hormonal effects. The most common
symptom is abdominal pain, which may be accompa-
nied by hypertension and tachycardia as manifestations
of autonomic nerve dysfunction. Peripheral neuropathy
causes paralysis and respiratory compromise if the at-
tack is severe. Psychiatric manifestations include hys-
teria, psychosis, and depression, which sometimes
persist after the attack has subsided. Seizures also
occur and present a dif®cult problem because most anti-
epileptic drugs can exacerbate the attack.

During an acute attack, urinary excretion of the por-
phyrin precursors ALA and PBG increases markedly.
Clinical and basic studies indicate that ALA may
cause the neurological dysfunction. An alternate possi-
bility is that heme de®ciency in nerve tissue is the cause.
Finally, both (and other) factors may underlie the
attack.

Therapy of the acute attack consists of stopping the
precipitating factor, carefully managing ¯uid and elec-
trolyte status, and providing adequate caloric intake
that is high in carbohydrates. Intravenous administra-
tion of hematin (ferriheme hydroxide) has become
standard, because this may promptly ameliorate

biochemical and clinical manifestations. During asymp-
tomatic periods, patients should not take drugs that
precipitate attacks, should avoid fasting and excess in-
take of alcohol, and should have infections treated
promptly.

In four of the hepatic porphyrias, photocutaneous
lesions occur (Table II). Skin fragility develops as a
consequence of the photoactive properties of porphy-
rins deposited in skin tissue and/or circulating in dermal
blood vessels. This causes blisters to form after minor
trauma to sun-exposed areas. Erosions, scarring, pig-
ment changes, and small white papules called milia
subsequently develop. Sclerodermoid changes of the
skin may occur in long-standing untreated disease.

In porphyria cutanea tarda, hepatic iron overload is
frequent, and there is an increased prevalence of muta-
tions in the HFE gene, which is associated with hered-
itary hemochromatosis. Patients also have a higher rate
of chronic hepatitis C. In long-standing untreated por-
phyria cutanea tarda, there is an increased incidence of
hepatocellular carcinoma. This is also found in the acute
porphyrias, particularly acute intermittent porphyria,
the reason for which is unclear.

The photocutaneous lesions in porphyria cutanea
tarda are managed by phlebotomy to deplete excess
hepatic iron, as uroporphyrin formation decreases con-
comitantly. Removal of 4ÿ8 liters of blood usually re-
solves the clinical and biochemical abnormalities.
Chloroquine or related compounds are used if phlebot-
omy is not tolerated. Once in remission, most patients
with porphyria cutanea tarda remain free of photo-
cutaneous lesions provided that they avoid taking
iron-containing compounds and remain abstinent
from alcohol. Photocutaneous lesions in variegate por-
phyria and hereditary coproporphyria do not respond to
phlebotomy, however.

TABLE II Clinical Features in the Porphyrias

Type of

porphyria

Usual

inheritancea
Usual onset

of disease

Photocutaneous

lesions

Neuropsychiatric

symptoms

Chronic

liver disease Hepatoma

ALA dehydrase de®ciency AR Childhood ÿ � ÿ ÿ
Acute intermittent porphyria AD Early adulthood ÿ � ÿ �
Hereditary coproporphyria AD Early adulthood � � ÿ �
Variegate porphyria AD Early adulthood � � ÿ �
Porphyria cutanea tarda AD (familial

type)

Adulthood � ÿ � �

Hepatoerythropoietic porphyria AR Childhood � ÿ � ÿ
Erythropoietic porphyria AR Infancy � ÿ ÿ ÿ
Erythropoietic protoporphyria Triallelic Childhood � � (cholestatic

crisis)

� ÿ

a Abbreviations: AR, autosomal recessive; AD, autosomal dominant.
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ERYTHROPOIETIC PORPHYRIAS

In two porphyrias, erythropoietic protoporphyria (EPP)
and erythropoietic porphyria, the bone marrow is the
major site of expression of the biochemical abnormal-
ities. The major clinical manifestation in EPP is lifelong
photosensitivity. In contrast to the other porphyrias,
photosensitivity occurs acutely during sun exposure.
Erythema and edema of the skin develop but blisters
and erosions are rare. Chronic skin changes involve
thickening and licheni®cation of the skin on the nose
and dorsal aspects of the hands. Oral administration of
b-carotene reduces photosensitivity in many patients.
In some cases, the only effective management is use of
opaque sunscreens or avoidance of sun exposure, even
through window glass.

Hepatobiliary disease is another feature of EPP, and
in approximately 5% of individuals, the occurrence of
structural damage to the liver may cause liver failure and
necessitate liver transplantation. Liver damage is due to
the toxic effect of protoporphyrin on liver function and
structure, particularly when there is progressive accu-
mulation of protoporphyrin in the liver due to impaired
excretion of protoporphyrin in bile. Therapies for this
condition involve interruption of the enterohepatic cir-
culation of protoporphyrin by using cholestyramine or
activated charcoal and decreasing the excess production
of protoporphyrin and improving liver function
through the intravenous administration of hematin.
However, when liver damage is advanced, liver trans-
plantation is the only effective treatment. Unfortu-
nately, disease frequently recurs in the graft because
excessive production of protoporphyrin in the
bone marrow is not signi®cantly changed by liver
transplantation.

Erythropoietic porphyria is a recessive disorder that
usually has onset in infancy. A few cases of adult onset
have been reported. Skin lesions are similar to those in
porphyria cutanea tarda. As patients age, there may be
progressive destruction of the ®ngertips, ears, and nose.
Hemolytic anemia and splenomegaly are common.
Therapy is generally supportive, consisting of protec-
tion from sun exposure and prompt treatment of skin

infections. Red blood cell transfusion and intravenous
administration of hematin are used to decrease the pro-
duction of porphyrin. Splenectomy effects remission of
disease in some patients.

SECONDARY PORPHYRINURIA
AND PSEUDOPORPHYRIA

Several diseases are associated with an increase in the
urinary excretion of porphyrin, particularly copropor-
phyrin excretion, which is termed secondary porphy-
rinuria. These diseases include various types of anemia
and malignancy, hepatobiliary diseases, diabetes, and
infections. Some patients have abdominal pain and
other symptoms of acute porphyria. However, with
the exception of lead poisoning and hereditary tyro-
sinemia, urinary excretion of ALA and PBG is normal.
The patients also do not develop photocutaneous le-
sions like those with the porphyrias. Thus, the second-
ary porphyrinurias can usually be distinguished from
the porphyrias.

Pseudoporphyria is a condition in which there are
skin lesions similar to those in porphyria cutanea tarda,
but serum and urine porphyrin levels are normal or only
minimally elevated. This occurs in renal failure, from
use of medications such as nonsteroidal antiin¯amma-
tory drugs and tetracycline, and from ultraviolet A ex-
posure. Treatment consists of discontinuing the
causative factor and protection from the sun.
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Portal Hypertension and Esophageal Varices
KEVIN M. COMAR AND ARUN J. SANYAL
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ascites Excessive accumulation of ¯uid in the peritoneal

cavity.

cirrhosis Advanced liver disease characterized by distorted

architecture secondary to hepatic ®brosis and regenera-

tive nodules.

esophageal varices Dilated blood vessels around the

esophagus.

portal hypertension A portal pressure 45 mmHg in the

portal circulation.

Portal hypertension is directly responsible for the devel-

opment of variceal hemorrhage and ascites, the two major

complications of cirrhosis. Of these complications, hem-

orrhage from esophageal varices is an immediately life-

threatening event that is associated with a high mortality.

The prevention and treatment of esophageal varices is

therefore a cornerstone in the management of cirrhosis.

PATHOGENESIS

Development of Portal Hypertension

The portal vein is formed by the con¯uence of the
superior mesenteric vein and the splenic vein. It drains
blood from the splanchnic bed to the liver, which is
drained by hepatic veins in the inferior vena cava. Fol-
lowing the principles of Ohm's law, the pressure in the
portal vein is determined by the portal venous in¯ow
and the resistance to out¯ow from the portal vein:

Portal Pressure � Portal venous inflow

�Resistance to outflow

from the portal vein:

�1�

Portal hypertension is initiated by an increase in resis-
tance to portal venous out¯ow. Depending on the site of
the increase in resistance, portal hypertension may also
be classi®ed as presinusoidal, sinusoidal, or postsinu-
soidal (Table I). The most common cause of portal hy-
pertension is cirrhosis. The increased resistance found
in cirrhosis is intrahepatic and primarily sinusoidal in
origin. Increased sinusoidal resistance results from both
a ®xed component due to the architectural distortion
associated with cirrhosis and a dynamic component due

to altered regulation of sinusoidal vascular resistance.
The latter is related to decreased nitric oxide (NO) pro-
duction by the sinusoidal endothelium in cirrhosis. Cir-
rhosis is also associated with increased NO production
in the systemic circulation, which leads to systemic ar-
terial vasodilation and a hyperdynamic circulatory state.
Mesenteric arterial dilation increases portal venous in-
¯ow and further compounds the severity of the portal
hypertension.

Measurement of Portal Hemodynamics

Portal venous hemodynamics can be measured by
hepatic venous catheterization. During this procedure, a
balloon catheter is passed into the hepatic vein and the
following parameters are measured:

Free hepatic venous pressure FHVP� �
� pressure in the hepatic vein measured

with the balloon deflated:

TABLE I Causes of Portal Hypertension

Presinusoidal

Prehepatic

Splenic vein thrombosis

Portal vein thrombosis

Cavernous transformation of vein

Extrinsic compression of the portal vein

Intrahepatic

Primary biliary cirrhosis (precirrhotic stages)

Primary sclerosing cholangitis

Sarcoidosis

Schistosomiasis

Sinusoidal

Cirrhosis

Alcoholic hepatitis

Nodular regenerative hyperplasia

Vitamin A toxicity

Posthepatic

Budd-Chiari syndrome

Veno-occlusive disease

Constrictive pericarditis

Tricuspid valve disease

Severe congestive cardiomyopathy
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Wedged hepatic venous pressure WHVP� �
� pressure in the hepatic vein measured

with the balloon inflated to occlude the

hepatic vein:

�2�

Hepatic venous pressure gradient HVPG� �
�WHVPÿ FHVP:

The HVPG represents the pressure in the hepatic sinu-
soids and portal vein and is a measure of portal pressure.

Development of Variceal Hemorrhage

Once portal hypertension occurs, nature decom-
presses the portal vein by the opening of a collateral
circulation that diverts blood from the portal venous
bed directly to the systemic circulation. The most
common site for development of such collaterals is
the gastroesophageal junction, where the collaterals
form thin-walled varicose veins.

As noted above, the pressure in the varix is deter-
mined by the product of variceal blood ¯ow and resis-
tance. Esophageal varices do not develop at HPVG
values less than 12 mm Hg. On the other hand, HVPG
values greater than 12 mmHg do not directly correlate
with risk of bleeding. This suggests that local factors at
the level of the varices also determine an individual
subject's probability of bleeding (Table II).

The risk of rupture of esophageal varices is
determined by the wall tension, which is dictated by
Laplace's law:

Wall tension � Transmural pressure gradient

� radius =thickness of the

variceal wall:

�3�

Based on Laplace's law (Eq. [3] above), large varices
with thin walls and a high intramural pressure are
most likely to bleed. Varices in the distal esophagus
have the least amount of tissue covering the esophageal
veins and therefore are the most prone to bleed. Thin-
ning of the mucosa over a varix also contributes to
the risk of hemorrhage and is noted clinically by the

presence of `̀ red signs'' on endoscopy (Table III). These
include red wale marks, cherry red spots, hematocystic
spots, and diffuse erythema. Clinical features, such as
the degree of liver dysfunction and history of previous
variceal bleeds, are also signi®cant predictors of the risk
of developing variceal hemorrhages.

NATURAL HISTORY

Approximately 30% of patients with compensated cir-
rhosis and 60% of patients with decompensated cir-
rhosis have esophageal varices. In those without
varices, the risk of de novo varix development is approx-
imately 5% annually. One-third of all patients with var-
ices experience variceal hemorrhage. The risk of
bleeding is greatest in the ®rst year after diagnosis
and can be estimated by assessment of variceal size,
liver function, and presence of red signs (Table IV).

Once varices start bleeding, spontaneous hemostasis
occurs in only 50% of cases. The risk factors for con-
tinued bleeding include advanced liver failure and large
spurting varices. Once hemostasis occurs, there is a high
risk of recurrent bleeding over the next 2ÿ3 days, which
subsides to baseline levels by 6 weeks. The risk factors
for such `̀ early rebleeding'' include age 460 years, he-
moglobin less than 8 g/dl on admission, renal failure,
ascites, active bleeding, red signs or platelet clots on
varices, and overly aggressive volume replacement.
Overall, each episode of variceal hemorrhage continues
to be associated with a 20ÿ30% mortality rate.

In the long term, over 70% of survivors of an
index bleed will experience recurrent hemorrhage
if left untreated and a similar number will die within
1 year. The risk of late rebleeding 46 weeks is linked to
severity of liver failure, ascites, presence of hepatoma,
active alcoholism, and red signs.

PRIMARY PREVENTION

Selection of Patients for Primary Prophylaxis

The risks of variceal hemorrhage varies greatly from
one patient to the next. Given the potential toxicity of

TABLE II Risk Factors That Affect the

Likelihood of Variceal Hemorrhage

Portal pressure

Variceal pressure

Variceal location

Variceal size

Variceal appearance (red signs)

Liver function

Previous variceal hemorrhage

TABLE III Types of Endoscopic `̀ Red Signs''

on Varices

Red signs

Red wale marks

Cherry red spots

Hematocystic spots

Diffuse erythema
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the available treatment approaches, it is imperative to
identify those at greatest risk of bleeding and thus most
likely to bene®t from primary prophylaxis. This is
achieved by clinical assessment and by endoscopy of
all patients with cirrhosis (Table IV). Those with me-
dium to large varices are generally considered for pri-
mary prophylaxis. If no varices are seen, follow-up
endoscopy is generally recommended at 2-year intervals
although the cost-effectiveness of this approach remains
to be established.

Beta-Blockers

Nonselective beta-blockers are the ®rst-line treat-
ment for primary prophylaxis of variceal bleeding in
cirrhosis. They decrease portal pressure by causing
beta-blockade, which allows unopposed a-adrenergic-
mediated mesenteric arteriolar vasoconstriction. This
decreases portal venous in¯ow and thus portal pressure.
At high doses, bradycardia and decreased cardiac output
also contribute to this effect.

The ef®cacy and safety of propranolol and nadolol
have been evaluated in a large number of clinical trials.
Meta-analyses have shown that beta-blockers reduce the
index bleed by approximately 45% and also decrease
mortality due to bleeding by 50%. However, this is not
accompanied by an overall improvement in survival.
The best predictor of successful primary prophylaxis
is the ability to produce a sustained drop in HVPG by
20% or to values less than 12 mm Hg. It has therefore
been recommended that hepatic venous catheterization
be performed prior to and 3 months after initiation of
treatment with beta-blockers. The cost-effectiveness of
such an approach remains to be validated and the
facilities to perform HVPG measurements are not uni-
versally available. In their absence, the dose of beta-

blockers is titrated to achieve a reduction in heart
rate (HR) to 25% of baseline, or to 55ÿ60 beats per
minute, and is limited by the development of side
effects. Regrettably there is a poor correlation between
HR and reduction in portal pressure.

Approximately 20% of patients do not respond to
beta-blockers and an additional 20% are unable to tol-
erate beta-blockers. Risk factors associated with high
failure rates include a smaller decrement in resting
heart rate, younger age, advanced liver failure, large
variceal size, and lower doses of beta-blockers. Over
time, many patients also develop tachyphylaxis due
to increased veno-collateral resistance within the
liver. The side effects of beta-blockers include precipi-
tation or worsening of congestive heart failure, sinus
bradycardia, increased airway resistance, exacerbation
of peripheral vascular disease, facilitation of hypogly-
cemia, depression, fatigue, and sexual dysfunction.

Nitrates

Nitrates act as venodilators, in turn decreasing
venous return and therefore decreasing cardiac output.
Systemic venodilation also decreases postsinusoidal re-
sistance and consequently decreases portal hyperten-
sion. Initial clinical trials comparing isosorbride
mononitrate (ISMN) alone versus propranolol alone
found ISMN to be as effective as propranolol for the
prevention of bleeding; however, those over 50 years
of age had a poorer survival with ISMN. Another recent
study also showed that ISMN did not reduce the inci-
dence of variceal bleeding or survival in patients with
varices unable to tolerate beta-blockers. Thus, nitrates
are not recommended as monotherapy for primary pro-
phylaxis of variceal hemorrhage.

Nitrates Plus Beta-Blockers

A combination of ISMN with a nonselective beta-
blocker has a synergistic effect on portal pressures.
Clinical trials have shown combination therapy to be
superior to beta-blockers alone. Such bene®ts are most
pronounced in thosewith relativelypreserved liver func-
tion.The useof combination therapy is usually restricted
to such individuals or those who do not have a sustained
improvement in HVPG after starting beta-blockers.

Endoscopic Therapy

Endoscopic sclerotherapy (EST) is performed by
injection of a sclerosant into varices that produce
variceal thrombosis and obliteration. Endoscopic
variceal ligation (EVL) is performed by placing an elas-
tic O ring around the neck of a varix and subsequently
causing strangulation of the vein. Thrombosis and

TABLE IV Estimated 1-Year Percentage Probability

of Bleeding as a Function of All Possible Combinations

of the Endoscopic Variables

Red wale

markings

Child's class

A B C

*F1 F2 F3 F1 F2 F3 F1 F2 F3

ÿ 6 10 15 10 16 26 20 30 42

� 8 12 19 15 23 33 28 38 54

�� 12 16 24 20 30 42 36 48 64

��� 16 23 34 28 40 52 44 60 76

Based on data from Defranchis, R. (1998). Prediction of the ®rst

variceal hemorrhage in patients with cirrhosis of the liver and esoph-

ageal varices. N. Engl. J. Med. 319, 983.

* F1, F2, and F3 are progressively larger varices.
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ischemic necrosis of the necrotic mucosa follow, leading
to the obliteration of the varix. The use of EST for pri-
mary prophylaxis has been discontinued since a large
multicenter trial showed increased mortality in those
undergoing EST. On the other hand, compared to no
treatment, EVL decreases the risk of index bleeding by
64% and decreases overall mortality by 45%. Compared
to beta-blockers, EVL reduces the risk of bleeding by
approximately 52% but this does not translate into a
survival advantage. EVL is currently recommended
for those with large varices who are unable to tolerate
beta-blockers. There are currently no published data
comparing a combination of beta-blockers with band
ligation to either beta-blockers or EVL alone.

Summary

All patients with cirrhosis should undergo endo-
scopy to assess the risk of variceal hemorrhage. Those
at intermediate or high risk should undergo treatment
with a nonselective beta-blocker, e.g., propranolol or
nadolol. The dose should be titrated to achieve a resting
heart rate of 55ÿ60 beats/min. Ideally, the HVPG should
be measured before and 1ÿ3 months after starting
therapy to identify poor responders to therapy. Such
individuals may be treated by addition of nitrates or
by EVL. EVL should also be considered in those who
cannot tolerate pharmacologic treatment (Fig 1).

MANAGEMENT OF ACTIVE
VARICEAL BLEEDING

There are three goals of management of active variceal
hemorrhage: (1) hemodynamic resuscitation; (2) pre-
vention of complications; and (3) achievement of he-
mostasis. Therapy must be directed at all three goals
simultaneously in order to optimize outcomes. Hemo-
dynamic resuscitation must be aggressively pursued
and the hemoglobin maintained between 9 and 10 g/dl
(Table V). The urine output should be carefully mon-
itored and ¯uid infusions titrated to maintain a urine
output greater than 50 cc/h. The airway must be
protected and the patient intubated if he or she is
unable to clear secretions in the airway. Blood and
ascites ¯uid should be obtained for culture, and pro-
phylactic broad-spectrum antibiotics, e.g., cefotaxime,
should be administered intravenously until culture
results are determined. In the absence of positive cul-
tures or spontaneous bacterial peritonitis (SBP), treat-
ment may be switched to an oral quinolone, e.g.,
nor¯oxacin, for up to 2 weeks for primary prophylaxis
of SBP.

First-Line Therapy for Achievement
of Hemostasis

Pharmacologic Treatment

Vasopressin and its analogues Vasopressin in-
teracts with arterial smooth muscle receptors to induce
splanchnic arteriolar vasoconstriction, decreasing
blood ¯ow to all splanchnic organs and resulting in a
decline in portal pressure. The use of vasopressin has

FIGURE 1 Primary prevention. These are only general guide-

lines and appropriate therapy should be based on the patient's

individual circumstances and the expertise available.

PORTAL HYPERTENSION AND ESOPHAGEAL VARICES 215

CIRRHOSIS  

Screening 
endoscopy for 

varices 

Does the patient have medium 
to large varices? 

YES NO 

Is the patient able to tolerate 
 beta-blockers?

Patient should be followed by 
 endoscopy every 2 years for the 
development of medium to large 

varices 

NO 
YES 

EVL 
Titrate beta-blockers to achieve a heart

rate drop of 25% of baseline, or 50–60 beats
per min, or till the development of side effects

Measure the HVPG after 1–3 months 
of therapy 

Is the HVPG < 12 mm Hg?

YES 

NO 

Continue with beta-blockers 

Add nitrates 



declined due to its side effects, which include myocar-
dial and intestinal ischemia, hypertension, bradycardia,
hyponatremia, and ¯uid retention. Some of these effects
can be minimized while enhancing therapeutic ef®cacy
by concomitant administration of nitroglycerin.

Terilipressin is an inert analogue of vasopressin; due
to its slow activation, terlipressin has less toxicity than
vasopressin alone or in combination with nitroglycerin.
Terlipressin has also been shown to be better than
placebo or vasopressin and similar to somatostatin or
balloon tamponade in acute variceal bleeding manage-
ment. Currently, Terlipressin is not available for clinical
use in the United States.

Somatostatin and its analogues Somatostatin in-
hibits the release of splanchnic vasodilators hormones,
such as glucagon and vasoactive intestinal peptide,
thereby increasing mesenteric arteriolar tone and de-
creasingportal venous in¯ow.Somatostatin is as effective
as vasopressin in the control of the bleeding and has a
lower risk of adverse effects. The bene®cial effects of
somatostain over vasopressin have made somatostatin
the pharmacological treatment of choice for active bleed-
ing even though no decrease in mortality has been clearly
proven. Circulating somatostatin has a half-life of only a
few minutes and this has led to use of its longer acting
analogue,octreotide.Althoughthere is somecontroversy
over the relative ef®cacy of octreotide versus somato-
statin, the use of octreotide with EVL or EST has been
foundtobesuperiortoeitherEVLorESTaloneintermsof
achieving hemostasis or prevention of early rebleeding.
However, no change in overall mortality has been dem-
onstrated with either somatostatin or octreotide.

Endoscopic therapy EST is highly effective in
achieving hemostasis (70ÿ90%) and decreasing the
risk of early rebleeding (20ÿ30%) compared to vaso-
pressin or balloon tamponade. EST is as effective as
somatostatin or octreotide but less effective than com-
bination therapy. Unfortunately, endoscopic sclerother-
apy has a 10 to 30% complication rate (Table VI) and a
0.5 to 2% mortality rate. EST and EVL are comparable in
terms of ef®cacy when used for active variceal hemor-
rhage. EVL has a lower rebleeding rate, lower mortality
rate, and lower incidence of complication than EST;
however, in cases of severe bleeding, limitation of the
®eld of vision makes EVL more challenging.

FAILURE OF FIRST-LINE THERAPY
(SECOND-LINE TREATMENT)

Approximately 10ÿ20% of patients either continue
to bleed despite ®rst-line therapy or experience early
rebleeding. Such patients are at great risk of dying
from exsanguination and from the complications of
variceal hemorrhage, such as aspiration, sepsis, and
hepatorenal syndrome. It is therefore imperative to
quickly stabilize the patient and perform a salvage
procedure in such cases.

Balloon Tamponade

This technique utilizes a balloon catheter that me-
chanically tamponades the bleeding varix. There are sev-
eral types of balloon catheters that are used for this
purpose and all can quickly achieve hemostasis. Unfor-
tunately, there is a very high risk of bleeding when the

TABLE V Management of Patients with Active

Variceal Hemorrhage

Hemodynamic resuscitation

Maintain hemoglobin between 9 and 10 g/dl

Replace platelets in actively bleeding patients when levels

fall below 50,000/ml

Airway protection

Intubate for aspiration pneumonia prevention

Renal support

Preserve urine output above 50 ml/h

Avoid nephrotoxins

Sepsis prevention

Obtain blood and ascites ¯uid for culture and prophylactic

broad-spectrum antibiotics

Neurologic support

Monitor mental status and avoid sedation

Metabolic support

Monitor and treat electrolyte abnormalities

Monitor and treat endocrine abnormalities

Treat alcohol withdrawal when indicated

TABLE VI Complications of Sclerotherapy

Local

Stricture formation

Ulceration

Perforation

Bleeding

Esophageal dysmotility

Pain/odynophagia

Regional

Pleural effusion

Mediastinitis

Acute gastric dilation

Systemic

Pulmonary edema

Aspiration pneumonia

Sepsis

Spontaneous bacterial peritonitis

Adult respiratory distress syndrome

Portal vein thrombosis
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balloon is de¯ated. Moreover, prolonged insuf¯ation of
the balloon can lead to mucosal necrosis and ulceration.
Finally, balloon tamponades occlude the gastroesopha-
geal junction and prevent clearance of swallowed saliva
and secretions, thereby creating a high-risk situation for
pulmonary aspiration. These risks can be minimized by
protecting the airway by intubation and by the use of an
esophageal aspiration port. Balloon tamponade is used
only as a temporary measure while preparations are
made for a de®nitive procedure.

Surgery

The surgical options available for acute variceal
bleeding consist of shunt or nonshunt operations.
Shunt operations decompress the portal system and
are total, partial, or selective. Total shunts redirect all
portal blood away from the liver and are highly effective
in terminating active bleeding and preventing future
bleeds. Unfortunately, approximately 40 to 50% pa-
tients who undergo total shunts will have chronic or
recurrent encephalopathy and accelerated progression
of underlying liver failure. Such operations are not per-
formed as ®rst-line therapy because the outcomes with
EST have been shown to be comparable to those for
urgent portacaval shunt surgery.

Partial shunts preserve some hepatic portal perfu-
sion and in turn reduce the rates of encephalopathy and
liver failure. Nonetheless, the incidence of early shunt
thrombosis is relatively high. Selective shunts divide the
portal system into a decompressed variceal compart-
ment and a hypertensive superior mesentericÿportal
vein compartment. The most prominent selective
shunt is distal splenorenal shunt (DSRS), which main-
tains a certain degree of liver perfusion, avoids dis-
section of the hilus, and therefore does not interfere
with subsequent liver transplantation. The drawback
to DSRS is that sinusoidal hypertension persists, and
ascites, which does not resolve, can be dif®cult to man-
age. Nonshunt operations include esophageal transec-
tion and devascularization. Esophageal transection is
highly effective in arresting bleeding from esophageal
varices unresponsive to medical therapy, but rebleeding
from gastric varices and the transection line is a problem
in 50% of patients. The complete devascularization
(Suguira) procedure is highly effective in controlling
active hemorrhage. Such operations carry a rebleeding
rate of 2 to 37% and have a reported mortality rate of
5% or higher.

Transjugular Intrahepatic Portosystemic Shunts

Transjugular intrahepatic portosystemic shunts
(TIPS) is an angiographic procedure in which a

fenestrated metal stent is deployed between the
intrahepatic portion of the portal vein and the hepatic
vein, thereby creating a `̀ side to side'' porta-systemic
anastamosis. The ability to decompress the portal
vein without the need for general anesthesia or major
surgery has led to a resurgence in interest in portal
decompression in patients with active and refractory
variceal hemorrhage. TIPS can be performed success-
fully in over 90% of cases and achieves hemostasis in
over 90% of cases. It also has been shown to improve
survival in this group of very sick individuals. Thus,
TIPS is the procedure of choice for salvage therapy in
high-risk individuals who continue to bleed or have
severe early rebleeding after ®rst-line therapy.

TIPS is associated with numerous complications
(Table VII) including encephalopathy, hemolysis, and
thrombosis. In the long term, virtually all patients de-
velop recurrent portal hypertension due to the ingrowth
of tissue from the surrounding liver, which forms a
pseudo-intimal lining in the shunt. This requires pa-
tients to undergo periodic sonographic screening for
shunt patency after TIPS placement. Unfortunately, so-
nography is speci®c but relatively insensitive for the
diagnosis of shunt stenosis.

Summary

Management of active variceal bleeding includes
hemodynamic resuscitation, prevention and treatment
of complications, and halting the bleed. Somatostatin,
octreotide, or terlipressin may be started in the emer-
gency room and given in conjunction with EST or EVL.
Those who fail ®rst-line therapy should be stabilized
and a de®nitive procedure (TIPS for high-risk cases
and TIPS or surgery for average-risk cases) performed
quickly (Fig. 2).

TABLE VII Complications of Transjugular

Intrahepatic Portosystemic Shunts (TIPS)

Procedure-linked complications

Neck hematoma

Perihepatic hematoma

Cardiac arrhythmias

Rupture of liver capsule

Puncture of portal vein

Complications related to portosystemic shunting

Hepatic encephalopathy

Increased susceptibility to bacteremia

Liver failure

Stent-related complications

TIPS-associated hemolysis

Infection of the stents

Stent stenosis or malfunction
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SECONDARY PREVENTION

Given the high recurrence rate of rebleeding, attention
must be given to providing secondary prophylaxis to
those who survive an index bleed. The treatment mo-
dalities available are identical to those used for primary
prophylaxis and acute management.

Endoscopic Therapy

EVL is currently the procedure of choice for the
secondary prevention of esophageal variceal hemor-
rhage. Compared to sclerotherapy, EVL showed earlier
variceal obliteration, fewer complications, less rebleed-
ing, and a trend toward decreased mortality. The com-
bination of EST and EVL does not provide any advantage
over EVL alone and is actually associated with higher
mortality.

Beta-Blockers

Studies on the effect of beta-blockers as secondary
prevention suggest that beta-blockers reduce the risk of

bleeding by approximately 40% and risk of death by
20%. A crucial predictive factor in the effectiveness of
beta-blockers is its ability to decrease HPVG by 20% or
more. Good responders to beta-blockers are considered
patients with 20% or more reduction in HPVG and are
much less likely (2 of 25 versus 23 of 44) to have
episodes of rebleeding within the ®rst 28 months of
therapy. Patients with well-preserved hepatic synthetic
function seem to bene®t the most from beta-blocker
therapy. Overall, EST is associated with a lower rebleed
rate than beta-blockers but the effects of these therapies
on mortality are similar. Recent studies indicate that
EVL is at least as effective as beta-blockers for the
prevention of recurrent variceal bleeding.

Beta-Blocker Plus Oral Nitrates

Combination pharmacologic therapy has been
shown to be more effective than EST or EVL in two
studies of patients with well-preserved liver function
from the same center. In two other studies, combination
therapy was found to be equally as effective as EVL. The
potential role of combination therapy is evolving and it
may become an alternative to EVL for the prevention of
recurrent variceal hemorrhage.

Transjugular Intrahepatic Portosystemic Shunts

TIPS decreases the risk of recurrent bleeding more
effectively than endoscopic therapy. However, this is
not associated with a survival advantage. There is also
an increased risk of encephalopathy following TIPS. In
some cases, TIPS is followed by progressive liver failure.
Finally, patients require multiple follow-up sonograms
and angiograms for the detection and treatment of shunt
stenosis. These considerations have relegated the role of
TIPS to a salvage treatment in those who rebleed despite
adequate endoscopic and pharmacologic therapy.

Surgery

The ef®ciency of surgical treatment for rebleeding
prevention is offset by studies showing that the survival
outcome after sclerotherapy is identical to or better than
that achieved by surgery. In addition, postoperative
mortality and complications are more considerable
with surgery. Regardless of the limitations of surgery,
surgery remains a valuable form of treatment in selected
patients who are refractory to endoscopic intervention.
The outcomes after surgery are best in those with well-
preserved liver functions.

Liver Transplant

Orthotopic liver transplant (OLT) is the only rem-
edy that provides long-term treatment for prevention of

FIGURE 2 Management of active hemorrhage. These are only

general guidelines and appropriate therapy should be based on the

patient's individual circumstances and the expertise available.
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rebleeding, hepatic decompensation, and death. OLT
provides an 80ÿ90% 1-year survival rate and a 60%
5-year survival rate. OLT may be considered in those
with recurrent variceal bleeds or those with severe
liver failure. Unfortunately, this option is not available
to many subjects and, when available, is limited by
organ availability.
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Portal Vein Thrombosis
PATRICK S. KAMATH

Mayo Clinic and Foundation

ascites Presence of ¯uid in the peritoneal cavity.

hepatic encephalopathy Neuropsychiatric manifestations

associated with liver disease.

hypersplenism Reduction in two or more of the formed

elements of blood as a manifestation of splenomegaly;

associated with a normal bone marrow.

portal hypertension Elevation in pressure in the portal

venous system. Bleeding from esophageal varices, ascites,

and hepatic encephalopathy are complications of portal

hypertension.

portal venous system Vessel pathway beginning and ending

in the capillaries.

Portal vein thrombosis is a common cause of portal hy-

pertension in the absence of chronic liver disease, espe-

cially in children. The clinical manifestations of portal

vein thrombosis depend both on the extent and the du-

ration of the thrombosis. Thus, patients may present with

abdominal pain, diarrhea, or gastrointestinal bleeding.

NORMAL PORTAL CIRCULATION

The portal vein serves to drain almost the entire gastro-
intestinal tract, spleen, pancreas, and gallbladder. The
portal vein is approximately 7 cm in length and courses
in the hepatoduodenal ligament, usually dorsal to the
bile duct and hepatic artery, and divides into two lobar
veins, the left and the right, before entering the portal
®ssure. The superior pancreaticoduodenal and left gas-
tric veins drain into the portal vein near its origin. The
upper 5 cm of the portal vein usually receives no venous
branches. The umbilical vein and the paraumbilical
veins may drain into the left branch of the portal
vein, whereas the cystic vein drains into the right portal
vein.

The portal vein constitutes the major oxygen supply
to the liver. Portal venous ¯ow is approximately
1150 ml /min, as opposed to hepatic arterial ¯ow,
which is only 350 ml /min, resulting in total liver
blood ¯ow of 1500 ml /min. The portal vein supplies
between 50 and 70% of the oxygen to the liver, espe-
cially during the fasting state.

PATHOGENESIS OF PORTAL
VEIN THROMBOSIS

Portal vein thrombosis in children is usually a result of
umbilical cord sepsis or follows catheterization of the
umbilical vein. In adults, portal vein thrombosis is sec-
ondary to diseases that result in increased coagulability
of the blood. These include heritable or acquired dis-
orders of coagulation, cancer (especially hepatocellular
cancer), intraabdominal sepsis, in¯ammatory bowel
disease, and postoperative states. Portal vein thrombosis
may result from extension of thrombosis in the vein
following splenectomy. In young women, oral contra-
ceptive use is an additional risk factor. In patients with
cirrhosis of the liver, portal vein thrombosis occurs in
less than 1% of patients. However, among patients with
cirrhosis and with portal vein thrombosis, hepatocellu-
lar carcinoma occurs in up to 25% of patients.

CLINICAL PRESENTATION

Portal vein thrombosis is classi®ed as acute, subacute, or
chronic. Acute portal vein thrombosis manifests as ab-
dominal pain that may be associated with diarrhea. The
pain is nonspeci®c. Radiological imaging in these pa-
tients demonstrates thrombosis of the portal vein with-
out signi®cant collateral circulation. Symptoms are
usually present for days. In subacute portal vein throm-
bosis, symptoms are present for days to weeks, and im-
aging studies show a collateral circulation in addition to
the portal vein thrombosis. In chronic portal vein
thrombosis, the portal vein may not be visualized and
is replaced by an extensive network of collateral veins,
the so-called cavernous transformation of the portal
vein. When portal vein thrombosis occurs in patients
with cirrhosis of the liver, additional clinical features
include further deterioration in liver function manifest-
ing as ascites, and worsening encephalopathy.

Physical examination of patients with portal vein
thrombosis is nonspeci®c. Patients in whom thrombosis
has extended into the smaller veins of the portal
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circulation, especially those closely applied to the
bowel, may have abdominal tenderness. When the
small vessels are thrombosed, there is an increased
risk of developing ischemia of the bowel that may pro-
gress to infarction and peritonitis. Such patients are
more likely to have hemodynamic instability.

DIAGNOSIS

Routine blood tests are not helpful in making a diagnosis
of portal vein thrombosis. Diagnosis is usually made
with radiological investigations, such as Doppler ultra-
sonography or, preferably, computer tomography (CT)
scans of the abdomen. Magnetic resonance imaging is
helpful but not often used in the initial investigation of
these patients. Mesenteric angiogram is the gold stan-
dard in demonstrating thrombosis in the portal vein, but
is usually required only if the plan involves surgery to
decompress the portal system. Investigations are also
carried out to exclude inherited and acquired disorders
of coagulation.

TREATMENT

Treatment of portal vein thrombosis is challenging.
Long-term anticoagulation is recommended in all pa-
tients with portal vein thrombosis with an underlying
thrombophilia. Anticoagulation is also recommended in
patients with an acute or subacute presentation, pro-
vided these are no contraindications such as active
bleeding. In the rare patient who presents within
24ÿ48 hours of the onset of portal vein thrombosis,

thrombolytic therapy in an attempt to dissolve the
clot may be tried. Patients with chronic portal vein
thrombosis present predominantly as portal hypertension
manifesting with variceal bleeding and hypersplenism.
In such patients with large esophageal varices, antico-
agulation is not recommended. Patients who present
with gastrointestinal bleeding can be treated either by
injection of a sclerosant into the varices or by band
ligation of the varices. Surgical shunts are used in pa-
tients in whom bleeding cannot be controlled by con-
servative measures; this involves connecting a branch of
the portal venous system, either the splenic vein or the
superior mesenteric vein, to a systemic vein, such as the
renal vein or inferior vena cava.

See Also the Following Articles
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Esophageal Varices
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Postprandial Motility
JACKIE D. WOOD
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gastrocolic re¯ex Changes in the motility of the large

intestine following ingestion of a meal.

migrating motor complex Motility pattern of the interdiges-

tive state in the small intestine.

power propulsion Motility pattern that propels the intra-

luminal contents rapidly over long distances in the small

and large intestine.

Ingestion of a nutrient meal initiates specialized patterns

of postprandial motility in the stomach and small and

large intestine. Postprandial motility in the reservoir of

the upper stomach relaxes the gastric wall to accommo-

date the increasing volume during active ingestion of a

meal. Postprandial motility in the antral region of the

stomach triturates the contents to particles of suf®ciently

small size for effective emptying into the small intestine.

Mixing movements are the characteristic motility pattern

in the small intestine, and the increased incidence of

mass movements and a generalized increase in mixing-

like movements occur in the large intestine following

ingestion of a meal.

INTRODUCTION

Following ingestion of a meal, when the gastric wall is
not relaxing in response to the swallowing and ®lling
process that initiates postprandial motility in the upper
stomach, the muscles in the wall of the gastric reservoir
contract, exerting controlled compressive forces on the
contents of the upper stomach. In the antral stomach
region, the postprandial motility process effects pulver-
ization of food particles. Particulates in the stomach are
not emptied until they are reduced to sizes less than
about 5 mm. The reduced size of the particles increases
the surface area for action by digestive enzymes in the
small intestine. In the small intestine, mixing move-
ments, the characteristic motility pattern of the fed
state, are initiated. (The terms `̀ digestive state'' and
`̀ fed state'' are used alternatively to describe the state
of the gut after a meal.) The mixing movements start
with the ®rst ingestion of a nutrient meal and are coin-
cident with termination of the motility pattern that char-
acterizes the interdigestive state (i.e., the migrating
motor complex). Mixing movements function to

blend pancreatic, biliary, and intestinal secretions
with nutrients in the small intestine and bring products
of digestion into contact with the absorptive surfaces
of the mucosa.

Power propulsion, a programmed motor event in the
transverse and descending colon, is also associated with
intake of a meal. This form of motor behavior ®ts the
general pattern of neurally coordinated peristaltic pro-
pulsion and results in the mass movement of feces over
extended distances toward the anus. Mass movements
may be triggered by increased delivery of ileal contents
into the ascending colon following a meal. Gastrocolic
re¯ex is a term used to refer to the increased incidence of
mass movements and a generalized increase in mixing-
like movements that occur in the large intestine follow-
ing ingestion of a meal.

MIXING MOVEMENTS

Mixing movements of the small intestine are also called
segmenting movements or segmentation due to their
appearance on X-ray ®lms of the small intestine. The
mixing pattern of motility is programmed by the enteric
nervous system. In the mixing pattern, the behavior of
the musculature is organized to propel luminal contents
in both directions over short distances. This is in con-
trast to other forms of propulsive motility that move the
luminal contents in one direction over extended lengths
of intestine. Mixing movements consist of circumferen-
tial muscle contraction in segments separated on either
end by relaxed receiving segments. The receiving
segments appear as sacculations with increased cross-
sectional diameter on X-ray images of the small intestine
(Fig. 1). Mixing occurs as the contents are forcefully
propelled into the receiving segments from both
directions. Each segmental contraction and relaxed re-
ceiving segment re¯ects the occurrence of stereotypic
peristalsis that does not propagate beyond a single seg-
ment. Mixing movements are, in effect, the occurrence
of ultrashort peristalsis that is repeated at multiple sites
along the intestine. As is the case for propulsion over
greater distances in other patterns of motility, the
basic peristaltic neural re¯ex (i.e., contraction above
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and relaxation of the intestinal wall below) underlies the
mixing motility pattern. Postprandial segmentation is a
mechanism for the mixing and stirring of luminal con-
tents in the receiving segments. The enteric neural pro-
gram for mixing is cyclic, with receiving segments
converting to contracting segments and contracting seg-
ments becoming receiving segments. Segmenting move-
ments occur with the same intervals as electrical slow
waves or at multiples of the shortest slow-wave interval
in the particular region of intestine.

Command signals transmitted from the brain to the
small intestine by the vagus nerves are important for the

conversion from the interdigestive motility pattern to
the digestive pattern. After interruption of transmission
in the vagus nerves, a larger quantity of ingested food is
necessary for termination of the interdigestive motor
pattern, and interruption of the migrating motor
complex is often incomplete.

Evidence of vagal commands for the digestive motor
pattern has been obtained in animals with cooling cuffs
placed surgically around each vagus nerve. During the
fed pattern, cooling and blockade of impulse transmis-
sion in the nerves results in interruption of the fed pat-
tern of mixing movements. When the vagus nerves are
blocked during the fed pattern, migrating motor
complexes reappear in the intestine, but not in the stom-
ach. With warming of the nerves and release of neural
blockade, the fed pattern returns.

See Also the Following Articles
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FIGURE 1 The postprandial pattern of small intestinal motility

is characterized by mixing movements. Mixing movements consist

of propulsive and receiving segments as described for the

stereotypic pattern of behavior of the circumferential and longi-

tudinal muscle layers during peristalsis. They can be viewed as

short-distance peristaltic propulsion. The postprandial pattern of

motility consists of propulsive segments separated by receiving

segments, occurring with apparent randomness at many sites

along the intestine. Mixing of the luminal contents occurs in

the receiving segments. Over time, cyclic conversion of receiving

segments to propulsive segments occurs coincident with the

conversion of propulsive segments to receiving segments.
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Pouchitis
DAVID B. SACHAR

Mount Sinai School of Medicine, New York

diversion colitis A characterisitic mucosal in¯ammation that

typically occurs whenever the colon is excluded from the

intestinal stream and that subsides when intestinal

continuity is restored.

kock pouch (continent ileostomy) A reservoir constructed,

following colectomy, from approximately 40 cm of ileum

much like a pelvic pouch (q.v.), but with the modi®ca-

tion of a one-way nipple valve accessed by intubation

directly through the anterior abdominal wall.

probiotics Live microorganisms that confer health bene®ts

through any one of a number of mechanisms, such as

therapeutic modi®cation of the enteric ¯ora.

Pouchitis denotes mucosal in¯ammation occurring in an

ileal reservoir following total colectomy, usually for ul-

cerative colitis or familial adenomatous polyposis. The

incidence of this disorder is much higher in patients

with underlying chronic idiopathic in¯ammatory bowel

disease than in those with genetic neoplastic syndromes,

but it occurs in both Kock pouches (continent

ileostomies) and pelvic pouches. The condition is mani-

fested clinically by increased stool frequency, urgency,

diarrhea, bleeding, and abdominal pain and often by

fever or other constitutional complications.

DIAGNOSIS

Since other conditions may produce the same clinical
syndrome as pouchitis, de®nitive diagnosis requires
endoscopic and histologic con®rmation. Characteristic
endoscopic features include diffuse mucosal erythema,
edema, friability, hemorrhage, and ulceration. The his-
tologic picture is typically one of acute and/or chronic
in¯ammatory in®ltrate, villous atrophy, and crypt
hyperplasia.

DIFFERENTIAL DIAGNOSIS

Conditions that mimic pouchitis generally carry very
different prognostic and therapeutic implications. It is
therefore essential to distinguish pouchitis from other
complications such as mechanical out¯ow obstruction,
local sepsis, Crohn's disease, or intestinal dysmotility.
A defunctionalized pouch may also manifest the

mucosal changes associated with `̀ diversion colitis,''
but these should regress once intestinal continuity is
reestablished.

NATURAL HISTORY

Nearly half of all ulcerative colitis patients with ileal
pouches will experience at least one acute episode of
pouchitis. For almost any purpose of discussion, how-
ever, it is useful to consider pouchitis as occurring in
several distinct phenotypic categories:

� single acute episode;

� one or two acute episodes per year;

� more than two acute episodes per year, each respond-
ing to medical therapy;

� frequent episodes requiring chronic maintenance
therapy to prevent recurrence;

� chronic refractory pouchitis, not responding to med-
ical therapy.

Although approximately 50% of ulcerative colitis
patients with ileal pouches will not suffer even one
bout of pouchitis during a 5- to 10-year follow-up,
the remaining 50% will be distributed approximately
as follows: single episode or only one or two episodes
per year, 10%; more than two responsive episodes per
year, 25%; chronic pouchitis requiring maintenance
therapy, 10%; and chronic refractory pouchitis, 5%.
These speci®c frequencies may of course vary from se-
ries to series, but it is generally agreed that most
pouchitis cases are responsive to acute medical therapy
(see below), with only approximately 10ÿ15% of
cases (i.e., approximately 5ÿ7% of all ulcerative colitis
patients with pouches) proving to be chronic and
unremitting.

PATHOPHYSIOLOGY

The current understanding of the mechanisms underl-
ying pouchitis is limited to theory and conjecture.
Nonetheless, most current concepts are based on two
undisputed observations. The ®rst is that the over-
whelming majority of cases, over 90%, are at least
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initially responsive to antibiotics. Hence, there must be a
microbiologic component to the disease. The second
universal ®nding is that although pouchitis is experi-
enced by nearly half of ulcerative colitis patients with
ileal pouches, this complication is extremely rare (albeit
not totally unreported) in familial adenomatous
polyposis. Therefore, there must also be an element
of underlying host susceptibility, presumably immuno-
genetic in nature. For this reason, studies have been
exploring cytokine pro®les, in¯ammatory mediators,
volatile fatty acid levels, bile acid composition, and
other permeability and vascular factors as putative
contributors to the pathologic process.

RISK FACTORS

Ideally, it would be helpful to know in advance which
patients were at particular risk for pouchitis and which
were not. The only absolute certainty in this regard is
that it is patients with underlying chronic idiopathic
in¯ammatory bowel disease who are most vulnerable;
patients with familial adenomatous polyposis only
rarely develop this complication.

Within the in¯ammatory bowel disease population,
however, it is less clear what the risk factors are. Several
putative markers of an immunogenetic disposition to
pouchitis might include primary sclerosing cholangitis
(PSC), high preoperative perinuclear anti-neutrophil
cytoplasmic antibody titers, extensive backwash ileitis,
and a strong preoperative history of extraintestinal com-
plications. As with the original ulcerative colitis, smok-
ing may exert some type of `̀ protective'' effect against
pouchitis. Crohn's disease-like complications of an ileal
pouch might also be anticipated in patients who had
unmistakable Crohn's disease preoperatively, especially
if the small bowel had been involved; but not every case
of chronic refractory pouchitis, even when accompa-
nied by granulomas or transmural in¯ammation, is
prima facie evidence of preexisting Crohn's disease.

TREATMENT

Initially, virtually all cases of pouchitis will respond
favorably to treatment with metronidazole or other
broad-spectrum antibiotics, including cipro¯oxacin.
In fact, some investigators require such a therapeutic
response to be manifested before they will even accept a
de®nitive diagnosis of pouchitis. As noted above under
Natural History, all but approximately 10ÿ15% of cases
with pouchitis can be managed exclusively with antibi-
otic therapy, whether intermittent or chronic; the worst
dilemma in managing this complication is how to treat

the small but not insigni®cant minority of cases that are
refractory to antibiotics.

In these truly refractory cases, medical treatment
re¯ects despair more than reliable evidence. Oral and
topical aminosalicylates and steroids are often used with
anecdotal impressions of success; some patients seem to
respond to oral anti-metabolites, but even less evidence
supports the occasional resort to oral cholestyramine or
topical cyclosporin, glutamine, butyrate, or Kaopectate.
In any event, all such medical approaches must be dis-
appointing to the extent that they are reminiscent of the
regimens that the colectomy was designed to eliminate.
A potentially more promising approach to prophylaxis
against recurrent pouchitis has been suggested by
Italian investigators using probiotic therapy.

As many as half the cases of chronic refractory
pouchitis may ultimately come to further surgeryÐei-
ther pouch revision or `̀ salvage'' or complete excision
with conversion to the standard Brooke ileostomy, an
alternative that may have been initially less appealing to
the patient, but that may ultimately restore a more ac-
ceptable quality of life.
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Power Propulsion
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manometric recording Graphic measure of changes in

pressure in localized regions of the digestive tract,

indicating contractile behavior of the musculature.

migrating motor complex Speci®c pattern of small intestinal

motility that begins when digestion of a meal is complete

and ends with intake of the next meal; also called

interdigestive motility.

mixing movements Speci®c pattern of small intestinal

motility that starts with the ingestion of a meal and

accomplishes mixing of the contents in the lumen; also

called digestive motility.

Power propulsion is a motility pattern that is specialized

for the rapid transport of contents over long distances in

the small and large intestine. It appears on mechanical

records of intestinal motility (e.g., manometric record-

ings) as strong, long-lasting circular muscle contractions

that propagate for extended distances along the bowel.

These `̀ giant'' migrating contractions are considerably

stronger than the circular muscle contractions that

occur during the migrating motor complex or the mixing

movements in the small intestine.

INTRODUCTION

Power propulsion, the motility pattern of giant migrat-
ing circular muscle contractions that last 18ÿ20
seconds and span several cycles of the electrical slow
waves, is a component of a highly ef®cient propulsive
mechanism that rapidly strips the lumen clean. The
propulsive movement travels at about 1 cm/sec over
long lengths of intestine.

Intestinal power propulsion differs from peristaltic
propulsion during the migrating motor complex and the
contractions of mixing movements in that the circular
contractions in the propulsive segments are stronger
and propagation occurs over longer reaches of intestine.
The circular contractions are not time locked to the
electrical slow waves and probably re¯ect strong acti-
vation of the muscle by excitatory motor neurons.
Power propulsion represents another of the motility
programs stored in the program library of the enteric
nervous system.

PHYSIOLOGIC SIGNIFICANCE

Noxious stimulation of the mucosa starts the neural
program for power propulsion in the small and large
intestine. Power propulsion starts in the midjejunum
and travels toward the stomach during vomiting; oth-
erwise, the direction of travel in both the small and large
intestine is in the anal direction. Abdominal cramping
sensations and diarrhea are associated with power
propulsion when it occurs in response to luminal events
that threaten whole-body integrity. Application of irri-
tants to the mucosa, the introduction of luminal para-
sites, release of enterotoxins from pathogenic bacteria,
allergic reactions, and exposure to ionizing radiation all
trigger the response. This suggests that power propul-
sion is a defense mechanism in both the upper and lower
regions of the intestinal tract. It is a protective adapta-
tion for rapid clearance of undesirable elements from
the intestinal lumen. Oral clearance from the upper
small intestine is achieved by vomiting of the material.
Clearance from the lower intestinal tract is by way of
watery feces.

Aside from its involvement in intestinal defense in
potentially pathologic circumstances, operation of the
power propulsion motility program also accomplishes
mass movement of intraluminal material in normal
states, especially in the large intestine. Mass movements
in the colon following ingestion of a meal and during
defecation are produced by the power propulsion
program and re¯ect normal physiology.
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centromere The site on a chromosome that pulls the

chromosome toward one of the poles of the spindle

during mitosis and meiosis; it is also the point of

attachment of the sister chromatids.

imprinting A germ-line process that `̀ presets'' or predeter-

mines the potential of a transmitted gene to be active or

inactive without changing the actual sequence of the

base pairs. It presumably re¯ects a modi®cation of the

DNA or proteins in such a way as to preset the activity of

genes in the embryo.

methylation The process of adding a methyl group onto an

existing molecule of a base pair that changes (often

impedes) the ability of nuclear enzymes to `̀ read'' the

genetic code.

provocative pituitary testing Analysis of the pituitary with

speci®c medications previously shown to elicit a release

of one or more pituitary hormones in a reproducible

manner characteristic of normal or disease states.

uniparental disomy Two exact copies of the same chromo-

some or gene cluster from one parent.

PraderÿWilli syndrome is a syndrome caused by a genetic

abnormality located on the long arm of chromosome 15

near the centromere. The condition is characterized

mainly by hyperphagia, severe obesity, mental retarda-

tion, short stature, hypogonadism, hypotonia, behavioral

abnormalities, and shortened life span if untreated. The

exact cause of the condition is unknown, although abnor-

mal hypothalamic function is thought to be a primary

result of the chromosome abnormality with resultant ab-

normalities in growth, metabolism, and development. No

cure for the condition is available. However, with early

diagnosis and aggressive management of the clinical and

medical problems, most of the major and life-threatening

medical problems associated with this condition can be

either avoided or mitigated.

INTRODUCTION

PraderÿWilli syndrome (PWS) is the single most
common genetic cause of obesity. The obesity of PWS
is a consequence of both severe hyperphagia and de-
creased overall metabolism. However, obesity is just one
component of this extremely complex condition. Over-
all, the condition is characterized by a constellation of
neurological, autonomic nervous system, hypotha-
lamic, endocrine, and behavioral abnormalities. Scien-
ti®c and medical interest in this condition is increasing
because improved understanding may lead to elucida-
tion of the genetic in¯uences over weight control, obe-
sity, and obesity co-morbidities. Descriptions of PWS
date as far back as the 17th century. A famous painting of
Eugenia Martinez Vallejo by Juan Carreno de Miranda
(The Monstrua) depicts a girl with the condition prior to
its discovery. The ®rst report of PWS, published in 1956
by doctors A. Prader, H. Willi, and A. Labhart, described
a syndrome characterized by obesity, short stature, a
severe lack of muscle tone during infancy that persists
into adulthood, delayed and incomplete puberty, amen-
orrhea in women, hypogonadism with cryptorchidism
in men, and mental retardation.
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INTRODUCTION

PraderÿWilli syndrome (PWS) is the single most
common genetic cause of obesity. The obesity of PWS
is a consequence of both severe hyperphagia and de-
creased overall metabolism. However, obesity is just one
component of this extremely complex condition. Over-
all, the condition is characterized by a constellation of
neurological, autonomic nervous system, hypotha-
lamic, endocrine, and behavioral abnormalities. Scien-
ti®c and medical interest in this condition is increasing
because improved understanding may lead to elucida-
tion of the genetic in¯uences over weight control, obe-
sity, and obesity co-morbidities. Descriptions of PWS
date as far back as the 17th century. A famous painting of
Eugenia Martinez Vallejo by Juan Carreno de Miranda
(The Monstrua) depicts a girl with the condition prior to
its discovery. The ®rst report of PWS, published in 1956
by doctors A. Prader, H. Willi, and A. Labhart, described
a syndrome characterized by obesity, short stature, a
severe lack of muscle tone during infancy that persists
into adulthood, delayed and incomplete puberty, amen-
orrhea in women, hypogonadism with cryptorchidism
in men, and mental retardation.
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GENETICS

PWS is seen in all ethnic and socioeconomic groups
and in all countries and is equally common in females
and males, with an incidence between 1 : 10,000 and
1 : 15,000. PWS is an autosomal dominant disorder
caused most often (70%) by a deletion of the paternal
chromosome 15 at band q11ÿq13. In approximately
25% of individuals, PWS is a result of maternal unipa-
rental disomy (UPD) of chromosome 15. In this situa-
tion, two copies of the maternal chromosome are
inherited with no paternal contribution. Without the
presence of a chromosome donated from the father,
normal imprinting on the two maternally donated chro-
mosomes leads to the absence of gene expression in this
interval. The other 5% of patients may have abnormal-
ities in the mechanism of imprinting (leading to the
absence of gene expression from the paternally donated
chromosome) or translocations affecting chromosome
15q11ÿq13.

CLINICAL PRESENTATION

The hallmark features of the syndrome include infant
hypotonia, delayed development, childhood-onset hy-
perphagia and obesity, short stature, muscle hypotonia,
characteristic facieses, delayed and incomplete puberty,
small hands and/or feet, and mild to moderate mental
retardation (IQ of 65ÿ70). Many other important but
less frequent ®ndings have also been identi®ed. Because
there is variability among individuals with PWS, clinical
diagnostic criteria (see Table I) have been established to
raise diagnostic suspicion. The presence of these clinical
®ndings is an indication for further genetic studies and
genetic testing should accurately diagnosis 99% of these
individuals. Since the clinical picture of an individual
with PWS changes with age, the diagnostic criteria need
to be considered in this context. These changes are not
only important to take into account when making the
diagnosis, but also in management as the co-morbidities
and problems change.

In the newborn or infant, the classic presentation of
PWS is profound hypotonia, lethargy, diminished deep
tendon re¯exes, poor feeding, below-average weight,
and often a history of fetal inactivity. The infants are
so `̀ ¯oppy'' that they have little facial expression, an
abnormal, weak, or absent cry, and gross motor devel-
opment is delayed. The infants often experience failure
to thrive because of severe feeding problems character-
ized by an extremely weak suck. This problem can re-
main severe for months and persist for years; often the
severity can require special feeding interventions such
as nasogastric food supplementation. Some time in the

second year of life, motor function begins to improve.
Gross motor skills are acquired late but by 2 years most
children with PWS are walking.

In the toddler years (some time between 1 and 3
years of age), the appetite abnormalities begin to
emerge. Initially, parents and health care providers
are delighted to see children eat after struggling with
feeding problems during the ®rst year of life. At approx-
imately 2 years of age, excessive weight gain is observed
and later the tendency and risks for obesity become
obvious as these children become more focused on food.

During the early and mid-childhood years, the
physical growth abnormalities of PWS and the behavior
characteristics of this syndrome begin to become ap-
parent. There is increased body fat that is central in
distribution and there is slowing of linear growth.
Motor development continues to be delayed, the char-
acteristic speech and language problems begin to
emerge, and the learning disabilities are more easily
identi®ed. Growth of the PWS child begins to diverge
from normal. Between 3 and 13 years of age, the 50th
percentile for height corresponds to the 5th percentile
in the normal population. At this point, PWS can be
clearly distinguished from endogenous obesity in which
the linear growth rate is accelerated and ®nal height is
normal or increased. Increased body fat and low muscle
mass are also observed in PWS children. This unique
pattern of growth is consistent with an abnormality
in growth hormone (GH) secretion or action and studies
of GH secretion have documented abnormally low
GH responses to standard provocative pituitary GH
stimulation testing in children and adults with PWS.

By adolescence, constant efforts to satisfy hunger
result in aggressive and bizarre food-seeking activities.
Hoarding food is common, as is stealing or sneaking to
circumvent dietary restrictions. Complete control of the
environment is needed with respect to access to food.
Locks on refrigerator and cupboards are necessary
and monitoring for nonfood and poisonous ingestions
may be necessary. Accompanying the uncontrollable
hunger is decreased calorie utilization, largely due to
low muscle mass, low muscle tone, and corresponding
inactivity. This contributes to the obese condition and
increases the propensity for development of sleep apnea
and Pickwickian syndrome.

Emotional liability and obsessive and compulsive
behaviors along with intolerance to frustration are
characteristic of the PWS adolescent. The obsessiveÿ
compulsive behaviors can manifest as persistent skin
picking. Many adolescents with PWS develop
personality problems ranging from being dull,
lethargic, and indifferent to being clever, secretive,
and manipulative. Transitioning from one activity to
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another is dif®cult and signs of depression and occa-
sionally psychotic episodes may emerge.

At this age, the obesity will become more problem-
atic unless dietary restrictions have been enforced. Left
untreated, adolescents and adults with PWS can become
morbidly obese and develop the co-morbidities of dia-
betes mellitus, hypertension, and cardiopulmonary
insuf®ciency.

Physically, sexual development remains incomplete
and pubertal growth is reduced. Without exogenous

hormone intervention, males and females usually do
not progress beyond Tanner stage II. Females may
have occasional spotting but few have normal menstrual
cycles. Reduced bone mineral density is typically pres-
ent and this may lead to osteoporosis. These children are
also at increased risk for scoliosis and/or kyphosis. In
the absence of GH therapy, short stature (often severe)
will be present.

The picture of PWS in the adult is dependent on the
severity of the multiple problems and the intensity of

TABLE I Published Diagnostic Criteria for PraderÿWilli Syndrome

Major criteria

1. Neonatal and infantile central hypotonia with poor suck, gradually improving with age

2. Feeding problems in infancy with need for special feeding techniques and poor weight gain/failure to thrive

3. Excessive or rapid weight gain on weight-for-length chart (excessive is de®ned as crossing two centile channels) after

12 months but before 6 years of age; central obesity in the absence of intervention

4. Characteristic facial features with dolichocephaly in infancy, narrow face or bifrontal diameter, almond-shaped eyes,

small-appearing mouth with thin upper lip, down-turned corners of the mouth (3 or more are required)

5. HypogonadismÐwith any of the following, depending on age:

a. Genital hypoplasia (male: scrotal hypoplasia, cryptorchidism, small penis and/or testes for age (55th percentile);

female: absence or severe hypoplasia or labia minora and/or clitoris)

b. Delayed or incomplete gonadal maturation with delayed pubertal signs in the absence of intervention after 16 years

of age (male: small gonads, decreased facial and body hair, lack of voice change; female: amenorrhea/oligomenorrhea after

age 16)

6. Global developmental delay in a child 56 years of age; mild to moderate mental retardation or learning problems in

older children

7. Hyperphagia/food foraging/obsession with food

8. Deletion 15q11ÿ13 on high resolution (4650 bands) or other cytogenetic molecular abnormality of the PraderÿWilli

chromosome region, including maternal disomy

Minor criteria

1. Decreased fetal movement or infantile lethargy or weak cry in infancy, improving with age

2. Characteristic behavior problemsÐtemper tantrums, violent outbursts, and obsessiveÿcompulsive behavior;

tendency to be argumentative, oppositional, rigid, manipulative possessive, and stubborn; perseverating, stealing, and lying

(5 or more of these symptoms required)

3. Sleep disturbance and sleep apnea

4. Short stature for genetic background by age 15 (in the absence of growth hormone intervention)

5. HypopigmentationÐfair skin and hair compared with family

6. Small hands (525th percentile) and/or feet (510th percentile) for height and age

7. Narrow hands with straight ulnar borders

8. Eye abnormalities (esotropia, myopia)

9. Thick viscous saliva with crusting at the corners of the mouth

10. Speech articulation defects

11. Skin-picking

Supportive ®ndings

1. High pain threshold

2. Decreased vomiting

3. Temperature instability in infancy or altered temperature sensitivity in older children and adults

4. Scoliosis and/or kyphosis

5. Early adrenarche

6. Osteoporosis

7. Unusual skill with jigsaw puzzles

8. Normal neuromuscular studies

To Score: Major criteria are weighted at 1 point each and minor criteria are weighted at 1
2

point each. Supportive ®ndings

increase the certainty of diagnosis but are not scored. For children 3 years of age or younger, 5 points are required, 4 of which

should come from the major group. For children 43 years of age and for adults, a total score of 8 is required and major

criteria must comprise 5 or more points of the total score.
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treatment during the childhood and adolescent years.
Adults with PWS who have not had the bene®t of early
identi®cation and treatment with specialized care (ag-
gressive diet management, activity program, and sex
steroid and growth hormone replacement) are charac-
terized by severe obesity, decreased muscle mass, Pick-
wickian syndrome, sleep apnea, reduced bone mineral
density, mental retardation, and behavior and psychi-
atric disorders. Left untreated, the life span of PWS
individuals is two to three decades, with death accom-
panying the complications of severe weight gain includ-
ing diabetes, respiratory insuf®ciency, and cardiac
failure.

DIAGNOSTIC TESTING

Gunay-Aygun and colleagues reviewed the sensitivity of
PWS diagnostic criteria and proposed revised criteria
for DNA testing. From birth to 2 years, any infant with
hypotonia and poor suck should have DNA testing for
PWS. From age 2 to 6 years, any child with hypotonia
and a history of poor suck and global developmental
delay should have DNA testing. From age 6 to 12 years,
any child with a history of hypotonia and poor suck,
global developmental delay, and excessive eating with
central obesity should be tested for PWS. In the adult,
the clinical pattern can be more varied and important
historical facts may be unavailable. For adults, the au-
thors recommend methylation testing for any individual
with mental retardation, severe obesity, a history of
hyperphagia, low muscle tone, hypogonadism, and
short stature or adult height less than would be
predicted from genetic background. De®nitive diagno-
sis of PWS is made via methylation analysis since it
detects all three groups of molecular defects described
above. If methylation analysis is not available, high-res-
olution chromosome analysis and/or FISH (¯uores-
cence in situ hybridization) can be the initial test.
However, methylation analysis and (or) analysis of ge-
nomic DNA are (is) necessary to delineate the parent-of-
origin for the deleted region. If biparental inheritance is
identi®ed, then PWS is ruled out. If the methylation
pattern is abnormal, FISH can be used to document a
deletion and/or microsatellite probes can be used to
con®rm maternal UPD. Abnormal methylation and
negative FISH and UPD studies indicate an imprinting
defect.

TREATMENT

The treatment of PWS is a challenge given the extent of
the functional and metabolic limitations associated with
the condition. Since patients with PWS require a variety

of interventions to optimize their health, a comprehen-
sive plan approach is required. Although it is essential
that a primary physician be identi®ed to manage this
complex problem, it is equally essential that the primary
physician have available a team of experienced physi-
cians, including those with specialties in neurology,
psychiatry, urology, orthopedics, and gynecology,
with other professionals from nursing, dietetics, genet-
ics, social services, and psychology that are familiar with
the PWS condition. Ancillary resources that are neces-
sary will in part be age-dependent, but ultimately these
will include social services, early intervention programs
for children, physical therapy, occupational therapy,
and age-appropriate educational/vocational services.
A controlled and caring environment with regular
routines along with pharmacological therapy may be
initiated to stabilize mood and behavior and improve
self-esteem. For adults, self-care has not been shown to
be possible and group home environments with strict
dietary controls are essential.

Since the severity of the associated health problems
is directly related to the degree of obesity, nutritional
intervention is the single key component of any treat-
ment program. Appetite suppressants are ineffective
in controlling overeating in individuals with PWS.
Bariatric surgery has not been generally successful
and can be associated with complications due to appe-
tite abnormality and mental retardation. Weight man-
agement needs to include complete and absolute control
over access to food and a calorie-restrictive diet, usually
approximately 10 cal/cm of height. Dietary restrictions
often need to be maintained for life in the range of 900 to
1200 kcal/day and rarely can exceed 1400 kcal/day. The
low-calorie diet requires attention to the prevention of
vitamin, essential fatty acid, and calcium de®ciencies.
Behavior modi®cation plans that reward positive behav-
iors with respect to weight management and activity
programs may be bene®cial for some patients. Programs
should also include family therapy and behavioral man-
agement components that emphasize environmental
controls while simultaneously encouraging social inte-
gration and independence. Structured physical activ-
ity programs to increase energy expenditure and
build muscle mass can be initiated and may sustain
the individual with PWS if it is well-de®ned and easy
to accomplish.

Endocrine abnormalities are a signi®cant part of the
medical picture of PWS. These abnormalities relate to
the primary abnormalities of the hypothalamus and sec-
ondarily to the complications of the obesity and diet
modi®cations. Pituitary function abnormalities include
hypogonadotropic hypogonadism with absent, delayed,
and incomplete puberty. On occasion, precocious but
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incomplete puberty has been observed. GH secretion
de®ciency has also been documented to be part of
this hypothalamicÿpituitary function abnormality.
Other endocrine abnormalities that have been identi®ed
include abnormalities of secretion of pancreatic secre-
tion of insulin and pancreatic polypeptide with in-
creased risk of diabetes. The abnormalities of glucose
homeostasis and insulin secretion are not simply a con-
sequence of the obese condition and associated insulin
resistance, but have been hypothesized to be secondary
to abnormalities in normal autonomic control of islet
cell secretion. Thyroid de®ciencies may occur in PWS
individuals, although they have not been identi®ed as
common problems. PWS individuals are at high risk
for osteoporosis. This can be a major problem as a
consequence of the lack of spontaneous secretion of
sex steroids during adolescence, growth hormone de®-
ciency, and the dietary restrictions that limit milk and
calcium intake.

Treatment of the endocrine abnormalities includes
appropriately timed replacement of sex steroids. This
may include human chorionic gonadotropin treatment
of the infant with cryptorchidism/hypogonadism and
use of estrogens and androgens at the time of adoles-
cence. Early recognition of symptoms and signs of di-
abetes can allow for aggressive intervention with weight
control and diet as primary treatment. Several con-
trolled studies have now been published on the bene®-
cial effect of GH in children with PWS and as a result GH
is a Food and Drug Administration-approved therapy
for growth failure in children with PWS. Daily subcu-
taneous administration of GH replacement (at a weekly
dose of 0.24 mg/kg body weight) normalizes linear
growth, promotes increases in lean body mass, de-
creases fat mass, and improves bone mineral density,
all of which are bene®cial to weight management.
Therefore, growth rates of children with PWS should
be monitored and referral for growth hormone evalua-
tion is appropriate if the child's growth velocity de-
creases or if height is less than the third percentile.
Further investigation is needed to determine whether
adult GH therapy would be of bene®t to the adult
PWS patient.

Recent studies involving children and adults with
PWS report fasting ghrelin plasma concentrations sig-
ni®cantly higher in PWS subjects than in obese and lean
control subjects. Ghrelin, a hormone predominantly
secreted by the stomach, increases before every meal
and decreases after nutrient intake, suggesting a role
in meal initiation. Plasma ghrelin levels are also
lower in obese individuals than in lean individuals.
Future studies are needed regarding the role of ghrelin
as an orexigenic factor driving the insatiable appetite of

PWS patients and whether ghrelin antagonists could
effectively reduce food intake.

As patients with PWS become older and more inde-
pendent, behavioral disorders, including obsessiveÿ
compulsive disorders and psychoses, can become
major issues. Serotonin-speci®c reuptake inhibitors
may be appropriate to stabilize irritability and persev-
eration as initial therapies.

With appropriate intervention, the very poor
clinical course can be changed for the individual with
the PWS condition. Individuals who have had the ben-
e®t of early diagnosis and interventions will have more
normal although generally still excessive weight, less
severe shortness of stature, and persistent muscle hy-
potonia compared to normal, but signi®cantly improved
mobility and activity patterns than would otherwise be
possible. With proper care, the behavioral problems,
though signi®cant, are manageable. The expected life
spans of PWS individuals who have received anticipa-
tory care and appropriate attention to medical problems
have yet to be determined, but can be beyond 30 to
40 years and are associated with the absence of the
major co-morbidities and a markedly improved quality
of life.
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Pregnancy and Gastrointestinal Disease
RENE DAVILA AND CLAUDIO R. TOMBAZZI

University of Tennessee Health Science Center

hyperemesis gravidarum Pernicious condition in which the

pregnant patient develops severe and intractable nausea

and vomiting associated with nutritional and ¯uid/

electrolyte de®ciencies.

trimester Portion of a pregnancy in time; ®rst, second, and

third trimesters roughly correspond to months 1ÿ3,

4ÿ6, and 6ÿ9.

The development of common gastroenterological condi-

tions during pregnancy may present a challenge to phy-

sicians who are not familiar with the altered physiology of

the gravid state. Knowledge of the most common gastro-

intestinal diseases in pregnancy is critical to the health of

both mother and child.

INFLAMMATORY BOWEL DISEASE

The rates of fertility, congenital malformation, still-
births, and spontaneous abortions in women with ul-
cerative colitis (UC) are comparable to those of
unaffected women. Ulcerative colitis may have its
onset in the ®rst two trimesters of gestation. Women

with preexisting UC and whose UC is asymptomatic in
the prenatal period usually do not experience exacer-
bation of disease during pregnancy. On the other hand,
women who have active disease before pregnancy may
experience worsening of symptoms during the ®rst tri-
mester and signi®cant improvement during the second
trimester. Most pregnancies of women with ulcerative
colitis result in delivery of normal full-term babies.

Crohn's disease is rarely diagnosed initially during
pregnancy. The fertility rate in women with Crohn's
disease is affected by the multiple clinical complications
of the disease, such as perineal scarring, dyspareunia,
and decreased libido. Women with active Crohn's dis-
ease have an increased risk for premature birth. There
are no increases, however, in congenital malformations,
stillbirths, or spontaneous abortions. Treatment of
Crohn's disease during pregnancy with sulfasalazine,
5-aminosalicylic acid, or corticosteroids has been un-
dertaken without risk for fetal abnormalities.

The use of immunosuppressive therapy with azathi-
oprine or 6-mercaptopurine has generally been
avoided during pregnancy, although published data
have not suggested an increased risk of complications.

Encyclopedia of Gastroenterology Copyright 2004, Elsevier (USA). All rights reserved.

232 PREGNANCY AND GASTROINTESTINAL DISEASE



Epstein, L. H., McCurley, J., Valoski, A., and Wing, R. R. (1990).

Growth in obese children treated for obesity. Am. J. Dis. Child.

144, 1360ÿ1364.

Gunay-Aygun, M., Schwartz, S., Heeger, S., O'Riordan, M. A., and

Cassidy, S. B. (2001). The changing purpose of PraderÿWilli

syndrome clinical diagnostic criteria and proposed revised

criteria. Pediatrics 108, E92.

Haqq, A. M., Farooqi, I. S., O'Rahilly, S., Stadler, D. D., Rosenfeld,

R. G., Pratt, K. L., LaFranchi, S. H., and Purnell, J. Q. (2003).

Serum ghrelin levels are inversely correlated with body mass

index, age, and insulin concentrations in normal children and

are markedly increased in PraderÿWilli syndrome. J. Clin.

Endocrinol. Metab. 88, 174ÿ178.

Holm, V. A., Cassidy, S. B., Butler, M. G., et al. (1993). PraderÿWilli

syndrome: Consensus diagnostic criteria. Pediatrics 91, 398ÿ402.

Ritzen, E. M., Lindgren, A. C., Hagenas, L., Marcus, C., Muller, J.,

and Blichfeldt, S. (1999). Growth hormone treatment of patients

with PraderÿWilli syndrome. Swedish Growth Hormone

Advisory Group. J. Pediatr. Endocrinol. Metab. 12, 345ÿ349.

Schuster, D., Oswei, K., and Zipf, W. B. (1996). Characterization of

alterations in glucose and insulin metabolism in PraderÿWilli

subjects. Metabolism 45, 1514ÿ1520.

Stadler, D. D. (1995). Nutritional management. In `̀ Management of

PraderÿWilli Syndrome'' (L. R. Greenswag and R. Alexander,

eds.), pp. 88ÿ114. Springer-Verlag, New York.

Whitman, B., Greenswag, L., and Boyt, M. (1998). The use and

impact of psychotropic medications for managing behavior in

persons with PraderÿWilli syndrome. Proceedings of the 13th

Annual PraderÿWilli Scienti®c Conference, July 22, 1998,

Columbus, OH.

Wren, A. M., Seal, L. J., Cohen, M. A., Brynes, A. E., Frost, G. S.,

Murphy, K. G., Dhillo, W. S., Ghatei, M. A., and Bloom, S. R.

(2001). Ghrelin enhances appetite and increases food intake in

humans. J. Clin. Endocrinol. Metab. 86, 5992.

Pregnancy and Gastrointestinal Disease
RENE DAVILA AND CLAUDIO R. TOMBAZZI

University of Tennessee Health Science Center

hyperemesis gravidarum Pernicious condition in which the

pregnant patient develops severe and intractable nausea

and vomiting associated with nutritional and ¯uid/

electrolyte de®ciencies.

trimester Portion of a pregnancy in time; ®rst, second, and

third trimesters roughly correspond to months 1ÿ3,

4ÿ6, and 6ÿ9.

The development of common gastroenterological condi-

tions during pregnancy may present a challenge to phy-

sicians who are not familiar with the altered physiology of

the gravid state. Knowledge of the most common gastro-

intestinal diseases in pregnancy is critical to the health of

both mother and child.

INFLAMMATORY BOWEL DISEASE

The rates of fertility, congenital malformation, still-
births, and spontaneous abortions in women with ul-
cerative colitis (UC) are comparable to those of
unaffected women. Ulcerative colitis may have its
onset in the ®rst two trimesters of gestation. Women

with preexisting UC and whose UC is asymptomatic in
the prenatal period usually do not experience exacer-
bation of disease during pregnancy. On the other hand,
women who have active disease before pregnancy may
experience worsening of symptoms during the ®rst tri-
mester and signi®cant improvement during the second
trimester. Most pregnancies of women with ulcerative
colitis result in delivery of normal full-term babies.

Crohn's disease is rarely diagnosed initially during
pregnancy. The fertility rate in women with Crohn's
disease is affected by the multiple clinical complications
of the disease, such as perineal scarring, dyspareunia,
and decreased libido. Women with active Crohn's dis-
ease have an increased risk for premature birth. There
are no increases, however, in congenital malformations,
stillbirths, or spontaneous abortions. Treatment of
Crohn's disease during pregnancy with sulfasalazine,
5-aminosalicylic acid, or corticosteroids has been un-
dertaken without risk for fetal abnormalities.

The use of immunosuppressive therapy with azathi-
oprine or 6-mercaptopurine has generally been
avoided during pregnancy, although published data
have not suggested an increased risk of complications.
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Immunosuppressive therapy does not represent an ab-
solute contraindication for pregnancy or an absolute
indication for termination of pregnancy.

PANCREATITIS

The incidence of pancreatitis during pregnancy is
0.009% (less than 1 in 10,000). Approximately 90%
of cases of pancreatitis during pregnancy are due to
gallstones, with clinical manifestations and diagnosis
similar to those in nonpregnant patients. Management
should be medical, but in a setting of high-level of
care. The role of endoscopic retrograde cholangio-
pancreatography (ERCP) in the management of gall-
stone pancreatitis during pregnancy is unclear and is
potentially dangerous due to radiation exposure to the
fetus. Surgery should be reserved for patients with
life-threatening conditions.

GALLSTONE-RELATED DISEASE

The incidence of gallstones increases in pregnancy.
The prevalence in asymptomatic pregnant women
is 2.5ÿ12%. The etiology for this increased incidence
is related to abnormalities in gallbladder motility,
hormonal changes, cholesterol supersaturation, and
changes in bile acid composition of bile.

The clinical manifestations are similar than those in
nonpregnant women. Diagnosis is usually made by the
use of abdominal ultrasound. Radionuclide hepato-
biliary iminodiacetic acid (HIDA) scan studies are con-
traindicated due to radiation exposure. In patients with
cholecystitis during pregnancy, conservative manage-
ment with antibiotics and intravenous ¯uid replacement
is the treatment of choice. ERCP with stone removal has
been performed in a limited number of cases with ex-
treme lead shielding and minimal use of ¯uoroscopy.
Cholecystectomy is indicated for patients who do
not respond to conservative therapy. Laparoscopic
cholecystectomy is not recommended because of the
high risk of damage to the gravid uterus. Open chole-
cystectomy during the ®rst trimester may contribute to
a risk of abortion, and surgery during the third tri-
mester may induce labor.

HEMORRHOIDAL DISEASE

Pregnant women commonly experience anorectal dis-
comfort, bleeding, or anal pruritus during the third tri-
mester of gestation. Factors commonly involved are
mechanical compression of veins by the enlarging

uterus and worsening constipation with increased
straining during defecation. Treatment includes
conservative measures such as sitz baths and supposi-
tories. Surgical hemorrhoidectomy should be reserved
for intractable cases.

CONSTIPATION

The frequency of constipation during pregnancy is
11ÿ40%. The pathogenesis is unclear, but may be re-
lated to increased serum progesterone levels, extrinsic
compression of the colon or rectum by the gravid
uterus, oral iron supplementation, and increased ab-
sorption of water and electrolytes. The management
should include increased intake of ¯uid and dietary
®ber, as well as the use of bulk-forming agents. Laxatives
containing anthraquinone or cascara derivatives should
not be used during pregnancy because of the potential to
cause congenital malformations. Castor oil should also
be avoided because it increases premature uterine con-
tractions. The use of phenolphthalein laxatives is con-
traindicated during breast-feeding.

GASTROESOPHAGEAL
REFLUX DISEASE

The incidence of heartburn during pregnancy is
30ÿ50%, and it often occurs daily. The pathogenesis
of gastroesophageal re¯ux in pregnancy is related to
the enlarging gravid uterus that causes increased
intraabdominal and intragastric pressures, a hor-
mone-mediated decrease in lower esophageal sphincter
pressure, and decreased esophageal clearance. The clin-
ical manifestations are similar to those in nonpregnant
women. Esophagogastroduodenoscopy is safe during
pregnancy, but is seldom needed to establish a diagno-
sis. The role of 24-hour pH monitoring remains to be
determined. Complications of re¯ux such as severe
erosive or ulcerated esophagitis are rarely seen.

Management includes dietary changes such as
eating a diet low in fatty foods, as well as avoidance
of foods with a high acidic content or substances that
decrease the lower esophageal sphincter pressure, such
as caffeine. Lifestyle changes such as elevation of the
head of the bed and cessation of smoking are also rec-
ommended. The use of non-calcium-based antacids or
sucralfate appears to be safe and effective.

Intractable gastroesophageal re¯ux may require the
use of drugs that reduce or suppress gastric acid secre-
tion. Cimetidine should be avoided because of anti-
androgenic effects that may affect normal male fetal

PREGNANCY AND GASTROINTESTINAL DISEASE 233



development. Ranitidine use for short periods appears
to be safe during pregnancy. Although certain proton
pump inhibitors such as omeprazole and pantoprazole
may be toxic to the fetus, lansoprazole does not appear
to be toxic, at least in animals.

NAUSEA AND HYPEREMESIS
GRAVIDARUM

The incidence of nausea and emesis during pregnancy
is 60ÿ70%, and is more common in the ®rst trimester.
Hyperemesis gravidarum occurs in 0.5 to 10 of 1000
pregnancies. It presents as severe, persistent emesis that
usually requires hospitalization for ¯uid replacement
and nutritional supplementation. Hospitalization is in-
dicated when pregnant women present with tachycardia
and hypotension, ketosis, or weight loss. Associated
factors include nulliparity, multiple gestations, obesity,
and hydatidiform mole. Other associated factors some-
times include abnormal gastric emptying, autonomic
dysfunction, hyperthyroidism, and psychological fac-
tors. Conservative management is directed to ¯uid
and electrolyte replacement. The use of antiemetics

such as metoclopramide and prochlorperazine is be-
lieved to be safe during pregnancy.
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prebiotic A nondigestible food ingredient that can bene®-

cially in¯uence the health of the host by selectively

altering the enteric ¯ora.

probiotic A live microorganism that, when consumed in

adequate amounts, can confer a health effect on the host.

synbiotic A mixture of prebiotic and probiotic elements.

Probiotics are live microorganisms that, when consumed

in suf®cient amounts, can favorably in¯uence the micro-

bial ecology of the host and thus confer a health bene®t on

the host. Probiotics may exert their bene®cial effects by

different mechanisms, including the production of anti-

microbial factors, competition for binding sites or nutri-

ents, and modulation of the immune system.

TERMINOLOGY

Probiotics are biological agents, usually consumed as
food supplements, that can favorably in¯uence the mi-
crobial ecology of the host. Precise de®nition continues
to evolve and they have recently been described as `̀ live
microorganisms which, when consumed in adequate
amounts, confer a health effect on the host.'' The em-
phasis on live microbes is in contrast to prebiotics,
which are nondigestible food ingredients, often of an
oligo- or a polysaccharide nature, that bene®cially affect
the health of the host by selectively stimulating the
growth or activity of certain bacterial species already
established within the colon of the host. Mixtures of
probiotics and prebiotics are referred to as synbiotics.
Each is an example of a growing list of functional foods
or neutraceuticals that confer a health bene®t beyond
their nutritional content. Although the term probiotic
(`̀ for life'') is relatively new, the concept of consuming
selected bacteria for health promotion was recognized
almost a century ago. The Russian-born Nobel laureate
Eli Metchnikoff regarded enteric lactobacilli and the
consumption of yogurt-like foods as important for
health and longevity and the French pediatrician Tissier
studied enteric `̀ bi®d'' bacteria in relation to diarrheal
illness and suggested that they could have a therapeutic
role. Probiotics are generally gram-positive bacteria
and members of the genera Lactobacillus and

Bi®dobacterium, although other bacteria including
Escherichia coli and nonbacterial organisms such as
Saccharomyces boulardii have been selected as potential
probiotics. Criteria for selection of microorganisms as
candidate probiotics include proliferative capacity and
capability of transit and survival within the gastrointes-
tinal tract. This requires relative resistance to acid and
bile. Most important are safety criteria. Lactobacilli and
bi®dobacteria have a long history of usage without haz-
ard, which is the greatest testimony to their safety. In
rare or exceptional circumstances, lactobacilli have
been linked with systemic translocation but there ap-
pears to be no increased frequency of bacteremia with
increased usage of probiotics.

MECHANISM OF ACTION

Probiotics may exert their bene®cial effects in various
settings by different mechanisms. These include the
production of antimicrobial factors such as bacteriocins,
competitive exclusion of pathogen binding to the mu-
cosal epithelium, competition for nutrients, condition-
ing of the mucosal epithelium and subepithelial
structures, and modulation of the immune system. Ev-
idence from studies in vitro supports each of these mech-
anisms. Persuasive evidence also indicates molecular
signaling from commensal and probiotic organisms to
the host mucosal cells. The mechanism by which the
host immune system distinguishes pathogenic organ-
isms from commensal and probiotic organisms is
mediated in part by pattern recognition molecules (or
toll-like receptors) on the surface of immune and epi-
thelial mucosal cells. Ligands for these receptors include
bacterial lipopolysaccharide, cell wall components, and
bacterial nucleic acid.

THERAPEUTIC APPLICATIONS

In general, the promise and claims for probiotics have
outstripped the level of supporting evidence. This ini-
tially shrouded the ®eld with a measure of skepticism
that is beginning to be replaced with more rigorous
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scienti®c scrutiny of the role of the enteric micro¯ora in
gastrointestinal development, physiology, and disease.
The potential for therapeutic or prophylactic manipu-
lation of the gut ¯ora with probiotics seems most obvi-
ous in the context of gastrointestinal infections and
overgrowth syndromes including antibiotic-associated
overgrowth with Clostridium dif®cile. The likely partic-
ipation of the commensal ¯ora in generating co-
carcinogens from dietary substrates suggests a role for
probiotics in prevention of colorectal cancer. There is
also persuasive evidence for a role for probiotics in food
allergy and other atopic disorders. Several lines of ev-
idence have indicated that a subset of the resident com-
mensal ¯ora drive the in¯ammatory process in patients
with Crohn's disease and ulcerative colitis. This has led
to the use of probiotic preparations in these conditions.
Pilot studies in animal models of in¯ammatory bowel
disease have been very encouraging and the best evi-
dence to date for ef®cacy in human in¯ammatory bowel
disease has been in patients with pouchitis following
colectomy for ulcerative colitis with the creation of

an ileoanal pouch anastomosis. Finally, the scope and
potential of probiotics may, in the future, be rede®ned
with the use of genetically modi®ed organisms that
are engineered for delivery of biologically relevant
molecules such as regulatory cytokines, enzymes, and
vaccines.
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Proctitis and Proctopathy
JOSH LEVITSKY AND ELI D. EHRENPREIS
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diversion proctitis In¯ammation and friability of the colonic

mucosa after exclusion of a distal segment of colon from

the fecal stream.

lymphoid follicular hyperplasia Increased growth and

abundance of lymphoid follicles, often seen in pathologic

specimens of patients with diversion proctitis and colitis.

mesalamine 5-Aminosalicylic acid.

proctitis In¯ammation of the rectum.

proctopathy Any pathologic process involving the rectum

without having a signi®cant component of rectal

in¯ammation.

short-chain fatty acids Chemicals derived from bacterial

metabolism of nonabsorbed or poorly digested dietary

carbohydrates; used in enema form for diversion proctitis.

Although the term proctitis has been applied to a number

of disorders involving the rectum, its strict de®nition re-

fers only to those conditions characterized by in¯amma-

tion of the mucosa and/or deeper layers of the rectal wall.

Other processes causing little to no rectal in¯ammation,

such as chronic radiation injury, are served better by the

term proctopathy. Some proctopathies are important clin-

ical entities and receive a detailed discussion in this arti-

cle. Rectal involvement may also be present in conditions

limited to the colon, as in infectious colitis. Finally, rectal

involvement may occur as a manifestation of a systemic

disorder, such as amyloidosis.

SYMPTOMATOLOGY AND
CLINICAL EVALUATION

The symptoms of proctitis and proctopathy occur due to
damage of rectal mucosa and alteration of normal
rectal function. Mucosal in¯ammation and disrup-
tion produce classic symptoms of rectal bleeding
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scienti®c scrutiny of the role of the enteric micro¯ora in
gastrointestinal development, physiology, and disease.
The potential for therapeutic or prophylactic manipu-
lation of the gut ¯ora with probiotics seems most obvi-
ous in the context of gastrointestinal infections and
overgrowth syndromes including antibiotic-associated
overgrowth with Clostridium dif®cile. The likely partic-
ipation of the commensal ¯ora in generating co-
carcinogens from dietary substrates suggests a role for
probiotics in prevention of colorectal cancer. There is
also persuasive evidence for a role for probiotics in food
allergy and other atopic disorders. Several lines of ev-
idence have indicated that a subset of the resident com-
mensal ¯ora drive the in¯ammatory process in patients
with Crohn's disease and ulcerative colitis. This has led
to the use of probiotic preparations in these conditions.
Pilot studies in animal models of in¯ammatory bowel
disease have been very encouraging and the best evi-
dence to date for ef®cacy in human in¯ammatory bowel
disease has been in patients with pouchitis following
colectomy for ulcerative colitis with the creation of

an ileoanal pouch anastomosis. Finally, the scope and
potential of probiotics may, in the future, be rede®ned
with the use of genetically modi®ed organisms that
are engineered for delivery of biologically relevant
molecules such as regulatory cytokines, enzymes, and
vaccines.

See Also the Following Articles

Colitis, Ulcerative � Colorectal Adenocarcinoma � Crohn's

Disease � Micro¯ora, Overview � Pharmacology, Overview

Further Reading

Dunne, C., and Shanahan, F. (2002). Role of probiotics in the

treatment of intestinal infections and in¯ammation. Curr. Opin.

Gastroenterol. 18, 40ÿ45.

FAO/World Health Organization (2001). Report of a Joint FAO/

WHO Expert Consultation: Health and nutritional properties of

probiotics in food including powder milk and live lactic acid

bacteria. Available at http://www.fao.org/es/ESN/Probio/report.

Shanahan, F. (2000). Probiotics in in¯ammatory bowel disease: Is

there a scienti®c rationale? In¯amm. Bowel Dis. 6, 107ÿ115.

Proctitis and Proctopathy
JOSH LEVITSKY AND ELI D. EHRENPREIS

University of Chicago
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mucosa after exclusion of a distal segment of colon from

the fecal stream.

lymphoid follicular hyperplasia Increased growth and

abundance of lymphoid follicles, often seen in pathologic

specimens of patients with diversion proctitis and colitis.

mesalamine 5-Aminosalicylic acid.

proctitis In¯ammation of the rectum.

proctopathy Any pathologic process involving the rectum

without having a signi®cant component of rectal

in¯ammation.

short-chain fatty acids Chemicals derived from bacterial

metabolism of nonabsorbed or poorly digested dietary

carbohydrates; used in enema form for diversion proctitis.

Although the term proctitis has been applied to a number

of disorders involving the rectum, its strict de®nition re-

fers only to those conditions characterized by in¯amma-

tion of the mucosa and/or deeper layers of the rectal wall.

Other processes causing little to no rectal in¯ammation,

such as chronic radiation injury, are served better by the

term proctopathy. Some proctopathies are important clin-

ical entities and receive a detailed discussion in this arti-

cle. Rectal involvement may also be present in conditions

limited to the colon, as in infectious colitis. Finally, rectal

involvement may occur as a manifestation of a systemic

disorder, such as amyloidosis.

SYMPTOMATOLOGY AND
CLINICAL EVALUATION

The symptoms of proctitis and proctopathy occur due to
damage of rectal mucosa and alteration of normal
rectal function. Mucosal in¯ammation and disrup-
tion produce classic symptoms of rectal bleeding
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(hematochezia), small-volume diarrhea, passage of
mucus, and intermittent, crampy pain. Decreased
rectal compliance results in the characteristic symptoms
of increased stool frequency, urgency, painful anal
spasm with limited evacuation (tenesmus), and at
times, fecal incontinence. Symptoms may be exacer-
bated by anal involvement of the disease process. Be-
cause of the wide range of diagnoses possible with the
development of the symptoms, a thorough, albeit organ-
speci®c, history and physical examination is performed.

Pertinent information includes sexual practices,
family history, prior pelvic irradiation or bowel surger-
ies, and a history of chronic constipation or anorectal
disease. The physical examination should include an
evaluation for abdominal tenderness, femoral and in-
guinal lymphadenopathy, and perianal ulceration, ®s-
tula, or tenderness. Rectal examination is useful for
assessment of sphincter function, for the diagnosis of
rectal masses, and to test for gross or occult blood. Stool
cultures and tests for ova, parasites, and Clostridium

dif®cile toxin are obtained when relevant. Flexible
proctosigmoidoscopy and sometimes colonoscopy are
used to determine the extent and severity of disease
involvement, to sample colonic ef¯uent for culture,
and to obtain mucosal biopsies. Further management
decisions are made based on the ®ndings of the clinical
evaluation. The etiologies of proctitis and proctopathy
are shown in Table I.

ETIOLOGIES OF PROCTITIS

Infectious Proctitis

Sexually transmitted diseases account for most cases
of infectious proctitis. Patients at highest risk include
homosexual men, particularly those practicing anal re-
ceptive intercourse (ARI) and having multiple sexual
partners. Patients with human immunode®ciency virus
(HIV)/acquired immunode®ciency syndrome (AIDS)
are also at high risk.

TABLE I Etiologies of Proctitis and Proctopathy

Proctitis Proctopathy

Infectious

Bacterial

Radiation

Ischemia

Trauma

Solitary rectal ulcer syndrome

Hematologic diseases

Lymphoma

Acute myelogenous leukemia

Agranulocytosis

Medullary aplasia

Amyloidosis

Neisseria gonorrhoeae

Chlamydia trachomatis (LGV and non-LGV)

Shigella spp.

Salmonella spp.

Campylobacter spp.

Streptococcus spp. (Group A)

Clostridium dif®cile

Pleisomonas shigelloides

Mycobacterium tuberculosis

Parasitic

Treponema pallidum

Schistosoma mansoni

Entamoeba histolytica

Viral

Cytomegalovirus

Herpes simplex virus

Ulcerative colitis

Crohn's disease

Medication-induced

NSAIDs

Gold

Enema/suppository (bisacodyl, indomethacin, sodium phosphate,

barium, hot water, acetaminophen, codeine, acetylsalicylic acid,

hydrogen peroxide, vinegar, glutaraldehyde)

Fecal diversion

Allergy

Collagenÿvascular diseases

BehcËet's syndrome

Systemic lupus erythematosus

Rheumatoid arthritis
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Neisseria gonorrhoeae, a gram-negative intracellular
diplococcus, infects the rectum 5 to 7 days after it is
transmitted by ARI or inoculation by infected vaginal
¯uid. The prevalence of anororectal gonorrhea may be
as high as 50% in women with gonococcal pelvic in¯am-
matory disease. Homosexual men, particularly those
visiting sexually transmitted disease clinics or having
genital gonorrhea, are also at high risk. Most patients
have minimal symptoms, although some develop arthri-
tis, tenosynovitis, and skin rashes as well as symptoms of
proctitis. Mucosal erythema, friability, and erosions are
typically seen in the anorectum on sigmoidoscopy. The
presence of a mucopurulent discharge in the anal canal
in a high-risk patient is very suggestive of gonococcal
proctitis. Diagnosis can be obtained by performing a
Gram's stain and culture of the lower rectum by either
swab or rectal biopsy; repeat cultures are often neces-
sary given the dif®culty in culturing gonococcus. The
treatment of gonococcal proctitis is a single dose of
ceftriaxone 125 mg intramuscularly in addition to treat-
ment for presumed concomitant chlamydial infection
(see below). Alternative regimens include the use of
procaine penicillin 4.8 million units intramuscularly
in two doses with 1 g of probenecid given at the time
of injection, tetracycline 1.5 g orally followed by
500 mg four times a day for 4 days, or spectinomycin
2 g intramuscularly.

Chlamydia trachomatis is characterized by lympho-
granuloma venereum (LGV) and non-LGV immuno-
types, both of which cause proctitis approximately
10 days after inoculation. LGV strains typically cause
more severe in¯ammation and symptoms than non-LGV
strains. Untreated LGV may mimic Crohn's disease by
causing ulcerations, ®stulas, abscesses, and strictures.
Findings on sigmoidoscopy include mucosal granular-
ity, erythema, and ulceration. Biopsies may show a
diffuse in¯ammatory in®ltrate with crypt abscess, gran-
ulomas, and giant cells, similar to the pathology seen in
Crohn's disease. Rectal culture, either by swab or by
biopsy, microimmuno¯uorescence antibody staining,
and complement ®xation testing may be helpful but
are often unsuccessful in obtaining diagnostic con®rma-
tion. A single 1 g oral dose of azithromycin, 7 days of oral
doxycycline, 100 mg twice daily, or 21 days of trimeth-
oprim-sulfamethoxaxole, double-strength twice daily,
are all effective treatment regimens for chlamydia
proctitis. In patients with chlamydia proctitis, the
empiric treatment of gonococcal proctitis even before
a con®rmatory diagnosis is made is recommended.

Herpes simplex virus 2 is the most common anal
herpetic infection. After an incubation period of approx-
imately 3 weeks, herpes proctitis typically lasts for
7ÿ10 days. Perianal vesicles and ulcerations on

external examination in a patient with proctitis
symptoms are highly suggestive of herpes infection. Se-
vere herpes proctitis often causes intractable pain on
defecation and anal manipulation, tenesmus, pruritis,
and a mucopurulent discharge. Mucosal friability, ulcer-
ations, vesicles, and pustules are usually limited to the
distal 10 cm of rectum. Sigmoidoscopy, however, can
rarely be performed without signi®cant anesthesia be-
cause of severe discomfort. Diagnosis is made from viral
culture of anorectal ulcer scrapings or biopsies. Giemsa
staining of material scraped from the base of ulcers or
vesicles reveals the characteristic multinucleated giant
cells with intranuclear inclusion bodies. Treatment con-
sists of 10 days of oral acyclovir, 400 mg ®ve times daily,
or in cases of resistance, foscarnet. Maintenance the-
rapy with oral acyclovir may suppress further herpes
outbreaks.

Anorectal syphilis infection with Treponema
pallidum is commonly misdiagnosed as idiopathic
anal ulcers or nonspeci®c proctitis. Infection occurs
2 to 8 weeks after sexual transmission. Anorectal
syphilis is characterized by a variety of endoscopic ap-
pearances including anal ulceration, rectal ulceration,
granulomatous proctitis, and tumor-like lesions. A com-
bination of serologic testing, dark-®eld examination,
and immuno¯uorescence staining usually leads to a di-
agnosis. Benzathine penicillin G, 2.4 million units in-
tramuscularly, given initially and 7 days later, is the
drug of choice for anorectal syphilis. Penicillin-allergic
patients should be given either tetracycline, 500 mg
orally four times daily for 15 days, or erythromycin,
500 mg orally four times daily for 15 days. Patients
with signi®cant penicillin allergies typically require de-
sensitization to penicillin.

A number of other bacterial, parasitic, and viral eti-
ologies can cause proctitis, although they typically cause
a more proximal colitis. In homosexual men,
particularly those with HIV infection, proctocolitis is
often caused by Campylobacter spp., Shigella spp.,
non-typhi Salmonella, Entamoeba histolytica, and cyto-
megalovirus (CMV). CMV may also cause proctitis in
recipients of bone marrow transplantation or chemo-
therapy. In Third World countries, tuberculosis is an
often unrecognized cause of anorectal abscess and
®stula and may occur in the absence of pulmonary
infection. Cases of proctitis caused by Pleisomonas
shigelloides, group A Streptococcus, and Schistosoma
mansoni have been reported in the literature, mainly in
homosexual men.

Ulcerative Proctitis

Ulcerative proctitis, a chronic in¯ammatory process
limited to the rectum, affects approximately one-third to
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one-half of patients diagnosed with ulcerative colitis.
Although patients with ulcerative proctitis generally
follow a more benign course with fewer symptoms
than those with ulcerative colitis, 30ÿ50% of them
will develop more proximal disease distal to the splenic
¯exure within 10 years. The 10-year survival rate for
ulcerative proctitis is high, almost 98% in one series.
Annual incidence rates of ulcerative proctitis show that
males are more likely to develop the disease and the
disease is more common in urban than rural areas.
The pathophysiology is similar to that of ulcerative co-
litis. Patients present with typical proctitis symptoms
such as rectal bleeding, pain, and tenesmus. Endoscopic
®ndings in the rectum include loss of vascular pattern,
erythema, granularity, and friability of the mucosa.
Crypt abscess formation, crypt architectural distor-
tion, and a polymorphonuclear cell in®ltrate in the
lamina propria are the most common histopathologic
®ndings.

Excellent treatments exist once the diagnosis of
ulcerative proctitis is made. The initial goal of
therapy is to induce remission. Mesalamine supposito-
ries and enemas have been shown to be superior to
oral mesalamine and steroid-based topical treatments
in inducing remission after 2ÿ4 weeks of therapy.
Optimal doses for inducing remission range from
0.5 to 1.5 g of topical mesalamine per day. Once
clinical remission is obtained, the treatments are fo-
cused on the maintenance of remission. Mesalamine
suppositories and oral 5-aminosalicylic acid (5-ASA)
maintain 1 year remission at similar rates, between
60 and 90%.

Crohn's Proctitis

Crohn's proctitis without colitis or perianal disease
is extremely rare. 5-ASA suppositories or enemas, effec-
tive in ulcerative proctitis, have not been well studied in
Crohn's proctitis but are often given due to lack of al-
ternative therapies.

Medications

Many pharmacological agents can cause colitis, but
only a few may affect the rectum without other gastro-
intestinal involvement (Table I). Nonsteroidal anti-
in¯ammatory drugs (NSAIDs) are likely the most
common cause of drug-induced proctitis, particularly
if given in an enema form. Other enemas and suppos-
itories can cause rectal in¯ammation from either local
mucosal injury or pressure-induced injury. Treatments
with gold for rheumatoid arthritis rarely lead to entero-
colitis and/or ulcerative proctitis. Discontinuation of the

offending agent is the most important intervention for
these conditions.

Diversion Proctitis

Diversion colitis or proctitis is characterized by in-
¯ammation and friability of the colonic mucosa after
exclusion of a distal segment of colon from the fecal
stream. As early as 1 month after surgery, almost all
excluded segments will have some degree of endoscopic
or histologic abnormality. Histopathologic changes, in-
cluding mucosal ®ssures, granulomas, crypt abscesses,
architectural distortion, and transmural in¯ammation,
can mimic changes seen in patients with in¯ammatory
bowel disease. Lymphoid follicular hyperplasia, how-
ever, may be a distinctive feature of diversion colitis.
The diagnosis is often con®rmed when mucosal changes
resolve after restoration of the fecal stream, although
mucosal abnormalities persist in approximately 50% of
cases. Short-chain fatty acids, important nutritional sub-
strates for the colonic epithelium, are effective in the
treatment of diversion proctitis when given locally as
enemas.

Allergic Proctitis

Allergic proctitis is typically seen in infants who are
sensitive to cow's milk protein or soy protein. Signs and
symptoms vary from the presence of occult gastrointes-
tinal blood loss to frank hematochezia and diarrhea.
Other foods, such as egg white, peanuts, nuts, or ®sh,
have also been implicated in patients with allergic gas-
troenteropathy and uncommonly in patients with aller-
gic proctitis. Endoscopic ®ndings of allergic proctitis are
nonspeci®c, but rectal biopsy characteristically reveals
eosinophilic in®ltration within the lamina propria and
intraepithelial eosinophils in surface and crypt epithe-
lium. Treatment primarily involves elimination of the
potential allergen and occasionally requires the use of
corticosteroids.

Collagen Vascular Disease

A number of rheumatologic diseases can affect the
gastrointestinal tract by autoimmune mechanisms,
systemic in¯ammation, or vasculitis. Proctitis from
these diseases is rare. BehcËet's disease and systemic
lupus erythematosus have been reported as causing
proctitis. Rectal biopsies in patients with rheumatoid
arthritis may reveal evidence of chronic in¯ammation
and vasculitis. It is a generally accepted principle that
anti-in¯ammatory and immune therapy directed at the
systemic disease will improve accompanying gastroin-
testinal manifestations.
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ETIOLOGIES OF PROCTOPATHY

Radiation Proctopathy

Radiation proctopathy commonly occurs after radi-
ation therapy for the treatment of pelvic malignancies.
Prostate, cervical, uterine, bladder, testicular, and rectal
cancers are among the most common malignancies trea-
ted with radiation. A large discrepancy exists in the
literature regarding the prevalence of radiation procto-
pathy in patients receiving pelvic radiation, with ranges
between 5 and 80%. A dose of 65ÿ70 Gy of external
beam radiation is typically required to cause radiation
proctopathy. Acute radiation proctopathy occurs in ap-
proximately one-third of patients and is characterized
by diarrhea, urgency, and tenesmus, usually without
hematochezia. Chronic radiation proctopathy occur-
ring 6ÿ12 months after radiation therapy is often char-
acterized by rectal bleeding due to rupture of
telengiectasias or oozing from friable, ischemic mucosa.
Functional symptoms, such as dif®culty with evacuat-
ion, fecal urgency and incontinence, small-volume
diarrhea, and rectal pain, are not uncommon and can
lead to signi®cant morbidity.

Because of the lack of randomized controlled clinical
trials, effective treatments for radiation proctopathy are
often given empirically without signi®cant supportive
evidence. Generally, bleeding is best treated endoscop-
ically, but it may respond to various pharmacotherapies.
Noncontact methods of endoscopic therapy, such as
laser and argon plasma coagulation, are typically
more effective than contact methods, such as heater
probe and bipolar electrocautery, in the obliteration
of bleeding telengiectasias. Sucralfate, in oral and
enema form, and topical 4% formalin applied endoscop-
ically appear to be more effective than aminosalicylate
or corticosteroid enemas in treating hemorrhagic radi-
ation proctitis, although no direct comparisons have
been performed in clinical trials. Less well-studied
treatments include short-chain fatty acid enemas,
misoprostol enemas, hyperbaric oxygen therapy, vita-
mins C and E, oral estrogen/progesterone, and oral
sodium pentosan polysulfate. Vitamin A was recently
found to be highly effective in one patient who devel-
oped a symptomatic radiation-induced anal ulcer.
Unfortunately, because functional radiation procto-
pathy is poorly studied, it is unclear whether or not
any of the treatments mentioned are effective.

Ischemic Proctopathy

Because of the extensive network of vascular collat-
erals supplying the rectum, ischemic proctopathy is
rare. Ischemic proctopathy usually results from a

sudden, major interruption in blood ¯ow, such as
that occurring after aortoiliac surgery. However, severe
atheromatous disease combined with systemic hypoten-
sion may also compromise the otherwise abundant
blood supply to the rectum. Diarrhea, abdominal
pain, and unexplained sepsis in the ®rst few days
after an aortic operation are warning signs of intestinal
ischemia. A sigmoidoscopy with biopsy con®rms ische-
mic changes in the rectum, such as mucosal ulcerations
and capillary dilation in overlying granulation tissue.
Mild cases may be treated conservatively and are likely
to resolve with hemodynamic support. The treatment of
intractable rectal bleeding due to ischemic proctopathy
usually requires surgical diversion, although endo-
scopic coagulation and local treatments such as forma-
lin instillation have been reported.

Traumatic Proctopathy

Patients participating in ARI or, more commonly, in
sexual practices involving the insertion of foreign
bodies or various body parts (®sts, forearms, etc.)
into the anorectum may develop traumatic proctopathy.
This etiology likely represents a pathophysiologic spec-
trum of rectal injury, from benign mucosal tearing to
severe ischemia and/or perforation. If the sexual prac-
tice is found to be the cause of proctopathy, the physi-
cian must warn the patient about the risk of foreign body
impaction and/or perforation and recommend that
the behavior be discontinued. If an object is impacted
in the rectum and cannot be retrieved at the bedside,
it is removed in the operating room under general
anesthesia.

Solitary Rectal Ulcer Syndrome

This poorly understood condition is seen in patients
with chronic straining, rectal prolapse, and nonrelaxa-
tion of pelvic musculature with defecation. It is charac-
terized by the presence of a large ulcer or multiple ulcers
4 to 15 cm from the anal verge. Solitary rectal ulcer
syndrome may be mistaken for in¯ammatory bowel dis-
ease by inexperienced clinicians. Histologic features in-
clude ®bromuscular proliferation in the lamina propria
and glandular crypt distortion. Treatment with ®ber,
stool softeners, and biofeedback is generally preferable
to surgical management.

Hematologic Diseases

Gastrointestinal involvement may occur in a variety
of hematologic diseases. The anorectum alone is rarely
involved. In a series of 514 patients hospitalized
for miscellaneous hematologic diseases, anal lesions,
such as in®ltration and ulceration, were seen most
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commonly in patients with agranulocytosis, medullary
aplasia, or acute myeloid leukemia. Treatment included
chemotherapy or surgical drainage when an abscess
was present. Anorectal in®ltration with lymphoma is
uncommon but is an AIDS-de®ning illness in patients
with HIV infection.

Amyloidosis

Amyloid protein often in®ltrates the rectum and can
be detected on submucosal rectal biopsies performed to
diagnose systemic amyloidosis. Although gastrointesti-
nal amyloidosis can cause chronic constipation, diar-
rhea, and malabsorption, rectal amyloid in®ltration
rarely leads to clinical manifestations associated with
proctopathy.

See Also the Following Articles
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Protein Digestion and Absorption of
Amino Acids and Peptides
HANNELORE DANIEL

Technical University of Munich

oligopeptide An oligomer of amino acid units joined by

peptide linkages. The term `̀ oligopeptide'' is commonly

used to refer to structures containing 4 to 25 amino acid

residues.

peptide bond The covalent chemical bond between two

amino acid residues. It is formed by the subtraction of a

water molecule from the amino group attached to the

a-carbon of one amino acid and the carboxy group

attached to the a-carbon of a second amino acid residue.

protein A macromolecular complex containing a large

number of amino acid residues joined to one another

via peptide bonds. Proteins may, in addition to the 20

different amino acids that they generally are made up of,

contain various amino acid residues that have been

modi®ed posttranslationally by phosphorylation, hydro-

xylation, glycosylation, or attachment of fatty acid

residues.

The dietary intake of proteins varies considerably with the

nature of the diet and the main protein sources in the diet

(plant versus animal origin). However, in almost all de-

veloped countries, the average protein intake is approx-

imately 100 g/day. In addition, almost 60 g of endogenous

proteins from gastrointestinal secretions and saliva

enters the small intestine so that a total of approximately

160 g of protein per day undergoes hydrolysis by gastric,

pancreatic, and brush border membrane-bound proteases

and peptidases. The end products are absorbed by mul-

tiple transport systems in the apical membrane of the

epithelial cells.

HYDROLYSIS OF PROTEINS
AND DETERMINANTS OF
THEIR DIGESTABILITY

The lumenal and brush border-bound digestive en-
zymes initially release a vast spectrum of medium-
sized and short-chain peptides and eventually free
amino acids. Although most proteins and
oligopeptides are rapidly degraded, some structures
are fairly resistant to hydrolysis. In particular,

glycosylated peptides and those containing multiple
prolyl residues are more stable against attack by
proteases and peptidases. This intrinsic proteolytic
stability is of particular importance for understanding
the `̀ survival'' of the immunodominant epitopes from
a-gliadin that account for the stimulatory activity of
dietary gluten on intestinal and peripheral T lympho-
cytes in patients with celiac disease. The a-gliadin
peptides are rich in proline and glutamine residues,
which are exceptionally resistant to enzymatic proces-
sing. The very low activity of dipeptidyl peptidase IV
and dipeptidyl carboxypeptidase I in the gastrointes-
tinal tract determine as rate-limiting enzymes the di-
gestive breakdown of these peptides. Various other
biologically active peptides containing multiple prolyl
groups have also been identi®ed in digests, for exam-
ple, of dietary proteins (mainly milk proteins), which
led to the suggestion that these peptides that are re-
leased during digestion of dietary proteins in the gut
may affect body functions by their opioid, immuno-
modulatory, or angiotensin-converting enzyme inhib-
itory activity. The extent to which and the speed with
which a dietary protein is broken down to its constit-
uent parts are therefore dependent on its composition
(amino acid sequence) and on modi®cations that ren-
der it more resistant to hydrolysis. This also includes
thermal effects of food processing that may cause the
formation of Maillard products or that induce the
conversion of free L-amino acids into their D-enantio-
mers. Studies with 15N-labeled dietary proteins in hu-
mans have demonstrated a quite variable extent of
digestion and absorption as indicated by different
ileal losses of amino acids depending on the nature
of the protein administered.

Even intact proteins or large oligopeptides can be
absorbed in small quantities in intact form either via the
paracellular route or by microfold cells, but the bulk of
protein is taken up in the form of di- and tripeptides and
as free amino acids. For these end products of digestion,
specialized carriers are found in the apical membrane of
enterocytes.
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EPITHELIAL UPTAKE OF
DI- AND TRIPEPTIDES

The multitude of intracellular peptidases with a strict
speci®city for the hydrolysis of di- and tripeptides
suggested that such peptides may be absorbed in intact
form followed by the intracellular release of free amino
acids. The peptide transporter protein that carries
di- and tripeptides into the cell was identi®ed as a
protonÿpeptide symporter that couples peptide uptake
to the movement of protons down an electrochemical
proton gradient. The PEPT1 protein contains 708 amino
acids residues and 12 transmembrane domains with
N- and C-terminal ends facing the cytosol. By coupling
to proton ¯ux, peptide transport occurs electrogenically
regardless of the net charge of the substrate and causes
intracellular acidi®cation. The required proton gradient
for peptide uptake is mainly, but not exclusively, pro-
vided by electroneutral proton /cation exchangers, such
as the Na�/ H� antiporters that return protons to the
lumen in exchange for Na� ions entering the cells.
However, the main driving force for peptide transport
is the negative membrane potential inside the cell.
Normal dipeptides taken up into the cells are rapidly
hydrolyzed by cytosolic peptidases and free amino
acids are then delivered into the circulation. Although
there is evidence for a basolateral ef¯ux system for
di- and tripeptides, the nature of this protein is not
yet known.

Transport by PEPT1 shows a pronounced ste-
reoselectivity, with peptides containing L-enantiomers
of amino acid residues possessing higher af®nity for
transport than peptides containing D-enantiomers.
Peptides consisting solely of D-amino acids do not
show any relevant af®nity for transport. One of the
most striking features of PEPT1 is its capability of se-
quence-independent transport of all possible di- and
tripeptides. This means that the 20 proteinogenic
L-a-amino acids alone provide 400 different dipeptides
and 8000 different tripeptides that can be transported
by PEPT1. The ability of PEPT1 to also accept a
variety of peptidomimetics, such as antibiotics of the
aminocephalosporin and aminopenicillin classes, or
selected angiotensin-converting enzyme inhibitors,
such as captopril, explains the excellent oral availability
of these drugs. The clinical importance of PEPT1 has
been demonstrated in a variety of studies in different
organisms including humans. Here, dipeptide mixtures
have been shown to be superior to free amino acids for
fast intestinal absorption and they are also more
useful for enteral nutrition as they provide a lower os-
molarity of the nutrition solution. Moreover, in a variety
of gastrointestinal diseases, the peptide transporter has

been found to be less affected by the pathophysiology
than the amino acid transporters. Figure 1 displays the
peptide transporter in the apical membrane of epithelial
cells in the context of the various amino acid carriers
that in concert allow ef®cient transcellular amino acid
absorption.

TRANSPORT OF FREE AMINO ACIDS
ACROSS THE EPITHELIUM

When proteins and peptides undergo complete lumenal
hydrolysis, free amino acids are released. The 20
proteinogenic amino acids and their derivatives resem-
ble a heterogeneous group of compounds that differ in
polarity, net charge, and molecular mass. It is therefore
not surprising that membrane transporters with differ-
ent substrate speci®cities are found. Whereas the carri-
ers for neutral amino acids in most cases display a rather
broad substrate speci®city, other carrier types show
much more speci®c interactions with a preference for
either acidic or basic side chains of amino acids or
for those with an aromatic structure. In addition,
differences in the thermodynamic properties of the
transport steps are observed with equilibrative systems
and systems that are ion-dependent and show uphill
transport capability. Almost all carriers display a pro-
nounced stereoselectivity for transport of the physio-
logically important L-enantiomers of amino acids.
Table I summarizes the main transport pathways for
amino acids in mammalian cells subdivided into Na�-
dependent and Na�-independent processes and the
zrepresentative cDNAs that have been cloned and
that express the corresponding transport activity in a
target cell. Not surprisingly, there are numerous genetic
and splice variants within the different transporter
classes. However, at the structural level, most amino
acid carriers show some common features with a peptide
backbone of 350 to 700 amino acid residues that crosses
the plasma membrane 10 to 12 times.

Enterocytes contain numerous amino acid transpor-
ters, some of which are found throughout the organism
and others of which are speci®c for the apical or
basolateral membranes of polarized cells. The transpor-
ters in the brush border membrane are primarily respon-
sible for the absorption of amino acids from the
intestinal lumen and those located on the basolateral
surface of the enterocyte facilitate the transfer of amino
acids between the enterocyte and the circulation. In¯ux
across the basolateral membrane provides amino acids
for the nutritional needs of the enterocyte in the absence
of protein intake, whereas when proteins are digested
and amino acids are absorbed, basolateral transporters
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mediate net amino acid ef¯ux from the cell into the
portal circulation. Figure 1 displays the various carriers
in apical and basolateral membranes that are involved in
transcellular amino acid transport.

The amino acid transporter class that is dependent
on both Na� and Clÿ gradients includes system IMINO,
which transports imino acids such as proline, system
BETA, a transporter of b-amino acids such as b-alanine,
and system B0,� (ATB0,�), which transports neutral,
basic, and some D-enantiomeric amino acids. The sec-
ond class contains the classical Na�-dependent `̀ second-
arily active'' transporters, including system B0,� and
ATB0, which transport a variety of neutral amino
acids. Anionic amino acids are transported by system
XÿAG. System ASC has a preference for small neutral
amino acids including alanine, serine, and cysteine.
System A (mainly in basolateral membranes) transports
neutral and methylated amino acids. The Na�-indepen-
dent transporters that operate in an `̀ equilibrative'' mode

include system y� (the CAT proteins), which carries
cationic amino acids, system b0,� (ATb0,�), which
transports cysteine as well as neutral and cationic
amino acids, and system L (the LAT proteins), which
recognizes mainly neutral amino acids. Members of the
last group are particularly interesting in view of their
molecular architecture. The novel structural character-
istic of the LAT proteins is that they oligomerize via an
extracellular disulfate bridge with a large second sub-
unit to form a complex. In apical membranes, the gly-
coprotein heavy chain, designated BAT, associates with
a LAT protein and the resulting complex possesses so-
dium-independent amino acid exchange capability. The
other heavy chain, 4F2hc, can associate with various
light chains (LAT proteins), with the complexes then
mediating amino acid exchange across the basolateral
membrane of epithelial cells as well as in nonpolarized
cells. The heavy chains have a glycosidase-like extracel-
lular domain attached to a single transmembrane

FIGURE 1 Amino acid and peptide transporters in apical and basolateral membranes of intestinal epithelial cells re-

sponsible for transepithelial amino acid translocation. Dashed lines indicate the intracellular hydrolysis of di- and tripeptides

by cytosolic peptidases. NAA, neutral amino acids; CAA, cationic amino acids; AAA, acidic amino acids; IAA, imino acids;

bAA: b-amino acids; Gly, glycine.
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domain, whereas the light chains vary in size but all
possess 12 membrane-spanning domains, which are
typical for polytopic membrane proteins with the
amino- and carboxy-termini facing the cytosol. The car-
rier complexes can transport a wide range of neutral
amino acids in an obligatory exchange mode, which
means that they mediate the in¯ux of certain amino
acids in exchange for intracellular amino acids. The
b0,� activity of the BAT-associated complex can in ad-
dition transport cationic amino acids in exchange for
neutral amino acids, resulting in transport currents,
whereas the y�LAT1/4F2hc complex exchanges neutral
amino acids in cotransport with sodium for intracellular
cationic amino acids.

A new class of electrogenic proton-dependent amino
acid symporters (PAT proteins) has been identi®ed and
cloned. From this class, the PAT1 carrier is expressed in
the apical membrane of intestinal epithelial cells and
mediates the cotransport of amino acids and derivatives
that have a short side chain (glycine, alanine, serine,

proline, g-aminobutyric acid) by the coupling of
substrate movement to proton movement down an elec-
trochemical proton gradient. This transport activity
consequently causes an intracellular acidi®cation that
requires apical sodiumÿproton exchangers for the con-
trol of intracellular pH, with proton export enhancing
sodium uptake into epithelial cells.

The expression level of intestinal amino acid and
peptide transporters can be adapted to dietary needs
and a variety of hormones are involved in regulating
protein expression and consequently the transport ac-
tivity of the carriers that are responsible for the absorp-
tion of amino acids from dietary proteins.
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TABLE I Amino Acid Transport Systems in the

Plasma Membrane of Mammalian Cells

Transport system

Isolated cDNA(s)

encoding this activity

Na� dependent

A ATA1-3

N SN1-3

GLY GlyT1-2

ASC ASC1-2

BETA GAT1-3, BGT-1

IMINO Not identi®ed yet

B0 ATB0

B0,� ATB0,�

XÿAG EAAT1-5

Na� independent

L 4F2hc/LAT(X)

y� CAT1-3

b0,� BAT/b0,�AT

H� dependent

PAT PAT1 (LYAAT-1), PAT2
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Protein-Calorie De®ciencyÐ`̀ Kwashiorkor''
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cachexia Severe wasting associated with a low serum

albumin; due to excess cytokine production.

kwashiorkor Selective protein-calorie malnutrition with

edema and a fatty liver.

marasmus Generalized starvation with loss of body fat and

protein.

protein-calorie de®ciency Occurs either because of de®cient

protein intake (undernutrition) or because of a relative

excess of calorie intake (overnutrition).

sarcopenia Loss of lean body mass associated with the aging

process.

undernutrition De®ned by one or more of the following

conditions: (a) unintentional loss of 410% of usual body

weight in the preceding 3 months, (b) body weight

590% of ideal for height, or (c) body mass index 518.5.

Body weight 590% of ideal body weight for height

represents a risk of malnutrition, 585% of ideal body

weight represents malnutrition, 570% of ideal body

weight constitutes severe malnutrition, and 560% of

ideal body weight is not compatible with life.

Kwashiorkor and marasmus are usually regarded as the

extremes of a continuum encompassing protein-calorie

malnutrition. Severe protein-energy malnutrition is a

leading cause of death in children younger than 5 years

of age. Ten to 20% of children die when admitted to the

hospital with the diagnosis of kwashiorkor, the highest

mortality of any pediatric disease. Protein-calorie malnu-

trition occurs in infants and children in the developing

nations, but it is also reported in older adults and can

occur in any country of the world. The prevalence of

malnutrition varies in older people; it occurs in 1ÿ15%

of ambulatory outpatients, 25ÿ65% of long-term care res-

idents, and 35ÿ65% of hospitalized patients. Malnutri-

tion has been associated with increased mortality,

morbidity, and prolongation of hospitalization. It also

results in loss of function and adversely affects the quality

of life.

INTRODUCTION

Dr. Cecily William ®rst described kwashiorkor in
1935 in the natives of the KroboÿGaÿ
Adangbe megatribe of South Eastern Ghana. The
word `̀ kwashiorkor'' (the pronunciation in Krobo is
kwasiorkor, there being no `̀ sh'' in the alphabet)

primarily translates to `̀ the disease suffered by the
child displaced from the breast.'' The weaned child
is fed a thin gruel of poor nutritional quality or
diluted baby formula (compared with mother's milk)
and fails to thrive. A child with kwashiorkor tends to
be older than one with marasmus and tends to de-
velop the disease after weaning. The marasmic chil-
dren are associated with early abandonment or failure
of breast-feeding and with consequent infections such
as gastroenteritis. Such infections result from the im-
proper hygiene and inadequate knowledge of rearing
that are often seen in slums in developing nations.

It is said that childhood undernutrition in the de-
veloping world represents the ®nal common pathway
for the expression of illiteracy, inadequate sanitation,
insuf®cient access to medical care, poverty, poor per-
sonal hygiene, overcrowding, poor crop management,
droughts, and insuf®cient or inappropriate use of the
available resources. These factors act at national, re-
gional, and village levels as well as at individual family
levels. Kwashiorkor has been seen even in developed
nations and usually results from poverty, poor nutri-
tional information (restricting milk or formula simply
because of parent or child preference, excessive dilu-
tion of milk, substituting formula with nondairy
creamer, prolonging a liquid diet after hospitalization
for gastroenteritis, or eliminating milk from the child's
diet), presumed food allergy with avoidance of certain
foods, use of diets de®cient in proteins, pure vegetarian
diets, and, most importantly, poor feeding skills.
Chronic malabsorption, resulting from conditions
such as cystic ®brosis, is the main cause of protein-
calorie de®ciency in children in the United States. In
developed countries, most protein-calorie malnutrition
is seen in older persons with cancer and in patients with
HIV infection.

CLASSIFICATION

Clinically, protein-calorie malnutrition has three
forms:

1. Marasmus (dry) is the most common form of
protein-energy malnutrition in most developing
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nations. It results from near starvation with de®-
ciency of protein and nonprotein nutrients. The
marasmic child consumes less than adequate
amounts of food, often because the mother is unable
to breast-feed, resulting in loss of fat, loss of muscle
mass, and thin appearance.

2. Kwashiorkor (wet) is less common and is usually
manifested as marasmic kwashiorkor. It is associated
with a low serum albumin and edema.

3. The combined form is marasmic kwashiorkor. Chil-
dren with this form have some edema and more fat
compared to those with marasmus.

PATHOPHYSIOLOGY

Weight loss occurs when there is insuf®cient intake or
absorption of dietary calories and/or increased expen-
diture of energy compared with daily requirements,
and/or increased catabolism, leading to loss of body
fat and protein. The healthy human body is composed
of fat-free mass (FFM) and body cell mass (BCM). The
FFM is composed of extracellular and intracellular
water, the bony skeleton, and visceral protein, whereas
the BCM is composed of intracellular water, body fat,
and energy reserves in the form of intracellular glycogen
and proteins. The human body stores between 15 and
25% of its energy as fat, which is greater in women than
in men and is available for the production of endoge-
nous fatty acids during starvation. The expenditure of
body stores of energy is different in starvation and stress.
In starvation, there is a decrease in the size of all body
compartments, whereas stress reduces the BCM, in-
creases intracellular water, and has variable effects on
body fat. Weight loss is slowed by reducing the meta-
bolic rate of the active tissues, largely the result of loss of
some of the body's protein. Such a protein-depleted
body requires less dietary protein for maintenance.
Muscle proteins are responsible for most of the protein
losses, compared to central lean tissues (liver, gastroin-
testinal tract, kidney, blood cells, and immune cells),
which are relatively spared. Most of the physiologic
functions and homeostasis are maintained, so long as
the starvation energy ration is not too low, allowing for
normal adaptation. The clinical consequences of this
adaptation are reduced muscle mass (cardiac, respira-
tory), muscle weakness and functional disability,
reduced cardiac and respiratory capacity, mild hypo-
thermia, anemia, and reduced protein reserve.

Patients with severe tissue injury commonly develop
systemic in¯ammatory response syndrome (SIRS), a hy-
permetabolic response. SIRS is de®ned as the presence
of two or more of the following symptoms: fever (or

profound hypothermia), tachycardia, tachypnea, and
leukocytosis. Other features include changes in acute-
phase serum protein concentration, increased energy
expenditure, increased whole-body protein turnover,
anorexia, and protein wasting. Similarly, cachexia, or
cytokine-induced malnutrition, is seen in patients with
in¯ammatory diseases or malignancy associated with
continued weight loss. Classic features include changes
in acute-phase serum proteins, (e.g., increased C-reac-
tive protein, ®brinogen, and ferritin, and decreased
transferrin, prealbumin, and albumin), the anemia of
chronic in¯ammation, anorexia, and the partial nulli®-
cation of a previously successful adaptation to starva-
tion. Protein-calorie malnutrition is increasingly
recognized as contributing to the protein wasting asso-
ciated with organ failure in conditions such as chronic
renal failure and end-stage heart disease. Protein catab-
olism is responsible for SIRS, whereas decreased food is
the major reason for lean tissue loss in the cachectic
syndromes.

ETIOLOGY OF
PROTEIN-CALORIE DEFICIENCY

Initially, it was thought that kwashiorkor was due to
protein de®ciency in the absence of adequate energy
intake. However, a number of investigators reported
no differences in the nutritional backgrounds of people
with kwashiorkor and those with marasmus. This
resulted in alternative theories explaining the patho-
genesis of kwashiorkor, such as the concept of failed
adaptation, which posits that some children adapt ap-
propriately (marasmus) to protein-calorie de®ciency
whereas others do not (kwashiorkor). In addition,
some toxins or nutritional factors have been proposed
as etiologic factors, including free radicals, a¯atoxins,
leukotrienes, essential fatty acids, and zinc de®ciency.
Mild chronic infection is common in children with
kwashiorkor and thus the cytokine excess may result
in extravasations of albumin from the intravascular
space, producing hypoalbuminemia and edema.

Development of malnutrition is attributed to a num-
ber of risk factors, including social and psychological
status, diseases producing anorexia or malabsorption,
and diseases producing hypermetabolism. These risk
factors can easily be remembered by using the
mnemonic `̀ Meals on wheels'' (Table I). Poor, older
adults are especially at increased risk of malnutrition
if they live in neighborhoods with high crime rates. Such
older adults, fearing for their safety, remain home-
bound, which limits their ability to shop and thus
restricts their chances of optimal nutrition. Older adults
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are further at risk if they have chronic medical condi-
tions (e.g., Parkinson's disease, chronic obstructive
pulmonary disease, heart failure, depression, gallstones,
hyperthyroidism, hypercalcemia, pheochromocytoma,
cancer, and hypoadrenalism). These conditions are
complicated by the anorexia of aging, which is often
multifactorial, encompassing age-related changes in ap-
petite regulation, systemic diseases, iatrogenesis, and
psychological factors. In young children, poverty and
ignorance are the major causes of protein-calorie de®-
ciency, and in young adults, AIDS has become the
major cause of undernutrition, but in older adults,
depression appears to be the major cause. In older
men, testosterone de®ciency and lack of physical activ-
ity are important causes of loss of lean body mass
(sarcopenia).

CLINICAL EVALUATION OF PATIENTS

History

In evaluating patients, a history should be obtained
from the parents, social workers, and caregivers and
medical records should be reviewed. Identi®cation of
risk factors will help direct further questioning
concerning functional and socioeconomic conditions.
A review should include questions about diet habits
and dietary restrictions (including those imposed by

the patient or parents), religious and cultural beliefs,
and use of special diets (heart-healthy, low-cholesterol,
renal, diabetic or low-salt diets). Alcoholism is not
a rare condition in older adults and should be
screened for using the CAGE or Michigan Alcoholism
Screening Test (MAST) tools. A history of mouth
problems in the older population should be obtained,
and referral made to a dentist, if required. A review of
medications that can cause anorexia and weight loss is
mandatory. These will include cardiovascular drugs
(e.g., digoxin, amiodarone, procainamide, quinidine,
spironolactone), psychiatric drugs (e.g., phenothia-
zines, lithium, selective serotonin reuptake inhibitors,
tricyclic antidepressants), antiinfective drugs, antineo-
plastics, antirheumatics, drugs causing malabsorption
(e.g., laxatives, cholestyramine, methotrexate), and
agents increasing metabolism (e.g., theophylline, thy-
roid extract, L-thyroxine).

Adults should be screened for depression by history.
The degree of symptomatology can be followed using
either the Beck Depression Inventory or the Geriatric
Depression Scale. Screening tools for dementia are avail-
able (e.g., Mini Mental Status Exam or Saint Louis
University Mental Status Exam) and can be used if in-
dicated. The Mini Nutritional Assessment (MNA) is
a validated tool with a positive predictive value for
detecting undernutrition of 97% in older community-
dwelling adults. The sensitivity and speci®city of this
tool are 96 and 98%, respectively. SCALES (an acronym
for sadness, cholesterol, albumin, loss of weight, eating
problems, and shopping and cooking problems), a well-
validated, highly sensitive tool that is simple to admin-
ister by nonmedical professionals, can be used in
various clinical settings and does not require sophisti-
cated physical examination. The Subjective Global
Assessment (SGA) incorporates functional capacity as
an indicator of malnutrition and relies mainly on phys-
ical signs of malnutrition and malnutrition-inducing
conditions. SGA is a validated tool for prognosis
(but not nutritional status) in hospitalized patients,
with a sensitivity of 82% and speci®city of 72%.

Physical Examination

A careful physical examination can characterize and
de®ne the extent of malnutrition. Measurements of un-
clothed weight and height are essential for establishing
the severity of malnutrition in all patients, but may be
confounded by the effect of edema and ascites. Differ-
ent classi®cations, used to determine childhood nutri-
tional status, include those of Gomez, Wellcome, and
Waterlow.

TABLE I Meals on Wheels Acronym: Common

Risk Factors for Undernutrition

Medications (polypharmacy, herbal preparations)

Emotional causes (dysphoria, depression, psychosis)

Appetite disorders (anorexia tardive, abnormal eating

attitudes, alcholism, abuse)

Late-life paranoia

Swallowing disorders (dysphagia)

Oral factors (tooth loss, periodontal infection, gingivitis,

poorly ®tted dentures)

No money (poverty), nosocomial infection (tuberculosis,

chronic intestinal parasites, Clostridium dif®cile)

Wandering (dementia)

Hyperactivity/hypermetabolism (tremors, movement disorders,

thyrotoxicosis, Addison's disease, pheochromocytoma)

Enteral disorders (chronic diarrhea, malabsorption syndromes)

Eating problems (altered food preferences, decreased taste

and ¯avor perception)

Low-nutrient diets (low salt, low cholesterol, antidiabetic,

fad diets, dilution of baby formula)

Shopping and food preparation problems (impaired

mobility, unsafe environment, inadequate

transportation), stones (cholelithiasis)
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Anthropometry

Measurements of subcutaneous fat and skeletal mus-
cle can help to determine the severity of protein-calorie
de®ciency. Specialized calipers and a tape measure are
used to estimate body fat from the thickness of the skin
fold of the posterior mid-upper arm. This measurement
is not routinely available, and requires some operator
experience for accuracy. Table II indicates the severity
of malnutrition in children with various upper arm cir-
cumferences. More sophisticated tools are available,
such as B-mode ultrasound, bioelectrical impedance,
underwater weighing, computed tomography, magnetic
resonance imaging, and dual-photon absorptiometry.
These tests require specialized equipment and are
very costly.

Physical Findings

A child with kwashiorkor is characterized by
marked muscle atrophy with normal or increased
body fat, and anorexia is almost universal. On the
other hand, children with marasmus are characterized
by wasting of muscle mass and depletion of fat stores.
Classically, children have severe constipation and are
voraciously hungry. Weight loss can be recognized by
decreased temporal and proximal extremity muscle
mass, by decreased skin fold thickness, or by a `̀ pinch
test,'' especially in younger adults. Tables III and IV
show the clinical ®ndings seen in patients with pro-
tein-calorie de®ciency.

Laboratory Assessment

Selected laboratory tests, most of which are widely
available, are used to characterize and quantify malnu-
trition. However, recent data showing that most of
these tests are altered by cytokine release bring
into doubt their speci®city and value in quantifying
undernutrition.

Serum Proteins

Serum albumin, with a half-life of 2ÿ3 weeks, is a
sensitive but nonspeci®c measure of protein-calorie
de®ciency. The serum albumin level should be

interpreted in the clinical setting, because it can de-
crease with rapid ¯uid shifts (as seen in acute trauma,
sepsis, or acute in¯ammation), cirrhosis of liver, AIDS,
cancer, in¯ammatory bowel disease, and nephrotic
syndrome. Tumor necrosis factor a, interleukin-2
(IL-2), and IL-6 inhibit the synthesis of albumin and
produce extravasation of albumin into the extravascular
space. Several serum proteins with short half-lives are
also used to measure protein-calorie de®ciency; these
include transferrin (half-life 9 days), prealbumin (half-
life 2 days), retinol binding protein (half-life 12 hours),
insulin growth factor (half-life 2ÿ4 hours), ®bronectin
(half-life 4 hours), and C-reactive protein (half-life
4ÿ6 hours). However, levels of these proteins should
be interpreted with caution, because they are affected by
shifts in extracellular volume that occur in acute and
chronic illnesses.

Serum Cholesterol

Serum cholesterol levels lower than 160 mg/dl
have been considered a re¯ection of low lipoprotein
and thus of accompanying protein levels. Hypo-
cholesterolemia seems to occur in the late stages of
malnutrition, limiting its ability as a screening tool,
but it is a useful prognostic indicator. Like serum pro-
teins, its plasma concentration is altered by excess
cytokine production.

TABLE II Mid-Upper-Arm Circumference in Children

Aged 1ÿ5 Years

Circumference Level of nutrition

>14 cm Normal

12.5ÿ14 cm Mild/moderate malnutrition

512.5 cm Severe malnutrition

TABLE III Physical Examination Findings

Kwashiorkor Marasmus

Normal or nearly

normal weight and

height for age

Diminished weight and

height for age

Anasarca
Emaciated and weak

appearance

Moon face (rounded

prominence of the

cheeks)

Bradycardia, hypotension,

and hypothermia

Pursed appearance

of mouth

Thin, dry skin

Pitting edema in the

lower extremities and

periorbitally

Redundant skin folds

caused by loss of

subcutaneous fat

Dry, atrophic, peeling skin

with con¯uent areas of

hyperkeratosis and

hyperpigmentation

Thin, sparse hair that is

easily plucked

Dry, dull, hypopigmented

hair that falls out or

is easily plucked

Hepatomegaly (fatty liver

in®ltrates)

Distended abdomen with

dilated intestinal loops
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Immune Function

There is mounting evidence that the T lymphocyte
count is a useful indicator of nutritional status and out-
come. A decrease in total lymphocytes (TLCs) to less
than 800/ml re¯ects severe undernutrition. Undernutri-
tion can also lead to suppression of cellular immunity,
manifested by the delayed hypersensitivity reaction.
Undernutrition in both young children and older
adults results in a marked decrease in CD4� T cells.

TREATMENT

The guideline for the management of severely
malnourished children developed by the World health
Organization (WHO) consists of three phases: initial
treatment, rehabilitation, and followup. The initial
phase is critical, with special emphasis on treating hy-
poglycemia, hypothermia, infection, and dehydration.
Electrolyte and vitamin de®ciencies are treated in the
initial phase, and treatment is extended to the rehabil-
itation phase, with the exception that iron is given only

in the later phase. Feeding is started in the initial phase
but is advanced after the second week in the rehabili-
tation phase. The rehabilitation phase lasts approxi-
mately 2ÿ6 weeks. During this phase, the mother is
trained to continue care at home and socioeconomic
problems are addressed. In the followup phase, physi-
cal, emotional, and mental health issues are monitored
and addressed and appropriately treated. It needs to be
recognized that prevention by providing adequate
food resources, nutritional education, and vaccinations
to prevent common diseases are far more cost-effective
compared to treating malnutrition in children after it
occurs.

In adults, the initial step in treatment of under-
nutrition is the search for treatable causes. Caloric sup-
plements, when used, should be given between meals
and not with them. In some cases, the use of orexigenic
drugs such as megestrol or medroxyprogesterone and/
or dronabinol (tetrahydrocannibinol) may be useful.

See Also the Following Articles
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TABLE IV Physical Findings of Vitamin and

Mineral De®ciencies Associated with Protein-Calorie

Malnutrition

De®ciency Findings

Vitamin A Dry conjunctiva, corneal

ulceration, `̀ goose bumps''

Thiamine (B1) Opthalmoplegia, congenital

hepatic ®brosis, hyore¯exia,

confabulation, cerebellar gait,

past pointing

Ribo¯avin (B2) Angular stomatitis, cheilosis

Pyridoxine (B6) Peripheral neuropathy

Cobalamin (B12) Optic neuritis, loss of vibratory

and position sense

Vitamin C Gingival hypertrophy, easy bruising,

perifollicular hemorrhage

Vitamin D Osteomalacia, muscular hypotonia

Vitamin K Hemorrhages

Niacin Dermatitis (hyperpigmentation of

sun-exposed areas), diarrhea,

dementia, and sometimes death

Zinc Diminished taste, `̀ ¯aky rash''

on lower extremities
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Protein-Losing Disorders
S. SMALE, I. FORGACS, AND I. BJARNASON

Guy's, King's, and St. Thomas' School of Medicine, London

enteropathy Small intestinal disease.

hypoalbuminemia Abnormally low concentration of albumin

in the blood.

hypoproteinemia Abnormally small amounts of total protein

in the blood.

intestinal absorption Capacity of the intestinal mucosa to

actively absorb digested food.

intestinal permeability Property of the intestinal mucosa to

permit the passage (diffusion) of substances across the

mucosa.

malabsorption Disorder of the process whereby digested

food is actively incorporated or received by the

gastrointestinal mucosa.

maldigestion Disorder of the process whereby ingested food

is converted into material suitable for assimilation by the

gastrointestinal mucosa.

Extragastrointestinal causes of increased protein loss

that need to be considered in the investigation of

hypoproteinemia include trauma and sepsis. The proces-

ses leading to intestinal protein loss may be the result of

defects in diet, metabolism, catabolism, absorption, or

synthesis or may be related to speci®c gastrointestinal

diseases. The goal of investigation and assessment of gas-

trointestinal protein loss, whether in the clinical or re-

search setting, is to restore normal protein levels and to

treat the underlying cause.

OVERVIEW OF ETIOLOGY

A number of factors can lead to hypoproteinemia
and hypoalbuminemia, including dietary factors,
maldigestion, malabsorption, reduced protein syn-
thesis, increased catabolism, and protein loss via the
gastrointestinal and renal systems or via other tissues
in states of injury or in¯ammation.

Normal Albumin Metabolism

Albumin is quantitatively the most important of the
plasma proteins and is widely recognized as an indicator
of general health status. The normal serum albumin
concentration is usually between 35 and 50 g/liter,
the mean being slightly higher in men than in

women. Albumin is synthesized from prealbumin in
the liver; in normal subjects, hepatic synthesis is
equal to degradation, at approximately 1.5 g/day. The
half-life of albumin is approximately 15 to 20 days.
Increased concentration of albumin (450 g/liter) is pa-
thognomonic of dehydration. Hypoalbuminemia, how-
ever, may occur consequent with a number of factors.

Malnutrition

On a global scale, malnutrition is the most common
cause of hypoalbuminemia. Serum levels of prealbumin
are exquisitely sensitive to changes in protein intake,
re¯ecting its short half-life of approximately 2 days;
however, as with albumin, prealbumin levels may
change rapidly in the face of trauma or overwhelming
sepsis even in the face of adequate nutritional intake.
Albumin is not well suited for the purpose of assessing
nutritional status because it may take weeks for levels to
decline in response to malnutrition, re¯ecting its longer
half-life in normal conditions; albumin levels may also
drop dramatically in the face of acute illness due to
increased losses and shifts in albumin distribution. Fur-
thermore, low serum levels of albumin may take 3 or 4
weeks to return to normal, even in the setting of ade-
quate nutrition in a recovering patient.

Protein Maldigestion and Malabsorption

Maldigestion of proteins and malabsorption of
amino acids are rare causes of hypoalbuminemia be-
cause of the reserve capacity of the functions involved
in these processes. Protein digestion begins in the stom-
ach with the action of gastric proteases, which are re-
leased as proenzymes that are activated by the low pH
within the gastric lumen. Nevertheless, long-standing
achlorhydria does not lead to hypoalbuminemia. Pan-
creatic enzymes, which likewise are secreted as inactive
proenzymes, are activated by enterokinase within the
microvilli of the brush border in the duodenum. Having
been broken down into amino acids, dipeptides, and
tripeptides, these are then absorbed by different classes
of amino acid transporters on the brush border.
Hypoalbuminemia is not, however, a preeminent
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feature of severe pancreatic insuf®ciency and is only
occasionally seen in celiac disease, in which there
may also be substantial loss of albumin to the intestine.

Reduced Synthesis

Albumin synthesis by the liver is dependent on
changes in nutritional status, plasma oncotic pressure,
cytokines, and hormones. In normal subjects, synthesis
may be doubled in response to increased degradation or
loss, but the synthesis of albumin may be considerably
reduced in patients with severe chronic liver disease.
The presence of ascites may signi®cantly increase the
total plasma volume and under these circumstances
the total body albumin may be normal despite
hypoalbuminemia.

Increased Degradation

Hypoalbuminemia is common in seriously ill, in-
jured, and septic patients. This appears not to be related
directly to synthesis, which remains either unchanged
or increased, but rather to shifts in the distribution into
the extravascular space due to increased vascular per-
meability and changes in the catabolism of albumin in
response to proin¯ammatory cytokines, generated in
response to cardiac failure, infection, and other in¯am-
matory stimuli.

PROTEIN LOSS

Loss of protein via the kidney, gut, or other organs in
combination with redistribution within extravascular
tissues is the major cause of hypoproteinemia in the
industrialized world. Such loss may occur in a number
of settings.

Renal

Nephrotic syndrome is characterized by proteinuria
(greater than 3 g in 24 hours), peripheral edema, and
hypoalbuminemia and is the most ¯orid manifestation
of renal protein loss. Heavy proteinuria with or without
the other features of nephrotic syndrome may occur in a
wide variety of renal and systemic disease. Approxi-
mately 30% of patients with hypoalbuminemia associ-
ated with renal disease have an underlying systemic
disease such as diabetes, amyloidosis, or systemic
lupus erythromatosis, although increased gastrointesti-
nal loss is also often evident in these cases. The rest is
due to primary renal disease in the form of minimal
change nephropathy, focal glomerulosclerosis, and
membranous nephropathy.

Burns

Hypoalbuminemia is common in the intensive care
unit setting, despite administration of albumin and
aggressive nutritional support. In part, this relates to
the extremely catabolic state of critically ill patients,
but there is also a signi®cant increase in leakage of al-
bumin into the interstitial space consequent to endo-
toxemia and cytokine-induced changes in vascular
permeability.

In the case of burns, thermal injury increases micro-
vascular permeability, leading to increased loss of albu-
min into the extravascular space, into blisters, and as an
exudate on the surface of burned skin; severe burns are
almost invariably associated with infection leading to
albumin displacement into the interstitial space, often
resulting in the rapid development ofhypoalbuminemia.

Gastrointestinal

Gastrointestinal protein loss should be considered
in patients when no other cause for hypoproteinemia
can be identi®ed. Whereas renal causes of protein loss
are associated with predominant loss of albumin, gas-
trointestinal loss often leads to low levels of immuno-
globulins (IgG, IgA, and IgM), clotting factors
(®brinogen), transferrin, and ceruloplasmin. Unlike
liver disease, in which coagulopathy is common, the
loss of clotting factors is rarely signi®cant enough to
be clinically evident. However, associated fat and car-
bohydrate malabsorption may lead to de®ciency of fat-
soluble vitamins. Numerous conditions affecting any
part of the gastrointestinal tract can cause protein
loss. The mechanisms by which protein loss occurs
are as follows:

1. Mucosal injury, with or without in¯ammation,
erosions, or ulcers, leading to a proteinaceous
exudate.

2. Increased lymphatic pressure leading to loss of pro-
teinaceous lymphatic ¯uid across the surface epithe-
lium into the lumen.

3. Increased venous pressure (constrictive pericarditis,
severe right heart failure, or portal hypertension)
associated with transudation of protein.

Often a single disease may lead to hypoalbuminemia
viaanumberofdifferentmechanisms.Hypoalbuminemia
occurs when the net protein loss from the gut exceeds
the ability of the liver to synthesize such proteins.

Mucosal Damage Associated with
In¯ammation, Erosions, or Ulcers

Intestinal in¯ammation is a ubiquitous feature of
most intestinal diseases. The reason for this is that what-
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ever causes the initial damage, it results in impaired
mucosal barrier function, i.e., increased intestinal per-
meability. The intestinal luminal contents, whether in
the small or large bowel, are exceptionally toxic and
proin¯ammatory. Any breach in the intestinal integrity
is therefore associated with intestinal in¯ammation. If
the in¯ammatory response is suf®ciently robust, it will
involve (as a passive bystander) the microcirculation
with consequent leakage of albumin. In the vast
majority of cases this increased loss of albumin is not
clinically evident and can only be detected by direct
measurement. Even when there is evidence of
hypoalbuminemia, this is often not associated with
any clinical signs or symptoms (serum albumin of
25ÿ34 g/liter). However, when severe, the peripheral
edema is uncomfortable and problematic if cardiac
function is compromised. Common intestinal bacteria
(Salmonella, Shigella, Yersinia, and Campylobacter) or
viruses (measles and other enteroviruses and rotavirus)
are all associated with signi®cant intestinal in¯amma-
tion, but clinically signi®cant protein de®ciency is rare
unless food intake is severely compromised, such as is
frequently the case in developing countries. Classical
in¯ammatory bowel disease is the prototype of an
in¯ammatory condition associated with erosions and
ulcers. Despite the greater in¯ammatory intensity in
ulcerative colitis, it is Crohn's disease that is more
often associated with hypoalbuminemia, due to associ-
ated surgically induced malabsorption and decreased
food intake. Intestinal protein loss in Crohn's disease
correlates with clinical disease activity, suggesting in-
¯ammation is the driving force for the protein loss.
Hypogammaglobulinemia and cellular immune de®-
ciency may also cause protein loss and often have a
presentation similar to that of Crohn's disease.

Gastrointestinal malignancy, carcinoma, lym-
phoma, Kaposi's sarcoma, and the systemic vasculitides
can cause signi®cant ulceration leading to marked
protein loss. Nonsteroidal antiin¯ammatory drug
(NSAID) enteropathy may lead to protein loss and
hypoalbuminemia, either with or without the pres-
ence of ulceration. This is not an uncommon cause of
hypoalbuminemia; about 10% of hospitalized patients
with rheumatoid arthritis have problematic
hypoalbuminemia due to NSAID-induced protein
loss. It is of note that NSAID-induced enteropathy is
clinically silent. Cytotoxic chemotherapy, via its effects
on cell turnover, may cause loss of intestinal epithelial
integrity, leading to increased exposure of the mucosal
immune system to luminal antigens and thence to mu-
cosal in¯ammation and protein loss.

A number of diseases affect the integrity of the
mucosal cells and the intermediate cell junctions,

without causing frank ulceration. These include celiac
disease and tropical sprue. Here the protein loss follows
disruption of the villous structure and the surface epi-
thelium. Hypoalbuminemia is particularly common and
severe in ulcerative jejunitis. A number of other condi-
tions also result in protein loss across unulcerated mu-
cosal surfaces, including allergic gastroenteritis and
microscopic colitis.

In®ltration of the mucosa by amyloid protein in
patients with amyloidosis can lead to signi®cant protein
loss via the gastrointestinal tract. These patients often
have concurrent nephrotic syndrome due to renal dis-
ease, to which hypoalbuminemia is often attributed.

Gastropathies

The development of giant gastric folds is associated
with protein loss in the setting of a several gastric dis-
eases. Menetrier's disease is widely recognized as being
most commonly associated with signi®cant protein
loss. Hyperplasia of gastric crypts and super®cial epi-
thelium occurs in association with replacement of pa-
rietal cells with secretory glandular epithelium, leading
to hypochlorhydria and increased gastric mucosal
permeability.

Gastrointestinal infection has been reported to
cause giant gastric folds. In children, cytomegalovirus
infection has been associated with signi®cant protein
loss, but small intestinal involvement cannot always
be ruled out. Infection with Helicobacter pylori has
also been associated with the development of giant
gastric folds and hypoalbuminemia, but this is an ex-
ceedingly rare complication. Eradication of H. pylori
leads to complete resolution. Lymphocytic gastritis,
also associated with H. pylori, may also present with
a picture of giant mucosal folds, protein loss, and
hypoalbuminemia.

Lymphatic Obstruction

Obstruction of small bowel lymphatics, termed
intestinal lymphangiectasia, leads to dilatation of the
lymphatic channels and leakage of proteinaceous
lymph ¯uid into the bowel lumen, resulting in
hypoalbuminemia. Intestinal lymphangiectasia can be
due to either a primary or a secondary disorder of the
lymph vessels. Regardless of the cause, impaired drain-
age of lymph may result in reduced absorption of fat-
soluble vitamins and chylomicrons.

Primary Lymphangiectasia

Primary intestinal lymphangiectasia, a congenital
maldevelopment of lymphatics, results in ectatic
lymph vessels either focally or diffusely in the gut.
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This condition is often associated with lymphoreticular
abnormalities in other systems, including the skin.
Within the gut, ectatic lymphatics may be found in
any of the layers of the bowel wall containing such
vessels (mucosa, submucosa, and subserosa).

The condition may be clinically silent or present
with a combination of nausea, bloating, and episodic
diarrhea. The diagnosis is based on the clinical, labora-
tory, and pathological ®ndings. In severe cases, labora-
tory ®ndings typically show reduced levels of albumin,
immunoglobulins, clotting factors (although this is
usually not clinically signi®cant), and other plasma
proteins. Barium follow-through may show thickened
nodular mucosal folds, endoscopy characteristically
shows a `̀ snow¯ake'' pattern overlying the small
bowel mucosa, and histological examination shows di-
lated lymphatics, most prominently at the tip of the villi.
Dilated lymph vessels can also be demonstrated on a
lymphangiogram, using magnetic resonance imaging
(MRI) or radionuclide imaging. Not uncommonly,
the ®rst suspicion of the disease comes from small
bowel biopsy done because of malabsorption.

Secondary Lymphangiectasia

Secondary lymphangiectasia may be associated with
a wide variety of causes, re¯ecting either systemic or
local disease, including cardiac failure, portal hyperten-
sion, in®ltration of local and regional lymph nodes by
primary or secondary malignancy, and reactive in¯am-
matory changes associated with infection or in¯amma-
tory bowel disease.

DIAGNOSIS OF
PROTEIN-LOSING ENTEROPATHY

Diagnosis is usually based on the ®nding of hypo-
albuminemia when there is no other cause for decreased
protein production or increased loss from obvious sites.
Gastrointestinal protein loss can be measured using ra-
dioisotopes (51Cr-labeled albumin) or plasma clearance
of a1-antitrypsin. In clinical practice, these tests are not
often performed because the diagnosis is evident from
the setting of hypoalbuminemia in the context of a pa-
tient with gastrointestinal symptoms and concurrent
histological and radiological ®ndings consistent with
the diagnosis. The tests, especially the 51Cr-labeled al-
bumin technique, are, however, frequently used for re-
search purposes to demonstrate therapeutic ef®cacy or
to monitor disease.

TREATMENT

Two principles, diagnostic intervention and nutritive
therapy, underlie the treatment. Diagnostically, it is
®rst appropriate to undertake correction of the under-
lying cause using any available therapy. It is important
to ascertain whether the `̀ intestinal in¯ammation'' that
leads to protein loss is in part driven by luminal bacteria
and their degradation products. In the small bowel,
which is predominantly populated by anaerobic bacte-
ria, metronidazole is a logical treatment, in particular
in those patients with NSAID enteropathy-induced
hypoalbuminemia. If the protein loss is mainly from
the colon, a cephalosporin may be bene®cial. Second,
it is important to maintain appropriate nutrition in
order to enable patients to thrive.

Nutrition

For patients with predominant lymph obstruction
(lymphangiectasia), a diet that is low in saturated fat and
high in protein should be encouraged. Medium-chain
triglycerides can be used to supplement lipid intake.
These fatty acids bypass the enteric lymphatics and
enter the portal system directly. Medium-chain triglyc-
erides have been shown to improve growth and reduce
gastrointestinal symptoms in such patients. If the un-
derlying cause for hypoproteinemia cannot be cor-
rected, albumin infusion can be used for symptomatic
and supportive treatment of hypoalbuminemia; how-
ever, albumin infusion should not be used as a means
of nutritional supplementation.

Enteric protein supplementation using commer-
cially available supplements can be used as required,
but may not be necessary given suf®cient intake of di-
etary protein in the form of meat and or other foodstuffs.
When oral caloric and nutrient intake is insuf®cient to
meet the needs of the patient, supplementary parenteral
nutrition may be administered.
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Protein-Losing Enteropathy, Pediatric

MARVIN E. AMENT

University of California, Los Angeles

ascites Excessive accumulation of ¯uid in the peritoneal

cavity.

enteropathy Disease of the small intestine.

hypoalbuminemia An abnormally low concentration of

albumin in the blood.

Protein-losing enteropathy in pediatric patients is a path-

ophysiologic process and not a speci®c disease. Treat-

ment requires diagnosis of the underlying condition. In

many instances, making the speci®c diagnosis and treat-

ing the condition totally resolve the process of protein-

losing enteropathy; in other instances, they do not. The

symptoms of protein-losing enteropathy may include

vomiting, diarrhea, abdominal pain, and allergic

symptoms and the signs include positional edema, facial

and orbital swelling, ankle or leg edema, abdominal

distension, and ascites. In patients with congenital or

primary intestinal lymphangiectasia, asymmetric lymph-

edema may be a clue to an underlying disorder of the

lymphatic channels. Patients with protein-losing entero-

pathy are typically hypoalbuminemic. Therefore, the ini-

tial steps in evaluation are to determine whether or not

the infant or child is suffering from malnourishment,

which could cause the hypoalbuminemia. Routine urinal-

ysis should rule out proteinemia as a source of the

hypoalbuminemia, and normal transaminases, bilirubin,

and prothrombin time should exclude liver disease as

the cause.

DEMONSTRATION OF
PROTEIN-LOSING ENTEROPATHY

Radiolabeled macromolecules, such as 131I-labeled
polyvinylpyrrolidone and 51Cr-labeled albumin, were
the tools originally used to detect protein-losing entero-
pathy (PLE) in adults and children. However, because of
their hazards and inconvenience, mainly in the form of
ionizing radiation, they are prohibited from being used
in children. 99mTc-labeled human serum albumin for
scintigraphy has demonstrated that 0.5% of an intrave-
nous dose normally appears in stool or urine within
24 h. Scintigraphic imaging has been used to demon-
strate gastrointestinal protein loss.

Measurement of fecal a1-antitrypsin (Fa1AT) in
random stool specimens has been shown to be an easily

performed test for protein-losing enteropathy and is

the test most widely used for infants, children, and

adults. Fa1AT is independent of serum levels of
a1-antitrypsin and fecal water content. It ful®lls the

criterion as a marker for protein-losing enteropathy

and has several other advantages. It is a serum protein
and is not found in the diet. Fecal levels demonstrate

only protein levels entering the intestine from the

intravascular space. Because its molecular weight of

50,000 Da is similar to that of albumin, Fa1AT should
mimic the behavior of albumin. Because it is a protease

inhibitor, it is excreted without degradation into the

stool, and urine contamination of the stool will not
invalidate the result. The greatest value of the study

is that it can be performed on random specimens and

is not affected by urine contamination.
Antitrypsin is excreted in two forms: alone and

complexed with the enzyme. Levels of Fa1AT in stool
are stable. Ninety-three percent of the Fa1AT remained

after 72 h of incubation at 37�C, allowing transport

prior to assay. Fa1AT is not found in gastric juice
and is destroyed in vitro after 1 h of incubation at

37�C in gastric juice, but not in duodenal juice.
Because meconium contains higher levels of a1AT

than does stool, this technique is not recommended in

infants younger than 1 week of age.
This simple accurate test has broadened the number

of disorders in which protein-losing enteropathy is

found. Furthermore, its determination has made clini-

cians aware that a normal serum albumin does not pre-

clude the presence of protein-losing enteropathy, since
in one series 24% of patients with PLE had normal serum

albumin levels.
Those patients with hypoalbuminemia and/or

edema generally have 5 to 10 times the rate of protein
excretion found in those with normal serum albumin

levels and PLE.
Protein-losing enteropathy in infants and children

can be divided into two broad categories: those condi-

tions associated with mucosal erosion or ulceration and
those conditions associated with lymphatic obstruction.
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Disorders associated with mucosal erosion or ulceration
may be further divided into those caused by infections
and those arising from noninfectious causes.

INFECTIOUS CAUSES OF
PROTEIN-LOSING ENTEROPATHY

Gastrointestinal infections that typically are associated
with mucosal erosions or ulceration or with damage
to enterocytes or colonocytes display protein-losing
enteropathy (see Table I).

Fa1AT is transiently increased in rotavirus diarrhea
and its increase is related to the severity of diarrhea and

its duration. Other viral infections, such as cytomega-
lovirus, can cause profound hypoalbuminemia and
edema by injury to both small intestinal epithelium
and colonic epithelium.

Parasites such as Giardia lamblia and Strongyloides
stercoralis can also cause severe PLE. These infections
can persist unless the diagnosis is made by examining
stools for the parasite or its antigen and appropriate
treatment is given to eradicate them.

Clostridium dif®cile and Clostridium perfringens can
also cause PLE. Either identifying their toxins or grow-
ing the organisms will help to identify them as the cause.

Shigellosis, Salmonellosis, and Campylobacter infec-
tions all can cause PLE because they produce toxins
that damage small intestinal and/or colonic mucosa.
Although these infections may be self-limited, those
patients with more severe infections are likely to display
persistent signs and symptoms.

NONINFECTIOUS INFLAMMATORY
DISORDERS THAT CAUSE
PROTEIN-LOSING ENTEROPATHY

Allergic gastroenteropathy or eosinophilic gastroenter-
itis is an entity that typically presents after the ®rst
6 months of life. Although most cases manifest during
infancy, it can develop at almost any age. These patients
are typically characterized as having hypoalbuminemia,
peripheral eosinophilia, the presence of Charcot-
Leyden crystals in stool, iron de®ciency anemia, and
elevated immunoglobulin E levels. They may have
associated asthma, eczema, and allergic rhinitis. Gastro-
intestinal symptoms may include vomiting, diarrhea,
and abdominal pain.

In infants, milk protein may be the predominant
protein that causes the injury. However, in some indi-
viduals, multiple proteins may be responsible for the
condition and dietary restriction may be very dif®cult to
accomplish. Usually, if the protein responsible for the
allergy is removed from the diet, the injury is reversed
and the markers of injury return to normal values.
Corticosteroids can be used to block the injury and
reverse the protein-losing enteropathy but cortico-
steroid use is not a good long-term solution.

Anastomotic ulcers following distal small bowel re-
section cause recurrent iron de®ciency and PLE with or
without hypoalbuminemia.

Twenty-®ve percent of patients undergoing bone
marrow transplantation develop graft-versus-host
disease involving the intestine. It is typically associated
with a severe watery diarrhea. One must make certain
that there are no associated infections, such as

TABLE I Pathologic Mechanisms and Their

Manifestations for Protein-Losing Enteropathy in

Infants and Children

Mucosal erosion or ulceration

Infectious

Clostridium dif®cile

Clostridium perfringens

Cytomegalovirus

Rotavirus

Measles

Giardia lamblia

Strongyloides stercoralis

Salmonellosis

Shigellosis

Campylobacteria

Escherichia coli

Non infectious

Allergic gastroenteropathy

Eosinophilic gastroenteritis

Anastomotic ulcerations/ischemia

Atopic dermatitis

Burns

Gastroesophageal re¯ux

Gluten-sensitive enteropathy

Graft-versus-host disease

Henoch-Schoenlein purpura

In¯ammatory bowel disease

Multiple polyposis

Necrotizing enterocolitis

Systemic lupus erythematosus

Lymphatic obstruction

Intestinal lymphangiectasia

Arsenic poisoning

Familial

Heart disease

Nephrotic syndrome

Noonan's syndrome

Primary

Cirrhosis with portal hypertension

IVC thrombosis post-OLT
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cytomegalovirus enterocolitis, in this type of patient;
this infection is curable with ganciclovir.

In¯ammatory bowel disease is an important cause of
protein-losing enteropathy. The severity of
hypoalbuminemia and the degree of protein loss are
greater in patients with Crohn's disease than in those
with ulcerative colitis and greater in those with diffuse
small bowel disease than in those with limited small
bowel or colonic disease.

At least half of all patients with Crohn's disease
have hypoalbuminemia. Many more patients with nor-
mal serum albumin levels also have protein-losing
enteropathy.

Celiac disease or gluten-sensitive enteropathy is also
associated with protein-losing enteropathy because of
the damage to the villous structure of the small intestine.
It may be mild or severe depending on the extent of the
damage to the small intestine and the length of time
the damage has persisted. It is reversible with
adherence to a strict gluten-free diet. Within 14 days
of the patient initiating the diet, the protein-losing
enteropathy may be reversed.

Necrotizing enterocolitis may be associated with
PLE because of the damage to the small intestine and
colon caused by the disease process.

Multiple juvenile polyposis syndrome with chronic
blood loss and protein-losing enteropathy has been de-
scribed. These children typically present in infancy.
They have a poor prognosis because of the hundreds
of polyps occurring throughout the colon, small intes-
tine, and stomach.

It is unclear why burn victims have increased Fa1AT
levels. The level of elevation even in severely burned
children is not great. The clinical importance is unclear.

There are a variety of other conditions rarely asso-
ciated with PLE but in all of these conditions the char-
acteristic feature is the presence of an in¯ammatory
process.

LYMPHATIC OBSTRUCTION

Intestinal lymphangiectasia describes a group of condi-
tions in which dilation of the lacteals, the ®ne, thin-
walled lymphatic channels extending up into the
small bowel villi, results from obstruction of the ¯ow
of lymph through the thoracic duct and into the superior
vena cava. Fat intake leads to further distension and
rupture of the lacteals, resulting in steatorrhea and
drainage of lymph into the intestine. The resulting
loss of protein, lymphocytes, and immunoglobulins ul-
timately leads to hypoalbuminemia, lymphopenia, and
hypogammaglobulinemia.

Intestinal lymphangiectasia may be primary or sec-
ondary to other causes of lymphatic obstruction (see
Table II). A variety of familial forms with intestinal
lymphangiectasia have been described. Some have
been described with asymmetrical lymphedema in ad-
dition to intestinal lymphangiectasia.

The hypoalbuminemia and lymphopenia may be re-
versed if the patient responds to dietary therapy. Pa-
tients with lymphangiectasia may have an increased
risk of infection when untreated secondary to the loss
of gammaglobulin and immunocytes. Other patients
with Noonan's syndrome have been described with mul-
tifocal lymphatic dysplasia. Some but not all of these
patients respond to a diet low in long-chain triglycerides
(LCT) that provides less than 10% of the lipid as LCT
and receives it as medium-chain triglycerides. However,
in rare cases, dietary restrictions of fat even below that
level did not help reverse the hypoalbuminemia and
lymphopenia. A rare case of arsenic poisoning has
also been associated with PLE.

TABLE II Intestinal LymphangiectasiaÐDisorders

Associated with Enteric Protein Loss, Lymphopenia,

and Hypoalbuminemia

Primary intestinal lymphangiectasia

Isolated

Associated with lymphatic abnormalities

elsewhere in the body

Secondary intestinal lymphangiectasia

Cardiovascular anomalies

Congestive heart failure

Constrictive pericarditis

BuddÿChiari syndrome

Glenn shunt

Fontan procedure

Superior vena cava thrombosis

Inferior vena cava thrombosis

Mesenteric lymphatic involvement

Lymphomas

Tuberculosis

Sarcoidosis

Radiation therapy

Volvulus

Intestinal in¯ammatory diseases

Systemic lupus erythematosus

Tuberculosis

BehcËet's syndrome

Crohn's disease

Drugs

Arsenic

Chemotherapeutic agents

Thoracic duct obliteration

Iatrogenic

Mediastinal tumor
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Cardiac disorders or surgical procedures resulting
in transmission of elevated pressure from the right
atrium into the superior vena cava and thoracic duct,
including clinically silent constrictive pericarditis, have
been associated with the development of intestinal
lymphangiectasia.

Early survival after the Fontan operation for a single
ventricle has improved substantially since its inception;
however, late-term complications continue to be prob-
lematic. One such complication of PLE is seen in 3 to
15% of patients with Fontan procedures. Recently some
investigators have shown that increased mesenteric vas-
cular resistance is characteristic of those with Fontan's
and PLE.

Recent studies have shown that portal hypertension
in some patients with chronic liver disease may result in
PLE. The elevated portal pressure may lead to secondary
intestinal lymphangiectasia. Reversal of this phenome-
non has been observed after liver transplantation.

Obstruction to hepatic venous out¯ow as occurs in
Budd-Chiari syndrome can also cause PLE as can infe-
rior vena cava occlusion following orthotopic liver
transplantation.

Children with the rare condition of hypertrophic
gastropathy or Menetrier's disease (also known as tran-
sient hypertrophic gastropathy) present with abdominal
pain and vomiting. They gradually develop edema and
ascites. The cause of some of these cases has been
suggested to be allergy and other cases appear to be
caused by cytomegalovirus infection. Cases of transient
hypertrophic gastropathy have been described in chil-
dren with Helicobacter pylori infections.

See Also the Following Articles

Celiac Disease, Pediatric � Colitis, Ulcerative (Pediatric)

� Cow Milk Protein Allergy � Crohn's Disease, Pediatric

� Gastroesophageal Re¯ux Disease (GERD) and Congenital
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Lymphatics, and Lymph Flow � Parasitic Diseases,

Overview
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Proton Pump Inhibitors
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gastric H�,K�-ATPase A P2-type ion-motive ATPase enzyme

that carries out an electroneutral exchange of cytoplas-

mic protons for extracytoplasmic potassium.

omeprazole The prototypical, clinically used proton pump

inhibitor.

proton pump inhibitor An inhibitor of gastric H�,K�-

ATPase activity.

Proton pump inhibitors make up a class of compounds

that inhibit gastric H�,K�-ATPase activity and thereby

inhibit gastric acid secretion. Controlling acid secretion

is important in healing gastric ulcer, peptic ulcer, and

related diseases. Gastric acid is secreted from the parietal

cell on stimulation by histamine, acetylcholine, and gas-

trin. These stimulants change the morphology of the pa-

rietal cell from the resting state to the stimulated state

with relocation of the gastric H�,K�-ATPase from the tu-

bular vesicles to the apical canalicular membranes. The

gastric H�,K�-ATPase transports H� (H3O�) ion from the

cytoplasmic region to the lumen with the exchange of K�

from the lumen to the cytoplasmic side. The gastric

H�,K�-ATPase consists of two subunits: one is the a-sub-

unit, composed of approximately 1034 amino acids, and

the other is the b-subunit, which has approximately 290

amino acids and six or seven N-linked glycosylation sites

depending on species. The H�,K�-ATPase a-subunit has

10 transmembrane segments and the b-subunit has 1

transmembrane segment. Inhibition of this acid pump

enzyme is known to be the most effective therapy for

controlling gastric acid secretion.

INTRODUCTION

The proton pump inhibitors (PPIs) can be classi®ed
into two groups: irreversible and reversible inhibitors.
Irreversible covalent inhibitors are either substituted
2-(pyridinemethylsul®nyl)benzimidazoles or a similar
structure, pyridylmethylsul®nyl pyrido-imidazole,
which inhibit the pump enzyme by covalently binding
to thea-subunitof theH�,K�-ATPase.Reversibleproton
pump inhibitors are mostly K�-competitive inhibitors,
which inhibit the gastric H�,K�-ATPase activity by com-
peting with potassium ions.

Since a substituted benzimidazole was ®rst reported
to inhibit the H�,K�-ATPase, many PPIs have been

synthesized and are now in clinical use. Typical proton
pump inhibitors in clinical use are listed in Fig. 1.

IRREVERSIBLE COVALENT
BINDING INHIBITORS

Timoprazole was the ®rst compound that was found to
inhibit the gastric H�,K�-ATPase by covalent binding.
This compound is 2-(pyridylmethyl)sul®nylbenzimida-
zole. The ®rst pump inhibitor used clinically was
omeprazole (2-[[3,5-dimethyl-4-methoxypyridin-2-
yl]methylsul®nyl]-5-methoxy-1H-benzimidazole). Com-
pounds in this class are acid-activated prodrugs.
For example, omeprazole, due to being a weak base,
accumulates in the acidic space of the parietal cell
and, by acid-catalyzed rearrangement, becomes a
thiol-reactive cationic sulfenic acid and/or sulfenamide
that binds to cysteinyl-SH groups to form disul®des as
shown in Fig. 2. The activation is initiated by the pro-
tonation of the pyridine nitrogen, which is followed by
transfer of this proton to the benzimidazole nitrogen,
which then increases the electrophilic reactivity of
the C-2 of the benzimidazole. Now pyridine is ready
to attack this 2-position carbon of benzimidazole to
form sulfenic acid, which then rearranges to form
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FIGURE 1 Chemical structure of irreversible proton pump

inhibitors in clinical use.
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sulfenamide. The three other proton pump inhibitors,
lansoprazole, pantoprazole, and rabeprazole, also un-
dergo similar acid-catalyzed rearrangement to form ac-
tive sulfenic acids and/or sulfenamides. Although all of
the proton pump inhibitors accumulate in the secretory
canaliculus of the stimulated parietal cell by virtue of
being protonatable weak bases, they show variation in
the rate of acid activation. The rate of acid activation is
fastest for rabeprazole, equal for omeprazole and
lansoprazole, and slowest for pantoprazole. Also, sub-
stituted benzimidazole inhibitors showed slightly dif-
ferent effects depending on the inhibitor structure. For
instance, omeprazole-bound enzyme is favored in the
E2 form. Another inhibitor, rabeprazole (E3810), 2-[[4-
(3-methoxypropoxy)-3-methylpyridin-2-yl]methylsul-
®nyl]-1H-benzimidazole, stabilized the E1 form of the

enzyme after binding. It is claimed that the K�-depen-
dent dephosphorylation from the phosphoenzyme
was inhibited in the rabeprazole-bound enzyme but
not in the omeprazole-bound enzyme, whereas
phosphoenzyme formation in the absence of K� was
inhibited in both the E3810- and the omeprazole-
bound enzymes.

Omeprazole binds to cysteines in the extra-
cytoplasmic regions of M5/M6 (Cys-813) and M7/M8
(Cys-892). Pantoprazole binds only to the cysteines in
M5/M6, Cys-813 and Cys-822, and lansoprazole
binds to Cys-321 in M3/M4, to Cys-813 in M5/M6,
and to Cys-892 in M7/M8. These data suggest that, of
the 28 cysteines in the a subunit, only the cysteines
present in the M5/M6 domain are important for inhibi-
tion of acid secretion by the PPIs.

Interestingly, the half-time of recovery of acid secre-
tion in rats following omeprazole treatment was mea-
sured to be �15 h, whereas pump protein half-life is
54 h. If omeprazole binding to the gastric H�,K�-
ATPase is irreversible, recovery of acid secretion after
omeprazole inhibition should be similar to de novo
synthesis of pump protein, i.e., approximately 54 h.
The shorter half-life of acid secretion recovery com-
pared to the half-life of pump enzyme suggests that
there must be disul®de cleavage between the pump en-
zyme and the bound omeprazole moiety and reactiva-
tion of inhibited pump. In humans, the half-life of
the inhibitory effect on acid secretion is � 28 h for
omeprazole and � 46 h for pantoprazole. Only
pantoprazole showed a half-life of a duration similar
to that of a protein half-life. It was shown that recovery
of acid secretion following inhibition by all PPIs other
than pantoprazole may depend on both protein turn-
over and reversal of the inhibitory disul®de bond. In
contrast, recovery of acid secretion after pantoprazole
may depend entirely on new protein synthesis.

Another type of irreversible proton pump inhibitor
is the pyridinylmethylsul®nyl imidazopyridines, such
as TU-199 and anilinomethylsul®nyl benzimidazole.
Neither is yet available for clinical use.

K�-COMPETITIVE INHIBITORS

K�-competitive inhibitors can be thought of as acid
pump antagonists. These antagonists contain protonat-
able nitrogens but have a variety of core structures. One
type is represented by the imidazopyridine derivatives
such as SCH28080; others are piperidinopyridines,
substituted 4-phenylaminoquinolines, pyrrolo[3,2-
c]quinolines, guanidino-thiazoles, 2,4-diaminopyrimi-
dine derivatives, and scopadulcic acid.
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FIGURE 2 Mechanism of action of irreversible proton pump

inhibitors. Proton pump inhibitor, a substituted benzimidazole

compound, accumulates in the acidic lumen and is converted to

active sulfenic acid and (or) sulfenamide, which bind(s) extra-

cytoplasmic cysteines of the gastric H�,K�-ATPase.
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SCH28080, a substituted imidazo[1,2a] pyridine, is
the best de®ned compound among other reversible
proton pump inhibitors. SCH 28080, 3-cyanomethyl-
2-methyl-8-(phenylmethoxy) imidazo[1,2a]pyridine,
inhibited the H�,K�-ATPase competitively with
K�. It binds to free enzyme extracytoplasmically in
the absence of substrate to form E2(SCH 28080)
complexes. SCH 28080 occupies the same space in
the lumen where omeprazole binds. SCH28080 inhibits
ATPase activity with high af®nity in the absence of
K�. SCH 28080 has no effect on spontaneous dephos-
phorylation but inhibits K�-stimulated dephosphory-
lation, presumably by forming a E2-P � [I] complex.
Hence, SCH 28080 inhibits K�-stimulated ATPase ac-
tivity by competing with K� for binding E2P. Steady
state phosphorylation is also reduced by SCH 28080,
showing that this compound also binds to the free
enzyme. At present, no acid pump antagonist is avail-
able for clinical use but some are in development.

CLINICAL USE

Proton pump inhibitors are orally active and used for
the therapy of gastric ulcer, duodenal ulcer, gastro-
esophageal re¯ux disease, Zollinger-Ellison syndrome,
and, combined with antibiotics, for eradication of
Helicobacter pylori. The primary effect of these proton
pump inhibitors is gastric acid suppression. The degree
of acid suppression correlates with healing rates for
re¯ux esophagitis and peptic ulcer. Rabeprazole is
fast-acting with pain relief. Pantoprazole shows a longer
half-time of restoration of acid secretion. Omeprazole
and pantoprazole show an increase in acid inhibitory
effect over several days of repeated administration.
Lansoprazole shows maximal inhibition after the ®rst
day. There is poor correlation between maximal plasma
drug concentration (Cmax) and the degree of acid
suppression. Instead, the area under the plasma concen-
trationÿtime curve (AUC) correlates with acid suppres-
sion. Among proton pump inhibitors, omeprazole 20 mg
and rabeprazole 20 mg showed a signi®cantly lower
AUC than pantoprazole 20 and 40 mg and lansoprazole
30 mg. However, all proton pump inhibitors used clin-
ically, omeprazole, lansoprazole, pantoprazole, and
rabeprazole, show approximately equivalent potency
for gastric acid suppression. Pantoprazole is available
for intravenous use and is used to suppress acid secre-
tion in intensive care situations.

All proton pump inhibitors are extensively metab-
olized in liver by P450 cytochromes. People with he-
patic impairment have shown a 7- to 9-fold increase in
the AUC with a prolongation of the plasma half-life to
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netic polymorphism are poor metabolizers and show a
5- to 10-fold increase of AUC. Elderly people showed a
50ÿ100% increase in the AUC since hepatic metabolism
was poor. All four proton pump inhibitors are metab-
olized mainly by CYP 2C19 and CYP 3A4. CYP 2C19
generates hydroxylation of proton pump inhibitor,
which is responsible for 80% of clearance in the case
of omeprazole. CYP 3A4 generates sulfonylation of pro-
ton pump inhibitors.

Recently, S-omeprazole became available for clinical
use. Omeprazole is a racemate consisting of S- and
R- enantiomers. The R-form of omeprazole is sensitive
to CYP 2C19 and CYP 3A4 enzymes and the S-form is
less sensitive to these CYP enzymes. S-omeprazole has a
longer plasma half-life than omeprazole, providing
longer acid suppression.

Acid suppression correlates with healing rates for
re¯ux esophagitis and peptic ulcer. Good healing for
re¯ux esophagitis was achieved when the intragastric
pH was greater than 4 for 16 h/day and healing for peptic
ulcer was best achieved when the intragastric pH was
greater than 3. In patients with re¯ux esophagitis,
lansoprazole 30 mg provided faster symptom relief
than omeprazole 20 mg; however, no signi®cant dif-
ference was observed compared to omeprazole 40 mg
intermsofhealingratesandsymptomrelief.Rabeprazole
20 mgandpantoprazole40 mgprovidedequivalentheal-
ing rates and symptom relief compared to omeprazole
20 mg. In peptic ulcer disease and duodenal ulcers, all
four proton pump inhibitors showed very similar ef®-
cacy, whereas rabeprazole and lansoprazole claimed a
little fast symptom relief.

H. pylori has been successfully eradicated by triple-
therapy regimens: clarithromycin, amoxycillin, and
proton pump inhibitor. There are no signi®cant
differences among four proton pump inhibitors,
omeprazole, lansoprazole, pantoprazole, and
rabeprazole, when used for this purpose.
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nociceptive Unpleasant or painful sensation.

central opioidergic neurotransmission Signals in the central

nervous system carried out by opioid peptides and

receptors.

opioids Endogenous peptides with an af®nity for opioid

receptors.

Pruritus is a complication of liver disease, in particular

when associated with cholestasis. Its etiology is un-

known; most treatments have been empirical and unsat-

isfactory. Intractable pruritus is an indication for liver

transplantation. The pruritus of cholestasis does not cor-

relate with serum markers of liver disease.

ETIOLOGY OF THE PRURITUS
OF CHOLESTASIS

It is inferred that the substance(s) that mediates pruritus
in cholestasis is made in the liver and excreted in bile.
In support of this inference is the ®nding that patients
with cholestasis report disappearance of pruritus after
liver transplantation and after removal of blockage in
cases of extrahepatic biliary obstruction.

Bile Acids

Bile acids accumulate in the plasma of patients with
cholestasis; however, there is no scienti®c evidence that
demonstrates their role in the mediation of the pruritus
of cholestasis.

In the context of bile acids as pruritogens in chole-
stasis, three observations must be considered: (1) the
accumulation of bile acids in the skin or interstitial ¯uid

may not have any relevance to the pruritus (2) there are
patients with cholestasis and high serum concentrations
of bile acids who do not report pruritis, and (3) spon-
taneous relief of pruritus does not correlate with de-
creases in serum bile acids.

Histamine

Histamine is pruritogenic. Histamine-mediated
lesions, such as skin erythema and edema, however,
are not skin ®ndings in patients who experience pruritus
secondary to cholestasis. The lack of speci®c anti-
pruritic effect of antihistamines in patients with the
pruritus of cholestasis does not support a role of hista-
mine in this type of pruritus.

The Endogenous Opioid System

Three lines of evidence suggest that patients with
cholestasis have alterations in the endogenous opioid
system: (1) an opioid withdrawal-like reaction can be
experienced by patients with cholestasis after the ad-
ministration of opiate antagonists, (2) the concentration
of opioid peptides in the serum of patients with chole-
stasis is higher than that of control subjects, and (3) the
immunoreactivity of Met-enkephalin, one of the endo-
genous opioid peptides, is enhanced in the liver of
patients with primary biliary cirrhosis, a liver disease
associated with cholestasis, in contrast to that of the
disease control livers. The opiate withdrawal-like reac-
tion suggests that in cholestasis there is increased cen-
tral opioidergic neurotransmission.
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Drugs with agonist properties at opioid receptors are
pruritogenic, in particular, when centrally adminis-
tered. Opiate-induced pruritus is effectively treated
with opiate antagonists. The pruritogenic property of
opiate drugs, the suggestion of increased opioidergic
tone in cholestasis, and the anecdotes reporting that
opiate antagonists decreased the pruritus of cholestasis
suggest that endogenous opioids mediate this type of
pruritus, at least in part. A central mechanism has been
proposed. Various clinical trials of opiate antagonists for
the treatment of the pruritus of cholestasis were
conducted. These studies included objective methodol-
ogy, which allowed for the recording of scratching ac-
tivity, the behavior that speci®cally results from
pruritus, independent of gross body movements. Opiate
antagonists were associated with a decrease in the per-
ception of pruritus and scratching activity. These results
support a role of endogenous opioids in the pruritus of
cholestasis.

Serotonin System

The serotonin system is involved in the mediation
of nociceptive stimuli. Ondansetron, an antagonist of
type 3 serotonin receptors, which are found both in
the central nervous system and on peripheral nerves,
was reported to decrease the pruritus of cholestasis in
studies that used subjective methodology.

TREATMENT OF THE PRURITUS
OF CHOLESTASIS

Drugs

Table I lists some of the drugs used to treat the
pruritus of cholestasis. Some drugs appear to have a

rationale for their use and some do not. The doses listed
are summarized from published studies; they should be
individualized. For a complete review of side effects, the
reader is referred to original sources.

Invasive Procedures to Treat the Pruritus
of Cholestasis

The need to provide relief to patients with the pru-
ritus of cholestasis is underscored by the use of invasive
procedures that aim to remove hypothetical pruritogens
from the circulation. These procedures include char-
coal hemoperfusion, plasmapheresis, partial external
diversion of bile, and ileal diversion. The nature of
any relevant substance(s) removed by these interven-
tions is not known.
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TABLE I Therapies for the Pruritus of Cholestasis

Drug

Rationale for use in the treatment

pruritus of cholestasis Dose Potential side effects

Cholestyramine Decrease in enterohepatic

circulation of bile acids

4 g pre- and postbreakfast and after

other meals, not to exceed

16 g per day

Bloating, constipation,

malabsorption

Antihistamines Unknown Variable Sedation, dry mouth

Phenobarbital Enhancement of pruritogen

excretion

Variable Sedation

Rifampicin Unknown 300 to 450 mg po per day in

divided doses

Hepatotoxicity

Opiate antagonists

(naloxone, naltrexone)

Antagonism of endogenous

opioids

Naloxone: 0.4 mg iv bolus followed

by infusions of 0.2 mg/kg/min

Naltrexone: 50 mg/day

Opiate withdrawal-like

reaction, hepatotoxicity

Serotonin type 3

receptor antagonist

(ondansetron)

Interference with mechanisms of

nociception

4 to 8 mg po per day Constipation, headache
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Psychiatric Issues, Overview

CAROL S. NORTH AND ELIZABETH TERRY WESTERHAUS
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Crohn's disease In¯ammatory bowel disease of part of or the

entire gastrointestinal tract and that extends all the way

through the intestinal wall.

dysmenorrhea Painful menstruation.

dyspepsia Indigestion, upset stomach, or pain or discomfort

centered in the upper abdomen.

dysuria Painful urination.

®bromyalgia Disorder of pain and tenderness of muscle and

adjacent connective tissue. Synonyms include ®brositis

and ®bromyositis.

functional gastrointestinal disease Collection of persistent

or recurrent gastrointestinal symptoms not known to be

caused or produced by any speci®c morphologic,

biochemical, or physiologic abnormalities.

globus Sensation of a lump or something stuck in the throat,

tightness of the throat, or inability to swallow.

in¯ammatory bowel disease Group of chronic gastrointest-

inal diseases, including ulcerative colitis and Crohn's

disease, involving in¯ammation of the gastrointestinal

tract.

irritable bowel syndrome Group of functional gastrointest-

inal disorders of the bowel in which abdominal

discomfort or pain is associated with defecation, or a

change in bowel habit and bowel movements, not due to

known structural gastrointestinal disease.

nocturia Excessive urination at night.

psychoform Psychological symptoms suggesting psychiatric

disorders that the individual does not have.

psychosomatic Bodily symptoms presumed to arise from

psychological origins.

somatization disorder Psychiatric illness that occurs pre-

dominantly in women, characterized by multiple physi-

cal complaints throughout the body's organ system

without medical explanation.

somatoform Physical symptoms suggesting a medical basis

but without medical explanation.

structural gastrointestinal disease Well-documented asso-

ciations of disease of the gastrointestinal tract, with

observable structural or morphologic changes.

ulcerative colitis In¯ammatory bowel disease characterized

by in¯ammation of the more super®cial layers, the

mucosa and submucosa, of the colon.

The sheer prevalence of psychiatric illness is of consid-

erable signi®cance to all medical practice. In the general

population, one in ®ve people suffer from a diagnosable

psychiatric illness in any given year, but most do not ®nd

their way to treatment. In medical treatment settings, a

current psychiatric diagnosis can be made in approxi-

mately one out of every three patients, but, in reality,

most psychiatric illness goes undetected.

SCOPE AND PREVALENCE OF
PSYCHIATRIC COMORBIDITY IN
GASTROINTESTINAL DISEASE

Recognition of psychiatric illness in gastrointestinal dis-
ease is important not only because psychiatric illness
is a source of much suffering in itself, but also because it
is associated with signi®cant disability, worse medical
outcomes, and higher medical care costs. Recognition
and treatment of psychiatric disease can signi®cantly
reduce medical care costs and can be expected to im-
prove the management of comorbid gastrointestinal
disease.

Different gastrointestinal diseases vary in both the
prevalence and types of associated psychiatric disor-
ders. In the following discussions, the gastrointestinal
diseases are examined separately for their associations
with particular psychiatric disorders, focusing on how
the different psychiatric comorbidities present special
problems of management.

PSYCHIATRIC DISORDERS IN
STRUCTURAL AND FUNCTIONAL
GASTROINTESTINAL DISEASE

Functional gastrointestinal (GI) disorders are de®ned
as persistent or recurrent groups of gastrointestinal
symptoms not linked to known morphologic, biochem-
ical, or other physiologic abnormalities. Structural
gastrointestinal disease, in contrast, presents with
objective diagnostic features on physical examination or
on organ-speci®c tests, such as GI imaging. Psychiatric
comorbidity in gastrointestinal disease seems to comply
with the functional/structural dichotomy, with higher
rates of psychiatric disordersÐin particular,
somatoform disorders and syndromesÐco-occurring
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with the functional disorders. Studies of psychiatric ill-
ness in gastrointestinal disease have found strong asso-
ciations with functional gastrointestinal disorders,
especially irritable bowel syndrome and chest pain of
presumed esophageal origin, but weak associations with
structural gastrointestinal disease. Structural and func-
tional gastrointestinal diseases appear to have different
psychiatric comorbidity patterns.

Psychiatric Illness in Structural
Gastrointestinal Diseases

Historically, many of the structural gastrointestinal
diseases have been considered to have psychosomatic
origins, despite clear evidence of morphologic ab-
normalities in the gastrointestinal organs affected. Al-
though the term `̀ psychosomatic'' has fallen from
accepted usage, previously entrenched ideas persist
even with empirical data contradicting them. In part,
reluctance to move away from previously established
ideas may be because hypotheses of psychosocial origins
in medical disease cannot be de®nitively tested to con-
®rm or disprove them.

In particular, peptic ulcer disease and in¯ammatory
bowel disease have a long tradition of presumed psy-
chosomatic origins, and have accumulated the largest
literature supporting these ideas. A large psychoanalyt-
ically based literature has accumulated that describes
the psychological mechanisms thought to produce these
diseases, along with other work that describes how
these psychological factors might interact physiologi-
cally to yield structural changes in the bowel. The re-
search literature supporting the conceptualization of
these structural gastrointestinal diseases as psychoso-
matic, however, is seriously ¯awed. The work most
strongly supporting this view is the most methodolog-
ically ¯awed.

Possibly feeding the assumption of psychosomatic
origins to in¯ammatory bowel disease and peptic ulcer
disease is their potential to be mistaken for, or confused
with, functional gastrointestinal diseases with clear psy-
chiatric associations, particularly irritable bowel disease
and functional dyspepsia. Although the symptom pre-
sentations of peptic ulcer disease and functional dys-
pepsia are identical, somewhere between 50 and 90% of
patients presenting with suspected peptic ulcer disease
do not show evidence of an ulcer on physical examina-
tion. Because these disorders have such different psy-
chiatric comorbidity patterns, observations made in
functional disorders cannot be considered applicable
to structural disorders of the same organs.

Methodological problems with this literature start
with sampling problems, such as sampling bias, lack of

con®rmation of the diagnosis, and nonseparation of dis-
eases (especially Crohn's disease and ulcerative colitis,
which are actually quite different in their associations
with psychopathology). Other serious methodological
problems in this literature are lack of a comparison
group or use of an inappropriate comparison group,
such as healthy individuals in the community, and fail-
ure to match or control for important confounders, es-
pecially gender (because of higher rates of many
psychiatric disorders among women). This latter
issue is illustrated by the demonstrated prevalence of
psychiatric illness in clinical populations with medical
disease in general, which runs around one-third. There-
fore, to consider a disease to have speci®c psychiatric
associations, one must demonstrate that the associated
psychopathology occurs in rates signi®cantly greater
than one-third in Western cultures. Measurement prob-
lems in these studies include use of assessment instru-
ments without established validity or reliability, failure
to apply diagnostic standards, and lack of comparability
of methods across studies. Studies using subjective self-
report of symptoms or well being by patients confound
medically based symptoms of the disease with
symptoms originating in functional overlay that sub-
groups of patients in all populations demonstrate.
Therefore, studies documenting a reduction of
symptoms with behavioral treatments do not prove psy-
chological origins of the disease, because the results may
merely re¯ect treatment of the functional overlay and
not of the disease. Finally, published studies have often
drawn conclusions not warranted by the data, and the
classic error is assumption of causality from mere asso-
ciation. When two entities statistically occur together,
causal relationship may go either direction, or the ap-
parent association may be only indirect through asso-
ciation of both entities with a third variable.

The idea that ulcerative colitis may be a psychoso-
matic disease ®rst appeared in the scienti®c literature in
1930, and over several decades a voluminous literature
in support of this notion has accumulated. An exhaus-
tive review of the subject found that studies lacking a
comparison group were signi®cantly more likely than
controlled studies to conclude that ulcerative colitis is
psychiatrically based. Looking past the morass of ¯awed
studies, this review proceeded to examine the seven
studies with the best methodology. These seven studies
all concluded that ulcerative colitis was not distinguish-
able from other serious medical illnesses in its associ-
ation with psychopathology.

Crohn's disease is another structural gastrointestinal
disease with an established following that holds it
to be a disorder rooted in psychological origins. Review
of the research literature on this disease reveals the same
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kinds of major methodological ¯aws resulting in unwar-
ranted conclusions based on little evidence. Of 50 orig-
inal studies examined, only 12 were based on samples of
10 or more subjects. Unlike the best literature on ulcer-
ative colitis, however, the best literature on Crohn's
disease overwhelmingly concluded that Crohn's disease
was signi®cantly associated with psychiatric illness, on
the order of 50% lifetime prevalence. The psychiatric
illness consisted largely of major depressive and anxiety
disorders. The psychiatric disorders were no more likely
to precede than to follow the onset of the Crohn's dis-
ease, thus supporting no causal pathway for psychiatric
disease in the generation of the gastrointestinal
disorder. A study directly comparing Crohn's disease
and ulcerative colitis found that the patients with
Crohn's disease described poorer psychosocial adjust-
ment, generally reduced well being, and more GI
symptoms. Thus, studies suggest that Crohn's disease
may be the only structural bowel disease to be associated
with psychiatric disorders.

Peptic ulcer disease, probably more than any other
structural gastrointestinal disorder, has long been as-
sumed to be a psychosomatic or stress-related condi-
tion. Despite this widely held conviction, research
shows important distinctions in patterns of psychiatric
comorbidity between peptic ulcer disease and other
functional gastroduodenal disease. Direct comparison
of functional dyspepsia with duodenal ulcer patients
found functional dyspepsia to be associated with signif-
icantly greater psychopathology (especially anxiety and
depression), multiple somatic complaints (especially
including dyspepsia symptoms and musculoskeletal
symptoms), worse general health, reduced functioning,
lower quality of life, and less patient satisfaction with
health care received. The patients with duodenal ulcer
were older and smoked more often, and almost all were
infected with Helicobacter pylori. Among duodenal ulcer
patients, those with the fewest classic historical risk
factors (sex, age, seasonality, family history, smoking,
alcohol use, coffee consumption, nonsteroidal antiin-
¯ammatory drug use, blood type, serum pepsinogen I,
and H. pylori antibody titers) had the greatest psycho-
pathology. Thus, it is suggested that clinicians evaluat-
ing patients not matching the usual patient pro®le for
duodenal ulcer should be alert for psychologic factors
and features suggestive of functional disease instead of,
or comorbid with, the peptic ulcer disease. It is impor-
tant for researchers and clinicians to appreciate that the
inevitable occasional psychiatric comorbidity with pep-
tic ulcer disease is not proof of causality from one con-
dition to the other.

Another gastrointestinal disease said to be associ-
ated with psychiatric illness is pancreatic cancer. Com-

pared to patients with advanced gastric carcinoma,
pancreatic carcinoma patients were found to have
higher rates of self-reported depression. The psychiatric
®ndings may be a presenting feature, preceding the di-
agnosis of cancer. Systematic studies have not been car-
ried out to determine whether it is simple dysphoria or
the fully diagnosable syndrome of major depression that
precedes the diagnosis of pancreatic cancer. Speculation
holds systemic effects of neurotransmitters of the pan-
creas to be the vehicle for the generation of depressive
symptomatology in pancreatic cancer.

Psychiatric Illness in Functional
Gastrointestinal Diseases

Functional gastrointestinal disorders are the most
prevalent conditions in gastroenterology practice, con-
stituting up to 50% of presenting problems. Functional
gastrointestinal disorders are associated with signi®cant
disability, reduced quality of life, and increased medical
care costs. Functional gastrointestinal disease is also
apparently quite prevalent in the general population,
identi®ed in nearly two-thirds (62%) of people assessed
by a random telephone survey. In this study, the most
prevalent class of functional gastrointestinal disease
observed was functional bowel disease (42%), with
functional esophageal disease (29%) ranking second
and functional anorectal syndromes (23%) ranking
third. The most prevalent individual disorders were
functional heartburn (22%), functional anorectal pain
(17%), functional constipation (15%), abdominal
bloating (13%), and irritable bowel syndrome (12%).
Even though it ranked only ®fth in prevalence among
functional gastrointestinal diseases, irritable bowel
syndrome is the functional disorder that seems to get
the most press.

Functional bowel diseases may overlap with one
another diagnostically. This is demonstrated by the doc-
umented co-occurrence of functional dyspepsia and ir-
ritable bowel syndrome. The functional gastrointestinal
syndromes have not been differentiated from one an-
other based on their association with psychopathology.
The functional gastrointestinal disease best studied for
psychiatric comorbidity is irritable bowel syndrome.
Therefore, the following discussion treats the functional
gastrointestinal disorders collectively, using irritable
bowel syndrome as a model and including research
from other functional disorders as relevant to the
discussion.

Speci®c psychiatric disorders have not often been
examined together in a single study of irritable bowel
syndrome, most studies either focusing on a single
disorder or reporting a combined diagnostic rate. The
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lifetime prevalence of psychiatric disorders in patients
with irritable bowel syndrome has been reported in
72ÿ93%, the most prevalent individual diagnoses
being major depression (8ÿ61%), anxiety disorders
(4ÿ61%), hysteria (17ÿ28%) or somatization
disorder (32ÿ48%), and undiagnosed psychiatric
disorder (31ÿ32%). The onset of psychiatric illness
precedes the onset of the irritable bowel syndrome in
four out of ®ve cases, suggesting that the association
does not routinely signify the generation of psychopa-
thology from the bowel disease. Although less thor-
oughly studied, psychiatric comorbidity in other
functional disorders has been found in the ranges re-
ported for irritable bowel syndrome. For functional dys-
pepsia, psychiatric comorbidity has been reported to be
87%, with anxiety disorders diagnosed in 67%. Psychi-
atric comorbidity in esophageal spasm was reported as
84%, consisting largely of anxiety disorders, major
depression, and somatization disorder.

A speci®c psychiatric disorder singled out in studies
of functional gastrointestinal disease is panic disorder.
Panic disorder has been reported in association with
four functional disorders: globus (25% lifetime panic
disorder), noncardiac chest pain of presumed esopha-
geal origins (24ÿ59% prevalence of panic disorder),
functional dyspepsia (no panic disorder), and irritable
bowel syndrome (23ÿ29% lifetime panic disorder).
Panic disorder was identi®ed as being associated with
functional gastrointestinal symptoms in a general pop-
ulation study, but more comprehensive analysis found
no special association of panic disorder with functional
gastrointestinal symptoms. All other psychiatric disor-
ders were found to be similarly associated with the func-
tional gastrointestinal symptoms. Panic disorder was
diagnosed in only 4% of individuals with functional
gastrointestinal symptoms, which is two to four times
the rates (1ÿ2%) in the general population. This none-
theless represented only a fraction of the overall psy-
chopathology, identi®ed in 48% of individuals with
functional gastrointestinal symptoms.

Functional gastrointestinal disease is abundant
among patients sampled from psychiatric treatment set-
tings. Irritable bowel syndrome has been diagnosed in
17ÿ42% of panic disorder patients, 37% of generalized
anxiety disorder patients, 27% of major depression pa-
tients, and 42% of patients with alcohol abuse or depen-
dence. These rates are considerably higher than the 12%
prevalence of irritable bowel syndrome reported for the
general population, suggesting that the association of
psychiatric illness with irritable bowel syndrome in pa-
tient populations may possibly re¯ect treatment-seek-
ing bias. Studies of treatment settings specializing in
gastrointestinal disease report greater psychiatric

comorbidity in association with functional bowel dis-
ease compared to data collected from primary care
sources. Examination of the relationship of irritable
bowel syndrome and psychiatric illness in the general
population, in which treatment bias does not apply,
does not uniformly show these conditions to be associ-
ated, although the reports have been mixed.

The relatively high rates of somatization disorder
reported in patients with functional gastrointestinal dis-
ease may well represent underestimates of the preva-
lence of somatization disorder in relation to functional
gastrointestinal disease. The source of underestimation
lies with the self-report method of obtaining the medical
history through cross-sectional patient interviews. Med-
ical histories of patients with this disorder are prone to
inaccuracies stemming from misrepresentation of so-
matic complaints as medically based and failure to re-
port many previous symptoms for which these patients
had sought medical intervention.

Somatization disorder was named for its character-
istic multiple complaints of symptoms in multiple organ
systems. Patients complain that everything is wrong
with virtually all the organ systems in their bodies,
yet no medical explanation for the symptoms can be
found. The multiple complaints offered by patients
with somatization disorder include not just physical
symptoms but also psychological symptoms. Patients
with somatization disorder attending a university psy-
chiatry clinic were found to complain of more depres-
sive symptoms compared patients with a diagnosis of
major depression attending the same clinic, as many
manic symptoms compared to patients with bipolar
disorder, and as many psychotic symptoms compared
to patients with schizophrenia. The psychological pro-
®le of patients with somatization disorder on the
Minnesota Multiphasic Personality Inventory is charac-
terized by a style of exaggeration in reporting symptoms
and high rates of endorsement of symptoms on all clin-
ical scales. Therefore, somatization disorder is not only
a somatoform disorder in which patients complain of
physical symptoms of medical disorders they do not
have, but also a ``psychoform'' disorder in which they
also complain of symptoms of psychiatric disorders they
do not have. Based solely on their complaints of multiple
psychiatric symptoms, additional psychiatric diagnoses
may be attributed to them. It could be that the apparent
association of irritable bowel syndrome with psychiatric
illness is based simply on the comorbidity of irritable
bowel syndrome with somatization disorder, the actual
source of the many complaints generating psychiatric
diagnoses in these patients.

Because irritable bowel syndrome is a disorder de-
®ned completely by subjective patient symptom report,
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it is possible that the symptom complaints establishing
the diagnosis of irritable bowel syndrome in patients
with somatization disorder are merely a part of the
many symptom complaints of the somatization
disorder. The irritable bowel syndrome identi®ed in
these patients may not represent the same condition
as the irritable bowel syndrome of patients without
somatization disorder.

Patients with somatization disorder describe their
symptoms as more severe and complain of them more
vocally than do other patients. Patients with this
disorder are notoriously dif®cult to manage in the treat-
ment setting. They also report more medication side
effects and encounter more treatment complications
than other patients. They may be highly demanding
and dramatic. Similar observations have been made
about the presentation of irritable bowel syndrome.
The amount of overlap of somatization disorder with
irritable bowel syndrome in patient populations, how-
ever, makes it impossible to separate characteristics of
the somatization disorder from those of the irritable
bowel syndrome. In the irritable bowel syndrome pop-
ulation, much that is ascribed to irritable bowel
syndrome may actually represent manifestations of
somatization disorder. The extreme nature of the com-
plaints of patients with somatization disorder embedded
in an irritable bowel sample may skew ®ndings in irri-
table bowel syndrome toward poor outcomes and
comorbid psychopathology. Therefore, studies of irri-
table bowel syndrome must separate patients with
somatization disorder from those without, to determine
what characteristics are driven by the irritable bowel
syndrome rather than by somatization disorder.

Irritable bowel syndrome has been described in as-
sociation with a number of other functional disorders,
both within the gastrointestinal tract and in other organ
systems. Functional gastrointestinal disorders such as
irritable bowel syndrome or functional dyspepsia have
been reported in association with ®bromyalgia. The
more severe the irritable bowel syndrome, the more
likely it is associated with ®bromyalgia. Irritable bowel
syndromehasalsobeenassociatedwith irritablebladder,
functional headaches, backaches, muscle aches, dys-
menorrhea, urinary frequency and urgency, nocturia,
dysuria, sensation of incomplete bladder emptying,
chronic pelvic pain, painful sexual intercourse, other
sexual dysfunction, dizziness, sleep disturbances, and
chronic fatigue. It also shares overlapping features
with temporomandibular joint syndrome, premenstrual
syndrome, and mitral valve prolapse. Patients with func-
tional bowel disorders visit primary care physicians
for symptoms outside the gastrointestinal tract three
times more often compared to healthy individuals.

Somatization disorder among patients with functional
gastrointestinal disease may well account for the
apparent overlap of irritable bowel syndrome with
other functional disorders.

CAUSAL DIRECTIONALITIES IN
COMORBIDITY OF GASTROINTESTINAL
AND PSYCHIATRIC DISORDERS

In functional gastrointestinal disease, comorbid psychi-
atric disease is clearly associated. Although it has long
been assumed that this comorbidity re¯ects a psychiat-
ric contribution to the development of the gastrointes-
tinal disorder, there is no empirical database to support
this assumption, and the temporal sequence (gastroin-
testinal disorder ®rst, psychopathology later) in the ma-
jority is not consistent with it. Another consideration is a
possibility of opposite causal directionality in which the
gastrointestinal disorders lead to psychopathology. Al-
though it may seem intuitive that irritable bowel
syndrome might engender anxiety and dysphoria that
could be construed to be part of major depressive and
anxiety syndromes, the somatization disorder associ-
ated with functional bowel disease characteristically
starts early in life, typically in the decade following pu-
berty, and therefore is an unlikely outcome of irritable
bowel syndrome. Further, it is not intuitive that irritable
bowel syndrome would generate major psychiatric dis-
orders when the same cannot be demonstrated in
severe structural gastrointestinal diseases with signi®-
cant morbidity and mortality not found in irritable
bowel syndrome.

A remaining source of the link between psychiatric
illness and functional gastrointestinal disease is that a
third variable associated with both the functional gas-
trointestinal disease and the psychiatric disorder pro-
vides an indirect link between them. One candidate to
represent this connection is stressful life events, which
are speculated to contribute to the development of func-
tional gastrointestinal disease. In particular, sexual
abuse has been described as associated with symptoms
of irritable bowel syndrome, dyspepsia, and heartburn,
is and implicated in the generation of irritable bowel
disorder. However, causality of sexual abuse in func-
tional medical disorders has not been documented, and
sexual abuse is unlikely to represent a speci®c etiolog-
ical factor. A more likely causal connection is
somatization disorder, which occurs in a signi®cant
proportion of functional bowel disease cases and
which is associated with other psychopathology.
More research is needed to determine to what
degree the characteristics attributed to functional
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gastrointestinal disorders actually represent features of
the associated somatization disorders, and what remains
of functional gastrointestinal disease when somatization
disorder cases are removed and the functional gastro-
intestinal disease population is reexamined.

A third variable link between functional gastrointes-
tinal disease and psychopathology is thought to reside
within the neurologic wiring of the brain and gut, which
share common neurotransmitter substances and are
connected in a brainÿgut communication network.
The role such systems may play in the association of
psychopathology with functional gastrointestinal dis-
ease is theoretical, however, and empirical validation
is needed.

Unlike functional gastrointestinal diseases, struc-
tural bowel diseases are not generally associated with
psychopathology beyond the nonspeci®c associations of
psychiatric disorders and chronic medical disease in
general. One exception appears to be Crohn's disease,
which has been seen to be signi®cantly associated with
psychopathology. Although the associated psychopa-
thology in both Crohn's disease and functional gastro-
intestinal disorders includes major depressive and
anxiety disorders, irritable bowel syndrome differs
from Crohn's disease in its frequent association with
somatization disorder, which in turn may be a large
source of the associated anxiety and depression. There-
fore, although these two conditions share an associa-
tion with psychiatric illness, the speci®c psychiatric
comorbidities are very different. Although long-stand-
ing in medical lore, assumptions of psychological etiol-
ogies of structural bowel disease lack empirical support
in the research literature.

TREATMENT IMPLICATIONS

In consideration of comorbid psychiatric disease in the
treatment of gastrointestinal illness, it is important to
differentiate major psychiatric disorders, such as major
depression, from psychological symptoms, such as
dysphoria. Major depression and anxiety disorders con-
stitute serious psychiatric illness associated with signif-
icant suffering, disability, morbidity, mortality, poor
medical outcome, and increased medical costs. Docu-
mented success in satisfactory treatment of major
psychiatric disorders dictates active vigilance for psy-
chiatric disorders in the management of medical disor-
ders. Not to be confused with major psychiatric illness,
dysphoria and anxiety symptoms may be understand-
able responses to serious medical illness, or they may be
part of many `̀ psychoform'' complaints among patients
with somatization disorder who are by de®nition poly-
symptomatic. It is important to approach both research

and clinical management in psychopathology in the
context of gastrointestinal disease diagnostically, to
make these distinctions, which will drive treatment
decisions.

Dysphoria and anxiety associated with gastrointes-
tinal disease in medical practice may be managed by
supportive psychotherapy and medical education.
Major depression and anxiety disorders respond to
treatment with antidepressant and antianxiety medica-
tions and psychotherapy. Depressive and anxiety com-
plaints arising from somatization disorder rather than
primary major depressive or anxiety disorders are best
managed in the context of somatization disorder. Man-
agement of somatization disorder involves avoiding
the potential for iatrogenic harm to the patient
through surgical and invasive diagnostic procedures
and abusable medications such as narcotics and benzo-
diazepines, which these patients often receive inappro-
priately in response to the magnitude of subjective
complaints that are not substantiated by objective ®nd-
ings of disease. Interpretation of stressful life events is
best considered in the context of psychiatric diagnosis,
with caution in ascribing causal attribution, because
association of such events with functional gastroin-
testinal disorders and psychiatric disorders does not
demonstrate etiologic origins. Psychiatric disorders
may increase risk of the occurrence of negative life
events, and somatization disorder is associated with
increased reporting of traumatic events.

Although recognition of the associations of psycho-
pathology, stressful life events, and functional gastroin-
testinal disease can aid the recognition of functional
gastrointestinal disease and psychiatric disorders, treat-
ment should be based on diagnostic assessments rather
than on assumption of causality. For example, psycho-
therapy to solve psychological con¯icts surrounding a
sexual abuse history based on assumptions of the origins
of irritable bowel in the history of abuse is not a logical
approach to treatment of the disorder based on empir-
ical research.

CONCLUSIONS AND SUMMARY

Functional and structural gastrointestinal diseases have
been seen to have very different associations with psy-
chopathology. Despite a long history of assumption of
psychological origins in many structural gastrointesti-
nal diseases, such as in¯ammatory bowel disease and
peptic ulcer disease, empirical data do identify associ-
ations supporting such a relationship. In contrast, func-
tional bowel diseases have been seen to be highly
associated with psychopathology, but evidence does
not specify a causal relationship. Management of
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psychopathology in the context of gastrointestinal ill-
ness should be aimed at diagnosis of major psychiatric
illness and application of treatment approaches appro-
priate to the disorders identi®ed.
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Psychosociology of Irritable Bowel Syndrome
BRENDA B. TONER AND TARYN N. TANG

University of Toronto

abuse Threats or actions of an emotional, sexual, or physical

nature in which a power differential exists between the

perpetrator and the victim.

antidepressant A class of drugs, the primary effect of which

is to correct neurotransmitter imbalance in the central

nervous system occurring in a major depression.

Antidepressants tend to be useful in the functional

gastrointestinal disorders, both to treat concomitant

anxiety and depression and to reduce pain.

anxiety disorder Excessive anxiety and worry that cannot be

controlled and is persistent with a range of symptoms.

Mild forms include phobias; more severe forms include

panic disorder.

biofeedback The use of electronic or mechanical devices to

provide visual and/or auditory information (feedback)

on a biological process for the purpose of teaching an

individual to control the biological process.

bulking agents Macromolecular substances that increase

stool bulk and soften feces by water binding. They may

be of plant origin (e.g., bran, Plantago) or synthetic (e.g.,

polyethylene glycol). They cannot be split by the

enzymes of the human gut, but may be partially digested

by the colonic ¯ora.

depressive disorders Depression accompanied by reduced

activity, reduced appetite, changes in sleep pattern,

feelings of fatigue or loss of energy, and feelings of guilt

or worthlessness. Suicidal ideas occur in severe forms.

dualism A concept, ®rst proposed by Descartes, that

separates mind and body. Cartesian dualism (the

biomedical model) is the dominant model of illness in

Western society and is challenged by the biopsychosocial

model.

health-related quality of life The impact that illness has on

quality of life, including the individual's perception of

his or her illness.

Irritable bowel syndrome (IBS) is de®ned as a group of

functional bowel disorders in which abdominal discom-

fort or pain is associated with defecation or a change in

bowel habit. The recently revised Rome II diagnostic cri-

teria for IBS include abdominal pain or discomfort per-

sisting for at least 12 weeks or more that has two or three

of the following features: (1) relief with defecation; and/or

(2) a change in frequency of stool; and/or (3) a change in

form (appearance) of stool. Symptoms associated with

IBS include the following: abnormal stool frequency

(more than three bowel movements per day or less

than three bowel movements per week), abnormal stool

form (hard or loose/watery stool), abnormal stool passage

(straining or urgency, feeling of incomplete evacuation),

passage of mucus, and bloating or feeling of abdominal

distension. IBS is estimated to affect 9ÿ22% of the

Western population. However, of those affected, very

few seek medical consultation or treatment for their gas-

trointestinal (GI) symptoms. IBS accounts for 28% of

gastroenterological practice and 12% of primary care in

Western societies. Recent surveys have suggested that

individuals with GI symptoms ®rst present to a physician

between the ages of 30 and 50 years and there appears to

be a decrease in reporting frequency among older adults.

Prevalence rates have been found to be similar among

Caucasians and African Americans. There have been

only a limited number of studies of non-Western ethnic

groups but the available reports suggest that IBS appears

to be as common in India, China, Japan, and South

America as in Western societies. Surveys in the United

States indicate that IBS is associated with unnecessary

procedures and surgeries and results in over 2.2 million

prescriptions per year. In Canada, it is estimated that at

least 1.3 million people have IBS, which accounts for over

$1.3 billion per year in direct and indirect health care

costs. The economic impact of IBS is considerable because

in addition to these medical costs, IBS results in decreased

work productivity. Next to the common cold, it ranks as

the second most common cause of work absenteeism.

Furthermore, dif®culties in diagnosis and treatment pro-

duce uncertainty, frustration, and dissatisfaction within

the patientÿphysician relationship, which can affect pa-

tient satisfaction, adherence to treatment, and the clinical

outcome.

BIOPSYCHOSOCIAL MODEL OF
IRRITABLE BOWEL SYNDROME

Within a biopsychosocial framework, it is no longer
imperative that researchers try to assess whether
pain or bowel symptoms are caused by physiological,
psychological, or social factors. Rather, the goal of
investigators is to determine the extent to which
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these multiple factors contribute to irritable bowel
syndrome (IBS). The research and clinical challenge
faced by investigators and clinicians is to determine
for each individual the degree to which each of these
interacting factors is present and modi®able using a
multitude of therapeutic options. Before turning to
the speci®c psychosocial issues that have been identi®ed
in the literature on IBS, this article will discuss the
stigma associated with IBS and the fact that most of
the research to date has focused on one gender
when describing psychosocial factors and interventions
in IBS.

STIGMA

Nearly every medical specialty has identi®ed a func-
tional somatic syndrome (FSS). These syndromes are
usually de®ned by physical symptoms unexplained by
organic disease. The term `̀ functional'' implies a distur-
bance of physiological function rather than anatomical
structure. Functional is often contrasted with organic
and is often conceptualized as psychogenic and less
`̀ real.'' The stigma associated with the term functional
has resulted in a variety of labels used to describe FSSs,
including somatic disorders, health anxiety, physical
symptoms unexplained by organic disease, unexplained
medical symptoms, and psychophysiological disorders.
One of the most common FSSs that have received
increased research and clinical attention during the
past decade is IBS.

In Western societies in general, and in medicine in
particular, there is a moral implication to having a FSS.
Underlying the dualistic metaphysics of Western med-
icine, illness is attributed to impersonal causes or
viewed as an accident that befalls the patient as victim
or else is viewed as psychologically caused and mediated
and potentially under the person's voluntary control.
The morally pejorative connotations of a FSS often
leave patients believing that their problems are not
being treated as real but instead are due to a psycholog-
ical or moral defect or weakness. Research indicates that
disorders disproportionately prevalent in women, such
as IBS, are often trivialized or described as psychological
in origin. Thus, women may be especially attentive to
the possibility that their illness symptoms are not being
taken seriously. Accordingly, it is important to highlight
that, when a person with IBS is referred to a health care
professional, he or she may come into the of®ce with the
expectation that the caregiver does not think his or her
symptoms are real or serious, but are `̀ all in his or her
head.'' Validating the reality of the person's symptoms
and challenging society's view of the arti®cial dualism of
functional/organic components of illness can enhance

the therapeutic alliance. The stigma associated with IBS
further highlights the need for patients and health pro-
fessionals to conceptualize IBS within a biopsychosocial
framework.

GENDER

IBS is a disorder that is diagnosed mostly in women.
Although men and women are affected by IBS, studies
consistently demonstrate that women outnumber men
within the nonpatient population, within primary care
settings, and within tertiary care settings. To date, most
of the information about IBS has been drawn from
women research participants. A review of the literature
indicated that the majority of studies investigating IBS
used only women in their samples. Moreover, among
the few studies that did include men, a gender difference
analysis was rarely performed. Studies that examined
sex differences did so only in a descriptive manner, did
not test for statistically signi®cant differences, and sam-
pled only a small number of people. Of those studies that
investigated sex differences and included both male and
female participants in the sample, the focus was in the
areas of frequency of physician visits, psychological
symptoms, physical symptoms, and abuse histories.
Thus far, the literature suggests that there are few
consistent sex differences. However, since a signi®cant
percentage of patients with IBS are women, the issue of
gender must be integrated into the conceptualization
and treatment of this disorder.

ROLE OF PSYCHOSOCIAL FACTORS

There is an increasing consensus in the literature that
speci®c psychosocial factors are not characteristic of the
disorder and thus are not considered as a part of a di-
agnosis. Nonetheless, psychosocial factors are impor-
tant to identify in order to help to understand their
role in clinical presentation and in planning relevant
interventions. It is important to keep in mind that the
speci®c psychosocial factors described below are not
unique to patients with IBS but have been reported to
occur in other patients with chronic medical conditions.
Research on the role of psychosocial factors in IBS has
focused on four general areas: anxiety and depression;
stress; abuse; and quality of life.

Anxiety and Depression

A large proportion of patients with IBS manifest
concurrent anxiety and/or depression. Research using
standardized interviews indicates that among IBS
patients in tertiary health centers, the prevalence of a
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psychiatric disorder (mainly anxiety and depressive dis-
orders) ranges from 40 to over 90%. Three possible,
interrelated, explanations for the association between
IBS and anxiety and depression are suggested here. The
®rst is that the co-occurrence of IBS with anxiety and
depression may simply be due to overrepresentation of
these disorders among women in the general popula-
tion. A second possible explanation is that people with
IBS and an associated anxiety or depressive disorder
seek more specialized help than people with IBS without
anxiety and/or depression. Thus, the former group may
be more likely to enter the health care system because
they have more dif®culty coping with their IBS
symptoms. Finally, it is also possible that IBS may
have such a debilitating effect on individuals' lives
that anxiety and depression manifest. It is important
to note that although the prevalence of anxiety and de-
pressive disorders is overrepresented among the subset
of patients seeking health care for their gastrointestinal
(GI) symptoms, these disorders are not associated with
IBS per se.

Stress

Stressful events produce GI symptoms in most peo-
ple but patients with IBS may be particularly susceptible
and have a greater reactivity to stress. Among patients
with IBS, stress is associated with symptom onset and
severity. Moreover, research suggests that patients with
IBS report more lifetime and daily stressors when com-
pared with other medical populations or healthy con-
trols. Thus, identifying speci®c types of stressors,
including psychological, social, physical, dietary, and
hormonal stressors, that are related to an exacerbation
of GI symptoms may be helpful in devising a treat-
ment plan that utilizes appropriate and relevant
interventions.

Abuse

Patients diagnosed with functional bowel disorders
are signi®cantly more likely than patients with organic
bowel disorders to have had a history of forced inter-
course and to have experienced frequent physical abuse.
Moreover, female patients with functional GI disorders
are more likely to have experienced life-threatening
physical abuse and to have been victims of rape in
their lifetime when compared with control group female
patients. Studies indicate that a history of physical or
sexual abuse among patients with functional GI disor-
ders contributes to poor health status. Speci®cally,
women who have experienced abuse are more likely
than women who have not experienced abuse to com-

plain about pelvic pain, headaches, backaches, fatigue,
and joint pain to their physicians.

Sexual abuse, in particular, may act as a nonspeci®c
but severe psychological stressor, increasing physiolog-
ical arousal and thereby triggering or exacerbating a
patient's GI symptoms. However, despite the strong
evidence regarding the prevalence and rami®cations
of physical and sexual abuse, few studies to date have
examined the impact of emotional abuse among patients
with IBS. In one recent study, emotional abuse was
found to be signi®cantly more prevalent in the
women with IBS seen at tertiary centers than in the
women with organic bowel disorders. Using a
qualitative, semistructured interview, it was found
that a large number of women with IBS perceived
that past physical, sexual, or emotional abuse played
an important role in the precipitation and/or exacerba-
tion of their GI symptoms.

Quality of Life

Research suggests that patients with IBS have signif-
icantly poorer health-related quality of life than the
general population or other patient groups (such as
diabetes and end-stage renal disease). When compared
with patients having other GI conditions, physical, emo-
tional, and social role functions and energy were poorer
among patients with IBS. However, this general ®nding
is quali®ed such that the degree of impairment among
people with IBS relates to the target population studied.
Speci®cally, nonpatients with IBS have health-related
quality of life scores that are intermediate between re-
ferred IBS patients and nonpatient control groups.
When using questionnaires speci®c to IBS, patients
fare the worst in terms of food avoidance, activity in-
terference, and health worry concern. It was also found
that quality of life improves in relation to changes in
pain severity and daily function after psychological or
antidepressant treatment.

PSYCHOSOCIAL INTERVENTIONS

In general, controlled studies have demonstrated the
effectiveness of treating IBS with cognitive-behavioral
therapy, relaxation training, hypnosis, and dynamic/
interpersonal therapy. Since most of the research to
date has focused on cognitive-behavioral therapies,
this section is discussed in more detail relative to the
other therapies.

Cognitive-Behavioral Therapy

Cognitive-behavioral techniques consist of a wide
range of strategies and procedures designed to bring
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about alterations in patients' perceptions of their situ-
ation and their ability to control their GI symptoms. The
focus in cognitive-behavioral therapy (CBT) is on ex-
ploring how certain cognitions and behaviors may affect
GI symptoms and associated psychosocial distress.

There have been 12 controlled studies including
cognitive-behavioral or cognitive techniques in the
treatment of IBS. Most of these techniques have been
used within a multicomponent cognitive-behavioral
treatment package. Treatment packages have included
various combinations of cognitive therapy, stress man-
agement training, contingency management, relaxation
techniques, psycho-educational components, assertive-
ness training, pain management, and bowel habit train-
ing. A signi®cant amount of evidence supports the
ef®cacy of CBT in relieving IBS symptoms and psycho-
logical distress (namely, depression and anxiety) rela-
tive to control conditions, such as waiting list control
group, antispasmodics and bulking agents control
group, symptom-monitoring control group, attention
placebo control group, and psycho-educational control
groups. A brief summary of ®ndings from CBT packages
will be presented by control group. Compared to a wait-
ing list control group, one study found that CBT im-
proved abdominal symptoms, coping strategies, and
avoidance behavior. Several studies have found that
CBT resulted in superior or similar improvement in
GI symptoms when compared to the use of antispas-
modics and/or bulking agents. Studies that compared
CBT to symptom-monitoring controls found that CBT
treatment packages improved GI symptoms and psy-
chological distress relative to controls. One study indi-
cated that CBT group therapy improved depressive
symptoms and bowel symptom diary scores. Similar
improvements were not found in the psycho-educa-
tional group. Finally, studies using cognitive therapy
found signi®cant improvement in IBS symptoms,
depression, and anxiety relative to symptom monitoring
and signi®cant improvement in IBS symptoms and
depression relative to an attentional-placebo control.

Relaxation Training

Relaxation or arousal reduction techniques encom-
pass a variety of different methods used to teach patients
how to counteract the physiological sequelae of stress or
anxiety. The rationale for these techniques is premised
on the belief that if muscle tension or autonomic arousal
decreases, subjective anxiety or tension will also de-
crease as a consequence. The most common arousal
reduction techniques include progressive muscle relax-
ation training, biofeedback for striated muscle tension,
skin temperature, or electrodermal activity, autogenic
training, and transcendental or Yoga meditation.

These techniques are typically combined with other
treatments, making it dif®cult to determine the precise
contribution of relaxation training. Moreover, support
for the ef®cacy of any one relaxation training technique
for the treatment of IBS is inconclusive. One study that
did evaluate progressive muscle relaxation alone found
greater reductions in IBS symptoms when compared
with the symptom-monitoring control group. However,
other research indicates that speci®c biofeedback to
modify colon contractions was not effective for IBS
even though generalized biofeedback with other relax-
ation techniques has been used successfully.

Hypnosis

The hypnotic `̀ state'' is one of heightened suggest-
ibility. Following induction, the hypnotherapist uses
progressive muscular relaxation plus suggestions of
relaxation to reduce striated muscle tension. `̀ Gut-
directed'' imagery and suggestions are used to relax
GI smooth muscle. Hypnotherapy sessions end with
the patient being told that he or she will feel positive
and good about himself or herself. Patients are also
asked to practice autohypnosis at home with an audio-
tape, with the ultimate goal of being able to administer
suggestions of relaxation to themselves.

Studies on hypnotherapy have found that hypnosis
results in a reduction of abdominal pain and altered
bowel habits that can be maintained for at least 18
months. Improvements in quality of life, psychological
symptoms, and rectal pain sensitivity have also been
found.

Dynamic/Interpersonal Therapy

Dynamic or interpersonal psychotherapy is derived
from psychodynamic principles and integrates human-
istic and interpersonal concepts. This approach differs,
however, from that of traditional psychoanalysis by
moving away from the asymmetrical relationship be-
tween the therapist and the patient. Dynamic/interper-
sonal psychotherapy is most suitable for patients with
problems stemming from dif®culties in interpersonal
relationships.

There are few studies on this form of therapy. The
available evidence on dynamic/interpersonal therapy
is supportive. Compared to the control conditions,
dynamic/interpersonal psychotherapy led to greater
reductions in bowel symptoms and psychological
symptoms. Improvements were sustained at long-term
follow-up.

As a ®nal note on psychosocial interventions, re-
gardless of the approach, a good working partnership
between the person with IBS and his or her health care
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professional is integral to success. Health care profes-
sionals must recognize that individuals with IBS can
provide expertise on the factors that aggravate their
bowel symptoms. Moreover, patients with IBS can
rightly expect health care professionals to collaborate
with them in understanding and managing their condi-
tion. As with many other illnesses, IBS can be in¯uenced
by psychosocial factors interacting with biological pro-
cesses. Educating health care professionals and general
society about the multidimensional nature of IBS can
help toward conceptualizing multiple treatment ap-
proaches and developing a collaborative partnership
between the patient and the health care professional.

FUTURE DIRECTIONS

This article has reviewed evidence pointing to the im-
portance of psychological and sociological factors in
IBS; however, further research is still required using a
biopsychsocial perspective. Some possible avenues that
this research might take are as follows: More research is
needed to fully understand the in¯uence of gender and
sociocultural factors and the in¯uence of clinical setting
(e.g., nonpatients, primary care, GI referral, psychiatric
referral) on IBS. Studies that will standardize current
measures and develop new instruments for functional
GI disorders are needed in order to examine interactions
between psychosocial variables and bowel symptoms.
Moreover, outcome measures that focus on clinically
meaningful responses, such as satisfaction with treat-
ment, health-related quality of life, global wellÿbeing,
and coping with symptoms, should be further re®ned
and incorporated into clinical trials.

Much research is still needed in the domain of treat-
ment for IBS. A recent review of the literature on psy-
chosocial treatment for IBS pointed to some key issues
that should be addressed in the future. First, more at-
tention should be focused on the distress associated with
living with a chronic, debilitating illness. Society has
continued to stigmatize patients with these disorders,
trivializing their symptoms and treating them with a
lack of empathy. To date, little theoretical or empirical
work has been directed toward identifying and integrat-
ing the concerns of IBS patients into treatment plans. As
a result, few psychosocial approaches have been tailored
to the speci®c needs of people suffering from IBS. Sec-
ond, studies must be designed to overcome the meth-
odological limitations of previous investigations in this
area. Psychosocial intervention studies should improve
upon previous methodology by: including speci®c se-
lection criteria for IBS; stratifying patients by symptom

severity; enrolling suf®cient numbers of female and
male patients; including suf®cient documentation of
treatment plans to allow standardization and replication
of treatment protocols; including session-by-session
treatment manuals and measures of therapist adherence
to treatment protocols; using appropriate placebo con-
ditions to address expectancy and attention; and mea-
suring credibility to treatment condition.

Further studies are required to determine the char-
acteristics of patients, which predict response to speci®c
psychosocial treatments and the speci®c components of
psychosocial treatment packages (e.g., relaxation and
cognitive restructuring), which account for their effec-
tiveness. In addition, well-designed, randomized, con-
trolled trials that offer a more holistic biopsychosocial
approach are needed. In particular, there is growing
evidence in this ®eld that certain combination treat-
ments that address both biological and psychosocial
aspects may have synergistic effects (CBT plus anti-
depressant medication). Treatment studies can help
clinicians to understand the effect of physician commu-
nication skills on patient satisfaction with care, adher-
ence to treatment, and outcome.
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Pylephlebitis

ALLISON LIDDELL

Presbyterian Hospital of Dallas

pylephlebitis Suppurative endophlebitis of the portal venous

system.

pylethrombosis Thrombosis of the portal venous system.

Acute suppurative pylephlebitis is septic thrombophlebi-

tis of the portal venous system, a rare entity ®rst described

in the late nineteenth century in association with appen-

dicitis. With early surgical intervention and antibiotics in

patients with appendicitis, the overall incidence has de-

creased, and other pyogenic processes draining into the

portal circulation or arising in close proximity have be-

come more prominent as predisposing conditions. Orig-

inal reports noted 100% mortality, which has decreased

with modern therapy. Despite these improvements, sup-

purative pylephlebitis remains a serious life-threatening

development. Most case series in the literature are small

subgroups of larger series of either pyogenic liver abscess

or pylethrombosis, making conclusions regarding proper

therapy dif®cult.

ETIOLOGY

Most cases of pylephlebitis are due to a primary infec-
tious process in the abdomen or pelvis. Diverticulitis is
the most common cause, accounting for 32% of 19 cases
in a recent review of the literature since 1979 by Plem-
mons. Malignancy, particularly of the biliary tree, has
accounted for a larger number of cases in more recent
reviews, and some researchers suggest that more aggres-
sive treatment of advanced biliary cancers may account
for the increase. Appendicitis still accounts for a signif-
icant portion of pediatric cases, and in¯ammatory bowel
disease, pancreatitis, cholangitis, endometritis, hemor-
rhoidal disease, peptic ulcer disease, and BehcËet's
disease have all been reported causes. Suppura-
tive pylephlebitis may also develop secondarily as a
complication of bacteremia with coexistent portal
vein thrombosis.

MICROBIOLOGY

Gut ¯ora, particularly Escherichia coli, Proteus
mirabilis, and Bacteroides fragilis, are the predominant
pathogens isolated from blood cultures and aspirations.

A signi®cant portion of infections are polymicrobial.
In Plemmons' series, B. fragilis was the single most
common species isolated from blood. Less common re-
ported isolates include Fusobacterium nucleatum,
Gardnerella, and Candida albicans.

CLINICAL MANIFESTATIONS

Symptoms are nonspeci®c, including fever, abdominal
pain, chills and rigors, jaundice, and anorexia.
Symptoms relating to the primary infectious process
may be absent. Diagnosis relies on a high index of sus-
picion given the protean nature of the history and phys-
ical examination ®ndings. Hepatomegaly may be
present, and jaundice occurs less often and later than
in cholangitis, and becomes more likely if liver abscesses
develop. Leukocytosis is a prominent, albeit nonspe-
ci®c, feature. Blood cultures are positive in 88% of
cases. Radiology is the mainstay of diagnosis. Plain
®lms are insensitive but may reveal air in the portal
tree. Ultrasound with Doppler may indicate obstruction
to portal venous ¯ow. Computer tomography (CT) with
intravenous contrast injection offers the advantage of
evaluating the pylephlebitis and diagnosing the primary
infectious focus, as well as complications such as liver
abscess. Characteristic ®ndings include lack of the ex-
pected contrast-opaci®ed portal veins, intravascular air,
and clots. Cavernous transformation, well described in
subacute nonsuppurative pylethrombosis, may not be
present in acute cases. Angiography has been used
but has signi®cant complications. Magnetic resonance
angiography may in time provide a low-risk tool.

COMPLICATIONS

Pyogenic liver abscesses occur in about 50% of cases of
pylephlebitis, and about 15% of pyogenic liver abscess
cases demonstrate pylephlebitis. Bacteremia is present
in 88% of cases, and sepsis, occurring in 21% of patients,
remains the most common and serious threat. Mesen-
teric ischemia is rare but catastrophic. Reported mor-
tality in the older literature in the antibiotic era was 50%;
for more modern cases, 32% mortality is reported for all
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etiologies, but in one review it is 80% for
nonappendiceal cases. Several researchers have noted
higher mortality for cases attributed to diverticulitis.

TREATMENT

No controlled studies exist, and limited case series differ
widely in treatment modalities and recommendations.
All agree that the mainstay of therapy is immediate an-
tibiotics with activity against coliforms, enterococci,
and anaerobes, which may be modi®ed based on the
results of search for the primary infectious source
and on culture data. Typical recommendations are for
4ÿ6 weeks of therapy at a minimum, with an initial
period of intravenous therapy followed by a number
of weeks of oral therapy. Followup CT may be helpful,
but complete resolution of CT ®ndings will lag behind
microbiologic cure. Some researchers recommend
followup imaging to document resolution of the throm-
bus, inasmuch as late presentations of complications
of portal vein thrombosis have been reported.

Anticoagulation remains controversial due to re-
ports of recanalization of the portal vein without inter-
vention, and no clear evidence of bene®t. One case series
of 44 heterogeneous patients suggested improved out-
comes in the few patients with underlying hypercoag-
ulable states who received anticoagulation, and no
adverse effects secondary to the anticoagulant therapy.
However, in the absence of a documented hypercoagu-
lable state, many researchers do not recommend anti-

coagulation. An important point is the paucity of
reported deaths due to progression of mesenteric ische-
mia or embolization of clot. Most deaths occur due to
infection-related complications. Several reports exist of
CT-guided percutaneous drainage in selected patients,
and surgical drainage may be required. Thrombolytic
therapy has been considered contraindicated by some
researchers due to the possible need for emergent sur-
gical intervention, but a few reports of success exist.
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Pyloric Stenosis
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gastric outlet obstruction Near-complete or complete

blockage of the pyloric channel connecting the stomach

to the duodenum, manifesting as early satiety and

vomiting of undigested food in adults and projectile,

nonbilious vomiting in children. Serum electrolytes may

reveal a hypochloremic, hypokalemic alkalosis due to

loss of H� and Clÿ in the vomitus, with compensatory

renal secretion of K� in exchange for H�. In adults,

peptic ulcer disease is the most common etiology; in

children, pyloric stenosis is most common, with other

less frequent causes being pyloric atresia, gastric

duplication, and ectopic pancreatic tissue.

gastroesophageal re¯ux disease Clinical syndrome that

includes a variety of symptoms and tissue injury

associated with abnormal esophageal exposure to

regurgitated gastric contents. Long-term complications

of consist of erosion ulcers, stricture, Barrett's metapla-

sia, and esophageal adenocarcinoma. In children,

gastroesophageal re¯ux disease is a signi®cant entity in

the differential diagnosis of pyloric stenosis.

hyperplasia Growth characterized by an increase in the

number of cells.

hypertrophy Growth characterized by an augmentation of

cell volume.

pyloric stenosis Acquired condition involving the thickening

of the circumferential muscle of the pyloric sphincter,

which results in elongation and obliteration of the

pyloric channel. The condition is the most common

cause of gastric outlet obstruction in children and is one

of the most frequent conditions requiring operation in

the ®rst month of life.

pyloric traumamyoplasty Alternative operative approach to

pyloric stenosis involving the use of a Babcock clamp

to grasp and pinch the hypertrophied pyloric muscle,

creating two lateral slits on the superior and inferior edges.

Results with this technique have been shown to be similar

to results with the traditional Ramstedt procedure.

Ramstedt extramucosal pyloromyotomy Standard operative

approach to pyloric stenosis; involves grasping the

pylorus, incising the serosa longitudinally, and spreading

or dividing the thickened pyloric muscle until the mucosa

is bulging between the separated halves of the pylorus.

Pyloric stenosis, or hypertrophic pyloric stenosis, is an

acquired condition involving the thickening of the circum-

ferential muscle of the pyloric sphincter, which results

in elongation and obliteration of the pyloric channel. A

near-complete gastric outlet obstruction is produced with

secondary dilation, hypertrophy, and hyperperistalsis

of the stomach. The observed thickening of the smooth

muscle is a result of hypertrophy, not hyperplasia. Pyloric

stenosis is the most common cause of gastric outlet ob-

struction in children and is one of the most frequent

conditions requiring operation in the newborn.

INTRODUCTION

Sabricius Hildanus ®rst described pyloric stenosis in
1627. Subsequently, Blair described an infant with clin-
ical as well as postmortem ®ndings consistent with hy-
pertrophic pyloric stenosis. Although sporadic reports
of children with gastric outlet obstruction in Europe and
the United States followed the initial description, the
disease was not accepted as a true entity until the de-
scription in 1888 of two cases by Hirschsprung, who
described it as a congenital disease representing the
failure of the involution of the fetal pylorus and
named it angeborener pylorusstenose (congenital pyloric
stenosis). At this time, the preferred treatment was med-
ical, using a combination of gastric lavage, antispas-
modic drugs, dietary modi®cations, and the local
application of heat, secondary to a 100% surgical mor-
tality rate. Lobker performed the ®rst successful surgical
procedure to treat an infant with pyloric stenosis, using
a gastrojejunostomy to bypass the obstructed pylorus.
Unfortunately, the overall mortality for this procedure
at that time remained high, approximately 50ÿ60%.
Nicoll and Fredet, in 1906 and 1907, each indepen-
dently described a technique of longitudinal submu-
scosal division of the thickened pyloric muscle with
transverse suturing of the defect (pyloroplasty). This
type of extramucosal pyloroplasty was unsatisfactory,
due to excessive hemorrhage, which occurred when
sutures tore through the edematous muscle that had
been closed. In 1912, Ramstedt simpli®ed the Fredet
procedure by omitting the transverse suturing, which
leaves the mucosa exposed in the longitudinal seromus-
cular defect. Not only was the procedure successful, but
its essential elements have remained generally un-
modi®ed and remain the surgical standard.
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Pyloric stenosis is the most common cause of gas-
tric outlet obstruction in children. The prevalence of
pyloric stenosis ranges from 1.5 to 4 in 1000
live births among Caucasians but is less prevalent
in Asians, Hispanics (1.8 per 1000 live births), and
African-Americans (0.7 per 1000 live births). Multiple
reports have suggested that the incidence may be
increasing. For instance, a United Kingdom popula-
tion-based study has documented a rise in incidence
from 0.1ÿ0.2% up to 0.3ÿ0.8% during the past sev-
eral decades. Additionally, at the Mayo Clinic, a large
population-based study has documented an overall
incidence of 0.26% in Olmsted County, Minnesota,
from 1950 to 1984, but showed that the rate ap-
proached 0.5% by the end of the study period. It is
well known that pyloric stenosis is more common
in males than females, with a ratio of 2 : 1 to 5 : 1,
although the long-held belief that it primarily affects
®rst-born males has not been con®rmed.

The development of pyloric stenosis has been asso-
ciated with several variables, including both environ-
mental and familial factors. A genetic contribution is
supported by the fact that 19% of boys and 7% of
girls whose mothers had pyloric stenosis also have
the disease. Pyloric stenosis occurs in only 5% of
boys and 2.5% of girls whose fathers have the disease,
suggesting some type of variable maternal transmission.
Additionally, the risk of pyloric stenosis is lower with
older maternal age, higher maternal education, and low
birth weight.

Generally, a majority of patients with pyloric steno-
sis are felt to have an acquired defect, with or without
a preexisting genetic predisposition. One supportive
study examined a series of 1000 males with barium
swallow immediately after birth, ®nding no abnormal-
ities of the pylorus. Subsequently, 5 of those infants
went on to develop pyloric stenosis. In a second
study, 1400 randomly selected newborn infants under-
went ultrasonographic measurements of the pylorus,
revealing normal pyloric dimensions; 9 infants
(0.65%) later developed pyloric stenosis. On the other
hand, as many as 7% of infants with pyloric stenosis
have associated malformations, including intestinal
malrotation, obstructive uropathy, and esophageal
atresia. Other anomalies associated with pyloric stenosis
include hiatal hernia and a de®ciency in hepatic glucu-
ronyl transferase activity.

ETIOLOGY/PATHOPHYSIOLOGY

The cause of pyloric stenosis remains poorly under-
stood, but several hypotheses have emerged. Family
history, sex, and maternal feeding patterns, among

others, have all been deemed potential risk factors. In
addition to the variability among races and the clear
male predominance, there appears to be an increased
risk with a positive family history and certain ABO blood
types. Environmental factors associated with pyloric
stenosis include the feeding method (breast vs. formula
feeding), seasonal variability, and transpyloric feeding
in premature infants. An association between systemic
erythromycin in infants and subsequent pyloric stenosis
has also been investigated. Although numerous theories
have been proposed, none has received generalized
acceptance.

Some investigators have suggested that milk curds in
the stomach could obstruct the pyloric channel or pro-
duce edema of the pyloric mucosa and submucosa, ob-
structing the pyloric channel, leading to compensatory
hypertrophy of the pyloric muscle. Others have focused
on pyloric muscle innervation and relaxation. Different
investigators have found that the numbers of ganglion
cells in the pylorus and/or their maturity have been
abnormal, although these results have not consistently
been reproduced. Speci®cally, a markedly decreased
number of glial-derived growth factor-positive nerve
®bers has been found in patients with pyloric stenosis,
as well as a reduced production of neurotropins. Con-
focal microscopy studies have shown the presence of
abnormally thick contorted nerve bundles in the pyloric
muscle of infants with pyloric stenosis. Others have
investigated a lack of nitric oxide synthase in pyloric
tissue as being a potential contributor to pylorospasm,
possibly leading to pyloric stenosis, because nitric oxide
is a known muscle relaxant.

Further hypotheses involve levels of gastrointestinal
endocrine or paracrine factors. Various investigators
have shown that gastrin is elevated in patients with py-
loric stenosis and may be a stimulus toward muscle
hypertrophy. On the other hand, hypergastrinemia
and hyperacidity are known to occur secondary to gas-
tric outlet obstruction from any cause. Furthermore,
these patients have been shown to have elevated pros-
taglandins as well. Infants receiving infusions of certain
prostaglandins have been shown to develop gastric out-
let obstruction, but have not gone on to develop pyloric
stenosis. Substance P has been shown to produce
chronic pylorospasm, leading to muscle hypertrophy,
and has also been found in higher concentrations in the
pyloric muscle of patients with pyloric stenosis. Other
peptides, such as secretin, enteroglucagon, neurotensin,
and vasoactive intestinal peptide (VIP), have also been
linked to pyloric stenosis, although their exact roles
have yet to be elucidated. Furthermore, elevated levels
and expression of transforming growth factor-a (TGF-
a) and epidermal growth factor (EGF) mRNA have been
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found in infants with pyloric stenosis, although the
signi®cance is unclear. Currently, the cause of pyloric
stenosis has not been de®nitively elucidated and ap-
pears to be multifactorial, although considerable basic
science investigations are ongoing.

CLINICAL PRESENTATION

Typically, an infant with pyloric stenosis presents with
a normal feeding history and new onset of nonbilious,
emesis at 2 to 8 weeks of age, with a peak incidence
of 3 to 5 weeks. Initially the emesis may not be frequent
or forceful, but becomes progressively worse over days
until nearly every feeding is forcefully vomited in a
`̀ projectile'' fashion. Less frequently, the emesis may
be blood tinged or have a coffee-ground appearance
due to gastritis or esophagitis. Generally, infants appear
hungry immediately after vomiting and do not appear
ill early in the disease course. Typically, stool frequency
is concomitantly diminished. If there is a signi®cant
delay in diagnosis, severe dehydration and lethargy
can occur. Some children have diarrhea, complicating
the diagnosis. Others (2ÿ5%) may have jaundice sec-
ondary to glucuronyl transferase de®ciency. In prema-
ture infants, the presentation is commonly delayed and
occurs about 2 weeks later compared to full-term in-
fants; often there is a slower progression of emesis.

The differential diagnosis for pyloric stenosis
includes gastroesophageal re¯ux and formula intoler-
ance, although these usually present with a more grad-
ual onset of emesis. However, a more frequent cause of
nonbilious vomiting in the ®rst several weeks of life
is either overzealous volume or frequency of feedings
(especially formula) offered to the infant. Other causes
of nonbilious vomiting include medical disorders such
as sepsis, hydrocephalus, and metabolic diseases, as well
as entities often requiring surgical intervention, such as
antral webs, pyloric atresia, gastric duplication, micro-
gastria, and ectopic pancreatic tissue.

DIAGNOSIS

The cardinal features of pyloric stenosis include
nonbilious projectile vomiting, visible peristaltic
waves in the left upper abdomen, a palpable `̀ olive'' or
enlarged pylorus, and an associated hypochloremic or
hypokalemic metabolic alkalosis. These features are
more prominent when the diagnosis is delayed, and
more subtle earlier in the course. Generally, a de®nitive
diagnosis can be made on the basis of clinical presen-
tation and careful physical examination in as many
as 80% of patients, although an increasing reliance on
imaging modalities has been seen in the current era

of managed care. A recent study has shown that the
number of patients diagnosed solely by clinical exam-
ination has been decreasing (from 74%, decreasing to
28%), and that the use of diagnostic tests has increased
(ultrasonography increasing from 16 to 65% and upper
gastrointestinal imaging increasing from 12 to 28%).
Several maneuvers can increase the sensitivity of phys-
ical examination in pyloric stenosis. The infant must be
calm and cooperative and use of a paci®er and warm
blanket may be helpful. Additionally, decompression of
the stomach with a nasogastric tube may aid in the pal-
pation of the `̀ olive.'' The examiner standing on the
infant's left side should ¯ex the baby's hips with the
left hand and palpate the liver edge from above with
the right hand. Gentle pressure is applied deep to the
liver, and eventually the palpating ®ngers are moved
distally to ®nd a palpable pylorus that can be rolled
under the ®ngertips, making the diagnosis. Examination
by a surgeon before imaging studies can be cost effective,
with a speci®city of 90%, but a sensitivity of only 50%.

In the absence of a palpable mass, an upper gastro-
intestinal contrast study or ultrasound can usually
con®rm or dispute the diagnosis. In most pediatric
centers, abdominal ultrasound is the study of choice.
This technique has a sensitivity of 97%, a speci®city of
100%, and a positive and negative predictive value of
100 and 98%, respectively, and has been studied exten-
sively by numerous groups. Its main limitations are
operator dependence and the inability to diagnose
other causes of nonbilious vomiting. Measurements
found to have greater than 90% positive predictive
value include a muscle diameter of 17 mm or more, a
muscular wall thickness of 4 mm or greater, and a chan-
nel length of 17 mm or greater. One group concluded
that a muscle thickness of 3 mm should be considered a
positive ®nding for pyloric stenosis in children less than
30 days of age. Last, when measurements are equivocal,
calculation of the pyloric volume has been reported to
be more accurate.

In the past, an upper gastrointestinal tract series was
the gold standard diagnostic study for pyloric stenosis.
The test is sensitive and is also helpful in indicating
other causes of nonbilious emesis, such as gastroesoph-
ageal re¯ux disease, gastric atony, and delayed gastric
emptying. It will also diagnose the dreaded malrotation.
The classic radiographic contrast ®ndings are the `̀ string
sign,'' produced by contrast medium outlining the nar-
rowed pyloric channel, and the `̀ shoulder sign,'' caused
by the hypertrophied muscle protruding into the gastric
lumen. The pyloric channel may also appear as two
parallel threads resembling railroad tracks. A potential
disadvantage is that the study exposes the patient to
ionizing radiation and involves ®lling the obstructed
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stomach with barium before induction of general anes-
thesia, increasing the risk of vomiting and aspiration.
Therefore, it is recommended that as much of the con-
trast agent as possible be removed prior to induction of
anesthesia.

One suggested means to select the optimal imaging
test for pyloric stenosis is to measure the volume of the
gastric aspirate obtained by a nasogastric tube. If less
than 10 ml is obtained, an upper gastrointestinal tract
series may be warranted, because 86% of such infants
have been shown to have gastroesophageal re¯ux
disease (GERD). If more than 10 ml is suctioned, an
ultrasound examination of the pylorus should be ob-
tained, because 92% of such infants will have pyloric
stenosis.

PREOPERATIVE MANAGEMENT

Once the diagnosis has been made, preoperative
preparation is essential, because pyloric stenosis is
not a surgical emergency. The child with an early pre-
sentation without dehydration, with normal serum
electrolyte and glucose concentrations, and normal
urine output may be operated on at the earliest conve-
nience. Infants who present with clinical dehydration,
including dry mucous membranes, depressed fontanels,
increased skin tenting, and varying degrees of mal-
nutrition, require more extensive resuscitation. They
characteristically have a hypochloremic, hypokalemic
metabolic alkalosis with some degree of hyponatremia
and hypoglycemia. One group has de®ned three levels of
severity based primarily on the carbon dioxide content
(slight,525 mEq/liter; moderate, 26ÿ35 mEq/liter; and
severe, 435 mEq/liter). Most infants require resuscita-
tion for less than 24ÿ48 hours prior to operation. Initial
resuscitation often begins with normal saline or lactated
Ringer's solution in boluses of 10ÿ20 ml/kg. A contin-
uous infusion of 5 or 10% dextrose in 0.45% saline is
then started at 1.5 times maintenance. Potassium is
added after urine output is established. Once the cor-
rection of dehydration and restoration of near-normal
serum potassium and chloride levels are achieved, as
well as correction of the alkalosis to a serum bicarbonate
level of below 30 mEq/liter, the operation can be safely
conducted. Failure to correct the alkalosis adequately
preoperatively can result in postanesthetic apnea and
respiratory arrest.

Most infants with pyloric stenosis do not have a
complete gastric outlet obstruction and can handle
their gastric secretions. Oral feedings are discontinued,
but a nasogastric tube is not routinely placed other than
temporarily for diagnostic purposes, because it removes

additional ¯uid and acid from the stomach, exacerbat-
ing the metabolic alkalosis.

OPERATIVE MANAGEMENT

The Ramstedt extramucosal pyloromyotomy has long
been the classic surgical approach to pyloric stenosis.
The standard approach is a right upper quadrant trans-
verse incision of 2.5ÿ3 cm over the right rectus muscle
at or above the liver edge. The rectus muscle is either
divided or split longitudinally, and the peritoneal cavity
is entered through the posterior rectus sheath. The pyl-
orus may be identi®ed by bringing the greater curvature
of the stomach through the incision and using it to
externalize the pylorus. The serosa on the anterior
wall of the pylorus is incised from just proximal to
the pyloric vein to the antrum just proximal to the
area of hypertrophied muscle. The duodenal end is usu-
ally identi®ed by the color change from the pale pylorus
to the pink duodenal wall, as well as by the prominent
pyloric vein. The myotomy is performed using the back
of a scalpel handle to split the hypertrophied muscle
bluntly down to the submucosa, or by using a spreading
clamp, such as that described by Benson. Once the sub-
mucosa is exposed, the overlying muscle ®bers should
be spread more widely, allowing the submucosa to
herniate or bulge out. When the two halves of the py-
lorus can be moved independently back and forth in
opposite directions by a rocking motion, the extent
of the pyloromyotomy is complete (Fig. 1). Venous
congestion caused by delivering the pylorus through
a relatively small incision can result in bleeding from
the muscle and submucosa, but generally resolves when
the pylorus is returned to the abdominal cavity. Inspec-
tion to assure hemostasis should occur before closing
the incision.

If the submucosa or mucosa is violated, management
is individualized by one of two fundamental techniques.
If perforation occurs early in the myotomy, the mucosa
is often closed with ®ne absorbable sutures and the
muscle is closed. A second myotomy can then be per-
formed by rotating the pylorus 180�. If the injury occurs
when the myotomy is ®nished, the perforation can be
closed and the injury site covered with omentum. Post-
operatively, some surgeons decompress the stomach
with a nasogastric tube whereas others withhold feed-
ings for a few days. At the end of an uncomplicated
pyloromyotomy, some surgeons opt to check for
leaks by ®lling the stomach with 60ÿ100 cm3 of air.

Some surgeons prefer a supraumbilical, curvilinear
incision, due to its superior cosmetic results, although
there have been reports of a higher incidence of wound
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complications. Additionally, this incision is contraindi-
cated in the presence of an umbilical remnant, a `̀ wet''
umbilicus, or periumbilical erythema. Laparoscopic
pyloromyotomy has been gaining popularity since its
®rst description by Alain and colleagues in 1991. This
technique may have the advantage of improved appear-
ance, but it has the disadvantage of longer operative
times and a variable learning curve. No signi®cant
difference between the time the infant can resume

full feedings or the length of hospital stay has been
shown. A recent retrospective study found that out-
comes between the open and laparoscopic techniques
were similar, but the laparoscopic approach incurred a
greater expense and decreased general surgery resident
operative experience. Last, an additional technique,
pyloric traumamyoplasty (either open or laparoscopic),
has been introduced by various groups; this involves the
used of a Babcock clamp to grasp and pinch the hyper-
trophied muscle, creating two lateral slits on the supe-
rior and inferior edges. Results with this technique
have been shown to be similar to results with the tra-
ditional Ramstedt procedure, but experience to date has
been limited.

Nonoperative management has not gained general
acceptance in North America but has been practiced in
some European countries. Infants can be managed with
frequent small feedings or even temporary total paren-
teral nutrition, but this requires a prolonged hospital
stay. Successful endoscopic balloon dilatation for
pyloric stenosis has been reported in Japan, being
used selectively in patients who have undergone pre-
vious extensive abdominal operative procedures.
Botulinum toxin A has been attempted without success,
whereas others have successfully used intravenous
and oral atropine sulfate.

POSTOPERATIVE MANAGEMENT

Most infants can be fed within 6 hours postoperatively.
Many feeding regimens have been used, but most
generally start with a small volume of sugar water,
advancing volume and osmolarity every 2ÿ3 hours
until the child is taking formula or milk without signif-
icant vomiting. Data have shown that either a standard-
ized feeding regimen or a more rapid, ad libitum
feeding schedule will lead to earlier discharge, and
the amount of vomiting with either technique is similar.

OUTCOMES AND COMPLICATIONS

Mortality after pyloromyotomy has been extremely low,
with reported rates of less than 0.5%. With appropriate
management of ¯uids and electrolytes preoperatively
and intraoperative management by a pediatric surgeon,
most infants can be discharged from the hospital within
1ÿ2 days. Similarly, morbidity is low; the major com-
plications include wound infection or dehiscence, mu-
cosal perforation, and inadequate pyloromyotomy. The
incidence of wound infections has been variably re-
ported from 1 to 5%. The reported rates of duodenal
perforation range from 1 to 30% but generally remain in
the 1ÿ3% range in pediatric surgery centers. Although

FIGURE 1 The Ramstedt extramucosal pyloromyotomy, the

standard operative technique. (A) Cross-section of the pylorus,

with inset showing the incision of the serosa on the anterior wall

from just proximal to the pyloric vein to the antrum, just proximal

to the area of hypertrophied muscle. (B) The myotomy is per-

formed using the back of a scalpel handle to split the hypertro-

phied muscle bluntly down to the submucosa. (C) After exposure

of the submucosa, the overlying muscle ®bers are spread relatively

widely, allowing the submucosa to herniate or bulge out. Repro-

duced with permission of the publisher from Ziegler, M. M. et al.

`̀ Operative Pediatric Surgery,'' Ch. 52. McGraw-Hill.
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many (30ÿ90%) infants will have some degree of post-
operative emesis, this usually resolves spontaneously
within the ®rst week. If prolonged emesis occurs, the
possibilities of an unrecognized perforation, gastro-
esophageal re¯ux, or an incomplete myotomy should
be considered. Contrast studies are of little value other
than to diagnose a leak, because the radiologic and ul-
trasonographic appearances of the hypertrophied pylo-
rus before and after pyloromyotomy are similar, and
such an appearance may persist for many weeks to
months. Therefore, the decision to reoperate for pre-
sumed incomplete myotomy is typically delayed for at
least 2ÿ3 weeks postoperatively.

Infrequent long-term effects of pyloromyotomy
have been reported. One group evaluated the presence
of gastrointestinal symptoms, gastric emptying, and py-
loric measurements in adults after and without
pyloromyotomy and found no differences. A second
group found higher pyloric tone and force of gastric
contraction, but no difference in clinically relevant
gastric emptying in the same two treatment groups.

SUMMARY

Pyloric stenosis is the most frequent cause of gastric
outlet obstruction in children. Currently, the cause
has not been de®nitively elucidated and appears to be
multifactorial, although considerable basic science in-
vestigations are ongoing. The cardinal features of pylo-
ric stenosis include nonbilious projectile vomiting,
visible peristaltic waves in the left upper abdomen, a
palpable olive (enlarged pylorus), and an associated
hypochloremic, hypokalemic metabolic alkalosis. Diag-
nosis is made by history and physical examination alone
or in combination with ultrasonography or gastrointes-
tinal contrast studies. The Ramstedt extramucosal
pyloromyotomy has long been the classic surgical
approach to pyloric stenosis, although laparoscopic
pyloromyotomy and traumamyoplasty are new addi-
tions to the operative armamentarium. Mortality and

morbidity after pyloromyotomy have been extremely
low and long-term sequelae of the procedure have
not been reported.
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Pyloroplasty
GEORGE A. SAROSI, JR.
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pyloroplasty Surgical procedure that incises and divides the

normal pyloric muscle, destroying it as a sphincter, and

then reconstructs the pyloric channel to facilitate gastric

emptying.

vagotomy Surgical procedure in which the vagus nerves are

cut, to reduce innervation of the stomach.

Pyloroplasty is typically performed in conjunction with a

truncal or selective vagotomy. Vagal denervation of the

stomach is used to decrease gastric acid production in

various acid-peptic disorders, but also results in failure

of the antralÿpyloric pump mechanism and markedly

delays gastric emptying. Originally described in the late

nineteenth century for use in the treatment of gastric

outlet obstruction, pyloroplasty did not become a com-

mon procedure until vagotomy became the main treat-

ment of peptic ulcer disease in the 1940s.

PHYSIOLOGY

The physiologic role of the normal pylorus remains
controversial. Although it is thought to provide resis-
tance to gastric emptying, to allow for complete mixing
of gastric contents by the antralÿpyloric pump,
pyloroplasty (or pylorectomy) in dogs with normal gas-
tric innervation causes little change in gastric emptying.
After pyloroplasty alone, the gastric antrum can ful®ll
many of the functions of a normal pylorus. However,
after vagotomy of the gastric antrum, the pylorus pro-
vides suf®cient resistance to gastric emptying to cause
markedly delayed gastric emptying of solids in more
than one-third of patients. After vagotomy and
pyloroplasty, the loss of proximal gastric receptive re-
laxation results in more rapid emptying of liquids de-
spite a loss of antral pump function, presumably because
of loss of gastric capacitance and loss of pyloric resis-
tance to gastric emptying secondary to pyloroplasty.

SURGICAL TECHNIQUE AND
INDICATIONS FOR PROCEDURE

There are two different techniques for performing a
pyloroplasty, the HeinekeÿMikulicz/Weinberg variant
and the Finney variant. A third procedure, Jaboulay

pyloroplasty, is really a gastroduodenostomy without
division of the pyloric ring and is therefore not tech-
nically a pyloroplasty. In the HeinekeÿMikulicz/
Weinberg variant, a longitudinal incision is made
from the distal gastric antrum across the pylorus onto
the ®rst portion of the duodenum. This incision is then
closed in a transverse fashion in either one or two layers
of sutures, creating a wide gastric outlet (Fig. 1A). The
advantage of this procedure is ease of performance. In
the Finney variant, the duodenum is ®rst mobilized and
then approximated in a side-to-side fashion to the
greater curvature of the stomach. A long incision is
then made from the gastric antrum across the pylorus
onto the duodenum. A side-to-side anastomosis is then
constructed in two layers between the stomach and du-
odenum (Fig. 1B). The advantage of this procedure is
that it produces a very large gastric outlet. However,
signi®cant scarring of the duodenum can make perfor-
mance of a Finney pyloroplasty impossible. The main
indication for a pyloroplasty is to facilitate gastric emp-
tying after vagotomy. Historically, the most common
use of pyloroplasty was in combination with truncal
vagotomy in operations for peptic ulcer disease. With
the marked decrease in elective surgery for peptic ulcer
disease, the main modern use of pyloroplasty is in treat-
ing bleeding duodenal ulcers, to provide access to the
ulcer and the gastroduodenal artery. It is now also com-
monly a component of reconstruction procedures fol-
lowing esophageal resection when the stomach is used
as an esophageal conduit, in order to prevent gastric
stasis in the intrathoracic stomach.

COMPLICATIONS

The major complications associated with pyloroplasty
and vagotomy include dumping syndrome, which is
seen in up to 20% of patients. Postvagotomy diarrhea
is seen in approximately 10% of patients after the pro-
cedure. Early satiety and epigastric fullness are seen
in many patients in the early postoperative period,
but usually resolve spontaneously over time. Bile re¯ux
and bilious vomiting are seen in 2ÿ5% of patients
after pyloroplasty. In one study with long-term followup
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after vagotomy and pyloroplasty, 40% of patients expe-
rienced some gastrointestinal disturbance, and 6% of
patients experienced severe disturbances.
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FIGURE 1 (A) In a HeinekeÿMikulicz pyloroplasty, a horizontal incision is made across the

pylorus and then is closed vertically, to widen the pyloric ori®ce. (B) In a Finney pyloroplasty, a back

row of seromuscular sutures is ®rst placed to approximate the duodenum and the greater curvature of

the antrum. AU-shaped incision is then made from the antrum across the pylorus onto the duodenum.

This is then closed in two layers, to construct a side-to-side gastroduodenal anastomosis. Illustrations

by Jim Hardy, VA North Texas Health Center.
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Pylorus
ANJANA KUMAR AND KONRAD S. SCHULZE

University of Iowa

bile re¯ux Movement of bile from the small intestine

(duodenum) into the stomach.

dumping syndrome Abnormally rapid emptying of stomach

contents into the small intestine, associated with

symptoms of dizziness, rapid heart rate, sweating,

nausea, and diarrhea occurring mainly after a meal.

pyloric stenosis Narrowing of the pyloric (outlet) region of

the stomach.

pyloric tone Variable level of ongoing contraction of the

musculature in the pyloric region of the stomach.

pyloroplasty A surgical procedure that enlarges the opening

separating the stomach from the small intestine.

Pylorusmeansgatekeeper inGreek.Thetermaptlyre¯ects

the fact that the pylorus controls the resistance to ¯ow

across the narrow gastric outlet. The diameter of the py-

lorus is set by the baseline tension of the pyloric muscle

(pyloric tone). Forceful pyloric closure is part of the ter-

minal antral contraction that leads to retropulsion of gas-

tric contents. The pyloric sphincter is a complex muscular

structure that is enforced by dense connective tissue.

ANATOMY

The pyloric segment extends from the proximal pyloric
muscle loop (PPL) to the distal pyloric muscle loop
(DPL) (see Fig. 1). The PPL is a broad band of circular
muscle that fans out from the lesser curvature close to
the duodenal bulb and reaches the greater curvature
several centimeters upstream. The DPL is a thick bundle
of circular muscle at the base of the duodenal bulb.
Reinforced by collagen-rich connective tissue, this py-
loric ring surrounds the narrow lumen of the pyloric
ori®ce. PPL and DPL converge on the lesser curvature in
a knot of connective tissue and fat, known as pyloric
torus. On contraction, the torus wedges into the groove
between the two muscle loops on the greater curvature.
The pyloric canal refers to the lumen inside the
contracted pyloric segment.

PHYSIOLOGY AND INNERVATION

The pylorus differs from other gastrointestinal sphinc-
ters in that it does not occlude the lumen at rest. As

gastric contractions reach the PPL, the entire pyloric
segment closes in rapid sequence, the terminal antral
contraction. Antral folds prolapse into the pylorus and
form a mucosal plug, which reduces the pyloric lumen
to a star-like slit. Simultaneously, the pylorus shortens
and moves orad and toward the left. As the contraction
passes, the pyloric segment ¯ares open from its proxi-
mal end.

Pyloric activity is controlled by enteric nerves in the
myenteric plexus. Tonic inhibitory nervous input main-
tains the pylorus in a relaxed state at rest. Inhibitory
nerves release nitric oxide and/or vasoactive intestinal
peptide. Nitridergic inhibition of the pylorus occurs
with vagal and antral stimulation. Excitatory choliner-
gic and enkephalinergic neurons stimulate pyloric mus-
cle tone and contractions.

Enteric neurons synapse with sympathetic neurons
from the celiac plexus and parasympathetic (vagal) neu-
rons via the nerve of Latarjet. The pyloric musculature
contains fewer interstitial cells of Cajal than the gastric
and duodenal musculature.

FUNCTION

Pyloric activity adapts to the properties of the luminal
contents. A widely patent pylorus (diameter of approx-
imately 1 cm in humans) allows for rapid out¯ow of
isotonic solutions. Acid increases pyloric tone through
cholinergic stimulation and slows ¯ow. Fat triggers in-
termittent pyloric contractions in the absence of antral
or duodenal activity (isolated pyloric contractions).
Contractions of proximal stomach and antrum drive
boluses of liquids and small particles through the pylo-
rus. Larger particles and fat are trapped by the terminal
antral contraction before reaching the pyloric ori®ce
and are dispersed by a powerful retrograde jet. The
separation of liquid and solid phases at the gastric outlet
is known as sieving and occurs in part through decant-
ing. Phasic contractions of pylorus and antrum generate
the shear forces that break down particles and mix par-
ticles, fat droplets, and secretions to the slurry known
as gastric chyme.
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ABNORMAL FUNCTION

Pyloric function may be affected by operative interven-
tion (gastric resection, pyloroplasty), by denervation
(vagotomy, diabetic autonomic neuropathy), by mus-
cular hypertrophy, or by mucosal in¯ammation (peptic
ulcer disease). Pyloric incompetence leads to precipi-
tous gastric emptying or dumping, particularly of ¯uids.
Diarrhea and maldigestion may result. Pyloric stenosis
leads to gastric retention, vomiting, and weight loss.

Infantile Hypertrophic Pyloric Stenosis

Infantile hypertrophic pyloric stenosis refers to
gastric outlet obstruction from muscular hypertrophy.
It affects 1 of 150 males and 1 of 750 females at birth.
A de®ciency of nitric oxide-containing neurons is
invoked.

Peptic Disease

Peptic disease can cause pyloric deformation. The
disruption of the torus and DPL leads to a short, wide,
and incompetent pylorus. A `̀ keyhole'' deformity of the
pylorus and foreshortening of the duodenal bulb may
be seen. Scars involving the PPL produce an antral
web and a long stenotic pylorus.

Denervation

Vagotomy may result in a functional pyloric stenosis
(pylorospasm). An autovagotomy is considered to be
responsible for disrupted gastroduodenal motor activity
and pylorospasm in autonomic neuropathy, particularly
in diabetes mellitus.
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FIGURE 1 Scheme of the relaxed (left) and contracted (right) pylorus. DB, duodenal bulb; DPL,

distal pyloric loop; PPL, proximal pyloric loop. (Right) The contraction of the pyloric muscle loops has

led to closure of the pyloric canal. Reprinted from Keet, A.D., Jr. (1957). The prepyloric contractions in

the normal stomach. Acta Radiol. 48, 413ÿ424, with kind permission of the author and editor of Acta

Radiologica.
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Radiology, Interventional
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Interventional radiology (IR) is a subspecialty of radiol-

ogy, which is based on the use of imaging techniques

for diagnostic purposes and to guide minimally invasive

therapeutic procedures. For example, in a patient with

bleeding into the gastrointestinal tract, a small catheter

is inserted percutaneously into the femoral artery in the

groin. The catheter is then manipulated up the aorta and

selectively into a mesenteric artery, using ¯uoroscopic

guidance. An X-ray contrast agent is injected through

the catheter and radiographs are taken. These identify

and locate a bleeding site within the bowel, providing

an excellent diagnostic test. Then, an embolic agent,

such as a metallic coil, can be injected through the

same catheter to block the bleeding artery and provide

the de®nitive treatment to stop the bleeding. These image-

guided minimally invasive techniques are not only used

intravascularly, but are valuable in many other gastroin-

testinal applications, such as in the lumen of the alimen-

tary tract, percutaneously into the liver, biliary tract, and

other viscera, and for the drainage of abscesses or ¯uid

collections. The instruments employed are typically nee-

dles, wires, catheters, balloons, snares, collapsible bas-

kets, emboli, and other small-caliber devices. Guidance

may be provided by X-ray image-intensi®ed ¯uoroscopy,

computed tomography, ultrasonography, or less com-

monly, magnetic resonance imaging. In most cases, the

procedures are accomplished under local anesthesia with

moderate sedation, eliminating the need for general an-

esthesia, which is often needed for conventional surgical

interventions. Recovery time is typically much shorter

than for surgery and many procedures can be performed

on an outpatient basis. No surgical incisions are needed.

The use of IR in the gastrointestinal tract as it pertains

to the different parts of the gastrointestinal tract

will be described.

ALIMENTARY CANAL

Feeding Tube Manipulation

Patients often are unable to eat or to feed themselves
because of impaired consciousness or other temporary
problems. A simple temporary solution is to pass a small

tube into the nose, through the esophagus, and into the
stomach.

This can be carried out by a nurse at the bedside.
Some patients do not empty their stomachs well, so that
the liquid nutrients injected down the tube, called a
feeding tube or nasogastric tube, accumulate in the
stomach and may cause re¯ux into the lungs and aspi-
ration pneumonia. Using ¯uoroscopic guidance and
guide-wire and catheter techniques, the interventional
radiologist can maneuver these tubes deep into the
third part of the duodenum. This stops re¯ux and
delivers the nutrients to the jejunum, where they can
be absorbed.

Percutaneous Gastrostomy

Nasogastric tubes are not suitable for long-term use
because they are uncomfortable for patients and may
become dislodged. Long-term tube feeding to the stom-
ach or the jejunum can best be achieved by placing the
tube percutaneously through the anterior abdominal
wall directly into the lumen of the stomach. This can
be done during open surgery, by laparoscopic tech-
niques, by combined gastric endoscopy and surgery,
and most simply by direct puncture under ¯uoroscopic
guidance by the interventional radiologist. The inter-
ventional radiology technique is to in¯ate and distend
the stomach with air injected down a nasogastric tube.
The stomach pushes up against the anterior abdominal
wall and displaces all other structures. The entry site is
just below the left costal edge in line with the nipple. The
procedure is performed using local anesthesia and mod-
erate sedation. A needle is passed percutaneously into
the distended air-®lled stomach, which is easily seen
¯uoroscopically. T-fasteners are deployed through
three separate needle punctures and are used to ®x
the stomach to the anterior abdominal wall. A fourth
puncture is used to place a stiff guide wire into the
stomach. Serially enlarging dilators are used over the
wire to enlarge the tract. Finally, a 14-French self-
retaining catheter is passed over the wire and provides
access to feed the stomach.

R
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Diagnosis of Bowel Ischemia

The arterial blood supply to the bowel comes from
three main arteries arising from the aorta. These are the
celiac trunk, the superior mesenteric artery, and the
inferior mesenteric artery. An additional arterial collat-
eral supply can be developed via branches of the internal
iliac arteries. Placement of a catheter in the aorta allows
the injection of contrast agent and the ®lming of an
angiogram to show any blockage of the arteries or
veins that may cause the bowel to be ischemic or
have an impaired blood supply. With rapid progress
in noncatheter angiography techniques such as
computed tomography (CT) or magnetic resonance im-
aging (MRI), catheter angiography may be needed
infrequently and will be largely supplanted by the
noninvasive techniques. It is important to demonstrate
the site of acute arterial occlusion at an early stage so
that treatment can be instituted before lack of blood
causes irreversible ischemic necrosis and perforation
of the bowel.

Diagnosis and Treatment of Intestinal Bleeding

Catheter angiography is an important and accurate
method of demonstrating the actual intestinal bleeding
site. An angiogram is performed, opacifying the arterial
tree supplying the bowel. Bleeding is demonstrated by
the leakage of contrast from the lumen of the artery,
causing a persistent stain or collection of extravascular
contrast agent. Once the site of active bleeding is dem-
onstrated, it is possible in many cases to pass a small
catheter selectively down the bleeding artery to the
point of the bleeding. The artery is then sealed off at
this point, by the trans-catheter injection of an embolic
agent such as a metal coil or polylvinyl alcohol particles.
This treatment is rapid and effective and eliminates the
need for conventional surgical operative treatment. The
interventional treatment of variceal bleeding from por-
tal hypertension is described below under transjugular
intrahepatic portosystemic shunt (TIPS). X-ray ¯uoros-
copy provides the visualization necessary to guide these
procedures.

Stricture Dilation

Strictures at each end of the gut can be traversed
by catheter and guide-wire techniques allowing for
the coaxial passage of dilating balloons or, in addi-
tion, expandable metallic stents. Malignant and
benign strictures of the esophagus, duodenum, and
recto-sigmoid colon have been successfully treated
and stricture dilations have been useful as palliation

in terminal malignancy or as preparation for surgery
on the colon.

LIVER

Tumor Ablation

Tumors or metastatic masses in the liver that cannot
be surgically excised can be completely or partially de-
stroyed by percutaneous alcohol injection directly into
the tumor, by percutaneous placement of a radio-
frequency probe into the tumor, which delivers heat
energy to destroy the tumor mass, or, alternatively,
by destroying the tumor via freezing, using a cryo-
probe placed into the tumor mass. A different approach
is selective infusion of chemo-embolic agents through
an arterial catheter. This technique delivers high
concentrations of agents speci®cally targeted at the
tumor cells and is less toxic than intravenous adminis-
tration of these agents. Blocking the feeding artery with
emboli reduces the oxygenation to the tumor cells, mak-
ing them more vulnerable to the chemotherapeutic
drugs. All these procedures are dependent on image
guidance techniques such as ¯uoroscopy, ultrasound,
CT, MRI, or a combination of two modalities. The ef-
fectiveness of these procedures varies greatly from oc-
casional complete cure to minimal palliation. The
results depend on the size of the mass, the number of
masses, the location of the masses, and the etiology of
the masses.

Diagnosis and Treatment of Bleeding

Bleeding can occur in the liver due to trauma, iat-
rogenic injury such as biopsy, or tumors. Angiography
can be used to identify the site of bleeding and then the
bleeding can frequently be stopped using selective
trans-catheter embolization.

Percutaneous Cholecystostomy

The gallbladder can be drained percutaneously in
patients who have in¯ammation of the gallbladder (cho-
lecystitis), who have an obstruction of the cystic duct
draining the gallbladder, or who have stones in the gall-
bladder. These patients would usually undergo surgical
removal of their gallbladders, but they may require per-
cutaneous drainage as a temporary measure until they
are well enough to have surgery. The drainage catheter
is placed into the gallbladder via a percutaneous needle
puncture and coaxial guide-wire technique using ultra-
sound guidance.
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Percutaneous Transhepatic Cholangiography

In a similar manner, a thin 22-gauge needle can be
passed percutaneously into a bile duct. Contrast mate-
rial is injected through the needle, thus opacifying the
bile ducts. X-ray ®lms can then be taken showing the
anatomy and any pathological changes of the bile ducts.
The procedure is performed under ¯uoroscopic guid-
ance and in a number of cases ultrasound can also be
used to assist in duct puncture, especially on the left side
of the liver. Percutaneous transhepatic cholangiography
(PTC) is of particular value when retrograde endoscopic
cholangiography is not possible. PTC is the ®rst step in
percutaneous transhepatic biliary drainage, described
in the next section.

Percutaneous Transhepatic Biliary Drainage

Once a bile duct has been punctured, as described
above, a guide wire can be passed through the needle
into the lumen of the punctured bile duct. The needle is
removed and a catheter can be passed over the retained
guide wire into the duct, establishing access from the
skin to the biliary tree. This percutaneous, skin-to-duct
tract provides a route for drainage of a blocked system,
access for balloon dilation of strictures, stone removal,
or endolumenal biopsy. Expandable metallic stents can
be placed via this route to keep narrowed ducts open.
These techniques have found wide application in both
the treatment of benign disease and the palliation of
malignant disease.

Transjugular Intrahepatic Portosystemic Shunt

One of the most dramatic procedures highlighting
the scope of interventional radiology is the TIPS proce-
dure, in which a shunt is created by making a tract
through the substance of the liver to connect the portal
vein directly to the hepatic vein (Fig. 1). TIPS is used as a
treatment for the serious condition of high pressure in
the portal vein (portal hypertension). The consequences
of portal hypertension are life-threatening gastrointes-
tinal bleeding and ascites. A long needle is passed via a
percutaneous puncture of the internal jugular vein in
the neck, down through the superior vena cava and the
right atrium, and into the right hepatic vein. The needle

FIGURE 1 (a) Transjugular portal venogram showing abnor-

mally large coronary vein (arrow) and varices (arrowheads).

(b) The TIPS has been constructed and the metal stents are easily

seen (arrow). Metal coils have been used to block the varices

(arrowheads). (c) Completion venogram shows that blood

¯ows from the portal vein through the TIPS (arrow) to the

right atrium (star). The varices no longer ®ll with blood.

a

b

c
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is then passed through the substance of the liver to
puncture the right portal vein within the liver. This
passage is then dilated with a balloon catheter and it
is kept open by means of an expandable metallic sent.
Blood is shunted through this newly created tract,
bypassing the diseased liver and ¯owing directly from
the portal system to the hepatic vein and then to the
inferior vena cava. The portal system is decompressed,
which stops portal bleeding and allows ascites to
resolve.

ABSCESS DRAINAGE

Imaging techniques such as ultrasound, CT, and MRI
provide an excellent demonstration of any ¯uid accu-
mulations or abscesses within a patient's body. In most
cases, a needle can be inserted percutaneously under
local anesthesia into the collection, using ultrasound,
CT, or possibly MRI guidance. Then, via the needle
lumen, a guide wire is inserted and the needle is
exchanged for serially enlarging dilators and ®nally
a self-retaining catheter to provide drainage. Occasion-
ally it is suf®cient to just aspirate the contents of the
collection via the needle. Percutaneous abscess drainage
is in very frequent use and has greatly improved and
simpli®ed the scope of care of patients with primary
abscesses and especially of patients with postoperative
abscesses.

BIOPSY

The same image-guided techniques allow the needle
biopsy of suspicious lumps in all parts of the body.
Often, aspirating some tissue cells through a thin needle
is enough to allow the cytologist to make a diagnosis.
In other instances, a large-caliber needle is used to
provide a core biopsy for full histological examination.
Percutaneous biopsy is safe, simple, and effective and
is widely used.
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Rectal Ulcers
LISA M. YERIAN

University of Chicago

erosion A partial-thickness mucosal defect.

neoplasia The pathological process that results in the

formation and growth of a tumor.

prolapse The descent of a body part from its usual

anatomical position.

tenesmus A physical symptom described as urgent, painful,

and ineffective straining at stool.

ulcer A full-thickness mucosal defect.

Rectal ulcers are full-thickness defects of the rectal mu-

cosa. They typically present clinically with rectal bleeding

or pain. As in other portions of the colon, various path-

ologic processes and injurious agents can lead to rectal

mucosal injury and resultant pathologic changes ranging

from focal erythema or erosion to ulceration. The injury

may be localized to the rectum or the rectum may be

affected by disease processes that also affect other por-

tions of the colon. The diagnosis of rectal ulcers is based

on a typical clinical presentation combined with charac-

teristic endoscopic and histologic ®ndings.

INTRODUCTION

Rectal mucosal ulceration represents a nonspeci®c effect
of mucosal injury. The injury may be con®ned to the
rectum or it may be diffuse or multifocal, also affecting
other portions of the gastrointestinal tract. The type of
injury varies, but common causes of rectal mucosal in-
jury include ischemia, physical trauma, and infection.
The degree of mucosal injury depends on the timing,
type, and severity of the injury, and the resultant path-
ologic changes range from mild mucosal erythema to
erosion and, ultimately, ulceration. This article focuses
on the clinicopathologic features of common diseases in
which rectal ulceration can occur. These entities are di-
vided into thoseprocesses that typically are limited to the
rectum and those in which rectal involvement may occur
as part of a more diffuse colonic disease.

ULCERS UNIQUE TO THE RECTUM

Mucosal Prolapse Syndromes

The mucosal prolapse syndromes [solitary rectal
ulcer syndrome (SRUS), rectal prolapse, proctitis

cystica profunda (PCP), and in¯ammatory cloacogenic
polyp] are a group of entities characterized by rectal
mucosal injury related to mucosal prolapse. The muco-
sal prolapse syndromes often coexist and exhibit over-
lapping clinical, endoscopic, and histologic features.
The endoscopic and histologic features depend on the
frequency, location, and duration of prolapse and the
underlying cause. All of these entities are united by a
similar process of injury resulting in ulceration followed
by mucosal regeneration, leading to the development of
a polypoid lesion. The syndromes have been referred to
by the various names listed above, depending on which
histologic feature is most prominent.

Patients affected by mucosal prolapse typically
present in the third or fourth decade with symptoms
of anorectal disease. Patients may complain of rectal
bleeding, diarrhea, anorectal pain, abdominal cramps,
dif®culty defecating (constipation, straining, rectal pro-
lapse, or a sense of incomplete rectal emptying), or fecal
incontinence. Endoscopic examination reveals ulcer-
ated, polypoid, and/or indurated areas, most often lo-
cated on the anterior or anterolateral wall. Ulcers, if
present, often straddle a rectal fold and vary in size
from a few millimeters to several centimeters in diam-
eter. Ulcers are not always present, however, and some
patients only have an erythematous area with or without
polypoid projections.

Solitary Rectal Ulcer Syndrome

Solitary rectal ulcer syndrome is characterized by
the presence of ulcers or polypoid in¯ammatory lesions
in the rectum (Fig. 1). The descriptive name of this
condition is misleading, however, as the lesions are fre-
quently multiple and in almost half of the cases there is
no ulceration. This entity affects both children and
adults, mostly those between 20 and 40 years of age,
and is more common in women. The most common
symptom is rectal bleeding during defecation, followed
by mucus discharge, anorectal or abdominal pain,
and tenesmus. Most patients report having had symp-
toms for many years and many cases are initially
misdiagnosed.
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The pathogenesis of SRUS is related to abnormal
colonic motility. Most patients with SRUS have abnor-
mal contraction of the puborectalis muscle, increased
external sphincter tone, increased intrarectal pressure

during evacuation, and overt or occult prolapse of the
rectal mucosa. The pathogenesis is related to inadequate
relaxation of the internal anal sphincter or the overall
rectal musculature, resulting in excessive straining
during defecation. The combination of intermittent
mucosal prolapse with vascular compromise and mech-
anical trauma to the mucosa results in mucosal erosions.
With repeated episodes, there is progressive injury
and mucosal regrowth, leading to the formation of
a polyp.

The diagnosis of SRUS is based on symptoms in
conjunction with the characteristic endoscopic and his-
tologic ®ndings. In some cases a cystic mass, polyp, or a
sessile villous lesion may be seen. The lesions occur
most frequently on the anterior or anterolateral rectal
wall, but can be more extensive and may even be cir-
cumferential. Histologic sections often show features
of mucosal hyperplasia, often exhibiting architectural
distortion with serration of glandular lumens. There
may be surface erosion or ulceration. There is often
®brosis or neovascularization of the lamina propria
and thickening of the muscularis mucosae, with upward
extension of smooth muscle ®bers into the lamina
propria.

The prognosis for SRUS varies. The lesions may
regress, remain stable, or progress and become dis-
abling. Although there is no de®nitive therapy for
SRUS, symptoms may be reduced by conservative
measures including dietary modi®cations, local agents
to promote tissue regeneration, or biofeedback behav-
ioral training to correct the abnormal defecation
process. In severe cases, surgical treatment may be
considered.

Rectal Prolapse

Rectal prolapse is the descent of some or all of the
layers of the rectal wall through the anal sphincter.
Rectal prolapse occurs in infants, is uncommon in chil-
dren and young adults, and increases in frequency after
age 40. Patients with rectal prolapse often complain of
straining or pain during defecation, fecal incontinence,
mucus discharge, pruritus, rectal bleeding, a sense of
obstruction of incomplete rectal evacuation, and peri-
neal or intervaginal pressure. The presence of reddened,
protruding rectal mucosa is characteristic of rectal
prolapse or a palpable mass may be detected on digital
rectal examination (Fig. 2). There may be surface ero-
sion or ulceration. Because the lesions can have an en-
doscopic appearance and a clinical presentation similar
to rectal cancer, histologic analysis is important for
diagnosis. Histologic features are similar to those seen
in SRUS.

A

FIGURE 1 Endoscopic images of solitary rectal ulcer

syndrome. (A) Typical case of solitary rectal ulcer syndrome,

exhibiting polypoid projection of rectal mucosal but no ulcera-

tion. (B) Solitary rectal ulcer with ulceration overlying prolapsed

rectal mucosa.
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Proctitis Cystica Profunda

Proctitis cystica profunda is the deep displacement
of rectal mucosa through the muscularis mucosae and
into the submucosa or deeper parts of the intestinal wall.

This entity represents regenerative changes following
deep ulceration of the colon from any cause. Patients
may complain of blood and mucus in stools, but PCP
may not be symptomatic. PCP most commonly occurs
as an isolated lesion in the late stages of SRUS but multi-
ple small lesions may be seen in chronic in¯ammatory
conditions such as in¯ammatory bowel disease. PCP is
rarely observed in an otherwise apparently normal
colon.

PCP may not be visible endoscopically, frequently
presenting as an incidental histologic ®nding. When
observed grossly, PCP may appear as a raised or
polypoid lesion, as focal mucosal edema or erythema,
or with obvious cysts from which thick mucus may
exude when compressed. Histologic sections reveal
cystically dilated colonic glands within the submucosa
ordeeper in the intestinalwall.Theglandularepithelium
is usually normal or hyperplastic, but may show regen-
erative features.

In¯ammatory Cloacogenic Polyp

In¯ammatory cloacogenic polyp is a polypoid pro-
lapse of the anorectal transitional zone mucosa. It typ-
ically presents in the ®fth to seventh decades as a small,
sessile polyp at the anorectal junction. It was originally
de®ned by its surface lining of transitional-type epithe-
lium, but this feature is now thought to represent a
metaplastic change in SRUS. This in¯ammatory polyp
has histologic features similar to those seen in mucosal
prolapse and SRUS, including ®brosis and smooth mus-
cle ®bers extending into the lamina propria. These sim-
ilarities suggest that prolapse may be important in
the pathogenesis of these polyps and have led some
authors to include this entity in the mucosal prolapse
syndromes.

Stercoral Ulcer

Stercoral ulcers are longitudinal mucosal tears or
perforations that result from fecal impaction. They
occur most frequently in the distal colon and rectum.
Patients typically present with severe chronic con-
stipation, pain, and rectal bleeding. The hard, impacted
fecal material causes localized pressure, ischemia, and
subsequent necrosis of the mucosal surface. The ulcers
may be single or multiple and usually have sharply
de®ned edges and there is congestion of the adjacent
mucosa. Most lesions are con®ned to the submucosa,
but deeper ulceration and perforation can occur.
Biopsy may be obtained to exclude other in¯amma-
tory causes of ulceration or neoplasia. Histologic
sections of the early lesions reveal ischemic injury
with extensive necrosis and entrapped fecal material,

BB

A

FIGURE 2 Endoscopic (A) and gross resection specimen

(B) images of rectal mucosal prolapse. Clinically and endo-

scopically the lesion was suspected to represent rectal cancer.

However, histologic analysis of the endoscopic biopsies and eval-

uation of the resection specimen con®rmed the diagnosis of rectal

mucosa prolapse.
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vascular congestion, and patchy hemorrhage. Chronic
ulcers show reparative changes, ®brosis, and in¯amma-
tion and may exhibit a granulomatous response to the
fecal matter.

RECTAL INVOLVEMENT IN
DISEASES ALSO AFFECTING
OTHER PORTIONS OF THE
GASTROINTESTINAL TRACT

In addition to mucosal prolapse syndromes and
stercoral ulcer, which typically affect the rectum, rec-
tal involvement may also occur as part of a more
diffuse colonic disease. In¯ammatory bowel disease
(Crohn's disease and ulcerative colitis) can present
with localized rectal disease or with rectal involve-
ment by more diffuse disease. Ischemic bowel disease
can involve the rectum and may cause mucosal ulcer-
ation. Localized rectal ulcers can occur with the use of
nonsteroidal anti-in¯ammatory drugs, especially when
used as a suppository. Radiation injury to the rectum
occurs when high doses of radiation are used to treat
tumors arising in the pelvis. Ulceration is a common
feature of many infectious processes. Those that typ-
ically affect the rectum include syphilis and herpes
infections, both of which are spread by direct inocu-
lation and cause ulceration.

See Also the Following Articles
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Rectum, Anatomy
CAROLYN COMPTON

McGill University, Montreal

mucosa Surface epithelial layer.

rectum Most distal portion of the colon.

TNM staging International classi®cation analyzing the extent

of cancer spread; assessment of tumor, nodal, and

metastatic status.

The rectum is the distal-most aspect of the large intestine,

located distal to the sigmoid colon and proximal to the

anal canal. The wall of the rectum has four layers: mucosa,

submucosa, muscularis propria, and an adventitia or

subserosa and visceral peritoneum (present anteriorly

along the proximal portion of the rectum at the peritoneal

re¯ection). The rectum is entirely lined by glandular mu-

cosa that is identical to that of the colon. Although these

basic characteristics are universally accepted, more pre-

cise de®nitions of the location, extent, and boundaries of

the human rectum are surprisingly controversial. Re-

cently, increased interest in rectal anatomy has provoked

a great deal of debate; consensus has been sought for

standardization of surgical techniques for rectal resection

and for data comparisons among clinical studies of rectal

disease.

CLINICAL IMPORTANCE OF
RECTAL ANATOMY

A precise anatomic de®nition of the rectum is clinically
important for at least three reasons. A precise anatomic
de®nition (1) identi®es the boundary between the rec-
tum and the anal canal, which determines the appro-
priate staging system (i.e., colorectal vs. anal canal) for
cancers of this region; (2) delineates the lymph nodes
that are included in the regional lymphatic drainage and
are assigned to the N category, versus those that are
nonregional and assigned to the M category in the TNM
staging system of the American Joint Committee on
Cancer (AJCC) and the Union Internationale Contre
le Cancer (UICC); and (3) describes the histologic
layers of the viscus, which are directly relevant to the
pathologic evaluation of surgical resection specimens
and to analysis of circumferential (nonperitonealized,
radial) margins.

PRACTICAL ASPECTS OF
RECTAL ANATOMY

The origin of the rectum is marked by several distinctive
structural features. At the point of transition from sig-
moid colon to rectum, the tenia coli of the sigmoid fuse
to form the continuous circumferential layer of the rec-
tal muscularis propria, and the epiploic appendages dis-
appear. It also is at the point of origin of the rectum that
the free peritoneal mesentery of the sigmoid colon ter-
minates and the mesorectum begins. The mesorectum, a
subperitoneal layer of ®broadipose tissue containing all
of the nerves, blood vessels, and regional lymph nodes,
is enveloped by a fascia propria. The mesorectum sur-
rounds the rectum for most of its length, ending at the
level of the pelvic ¯oor a few centimeters proximal to the
termination of the rectum and the beginning of the anal
canal. The mesorectal collar is asymmetric, with the
bulk of the mesorectal soft tissue lying posterior to
the rectum. Anteriorly, the areolar plane that lies exter-
nal to the mesorectum condenses and the fascia propria
of the mesorectum merges with the retrovesical fascia
(in the male) or the retrovaginal septum (in the female).
Laterally, the merged fascias appear as discrete liga-
ments, often called the lateral ligaments of the rectum.

The point of termination of the rectum, widely rec-
ognized by surgeons as a palpable landmark, is called
the anorectal ring. This represents the site of merger of
the muscles that form the levator ani (pubococcygeus,
ileococcygeus, and puborectalis) with the muscle of the
superior aspect of the anal sphincter. Despite these gen-
erally accepted anatomic de®nitions of the origin and
termination of the rectum, the boundaries of the rectum
are more commonly de®ned by the more clinically con-
venient measurements from the anal verge. Given the
wide anatomic variation among individual patients of
different sexes and body habitus, it is not surprising that
de®nitions based on measurements have not concurred.

CONTROVERSIES IN DEFINING
RECTAL ANATOMY

In Guidelines for Colon and Rectal Cancer Surgery, a
surgical consensus statement published in 2001, the
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rectum was de®ned as being 12 cm or less from the anal
verge by rigid proctoscopy, but the distal rectal margin
(at the point of transition to the anal canal) was not
de®ned. This de®nition of the proximal rectal border
was considered justi®able on a biologic rather than
anatomic basis, because clinical observations indicate
that the patterns of recurrence of tumors above 12 cm
are more consistent with colonic cancers than rectal
cancers. The multidisciplinary Colorectal Common
Data Elements Task Force sponsored by the National
Institutes of Health and the National Cancer Institute
de®ned the rectum as beginning 12 cm above the peri-
anal skin as measured endoscopically, but the distal
boundary was de®ned as 2 cm above the distal-most
aspect of the dentate line. Both of these de®nitions em-
phasized measurement from the anal verge, the point of
transition from the hair-bearing perianal epidermis to
the squamous mucosa of the anal canal, to identify the
origin of the rectum. Measurement from the anal verge is
itself inherently imprecise due to the considerable
anatomic variation of this landmark.

Clinically, a precise de®nition of the border between
the distal rectum and the proximal anal canal is essential
because adenocarcinomas of these adjacent regions are
staged differently. Speci®cally, in the TNM staging
system for colorectal cancer of the AJCC and UICC,
the T category of colorectal cancer is de®ned by the
degree of extension through the wall, and the N category
of colorectal cancers is de®ned by the number of in-
volved nodes. In contrast, the T category (i.e., T1 and
T2) of anal canal cancer is de®ned by tumor size, and the
N category is de®ned by the location of involved nodes.
Despite the importance of de®ning anatomic location
for proper staging of distal rectal versus anal canal can-
cers, the staging literature has been rife with confusing
statements. The ®fth edition of the AJCC staging man-
ual, on which TNM staging was based from 1998 until
January 2003, offered two contradictory descriptions
of the rectum. On the one hand, it de®ned the rectum
as the distal 10 cm of large intestine as measured from
the anal verge with a sigmoidoscope, but it also stated
that the rectum is approximately 12 cm in length,
making no allowance for the anal canal.

The revised de®nition of the rectum offered in the
sixth edition of the AJCC staging manual allows for
more anatomic variation but is still in con¯ict with
other currently published de®nitions. In the sixth edi-
tion of the manual, the origin of the rectum is described
as being variably located from 12 to 15 cm from the
dentate line. The de®nition contrasts with that from
the Guidelines for Colon and Rectal Cancer Surgery
and the Colorectal Common Data Elements, in which

the origin of the rectum is de®ned as 12 cm or less
from the anal verge or the perianal skin, respectively.
Thus, consensus is still lacking, and for the purposes
of data comparison, these con¯icting de®nitions are
problematic.

By any of these de®nitions, the border between the
rectum and anal canal is not a clear-cut anatomic land-
mark on visual inspection. In practice, however, phy-
sicians may ignore this controversial issue altogether
and tend to regard the readily identi®able dentate line
as the anorectal border. If it is accepted that the border
between the anal canal and rectum is ledge of the
anorectal ring, the most proximal aspect of the anal
canal is lined by rectal-type glandular mucosa. At the
dentate line, a narrow zone of transitional mucosa sim-
ilar to urothelium also may be present. This proximal
zone of the anal canal (i.e., from the top of the panao-
rectal ring to the dentate line, including the transitional
zone) measures approximately 1ÿ2 cm. Thus, the ter-
mination of the rectum is actually located 1ÿ2 cm above
the dentate line, and tumors with an epicenter located
up to 2 cm above the dentate line are staged as anal canal
cancers, not rectal cancers.

CONCLUSION

The rectum begins at the point of fusion of the tenia
coli and the termination of the mesosigmoid at the ter-
mination of the sigmoid colon. It ends where the anal
canal begins, about 1ÿ2 cm above the dentate line. The
length of the rectum, measured between these two land-
marks, varies among individuals of different sex and
body habitus.
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Recurrent Abdominal Pain (RAP)
JOHN TIMOTHY BOYLE

University of Alabama, School of Medicine

cognitive behavioral therapy Therapeutic approach of

adding to behavioral interventions (e.g., relaxation and

behavior management techniques) strategies such as

cognitive restructuring; for example, a therapist may

evaluate a patient's cognitive interpretation of bodily

sensations and teach how cognition impacts affective

experience and behavior.

functional abdominal pain Most common cause of recur-

rent abdominal pain in children (unknown etiology);

no speci®c structural, infectious, in¯ammatory, or

biochemical cause for the abdominal pain can be

determined.

recurrent abdominal pain Common term in the pediatric

literature; refers to paroxysmal abdominal pain that

persists for greater than 3 months' duration and affects

normal activity.

visceral hypersensitivity Increased visceral perception;

perceived as pain.

Recurrent abdominal pain (RAP), a common term in the

pediatric literature, refers to paroxysmal abdominal pain

in children that persists for longer than 3 months and

affects normal activity. RAP has been reported to occur

in 10ÿ15% of children between the ages of 4 and 16 years.

At least as many children experience chronic pain,

but maintain normal activity and rarely come to the at-

tention of the physician. Recurrent abdominal pain is not

a singular diagnosis. The differential diagnosis of RAP

includes organic pain (anatomical, infectious, in¯amma-

tory, and biochemical causes), psychogenic pain, and

functional abdominal pain. Although no incidence data

are available, clinical experience suggests that by far, the

most common cause of RAP is functional abdominal pain.

The modi®er `̀ functional'' is used in gastroenterology if no

speci®c structural, infectious, in¯ammatory, or biochem-

ical cause for the abdominal pain can be determined.

Yet, in clinical practice, functional abdominal pain

should not be a diagnosis of exclusion. Primary-care

physicians should be able to make a primary diagnosis

of functional abdominal pain without resorting to a large

battery of biochemical or X-ray tests. Management of func-

tional pain is facilitated by early diagnosis, parental ed-

ucation and reassurance, and clear delineation of goals of

therapy. The major outcome variable in management of

functional abdominal pain in children is lifestyle, not cure

of the pain.

DIAGNOSIS OF FUNCTIONAL
ABDOMINAL PAIN

One reason why primary-care physicians have dif®culty
making a positive diagnosis of a functional abdominal
pain is that there is rarely a clear distinction between
acute and chronic abdominal pain. Primary caregivers
must often deal with the evolution of pain from the
initial acute presentation to a chronic or recurring prob-
lem. A stepwise series of diagnostic studies is often ini-
tiated during early stages of the pain when an organic
etiology is considered to be more likely. Empiric therapy
with nonopioid analgesic medications, antispasmotic/
anticholinergic agents, and gastric acid-reducing agents
may be tried before time criteria for RAP are met. Parents
tend to become more frustrated and anxious, particu-
larly if they perceive a serious disorder is being missed,
or if the physician implies that the primary factors that
in¯uence the perception of pain are cognitive and emo-
tional. Parental uncertainty only increases the stressful
environment, which provokes or reinforces the pain
behavior. Thus, the concept of functional abdominal
pain must be introduced into the differential diagnosis
of abdominal pain in children before the 3-month time
criteria for duration of pain are met.

The key variables that point toward a functional di-
agnosis are a normal physical exam, other than abdo-
minal pressure tenderness, and absence of signs and
symptoms that, despite evidence-based veri®cation, are
generally accepted to be alarm signals for an organic dis-
order. None of the following criteria has been shown to
discriminate between organic, functional, or psychoso-
maticdisorders:frequencyofpain,characterofpain,loca-
tion of pain, pain awakening patient at night, associated
gastrointestinal (GI) symptoms (including anorexia,
nausea, episodic vomiting, increased gas, or altered
bowel pattern), or associated extraintestinal symptoms
(including fatigue, headache, and arthralgia). Even with
a normal physical exam, further diagnostic testing is
de®nitely indicated in the presence of the following
alarm signals: involuntary weight loss, growth retarda-
tion, signi®cant vomiting, signi®cant diarrhea, GI blood
loss, associated fever, arthritis, rash, symptoms of a psy-
chiatric disorder, or family history of in¯ammatory
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bowel disease. Alarm signals in the physical examination
include evidence of linear growth deceleration, localized
tenderness in the right upper or lower quadrants, local-
izedfullnessormasseffect,hepatomegaly,splenomegaly,
backorcosto-vertebralangle(CVA)tenderness,perianal
®ssure, ®stula, soiling, and guaiac-positive stools.

Diagnostic testing is indicated when alarm signals or
abnormal physical ®ndings suggest a high possibility of
organic disorder. Diagnostic testing may be considered
to reassure the parent, patient, or physician when the
most likely diagnosis is functional pain. The physician
may also need to do testing to rule out organic disease
in the patient when pain continues to severely affect
lifestyle despite a functional diagnosis. Establishing
a working diagnosis of functional pain and initiating
conservative therapy before time criteria are achieved
do not preclude an ongoing focused diagnostic workup.
Although there are no evidence-based data, clinical ex-
perience suggests that subclassifying pain presentations
may facilitate choice of testingby narrowingzdifferential
diagnosis. Children with abdominal pain may be
subclassi®ed by one of three clinical presentations:
(1) abdominal pain associated with symptoms of upper
abdominal distress, (2) abdominal pain associated
with altered bowel pattern, and (3) isolated paroxysmal
abdominal pain. The frequent occurrence of upper and
lower bowel symptoms in the same patient is not un-
common. Functional abdominal pain should be pres-
ented as the most common cause of all three clinical
presentations. Synonyms of functional pain that may
be useful for individualizing diagnosis in a given patient
are functional dyspepsia for pain with upper abdominal
symptoms, and irritable bowel syndrome for pain asso-
ciated with altered bowel pattern.Abdominal migraine is
a variant of isolated functional abdominal pain. Diagnos-
tic criteria include three or more episodes of intense,
acute midline pain during a 3-month period lasting sev-
eral hours to days with intervening symptom-free inter-
vals lasting weeks to months. Two of the following
features are required for diagnosis: (a) headache during
episodes, (b) photophobia during episodes, (c) associ-
ated classical unilateral migraine headaches, which may
or may not be associated with abdominal pain, (d) family
historyofmigraine,and(e)visual, sensory,ormotoraura
antedating acute pain.

DIFFERENTIAL DIAGNOSIS OF
SUBCATEGORIES OF ABDOMINAL PAIN

Abdominal Pain Associated with Symptoms
of Upper Abdominal Distress

Symptoms of upper abdominal distress include pain
or discomfort localized in the upper abdomen, and pain

related to eating, nausea, episodic vomiting, bloating,
early satiety, and occasional heartburn and oral regur-
gitation. Table I lists the differential diagnosis of abdom-
inal pain associated with symptoms of upper abdominal
distress. Alarm signals such as anorexia, vomiting,
weight loss, and evidence of GI bleeding (hematemesis,
melena, occult bleeding) suggest an upper GI in¯am-
matory, infectious, structural, or biochemical disorder.
Focused laboratory evaluation should be performed in
any patient with historical or physical alarm signals,
including complete blood count with differential, eryth-
rocyte sedimentation rate (ESR), Helicobacter pylori
serology and/or stool antigen, hepatic panel, and pan-
creatic enzyme measurement. In cases in which recur-
rent vomiting is a signi®cant part of the history, an upper
GI series with small bowel follow-through and abdom-
inal ultrasound should be considered to rule out gastric
outlet disorder, malrotation, partial small bowel obs-
truction, small bowel Crohn's disease, gallstones,
pseudocyst, hydronephrosis secondary to ureteropelvic
junction (UPJ) obstruction, and retroperitoneal mass.
Gastroesophageal re¯ux disease should be suspected
when heartburn or oral regurgitation of sour or bitter
gastric contents is prominent parts of the history. Biliary
pain is typically episodic, severe, constant pain in the
right upper quadrant or epigastrium that persists for
20 minutes to 2 hours, usually triggered by eating. In
relapsing pancreatitis, recurrent severe epigastric
pain persistent for days and may radiate to the back.
Recurrent epigastric or right upper quadrant pain asso-
ciated with tender hepatomegaly suggests chronic hep-
atitis. Continuous pain, especially in the context of

TABLE I Major Differential Diagnosis of Recurrent

Abdominal Pain Associated with Symptoms of

Upper Abdominal Distress

Functional dyspepsia

Gastroesophageal re¯ux disease

Drug-associated GI disorder (NSAID, iron, antibiotic)

Helicobacter pylori gastritis

Peptic ulcer

Gastroparesis

Eosinophilic gastroenteritis

Crohn's disease

Obstructive disorders (e.g., malrotation,

partial small bowel obstruction)

Biliary tract disease (choledocholithiasis,

chronic cholecystitis, biliary dyskinesia)

Hydronephrosis

Chronic hepatitis, sclerosing cholangitis

Relapsing pancreatitis/pancreatic pseudocyst

Parasitic infection

Celiac disease
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multisystem complaints, is an alarm signal for possible
psychiatric disease. Eating disorder should also be
considered in any young patient with signi®cant
weight loss.

In the absence of peptic ulcer disease, the relationship
between H. pylori infection and abdominal pain remains
unclear. Although there are no evidence-based data
to establish a clear link H. pylori gastritis alone, and
abdominal pain associated with symptoms of upper
abdominal distress, most gastroenterologists will treat a
symptomatic child who has been identi®ed as H. pylori
positive. The rationale is that H. pylori may act as a phys-
ical trigger of functional dyspepsia in selected patients.
Some clinicians have concluded that the most cost-
effective approach is to test serologically for H. pylori and
to treat all infected cases. However, many investigators
have pointed out that commercially available serological
assays do not appear to have the necessary sensitivity or
speci®city to screen pediatric patient populations.
Empirical treatment of H. pylori should only be consi-
dered in patients with elevated immunoglobulin G (IgG)
antibody, and is not recommended for patients with
positive IgM or IgA antibody. It is not unreasonable to
avoidantibodytestingcompletely,andconsidertreatment
only in patients with endoscopically proved infection.

Upper endoscopy should be considered in untreated
patients with alarm signals, in patients who fail to re-
spond to time-limited antisecretory therapy, and in pa-
tients in whom symptoms recur after the end of
treatment. Upper endoscopy is the gold standard to
rule out in¯ammatory disorders in the upper GI tract
and to establish a ®rm diagnosis of functional dyspepsia.
Recognizable objective ®ndings by gross endoscopic
examination include super®cial erosions, ulcer, stric-
ture, antral nodularity associated with H. pylori gastritis,
gastric rugal hypertrophy associated with Menetrier's
and cytomegalovirus (CMV) gastritis, and the small
heaped-up, volcanic-like mounds, pocked with a central
crater, associated with chronic varioliform gastritis. Ob-
jective histologic ®ndings may help to diagnose re¯ux
esophagitis, eosinophilic gastroenteritis, CMV gastritis,
H. pylori gastritis, Crohn's disease, and celiac disease. In
the absence of gross ulcer or histologic evidence of H.
pylori, super®cial antral gastritis or duodenitis are of
questionable clinical signi®cance, and should not dis-
suade a diagnosis of functional abdominal pain. There is
no evidence in children that nonspeci®c super®cial
antral gastritis or duodenitis progresses to peptic
ulcer. Evaluation of gastric emptying by scintigraphy
to rule out gastroparesis, and gallbladder function as-
sessment by hepatobiliary scan with ejection fraction, to
rule out chronic cholecystitis and biliary dyskinesia,
should be considered only after upper endoscopy and

consultation by a pediatric gastroenterologist. Endo-
scopic retrograde cholangiopancreatography is indi-
cated only if there is biochemical or radiological
evidence of recurrent pancreatitis, or biliary-type ab-
dominal pain following cholecystectomy.

Abdominal Pain Associated with Symptoms
of Altered Bowel Pattern

Altered bowel pattern may include change in fre-
quency and/or consistency of stools (diarrhea or con-
stipation), pain relief with defecation, straining or
urgency, feeling of incomplete evacuation, passage of
mucus, or a feeling of bloating or abdominal distension.
Table II lists the differential diagnosis of abdominal
pain associated with symptoms of altered bowel pattern.
In patients with diarrhea, focused laboratory evaluation
should include complete blood count with differential,
erythrocyte sedimentation rate, stool for ovum para-
sites, and stool for Clostridium dif®cile toxin. Lactose
intolerance should be considered as a potential primary
etiology of chronic abdominal pain in the presence of
diarrhea. A trial of a lactose-free diet or performance of a
lactose breath hydrogen test is prudent in children with
pain associated with loose bowels, bloating, and in-
creased ¯atulence. Alarm signals including evidence
of GI bleeding, tenesmus, pain or diarrhea repeatedly
wakening the patient from a sound sleep, involuntary
weight loss, linear growth deceleration, extraintestinal
symptoms (fever, rash, joint pain, recurrent aphthous
ulcers), positive family history of in¯ammatory bowel
disease, iron de®ciency anemia, and elevated ESR are
indications to pursue a diagnosis of in¯ammatory bowel
disease by colonoscopy and upper gastrointestinal
(UGI) study with small bowel follow-through. Diarrhea
associated with encopresis suggests chronic fecal reten-
tion and megacolon. At present, although there are no
evidence-based data, serological testing for celiac dis-
ease should be considered in patients with pain and
altered bowel pattern. Serological testing should

TABLE II Major Differential Diagnosis of Recurrent

Abdominal Pain Associated with Altered Bowel Pattern

Irritable bowel syndrome

Chronic infection (parasitic, Clostridium dif®cile)

In¯ammatory bowel disease (Crohn's disease, ulcerative colitis,

microscopic colitis, e.g., lymphocytic colitis, eosinophilic

colitis, collagenous colitis)

Lactose intolerance

Fecal retention/megacolon

Drug-associated GI disorder
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de®nitely be performed in all patients with iron de®-
ciency anemia or secondary amenorrhea. Chronic wa-
tery diarrhea is also an indication to pursue colonoscopy
to rule out microscopic in¯ammation, which may alter
colonic motility and absorptive function. The large vol-
ume of diarrhea (400ÿ1200 g/day) distinguishes pa-
tients with microscopic lymphocytic, collagenous, or
eosinophilic colitis from those with irritable bowel,
for whom stool weight in excess of 300 g/day is rare.

The accuracy of colonoscopy in diagnosing in¯am-
matory conditions of the colon is superior to barium
enema because of the direct visualization of the mucosal
surface and the ability to obtain biopsy and culture spec-
imens. Intubation of the terminal ileum can also aid in the
diagnosis of Crohn's disease.Recognizable objective ®nd-
ings by gross examination with a ¯exible endoscope in-
clude edema, erosions, ulceration, pseudomembranes
(discrete yellow plaques on the colonic mucosa), and
polyps. Subjective gross endoscopic ®ndings, including
erythema, increased vascularity, and spontaneous friabil-
ity, become meaningful only in the context of histology,
because they are subject to more interobserver variation
in interpretation. Objective histologic ®ndings include
(1) cryptitis, crypt abscesses, and crypt distortion with
branching and drop out, suggesting ulcerative colitis or
Crohn's disease, (2) noncaseating granuloma speci®c for
Crohn's disease, (3) ®brosis and histiocyte prolifera-
tion in the submucosa, suggesting Crohn's disease, and
(4) epithelial and intraepithelial lymphocytes or eosino-
phils, with or without subepithelial collagen thickening
in lymphocytic colitis, eosinophilic colitis, and collage-
nous colitis, respectively. The latter should be considered
speci®c ®ndings only in patients with profuse diarrhea.
Mild super®cial increases in interstitial lymphocytes or
eosinophils in the absence of crypt distortion or signi®-
cantdiarrheaarenonspeci®c,andshouldnotdissuade the
physician from making a positive diagnosis of irritable
bowel syndrome.

Isolated Paroxysmal Recurrent Abdominal Pain

Table III lists the major differential of recurrent
paroxysmal periumbilical abdominal pain in children. It
is important to try to see the patient during an attack,
because it is frequently the only opportunity to assess
alarm signals. The Carnett test may help to determine
whether pain is arising from the abdominal wall or has
an intraabdominalorigin. The site ofmaximum tenderness
is found through palpation. The patient is then asked to
cross arms and assume a partial sitting position (crunch),
which results in tension of the abdominal wall. If there is
greater tenderness on repeat palpation in this position,
abdominal wall disorders (such as cutaneous nerve entrap-
ment syndromes, abdominal wall hernia, myofascial pain

syndromes, rectus sheath hematoma, or costochondritis)
should be suspected. Discitis, which is really an osteomy-
elitis of the vertebral end plate, may present as a combi-
nation of back and abdominal pain, The condition is
usually associated with intermittent fever, elevated periph-
eral white blood cell count, and elevated erythrocyte sed-
imentation rate. Unrecognized constipation should be
suspected if a left lower quadrant or suprapubic fullness
or mass effect is appreciated on abdominal exam, and
rectal exam reveals evidence of ®rm stool in the rectal
vault, or soft stool in a dilated rectal vault with evidence
of perianal soiling. Often, a history of constipation or
encopresis is unknown to the parent. Parasitic infections,
particularly Giardia lamblia, Blastocystis hominis, and
Dientamoeba fragilis, may present with chronic pain in
children in the absence of altered bowel pattern. Alarm
signals, including pain repeatedly awakening the patient
from a sound sleep, anorexia, involuntary weight loss,
linear growth deceleration, evidence of GI bleeding, and
extraintestinal symptoms (fever, rash, joint pain), are also
indications to evaluate for Crohn's disease, or rare dis-
orders such as polyarteritis nodosa, intestinal ischemia,
eosinophilic gastroenteritis, and angioneurotic edema,
which can be indistinguishable from Crohn's disease on
clinical grounds. Suspicion of polyarteritis nodosa rests on
evidence of extraintestinal disease, particularly renal in-
volvement. Mesenteric vein obstruction should be consid-
ered in adolescents using oral contraceptives. Clinically, it
can present gradually with progressive abdominal pain
over a period of weeks. Pneumatosis is usually a late
®nding. The clinical presentation of eosinophilic gastro-
enteritis depends on the depth of the in®ltration by the
eosinophilic process. Submucosal disease can become
manifest with abdominal pain and signs of obstruction.

TABLE III Major Differential Diagnosis of Isolated

Recurrent Abdominal Pain

Functional abdominal pain

Abdominal migraine

Intermittent intestinal obstruction (Crohn's disease,

malrotation w/wo volvulus, intussusception with lead

point, postsurgical adhesions, small bowel lymphoma,

eosinophilic gastroenteritis, angioedema)

Unrecognized constipation

Appendiceal colic

Dysmenorrhea (endometriosis, ectopic pregnancy,

adhesions from pelvic in¯ammatory disease)

Cystic teratoma of ovary

Musculoskeletal disorders (muscle pain, linea alba

hernia, discitis)

Vascular disorders (mesentertic thrombosis, polyarteritis

nodosa)

Acute intermittent porphyria
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Any region of the GI tract can be involved. Angioneurotic
edema can be heralded by recurrent episodes of pain in the
absence of cutaneous or oropharyngeal edema. Family
history is usually positive for allergy. Recurrent fever asso-
ciated with generalized abdominal pain and peritoneal
signs suggests the possibility of familial Mediterranean
fever. Appendiceal colic is a controversial cause of chronic
abdominal pain. Appendiceal spasm has been postulated
to be caused by inspissated casts of fecal material within
the appendix. A number of anecdotal surgical reports have
describedcomplete resolution ofpain symptoms following
elective appendectomy. Appendiceal colic should be
suspected in patients with recurrent acute episodes of
well-localized abdominal pain and tenderness, most com-
monly in the right lower quadrant, demonstrated on
several examinations. Dull, midline, or generalized
lower abdominal pain at the onset of a menstrual period
suggests dysmenorrhea. The pain may coincide with the
start of bleeding or may precede the bleeding by several
hours. Gynecological disorders associated with secondary
dysmenorrhea include endometriosis, partially obstructed
genital duplications, ectopic pregnancy, and adhesions
following pelvic in¯ammatory disease. Cystic teratoma
has been described in prepubertal patients presen-
ting with right or left lower quadrant pain. The vast
majority of such patients have a palpable abdominal
mass. Benign ovarian cysts in adolescent females do not
cause recurrent abdominal pain. Acute intermittent
porphyria (AIP) is a rare disorder characterized by the
temporal association of paroxysmal abdominal pain and
a wide variety of central nervous system symptoms,
including headache, dizziness, weakness, syncope, con-
fusion, memory loss, hallucinations, seizures, and tran-
sient blindness. AIP is often precipitated by low intake
of carbohydrate or by speci®c drugs such as barbiturates
or sulfonamides.

Laboratory evaluation might include complete
blood count (CBC) with differential and ESR to screen
for occult systemic in¯ammatory condition. The
decision to do stool ova and parasite exams is dependent
on the incidence of G. lamblia, B. hominis, and
Dientamoeba fragilis within the community. The most
valuable diagnostic test in a patient with symptoms sug-
gesting obstruction is an upper GI series and small
bowel follow-through (SBFT). Rare conditions such
as lymphoma, angioneurotic edema, mesenteric vein
thrombosis with ischemia, eosinophilic gastroenteritis,
and pseudo-obstruction will also be suggested by the
UGI series. Abdominal ultrasound and abdominal com-
puted tomography (CT) scans have low diagnostic yield
for picking up appendiceal abnormalities with recurrent
right lower abdominal pain. Colonoscopy and ileoscopy
should be performed to rule out Crohn's disease in

such patients if blood work or UGIÿSBFT suggest the
possibility of in¯ammatory disease. Elective laparos-
copy with planned appendectomy should be considered
in patients with chronic right lower quadrant pain and
negative infectious, in¯ammatory, and anatomical eval-
uation. Head CT scan to rule out intracranial space-
occupying lesions should be considered in patients
with recurrent abdominal pain and headache.

In the absence of historical or physical alarm signals,
the diagnosis of functional abdominal pain should be
introduced into the differential diagnosis of abdominal
pain persisting a month beyond the usual course of an
acute disease (e.g., gastroenteritis, urinary tract infec-
tion). Parents should be told that a diagnosis of func-
tional pain can be made if duration of pain goes on to
exceed 3 months. It is important to provide a brief ex-
planation of visceral hypersensitivity and altered motil-
ity, the concept of stress factors, and natural history.
Parents should also be told early on that functional pain
is dif®cult to eradicate, and some continuing pain will
often have to be accepted by the patient.

TREATMENT OF FUNCTIONAL
ABDOMINAL PAIN

Management of functional abdominal pain begins
with a positive diagnosis and an explanation of sus-
pected pathophysiology, natural history, and goals of
therapy. Speci®c treatments include dietary modi®ca-
tion, drug therapy, and psychological support. Hospita-
lization is rarely indicated for patients with functional
abdominal pain.

Positive Diagnosis

Positive diagnosis is based on normal physical ex-
amination and absence of alarm signals in the history, as
previously described.

Explanation of Suspected Pathophysiology
and Natural History

The exact etiology and pathogenesis of functional
abdominal pain in children are unknown. There is gen-
eral agreement that functional pain is genuine. The
prevailing viewpoint is that the pathogenesis of the
pain involves visceral hypersensitivity and altered con-
scious awareness of gastrointestinal sensory input, with
or without disordered gastrointestinal motility. Painful
sensations may be provoked by physiologic phenomena
or concurrent physical and psychological stressful life
events. Examples of physiologic phenomena that may
trigger pain include postprandial gastric or intestinal
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distension, gastric emptying, intestinal contractions
of the migrating motor complex, intestinal gas, or
gastroesophageal re¯ux. Intraluminal physical stress
factors that may trigger pain include aerophagia, simple
constipation, lactose intolerance, minor noxious
irritants such as spicy foods, H. pylori gastritis, celiac
disease, or drug therapy. Systemic physical or psy-
chological stress factors may also provoke or rein-
force the pain behavior by altering the conscious
threshold of GI sensory input in the central nervous
system. Acute or chronic physical illness may unmask
functional pain. Psychological stress factors may in-
clude death or separation of a signi®cant family
member, physical illness or chronic handicap in parents
or sibling, school problems, altered peer relationships,
family ®nancial problems, or recent geographical
relocation.

It is not clear whether the different clinical presen-
tations of functional abdominal pain result from a het-
erogeneous group of disorders, or represent variable
expressions of the same disorder. The frequent occur-
rence of upper and lower bowel symptoms in the same
patient suggests that the latter scenario may indeed be
the case. There appears to be a genetic vulnerability
because of the high frequency of functional disorders
in family members. The fact that most children `̀ out-
grow'' pain symptoms also suggests that variation of
neuroendocrine development may also be a factor in
the pathophysiology. In some patients, associated
symptoms, including headache, dizziness, motion
sickness, pallor, temperature intolerance, and nausea,
suggest a generalized dysfunction of the autonomic
nervous system. Sex, intelligence, and personality traits
do not distinguish patients with functional pain from
those with organic pain. The majority of patients are of
average intelligence. The generalization that patients
with functional abdominal pain are superintellects, per-
fectionists, over-achievers, bad social mixers, or con-
stant worriers is without foundation. However, there
are some data suggesting that the incidence of functional
gastrointestinal disorders may be higher in patients with
mental diagnoses, such as attention-de®cit disorder/
hyperactivity, anxiety, depression, school phobia, post-
traumatic stress, bipolar disorder, autism, and eating
disorders.

The morbidity associated with functional abdominal
pain is rarely physical, but results from interference in
normal school attendance and performance, peer rela-
tionships, participation in organizations and sports, and
personal and family activities. Only 1 in 10 children
with functional abdominal pain attend school regularly,
and absenteeism is greater than 1 day in 10ÿ28% of

patients. A common misconception is that pain is the
direct cause of the morbidity. In fact, focus on symptom
relief by parents, school, and physicians reinforces the
pain behavior with attention at the time of pain, rest
periods during pain, tactile stimulation and medication
to alleviate pain symptoms, and absence from school on
days of pain. This approach fails to reinforce nonpain
responses, such as normal activity. Although pain does
not originate from its consequences, ongoing pain
behavior is often accounted for and modi®ed by its
consequences.

Goals of Therapy

The focus of treatment is not `̀ cure'' of pain, but
rather management of symptoms and adaptation to
illness. Goals of treatment include regular school
attendance, school performance to the child's ability,
participation in desired extracurricular activities,
normal weight gain and growth, and normal sleep
pattern.

Dietary Modi®cation

The role of dietary modi®cations in the management
of functional pain disorders is not established. Postpran-
dial symptoms in functional dyspepsia may be improved
by eating low-fat meals or by ingesting more frequent
but smaller meals throughout the day. High-®ber diet
is recommended for both diarrhea-predominant and
constipation-predominant irritable bowel and isolated
functional pain. The goal for ®ber intake in grams is
calculated by adding the patient's age �5. Excessive
®ber in the diet may result in increased gas and disten-
sion, actually provoking pain. Malabsorption of dietary
carbohydrates may act as provocative stimuli in func-
tional abdominal pain. Most often, the patient does not
perceive a temporal association between ingestion of a
particular sugar and the abdominal pain. Avoidance of
excessive intake of milk products (lactose), carbonated
beverages (fructose), dietary starches (corn, potatoes,
wheat, oats), or sorbitol-containing products (vehicle
for oral medication, sugar substitute in gum and candy,
ingredient in toothpaste, and a plasticizer in gelatin
capsules) is not unreasonable. Conformation of lactose
intolerance by a lactose breath hydrogen test should be
considered before recommending prolonged lactase en-
zyme replacement therapy or commercial milk products
that have been pretreated with lactase enzyme. Exces-
sive gas in patients with irritable bowel syndrome (IBS)
can be managed by advising the patient to eat slowly, to
avoid chewing gum, and to avoid excessive intake of
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carbonated beverages, legumes, foods of the cabbage
family, and foods or beverages sweetened with
aspartame.

Drug Therapy

There are no evidence-based data on the effects of
pharmacological therapy in pediatric patients with
functional abdominal pain. Antispasmodic agents, in-
cluding hyoscyamine, dicyclomine, glycopyrrolate,
peppermint oil, and calcium-channel blockers, are com-
monly used in clinical practice to treat visceral abdom-
inal pain, although ef®cacy is unproved. Time-limited
(8 weeks) empirical medical therapy with a histamine-2
(H2) blocker or proton pump inhibitor (PPI) is an ac-
ceptable diagnostic test of self-limiting upper GI in¯am-
mation in patients with abdominal pain and symptoms
of dyspepsia. If possible, it is prudent to stop non-
steroidal antiin¯ammatory drugs (NSAIDs), iron prep-
arations, and antibiotics such as erythromycin or
tetracyclines in a patient complaining of upper abdom-
inal discomfort. After a ®rm diagnosis of functional dys-
pepsia is established by upper endoscopy, it is not
unreasonable to continue acid inhibition therapy in pa-
tients who initially responded to shot-term empiric
treatment, but had recurrence of pain symptoms with
attempts at step-down therapy. Short-term step-up to a
PPI may be tried in patients who previously did not
respond to an H2 blocker. In adults, sucralfate, a
drug that stimulates mucosal prostaglandin syn-
thesis and release of cytokines and has cytoprotective
properties, has been reported to be superior to placebo
and H2 blocker in alleviating symptoms of dyspepsia.
Prokinetic therapy has also been reported in adults to
provide superior symptom improvement compared to
placebo, especially in patients with dysmotility-like dys-
pepsia in which the predominant complaint is an un-
pleasant discomfort in the upper abdomen characterized
by upper abdominal fullness, nausea, early satiety, or
bloating. At present, metoclopramide is the only option
for treating pediatric patients. Metoclopramide has a
signi®cant side-effect pro®le, including drowsiness, dys-
tonic reactions, and increased prolactin levels. As stated
previously, although H. pylori eradication therapy is not
established to be effective in adults with functional dys-
pepsia, the available data clearly do not rule out the
possibility. Thus, most pediatric gastroenterologists
still recommend treating documented H. pylori in
conjunction with endoscopic-established functional
dyspepsia.

There are also no evidence-based data on the effects
of pharmacological therapy in pediatric patients with

irritable bowel syndrome. Synthetic opioids such as
loperamide and diphenoxylate are effective in treating
IBS-associated diarrhea. Loperamide is preferred over di-
phenoxylate because it does not traverse the bloodÿbrain
barrier. Nonstimulating laxatives such as polyethylene
glycol solution, mineral oil, milk of magnesia, and
lactulose are effective adjuncts in treating constipa-
tion-predominant IBS.

Although formal randomized placebo-controlled
trials are lacking, there has been a recent surge in
using antidepressant and psychotropic agents to treat
both diarrhea-predominant IBS and functional dyspep-
sia in adults. Anecdotally, this class of drugs appears to
be effective in adults with or without psychiatric abnor-
malities, especially low-dose tricyclic antidepressants.
These drugs may act as `̀ central analgesics'' to raise per-
ception threshold for abdominal pain to or down-reg-
ulate pain receptors in the intestine. There are as yet no
data on treatment of pediatric patients. For adults, there
has been a recent surge in the development of novel
drugs for IBS, including 5-hydroxytryptamine isotype
3 (5-HT3) receptor antagonists, 5-hydroxytryptamine
isotype 4 (5-HT4) receptor agonists, and k-opioid
agonists, aimed at restoring normal visceral sensation.
Signi®cant bene®cial effect of the 5-HT3 antagonist
alosetron has been reported in diarrhea-predominant
adult women with IBS. Signi®cant bene®cial effect of
the 5-HT4 agonist tegaserod has been reported in con-
stipation-predominant adult women with IBS. None of
these drugs has been studied in children.

Psychological Support

The ®rst goal is to identify, clarify, and possibly
reverse psychological stress factors that may have an
important role inonset, severity, exacerbations, ormain-
tenance of pain. Equally important is to reverse envi-
ronmental reinforcement of the pain behavior. Parents
and school must be engaged to support the child rather
than the pain. Regular school attendance is essential
regardless of the continued presence of pain. In many
cases, it is helpful for the physician to communicate
directly to school of®cials to explain the nature of the
problem. School of®cials must be encouraged to be re-
sponsive to the pain behavior but not to let it disrupt
attendance, class activity, or performance expectations.
Within the family, less social attention should be
directed toward the symptoms. Consultation with a
child psychiatrist or psychologist may be indicated
when there is concern about maladaptive family coping
mechanisms, or if attempts at environmental modi®ca-
tion do not result in return to a normalized lifestyle.
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Many patients and parents are unable or unwilling to
report emotional states or acknowledge a relationship
between psychogenic stresses and pain symptoms. It is
best to limit discussion of psychological issues to what
the patient and family can accept and let the physician/
patient/family relationship evolve by continuing to lis-
ten actively, provide empathy, and educate about po-
tential bene®t of relaxation techniques and coping
strategies. Referral for psychological treatment can be
proposed as part of a multispecialty treatment package
to help the patient manage the pain symptoms better. It
is critical that the psychologist or psychiatrist initially
focus on illness behavior and expand psychotherapeutic
treatments as indicated only as the patient or parents
begin to see the bene®ts of referral.

Cognitive behavioral therapies add strategies such as
cognitive restructuring to behavioral interventions such
as teaching relaxation and behavior management tech-
niques. For example, a therapist would evaluate a
patient's cognitive interpretation of bodily sensations
and teach how cognition impacts affective experience
and behavior. The perception that abdominal pain is a
sign of impending physical disease must be countered,
both to address functional disability and to reassure the
family that a functional diagnosis is credible. Attribution
styles can also be examined for distortions. Patients are
taught to treat their beliefs as hypotheses to be tested,
rather than accept their beliefs as inherently valid. Cog-
nitive behavioral interventions targeting children's com-
petence in social roles may be a useful adjunct to other
medical treatment in reducing illness behavior. In addi-
tion, parents are trained to behaviorally reinforce appro-
priate coping behavior. Evidence-based data show that
cognitive behavioral treatment helps to reduce pain and
improve functioning. Cognitive behavioral treatment has
been compared to standard pediatric care, and both
groups demonstrate reductions in pain at 3 months;
however, those receiving cognitive behavioral treatment
are more likely to be pain free at 6-month (55.6 vs.
23.8%) and 12-month followup (58.8 vs. 36.8%) evalu-
ations. These ®ndings are very encouraging, although
replication by different investigators is still needed.

Hospitalization

During hospitalization, 50% of patients experience
relief of symptoms. However, no data have been pres-
ented that the natural history of the pain is affected.
Hospitalization does not enhance the fundamental
goals of environmental modi®cation. More commonly,
it will reinforce pain behavior.

PROGNOSIS OF RECURRENT
FUNCTIONAL ABDOMINAL PAIN
IN CHILDREN

There are no prospective studies of the outcome of any of
the various presentations of functional abdominal pain.
Once functional abdominal pain is diagnosed, subsequent
followup rarely identi®es an occult organic disorder. Inter-
estingly, pain resolves completely in 30ÿ50% of patients
by 2ÿ6 weeks after diagnosis. This high incidence of early
resolution suggests that child and parent accept reassurance
that the pain is not organic and that environmental mod-
i®cation is effective treatment. Nevertheless, more long-
term studies suggest that 30ÿ50% of children with func-
tional abdominal pain in childhood experience pain as
adults, although in 70% of such individuals, the pain
does not limit normal activity. Of patients with functional
abdominal pain, 30% develop other chronic complaints as
adults, including headaches, backaches, and menstrual
irregularities. Based on a small number of patients, Apley
and Hale have described several factors that adversely in-
¯uence prognosis for a lasting resolution of pain symptoms
during childhood, including male sex, age of onset less than
6 years, strong history of a `̀painful family,'' and greater than
6 months elapsed time from onset of pain symptoms to
established functional diagnosis.
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Rotavirus
ROBERT D. SHAW

State University of New York at Stony Brook and Northport VA Medical Center

hemagglutinin The viral protein that binds to erythrocytes.

Jennerian Regarding vaccines, the use of naturally attenuated

but antigenically similar animal strains as human vaccines,

as Jenner used cowpox virus to protect against smallpox.

positive and negative strands The coding sequence and the

complementary antisense sequence, respectively.

RNA polymerase The viral enzyme needed to replicate

the double-stranded RNA viral genome in the mamma-

lian host.

In 1972, a virus was ®rst implicated as a cause of human

gastroenteritis. Rotaviruses are now identi®ed as the lead-

ing cause of severe dehydrating gastroenteritis in infants

and children.

CLASSIFICATION

The rotavirus genus is contained within the family
Reoviridae. Viral particles are 1020 AÊ in diameter and
consist of two protein capsids surrounding a central
protein core that contains the genome. Ten
monocistronic segments and one bicistronic genomic
segment form the double-stranded RNA genome. Rota-
virus appears in electron microscopy as a sharply de-
®ned rim to which spokes radiate from a large central
hub, thus suggesting the name from the Latin rota,
meaning wheel.

HOST RANGE AND
VIRUS PROPAGATION

Animal strains rarely infect humans, although human
isolates that probably are derived from feline, canine,
bovine, or porcine rotaviruses have been described. The
potential of animal reservoirs as a source of genetic
diversity for the evolution of new human strains is
unknown.

GENETICS

The double-stranded RNA genes distribute by size into
four classes that produce a characteristic pattern when
separated by polyacrylamide gel electrophoresis. The

RNA itself is not infectious; rotaviruses contain an
endogenous RNA-dependent RNA polymerase that
transcribes the gene segments into mRNA. Transcripts
are full-length positive strands from which negative-
strand synthesis occurs following the formation of
replicase particles in the cytoplasm.

Genes 5, 7, 8, 10, and 11 code for nonstructural
proteins known as NSP1ÿ5, but functional roles are
incompletely understood. Genes 1ÿ4, 6, and 9 code
for structural proteins VP1ÿ4, 6, and 7, respectively.
VP4 and VP7 are the two surface proteins of the
virion and VP6 is the major constituent of the second
protein layer.

SEROLOGIC RELATIONSHIPS

VP6 bears most of the common group antigens. Group A
rotaviruses cause most human disease. The glycoprotein
VP7 is the viral tinin, an important determinant of vir-
ulence, and VP4 is the cell attachment protein. VP7 and
VP4 are used in the serologic classi®cation of rotavir-
uses. The VP7 serotype is classi®ed as a G (glycoprotein)
type and the VP4 type as a P (protease) type. Fourteen
G types and 20 P types have been distinguished, many
in humans. However, the relationship of serotype to
protective immunity is not entirely clear. For instance,
immunoglobulin A (IgA) anti-VP6 may mediate intra-
cellular viral neutralization and particles containing
only VP2 and VP6 have induced protective immunity
in animals.

EPIDEMIOLOGY

Group A rotaviruses are the principal cause of severe
gastroenteritis in infants and young children, account-
ing for one-third of all diarrheal episodes requiring hos-
pitalization in children under the age of 2 years. In
developing countries, the annual toll includes roughly
18 million cases of severe diarrhea and nearly a million
deaths. Infants in the ®rst 2 to 3 months of life are
relatively protected from severe disease, probably be-
cause of residual maternal transplacental antibodies.
Rotavirus infections occur beyond 3 years of age and
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into adult life but are typically mild or asymptomatic.
Human illness occurs in the cooler months in developed
countries, peaking in January and February. This sea-
sonality does not occur in tropical climates where ro-
tavirus infections occur throughout the year.

Rotaviruses are transmitted by the fecalÿoral route.
Rapid appearance of antibodies to rotaviruses is noted
by 3 years of age in all areas of the world regardless of
hygiene. Asymptomatic infection occurs frequently in
newborn nurseries and day-care centers. The virus is
quite stable on environmental surfaces for prolonged
periods. These factors complicate the control of hospital
outbreaks.

CLINICAL FEATURES OF INFECTION

The incubation period is 24ÿ72 h. Malnutrition may
increase the severity of the symptoms. Diarrhea, vom-
iting, and fever are usually noted. Symptoms related to
severe volume depletion such as lethargy, irritability,
confusion, and eventually vascular collapse and death
can be seen.

PATHOLOGY AND HISTOPATHOLOGY

Villus blunting and vacuolation of columnar intestinal
epithelial cells occur within hours after infection. Dis-
tended endoplasmic reticulum, mitochondrial swelling,
and denuded microvilli are also seen together with
mononuclear cell in®ltration of the lamina propria.
Viral particles may be seen within columnar epithelial
cells, goblet cells, phagocytic cells, and M cells. Intes-
tinal morphology returns to normal in approximately
7 days.

Diarrhea is not clearly related to histologic
damage. NSP4 may have toxin-like effects that
induced diarrhea in mice by stimulation of chloride
secretion. Water absorption is impaired, but is
ameliorated by glucoseÿsalt solutions. Abnormal
motility may contribute to vomiting and diarrhea.
Carbohydrate malabsorption and secondary osmotic

diarrhea may occur. An integrated view of pathogen-
esis of diarrhea has not yet been achieved.

IMMUNE RESPONSE

The immune response to infection includes serum and
mucosal antibodies that are thought to be important in
thepreventionofsubsequentinfections.CytotoxicTcells
have been identi®ed in the intestinal mucosa. The rapid
resolution of acute infection occurs before the immune
response is fully developed, so some of the factors
responsible for resolution of the illness appear to be
unrelated to acquired T- and B-cell immunity.

TREATMENT AND PREVENTION

Effective treatment of rotavirus diarrhea is accom-
plished with oral rehydration with glucose and electro-
lyte solutions. Logistical and educational dif®culties
limit this treatment in underdeveloped areas. Vaccina-
tion strategies have utilized the host range restrictions of
animal rotaviruses in a `̀ Jennerian'' approach to disease
prevention. Unfortunately, increased rates of intussus-
ception immediately after vaccination caused with-
drawal of the only commercially marketed attenuated
rotavirus vaccine.

See Also the Following Articles

Diarrhea, Infectious � Gastroenteritis � Nosocomial

Infections

Further Reading

Desselberger, U., Iturriza-Gomara, M., et al. (2001). Rotavirus

epidemiology and surveillance. Novartis Found. Symp. 238,

125ÿ147, discussion 147ÿ152.

Lundgren, O., and Svensson, L. (2001). Pathogenesis of rotavirus

diarrhea. Microbes Infect. 3, 1145ÿ1156.

Of®t, P. A. (2002). The future of rotavirus vaccines. Semin. Pediatr.

Infect. Dis. 13, 190ÿ195.

Patton, J. T. (2001). Rotavirus RNA replication and gene expression.

Novartis Found. Symp. 238, 64ÿ77, discussion 77ÿ81.

308 ROTAVIRUS



Roux Stasis Syndrome
RUSSELL J. NAUTA AND ALLISON C. NAUTA1

Harvard Medical School and Mount Auburn Hospital

denervation Cutting of a nerve.

vagotomy Division of the vagus nerve.

The Roux stasis syndrome is a motility disorder of the

residual stomach and proximal jejunum following partial

gastric resection and Roux-en-Y gastrojejunostomy. Char-

acterized by abdominal pain, epigastric fullness, nausea,

and vomiting of food (rather than bile), the syndrome

develops in up to 30% of patients with Roux-en-Y gastro-

jejunostomy. Careful history and diagnostic imaging dist-

inguish these postgastrectomy complaints from those of

efferent loop obstruction, bile re¯ux gastritis, or mechan-

ical obstruction.

ALTERATIONS IN ANATOMY
AND PHYSIOLOGY

The Roux-en-Y reconstruction following partial gastric
resection is named for the Finnish surgeon Cesar Roux.
Duodenal and proximal jejunal secretions join the fecal
stream through a jejunojejunostomy made at least 40 cm
distal to the gastrojejunostomy. The iatrogenic denerva-
tion abnormalities of both the stomach and Roux limb may
contribute to development of the syndrome.

Vagotomy is often done with gastric resection to
avoid complications of ulceration at the anastomosis,
but may impair gastric compliance, gastric emptying,
and jejunal contractions. Duodenal pacing of proximal
jejunal contractions is interrupted by the creation of
the Roux limb, resulting in fewer depolarizations in
the limb, with resultant stasis. Ectopic pacemakers
in the limb propagate in both directions, compounding
the motility disorder. Phase III contractions, which
normally are intense motor impulses thought to be help-
ful in clearing indigestible material from the lumen of
the jejunum, are not as effective or as regular in the Roux
limb as in the nonoperated jejunum.

TREATMENT OF THE
ROUX STASIS SYNDROME

Endoscopy, barium studies, and scintigraphic measure
of gastric emptying are used to exclude mechanical

obstruction. The treatment of choice is resection of all
but a small portion of the gastric cardia and creation of a
new gastrojejunostomy. At the time of revision, the Roux
limb is measured and shortened if longer than 40 cm
(Fig. 1). To make the Roux limb shorter than this pre-
disposes to re¯ux of bile and pancreatic secretions.

More than 80% of patients gain weight after the
revisional procedure; failures are likely due to sustained
and irreversible abnormalities of the Roux limb pacing
and mechanical clearing mechanisms.

See Also the Following Articles

Gastric Emptying � Gastroenterostomy

FIGURE 1 Roux-en-Y reconstruction after resection of a por-

tion of the stomach is revised such that only a small portion of

proximal stomach remains. The jejunal Roux limb between the

two anastomoses is shortened such that it is less than 40 cm long.
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Rumination Syndrome
RICHARD MCCALLUM AND JENNIFER GRAFF

University of Kansas Medical Center

pathognomonic Characteristic or indicative of a disease;

denoting especially one or more typical symptoms,

®ndings, or pattern of abnormalities speci®c for a given

disease and not found in any other condition.

Rumination syndrome is characterized by the regurgita-

tion of undigested food and liquids, usually within

15 minutes after eating. Once the regurgitant reaches

the mouth, the person can consciously choose to reswal-

low or expel it. Rumination syndrome is believed to be

psychological in origin, which is supported by the absence

of organic disease and the link seen between a traumatic or

stressful `̀ triggering event'' and the onset of symptoms.

INTRODUCTION

Historically, rumination syndrome, the spontaneous re-
gurgitation of undigested food and liquids shortly after
ingestion, has not been associated with nausea, abdom-
inal pain, heartburn, or nocturnal symptoms; however,
more recent studies have found that these symptoms
may be present to varying degrees in this syndrome. Due
to lack of familiarity with the disease, physicians often
confuse rumination syndrome with gastroparesis, gas-
troesophageal re¯ux disease, functional esophageal mo-
tility disturbances, and eating disorders. Rumination
syndrome can be diagnosed solely by taking a careful
clinical history, though performing a 4-hour gastric
emptying test to rule out gastroparesis is appropriate.
Although rumination syndrome has no cure, relaxation
therapy is thought to be the most effective form of treat-
ment at this time.

EPIDEMIOLOGY

Rumination syndrome can affect both sexes at any age.
Researchers disagree about whether it is more prevalent
in men or women or if it is seen equally in both. Though
rumination syndrome occurs in children and adults of
normal intelligence, it has been widely studied among
infants and people with mental retardation. In fact, it
has been estimated that 6ÿ10% of mentally challenged
persons in institutions ruminate. The prevalence of
the syndrome among people of normal intelligence is
dif®cult to estimate because these patients often do
not seek medical attention or are misdiagnosed due
to physician unawareness of the disorder.

DIAGNOSIS

The diagnostic criteria for rumination syndrome
are based on evaluation of the patient for the follow-
ing symptoms, which occurred for at least 12 weeks,
not necessarily consecutive, in the preceding 12
months:

1.. Persistent or recurrent regurgitation of recently in-
gested food into the mouth with subsequent re-
mastication and reswallowing or expulsion.

2.. Absence of nausea and vomiting.
3.. Cessation of the process when the regurgitated ma-

terial becomes acidic.
4.. Absence of pathologic gastroesophageal re¯ux, acha-

lasia, or other motility disorder with a recognized
pathologic basis as the primary disorder.
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The key to diagnosing rumination syndrome is to
look for the characteristic regurgitation of food and liq-
uids within 15 minutes of eating and the absence of any
organic disease. The ability to regurgitate water within
minutes of drinking is almost pathognomonic. Though
the above criteria state otherwise, nausea can be an as-
sociated symptom. However, this feeling is usually brief
or comes as a `̀ wave'' before the regurgitation. Patients do
not awake with nausea or remain chronically nauseated
between regurgitation events. Additional symptoms
may include abdominal pain (typically in the epigas-
trium), bloating, fatigue, dehydration, heartburn,
belching, and weight gain or loss (though many rumi-
nators maintain a stable weight). The abdominal pain
may actually represent the effects of retching or vomiting
on the rectus abdominus muscle. Rumination syndrome
is distinguished from gastroparesis by the fact that pa-
tients with gastroparesis bring up food that is hours or
days old, whereas rumination syndrome patients bring
up completely undigested food within minutes. In ad-
dition, patients with gastroparesis should have a delayed
gastric emptying test (GET), whereas rumination
syndrome patients should have a normal GET. A full
4-hour GET must be employed to obtain a reliable read-
ing. Rumination syndrome is differentiated from gastro-
esophageal re¯ux disease (GERD) by the absence of
nocturnal symptoms frequently seen in GERD. Further-
more, patients with rumination syndrome may discon-
tinue ruminating once the stomach contents become
acidic, whereas GERD patients may experience acidic
re¯ux for hours. In addition, during the actual postpran-
dial events, rumination patients do not experience heart-
burn because the acidic contents of the stomach are well
buffered by accompanying foods and liquids.

PATHOPHYSIOLOGY

The physiological mechanism underlying rumination in
animals is centered on reverse peristalsis of the esoph-
agus. Because humans are incapable of this activity,
three theories have been proposed to explain the rumi-
nation phenomena in humans. The ®rst theory states
that rumination is due to the simultaneous increase in
abdominal pressure and relaxation of the lower esoph-
ageal sphincter. This theory has been supported by
upper gastrointestinal manometry studies that show a
characteristic manometry pattern linking rumination
events with simultaneous pressure waves caused by
an increase in intraabdominal pressure. The second
theory similarly describes a relaxation of the lower
esophageal sphincter, but states that it is a voluntary

action. The third theory attributes the mechanism of
ruminating as an adaptation of the belch re¯ex.

TREATMENT

Though rumination syndrome has no cure, various
treatment therapies exist that may provide substantial
relief. The most commonly recommended treatment is
relaxation therapy. Patients should attend several ses-
sions with a clinical psychologist to learn effective re-
laxation techniques. This involves thinking about a
relaxing topic or image, diaphragmatic breathing and
meditation, or maintaining a `̀ pseudohypnotic'' con-
centration state for the minutes immediately following
eating or drinking. Once the patient learns these tech-
niques, he or she must practice them independently,
oftentimes after every meal to control consciously the
urge to regurgitate. Other therapies include psycholog-
ical therapy, behavioral therapy, biofeedback therapy,
and a change of diet. These treatments, especially when
combined with relaxation therapy, may provide signif-
icant relief. Although the rumination events may not be
completely eradicated, they may be reduced to occur-
ring only occasionally, or only during certain stressful
situations. Finally, education of the patient, family,
friends, and school or work personnel is key. Associates
should be informed that rumination is a `̀ re¯ex'' or habit
that is being addressed. They can be reassured that the
patient is not pregnant, does not have a malignancy, or
an undiagnosed disease.
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Salivary Glands, Anatomy and Histology
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acini Secretory end-pieces that have an approximately

spherical shape.

demilunes Crescent-shaped groups of serous secretory cells

at the ends of mucous end-pieces.

excretory ducts Largest ducts in salivary glands running in

the interlobular connective tissue and conveying saliva

to the mouth.

intercalated ducts Small ducts in salivary glands connecting

the secretory cells to larger striated ducts.

intercellular canaliculi Finger-like projections of the end-

piece lumen extending between adjacent secretory cells.

lumen Central space of an end-piece into which saliva is

secreted; continuous with the lumina of the duct system.

mucous cells Salivary gland secretory cells that produce a

viscous saliva containing highly glycosylated mucins.

myoepithelial cells Contractile cells with branching pro-

cesses surrounding end-pieces; their contractions force

saliva from the end-pieces into the ducts.

serous cells Salivary gland secretory cells that produce a

watery saliva rich in proteins with enzymatic or

antimicrobial functions.

striated ducts Intralobular salivary ducts with a striated

appearance due to membrane infoldings and aligned

mitochondria; active in electrolyte secretion and absorp-

tion.

The salivary glands are a collection of three paired major

and many minor glands located in and around the oral

cavity. Together they produce saliva, a watery ¯uid that

lubricates and protects the oral hard and soft tissues and

facilitates taste reception, mastication, swallowing, and

speech. The initial, or primary, saliva, including most of

the organic components and essentially all of the ¯uid, is

formed by secretory cells organized into secretory end-

pieces. The primary saliva is modi®ed by duct cells con-

stituting a series of convergent tubes that eventually form

a single large excretory duct that empties into the oral

cavity. Secretory end-pieces may be composed solely of

serous cells that produce watery saliva rich in proteins

and glycoproteins, many of which have enzymatic, anti-

microbial, or protective functions, or mucous cells that

produce a viscous saliva containing highly glycosylated

mucins. Serous secretory end-pieces, or acini, usually are

spherical in shape, whereas mucous secretory end-pieces

typically are tubular in shape and usually are larger than

serous end-pieces. The blind ends of mucous end-pieces

frequently are capped by a crescent of serous cells, termed

a demilune. Considerable variability exists in the histol-

ogy and cellular secretory products among glands and

species. This article focuses on human salivary glands

and rodent salivary cells as the latter are used most

often in studies of salivary function.

HUMAN SALIVARY GLANDS

In humans, there are three paired major salivary glands,
located extraorally, and several hundred smaller minor
salivary glands, located in the lips, cheeks, tongue, pal-
ate, fauces, and retromolar areas. The parotid gland is
located subcutaneously, lying over the masseter muscle,
just in front of the ear, with a deeper portion extending
behind the ramus of the mandible. Its duct, Stensen's
duct, runs anteriorly, crossing the masseter muscle and
entering the oral cavity at the parotid papilla on the
buccal mucosa, opposite the maxillary second molar.
The blood supply of the parotid comes from branches of
the external carotid artery and the parasympathetic
nerve supply is mainly from the glossopharyngeal
nerve (cranial nerve IX) via the otic ganglion and the
auriculotemporal nerve. The sympathetic innervation
of all of the salivary glands is provided by postganglionic
®bers from the superior cervical ganglion, traveling with
the blood supply.

The submandibular gland is located in the subman-
dibular triangle, below the mylohyoid muscle, with its
posterior portion wrapped around the posterior border
of the mylohyoid and extending anteriorly for a short
distance. Its duct, Wharton's duct, travels anteriorly
below the mucosa of the ¯oor of the mouth, opening
at the sublingual caruncle. The blood supply of the
submandibular gland comes from the facial and lingual
arteries and the parasympathetic nerve supply is mainly
from the facial nerve (cranial nerve VII), through the
lingual nerve and submandibular ganglion.

The sublingual gland, the smallest of the major
glands, is located in the ¯oor of the mouth, medial to
the mandible and just above the mylohyoid muscle. Its

S
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main duct, Bartholin's duct, opens with the duct of the
submandibular gland at the sublingual caruncle. Several
smaller ducts of the sublingual gland, the ducts of
Rivinus, open separately along the sublingual fold in
the ¯oor of the mouth. The blood supply of the sublin-
gual gland comes from the sublingual and submental
arteries and the parasympathetic innervation is derived
from the facial nerve (cranial nerve VII), via the lingual
nerve and submandibular ganglion.

The parotid gland contains only serous secretory
end-pieces. The intercalated ducts typically are long
and the striated ducts are prominent. The submandib-
ular gland (Fig. 1A) is a mixed gland, with both serous
and mucous secretory end-pieces; however, the serous
end-pieces predominate. The mucous end-pieces are
capped by serous demilune cells. The intercalated
ducts also are relatively long and the striated ducts
are prominent. The sublingual gland (Fig. 1B) also is
a mixed gland, consisting predominantly of mucous
end-pieces and serous demilunes; few, if any, serous
end-pieces are present. The intercalated ducts are
short and relatively few striated ducts are present.

The minor salivary glands consist of small aggre-
gates of secretory end-pieces and ducts, located in the
submucosal layer of the oral mucosa or between muscle
®bers of the tongue. The ducts typically open directly
onto the oral mucosal surface. Most of the minor glands
are mucous and some include a serous cell component
arranged as occasional demilunes. The one exception is
the lingual serous (von Ebner's) gland, located in the
posterior part of the tongue. Von Ebner's gland is a pure
serous gland and its ducts open into the troughs sur-
rounding the circumvallate papillae and at the rudimen-
tary foliate papillae on the sides of the tongue.

SALIVARY GLAND HISTOLOGY

Serous Cells

Serous cells (Figs. 1A and 2A) are pyramidal in
shape, with the basal surface forming an interface
with the extracellular matrix and the apical surface
forming a portion of a small lumen that is continuous
with the ®rst part of the duct system. Intercellular can-
aliculi, small ®nger-like projections of the lumen that
increase the lumenal surface area, extend along the lat-
eral cell surfaces toward the bases of the cells. Adjacent
cells are held together at their apical ends and along the
intercellular canaliculi by junctional complexes consis-
ting of a tight junction, an adhering junction, and one or
more desmosomes. Occasional gap junctions also are
present on the lateral cell surfaces. The nucleus usually
is spherical and is located in the basal half of the cell.

FIGURE 1 Light micrographs of human salivary glands. Scale

bars, 20 mm. (A) Submandibular gland, stained with periodic acid-

Schiff (PAS)/Alcian blue/hematoxylin. Serous cells, with spherical

basal nuclei, contain magenta-staining secretory granules.

Mucous cells (M), arranged in tubular secretory end-pieces, are

®lled with dark red- to purple-staining mucin. Two intercalated

ducts (arrowheads), with small cuboidal cells at their junction

with the secretory end-pieces, and two striated ducts (SD), with

pale-staining columnar cells, are present. Basement membranes

around the end-pieces and ducts are stained with PAS. Fat cell
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The basal cytoplasm is ®lled with rough endoplasmic
reticulum (RER), a well-developed Golgi complex lies
apical or lateral to the nucleus, and the apical cytoplasm
is ®lled with membrane-bound secretory granules, ap-
proximately 1 mm in diameter. The granules of human
serous cells typically exhibit a bi- or tripartite structure,
with an electron-dense core that may be eccentrically
located in the granule and one or more regions of lower
electron density constituting the remainder of the con-
tent. Immunolabeling studies have demonstrated that at
least some secretory proteins are differentially distrib-
uted in the granule content. Mitochondria, lysosomes,
and peroxisomes also are found scattered throughout
the cell. Actin ®laments usually are associated with the
tight and adhering junctions and form a web beneath the
apical cell membrane and intermediate ®laments are
associated with desmosomes as well as with
hemidesmosomes that attach the cells to the basal lam-
ina. Microtubules often are present in the Golgi region
and the supranuclear cytoplasm. On stimulation, the
secretory granules fuse with the lumenal membrane,
releasing their contents, which are dissolved in the
aqueous ¯uid transported into the lumen by the cells.

Mucous Cells

Mucous cells (Figs. 1B and 2B) are large cells shaped
like a truncated pyramid. The apex of the cell has a
larger lumenal surface than serous cells, but inter-
cellular canaliculi usually are not present between
mucous cells. They are joined to their neighbors by
junctional complexes and gap junctions. The nucleus
is oval in shape, contains denser chromatin than serous
cells, and usually is located adjacent to the basal plasma
membrane. The RER is present mainly in the basal cy-
toplasm and a large Golgi complex is located apical or
lateral to the nucleus. The apical cytoplasm contains
mucous secretory granules that typically are irregular
in shape and have a pale content, with some ®ne gran-
ular or ®lamentous material. The membranes of the
granules often are disrupted and/or fused with those

FIGURE 2 Electron micrographs of rodent salivary glands.

Scale bars, 2.0 mm. (A) Rat parotid gland end-piece. Serous secre-

tory cells have a basally located spherical nucleus (N), abundant

RER, prominent Golgi complexes (G), and electron-dense secre-

tory granules. L, lumen. (B) Mouse sublingual gland end-piece.

Several mucous secretory cells are ®lled with electron-lucent

mucous granules, which compress the nuclei (N) against the

basal cell membrane. Myoepithelial cell processes (arrowheads)

are located along the bases of the secretory cells. L, lumen.

(C) Mouse parotid gland striated duct cell. The basal cell mem-

branes of the striated duct cells are extensively folded and numer-

ous elongated mitochondria are present in the cytoplasm between

the membranes. Glycogen deposits and a few small dense lyso-

somes also are present. N, nucleus.

spaces are seen at the edges of the ®eld. From Hand, A. R. (1986).

``Oral Histology: Inheritance and Development,'' (D. V. Provena

and W. Seiebel, eds.). 2nd Ed., Lea & Febiger. Copyright

Lippincott Williams & Wilkins. (B) Sublingual gland, stained

with hematoxylin and eosin (H&E). Mucous cells, with dense

basally located nuclei and pale-staining mucin, are arranged in

tubular end-pieces with large lumina (arrowheads). Few serous

cells are visible. (C) Submandibular gland, stained with H&E. A

small excretory duct, with a large lumen, is lined by a pseudo-

strati®ed epithelium of tall columnar cells and several small basal

cells (arrowheads). Numerous small blood vessels are present in

the surrounding interlobular connective tissue.
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of adjacent granules. This appearance of the mucous
granules is believed to be an artifact induced by chem-
ical ®xation, which results in a loss of Ca2�, disaggre-
gation of the content, an increase in osmotic pressure,
and an in¯ux of water that causes granule swelling.
Mucins constitute the main product of these cells;
few other macromolecules are known to be secreted
by mucous cells and the rate of ¯uid secretion is
much lower than for serous cells.

Myoepithelial Cells

Myoepithelial cells are contractile cells associated
with the secretory end-pieces. They are branching or
stellate-shaped cells with processes containing actin and
myosin that embrace the secretory cells (Fig. 2B). Al-
though their structural and functional characteristics
are similar to those of smooth muscle cells, myoepithe-
lial cells are derived from epithelium and reside on the
epithelial side of the basal lamina. The myoepithelial
cells provide support for the secretory cells and their
contraction helps to expel saliva from the end-pieces
into the ductal system. Myoepithelial cells also provide
signals to the secretory cells that help to maintain cell
polarity and the organization of the end-piece and they
produce proteins with tumor suppressor activity, such
as proteinase inhibitors and anti-angiogenesis factors.

Ducts

The ductal system consists of three main subdivi-
sions. The ®rst type of duct is the intercalated duct,
which connects the secretory end-pieces to the second
part of the duct system, the striated duct. Intercalated
ducts are the smallest ducts; the cells are low cuboidal
(Fig. 1A) and have a relatively simple structure with a
few RER cisternae, a small Golgi complex, and, in cells
close to the end-pieces, a few secretory granules. The
ducts draining several end-pieces typically converge to
form a larger intercalated duct that connects to the stri-
ated duct. Myoepithelial cells may be located at the basal
side of the intercalated ducts; often they have a fusiform
shape and are oriented lengthwise along the duct and
their processes extend onto the end-piece. Intercalated
ducts are thought to participate in the formation of
primary saliva, including the ¯uid component as well
as speci®c organic products such as lysozyme and lacto-
ferrin. In some species, intercalated duct cells have a
relatively high mitotic rate and it is thought that they
may house a stem cell capable of differentiation into
other gland cell types.

Striated ducts (Figs. 1A and 2C) constitute the main
intralobular component of the duct system. The duct

cells are columnar, with centrally placed nuclei, abun-
dant mitochondria, lysosomes, peroxisomes, and fre-
quently some small apical vesicles and/or secretory
granules. They have only small amounts of RER but
may have some smooth endoplasmic reticulum in the
apical cytoplasm. Their most characteristic feature is the
presence of extensive infoldings of the basal and lateral
plasma membranes that interdigitate with similar folds
of neighboring cells (Fig. 2C). Elongated mitochondria
are present in the cytoplasmic partitions between the
folds. Striated duct cells function to modify the primary
saliva secreted by the end-pieces, principally by reab-
sorption and secretion of electrolytes. The apical and
basolateral membranes contain a number of ion chan-
nels and transporters and Na�,K�-ATPase is abundant
in the basolateral membrane. The duct cells also secrete
kallikrein, which is stored in the apical granules, and the
cells are capable of endocytosing foreign proteins intro-
duced into the ductal lumen.

As the ducts leave the gland lobules and enter the
interlobular connective tissue, they are called excretory
ducts (Fig. 1C). These ducts typically have a pseudo-
strati®ed epithelium, with columnar cells that resemble
the striated duct cells in morphology and function and
small basal cells that presumably are undifferentiated
cells capable of division and that serve to replace the
columnar cells. Tuft cells, or brush cells, which prob-
ably have some type of sensory function, and dendritic
(antigen-presenting) cells, which function in the im-
mune response, also are found in the excretory ducts.
Mucous goblet cells also may be present. As the excre-
tory ducts increase in size, the epithelium may become
strati®ed cuboidal or strati®ed columnar. Near the oral
opening, the main excretory duct frequently is lined by a
strati®ed squamous epithelium.

Connective Tissue, Vessels, and Nerves

The glands are surrounded by a connective tissue
capsule, which extends into the gland as septa, dividing
it into lobes and lobules. Finer partitions of connective
tissue surround the ducts and end-pieces within the
lobule. Collagen and elastic ®bers, along with glycopro-
teins and proteoglycans typical of other connective tis-
sues, constitute the extracellular matrix components,
whereas ®broblasts, mast cells, plasma cells, macro-
phages, and dendritic cells, as well as occasional poly-
morphonuclear leukocytes and lymphocytes, constitute
the cellular components. The blood vessels and nerves
that supply the secretory end-pieces and ducts also are
present in the connective tissue. The vessels and nerves
enter at the hilus of the gland, branching to follow the
excretory ducts to the lobules. Within the lobules,
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the vessels break up into capillary plexuses around the
striated ducts and end-pieces. The nerves, which are
unmyelinated postganglionic sympathetic and para-
sympathetic axons that are enveloped by Schwann
cells, exhibit two different types of relationships with
the secretory cells. In the most common pattern, termed
extraparenchymal, as the nerve bundle approaches a
secretory cell, one or more axons exhibit a swelling
or varicosity containing a few mitochondria and a
cluster of neurotransmitter vesicles. The Schwann cell
covering usually is absent at these sites, but the axon
remains separated from the secretory cells by approxi-
mately 0.1ÿ0.2 mm and by the basal laminae sur-
rounding the nerve bundle and the secretory cell.1 In
the other pattern, termed intraparenchymal, an axon
leaves the nerve bundle, penetrates the basal lamina
around the secretory cell, and makes close contact
(10ÿ20 nm) with the secretory cell. Both types of in-
nervation are effective in stimulating secretion. In most
glands, the secretory cells are innervated by both
sympathetic and parasympathetic nerves. It is un-
known, however, whether every cell is contacted by a
nerve. Because the secretory cells are joined by gap
junctions, it seems likely that the secretory stimulus
spreads from cell to cell and that each secretory end-
piece is a functional unit.
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acetylcholine The major neurotransmitter mediating the

secretion of saliva, which is initiated by the parasympa-

thetic nervous system.

acinus The proximal grape-shaped end-piece in exocrine

salivary glands composed of secretory cells that produce

essentially all of the ¯uid and the major portion of the

protein content of saliva.

mucus cells Salivary gland cells that synthesize, store, and

secrete large amounts of mucins.

muscarinic receptors Receptors for acetylcholine present in

salivary gland cells that act to increase intracellular

Ca2�.

myoepithelial cells Contractile cells that surround acinar

structures in salivary glands; their contraction acceler-

ates the expulsion of saliva.

Na�/K�/2Clÿ cotransporter The major membrane protein

mediating uptake of Clÿ across the salivary acinar cell

basolateral membrane.

parotid glands The major serous salivary glands located

bilaterally under the ear.

serous acinar cells Salivary acinar cells, which secrete a high

volume of water and enzymes.

xerostomia The subjective feeling of dryness of the mouth,

usually associated with diminished or arrested salivary

secretion.

Normal salivary gland function is essential for providing

lubrication during chewing and swallowing of food, for

maintaining the hydration of hard and soft oral tissues,

and for protecting against mechanical and bacterial in-

sults. Correspondingly, salivary gland dysfunction is as-

sociated with an increased incidence of oral disease,

which subsequently is often linked to systemic disease.

Several million Americans suffer from some form of oral

dryness (xerostomia). Most xerostomia is a consequence

of head and neck irradiation to treat tumors, SjoÈgren's

syndrome (an autoimmune disease), or drug therapy.

Hundreds of prescribed medications interfere with nor-

mal salivary gland function, frequently acting at the re-

ceptor level. In approximately 10% of dry mouth cases,

the underlying etiology is idiopathic. In these cases, xe-

rostomia is likely related to a genetic defect in either water

and ion transporter proteins or in a key signaling pathway.

An initial step in the development of treatments for

xerostomia requires an appreciation of salivary gland

physiology.

INTRODUCTION

The secretion of saliva involves the coordinated acti-
vation of a diverse array of glandular structures, each
of which delivers its own exocrine and ¯uid secretory
constituents into the oral cavity. Three `̀ major'' pairs of
salivary glands (parotid, submandibular, and sublin-
gual) are linked to the oral cavity through relatively
long excretory ducts. In addition, localized just under
the oral epithelium are numerous smaller `̀ minor''
glands, named according to their anatomical locations
(i.e., labial, lingual, palatal, buccal, and minor sublin-
gual). This article will focus on highlighting the current
understanding of regulatory processes mediating secre-
tion of ¯uid and exocrine products from these various
glands. The focus will mainly be on results from human
and rodents, as the latter are the current major animal
models in use.

VARIATIONS AMONG GLANDS IN
INNERVATION AND THE
RELATIONSHIP TO SECRETION

General Concepts of Central and
Autonomic Control

Salivary glands form a network of secretory units
that, depending on the stimulus or insult, react to pro-
vide an appropriate combination of secretory products.
In general, secretory responses are controlled by com-
plex interactions between the central and autonomic
nervous systems. Glands receive postganglionic auto-
nomic ®bers to activate speci®c constituent secretory
cells and/or to regulate blood ¯ow. Preganglionic para-
sympathetic nerve ®bers emanate from salivatory cen-
ters in the medulla oblongata (i.e., the inferior and
superior salivatory nuclei) to synapse in multiple
ganglia with postganglionic ®bers that innervate the
different salivary glands. Postganglionic ®bers feeding
the submandibular and sublingual glands emanate pri-
marily from the submandibular ganglion. Parotid glands
receive postganglionic ®bers from the otic ganglion and
minor glands are innervated via ®bers from the
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sphenopalatal ganglion or submandibular ganglion.
There are no distinct sympathetic salivary centers, al-
though preganglionic ®bers emerge from the initial two
thoracic segments of the spinal cord and ascend via the
sympathetic trunk to synapse in the superior cervical
ganglion. Postganglionic ®bers follow along with arter-
ies to supply each gland.

Regions within the central nervous system can
in¯uence the salivary centers in a positive or a nega-
tive manner. For example, the negative in¯uences of
central regions on salivary centers are responsible
for a dry mouth during periods of emotional stress.
Conversely, positive in¯uences on salivary centers are
likely responsible for increased salivation in response to
appropriate smells or to the anticipation of feeding or
vomiting. Re¯ex secretion in response to gustatory
(taste) or mechanical (mastication and touch) stimuli
appears to be controlled more by localized neural feed-
back loops that involve input from lingual taste recep-
tors and periodontal mechanoreceptors, respectively.
The broad distribution of diverse glands supplying
the oral cavity provides for different re¯ex stimuli to
in¯uence the nature of the ®nal secretion, in both pro-
tein and ¯uid content. Secretion can also be localized
more to a general site within the oral cavity, such as
in the case of a unilateral chewing stimulus and the
resultant dominant parotid secretory response on the
same side.

The pattern of autonomic innervation to cellular
elements is not necessarily similar between glands or
between species for the same gland. In general, postgan-
glionic parasympathetic ®bers are abundant in all major
and minor salivary glands examined to date. In addition,
acetylcholine (ACh) efferent ®bers near blood vessels
and ducts also contain vasoactive intestinal peptide
(VIP), peptide with N-terminal histidine and C-terminal
isoleucine (PHI), substance P (SP), and calcitonin gene-
related peptide (CGRP). Only VIP and possibly enkeph-
alins are co-localized with Ach in ®bers around acini,
although SP is also present in the rat. In addition
to norepinephrine, sympathetic ®bers near blood ves-
sels contain neuropeptide Y. Sympathetic ®bers to vas-
cular, ductal, and acinar elements may also contain
enkephalins.

Parotid and Submandibular Glands

In parotid glands, adrenergic and cholinergic post-
ganglionic ®bers are associated with serous acinar exo-
crine cells, intercalated ducts, large vascular structures,
myoepithelial cells, and striated ducts. Submandibular
glands have a similar pattern of innervation, despite
marked species differences in acinar cell types.

Human submandibular acini are primarily serous
with a small proportion of mucous tubuloacini, whereas
in rodents, submandibular acini are uniformly sero-
mucous and secrete a low-molecular-weight mucin.
Parasympathetic stimulation to either parotid or sub-
mandibular glands results in limited acinar cell degran-
ulation accompanied by profuse ¯uid secretion.
Conversely, sympathetic activation produces little
¯uid output and extensive acinar cell degranulation.

Mucous Glands

The major sublingual glands of mice, rats, and hu-
mans as well as the minor sublingual, buccal, and labial
glands in humans have a rich supply of cholinergic
nerves to acinar elements and blood vessels. These
glands have a more sporadic cholinergic innervation
of ducts. Adrenergic innervation is localized primarily
to blood vessels and is absent or barely detectable within
acini. Because all these glands contain abundant
mucous tubuloacini usually capped by serous (seromu-
cous) demilune cells, other minor mucous glands (pal-
atal and lingual mucous glands) are likely innervated in
a similar fashion. Mucous glands also undergo re¯ex
secretion (e.g., gustatory stimulation, chewing, and
speaking) as demonstrated in human labial glands.
Both ¯uid secretion and exocrine secretion by mucous
acinar cells are controlled primarily by muscarinic cho-
linergic receptors. Exocrine secretion by mucous cells,
in vitro, is also responsive to VIP but to a maximal re-
sponse that is less than half of the muscarinic-induced
response. Unlike mucous cells, the exocrine response of
demilune cells appears unresponsive to parasympa-
thetic stimulation or muscarinic agonist but is instead
stimulated by b-adrenergic agonists. Whether demilune
cells contribute a ¯uid component to assist in the ¯ow of
viscous mucins has been speculated upon but has yet to
be demonstrated. The serous lingual glands of von
Ebner also undergo exocytosis in response to musca-
rinic agonist or parasympathetic nerve activation.
Sympathetic ®bers may function in a similar manner,
although results are con¯icting.

Myoepithelial Cells

Myoepithelial cells that surround all acinar struc-
tures (rat parotid is an exception) as well as intercalated
ducts contract on stimulation of parasympathetic ®bers
(via muscarinic receptors) and, when present,
sympathetic ®bers (via a-adrenergic receptors). Con-
traction initially accelerates the expulsion of saliva
and is then thought to provide support against increased
intralumenal pressures during secretion. Gap junctions
between myoepithelial and acinar cells likely function
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in intracellular communications and may help to prop-
agate a neurostimulus.

Innervation of Blood Vessels and
Control of Blood Flow

There is a complex integration between signals to
activate secretion and blood ¯ow to speci®c glands. The
volume of secretion during parasympathetic salivation
is related directly to the glandular venous pressure
through the opening of arteriovenous anastomoses. Si-
multaneous arteriolar dilation further assists to elevate
capillary hydrostatic pressure. Both acetylcholine and
VIP are vasodilatory and function synergistically,
whereas sympathetic vasomotor ®bers can counteract
these effects through a-adrenergic mechanisms. More-
over, nitric oxide synthase (NOS) is localized to post-
ganglionic parasympathetic nerves feeding vascular
elements in submandibular glands and functions to en-
hance the release of VIP and reduce the degradation of
VIP-induced cyclic AMP (cAMP) in vascular smooth
muscle. In contrast, NOS is mostly absent in sym-
pathetic postganglionic nerves. Afferent sensory ®bers
of unknown function are also localized to blood vessels
and occasionally to ducts within all three major glands.
These ®bers originate in the trigeminal ganglion and
display immunoreactivity to CGRP, neurokinin A,
and SP. Because not all elements within a gland are
thought to be activated simultaneously during normal
re¯ex responses, perhaps afferent ®bers provide feed-
back of blood ¯ow and/or pressure to help regulate
localized re¯ex secretory responses.

G-PROTEIN-COUPLED RECEPTORS AND
INTRACELLULAR SIGNALING IN
SALIVARY ACINAR CELLS

General Aspects

Salivary glands possess an abundance of receptor
types that, in general, re¯ect the pattern of autonomic
innervation to each gland. Two signaling pathways, cal-
cium and cyclic AMP, and the receptors responsible for
their initiation have historically been the primary focus
of studies to elucidate secretory responses of salivary
cells to various neurotransmitters. However, in the past
decade multiple isoforms of receptors, intracellular sig-
naling molecules, and components of ¯uid/exocrine
secretory pathways have been identi®ed. As the anno-
tation of mammalian genomes progresses, many more
isoforms and/or splice variants will likely be revealed.
As speci®c isoforms of these molecules are identi®ed
in salivary cells, the task of characterizing functional

signaling pathways becomes even more complicated,
especially when multiple and operationally equivalent
isoforms are expressed. Furthermore, it is becoming
increasingly apparent that cells utilize macromolecular
complexes for the temporalÿspatial localization, ef®-
ciency, and integration of signaling pathways. There-
fore, delineating such complexes and their functions
represents a formidable quest in current and future sal-
ivary research.

Calcium Signaling

Acetylcholine from postganglionic parasympathetic
nerves stimulates acinar cell muscarinic cholinergic re-
ceptors. There are ®ve subtypes of muscarinic receptors
(M1ÿ5) and acinar cells of the major glands (probably
all minor glands as well) express abundant M3 musca-
rinic receptors. Additionally, mucous cells of sublingual
and possibly minor glands also express signi®cant M1
muscarinic receptors (equivalent to M3 receptor levels)
and recent data raise the possibility of the M5 receptor
subtype in salivary glands. M1 and M3 receptors couple
predominantly to Gq and G11 G-proteins to activate (via
the Ga subunit) phosphatidylinositol 1,4-bisphosphate
(PIP2)-speci®c phospholipase C (PLC). The b3 isoform
of PLC is present in rat parotid glands. PLC hydrolyzes
plasma membrane PIP2 to release diacylglycerol and
inositol 1,4,5-trisphosphate (IP3). In rodent parotid
and submandibular acinar cells, IP3 initiates a rapid
increase in the intracellular free calcium ([Ca2�]i) by
opening IP3-sensitive Ca2� channels (260 kDa IP3 re-
ceptor glycoproteins in tetrameric form) within compo-
nents of the endoplasmic reticulum (ER) localized in the
apical cytoplasm. Depletion of internal Ca2� stores ac-
tivates the in¯ux of extracellular Ca2� through a stor-
age-operated Ca2� entry mechanism in the plasma
membrane that has yet to be de®ned, although evidence
suggests a role for trp (transient receptor potential) gene
products. These Ca2� release and in¯ux mechanisms
function in concert with Ca2� pumps to regulate
[Ca2�]i in a temporalÿspatial manner to produce either
oscillation or waves of increases in [Ca2�]i in response
to muscarinic receptor activation. These Ca2� pumps
are localized in the plasma membrane to extrude intra-
cellular Ca2� as well as SERCA (sarco-endoplasmic re-
ticulum Ca2�) pumps in the ER to re®ll Ca2� stores. The
pattern of oscillatory or wave-like changes in [Ca2�]i is
the result of multiple factors that are the focus of intense
investigation. Such factors likely include (1) the spatial
distribution of SERCA pumps (isoforms 3 and 2b);
(2) expression levels and distribution of IP3 receptor
isoforms that display various sensitivities to IP3 and
are also regulated by Ca2� levels in both the ER stores
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and cytosol; and (3) contributions from ryanodine re-
ceptors that also function as Ca2�-release channels
within ER membranes and are controlled by multiple
mechanisms including [Ca2�]i and phosphorylation by
serine/threonine kinases. All ®ve IP3 receptor isoforms
and ryanodine type III receptors are expressed in mouse
parotid glands.

Acinar cells of rodent parotid and/or submandibular
glands also express a1-adrenergic receptors (a1a 4 a1b

isoforms) and substance P receptors (two isoforms of
the tachykinin NK1 receptor) that on receptor activation
produce an increase in [Ca2�]i presumably through
coupling to Gq/11 proteins and to downstream mecha-
nisms similar to M3 receptors. Possible receptor-
speci®c patterns of oscillatory or wave-like changes in
[Ca2�]i have yet to be de®ned. It must be noted that
extrapolating results of rodent tachykinin receptors to
human receptors may not be warranted given the low
levels of substance P innervation to acinar cells in
human major and minor glands. Furthermore, studies
of rodent sublingual and human labial glands suggest
the absence of a1-adrenergic receptor in mucous cells.

Four different P2 nucleotide receptor subtypes
(P2X7, P2X4, P2Y1, and P2Y2) are present in salivary
glands. P2X7 and P2X4 receptors are ATP-gated non-
selective cation channels that increase [Ca2�]i when
activated. P2X7 receptors can also form pores for mol-
ecules up to 900 Da. P2Y1 receptors (ADP-selective) and
P2Y2 receptors (UDP-selective) couple to Gq/11 proteins
to increase [Ca2�]i and are expressed at very low levels
in normal glandular tissues. Interestingly, glandular
P2Y2 receptors are up-regulated in response to injury,
suggesting a role in cell renewal.

Signaling via Cyclic AMP

Acinar cells of parotid and submandibular glands
express b-adrenergic receptors (b1 and b2 isoforms)
coupled via Gs-proteins to activate adenylyl cyclase,
increasing intracellular cAMP and subsequently stimu-
lating cAMP-dependent protein kinase A (PKA). In con-
trast, only serous demilune cells, not mucous cells of
sublingual glands, express b-adrenergic receptors. Mul-
tiple isoforms of adenylyl cyclase (3, 5/6, and 8) and
PKA regulatory subunits (isoforms I and II) are present
in rodent parotid and submandibular glands. Although
PKA type II is predominantly expressed, both isoforms
are associated with identical catalytic subunits and are
activated on b-adrenergic receptor stimulation. Acinar
cells of all three major glands express VIP receptors also
linked to Gs-proteins to activate adenylyl cyclase. Ad-
renergic a2A receptors are present both pre- and post-
synaptically in rodent major salivary glands. These

receptors are coupled to Gi G-proteins and may either
inhibit adenylyl cyclase or activate PLC, although their
function in salivary glands has not been extensively
explored.

ACINAR CELL FLUID SECRETION

Fluid and Electrolyte Secretion Mechanisms

Fluid secretion is driven by transepithelial Clÿ

movement (Fig. 1). Salivary gland acinar cells secrete
an isotonic, plasma-like ¯uid. This primary ¯uid is
subsequently modi®ed in a gland-speci®c manner as
it passes through the duct system (e.g., NaCl reabsorp-
tion, K� secretion, additional protein secretion). The
opening of K� and Clÿ channels in the basolateral
and apical membranes, respectively, of acinar cells ini-
tiates the secretion process. Simultaneous activation of
these two types of channels permits Clÿ to exit across
the lumenal membrane and loss of K� into the intersti-
tial ¯uid, creating a lumen negative transepithelial po-
tential difference. This transepithelial electrical
potential difference leads to passive Na� passage across
tight junctions. The resulting lumenal NaCl accumula-
tion and transepithelial osmotic gradient drive the
movement of water, creating a plasma-like primary se-
cretion. Water channels expressed in acinar cells are
important for transcellular water transport and the
generation of saliva.

Sustained Clÿ-dependent ¯uid secretion requires a
robust Clÿ reuptake mechanism. The primary Clÿ up-
take pathway is the Na�/K�/2Clÿ cotransporter located
in the basolateral membrane. This mechanism concen-
trates intracellular Clÿ four to ®ve times above its elec-
trochemical gradient and is up-regulated many fold
during sustained stimulation. Paired Clÿ/HCO3

ÿ and
Na�/H� exchangers are also located in the basolateral
membrane of acinar cells and signi®cantly contribute to
saliva formation. The energy required for Clÿ uptake via
the cotransporter and the paired exchangers is stored in
the inward-directed Na� chemical gradient created by
Na� pumps.

Muscarinic Cholinergic Stimulation of
Fluid Secretion

Parasympathetic stimulation of ¯uid secretion has
been studied mostly in parotid acinar cells. The domi-
nant mechanism producing ¯uid secretion is the
muscarinic-induced increase in acinar [Ca2�]i with
subsequent activation of Ca2�-gated K� and Clÿ chan-
nels. The ¯uid secretion model shown in Fig. 1 places
the Ca2�-dependent K� and Clÿ channels in the
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basolateral and apical membranes of acinar cells, re-
spectively. A sustained increase in [Ca2�]i, which is
dependent on external Ca2�, is required to generate a
prolonged secretion. Up-regulation of the Na�/K�/2Clÿ

cotransporter and the Na�/H� exchanger by the in-
crease in [Ca2�]i ensures that the intracellular Clÿ con-
centration remains above its electrochemical gradient.

Clÿ ef¯ux mediated by the Ca2�-activated Clÿ chan-
nel is likely the rate-limiting step in the ¯uid secretion
process. Thus, regulation of Ca2�-dependent Clÿ chan-
nel activity is the key element in the determination of
¯ow rate. An important mechanism regulating this
channel is its sensitivity to the intracellular pH. Follow-
ing muscarinic activation, the intracellular pH of
acinar cells typically drops due to HCO3

ÿ ef¯ux via
Ca2�-activated Clÿ channels. Channel activation is reg-
ulated by pH such that as the intracellular pH decreases,
the channel is inhibited. Consequently, HCO3

ÿ ef¯ux
via the Ca2�-activated Clÿ channel is blunted and thus
the magnitude of the resulting intracellular pH drop is
decreased. The importance of the pH sensitivity of the
Ca2�-activated Clÿ channels is in sustaining ¯uid secre-

tion during prolonged stimulation. Activation of Na�/
H� exchange raises the intracellular pH of acinar cells
0.1ÿ0.3 units higher than the pH in unstimulated cells.
As the intracellular pH rises, the Ca2� sensitivity of the
Clÿ channel increases (and consequently the channel
activity increases), evoking continued ¯uid and electro-
lyte movement even as the cytosolic Ca2� concentration
decreases to near resting levels.

Molecular Identity of Ion and Water
Transport Pathways

Fluid secretion is dependent on the activation of
Ca2�-gated Clÿ channels. Although four different
classes of Clÿ channels have been identi®ed in salivary
acinar cells, only one of these is activated by an increase
in the intracellular free Ca2� concentration. The molec-
ular identity of the Ca2�-activated Clÿ channel is un-
known; however, CLCA1 and CLCA2, members of a
putative Ca2�-gated Clÿ channel gene family, are ex-
pressed in salivary glands. Activation of the other three
Clÿ channels is dependent on an increase in cAMP,

ATP

, K 2

2

FIGURE 1 Fluid secretion model. Ion transport pathways in a Clÿ-secreting acinar cell.

Transepithelial Clÿ movement drives the ¯uid and electrolyte secretion process. This cell shows

the seven essential water and ion transport mechanisms involved in ¯uid and electrolyte movement

in Clÿ-secreting epithelia: the basolateral Na�,K�-ATPase with a stoichiometry of 3 Na� : 2 K�; the

electroneutral Na�/K�/2Clÿ cotransporter; the basolateral K� channel; paired basolateral Na�/H� and

Clÿ/HCO3
ÿ exchangers; the apical water channel; and apical Clÿ channels. Clÿ is concentrated in

acinar cells by the Na�/K�/2Clÿ cotransporter and paired Na�/H� and Clÿ/HCO3
ÿ exchangers. K�

and Clÿ exit when the K� and Clÿ channel open in response to an increase in the intracellular [Ca2�].

The accumulation of Clÿ in the acinar lumen is neutralized by Na�movement across tight junctions

and water follows osmotically. See text for details.
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hyperpolarization of the plasma membrane, or cell
swelling. The cAMP-dependent and the hyperpolariza-
tion-activated Clÿ channels are due to the expression of
CFTR and CLCN2, respectively, but the identity of the
cell swelling-dependent channel remains unclear. Mu-
tations in functional domains of the CFTR gene result in
cystic ®brosis, whereas targeted disruption of the Clcn2
gene leads to degeneration of the retina and testis.

At least two types of Ca2�-dependent K� channels
are present in acinar cells, a large-conductance voltage-
and Ca2�-dependent K� channel (125ÿ250 pS), the
so-called maxi-K� channel, and an intermediate con-
ductance Ca2�-dependent K� channel (22ÿ35 pS). Ev-
idence suggests that the large-conductance voltage- and
Ca2�-dependent K� channel is encoded by KCNMA1,
whereas the intermediate-conductance Ca2�-depen-
dent K� channel is KCNN4. The two Clÿ uptake path-
ways, the Na�/K�/2Clÿ cotransporter and the paired
Clÿ/HCO3

ÿ and Na�/H� exchangers, are encoded by
the NKCC1 (SLC12A2), NHE1 (SLC9A1), and AE2
(SLC4A2) genes, respectively. Although several differ-
ent water channel genes are expressed in salivary glands,
only the aquaporin AQP5 has been shown to play a
major role in salivation.

SECRETORY GRANULE DISCHARGE

Pattern of Innervation versus Signaling of
Exocrine Secretion

As described above, both parotid and submandibu-
lar acinar elements receive innervation from both
branches of the autonomic nervous system. Sympathetic
innervation through the activation of b-adrenergic re-
ceptors potently stimulates exocrine secretion in these
glands mediated by an increase in cAMP and the
subsequent activation of PKA. Signaling components
downstream of PKA that may function directly in exo-
crine secretion have been dif®cult to discern, although
a 26 kDa protein phosphorylated by PKA in response
to isoproterenol, and having phosphorylationÿ
dephosphorylation kinetics consistent with exocytosis,
has been identi®ed in rat parotid and submandibular
acinar cells.

Parasympathetic nerves have a much less direct ef-
fect on exocrine secretion in these glands. Each of the
cotransmitters VIP and acetylcholine may have a posi-
tive effect on exocrine secretion, mediated by VIP acti-
vation of the cAMP/PKA pathway and acetylcholine
stimulation of muscarinic M3 receptors to activate pro-
tein kinase C (PKC). PKC consists of three families of
isoforms, conventional (a, bI, bII, g), novel (d, E, Z, y),
and atypical (z, l/t), that differ in expression, subcel-

lular localization, substrate speci®city, and activation
mechanisms. In response to muscarinic agonist, acinar
cells from rat parotid glands demonstrate activation of
both PKCa and PKCd, whereas submandibular acinar
cells undergo stimulation of PKCE but not PKCa. It is
still unclear which PKC isoform(s) may be coupled to
the exocrine pathways in these cells.

Contrary to parotid and submandibular glands, exo-
crine secretion as well as ¯uid secretion by sublingual
mucous acinar cells is primarily under the control of
muscarinic receptors with activation of both M1 and M3
subtypes required for a maximal exocrine response. The
muscarinic exocrine response is totally dependent on
activation of a Ca2�-dependent PKC isoform(s), of
which PKCa is the likely candidate based on expression
levels. The function of muscarinic receptor redundancy
is unclear. Because minor mucous glands also have a
dominant parasympathetic innervation, it is reasonable
to speculate that muscarinic receptors also function in a
similar manner to stimulate both exocrine and ¯uid
secretion. VIP can also activate exocrine secretion by
sublingual mucous cells, but through activation of PKA
and to a much lower maximal effect than the muscarinic
pathway.

Pathways for the Sorting and Release of
Secretory Proteins

The major regulated pathway for exocrine secretion
of salivary proteins/glycoproteins involves the synthesis
and transport of proteins/glycoproteins through the ER
and Golgi, the budding of condensing vacuoles from the
trans-Golgi to form immature secretory granules, mat-
uration to secretory granules, and the exocytotic release
of granule contents in response to agonist. This pathway
functions primarily in the extensive secretion of secre-
tory material during periods of eating. Three additional
pathways for the release of secretory proteins have been
identi®ed in rat parotid serous acinar cells. Two of these
pathways are independent of agonist stimulation; one
pathway is associated with the unstimulated exocytosis
of mature secretory granules and is apparent after cells
are replete with granules. The second unstimulated
pathway, the constitutive-like pathway, and a minor
regulated pathway are both initiated at a mutual step.
This step involves secretory proteins that are sorted
inef®ciently and enter vesicles that then bud off from
both condensing vacuoles and immature secretory gran-
ules. Vesicles destined for the constitutive-like vesicles
then undergo passage to the apical membrane through
recycling endosomes. These endosomes also contain
secretory proteins internalized by endocytosis of con-
tents released previously in the apical lumen. During a
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4 to 6 h period, from 10 to 15% of newly synthesized
secretory proteins are released via the two unstimulated
pathways.

Vesicles destined for the minor regulated pathway
do not pass through recycling endosomes but instead
are sequestered in the apical cytoplasm until induced
to release their contents via exocytosis at the apical
membrane. This pathway represents a small but signif-
icant pool of secretory proteins (up to 10% of newly
synthesized amylase) and is responsive to very low
doses of either b-adrenergic (�5 nM isoproterenol) or
muscarinic (40 nM carbachol) agonist. In contrast, in-
duction of the major regulated pathway requires higher
concentrations of isoproterenol (�1 mM isoproterenol).
The minor regulated pathway may thus contribute
more signi®cantly to basal or resting secretions during
periods between meals when the parotid receives only
low-frequency stimulation from parasympathetic and
possibly sympathetic nerves.

Elucidation of distinct pathways for the release of
secretory proteins adds additional levels of complexity
in efforts to de®ne mechanisms responsible for the dif-
ferential sorting of vesicles as well as for the control of
exocytosis by Ca2�- and cAMP-mediated signaling. In
other exocrine systems, especially with excitable cells,
proteins termed SNARE (soluble N-ethylmaleimide-
sensitive attachment protein receptor) have been iden-
ti®ed and function in a reciprocal recognition between
v-SNAREs (vesicular membrane-associated proteins)
and t-SNAREs (plasma membrane-associated proteins).
Studies with rat parotid acinar cells suggest a role for the
v-SNARE protein VAMP2 (vesicle-associated mem-
brane protein 2) in cAMP-mediated exocrine secretion.
Also implicated in traf®cking of parotid vesicles are the
small GTP-binding proteins Rab3, Rap1, and ARF1
(ADP-ribosylation factor 1) as well as SCAMP1 (secre-
tory carrier membrane protein 1). Moreover, the recent
demonstrated expression in parotid glands of additional
SNAREs as well as associated regulatory proteins known
to function in membrane fusion events further manifests
the complexity of de®ning the key downstream events
regulating salivary exocrine secretion.

INTERACTIONS BETWEEN
SECRETORY STIMULI

Crosstalk between Signaling Pathways

Glandular elements normally receive multiple sig-
nals, either from co-localized neurotransmitters or from
the simultaneous ®ring of both sympathetic and para-
sympathetic ®bers (at least in parotid and submandib-
ular glands). In general, synergistic ¯uid and exocrine

effects are observed in response to mixed low-level
nerve stimulation in parotid and submandibular glands.
Mechanisms of synergistic interactions may involve
contributions from myoepithelial cells, augmentation
of calcium or cAMP signaling by different receptors,
or convergence of two distinct pathways at a common
secretory mechanism. For example, norepinephrine
from sympathetic nerves is likely to stimulate a maximal
exocrine response from serous cells as both the
cAMP and Ca2� pathways are activated via b- and
a1-adrenergic receptors, respectively. Moreover, a1-
adenergic receptors mediate the small sympathetic-
derived ¯uid component of norepinephrine-induced
secretion. In mouse parotid acini, the observed
synergism between the muscarinic and b-adrenergic
pathways in ¯uid and exocrine secretion is likely related
to (1) Ca2� activation of calmodulin (CaM) with
subsequent CaM stimulation of the type 8 isoform of
adenylyl cyclase and (2) cAMP potentiation of Ca2�

release from intracellular stores due to PKA-mediated
phosphorylation of IP3 receptors. In addition, a func-
tional Ca2�ÿnitric oxideÿcGMP pathway in acinar
cells may also serve to integrate Ca2� and cAMP levels
through actions to promote or amplify increased [Ca2�]i

and inhibit adenylyl cyclase isoforms.
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nuclear factor kB Conserved signal transduction pathway

critical for the activation of innate immune and

in¯ammatory responses.

Toll-like receptors Transmembrane surface receptors in-

volved in the detection and recognition of pathogen

structural determinants.

The Salmonella, a large group of common bacterial

enteric pathogens, cause a spectrum of food-borne and

waterborne diseases of worldwide importance. Generally,

clinical syndromes are divided into nontyphoidal salmo-

nellosis and typhoid fever. Nontyphoidal salmonellosis

is an acute in¯ammatory gastroenteritis of great public

health importance in industrialized countries and is

caused by many Salmonella strains. Typhoid fever, a more

severe systemic waterborne disease endemic in devel-

oping nations, is caused by a single serovar, Salmonella
typhi.

MICROBIOLOGY

The Salmonella are gram-negative, facultative anaero-
bic, noncapsulated (except S. typhi/paratyphi), non-
spore-forming, motile rods. They possess a 4.8 Mb
genome, variably modi®ed by multiple lysogenic
phage genomes, plasmids, and other mobile genetic
elements. Interestingly, the S. typhi genome contains

numerous inactive pseudogenes, which are functional
in enteropathogenic Salmonella strains. Salmonella tax-
onomy is complex and in a constant state of revision. All
Salmonella are members of the family Entero-
bacteriaceae and are closely related to other medically
important enteric bacteria including Escherichia coli,
Yersinia sp., and Shigella sp.1

By DNA sequence analysis, six subgroups of
`̀ Salmonella enterica'' are recognized. Almost all
human (and other warm-blooded animal) pathogens,
including S. typhi, are in Group 1. Group 1 is further
categorized into more than 1000 serovars based on the
antigenicity of surface oligosaccharides (O-antigens)
and ¯agellar structures (H-antigens). Roughly 10
Group 1 serovars account for over 70% of human in-
fections. Other subgroups of Salmonella are found pri-
marily in cold-blooded animals and the environment,
though several serovars of Group 3 can occasionally be
pathogenic in humans. In the medical and epidemiolog-
ical literature, isolates are generally referred to by
serovar elevated to species name.

All Salmonella are adapted to the intestinal tracts of
vertebrates. Some can colonize/infect a broad range of
vertebrate hosts; alternatively, strains may have abso-
lute host speci®city. S. typhi, for example, is strictly
host limited to humans. Certain Salmonella strains can
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nuclear factor kB Conserved signal transduction pathway

critical for the activation of innate immune and

in¯ammatory responses.

Toll-like receptors Transmembrane surface receptors in-

volved in the detection and recognition of pathogen

structural determinants.

The Salmonella, a large group of common bacterial

enteric pathogens, cause a spectrum of food-borne and

waterborne diseases of worldwide importance. Generally,

clinical syndromes are divided into nontyphoidal salmo-

nellosis and typhoid fever. Nontyphoidal salmonellosis

is an acute in¯ammatory gastroenteritis of great public

health importance in industrialized countries and is

caused by many Salmonella strains. Typhoid fever, a more

severe systemic waterborne disease endemic in devel-

oping nations, is caused by a single serovar, Salmonella
typhi.

MICROBIOLOGY

The Salmonella are gram-negative, facultative anaero-
bic, noncapsulated (except S. typhi/paratyphi), non-
spore-forming, motile rods. They possess a 4.8 Mb
genome, variably modi®ed by multiple lysogenic
phage genomes, plasmids, and other mobile genetic
elements. Interestingly, the S. typhi genome contains

numerous inactive pseudogenes, which are functional
in enteropathogenic Salmonella strains. Salmonella tax-
onomy is complex and in a constant state of revision. All
Salmonella are members of the family Entero-
bacteriaceae and are closely related to other medically
important enteric bacteria including Escherichia coli,
Yersinia sp., and Shigella sp.1

By DNA sequence analysis, six subgroups of
`̀ Salmonella enterica'' are recognized. Almost all
human (and other warm-blooded animal) pathogens,
including S. typhi, are in Group 1. Group 1 is further
categorized into more than 1000 serovars based on the
antigenicity of surface oligosaccharides (O-antigens)
and ¯agellar structures (H-antigens). Roughly 10
Group 1 serovars account for over 70% of human in-
fections. Other subgroups of Salmonella are found pri-
marily in cold-blooded animals and the environment,
though several serovars of Group 3 can occasionally be
pathogenic in humans. In the medical and epidemiolog-
ical literature, isolates are generally referred to by
serovar elevated to species name.

All Salmonella are adapted to the intestinal tracts of
vertebrates. Some can colonize/infect a broad range of
vertebrate hosts; alternatively, strains may have abso-
lute host speci®city. S. typhi, for example, is strictly
host limited to humans. Certain Salmonella strains can
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be effective intestinal commensals in birds and reptiles
and can also colonize reproductive organs. This ability
allows infection of developing eggs and subsequent
vertical transmission, which accounts for human in-
fection via the poultry industry and pet trade.
Salmonella are hardy organisms and can survive
under a variety of environmental conditions outside
a vertebrate host. For instance, infective organisms
can survive in soil for months and in dried food prod-
ucts for years.

CLINICAL SYNDROMES

Nontyphoidal salmonellosis is caused by many
Salmonella serovars and is generally manifested as an
acute in¯ammatory gastroenteritis. Symptoms usually
begin after an incubation period of 1ÿ4 days with
initial nausea and vomiting followed by cramping
abdominal pain, diarrhea, headache, and fever. The
illness generally lasts 3ÿ7 days and is usually self-lim-
ited. Mortality is rare and is usually con®ned to elderly
and immunocompromised patients, such as individuals
with acquired immunode®ciency syndrome or neo-
plastic disease. The diarrhea is usually of moderate
volume and without blood. Frankly bloody and puru-
lent `̀ dysentery-like'' stools can be seen, though such
symptoms are more typical of Shigella or entero-
hemorrhagic E. coli infections. In addition, voluminous
watery `̀ cholera-like'' stools occur occasionally in
nontyphoidal salmonellosis. Rarely, an enteric fever-
like clinical picture can result from infection with
nontyphoidal Salmonella.

The diagnosis of nontyphoidal salmonellosis should
be considered in any enterocolitis, especially when as-
sociated with fever and headache. De®nitive diagnosis is
achieved by stool culture on selective medium to rule
out other enteropathogens, such as Campylobacter sp.,
Shigella, Yersinia, or pathogenic E. coli, and to differen-
tiate from acute idiopathic ulcerative colitis or toxigenic
secretory diarrhea.2

Complications include bacteremia and subsequent
localized extraintestinal infections, e.g., arthritis, men-
ingitis, osteomyelitis (especially in patients with sickle
cell anemia), and endocarditis. Such bacteremic com-
plications are often associated with certain serovars
(e.g., S. choleraesuis and S. dublin) or in the clinical
setting of immunode®ciency or hemolytic disorders.
Autoimmune sequelae such as Reiter syndrome (joint
pain, uveitis, and urethritis) can follow Salmonella (and
other enteric) infections, generally in HLA-B27-positive
males.

Pathological change is limited to the colon and
ileum and is marked by mucosal erosions with a variable

in¯ammatory in®ltrate in the epithelia and lamina
propria. In acute infections, neutrophilic in®ltration
of the epithelia and lumen is characteristic. The histo-
pathologic picture may be mistaken for acute ulcerative
colitis.

Typhoid or enteric fever is caused by S. typhi and is
a severe systemic febrile infection that involves the
reticuloendothelial system. Paratyphoid fever is a sim-
ilar slightly milder syndrome caused by the closely
related S. paratyphi. After oral inoculation and an in-
cubation period of 8ÿ14 days, patients present with
variable gastrointestinal symptoms (generally milder
than those in nontyphoidal salmonellosis), prolonged
high fever, constipation, headache, and incapacitating
malaise. A characteristic maculopapular rash (rose
spots) may be seen and hepatosplenomegaly is com-
mon. Untreated, the clinical course is 3ÿ8 weeks, with
convalescence (and possible relapse) often extending
much longer, resulting in mortality from chronic ina-
nition. Overall, the mortality rate of untreated infection
is 10ÿ20%.

De®nitive diagnosis is made by culture (the highest
yield is obtained from bone marrow; otherwise blood,
duodenal ¯uid, or skin is taken). Pathology is charac-
terized by expansion of the macrophage-like cells in
reticuloendothelial and lymphoid tissues, accounting
for the hepatosplenomegaly. Massive enlargement, ne-
crosis, and rupture of mucosal Peyer's patches can result
in gut perforation, a feared often-lethal complication. As
in nontyphoidal salmonellosis, disseminated infection
can occur.

EPIDEMIOLOGY

Nontyphoidal salmonellosis is rising in incidence in
industrialized nations, with 2ÿ4 million documented
cases per year and far more going unreported. The
predominant (90%) route of infection is food-borne,
especially through beef and poultry products. Person-
to-person transmission occurs, such as in day-care cen-
ters, but is less common. Infections peak in the summer
and fall months and most cases are sporadic, though
recognized outbreaks are well known and can often
be traced to a common source. Although all ages can
be affected, young children and the elderly are diag-
nosed far more frequently. Immunization is not effective
in nontyphoidal salmonellosis and individuals can suf-
fer repeated infections.

Typhoid fever is uncommon in industrialized na-
tions (several hundred cases annually in the United
States since the mid-1960s, largely con®ned to travelers
and laboratory workers) but remains a serious issue in
the developing world. The World Health Organization
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estimates 33 million cases annually worldwide, with
4500,000 deaths. As humans are the only host of this
organism, the disease is spread in an indirect person-to-
person fashion, generally through fecally contaminated
water supplies, and thus is endemic in areas with limited
sanitation. In developed nations with ef®cient water pu-
ri®cation and sewage disposal capabilities, typhoid fever
is rare. Endemic areas tend to be large impoverished
urban areas in Central America, South America, South
Asia, and Southeast Asia.

In striking contrast to Salmonella enteritis, typhoid
fever predominantly strikes older children and young
adults, with fewer infections in the very young and old.
Interestingly, pretechnical societies have a low inci-
dence of infection, probably due to universal exposure
during the relatively protected period of infancy, result-
ing in population immunity.

Typhoid fever confers immunity to subsequent at-
tacks; however, S. typhi has a predilection for colonizing
the gallbladder and can remain in high numbers even
after the patient has clinically recovered. Such chronic
carrier individuals (2ÿ5% of cases) continually shed
large numbers of organisms into the bile and intestinal
tract, presenting a public health challenge. The case of
`̀ Typhoid Mary,'' a 19th century New York cook deemed
responsible for over 3000 infections, vividly illustrates
the potential for person-to-person transmission from
chronic carriers.

PATHOGENESIS

All Salmonella are enteric pathogens and are transmitted
orally via contaminated food and water. Thus, all en-
teropathogens must survive transit through the acidic
gastric environment to gain access to the distal ileum
and colon, af®x themselves to the lumenal wall to avoid
peristaltic elimination, and engage the host at the intes-
tinal epithelium.

Salmonella are invasive organisms; events leading
to disease are elicited by the actual penetration of the
epithelial barrier by living organisms. This is in con-
trast to other enteridites mediated by the action of
extracellular secreted toxins, such as in cholera or
staphylococcal-mediated food poisoning. It is gener-
ally accepted that the process of invasion is mediated
by bacterial `̀ effector'' proteins injected into the cyto-
plasm of the host cell by means of a specialized se-
cretory structure (type III secretion system, or TTSS).
The TTSS is found in many gram-negative pathogens
and its component structural and regulatory genes
tend to be physically clustered on `̀ pathogenicity is-
lands'' (PAIs). Effector proteins may be encoded in

pathogenicity islands either contiguous with TTSS
proteins or elsewhere on the chromosome. Effector
proteins are thought to usurp host cellular processes
to facilitate the bacterial life cycle. The PAI of
Salmonella shows signi®cant homology with the
PAIs of other enteropathogens, in both gene order
and gene sequence, suggesting that these determinants
of virulence have been disseminated among enteric
organisms by horizontal gene transfer. The presence
of virulence factors on other mobile genetic elements,
such as temperate phage DNA and plasmids, further
supports the idea of horizontal transmission of genes
involved in pathogenicity.

Translocated effector proteins can induce phagocy-
tosis into intestinal epithelial cells, allowing pene-
tration of the epithelial barrier, occupation of an
intracytoplasmic vacuole, and egress through the
basolateral aspect of the epithelium into the lamina
propria. In addition, lumenal Salmonella may be taken
upbyMcells,whicharemodi®edepithelialcellsoverlying
lymphoid tissue that are specialized to sample lumenal
particulate matter, and thus gain access to the lamina
propria in this manner.

In nontyphoidal salmonellosis, the presence of in-
vading bacteria is detected by the innate immune
system, most likely via perception of bacterial surface
structures by Toll-like receptors. The subsequent elic-
itation of the nuclear factor kB and other pro-in¯am-
matory cellular signaling pathways results in activation
of a classical acute in¯ammatory response typi®ed by an
intense neutrophilic in®ltrate present in the mucosa,
submucosa, and lumen. This cellular in®ltrate and
the resultant increased epithelial permeability directly
contribute to the clinical manifestations of the dis-
order, namely, in¯ammatory and secretory diarrhea.
Salmonella are rapidly killed by neutrophils. Thus,
the brisk in¯ammatory response, despite the clinical
symptoms it induces, localizes the infection and arrests
systemic dissemination.

In typhoid fever, S. typhi and S. paratyphi are able
to adhere, invade, and penetrate the mucosa without
eliciting a signi®cant in¯ammatory response. This
property may be mediated by the polysaccharide cap-
sule speci®c to these serovars. Organisms are phago-
cytosed by recruited macrophages and ultimately
reach and proliferate within the monocytic cells of
the reticuloendothelial system, with resultant enlarge-
ment of lymph nodes and spleen. These cells are ap-
parently unable to kill S. typhi, resulting in protection
of the pathogen from host innate and adaptive immu-
nity. The prolonged fever and malaise associated with
typhoid fever are likely a reaction to circulating bac-
terial products and endogenous cytokines produced

SALMONELLA 327



chronically from the massive persistent systemic
infection.

TREATMENT AND PREVENTION

Nontyphoidal salmonellosis is a self-limited disease in
immunocompetent adults. Antimicrobial administra-
tion does not reduce symptom severity or duration; in-
deed, antibiotics prolong asymptomatic passage of
organisms during convalescence, presumably due to
effects on normal ¯ora that otherwise suppress growth
of pathogens. In cases of Salmonella bacteremia or
extraintestinal infection, quinolones, trimethoprim-
sulfamethoxazole, and amoxicillin are generally
indicated. Passive immunization against intestinal
salmonellosis is not available.

The most effective control mechanisms are directed
toward the source of infections. Improved methods of
animal husbandry, meat processing, and storage are ef-
fective in reducing outbreaks. Hand-washing among
workers in day care and other institutional settings
and education of individuals about proper food-han-
dling practices and preparation techniques at the com-
mercial and household level are also important.

Typhoid fever generally responds to chloramphen-
icol, quinolones, and trimethoprim-sulfamethoxazole,
though the emergence of multidrug-resistant strains is
an ominous problem. In the case of chronic carriers,
S. typhi can be successfully eradicated by prolonged
antimicrobial therapy, underscoring the importance
of identifying and treating these individuals. As typhoid
is waterborne, efforts in developing countries to guard
the purity of water sources and safely process sewage are

considered primary methods of control. Reasonably ef-
fective vaccines are available and are often used by trav-
elers to endemic areas.

With all forms of Salmonella-mediated diseases, do-
mestic and international epidemiological surveillance is
necessary to detect outbreaks and identify carriers. Un-
fortunately, the severity of typhoid fever and environ-
mental hardiness of S. typhi could lead to deliberate
contamination of water supplies, further emphasizing
the need to monitor this disease.
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anabolic pathway/signal Neural circuit/input promoting

food intake.

bloodÿbrain barrier Speci®c con®guration of the endothelial

cells of the brain blood vessels that does not allow the

passage of molecules; only molecules using energy-

requiring transport mechanisms can cross this barrier.

catabolic pathway/signal Neural circuit/input reducing food

intake.

circumventricular organs Brain area where blood vessels are

not equipped with the bloodÿbrain barrier, thus

allowing the entry of small peptides into the brain.

hypothalamus Integrative brain area made up of different

nuclei; it receives inputs from the periphery and triggers

the appropriate behavioral and biochemical responses.

neuropeptide A short chain of amino acids acting as a

neurotransmitter.

neurotransmitter A molecule transferring information be-

tween neurons.

peptide A short chain of amino acids.

vagus nerve/vagal afferents The parasympathetic component

of the autonomic nervous system, conveying metabolic

and mechanical information from the periphery to the

hypothalamus.

To sustain life and growth, satiety is a critical feeling

whose function is to avoid overfeeding. As a consequence,

the biological mechanisms regulating the onset of satiety

are closely interconnected with those regulating the onset

of appetite and ultimately they both control food intake.

This article will discuss the currently accepted model of

the regulation of food intake, by detailing the peripheral

inputs that are conveyed to the brain, which in turn

integrates this information and triggers the appropriate

behavioral response.

SATIETY AND APPETITE AS
REGULATORS OF FOOD INTAKE

In everyday parlance, the words life and energy are often
used as synonyms. This common use sounds scienti®c,
because a close biological relationship exists between
these two concepts since growth, metabolic processes,
physical activity, and reproduction would be impossible

without energy. Thus, the ability to maximize the bal-
ance between energy expenditure and energy intake
represents the primary factor in promoting the survival
and evolution of a species. Less ef®cient processes
would ensure the progressive disappearance of a species.

One of the most fascinating biological characteris-
tics of humans1 is the ability to closely match energy
intake with energy expenditure, which should prevent
the onset of morbid obesity or malnutrition. This ex-
traordinary level of precision can be illustrated by a few
calculations. Over the course of a decade, the weight of
an average adult tends to increase slightly whereas over
the same period, approximately 10 million kilocalories
are consumed. To account for the modest change in
weight that is generally observed, energy intake must
closely match energy expenditure within 0.17% per
decade. An ef®cient regulatory system must therefore
exist.

Behaviorally, energy intake is regulated by a simple
mechanism, involving the cyclical occurrence of spe-
ci®c feeling-associated stimuli informing the individual
when a meal should be initiated and when it should be
stopped. Two anabolic stimuli regulate the start of a
meal, each indicating a speci®c need: hunger, which
represents a metabolic feeling since it expresses a gen-
eral need for calories; and appetite, which results mainly
from cognitive inputs because it expresses the need for a
speci®c food and is thus related to the palatability of
food, its texture, and one's previous experience regard-
ing that particular food. Similarly, two catabolic stimuli
control when a meal should be stopped: satiation, re-
presenting a `̀ physical'' feeling since it expresses the
feeling of abdominal fullness that stops a meal; and
satiety, a primarily metabolic feeling since it expresses
the interprandial lack of any desire to start a new meal.
These basic feeling-related stimuli are controlled and
regulated by a very complex network, whose integrating
center is located in the brain and principally in the
hypothalamus. In health and disease, the control of
food intake is based on a complex series of biochemical
interactions between the brain and the peripheral
organs, usually leading to appropriate food intake
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behavioral responses. Indeed, the currently accepted
model for the control of energy intake postulates that
energy intake is modulated mainly within the hypothal-
amus. This continuously regulates the energy status of
the body by directly sensing the presence of nutrients in
the bloodstream and by receiving afferent input from the
periphery (oronasal, gut, liver, adipose tissue). Also,
monoamines, neuropeptides, and cytokines produced
in the brain and the gastrointestinal (GI) tract during a
meal can directly or indirectly activate vagal afferents
and mediate many of the nutrients' effects on appetite,
gut functions, anabolism, and catabolism. In the hypo-
thalamus, speci®c neuronal populations transduce
these inputs into neuronal responses and, via second-
order neuronal signaling pathways and efferent output,
into behavioral responses.

PERIPHERAL SIGNALS
INFLUENCING SATIETY

To closely regulate the cyclical recurrence of hunger and
satiety, the hypothalamus needs to be continuously in-
formed about adipose tissue status, the activity of the GI
tract, and the metabolic status of peripheral tissues. To
this end, a number of peripheral signals have evolved to
assist in maintaining the homeostasis of energy intake
(Fig. 1).

Adiposity Signals

Two main adiposity signals exists, leptin and insu-
lin. Leptin is produced primarily by adipocytes and
insulin is secreted by the endocrine pancreas. Plasma
concentrations of leptin and insulin are proportionate to
body fat mass. Both hormones enter the brain via

speci®c receptors located on the bloodÿbrain barrier.
Among them, leptin appears to exert a greater in¯uence
on energy intake and a rise in its circulating levels results
in inhibition of energy intake and increasing energy
expenditure. Similarly, insulin enters the brain from
the circulation and acts to reduce energy intake. Leptin
and insulin receptors are expressed by brain neurons
involved in energy intake. Administration of either pep-
tide directly into the brain reduces food intake, whereas
their antagonists or a de®ciency of either hormone has
the opposite effect. Leptin and insulin act on central
effector pathways in the hypothalamus, activating cat-
abolic circuits that inhibit food intake and increase en-
ergy expenditure, while simultaneously silencing brain
anabolic neural circuits that stimulate eating and inhibit
energy expenditure. Conversely, low leptin and insulin
concentrations in the brain, which occur during weight
loss, stimulate the activity of anabolic neural pathways
that enhance eating and suppress energy expenditure;
low concentrations of leptin and insulin also inhibit the
activity of catabolic pathways that cause anorexia and
weight loss.

GI Tract Signals

The GI tract produces a number of peptides in re-
sponse to feeding and fasting, which act directly in the
hypothalamus. Among these, the most important are
ghrelin and cholecystokinin (CCK).

Ghrelin

Ghrelin is a peptide/neuropeptide released from the
stomach in response to fasting and stimulates food in-
take. It is a ligand for the growth hormone secretagogue
(GHS) receptor and when puri®ed has 28 amino acids.
Ghrelin and its mRNA as well as the GHS receptors are
expressed in the hypothalamus. Both peripheral and
central administration of ghrelin stimulated food intake
and increased body weight in freely feeding rodents.
Ghrelin concentrations in blood and its mRNA in stom-
ach increase by fasting and decrease by refeeding and
after Roux-en-Y gastric bypass surgery. The ingestion of
sugar, but not gastric distension, decreases circulating
ghrelin concentrations. These data suggest that the pres-
ence of endogenous ghrelin stimulates the hypothala-
mus, indicating that ghrelin is the ®rst appetite
stimulatory peptide produced by the oxyntic cells of
the stomach that act as a neuropeptide in the hypo-
thalamus.

Cholecystokinin

Cholecystokinin is an important signal involved in
the regulation of food intake. It is a satiety signal that

FIGURE 1 Mechanisms controlling food intake. The hypo-

thalamus integrates a large number of inputs relaying to the center

the comprehensive status of peripheral tissues. Based on the anal-

ysis of these biochemical, mechanical, and metabolic signals, the

hypothalamus triggers the appropriate behavioral response, being

either the onset of satiety, thus stopping a meal, or the onset of

hunger, thus initiating a new meal.
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acts as a paracrine substance to stimulate pancreatic
secretion via vagal cholinergic ®bers, but it also reaches
the brain to exert its catabolic effect. In addition, CCK
sensitizes vagal afferents to mechanical stimuli (e.g.,
gastric distension) and potentiates the effects of me-
chanical stimulation on meal termination. Indeed, the
mechanical distension of abdominal walls, in particular
the gastric wall, is a potent satiety signal that is promptly
relayed to the brain via neural afferents. Also, the pres-
ence of nutrients in the intestine inhibits eating and
gastric emptying.

Peptide YY3ÿ36

The hormone PYY3ÿ36 is secreted by endocrine cells
lining the distal small bowel and colon in response to
food. Its concentrations in the blood remain elevated
between meals and thus it suppresses interprandial ap-
petite. It is a member of the neuropeptide Y (NPY) fam-
ily, acting in the arcuate nucleus of the hypothalamus,
where it binds speci®cally to the Y2 receptor. It modu-
lates the NPY/Agouti-related peptide complex (see
below).

Metabolic Signals

The onset of satiety is controlled not only by the
extension of adipose tissue and by the presence of
food within the GI tract but by the metabolic status
of the body and the circulating levels of some nutrients.

Energy Signals

Like changes in fat mass, changes in hepatic
energy metabolism in¯uence energy intake in a leptin-
independent manner via energy signals relayed to the
brain via vagal afferents. A number of studies suggest
that a metabolic control of food intake also exists, in
which the biochemical partitioning between fatty acid
oxidation and synthesis represents a key signal indicat-
ing catabolic or anabolic energy status. Although appar-
ently similar, adiposity signals (i.e., leptin and insulin)
and energy signals are different and speci®c. Adiposity
signals act as an adipostat and inform the brain about the
extension of body fat mass. Energy signals are indepen-
dent of the leptin pathway and thus independent of body
mass extent, but they inform the brain about the met-
abolic switch occurring at a subcellular level between
fatty acid oxidation and synthesis. Further evidence for
the involvement of energy signals in the control of en-
ergy intake has recently been provided by ®ndings
showing that systemic and intracerebroventricular
treatment of mice with fatty acid synthase inhibitors
leads to inhibition of feeding and weight loss. More

speci®cally, it appears that fatty acids are not the signal
determining the cessation of energy intake but rather
the intracellular levels of malonylcoenzyme A: its intra-
cellular accumulation inhibits energy intake and its de-
pletion restores energy intake. Fatty acid synthase
inhibitors inhibit the expression of the prophagic
signal NPY in the hypothalamus, acting in a leptin-
independent manner.

Nutrient-Related Signals

Glucose-sensitive cells are present in the endocrine
pancreas, liver, and duodenum and are innervated by
vagal afferents projecting via the vagus to the nucleus of
the solitary tract (NTS). Neurons receptive to concen-
trations of glucose and other nutrients are present in
several regions of the central autonomic network. Cen-
tral glucose receptors respond to other metabolites (e.g.,
free fatty acids) as well as changes in concentrations of
insulin and glucagon. Glucose concentrations probably
alter neuronal ®ring via ATP-sensitive potassium ion
channels similar to those present in the pancreas.

The macronutrient composition of the diet may
also promote the onset of satiety by modulating brain
monoamines in the hypothalamic sites involved in food
intake regulation, based on the competitive uptake of
free tryptophan (Trp) with other large neutral amino
acids, particularly the branched-chain amino acids.
Animals consuming a high-carbohydrate compared to
a low-carbohydrate and high-protein diet show in-
creased concentrations of circulating Trp or tyrosine
(Tyr). The monoamines include dopamine (DA) and
serotonin (5-HT), and the catecholamines norepine-
phrine (NE) and epinephrine (E).2 DA and NE are
synthesized from Tyr and 5-HT is derived from Trp.
The rate at which they synthesize their neurotransmit-
ters is in¯uenced by the precursor amino acid concen-
tration available to the neuron and is controlled by an
enzyme that is only partly saturated with substrate at
normal brain amino acid concentrations. Therefore, the
increase or decrease in concentration of Trp or Tyr can
in¯uence the synthesis of 5-HT or DA and NE, respec-
tively. A high-carbohydrate diet promotes the uptake of
Trp into the brain and its subsequent conversion to
5-HT, which then terminates the meal and induces
satiety. Carbohydrates terminate a meal in two ways,
either via a direct effect on 5-HT synthesis or in con-
junction with insulin, which also affects 5-HT and its
metabolite. However, it must be emphasized that under
physiological conditions, several neurotransmitters are
involved in food intake initiation and termination. As
an example, DA regulates hunger and satiety by acting
on corresponding reciprocal hypothalamic areas: DA in
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the lateral hypothalamic area (LHA) has a positive
stimulatory effect on food intake by modulating the
size of a meal via changing gastric compliance,
whereas DA in the ventromedial hypothalamus
(VMH) inhibits LHA activity. On the other hand, in-
creased intra-LHA and decreased-VMH serotonin
levels are associated with the regulation of food intake.
These monoamines function in close conjunction with
the stimulatory and inhibitory neuropeptides. Thus,
the central catabolic initiators interact with numerous
factors: psychological and physiological factors, pe-
ripheral and central factors, as well as monoaminergic
and peptidergic factors.

HYPOTHALAMIC INTEGRATION OF
PERIPHERAL SIGNALS

As previously noted, the hypothalamus plays a major
role in the sequence of chemical, autonomic, and endo-
crine events regulating food intake and metabolism. Not
only does the hypothalamus contain glucose-sensitive
neurons, it also is extensively vascularized and receives
hormones including gastrointestinal peptides via the
circumventricular organ. The hypothalamus receives
viscero-sensory inputs from vagal afferents, via a
relay in the NTS and ventrolateral medulla. Connec-
tions of the hypothalamus with the limbic cortex, amyg-
dala, and nucleus accumbens allow integration of
peripheral information with various cognitive and emo-
tional factors related to memory of the degree of plea-
sure associated with food. Its autonomic outputs are
important for the control of intermediary metabolism,
including the concentrations of blood glucose, free fatty
acids, and amino acids as well as the regulation of the
endocrine pancreas.

Under normal conditions, peripheral signals (adi-
posity signals, GI tract signals, and metabolic signals)
reach the hypothalamus and directly or indirectly inter-
act with two separate neuronal populations: the NPY/
Agouti-related peptide (AgRP) neurons and the pro-
opiomelanocortin (POMC) neurons. These neurons
constitute two pathways, the former stimulating and
the latter inhibiting energy intake. As a consequence,
when energy intake needs to be initiated, peripheral
signals activate the NPY/AgRP pathway, simultaneously
inhibiting the POMC pathway. When energy intake
needs to be inhibited, the rise in peripheral signals in-
hibits the NPY/AgRP pathway while simultaneously
activating POMC neurons and thus up-regulating the
expression of a number of POMC pathway-related
factors, including a-melanocyte-stimulating hormone
(a-MSH), corticotropin-releasing factor (CRF), and

cocaine- and amphetamine-related transcript (CART).
These catabolic and anabolic effector systems constitute
a series of discrete neurotransmitter systems and axonal
pathways in the brain, which are concentrated in the
arcuate nucleus (ARC) in the ventral hypothalamus.

Neuropeptide Y

Among the best-described anabolic effector peptides
is NPY, a 36-amino-acid peptide. Although the NPY
mRNA and the peptide are distributed throughout the
central nervous system with a particularly high concen-
tration in the hypothalamus, NPY-containing cell
bodies in the ARC are especially important in the con-
trol of energy homeostasis. Administration of exoge-
nous NPY into the cerebral ventricle elicits a rapid
increase in food intake and a decrease in energy expen-
diture. Repeated central administration of NPY leads
readily to obesity. Inhibition of endogenous NPY
synthesis in the ARC by antisense oligonucleotides
reduces food intake and body weight.

Melanocortins

The catabolic effector system POMC also resides
within the ARC. Melanocortins (MCs) have the opposite
effect as NPY. Melanocortins constitute a family of pep-
tides including ACTH, a-MSH, and CART and represent
a growing list of peptides that promote negative energy
balance. Neuronal synthesis of these peptides increases
in response to increased adiposity signaling in the brain.
Among these, the MC system is an important catabolic
effector system due to its complexity in energy homeo-
stasis. MCs are cleaved from the POMC, a precursor
molecule, and exert their effects by binding to members
of a family of MC receptors. Two MC receptors, MC3
and MC4, have been identi®ed within the hypothalamus
and are involved in the control of energy homeostasis.
Administration of a-MSH and other MC receptor ago-
nists into the third ventricle reduces food intake and
body weight, whereas MC receptor antagonists (such as
SHU-9119) increase food intake and body weight. In
addition, the MC system is important in mediating
the effects of leptin, which stimulates POMC mRNA.
POMC gene expression is reduced in negative energy
balance and is concomitantly increased in positive en-
ergy balance. Moreover, the MC receptor antagonist
blocks the effect of leptin in reducing food intake.
These hypothalamic control systems suggest that the
endogenous POMC/a-MSH/MC receptors are a key cat-
abolic effector pathway capable of regulating the effects
on food intake and body weight that mediate the effect of
adiposity signals in the CNS.
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SECOND-ORDER NEURONAL
SIGNALING PATHWAYS

NPY/AgRP and POMC neurons largely project to other
hypothalamic areas, including the paraventricular nuc-
leus (PVN), LHA, and VMH, interacting with a number
of neuronal populations. These hypothalamic areas are
involved in the regulation of food intake and energy
expenditure via efferent pathways, including the control
of sympathetic and parasympathetic outputs to the en-
docrine pancreas and the adrenal gland. These pathways
act as the ®nal `̀ effector'' mechanism controlling food
intake and intermediary metabolism.

The PVN is the site of integration and interaction of
multiple in¯uences affecting GI function and food in-
take. Stimulation of the PVN in¯uences gastric motility
and secretion via its connections with the dorsomedial
hypothalamic nucleus. Circulating glucocorticoids po-
tentiate norepinephrine, which acts on the PVN to stim-
ulate carbohydrate intake. As described above,
carbohydrate intake stimulates the production of 5-
HT and is inhibited by 5-HT receptors, thereby explain-
ing the anorexic effect of 5-HT and the orexigenic effect
of 5-HT antagonists. The PVN is also the main site where
other peptides, including opioids, act to increase the
ingestion of fat, which is attenuated by DA. This ex-
plains both the anti-orexigenic effects of dopamine-
releasing drugs such as amphetamine and the increase
of fat intake and body weight gain observed as a side
effect of treatment with dopamine receptor-blocking
neuroleptics.

Many pathways serving as second-order neuronal
signaling pathways, which are important mediators in
the energy homeostasis process, have been described.
They are also intimately linked with monoaminergic co-
receptors, suggesting their combined role in the process
of catabolism and anabolism. For example, the PVN has
neurons that synthesize CRF, thyrotropin-releasing
hormone, and oxytocin and their administration causes
a net catabolic effect. On the other hand, the LHA
synthesizes melanocyte-concentrating hormone and
the orexins and the administration of these neuropep-
tides into the central nervous system causes a net
anabolic response.

Corticotropin-Releasing Factor

Corticotropin-releasing factor, a 41-amino-acid
peptide, is a mediator of endocrine, autonomic, and
immune responses in stress, and activation of the
CRF system is suggested to induce stress-related re-
sponses including anorexia and anxiety-like behaviors.
Two subtypes of CRF receptors, CRF1 and CRF2

receptors, have been identi®ed and cloned. Centrally
administered CRF decreases food intake in both
CRF1 receptor null mice and wild-type control mice
equally. These results suggest that central CRF2 recep-
tor may mediate the appetite-suppressing effects of CRF
and CRF-like peptides.

Urocortin

Urocortin, an edogenous CRF-related peptide that
has a much higher af®nity for the CRF2 receptor than
CRF, induces more potent anorectic effects than CRF
after central administration. A CRF2 receptor-selective
antagonist, antisauvagine-30, reverses or attenuates the
effects of urocortin and CRF on food intake and body
weight.

Melanin-Concentrating Hormone and Orexins

Orexins (hypocretins) and melanin-concentrating
hormone (MCH), neuropeptides localized to the LHA,
have an orexigenic effect after central injection. Express-
ion of both MCH and orexin mRNA is increased in re-
sponse to fasting. MCH-de®cient mice reduce food
intake and body weight with an increase in metabolic
rate.Orexinknockoutmicearealsohypophagicbuthave
normal body weight, indicating a difference in metabolic
rate. These results suggest that these neuropeptides also
play a role in the regulation of energy homeostasis.

SATIETY IN DISEASE

The clinical course of a number of acute and chronic
diseases is characterized by the development of a
persistent form of satiety, which is called secondary
anorexia and is different from anorexia nervosa, a neu-
ropsychiatric disease. Anorexia is usually de®ned as the
loss of the desire to eat and leads to reduced food intake.
Unfortunately, anorexia and reduced food intake are
often neglected issues in the clinical management of
patients, although they have a signi®cant negative im-
pact on morbidity and mortality.

The neurochemical mechanisms responsible for sec-
ondary anorexia are still a matter of debate. However, a
general consensus exists on at least two issues related to
its pathogenesis: (1) multifactoriality and (2) a relation-
ship to disturbances of the previously reviewed central
mechanisms controlling food intake under normal con-
ditions. Thus, secondary anorexia might result from
defective signals arising from the periphery, errors
in the transduction process, or disturbances in the ac-
tivity of the second-order neuronal signaling pathways.
Consistent data suggest that secondary anorexia might
be triggered by cytokines, particularly by interleukin-1
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(IL-1), IL-6, tumor necrosis factor a, and interferon-g,
which are peptides involved in the modulation of the
immune response, exerting biochemical and behavioral
effects. They are primarily produced by immune system
cells and their mRNA is overexpressed in the hypothal-
amus of tumor-bearing or septic animals with anorexia.

The mechanisms by which cytokines potentiate sa-
tiety during illness are currently under investigation.
However, it is likely that cytokines may play a pivotal
role in long-term inhibition of feeding by mimicking the
hypothalamic effect of excessive negative feedback sig-
naling. This could be achieved by inhibition of the NPY/
AgRP orexigenic network, as well as by persistent stim-
ulation of the POMC anorexigenic pathway but also of
other networks, including hypothalamic neurotrans-
mission. In this light, the link between cytokines and
brain monoaminergic neurotransmission is strength-
ened by a number of lines of evidence indicating that
cytokines, and particularly IL-1, stimulate the release of
hypothalamic 5-HT and DA, which directly stimulate
melanocortins to induce anorexia. Both monoamines
modulate neuronal activity via their action on calcium
channels. Neurotransmitters in turn can also affect IL-1-
mediated activities. More recently, it has been shown
that cytokines potentiate satiety by up-regulating the
enzyme cyclooxygenase 2 in the brain, thus resulting
in an overexpression of prostaglandin E2 (PGE2). PGE2
may in turn act as a neuromodulator by in¯uencing
hypothalamic monoaminergic neurotransmission.

It is also reasonable to speculate that during illness
the hypothalamus might in¯uence skeletal muscle wast-
ing, thus synergistically acting with the well-established
peripheral cachectic factors. As previously noted, the
hypothalamus controls not only energy intake, but also
energy expenditure. In pure neurogenic muscular in-
volvement, muscle wasting is secondary to the activa-
tion of the same intracellular proteolytic pathways
responsible for tumor-induced wasting. In elderly can-
cer patients, changes in hypothalamic-driven
sympatho-vagal balance associated with weight loss
have been detected. It is therefore tempting to speculate
that, during illness, deranged hypothalamic activity may
not only corroborate anorexigenic pathways, but also
send proteolytic signals to skeletal muscles.
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Secretin
ELAHE MOLLAPOUR AND MICHAEL A SHETZLINE

Duke University Medical Center

desensitization A rapid process that results in the attenua-

tion of G-protein-coupled receptor responsiveness,

despite continuing agonist stimulation.

G-protein-coupled receptor (GPCR) An integral membrane-

bound protein that consists of a seven-transmembrane

a-helical domain. GPCRs are responsible for converting

an extracellular signal to an intracellular message via

ligand binding and activation of heterotrimeric

G-proteins.

G-proteins Heterotrimeric guanine nucleotide-binding pro-

teins consisting of three subunits: a, b, and g. G-proteins

are regulatory molecules that mediate intracellular

signaling pathways.

hormone A Greek word meaning `̀ to excite''; it is used to

describe a chemical messenger that induces a speci®c

response in target cells distant from the site of synthesis.

receptor A molecular structure within or on the surface of a

cell that binds to a speci®c ligand and initiates a cellular

response. The largest class of receptors is the G-protein-

coupled receptor family.

second messenger An intracellular mediator produced in

response to the binding of agonist to its speci®c receptor.

These signaling molecules activate effector molecules

either directly or via activation of protein kinases.

Examples of second messengers include cyclic AMP,

Ca2�, and diacylglycerol.

signaling A sequential process that results in conversion of

an extracellular event into an intracellular message.

In 1902, Bayliss and Starling observed that a chemical

substance in upper intestinal extracts, when injected

into anesthetized dogs with denervated intestine, stimu-

lated pancreatic secretion. The discovery of this ®rst hor-

mone, named secretin, was the beginning of the search for

many other chemical messengers that, when released

from one tissue, travel through the bloodstream and

exert their effects on distant tissues in the body.

Hence, the name hormone, a Greek word meaning arise

to activity, was used to describe these chemical

substances.

PEPTIDE

Secretin is a basic 27-amino-acid neuroendocrine
polypeptide, with a molecular weight of 3055 Da
(Table I).1 The gene encoding human prosecretin is
mapped to chromosome 11p15.5. Secretin belongs to
a family of peptide hormones with similar amino acid
sequences, indicating a common ancestral gene
(Table II). The human secretin locus has four exons,
which encode a signal sequence, an N-terminal peptide,
secretin, and an amidated C-terminal extension peptide.
The secretin genes from human, rat, porcine, guinea pig,
and canine have been sequenced and demonstrate a high
degree of evolutionary conservation.

TISSUE DISTRIBUTION

Secretin is produced and secreted mainly from special-
ized cells, known as S cells, in the villi of the small
intestine. The secretin-producing cells are found
along the entire small intestine. Northern blot analysis
has detected human secretin mRNA in the testis, small
intestine, and spleen, as well as in different areas of the
brain, with the highest level in the medulla.

RECEPTOR BIOLOGY

Secretin exerts its effects on its target organs via
speci®c cell surface receptors. The secretin receptor
belongs to a unique subfamily of receptors known as

TABLE I Amino Acid Sequence of Secretin Peptides

Human H S D G T F T S E L S R L R E G A R L Q R L L Q G L V

Dog H S D G T F T S E L S R L R E S A R L Q R L L Q G L V

Rat H S D G T F T S E L S R L Q D S A R L Q R L L Q G L V

Cow H S D G T F T S E L S R L R D S A R L Q R L L Q G L V

Pig H S D G T F T S E L S R L R D S A R L Q R L L Q G L V

Avian H S D G L F T S E Y S K M R G N A Q V Q K F I Q N L M

Encyclopedia of Gastroenterology 335 Copyright 2004, Elsevier (USA). All rights reserved.



G-protein-coupled receptors (GPCRs), the largest
family of receptors identi®ed to date. The secretin re-
ceptor contains seven membrane-spanning a-helices,
an extracellular amino-terminus, and an intracellular
carboxy-terminus (Fig. 1). This receptor is represen-
tative of a receptor family that includes receptors for
secretin, glucagon, vasoactive intestinal peptide, and
many other gastrointestinal peptide receptors.

The secretin receptor shares a common molecular
architecture with other members of this family of GPCRs
(Table III). The overall primary structure of the secretin
receptor has several interesting features; it consists of a
long amino-terminal domain that is important for ligand
binding and receptor activation, based on studies carried
out with either truncated or chimeric receptors. The
N-terminal domain contains sites for possible aspara-
gine-linked glycosylation (positions 72, 100, 106,

128, and 291). There are 10 extracellular cysteine
residues, 2 of which are involved in linking the ®rst
and second extracellular loops, as well as 7 highly con-
served residues. Three exoloops and three cytoplasmic
loops plus a hydrophilic C-terminal domain separate the
putative seven-transmembrane regions.

Ligand binding to the N-terminal of the secretin
receptor results in coupling of heterotrimeric guanine
nucleotide-binding proteins (G-proteins) at the
C-terminal of the receptor. G-proteins are intermediate
regulatory molecules that initiate the intracellular sig-
naling process. They consist of three subunits: a, b, and
g. The binding of secretin to its receptor promotes the
exchange of GDP for GTP on the Ga subunit, which
allows the separation of Ga from the Gbg subunit. The
G-protein subunits then amplify intracellular signals
with subsequent activation of the effector molecules
such as adenylyl cyclase, phosphodiesterases, phospho-
lipase A2, phospholipase C, and ion channels (Fig. 2).
These in turn produce second messengers, including
cyclic AMP (cAMP), inositol 1,4,5-trisphosphate, and
diacylglycerol.

Termination of the secretin receptor signal is just
as important for balanced and normal cellular function
as the initiation of signaling. In order to prevent re-
ceptor overstimulation, cells have evolved a feedback

FIGURE 1 Schematic representation of the general structure of the secretin receptor. This receptor

contains a seven-transmembrane a-helical region. The three intracellular loops are important for

interaction with G-proteins and contain multiple phosphorylation sites. The N-terminal is important

for ligand binding and contains N-linked glycosylation sites.

TABLE II Secretin Family of Gastrointestinal Peptides

Secretin

Glucagon

Vasoactive intestinal peptide

Glucagon-like peptides 1 and 2

Glucose-dependent insulinotropic polypeptide

Pituitary adenylate cyclase-activating polypeptide

Peptide histidineÿisoleucine
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mechanism called desensitization, by which the recep-
tor becomes less responsive to further stimulation. The
signal can be terminated either through receptor
down-regulation or by a rapid process that involves
two different serine/threonine protein kinases: (1)
G-protein-coupled receptor kinases (GRKs) or (2) sec-
ond messenger-dependent protein kinases. In homol-
ogous desensitization, GRK-mediated phosphorylation
of the secretin receptor facilitates the binding of cyto-
solic proteins known as b-arrestins to the receptor
followed by receptor endocytosis. In contrast,

heterologous desensitization involves second messen-
ger-dependent protein kinases such as protein kinase A
(PKA) or protein kinase C, acting on both active and
unstimulated receptors. It has been shown that GRK-
speci®c phosphorylation is involved in the rapid atten-
uation of secretin receptor signaling in HEK 293 cells,
whereas secretin receptor internalization occurs via
PKA-dependent phosphorylation in the same cell line.

The cDNA for the secretin receptor has been cloned
from human, rat, and rabbit. The human secretin recep-
tor consists of 440 amino acids with a molecular weight
of approximately 49 kDa. The gene for the secretin
receptor is localized on human chromosome 2q14.1.

FUNCTIONS

Over the years, secretin has been shown to elicit a variety
of physiological actions, as well as functional responses
at pharmacological serum levels. These functions of
secretin are classi®ed as either stimulatory or inhibitory,
affecting organs such as the pancreas, liver, and intes-
tine. The essential role of secretin is to regulate pancre-
atic ¯uid and bicarbonate secretion, which results in
neutralization of acidic chyme from the stomach. Secre-
tin is released from the small intestine in response to

TABLE III The Secretin Family G-Protein-Coupled

Receptors

Secretin receptor

Parathyroid hormone receptor

Glucagon receptor

Diuretic hormone receptor

PACAP receptor

Leukocyte antigen CD97

Vasoactive intestinal peptide receptor

Calcitonin receptor

Glucagon-like peptide 1 and 2 receptors

Corticotropin-releasing factor receptor

Growth hormone-releasing factor receptor

Cell surface glycoproteins EMR1 and F4/80

Extracellular

Secretin Secretin

–NH2
–NH2 –NH2

I II III IV

–COOH –COOH
–COOH

GRK

GTP

P
P

βββ
γγγ

α

αα
P

β-Arrestin

Desensitization

GTP

GDP

Receptor activation

Ion channels

Phospholipases

Adenylyl cyclase

Intracellular
Endocytosis

Recycling

E
ffe

ct
or

s

Degradation

V VI I II III IV V VI VII I II III IV V VI VIIVII

FIGURE 2 Binding of secretin to its receptor results in the exchange of GDP for GTP on the Ga

subunit with subsequent dissociation of Ga from the Gbg subunit, which activates G-protein effectors.

b-Arrestin binds to GRK-phosphorylated receptor and uncouples the receptor from its G-protein,

initiating receptor endocytosis, which is an important step in receptor dephosphorylation and

recycling.
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gastric acid and as duodenal pH rises, further release of
secretin is curtailed via a negative feedback mechanism.
It has been reported that acid-stimulated secretin release
is mediated by an endogenous secretin-releasing pep-
tide that is sensitive to trypsin. This peptide stimulates
secretin release until suf®cient pancreatic proteases de-
grade secretin-releasing peptide and terminate secretin
release. In addition, ingested fats stimulate secretin as
they are converted to fatty acids in the gastrointestinal
tract.

It has been shown that pharmacological concentra-
tions of secretin have the ability to stimulate gastric
pepsin secretion and inhibit gastric acid release, gastrin
secretion, and motility of the small intestine. Pharma-
cological doses of secretin have been shown to increase
secretion of a bicarbonate-rich ¯uid via the biliary tract,
increase the lower esophageal sphincter pressure, in-
crease cardiac output, increase renal excretion, increase
insulin release, and increase epidermal growth factor
production from Brunner's glands in the duodenum.
Secretin may also be involved in an early stage in the
development of enteroendocrine cells.

Apart from its action on the pancreas, secretin has
been found in the central nervous system and may play a
role in neurotransmission. For example, secretin in-
creases cAMP levels in different areas of the brain. It
has also been suggested that secretin may act as a neu-
rotransmitter through activation of tyrosine hydrolase,
an enzyme that is required for the synthesis of catechol-
amines.

CLINICAL SIGNIFICANCE

Secretin has been used as a diagnostic tool to evaluate
digestive and pancreatic function. The most common
clinical use of secretin has been in the diagnosis of pa-
tients with Zollinger-Ellison syndrome (gastrinoma). In
patients with gastrinoma, administration of secretin
causes an increase in gastrin release. Elevated serum
gastrin levels are the basis for determining the presence
of gastrin-producing tumors. In fasting patients, base-
line blood samples are taken 5 min prior to and imme-
diately prior to administration of secretin. Secretin
[2 units/kg intravenously (iv)] is given over a 30 s in-
terval and serum samples are taken 2 and 5 min after
injection and then at 5 min intervals for 20 min. Baseline
serum gastrin levels in patients with gastrinoma are
usually greater than 150 pg/ml. The iv secretin stimu-
lation test produces a quick and substantial increase in
serum gastrin (4200 pg/ml). A positive response
(4200 pg/ml) occurs in over 95% of patients with
proven gastrinoma. However, achlorhydria or profound
hypochlorhydria can result in increased fasting serum

gastrin levels and exaggerate the response to iv secretin
stimulation. Patients on acid-suppressive therapy
should be studied when they are off these medications.
Since secretin is a peptide hormone that increases the
volume and bicarbonate content of pancreatic juice,
patients with acute pancreatitis should not have this
test performed.

Secretin is also used to diagnose pancreatic insuf®-
ciency and is given during endoscopic retrograde cho-
langiopancreatography to assist in ductal cannulation.

The behavior of children with autism has been stud-
ied following administration of secretin. Initial obser-
vations indicating that secretin improved behavior and
social interaction were not supported in a double-blind,
placebo-controlled study. Therefore, at present, there is
no evidence to support a role for secretin in the treat-
ment of autistic children's behavior. There are no
known diseases of secretin.

SUMMARY

Secretin was the ®rst hormone to be discovered. It is
produced primarily by endocrine cells of the small in-
testine and its primary action is to regulate pancreatic
¯uid and electrolyte secretion. Secretin exerts its
biological effects through speci®c cell surface receptors.
Binding of secretin to its receptor ampli®es signals
inside the cell, thus activating effector molecules and
increasing cAMP levels. Secretin is used clinically in the
diagnosis of gastrinomas and pancreatic insuf®ciency.
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survival. Yet, the functional adaptations that favor ab-
sorption are also a defense liability. Central to these
ostensibly con¯icting tasks is the ability to monitor
the contents of the gastrointestinal lumen and various
aspects of the gastrointestinal function in order to or-
chestrate appropriate patterns of motility, secretion,
and blood ¯ow that, on the one hand, facilitate nutrient
absorption and, on the other, rapidly dilute and expel
potentially harmful antigenic or pathogenic material
through diarrhea and vomiting. The gastrointestinal
sensory innervation plays a pivotal role in these
processes.

SCALE OF THE SENSORY
INNERVATION

The gastrointestinal tract has an extensive sensory
innervation. These sensory neurones terminate at var-
ious levels within the gut wall, including muscle, muco-
sal epithelia, and enteric ganglia. Other endings
terminate in the serosa and mesenteric attachments
and form a dense network around mesenteric blood
vessels and their tributaries in the gut wall. These var-
ious endings maintain a steady ¯ow of afferent traf®c to
the central nervous system (CNS), relating information
on activity both within and outside the gut wall. The
sensory information is conveyed to the CNS by separate
vagal and spinal pathways to the brain stem and spinal
cord, where information is processed and projected to
higher brain areas. Because these afferent nerves run in
bundles that contain the autonomic out¯ow from the
CNS, they are often referred to as parasympathetic and
sympathetic afferents, but this is something of a misno-
mer; these terms refer to motor function. More
correctly, the vagal, pelvic, and splanchnic nerves are
the routes these afferents follow to the brain stem and
spinal cord. Vagal afferents are more prevalent in the
proximal gut, and spinal, particularly pelvic, afferents
predominate in the distal gut.

Approximately 50,000 vagal afferents are estimated
to supply the gastrointestinal tract, outnumbering vagal
parasympathetic efferent ®bers by about 10 : 1. There
may be a similar number of spinal afferents, with about
7% of sensory cell bodies in the dorsal root ganglia
(DRG) projecting to the viscera and a proportion of
these innervating the gastrointestinal (GI) tract. The
nodose and DRG neurones have axons that project
into the CNS, where they synapse with second-order
neurones in the brain stem and spinal cord, respectively.

Vagal and spinal afferent ®bers are generally unmy-
elinated or thinly myelinated ®bers transmitting differ-
ent aspects of sensory information at low conduction

velocity (�1 m/sec). Vagal neurones generally process
physiological information (for example, the nature and
composition of the luminal contents and the presence
and amplitude of ongoing motor activity of the gut). In
contrast, spinal neurones also process pathophysiolog-
ical information (for example, potentially noxious me-
chanical or chemical stimuli arising through tissue
injury, ischemia, and in¯ammation). However, vagal
and spinal pathways are not entirely functionally sepa-
rate, because there is some overlap in their sensitivity,
particularly between vagal and pelvic afferents,
and there is also some interplay between these two
pathways.

The enteric nervous system also contains the cell
bodies of sensory neurones that play an integral role
in the organization of local re¯exes. Of the many
millions of myenteric neurones, an estimated 30% are
sensory, on the basis of their morphology, chemical
phenotype, and electrophysiology. Thus the density
of the extrinsic nerve terminals in the bowel wall is
sparse compared to the terminals of enteric sensory
neurones. However, because these intrinsic afferents
do not project beyond the bowel wall, they do not con-
tribute to visceral sensations except indirectly as a con-
sequence of re¯ex changes in secretion, blood ¯ow, or
motor activity. Other myenteric neurones project out
from the bowel wall and are therefore referred to as
intestinofugal ®bers. These project to the prevertebral
ganglia and make synaptic contact with postganglionic
sympathetic neurones that project back to the intestinal
wall, again without being directly involved in visceral
perception.

SENSORY ENDINGS

The majority of gastrointestinal afferents1 terminate
within the gut wall as bare nerve endings. Thus, the
differential sensitivity of afferents arises from their lo-
cation in the gut wall, their relationship with other
structures, and the receptors and ion channels that
they express.

Vagal Afferents

Vagal neurones terminate predominantly in the mu-
cosa and the muscle. Afferent endings in the mucosa are
in close association with the lamina propria adjunct to
the mucosal epithelium, but are never exposed directly
to the contents of the lumen. Thus, vagal afferents
within the mucosa are in a position to monitor the
chemical nature of luminal contents either directly fol-
lowing absorption across the mucosal epithelium or
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indirectly via other cells in the epithelium that are ex-
posed to luminal content. Mucosal afferents are also
exquisitely sensitive to any local mechanical stimulation
that deforms the mucosal epithelium.

Vagal afferent endings in the muscle can be clas-
si®ed into two types: intramuscular arrays (IMAs) and
intraganglionic laminar endings (IGLEs). IMAs are
distributed within the muscle sheets, especially in
the longitudinal muscle, parallel to the long axes of
muscle ®bers. They appear to make direct contact
with the muscle ®bers, but they also course on, and
form appositions with intramuscular interstitial cells of
Cajal, which may play a role in mechanotransduction.
IGLEs are basketlike structures surrounding myenteric
ganglia. Because IGLEs are located between the circu-
lar and longitudinal muscle layers, they are exposed to
shearing forces generated during muscle stretch or
contraction and have been suggested to be a source
of mechanosensitivity. Evidence supporting this view
has been elaborated recently by mapping the receptor
®elds of vagal afferent endings in the esophagus and
showing morphologically that these `̀ hot spots''
correspond to the locations of IGLEs. IGLEs are the
primary candidates for conveying mechanosensory
information relevant to distension and contraction
of the bowel wall. However, another intriguing possi-
bility arising from the close proximity of IGLEs to the
myenteric ganglion is that IGLEs are chemosensitive,
responding to neurotransmitters and neuromodulators
released into the synaptic neuropil. In the absence of
clearly de®ned synapses between IGLEs and myenteric
neurons, communication may arise following simple
diffusion from the site of release to the afferent nerve
terminals. Many cell types (neurons, glial cells, endo-
thelium) and many different kinds of substances
(ions, purines, amino acids, monoamines, peptides,
gases) released through vesicular or nonvesicular
mechanisms could potentially participate in such
communication.

Spinal Afferents

Spinal nerve terminals are distributed throughout
the gut wall but are also located in the serosa and mes-
enteric attachments, often associated with mesenteric
blood vessels. Spinal afferents are largely unmyelinated
and have multiple branching punctate endings that cor-
respond to multiple receptive ®elds, often extending
over several visceral structures. Their location and re-
sponse characteristics suggest that spinal afferents re-
spond to distortion of the viscera during distension and
contraction. However, spinal afferent terminals are also
found in the mucosa. These spinal afferents respond to

mechanical stimulation and to the chemical environ-
ment within the lamina propria and in particular re-
spond to the changing chemical milieu following
injury, ischemia, or infection.

Axon Re¯exes

Spinal afferents have collateral branches that sup-
ply blood vessels and innervate the enteric ganglia.
These ®bers have a beaded appearance and are de-
scribed as being varicose, with the varicosities being
the site of neurotransmitter storage and release. Acti-
vation of an afferent terminal causes an action poten-
tial to be propagated centrally, but action potentials
can also propagate down axon collaterals and stimu-
late the release of neurotransmitters in a local axon
re¯ex, which serves to modulate blood ¯ow and en-
teric re¯ex pathways. The main transmitters present in
spinal afferents are calcitonin gene-related peptide
(CGRP) and substance P (SP). Both of these peptides
are implicated in neurogenic in¯ammation and so their
release via axon re¯exes may be involved in the de-
velopment of an in¯ammatory response. In addition,
CGRP released via local axon re¯exes may play a cy-
toprotective role by increasing blood ¯ow to the mu-
cosa. A small proportion of vagal afferent terminals
also contain CGRP and SP, and collateral axon
branches have been described, but there is little func-
tional evidence to suggest that axon re¯exes occur in
vagal neurones.

ADEQUATE STIMULUS AND
SIGNAL TRANSDUCTION

The early literature is ®lled with anecdotal evidence that
gastrointestinal pain is dull, aching, ill-de®ned, and
badly localized. Stimuli such as cutting, crushing, and
burning, which cause pain if applied to the skin, are not
perceived when applied to patients with open colosto-
mies, for example. One explanation for this is that sen-
sory information from the skin and viscera are processed
differently in the CNS. Brain imaging studies in humans
have shown that, unlike somatic afferents, which on
activation cause the S1 somatosensory cortex to ``light
up'', gastrointestinal stimulation leads to activation of
secondary somatosensory areas, including the anterior
cingulate and prefrontal cortex. This indicates that vis-
ceral information activates divergent pathways in the
CNS, ascending in the spinal cord via spinothalamic
and spinoreticular pathways and also via the dorsal col-
umns. Within the spinal cord, visceral and somatic in-
puts can converge onto the same second-order neurone.
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This convergence gives rise to the phenomenon of re-
ferred pain, whereby pain from visceral organs is felt at a
remote area of the body, the classic example being
angina pain referred to the left shoulder.

Another important consideration when comparing
visceral and somatic afferent sensitivity is that of ade-
quate stimulus. What is adequate for one set of sensory
endings in the gut may be inappropriate for another in
the skin. A case in point is that of sensitivity to noxious
heat. A heat-sensitive ion channel with a threshold of
about 42� C is present on a subset of somatic nociceptive
neurones. This channel can also be opened by capsaicin,
the pungent ingredient of hot peppers, and is therefore
referred to as vanilloid receptor (VR1), a member of the
transient receptor potential (TRP) family of proteins.
VR1 is expressed by most gastrointestinal afferents,
but the gut is unlikely to encounter temperature suf®-
cient to activate this channel, suggesting a role other
than detecting body temperature. In this respect, pro-
tons, at a pH 56.8, are also known to activate VR1 and
augment thermosensitivity. Low extracellular pH oc-
curs during tissue injury and ischemia, but in the GI
tract, most obviously in the stomach, a low pH is the
normal luminal environment and proton sensitivity
may have particular signi®cance here. However, other
ion channels are sensitive to protonsÐfor example,
members of the epithelial Na� channel (ENaC) family
such as acid-sensing ion channels (ASICs) and some
members of the P2X receptor family that respond to
extracellular ATP.

Gut stimuli that readily cause perception include
bowel distension and powerful contraction. These
then are the adequate stimuli for gastrointestinal mech-
anosensitive afferents. The locations of sensory endings
in the muscle and in the serosal and mesenteric attach-
ments are consistent with this pattern of sensitivity be-
cause distension and contraction will generate tension
in the muscle layers and concomitant distortion of the
serosa and mesenteric attachments. The sensitivity to
both stretch and contractions has led to the term `̀ in-
series tension receptor,'' implying that, by analogy with
Golgi tendon organs in skeletal muscle, the sensory
endings are linked to gut wall connective tissue ele-
ments that transmit tension during contraction or
when stretched. However, as previously discussed,
the IGLEs that lie in parallel with the muscle appear
to be the morphological substrate for tension receptors,
and thus `̀ in-series'' sensitivity may reside in an `̀ in-par-
allel'' location, probably because of the shear forces that
are generated within the tissue. The same may be true for
serosal and mesenteric afferents, which are clearly not in
series with the muscle and in many cases are actually
outside the bowel wall. Thus, sensitivity to distension

and contraction arises in these endings as a consequence
of the distortion of these structures as the bowel wall
moves.

Such mechanical deformations are the basis of
mechanosensitivity, which is clearly important both
for the re¯ex mechanisms that control gastrointestinal
function and for visceral pain processing. Mechanosen-
sitivity can arise indirectly as a consequence of mechan-
ical forces, causing the release of a chemical mediator
that in turn acts on a receptor present on the afferent
nerve terminal. ATP, potentially one such substance
that is released by mechanical distortion, can act on
P2X receptors on the nerve terminal. The P2X re-
ceptor is an ion channel that, on activation, leads to
depolarization and the generation of action potentials.
In contrast, direct mechanosensitivity arises because of
the presence of mechanically sensitive ion channels in
the nerve terminal membrane. Mechanical deformation
of the nerve ending leads to the opening or closing of ion
channels, allowing charged molecules to pass in or out
of the cell, which in turn leads to an alteration in the
excitability of the nerve terminal. A variety of mecha-
nosensitive ion channels have been identi®ed, including
a class of receptors exempli®ed by the ENaC/degenerin
family. However, at present, the ion channels and re-
ceptors that underlie mechanosensitivity in the gastro-
intestinal tract remain unknown.

STIMULUSÿRESPONSE FUNCTION

Therelationshipbetweentheintensityofstimulationand
the degree of activation of sensory afferent is known as
the stimulusÿresponse function. Afferent information
conveyedby spinal and vagal mechanosensitive afferents
is somewhat different in its sensoryÿresponse function,
as revealed by direct electrophysiological recordings of
afferent traf®c en route to the CNS. When the bowel is
distended, vagal muscle mechanoreceptors have low
thresholds of activation, responding to pressure rises
of just a few millimeters of Hg, and reach maximal re-
sponses within physiological levels of distension. These
are referred to as low-threshold mechanoreceptors and
convey information relating to normal physiological
events in the bowel. These endings also respond during
contraction and therefore signal to the CNS information
relevant to each and every contraction that occurs any-
where along the length of the GI tract. Many spinal af-
ferents also have low thresholds for activation but
continue to respond beyond the physiological range
and thus encode both physiological and noxious levels
of stimulation; these are called wide-dynamic-range
®bers. These spinal endings can contribute to signaling
visceralpainthroughsomeintensitycodethatrecognizes
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extreme levels of distension or contraction. Other spinal
afferents, particularly those with endings in the serosa
and mesenteric attachments, respond only to noxious
levels of distension (high-threshold mechanoreceptors)
and are referred to as nociceptors. These only respond
when the bowel is overdistended or during powerful
contractions that distort the bowel.

The factors that determine the sensitivity of low,
wide-dynamic-range, and high-threshold mechanosen-
sitivitymay include the locationof theendingswithin the
bowel wall, the latter being in¯uenced by the extent to
which mechanical forces are distributed and dissipated
by nonneural structures in the bowel wall. Different
mechanosensitive channels may also contribute to
theirdifferentstimulusÿresponsefunctions.Anextreme
example of mechanosensitivity has been described in
sensory endings that fail to respond even to severe levels
of distension. These are the `̀ sleeping,'' or silent, noci-
ceptors,whichcanbeawakened tobecomemechanically
sensitiveunderconditionsof injuryor in¯ammation (see
later). The latter illustrate the fact that mechanosensitiv-
ityisnot®xedeitherintermsofthresholdforactivationor
in gain in the stimulusÿresponse relationship, and as
such the threshold can be reduced and the gain increased
after injury or during in¯ammation. Under these condi-
tions, the afferents are sensitized and this process is be-
lieved to underlying hypersensitivity observed in some
clinical conditions.

CHEMOSENSITIVITY

An enormous range of chemical mediators can in¯uence
the sensitivity of visceral afferents. Luminal nutrients,
for example, are transferred across the epithelium to
reach the afferent nerve terminals that lie in the lamina
propria. Other chemicals are released from within the
epithelia following detection of certain contents of the
intestinal lumen and are important for initiating re¯ex
mechanisms that optimize digestion and absorption or
trigger expulsion via vomiting or diarrhea. Yet other
chemicals are released from the many and varied cell
types that are present in the gut wall and that are
part of the process of immune surveillance.
Electrophysiological, immunocytochemical, and mo-
lecular biological techniques have revealed the func-
tional expression of receptors to various mediators on
the cell bodies of visceral sensory neurons in the dorsal
root or nodose ganglia or on their processes in the gut
wall. These diverse mediators, which include amines,
purines, prostanoids, proteases, and cytokines (Fig. 1),
produce their effects on visceral afferent nerves by three
distinct processes: (1) by direct activation, which ulti-
mately involves the opening of ion channels present on

the nerve terminals, (2) by sensitization, which may
occur in the absence of a direct stimulation, but
which usually results in afferent hyperexcitability to
both chemical and mechanical modalities (this may
arise following G-protein-coupled alterations in second
messenger systems, which often lead to phosphoryla-
tion of membrane receptors and ion channels that con-
trol excitability), and (3) by altering the phenotype of
the afferent nerveÐfor example, through alterations in
the expression of mediators, channels, and receptors or
modulating the activity of these by changing the ligand-
binding characteristics or coupling ef®ciency of other
receptors. Neurotropins, in particular nerve growth fac-
tor (NGF) and glial cell-derived neurotropic factor
(GDNF), in¯uence different populations of visceral af-
ferents and play an important role in adaptive responses
to nerve injury and in¯ammation.

Chemotransduction

Mediators that produce a direct stimulation of vis-
ceral sensory nerve endings may do so as part of a dis-
crete sensory signaling pathway. In this case, the
afferent neurone does not respond directly to a partic-
ular stimulus, but does so following the release of a
mediator from another cell that functions as the sensory
detector. One example of such primary sensory cells is
the gustatory receptors on the tongue. Cells subserving a
similar function in the gut, and often referred to as
intestinal `̀ taste'' cells, include enterochromaf®n (EC)
cells, which release 5-hydroxytryptamine (5-HT), and
enteroendocrine cells, which release many peptides,
including cholecystokinin (CCK), peptide YY (PYY),
secretin, and melatonin. The apical tuft of microvilli
on these cells is exposed to the intestinal lumen and
is proposed to monitor luminal contents; in response
to an appropriate stimulus, it releases the contents of
storage granules across the basolateral membrane to
stimulate afferent terminals in close proximity within
the lamina propria. Evidence suggests that these differ-
ent mediators may act on distinct subpopulations of
vagal mucosal afferent nerves. As such, this sensitivity
represents an example of a high-®delity, modality-
speci®c signal transduction pathway. This mecha-
nism, more than likely, functions in the detection of
moment-to-moment changes in luminal composition
and operates, in the main, below the level of conscious-
ness. However, 5-HT derived from the intestinal mu-
cosa, acting on vagal afferent ®bers, is implicated in
protection from ingested toxins and is a powerful trigger
for vomiting and the associated nausea. In contrast,
CCK is a satiety hormone that via vagal activation
plays a pivotal role in the control of food intake. In
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this respect, recent data suggest that other satiety fac-
tors, e.g., leptins, orexins, and ghrelin, may interact with
CCK signals at the level of the vagal afferent nerve
terminal.

Also implicated in sensory signal transduction are
the epithelial `̀ brush cells.'' These differ from EC cells in
that they do not have storage granules within the
basolateral aspect of the cell. They are morphologically
similar to receptor cells within lingual taste buds
and express similar G-protein-coupled receptors (for

example, a-gustducin), suggesting they play a role in
chemosensitivity. However, the way in which brush
cells transfer these signals to sensory afferents is cur-
rently unknown.

Promiscuous Chemosensitivity

In contrast to the speci®c signaling pathways that
exist in vagal mucosal afferents, it is apparent that a
battery of mediators can in¯uence the sensitivity of

FIGURE 1 Some of the potential receptor mechanisms underlying activation and sensitization

of gastrointestinal sensory afferents. Mediators such as serotonin (5-hydroxytryptamine; 5-HT)

cause activation, whereas others, such as prostaglandin E2 (PGE2), sensitize visceral afferent

responses to other stimuli. Others still, e.g., adenosine (Adeno), cause both stimulation and sen-

sitization, possibly through distinct receptor mechanisms. Bradykinin has a self-sensitizing action,

stimulating discharge through activation of phospholipase C (PLC) and enhancing excitability via

prostaglandins (PGs) following activation of phospholipase A2 (PLA2). In¯ammatory mediators

can be released from different cell types (e.g., sympathetic nerves, mast cells, and blood vessels)

present in or around the afferent nerve terminal. 5-HT, adenosine triphosphate (ATP), and cap-

saicin (Cap) can directly activate nonselective cation channels (NSCCs) whereas adenosine, his-

tamine, prostaglandins (not PGE2), and proteases such as mast cell tryptase (Tryp) and thrombin

(Thro) act on G-protein-coupled receptors, leading to a Ca2�-dependent modulation of ion channel

activity. Sensitization, however, may be mediated by elevated levels of intracellular cyclic adenosine

30,50-monophosphate (cAMP). Adenosine and PGE2 can generate cAMP directly through G-pro-

tein-coupled stimulation of adenylate cyclase (AC). In contrast, histamine may act indirectly

through the generation of prostaglandins. The actions of cAMP downstream may involve modu-

lation of ion channels, interaction with other second messengers (e.g., Ca2�), or even changes in

receptor expression. Other abbreviations: VR1, vanilloid receptor; PARs, protease-activated recep-

tors; PKC, protein kinase C; BK,3 bradykinin; COX-1, COX-2, cyclooxygenase-1 and -2; AA, ar-

achidonic acid; DAG, diacylglycerol; IP3, inositol 1,4,5-trisphosphate. Modi®ed from Kirkup et al.

(2001), with permission from the American Physiological Society.
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spinal afferents in a more promiscuous manner. Such
substances are usually released under conditions of
in¯ammation, injury, or ischemia from a plethora of
cell types, e.g., platelets, leukocytes, lymphocytes, mac-
rophages, mast cells, glia, ®broblasts, blood vessel cells,
muscle cells, and neurons. Each of these speci®c cells
(e.g., mast cells) may release several of these modulating
agents, some of which may act directly on the sensory
nerve terminal and some of which may act indirectly,
following release of other agents from other cells in a
series of cascades.

The net effect of this promiscuous chemosensitivity
is that the properties of sensory neurones can change
(often referred to as plasticity). Of clinical relevance is
the increased sensitivity to both mechanical and chem-
ical stimulation that may contribute to chronic pain
states. Moreover, because these afferents also serve to
trigger re¯ex mechanisms that control and coordinate
gut function, their sensitization may also cause hyper-
or dysre¯exia. Sensory neuronal plasticity may have a
rapid onset, and this is described as peripheral sensiti-
zation because the changes take place at the level of the
sensory nerve terminal following release of a great many
algesic chemicals. Some of the key mediators, their cel-
lular source, and their action on visceral afferents are
illustrated in Fig. 1. Following sensitization, there is a
leftward shift in the stimulusÿresponse function, which
means that for a given level of stimulation, there is a
greater afferent barrage generated. This can give rise to
altered perception such that stimuli that are normally
innocuous can cause pain and the response to a painful
stimulus becomes exaggerated (hyperalgesia). Periph-
eral sensitization normally develops rapidly and is
relatively short-lived. However, in the presence of
maintained injury or in¯ammation, the sensitization
can be prolonged, and this depends on changes in
gene expression. Genes in¯uenced in this way include
those that determine the amount and pattern of neuro-
transmitters released from the central nerve terminals in
the brain and spinal cord, thus altering the way sensory
signals are relayed within the CNS. This is the basis of
central sensitization. Other genes in¯uence signal trans-
duction and sensory neuronal excitability. Voltage-
gated sodium channels are one example of a family of
ion channel, some of which play an important role in
regulating pain thresholds.

CONCLUSION

Afferent ®bers convey a vast amount of sensory infor-
mation to the brain stem and spinal cord, but the nature
of this information is different for vagal and spinal path-
ways. Vagal afferents convey predominantly physiolog-
ical information, whereas spinal afferents are also able to
encode noxious events. These spinal nociceptors are
in¯uenced by peripherally acting chemicals, released
during in¯ammation and injury, which are thought to
trigger the processes leading to sensitization and in-
creased nociceptive activity. Other chemicals act in a
more selective way to activate vagal afferents and are
implicated in nutrient signaling from the GI tract.
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Serotonin
JEROME M. FELDMAN

Duke University Medical Center

APUDoma Amine precursor uptake and decarboxylation

tumor; another name for neuroendocrine tumor.

argentaf®n cells Containing a potent reducing agent, usually

serotonin, that reduces added silver salts to a black

pigment in a manner analogous to development of

photographic ®lm.

argyrophil cells Neuroendocrine in nature, but do not store

serotonin; after exposure to silver salts, an external

reducing agent has to be added to reduce the silver salts

to a black pigment.

body mass index Measure of body fat, derived as (weight in

kilograms)/(height meters)2 or (weight in pounds)/

(height inches)2� 703.1. A body mass index of 30.0ÿ
34.9 is obese; > 40 is extremely obese.

carcinoid tumors Arise from the neuroendocrine cells found

throughout the body; the most frequent origin is from

the gastrointestinal tract or bronchus. Many, but not all,

release neurohormonal agents such as serotonin.

diarrhea Increase in frequency, weight, or consistency of

stools; patients with stool weights of greater than 200 g/

day are usually considered to have diarrhea.

enterochromaf®n cells Diffuse system of cells in the

submucosa of the intestinal tract; contain potent

reducing agents, such as serotonin or epinephrine,

which can reduce chromium salts that are added during

tissue ®xation. This forms a brown pigment that is visible

in the cells when they are examined with a microscope.

irritable bowel syndrome Part of the group of functional

gastrointestinal disorders seen frequently by gastroenter-

ologists; patients have chronic and recurrent gastro-

intestinal symptoms such as abdominal pain, bloating,

diarrhea, and constipation. Because there is no known

structural basis, the syndrome is thought to be due to

altered sensory or motor regulation of the gastrointest-

inal tract.

neuroendocrine system Group of cells with both neural and

endocrine characteristics; thought to arise from cells that

migrate from the dorsal neural crest area of the embryo

during embryological development.

neuroendocrine tumors Can arise from the cells of the

neuroendocrine system; include carcinoid tumors, pheo-

chromocytomas, pancreatic islet cell tumors, and me-

dullary carcinoma of the thyroid.

serotonin Amine (5-hydroxytryptamine) synthesized from

the amino acid L-tryptophan; has potent biological

effects.

Serotonin, a neurotransmitter that is synthesized from the

amino acid L-tryptophan, exerts its biological effects after

it attaches to a variety of serotonin receptors that are

present on cell membranes. Serotonin has both physio-

logical and pathological effects. Serotonin is the predom-

inant neurohormone secreted from carcinoid tumors and

is responsible for most of the symptoms. Serotonin ago-

nists can increase intestinal motility and serotonin antag-

onists can ameliorate some forms of irritable bowel

syndrome. Selective serotonin reuptake inhibitors are

used to treat patients with affective disorders and have

been used in the treatment of severe obesity, although

they can have negative side effects on the cardiovascular

system. Serotonin antagonists markedly decrease the se-

vere nausea and vomiting experienced by patients who

receive antineoplastic chemotherapy.

INTRODUCTION

The gastrointestinal and circulatory systems have
played important roles in the discovery of serotonin.
In 1868, it was noted that there was a factor in de®brin-
ated blood that increased vascular resistance in perfused
muscle. In 1939, Dr. Vitorio Erspamer in Parma, Italy,
discovered enteramine, a substance released from the
enterochromaf®n system of the gastrointestinal tract
that increased intestinal peristalsis. In 1948, Drs. Page,
Rappaport, and Green in Cleveland, Ohio, isolated and
identi®ed the vasoconstricting substance in de®brinated
blood as serotonin. In 1948, Erspamer determined that
enteramine was also serotonin. In the ensuing 50 years,
studies have indicated that serotonin probably existed
in plants even before it existed in animals. There have
been numerous studies on the role of serotonin in health
and disease. The focus in this article is on the important
role of serotonin in medical problems encountered by
gastroenterologists.

SYNTHESIS AND METABOLISM

Serotonin is synthesized from the essential amino
acid L-tryptophan. L-Tryptophan is ®rst converted to
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5-hydroxytryptophan by the enzyme tryptophan hy-
droxylase. 5-Hyroxytryptophan is then converted to
serotonin by the enzyme aromatic amino acid (L-dihy-
droxyphenylalanine; L-DOPA) decarboxylase. Seroto-
nin(5-hydroxytryptamine; 5-HT) is the biologically
vasoactive substance. Because tryptophan hydroxylase
is predominantly located in the GI tract and the brain,
these areas are the major sites of serotonin production
and storage. Some of the 5-HT is secreted into the vas-
cular compartment. Although blood platelets cannot
synthesize 5-HT, a major portion of the secreted 5-HT
is taken up and stored in the dense granules of platelets.
A small but biologically important portion remains free
in the plasma.

Three different enzymes inactivate serotonin.
Monoamine oxidase oxidatively deaminates serotonin
to the intermediate 5-hydroxyindoleacetaldehyde. This
aldehyde is then converted to 5-hydroxyindoleacetic
acid (5-HIAA) by the enzyme aldehyde dehydrogenase
or to 5-hydroxytryptophol by the enzyme alcohol
dehydrogenase. In humans, the major pathway is to
5-HIAA. To assess serotonin production, serotonin
can be measured in serum, platelets, blood, or plasma.
The 24-hour urinary excretion of 5-HIAA or, if the
methodology is available, the 24-hour urinary excretion
of serotonin can also be measured.

PHYSIOLOGICAL EFFECTS

Circulating serotonin attaches to serotonin receptors
that are located on the cell membrane. There are seven
different serotonin receptor classes designated 5-HT1
through 5-HT7. Within each class, subtypes are fur-
ther designated by an additional letter (e.g., 5-HT1A or
5-HT1B). These serotonin receptors are coupled to a
so-called G protein that delivers serotonin-stimulated
intracellular messages. However, the exact mechanism
of stimulation is not known for all of the serotonin
receptor subtypes. The 5-HT4 subtype is positively
coupled to adenylyl cyclase. Various medications
are agonists (stimulators) of speci®c serotonin sub-
types, and other medications are antagonists (block-
ers) of speci®c serotonin subtypes. The serotonin
subtypes mediate a variety of physiological responses;
in the GI tract, responses include activation of secre-
tory cells, afferent and efferent neuron activation, and
direct effects on gut smooth muscle resulting in ei-
ther smooth muscle contraction or smooth muscle
relaxation.

One model that has proved useful in understand-
ing serotonin action is the synaptic cleft. This is the
space between a serotonin-secreting neuron and a se-
rotonin-responding neuron that contains the serotonin

receptors. The serotonin-secreting neuron not only se-
cretes serotonin, but it also takes up the secreted sero-
tonin that is in the space between the two neurons. The
longer the serotonin remains in the synaptic cleft, the
greater effect it has on the serotonin-responding neu-
ron. A number of drugs decrease the rate of reuptake of
serotonin, thus prolonging the action of the secreted
serotonin.

PHARMACOLOGICAL REGULATION

Many medications can lower the synthesis or release of
serotonin through a variety of different mechanisms.
Parachlorophenylalanine is a potent inhibitor of tryp-
tophan hydroxylase, the rate-limiting enzyme in the
synthesis of serotonin. Administration of this drug dra-
matically lowers tissue levels of serotonin, and although
it is no longer in clinical use, this drug has contributed
much to the knowledge of serotonin action. Octreotide
acetate, a synthetic analogue of the natural hormone
somatostatin, decreases secretion of serotonin from nor-
mal tissues and from carcinoid tumors. A large variety of
medications are antagonists of various classes and sub-
types of serotonin receptors. These medications, includ-
ing methysergide maleate, cyproheptadine, buspirone,
and clozapine, decrease the physiological effect of bio-
logically available serotonin.

Some medications potentiate the effect of biologi-
cally available serotonin by blocking its reuptake from
the synaptic cleft. They include ®rst-generation antide-
pressants such as amitriptyline, second-generation an-
tidepressants such as trazodone, and third-generation
antidepressants such as ¯uoxetine. Although ®rst- and
second-generation antidepressants also block the reup-
take of norepinephrine, third-generation antidepres-
sants block only the reuptake of serotonin. They are
thus called selective serotonin reuptake inhibitors
(SSRIs). A second mechanism of increasing the effect
of serotonin is to use serotonin agonists that bind to
speci®c subtypes of serotonin receptors. Two examples
of this class of drugs are the 5-HT4 agonist cisapride,
used in treating GI disease, and the 5-HT1D agonist
sumatriptan succinate, used in treating migraine and
cluster headaches. Finally, monoamine oxidase (MAO)
inhibitors such as tranylcypromine and phenelzine in-
hibit MAO in the liver and other tissues. Because of the
reduced inactivation of serotonin, serotonin levels can
increase in the body. Clinicians must be careful not
to prescribe medications such as an MAO inhibitor and
a speci®c serotonin reuptake inhibitor for simulta-
neous administration because of the potential for pa-
tients to develop dangerously high concentrations of
serotonin.
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IRRITABLE BOWEL SYNDROME

The GI tract has played a unique role in the investigation
of serotonin and its actions. Because of the enterochro-
maf®n cells in the submucosa of the small intestine, the
small intestine has the largest concentration as well as
the greatest total quantity of serotonin in the human
body. The ®rst evidence that there were distinct types
of serotonin receptors came from the work of Gaddum
and Picarelli on isolated sections of ileum in 1957. These
investigators showed that activation of cholinergic
nerves by serotonin and a separate direct action of se-
rotonin on smooth muscle were due, respectively, to an
M receptor (now called 5-HT3) and a D receptor (now
called 5-HT2).

Cisapride, a 5-HT4 receptor agonist, enhances the
release of acetylcholine in the myenteric plexus.
Cisapride has been used to stimulate intestinal motility,
to increase lower esophageal sphincter pressure for the
treatment of nocturnal symptoms of gastroesophageal
re¯ux disease (GERD), and in the treatment of diabetic
enteropathy. The greatest success in modifying seroto-
nin action has been in the treatment of a type of irritable
bowel syndrome in women in which diarrhea is the
predominant symptom. Alosetron (Lotronex) is a
highly selective and long-acting 5-HT3 receptor antag-
onist. This drug is effective in decreasing the trouble-
some symptoms of this group of patients.

DEPRESSION

Serotonin has played a major role in our understanding
of psychiatric disease. Although dopamine has been the
principal neurotransmitter thought to be involved in
schizophrenia, there is evidence that serotonin may
also be relevant to this problem. A number of effective
medications used in treating schizophrenia, such as
clozapine, sertindole, and resperidone, are 5-HT2 re-
ceptor antagonists. Serotonin may also play a role in
anxiety attacks, based on evidence that buspirone, a
5-HT1A and 5-HT2 antagonist, is effective in treating
patients with this problem.

Serotonin plays a major role in the treatment of af-
fective disorders such as depression and mania. It is
thought that decreased serotonin activity in certain
areas of the brain is associated with depression. The
administration of ®rst-, second-, and third-generation
antidepressants increases serotonin action. Third-gen-
eration antidepressants such as ¯uoxetine, which have a
speci®c action on serotonin and little effect on
norepinephrine, have markedly improved the ability
of all clinicians to treat patients with depression
effectively.

APPETITE AND OBESITY

Obesity, which is de®ned as a body mass index of over
30, has become a major problem in the United States. Of
even greater concern are extremely obese patients, who
are de®ned as having a body mass index of over 40. This
degree of obesity exacerbates diabetes mellitus, coro-
nary artery disease, and hypertension. The ventromedial
hypothalamus plays an important role in the regulation
of food intake. It contains both an appetite center and a
satiety center. This area of the brain has a high concen-
tration of serotonin and norepinephrine. There is evi-
dence that 5-HT2C receptors in this region play a key
role in appetite regulation.

Although behavior modi®cation of exercise and diet
are the cornerstones of the treatment of obesity, attempts
have been made to reduce food intake with medications
such as amphetamine and dextroamphetamine. Unfor-
tunately these medications are not suitable for clinical
use because they cause a generalized stimulation of the
brain, they soon lose their effect on decreasing appetite,
and they can be habit forming. Other medications
that have been used to decrease appetite include
fen¯uramine and dexfen¯uramine. These medications
both inhibit the reuptake of serotonin and cause an
increase in the secretion of serotonin from the brain.
Many patients have received both fen¯uramine and
phentermine, a combination that is popularly known
as Fen-Phen. Although these medications have helped
many obese patients to lose weight, a signi®cant number
of patients receiving them developed pulmonary hyper-
tension and others were reported to develop ®brosis of
themitral and aortic valves. Because of this, fen¯uramine
and dexfen¯uramine have been withdrawn from the
market. There remains controversy about the long-
term signi®cance of the valvular problem.

Sibutramine is the only medication that alters sero-
tonin action that is presently on the market in the
United States. Like fen¯uramine, sibutramine is a sero-
tonin reuptake inhibitor. However, in contrast to
fen¯uramine, sibutramine does not stimulate release
of serotonin from the brain. Because of reports linking
sibutramine administration to increases in blood pres-
sure and heart rate, the Italian Health Ministry has
just suspended sales of this drug in Italy. The Food
and Drug Administration continues to approve its use
in the United States.

NAUSEA AND VOMITING

Nausea is the subjective sensation of an impending urge
to vomit. Vomiting is the forceful ejection of gastro-
esophageal contents from the mouth. Nausea and
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vomiting are nonspeci®c responses to a variety of
agents. However, the nausea and vomiting that has
been most resistant to therapy is provoked by cancer
chemotherapy agents such as cisplatinum, doxirubicin,
and cyclophosphamide. Although many antiemetic
agents have been used to treat chemotherapy-induced
nausea and vomiting in the past, the ®rst truly effective
agent was metoclopramide. Because metoclopramide is
a dopamine receptor antagonist, its antiemetic activity
was originally attributed to this mechanism. It
subsequently became clear that in the high doses in
which it is administered, metoclopramide also blocks
5-HT3 receptors.

When the potent and speci®c 5-HT3 receptor antag-
onist ondansetron was developed, it was evaluated in
many cancer chemotherapy centers. Ondansetron is ex-
tremely effective in blocking chemotherapy-induced
nausea and vomiting. It is as effective after oral admin-
istration as it is after parenteral administration. Al-
though there are 5-HT3 receptors in the brain and in
the small intestine, it is thought that ondansetron
works by blocking the 5-HT3 receptors in the intestine.
Two additional 5-HT3 antagonists, granisetron and
dolasetron, are also now available. All three 5-HT3 an-
tagonists are equivalent in their clinical ef®cacy in can-
cer chemotherapy patients and are very valuable in
allowing patients to avoid the severe nausea and vom-
iting that accompany treatment. However, the three
antiemetic agents do not completely prevent the delayed
nausea and vomiting that may occur 24 hours after
chemotherapy. Metoclopramide and high-dose dexa-
methasone may be helpful in ameliorating this delayed
response. Because all of these antiemetics are expensive,
there has not yet been much clinical experience in eval-
uating these agents for nausea and vomiting of other
etiologies.

CARCINOID TUMORS AND
CARCINOID SYNDROME

Clinical Manifestations

The term Karzinoide (carcinoid) was used by
S. Oberdorfer in Germany in 1907 to describe small-
intestinal tumors that histologically resembled, but did
not behave in the aggressive manner of, adenocarcino-
mas. In 1952, some patients harboring carcinoid tumors
were reported to develop carcinoid syndrome, consis-
ting of diarrhea, facial ¯ushing, and heart valve lesions.
In 1953, the chemical released from the carcinoid tumor
was identi®ed as serotonin.

Carcinoid tumors are the most common neuroen-
docrine tumors in clinical practice. Data from evalua-

tion of 840 patients with carcinoid tumors over a 30-
year period in one clinical practice are detailed in
Table I, showing the site of tumor origin. Two-thirds
of the tumors originated from the ileum, the bronchus,
or an unknown site; the remaining one-third of the tu-
mors arose from 17 other diverse sites.1

Patients with carcinoid tumors of small-intestinal
origin have presenting problems of chronic abdominal
pain, bowel obstruction, diarrhea, and facial ¯ushing.
During the course of their illness, many develop ®bro-
sis of the pulmonic and tricuspid heart valves, leading
to carcinoid heart disease. Some patients require car-
diac surgery with replacement of the damaged heart
valves.

Although patients with carcinoid tumors can live for
a long time, ultimately the illness results in the death of
many of the patients. The survival time of patients, from
the date of diagnosis to date of death, ranges from 1 day
to 260 months, with a mean survival time of 36 months.
At the time of death, 10% of the patients were younger
than 40 years old and 50% of the patients were younger
than 60 years old, an indication of the deleterious effect
of carcinoid tumors.

The stage of the disease at the time of diagnosis is the
most important factor in determining prognosis. In de-
scending order of survival are patients with localized
disease, regional metastasis, and distant metastases. Site
of origin also plays a role in prognosis, in that patients
with ileal carcinoid tumors and distant metastases have
a better prognosis than do patients with pancreatic car-
cinoid tumors and distant metastases.

The major features of carcinoid syndrome are diar-
rhea, facial ¯ushing, and heart valve disease. In

TABLE I Origin of Carcinoid Tumors of 840 Patientsa

Origin Number of patients Percent of total

Ileum 226 26.9

Unknown 198 23.6

Bronchus 162 19.3

Pancreas 58 6.9

Stomach 40 4.8

Appendix 34 4.0

Rectum 34 4.0

Duodenum 21 2.5

Cecum 20 2.4

Jejunum 15 1.8

Thymus 15 1.8

Ampulla of.vater 8 1.0

Miscellaneous 5 0.6

Meckel's diverticulum 4 0.5

a Patients evaluated by the author over a 30-year period in the

author's clinical practice.
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previously published reports, it has been estimated that
only 6% of patients with carcinoid tumors had carcinoid
syndrome and it was assumed that only these patients
had serotonin overproduction. A policy of measuring
serotonin production in all patients with carcinoid tu-
mors regardless of the presence or absence of symptoms,
however, leads to quite different conclusions: there is
evidence of serotonin overproduction in 53% of the
patients with carcinoid tumors (personal experience).
Even this represents a minimal estimate, because the
presence of carcinoid tumorsÐparticularly tumors
originating in the bronchusÐis not always suspected
before surgery. Thus, by the time serotonin production
can be evaluated in some patients, the tumor has already
been resected. Indeed, measurement of serotonin pro-
duction in 44 consecutive patients with de®nite carci-
noid tumors still present in their body has provided
evidence of serotonin overproduction in 84% of the
patients (personal experience).

Although carcinoid tumors can secrete a variety of
neurohormones, serotonin is almost certainly respon-
sible for the symptomatic diarrhea. Serotonin, along
with other neurohormones, also plays a role in the facial
¯ushing. When patients with carcinoid tumors and in-
creased serotonin production are questioned about
symptoms of facial ¯ushing and diarrhea, alone or in
combination, the results are surprising: 44% report both
diarrhea and facial ¯ushing, 17% report diarrhea but no
facial ¯ushing, 6% report facial ¯ushing but no diarrhea,
and 33% report neither diarrhea nor facial ¯ushing. The
total absence of classical symptoms of carcinoid
syndrome, despite elevated levels of serotonin, is sur-
prising. Possible explanations with respect to patients
with carcinoid tumors include a decrease in the number
of serotonin receptors in the intestinal tract and the skin,
or that the serotonin attaches to the receptors, but some
patients have a blunted postreceptor physiological
response to the serotonin.

Diagnostic Tests

The overproduction of serotonin is estimated by
measuring 5-HIAA excretion in a 24-hour urine collec-
tion. Elevated levels of serotonin in the blood are esti-
mated by measuring serum serotonin concentration. It
is frequently dif®cult to visualize the small primary car-
cinoid tumor in the submucosa of the intestine. Patients
frequently have liver metastases at the time of diagnosis.
These can be evaluated by computer tomography (CT)
or magnetic resonance imaging (MRI) of the abdomen.
Because carcinoid tumors concentrate radioactive
indium-111 octreotide and iodine-131 metaiodobenzyl-
guanidine ([131I]MIBG), nuclear medicine scans using

these radioisotopes are also used to visualize the met-
astatic carcinoid tumor.

Therapy

If the carcinoid tumor is not metastatic at the time of
diagnosis, the primary tumor can be surgically removed.
However, in the majority of patients there is tumor in-
volvement of the lymph nodes or liver at the time of
diagnosis. Many of the patients have facial ¯ushing and
diarrhea. This can be ameliorated with the serotonin
receptor antagonists cyproheptadine or methysergide.
If this is not effective, the patient can receive injections
of either soluble or long-acting octreotide acetate.
Octreotide acetate reduces secretion of serotonin
from the carcinoid tumor. If the carcinoid tumor
shows progressive growth, the patients can receive che-
motherapy with streptozotocin and 5-¯uorouracil or
etoposide and cisplatinum. Some patients have had a
bene®cial response to moderate doses of interferon a.
If the carcinoid tumor concentrates [131I]MIBG,
large doses of this radioactive compound can be
administered.

SUMMARY

A variety of pharmacological agents can increase or de-
crease the physiological or pathological effects of sero-
tonin. Serotonin agonists such as cisapride can increase
intestinal motility, and serotonin antagonists such as
alosetron can ameliorate some forms of irritable
bowel syndrome. Selective serotonin reuptake inhibi-
tors have dramatically improved the treatment of pa-
tients with affective disorders. Although serotonin
reuptake inhibitors have been used in the treatment
of severe obesity, because of their troublesome side ef-
fects on the cardiovascular system, they have not real-
ized their clinical potential. Serotonin antagonists have
markedly decreased the severe nausea and vomiting
experienced by patients who receive antineoplastic che-
motherapy. Finally, serotonin is the predominant neu-
rohormone secreted from carcinoid tumors. It is
responsible for the diarrhea, carcinoid heart disease,
and to some extent the facial ¯ushing that constitute
the carcinoid syndrome. For reasons not yet identi®ed
not all patients with elevated serotonin production de-
velop carcinoid syndrome. Although there is presently
no cure for carcinoid tumors once they have spread to
lymph nodes and liver, effective therapy has been de-
veloped to ameliorate the symptoms of these tumors.
Carcinoid tumors, which have been called cancer in
slow motion by Dr. Charles Moertel, remain an impor-
tant tumor model for future investigation.
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dark®eld microscopy The most direct method of diagnosing

syphilis. The surface of the genital ulcer is ®rst gently

abraded with gauze and the serous exudate of the lesion

is then expressed onto a glass slide; Treponema pallidum

has a characteristic corkscrew appearance.

enteritis Infection with small intestinal symptoms such as

nausea, bloating, and abdominal pain, but without

sigmoidoscopic changes; can follow ingestion of material

contaminated with feces.

high-resolution anoscopy Technique similar to cervical

colposcopy; uses identical equipment (a powerful light

source and binocular lenses) to allow identi®cation and

biopsy of lesions that have contributed to abnormal anal

cytologic ®ndings. Acetic acid (3%) and Lugol solution

(iodine) can be used to identify human papillomavirus-

infected tissue in the anal canal as well as in the cervix.

proctitis In¯ammation that may be caused by infections of

the anorectal mucosa; associated with sigmoidoscopic

®ndings limited to the distal 15 cm of the rectum. A

range of cells can be affected, from keratinized, strati®ed

squamous epithelium in the perianal area to columnar

epithelium in the rectum.

proctocolitis In¯ammation that may be caused by infections

of the rectum and colon; sigmoidoscopic ®ndings extend

proximally above 15 cm of the rectum.

Sexually transmitted diseases in the intestinal tract in-

clude those caused by protozoa, helminths, bacteria,

and viruses. Many of these diseases present acutely;

others persist and may have malignant potential. Infection

is commonly a direct consequence of oral genital contact,

oralÿanal contact, or anal receptive intercourse. Sexually

transmitted enteric infections also re¯ect a high preva-

lence of carriage of intestinal pathogens, particularly in

certain subpopulations, such as men who have sex with

men. Preventative messages of safe sex, screening of

at-risk individuals, and vaccines are important medical

interventions.

INTRODUCTION

Sexual behavior is a major force in the transmission of
bacterial, protozoan, and viral enteric diseases in adults.
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dark®eld microscopy The most direct method of diagnosing

syphilis. The surface of the genital ulcer is ®rst gently

abraded with gauze and the serous exudate of the lesion

is then expressed onto a glass slide; Treponema pallidum

has a characteristic corkscrew appearance.

enteritis Infection with small intestinal symptoms such as

nausea, bloating, and abdominal pain, but without

sigmoidoscopic changes; can follow ingestion of material

contaminated with feces.

high-resolution anoscopy Technique similar to cervical

colposcopy; uses identical equipment (a powerful light

source and binocular lenses) to allow identi®cation and

biopsy of lesions that have contributed to abnormal anal

cytologic ®ndings. Acetic acid (3%) and Lugol solution

(iodine) can be used to identify human papillomavirus-

infected tissue in the anal canal as well as in the cervix.

proctitis In¯ammation that may be caused by infections of

the anorectal mucosa; associated with sigmoidoscopic

®ndings limited to the distal 15 cm of the rectum. A

range of cells can be affected, from keratinized, strati®ed

squamous epithelium in the perianal area to columnar

epithelium in the rectum.

proctocolitis In¯ammation that may be caused by infections

of the rectum and colon; sigmoidoscopic ®ndings extend

proximally above 15 cm of the rectum.

Sexually transmitted diseases in the intestinal tract in-

clude those caused by protozoa, helminths, bacteria,

and viruses. Many of these diseases present acutely;

others persist and may have malignant potential. Infection

is commonly a direct consequence of oral genital contact,

oralÿanal contact, or anal receptive intercourse. Sexually

transmitted enteric infections also re¯ect a high preva-

lence of carriage of intestinal pathogens, particularly in

certain subpopulations, such as men who have sex with

men. Preventative messages of safe sex, screening of

at-risk individuals, and vaccines are important medical

interventions.

INTRODUCTION

Sexual behavior is a major force in the transmission of
bacterial, protozoan, and viral enteric diseases in adults.
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With the advent of the acquired immune de®ciency
syndrome, a sexually transmitted disease (STD) with
an important enteric mechanism of infection, emphasis
on safe sex temporarily reduced the incidence of sexu-
ally transmitted enteric diseases, but has not dramati-
cally altered the importance of sexual transmission of
the speci®c organisms. Indeed, there is a disturbing re-
cent trend of increasing enteric STDs, particularly
among men who have sex with men (MSM) in major
metropolitan areas. Furthermore, unprotected anal sex
is common in other populations, such as injection drug
users and heterosexual adolescents and adults of both
sexes, but they are not often targeted for safe anal sex
messages.

APPROACH TO THE PATIENT

Any patient who presents with intestinal complaints and
a history of high-risk sexual activity must ®rst be con-
sidered for human immunode®ciency virus (HIV) testing.
Concomitant with this, an approach for the diagnosis of
intestinal and anorectal symptoms focuses on symptom
complexes of enteritis, proctocolitis, and proctitis
(Table I).1

PROTOZOAL AND HELMINTHIC
INFECTIONS

Amebiasis

The protozoa Entamoeba histolytica is the causative
agent in intestinal amebiasis. Although most infection is
asymptomatic, amebic dysentery and other extraintes-
tinal manifestations of infection, such as liver abscess,

can occur. Sexual transmission is not the predominant
means of acquisitionÐexposure to contaminated food
and water isÐbut individuals who practice oralÿanal
sex are at higher risk. Cysts are the infectious form and as
little as one cyst can cause infection after ingestion. Pa-
tients usually present subacutely over 1 to 3 weeks with
diarrhea, abdominal pain, and bloody stools. Fever can
occur in a minority of patients. There is also a chronic
form of the disease that may mimic in¯ammatory bowel
disease. A diagnosis may be made by stool examination,
but this does not distinguish between E. histolytica and
the less pathogenic Entamoeba dispar. Antigen detection
assays have the highest sensitivity and provide the most
information but are not available in all centers. First-line
treatment is metronidazole (750 mg, orally for 10 days),
which acts by treating both the invading trophozoites
and the intraluminal cysts. A second luminal cysticidal
agent, such as paromomycin (30 mg/kg per day, orally in
three divided doses for 5 to 10 days) or diiodohydroxy-
quin (iodoquinol) (650 mg, orally three times daily for
20 days), is usually recommended.

Giardiasis

Giardia lamblia, a ¯agellated protozoan, is an
important cause of diarrhea in the United States. Direct
person-to-person transfer can occur during sex. MSM
have a higher prevalence of giardiasis, with anal inter-
course as a risk factor. Infection may also be acquired by
contaminated food and water. Presentation is highly
variable and many cases are asymptomatic. Less than
50% of those infected have acute giardiasis, which is
marked by the sudden onset of watery diarrhea that
is foul smelling and is associated with abdominal

TABLE I Common Sexually Transmitted Gastrointestinal Syndromes

Characteristics of syndrome

Variable Proctitis Protocolitis Enteritis

Symptoms Rectal pain, discharge, tenesmus Proctitis symptoms plus

cramps, diarrhea

Diarrhea, cramps,

bloating, nausea

Pathogen(s) Neisseria gonorrhoeae, Chlamydia

trachomatis, Treponema pallidum,

herpes simplex virus

Entamoeba histolytica, Campylobacter

jejuni, Shigella ¯exneri,

C. trachomatis (LGVa)

Giardia lamblia

Mode of acquisition Receptive anal intercourse Direct or indirect fecalÿoral contact Direct or indirect

fecalÿoral contact

Anoscopic ®ndings Rectal exudate � friability Rectal exudate, friability that may

extend into the sigmoid colon

Normal

a Lymphogranuloma venereum strains.

From Rompalo, A. M. (1999). Diagnosis and treatment of sexually acquired proctitis and proctocolitis: An update. Clin. Infect. Dis. 28(Suppl. 1),

S84ÿS90, with permission from The University of Chicago Press.
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cramps. Fever occurs in only 10% of patients. Diagnosis
is usually via stool microscopy; cysts or trophozoites
may be detected in 90% of cases when three stool spec-
imens are submitted. Giardia antigen enzyme-linked
immunoassay (ELISA) may provide a higher yield. Pa-
tients with symptomatic disease should be treated.
Metronidazole (250 mg, orally three times a day for 5
days) is the preferred treatment. Albendazole is an al-
ternative agent.

HELMINTHS

Only helminths that do not require a period of matur-
ation outside the host are susceptible to direct person-
to-person transmission. Enterobius (pinworm) and
Strongyloides species have been associated with sexual
transmission. Taenia solium (pork tapeworm), Taenia
saginata (beef tapeworm), and Hymenolepsis nana
may be transmitted through oralÿanal contact as well.

BACTERIAL INFECTIONS

Gonorrhea

Gonorrhea is a common sexually transmitted dis-
ease in the United States and an etiologic agent of phar-
yngitis and proctitis. It is also an important cause of
urethritis in men and cervicitis in women, with sequelae
of pelvic in¯ammatory disease and infertility.
Subphrenic gonococcal infection (FitzÿHughÿCurtis
syndrome) may arise by contiguous spread from in-
fected fallopian tubes through the peritoneal cavity. Al-
though the early behavioral response to the HIV
epidemic in MSM resulted in lower rates of gonorrhea,
there has been a recent trend in increasing rates of
anorectal gonorrhea in some communities. Anorectal
gonorrhea, which is often asymptomatic, occurs in
men and women who practice anal intercourse. Patients
may present with purulent rectal discharge, constipa-
tion, tenesmus, and pain. Gonorrhea-associated phar-
yngitis is frequently asymptomatic, with pharyngeal
exudates as the only evidence of infection. Diagnosis
is usually via culture on ThayerÿMartin agar. Unlike
urethritis, diagnosis by gram stain is less reliable in
extragenital infection. DNA ampli®cation methods
such as the ligase chain reaction (LCR) initially
were approved for diagnosis of urethral gonorrhea
but have promise for rectal and pharyngeal gonorrhea
as well. Current treatment recommendations include
third-generation cephalosporins (ce®xime, 400 mg,
orally,or ceftriaxone, 125 mg, intramuscularly).Fluoro-
quinolones are no longer recommended in some

parts of the United States and other countries due to
increasing microbial resistance. Coinfection with
Chlamydia is assumed and the Centers for Disease Con-
trol and Prevention (CDC) recommend concomitant
treatment. All sexual partners who have had contact
with the patient in the last 60 days should be offered
treatment.

Syphilis

Syphilis is a chronic disease caused by Treponema
pallidum. Except for perinatal transmission, virtually
all cases of syphilis are acquired from sexual trans-
mission. During sexual activity, microscopic tears en-
able the treponeme to invade the subcutaneous tissue,
where an initial chancre develops. Secondary syphilis
corresponds to the subsequent treponemia that occurs
weeks to months later, despite a host immune re-
sponse. The patient may then undergo an asymptom-
atic period called latent disease. Finally, late or
tertiary disease may occur in untreated patients.
The manifestations of disease are famously protean.
They range from a painless chancre in primary
syphilis (early disease) to central nervous system in-
volvement and aortitis in late disease. Gastrointestinal
involvement can occur at any stage of the disease,
from oral and anorectal chancres in primary disease,
mucocutaneous patches (oral, gastric, and rectal) and
hepatitis in secondary disease, and gummatous
syphilis, which can affect any organ in late disease.
Diagnosis of disease is mainly by serologic testing,
though the organism can also be visualized using dark-
®eld microscopy in the early (primary and secondary)
stages of disease. There are two types of serology test-
ing. Nontreponemal tests, such as the Venereal Disease
Research Laboratory (VDRL) test and the Rapid Plasma
Reagin (RPR) test, are typically used for screening and
the reported titer can be followed. Treponemal tests,
such as the ¯uorescent treponemal antibody absorp-
tion (FTA-ABS) test and the microhemagglutination
test for antibodies to Treponema pallidum (MHA-
TP), are used as con®rmatory tests when the screening
tests are positive. Penicillin remains the drug of choice
for treatment, but the choice of formulation and the
duration of therapy depend on the stage of disease
diagnosed. All forms of early syphilis can be treated
by a single dose of benzathine penicillin G (2.4 million
units, intramuscularly). This dose of benzathine pen-
icillin G weekly for 3 weeks is the recommended
treatment for syphilis of unknown stage and for late
syphilis, with the exception of neurosyphilis. For
neurosyphilis, intravenous penicillin G (3ÿ4 million
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units, intravenously every 4 hours for 10 to 14 days) is
the regimen of choice.

Chlamydia

Chlamydia trachomatis is the most common bacterial
sexually transmitted infection in men and women. It is a
rare cause of proctitis and perihepatitis. The Chlamydia-
associated genital ulcer disease, lymphogranuloma
venereum (LGV), is predominantly a disease of tropical
and subtropical areas of the world and can progress to a
particularly severe form of proctitis. This is associated
with certain serovars in individuals who have had anal
intercourse. Anorectal ®brosis, strictures, perirectal ab-
scesses, and ®stulas can be late complications in un-
treated disease. Outside the gastrointestinal tract,
urethritis (in men and women) and cervicitis and pelvic
in¯ammatory disease (in women) are diagnosed more
frequently. Because chlamydial infections are so prev-
alent, serologic tests such as complement ®xation or
microimmuno¯uorescence are of limited use in con-
®rming a causal role for Chlamydia in a speci®c
symptom complex. However, an appropriate clinical
presentation combined with a positive serologic test
is usually adequate for a presumptive diagnosis of
LGV. Serial titers demonstrating a titer rise are con®r-
matory. Chlamydial urethritis and cervicitis can be di-
agnosed by nucleic acid ampli®cation tests (LCR or
polymerase chain reaction). Culture, antigen detection
tests, and genetic probe methods are alternative meth-
ods of diagnosis. Azithromycin (1 g, orally as a single
dose; may not be effective in LGV) or doxycycline
(100 mg, orally twice a day for 7 days; 21 days in
LGV) is the treatment regimen of choice.

Shigella

Shigella species are an important cause of diarrhea
worldwide. Shigellosis is caused by ingestion of contam-
inated food and water or by direct person-to-person
spread, including sexual transmission, perhaps because
only 10 to 100 organisms are needed before infection
occurs. After ingestion, organisms travel through the
stomach to the small intestines and the colon.
Symptoms may include the abrupt onset of fever, nau-
sea, and crampy diarrhea, which may be watery or con-
tain blood, mucus, and pus. Diagnosis is by culture.
Cipro¯oxacin (500 mg, orally twice a day for 3 days)
is the treatment of choice.

Salmonella

Salmonella species are gram-negative bacilli that
cause a spectrum of disease, ranging from diarrhea

and enteric fever to bacteremia, osteomyelitis, and ab-
scesses. Most transmission is via contaminated food and
water; Salmonella species are very rarely transmitted by
sexual contact. This is possibly because as many as 104

to 106 organisms are required before infection. How-
ever, Salmonella has been implicated as a cause of en-
teritis in MSM.

Campylobacter

Campylobacter species are curved, motile gram-
negative rods that are one of the most common causes
of acute diarrhea in the United States. Infection is typ-
ically through contaminated food and water, com-
monly chicken or dairy products. These organisms
have also been identi®ed as one etiology of procto-
colitis in MSM.

VIRAL INFECTIONS

HIV

Sexual transmission accounts for most HIV acquisi-
tion worldwide. Anal intercourse is the predominant
means of transmission among MSM and an important
means of acquiring infection by heterosexual men and
women. Patients infected with HIV often have gastro-
intestinal symptoms, including thrush and diarrhea.
Dysphagia, odynophagia, abdominal pain, hepato-
biliary disease, and anorectal disease can be common
in patients with advanced disease. However, with the
advent of complex combined antiretroviral and other
therapies, adverse effects of antiretroviral therapy are
often an important explanation for these symptoms.

Herpes Simplex Virus

Sexual transmission of herpes simplex virus (HSV)
occurs by direct skin-to-skin contact. HSV-1 typically
affects the oral cavity, skin, eyes, central nervous
system, and liver, whereas HSV-2 is mainly implicated
in anogenital infections, though either serotype can
cause infection in any location. Disease is either pri-
mary or recurrent because the virus goes into latency
after initial infection. Most HSV-1 infection is asymp-
tomatic. When diagnosed, presentation is usually
sudden, with groups of painful vesicles with an ery-
thematous base. Oral infection can present as an exu-
dative pharyngitis in adults. Lesions may occur
anywhere in the oral mucosa. In most patients, the
disease is self-limited and resolves after 10ÿ14 days.
HSV-2 commonly causes anorectal disease. Initial pre-
sentation is usually more severe than recurrent disease,
with fever, severe pain, and constipation. HIV-positive
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patients may have severe acute, recurrent, or chronic
disease, with involvement anywhere along the gastro-
intestinal tract, presenting as odynophagia, gastrointes-
tinal bleeding, anorectal pain, and occasionally colitis.
HSV hepatitis is a rare disease that can be caused by
either serotype. Patients with HSV hepatitis are gener-
ally immunocompromised, such as transplant patients
on antirejection medications and HIV-positive patients.
Presentation is usually fulminant and with a high fa-
tality rate. Diagnosis is often clinical, with con®rmation
by viral culture or polymerase chain reaction (PCR),
which is sensitive but has limited availability. Treat-
ment depends on whether disease is primary or recur-
rent, the location of infection, and the immune status of
the host. Acyclovir, famciclovir, or valacyclovir is typ-
ically used to shorten the duration of symptoms, to
reduce pain, and for prophylaxis, but does not reduce
asymptomatic shedding and transmission. Vaccines
have the potential to stem transmission of disease
and reduce the frequency and severity of recurrent
disease but are not yet clinically available.

Human Herpesvirus 8

Human herpesvirus-8 (HHV-8), or Kaposi's
sarcoma-associated herpesvirus (KSHV), is a novel
herpesvirus identi®ed in 1994. It is thought to be trans-
mitted primarily through sexual contact and to be the
etiologic agent of Kaposi's sarcoma (KS), body cavity-
based lymphoma (a variant of non-Hodgkin's lym-
phoma), and perhaps multicentric Castleman's disease.
The precise method of transmission is unknown but
virus has been found in saliva and to a lesser extent in
semen, the female genitourinary tract, the gastrointes-
tinal tract, and the prostate. There are also reports of
the virus being transmitted by organ transplantation.
Diagnosis has not yet been standardized but PCR and
serologic methods have been developed. Although the
best treatment options for HHV-8 are still unknown, it
has been observed that highly active antiretroviral
therapy (HAART) is associated with regression of
KS lesions.

Human Papillomavirus

Human papillomavirus (HPV) is the most common
sexually transmitted infection in the United States.
It is the etiologic agent of anogenital, oral, respiratory,
and skin condylomata; anal and cervical intraepithelial
neoplasia; and anogenital malignancy, including the
anus and the cervix. Diagnosis is frequently made by
clinical appearance of exophytic warts. However, for
most cervical and anal intraepithelial neoplasia,

cytology is usually the ®rst diagnostic step, followed
by colposcopy or high-resolution anoscopy-directed bi-
opsy for histopathologic con®rmation. The application
of acetic acid and iodine increases the sensitivity of
colposcopy to detect lesions. PCR and hybrid capture
assays can determine the HPV type. These tests are not
used routinely in clinical practice but are currently
being investigated. Treatment of warts is usually for
cosmetic reasons, though occasionally they may cause
symptoms and warrant removal in the anogenital, oral,
and respiratory areas. High-grade anal and cervical
lesions are ablated in a variety of ways to prevent inva-
sive cancer. Low-grade disease is followed closely. Both
therapeutic and preventative vaccines are currently
under development.

Hepatitis A

Hepatitis A virus (HAV) is an RNA virus transmitted
via the oralÿfecal route, either by ingesting contami-
nated food and water or by sexual transmission. Infec-
tion usually results in an acute, self-limited disease.
Prodromal symptoms of malaise, nausea, vomiting,
and fever lead to marked jaundice and signi®cant ele-
vations in aminotransferases (to over 10002 m/liter). Only
a small proportion of cases progress to fulminant dis-
ease, with an increased risk in patients with chronic
hepatitis C or other underlying liver diseases. Diagnosis
is by serology, with a positive serum immunoglobulin M
(IgM) anti-HAV in acute infection. Treatment is mainly
supportive but transplantation may be necessary in ful-
minant disease. For susceptible adults, preventative
hepatitis A vaccine is important in at-risk populations,
especially in MSM.

Hepatitis B

Sexual transmission remains the primary mode of
infection by hepatitis B virus (HBV)in the developed
world. Perinatal transmission, infection during child-
hood, injection drug use, and transfusions are other
methods of acquiring infection. Most infection is sub-
clinical. Individuals who develop symptoms may pres-
ent with malaise, fatigue, and right upper quadrant
tenderness, followed by jaundice with aminotransfer-
ases values over 10003 m/liter. Less than 1% of patients
will develop fulminant disease. The rate of progression
to chronic hepatitis is related to the age of infection; in
adults, this is less than 5%. The diagnosis of HBV infec-
tion can also be made by serology with the detection of
hepatitis B surface antigen (HBsAg). HBV DNA by PCR
is often used to assess response to therapy. Treatment of
acute disease is generally supportive. Selected patients
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with chronic disease may bene®t from lamivudine and
the newer antivirals that are being developed. Preven-
tative hepatitis B vaccines remain the best strategy for
control of disease and are widely available.

Hepatitis C

The risk of sexual transmission of hepatitis C virus
(HCV) is thought to be low, but partners of patients
infected with hepatitis C, MSM, and individuals with
multiple sexual partners have an increased risk of in-
fection. Most individuals have acquired infection paren-
tally through injection drug use or via contaminated
blood transfusions. However, more than 40% of
newly infected patients have no identi®able risk factor.
Most patients with acute infection are asymptomatic
and most acute infections will become chronic. Diag-
nosis is by serology for detection of anti-HCV anti-
bodies. Detection of HCV RNA by PCR is used
increasingly to con®rm the diagnosis and to assess re-
sponse to therapy of hepatitis C. Treatment options in
selected patients with chronic disease include combi-
nation therapy with pegylated interferon and ribavirin.
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Shigella
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bacillary dysentery Diarrheal illness caused by bacteria

belonging to the genus Shigella.

pathogenicity island Mobile genetic element, often encoding

virulence genes; found in many pathogenic bacteria and

propagated by horizontal gene transfer.

type III secretion apparatus Macromolecular structure on

the surface of some gram-negative pathogenic bacteria;

required for the direct translocation of bacterial viru-

lence proteins into the cytosol of the host cell.

Bacillary dysentery is a major cause of morbidity and

mortality throughout the world, especially in infants

and young children in developing countries. Shigella
spp. are the causative agents of this disease. Bacillary

dysentery is a major public health problem in light of

the highly contagious nature of this infection, the

emergence of multiple antibiotic resistance, and the

lack of an effective vaccine.

MICROBIOLOGY

Shigella spp. belong to the family Enterobacteriaceae
and are closely related to Escherichia coli. They are
gram-negative, nonmotile, and nonencapsulated bacilli.
The four species, Shigella dysenteriae, Shigella ¯exneri,
Shigella boydii, and Shigella sonnei, are differentiated by
lipopolysaccharide (LPS) antigens (A, B, C, and D, re-
spectively), biochemical properties, and phage or coli-
cin susceptibility. Different serotypes subdivide each
species.

Virulence Factors

The infectivity of Shigella spp. is dependent on bac-
terial entry into host cells. The invasive phenotype de-
pends on the presence of a large plasmid; strains that
lack this plasmid are no longer invasive or virulent.
Proteins encoded by genes contained within a pathoge-
nicity island in the plasmid induce bacterial entry into
host cells. These proteins form a type III secretion ap-
paratus that transfers a number of virulence proteins
directly from the bacteria into the host cytosol, to induce

a form of macropinocytosis that effectuates bacterial
invasion. Once inside the cell, Shigella moves within
the cytosol and from cell to cell using actin-based
motility (see Fig. 1).

The virulence of S. dysenteriae type 1 is compounded
by the expression of a potent cytotoxin, called shiga
toxin. This toxin is an AB subunit toxin that mediates
cell death through inhibition of protein synthesis. Shiga
toxin effectively targets those cells that express
globotriaosyl ceramide (Gb3), which is the receptor
for the toxin. Shiga toxin is important for the develop-
ment of hemolytic uremic syndrome (HUS; see later).

Immune Response

Shigella infection induces local innate immune
defense systems, including the recruitment of bac-
tericidal neutrophils to the infected site. In terms of
adaptive immunity, the production of secretory immu-
noglobulin (IgA) directed against the O antigen of

FIGURE 1 Shigella is able to recruit host cell actin to form an

actin comet tail, necessary for intra- and intercellular propul-

sion. Here, primary cultures of mouse enterocytes are infected

by S. ¯exneri, which express green ¯uorescent protein (GFP);

the bacterial-associated actin comet tails are stained

with phalloidin/tetraethylrhodamine isothiocyanate. Micrograph

courtesy of Drs. Ra®ka Athman and Sylvie Robine, Institut

Curie, Paris, France.1
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lipopolysaccharide has been shown to be protective
in animal models of shigellosis. However, this immunity
is relatively short-lived and serotype speci®c, which,
together, greatly hampers the successful design of
effective vaccine candidates.

EPIDEMIOLOGY

Shigella is exclusively a human pathogen and is trans-
mitted by the fecalÿoral route through close personal
contact or by way of infected food or water. In contrast
to the other enteropathogens, Shigella is highly conta-
gious; as few as 200 S. ¯exneri organisms are suf®cient to
induce diarrhea and fever. For comparison, similar
symptoms and a similar attack rate due to Salmonella
require an inoculum 100 times greater.

In developed countries, shigellosis causes disease
primarily in custodial institutions, nursing homes, or
day-care centers. Each year, 15,000 cases of shigellosis,
essentially due to S. sonnei, are reported in the United
States. Shigellosis is common in developing countries
where poverty, overcrowding, poor hygiene, and mal-
nutrition prevail. The World Health Organization
(WHO) estimates that shigellosis causes 160 million
cases of diarrhea each year and 1.1 million deaths world-
wide. Shigella ¯exneri, and, to a lesser extent, S. sonnei,
are responsible for endemic disease whereas epidemic
outbreaks are due to S. dysenteriae type 1. Shigella
infection is a disease essentially of children less than
5 years of age.

DIAGNOSIS

Clinical Diagnosis

After an asymptomatic incubation period of 1ÿ
7 days, shigellosis begins suddenly with abdominal
pain, vomiting, anorexia, and fever. Soon after, watery
diarrhea develops; this becomes bloody in 50% of pa-
tients and presents with tenesmus and abdominal
cramps. These intestinal contractions may induce rectal
prolapse. In healthy volunteers without antibiotic treat-
ment, diarrhea abates by the seventh day, although stool
cultures remain positive for an average of 27 days.

Paraclinical Exams

Leukocytosis is often mild but can become leuke-
moid (more than 50 g/liter). The examination of fresh
stool stained by methylene blue can reveal signi®cant
leukocyte counts, consistent with a nonspeci®c inva-
sive bacterial pathogen. Stool culture is the most
informative exam.

Complications

Complications occur more frequently among very
young or malnourished children in developing coun-
tries. During the acute phase, metabolic disorders such
as hypoglycemia and hyponatremia can be observed.
Dehydration and septicemia are rare during shigellosis.
Among digestive complications, toxic megacolon and
intestinal perforation are more frequently observed with
S. dysenteriae type 1, which can result in a high mortality
rate. Neurological complications can also occur. For
example, seizures may occur in children before fever
appears and S. ¯exneri has been documented to cause
encephalopathy without hypoglycemia and bacterial
meningitis.

Shigella infection can induce protein-losing entero-
pathy, which may be responsible for growth retardation
in children. Immune deregulation may cause Reiter's
syndrome in HLA-B27 patients in association with ar-
thritis, urethritis, and conjunctivitis. HUS can be a com-
plication following infection with S. dysenteriae type 1,
due to shiga toxin. HUS is characterized by acute he-
molytic anemia, thrombocytopenia, and renal failure.
Both hemolytic uremic and Reiter's syndromes can
occur during the convalescence phase after diarrhea
has subsided.

TREATMENT

Curative

Except for symptomatic treatment to control hypo-
glycemia, hyponatremia, or seizures, the main therapy
of shigellosis is antibiotics. In developed countries, a
majority of Shigella infections are mild and self-limited
and often do not require antibiotic treatment. However,
in severe shigellosis, several antibiotics have been dem-
onstrated to reduce the duration of the disease and elim-
inate Shigella from the stool. However, Shigella spp.
have acquired resistance to a number of antibiotics,
including tetracycline, ampicillin, trimethoprim-
sulfamethoxazole, and ¯uoroquinolone. The choice of
antibiotic should be adapted to the local epidemiology
of resistance and to the results of the stool culture, if
available.

Preventive

Person-to-person transmission of Shigella can be
reduced by hand washing with soap, segregating the
ill persons, and separating eating areas from care
zones. Increased sanitary conditions in developing
countries will certainly decrease the incidence of this
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infection. Ef®cient vaccines are not currently available;
however, the development of a multivalent vaccine
effective against the most prevalent species of Shigella
is a major priority for the WHO.

See Also the Following Articles

Bacterial Toxins � Foodborne Diseases � Food Poisoning �
Food Safety � Salmonella � Yersinia
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cholerrheic diarrhea Resulting from the presence of

malabsorbed bile acids.

dual-energy X-ray absorptiometry Noninvasive technique

used to assess body composition, speci®cally bone and

soft tissue.

hyperosmolar ¯uid Highly concentrated solution that

contains several osmotically active particles, such as

glucose or sodium.

isotonic ¯uid Solution that contains electrolytes, non-

electrolytes, or a combination of both, having the same

concentration as the solution to which it is being

compared (e.g., blood).

polymeric Containing complete proteins, carbohydrates, and

fat rather than predigested substances.

probiotics Live microbial supplements; used to reestablish

normal intestinal ¯ora.

secretory diarrhea Resulting from the excessive secretion of

water and electrolytes into the lumen of the bowel;

persists or slows only partially after 24ÿ48 hours of

fasting.

Short bowel syndrome is a relatively rare, but devastating,

clinical problem characterized by severe diarrhea, malab-

sorption, ¯uid and electrolyte abnormalities, and progres-

sive malnourishment resulting from the loss of functional

small bowel absorptive surface area. Although the care of

patients has often focused on minimizing symptoms and

the appropriate replacement of ¯uid and nutrient losses,

therapeutic advancements and comprehensive treatment

programs offer new options.

ANATOMIC AND PHYSIOLOGIC
FACTORS

Estimates of adult small intestinal length vary from 12 to
20 feet (or 365 to 600 cm). Length has been found to
vary with the height and sex of the individual, being
slightly longer in men. The duodenum is the ®rst seg-
ment of the small bowel and measures approximately
10 inches (25 cm). The remainder of the small bowel is
composed of the jejunum and ileum; with the more
proximal jejunum comprising approximately two-®fths
of this length and the ileum comprising three-®fths.
Throughout the small bowel, the mucosa is composed
of convoluted folds containing ®ngerlike projections
(villi) that protrude into the lumen. These villi are fur-
ther augmented by the presence of microvilli (approx-
imately 2 � 108 per square centimeter) on the outer, or
brush border, region of the epithelial cells, contributing
to the enormous total absorptive surface area of the
adult small intestine.

Many substances are absorbed throughout the
length of the small intestine, but certain nutrients
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Many substances are absorbed throughout the
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tend to be absorbed more in one region than another.
The proximal intestine is the major site for the absorp-
tion of iron, calcium, water-soluble vitamins, mono-
glycerides, and simple fatty acids. Sugars are
absorbed in the proximal and midintestine. Amino
acids appear to be absorbed primarily in the midintes-
tine or the jejunum, although some absorption also oc-
curs in the proximal and distal segments. Intestinal
intubation studies have shown that the absorption of
carbohydrate, protein, and simple fatty acids is prima-
rily complete within the ®rst 100 cm of the jejunum. The
distal small bowel (ileum) appears to be the major ab-
sorptive area for vitamin B12 and for bile salts. The bile
salts play an important role in the absorption of fat (or
triglycerides) and fat-soluble vitamins. Although the
colon is an important site for the absorption of water
and electrolytes, the small bowel also plays an important
role. Under normal circumstances, the intestine is pres-
ented with �2000 ml of ingested ¯uids and �7000 ml
of secretions from the gastrointestinal tract and associ-
ated glands. Approximately 98% of this ¯uid is reab-
sorbed (with estimates of �5500 ml in the jejunum,
�2000 ml in the ileum, and �1300 ml in the colon),
with a daily ¯uid loss of �200 ml in the stool.

ETIOLOGY

Signi®cant loss or dysfunction of the intestinal absorp-
tive surface area results in the short bowel syndrome.
This syndrome is most often the result of extensive re-
section of the small bowel due to infarction of the mes-
enteric vessels, intestinal volvulus, trauma, malignancy,
congenital abnormalities, or complications of Crohn's
disease. Less often the defect is functional, rather than
anatomical, such as in the case of radiation enteritis or
severe in¯ammatory bowel disease.

CLINICAL DESCRIPTION

Short bowel syndrome is a complex of symptoms con-
sisting of severe diarrhea and macro- and micronutrient
malabsorption resulting in suboptimal hydration, elec-
trolyte disturbances, progressive weight loss, and nutri-
ent de®ciencies. These problems can be physically
debilitating and socially incapacitating and can require
aggressive interventions that can contribute to a myriad
of complications. The severity of the short bowel
syndrome is determined by a number of factors, includ-
ing (1) the degree to which the bowel has adapted fol-
lowing resection, (2) the length, location, and health of
the remaining small bowel, and (3) the presence or
absence of the colon.

FACTORS INFLUENCING SEVERITY

Bowel Adaptation

The process of bowel adaptation is characterized by
an elongation and dilation of the remnant bowel, and in
animal models an increase in villus height, crypt depth,
cell proliferation, and enzyme activity. These alterations
in bowel morphology and function are thought to be
mediated in part by factors extrinsic to the gastrointes-
tinal tract (hormones, growth factors, prostaglandins,
etc.), by local factors brought into play by the provision
of oral or enteral feedings (e.g., enteric hormones, pan-
creaticÿbiliary secretions), and by exposure of the mu-
cosa to speci®c nutrients or nonnutrient components of
the diet (e.g., short chain fatty acids, glutamine, ®ber).
In animals, the absence of luminal nutrients inhibits
intestinal hyperplasia even when necessary amounts
of calories are provided parenterally. Clinically,
bowel adaptation is marked by gradual improvements
in symptomsÐa decrease in diarrhea and an improved
tolerance to and absorption of enteral nutrients. Al-
though the process of bowel adaptation begins almost
immediately following extensive resection, the process
may not be maximized for 1ÿ2� years.

Length, Location, and Health of
Remnant Bowel

Because of the tremendous length of the small
intestine and its ability to adapt and compensate for
the loss of absorptive surface area, relatively normal
intestinal function could be expected after resection
of approximately one-third of the bowel. However, re-
sections necessitating the removal of greater than 50% of
the small bowel are associated with metabolic compli-
cations and often require more aggressive interventions.

In addition to remnant length, the site of the resec-
tion in¯uences the clinical sequelae. Loss of the distal
small intestine is often more devastating than loss of the
more proximal bowel. If the jejunum is removed, the
ileum often adapts and assumes its absorptive functions.
However, because of the unique functions of the ileum,
particularly bile salt absorption, loss of even 100 cm or
less of ileum can result in watery, cholerrheic diarrhea.
When more than 100 cm of ileum is resected, bile salt
loss in the stool can be considerable. Consequently,
fewer bile salts are available, limiting the absorption
of fat and fat-soluble vitamins, with resultant steator-
rhea. The unabsorbed free fatty acids bind with calcium,
magnesium, and zinc, forming insoluble intraluminal
soaps. The prolonged malabsorption of these substances
necessitates supplementation to avoid de®ciency states
and related metabolic complications. The formation of
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unabsorbable calcium soaps prevents intraluminal cal-
cium from binding to dietary oxalates. If colon is pres-
ent, the unbound oxalates pass to the colon, where they
are reabsorbed and subsequently excreted in the urine.
A prolonged state of hyperoxaluria renders the patient
prone to the development of calcium oxalate
nephrolithiasis. An additional factor in¯uencing cal-
cium absorption is a reduction in serum 25-hydroxy
vitamin D levels, which can be related to the loss of
ileal surface area and the associated fat and fat-soluble
vitamin malabsorption. Prolonged suboptimal levels of
calcium and vitamin D are thought to contribute to the
bone disease that can accompany the short bowel
syndrome.

In addition to the absorption of fat and fat-soluble
vitamins, the ileum and the colon have a greater ability
than the jejunum to conserve salt and water. In addition,
the ileum and colon have a marked effect on slowing
intestinal transit. Consequently, resections involving
only jejunum often result in very little diarrhea, because
the remaining ileum and colon can accommodate the
¯uid and electrolyte load. In contrast, following ileal
resections, the colon receives a large, relatively isotonic
¯uid load. However, the presence of unabsorbed bile
salts and free fatty acids can alter the tonicity of the
luminal contents and produce a secretory state within
the colon. Although the colon can handle �5 liters of
¯uid per day, volumes in excess of this can result in
diarrhea and excessive ¯uid and electrolyte losses.
For patients with jejunostomies (no functional ileum
or colon), the remaining jejunum is often unable to
concentrate the luminal contents, and water and sodium
loss is often severe.

The health of the remnant bowel in¯uences the se-
verity of the symptoms confronting the patient with
short bowel syndrome. Disease (e.g., Crohn's) or dam-
age (e.g., radiation injury) can impair the functioning
capacity of the remaining bowel, rendering these pa-
tients to more pronounced symptoms and long-term
complications.

Presence or Absence of Colon

In addition to the colon's important role in the ab-
sorption of ¯uid and electrolytes, it plays a unique role
for patients with short bowel syndrome. Bacteria within
the colon ferment malabsorbed carbohydrate (and to a
lesser extent protein) into short-chain fatty acids, which
can then be utilized for energy. Thus, for patients with
short bowel, the presence of the colon is typically a good
predictor of a more favorable outcome and less depen-
dency on parenteral support. The minimal amounts
of small bowel required to sustain a patient without

parenteral support have been estimated to be approxi-
mately 50ÿ70 cm, when the segment is anastomosed to
functional colon, but 110ÿ150 cm if no colon is present.
These estimates assume that the remnant small bowel
and colon are healthy, adequate adaptation has oc-
curred, and the patient has received appropriate medical
and nutritional care.

MEDICAL AND
NUTRITIONAL MANAGEMENT

The primary short- and long-term objectives of standard
medical and nutritional management of patients with
short bowel syndrome should be (1) to enhance bowel
adaptation and compensation, (2) to improve absorp-
tion and reduce diarrhea, (3) to replace nutrient and
¯uid losses appropriately, and (4) to minimize and/or
avoid long-term complications.

Acute Postoperative Period

The immediate postoperative phase following ex-
tensive intestinal resection is characterized by massive
diarrhea and ¯uid and electrolyte disturbances. During
this time, aggressive replacement of ¯uid and electro-
lytes is required. Calorie and nutrient requirements are
met via parenteral nutrition (PN) and should be pre-
scribed according to previously published guidelines.
Very small amounts of luminal nutrition should be ini-
tiated as early as possible for the purpose of encouraging
bowel adaptation. The composition of the diet should be
based on the presence or absence of colon, with the
quantity of fat, carbohydrate, and protein evenly dis-
tributed throughout the day. Simple sugars (particularly
sucrose, fructose, and lactose) and hyperosmolar bev-
erages should be avoided. Oral rehydration solutions
can be trialed. If the patient is unable to eat, a polymeric,
isotonic liquid formula should be utilized. Initially, the
quantity of the feeding should be restricted (e.g.,
� 500 ml per 24-hour period) to avoid further exacer-
bation of diarrhea. An antimotility agent should be ini-
tiated, and antinausea medication utilized, if indicated.
Due to acid hypersecretion following resection, antacid
therapy should be started. If either secretory or choler-
rheic diarrhea is documented, additional antisecretory
medication can be considered (Table I). This initial
postoperative phase may last for several weeks or
even months, depending on the extent of the resection.

Long-Term Management

The second phase following extensive resection
is marked by a decrease in diarrhea. The increased
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adaptation is accompanied by improvements in nutrient
absorption. Although the composition of the oral diet
continues to be based on the presence or absence of
colon, the volume of food and ¯uid is liberalized. Par-
enteral support is gradually reduced and medications
are adjusted, as indicated. Following extensive resec-
tion, it can take up to 1ÿ2� years before maximal
adaptation is achieved, and during this time the overall
treatment plan may need to be adjusted multiple times.
Some patients with short bowel syndrome progress to a
third phase, one of full adaptation, which is marked by
the achievement of positive nutritional balance via oral
or enteral nutrition alone. For these patients, as well as
those who remain dependent on parenteral support, it is
critical that they be monitored periodically to minimize

the risk of potential complications associated with short
bowel syndrome and/or their long-term need for PN.
Recommendations for routine monitoring are provided
in Table II.

POTENTIAL LONG-TERM PROBLEMS

Catheter-Related Complications

For those patients with short bowel syndrome
that do require long-term PN, catheter-related com-
plications, including catheter occlusion (due to throm-
bosis) and catheter-related infections, are the most
common problem. Prevention of catheter occlusion
remains a clinical challenge, because the cause can be

TABLE I Frequently Utilized Medications

Indication Medication Dosea

Rapid transit Loperamide 2 mg po qid

Atropine sulfate 2.5 mg po qid

Opium tincture 0.25ÿ1.0 ml po qid

Secretory diarrhea Octreotide 50ÿ150 mg sc tid

Cholerrheic diarrhea Cholestyramine 4 g po bidÿqid

Acid hypersecretion

H2 receptor antagonists Ranitidine 150 mg po bid or 150 mg iv qd

Famotidine 20 mg po bid or 40 mg iv qd

Proton pump inhibitors Omeprazole 20 mg po bid

Lansoprazole 30 mg po bid

Antinausea Compazine 5ÿ10 mg po tidÿqid

Zofran 10 mg iv qdÿtid

Bacterial overgrowth Metronidazole 250 mg po tidb

Tetracycline 250 mg po qidb

Cipro¯oxin 500 mg po qdÿbidb

a For adult patients. Abbreviations: po, periorbital; qid, quater in die (four times daily); sc, subcutaneous; tid, ter in die (three times daily); bid,

bis in die (twice daily); iv, intravenous; qd, quaque die (once daily).
b Typically administered for 10ÿ14 days.

TABLE II Guidelines for Long-Term Monitoring

Parameter Baseline Monthly Semiannual Annual

Weight X X X X

Skeletal muscle massa X X X

Electrolytes X X X X

Vitamin and trace elementsb X X X

Essential fatty acid pro®le X X X

Liver function panelc X X X X

Kidney functiond X X X

Bone healthe X X

a Assessed by creatinine height index.
b Vitamin and mineral pro®le to include vitamins A, C, D (25-hydroxy), E, and B12, and folic acid, zinc, selenium, ferritin, and prothrombin.
c Liver function panel should include total bilirubin, alkaline phosphatase, serum glutamic oxaloacetic transaminase, and serum glutamic

pyruvic transaminase.
d Assessed by 24-hour creatinine clearance.
e Assessed by dual-energy X-ray absorptiometry.
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multifactorial. Efforts to reduce the incidence of septic
complications focus on the use of aseptic techniques in
catheter placement and maintenance and in solution
preparation and administration.

Liver Dysfunction

Although the use of PN may result in altered liver
function tests as soon as 1ÿ2 weeks after therapy has
been initiated, liver dysfunction is more frequently
thought to be a long-term complication. Patients with
theshortest residual intestine,particularly thosewithout
functioning remnant colon, are at greatest risk of devel-
oping eventual liver failure, suggesting that the degree of
malabsorption and/or the level of dependence on paren-
teral nutrition are the likely causes of the dysfunction.
Although nutrient de®ciencies (e.g., choline, carnitine,
glutamine, vitamin E, taurine) and toxicities (e.g., man-
ganese) have been suggested as potential causes of liver
dysfunction, dextrose overfeeding, lipid overload, and
bacterial overgrowth are more typically associated with
the abnormalities. To prevent PN-associated liver dis-
ease, carbohydrate overfeeding and the excessive use of
lipid emulsion should be avoided, PN should be cycled,
oral intake encouraged, and episodes of bacterial over-
growth appropriately treated and managed.

Metabolic Bone Disease

Patients with short bowel syndrome are at risk of
developing metabolic bone disease, with the two most
common forms being osteoporosis and osteomalacia. In
addition to chronic abnormalities in calcium and vita-
min D homeostasis due to impaired nutrient absorption,

factors such as chronic metabolic acidosis, the need for
long-term PN, prolonged periods of inactivity, and lim-
ited sun exposure may further contribute to the prob-
lem. Efforts to minimize risk of progressive bone loss
should include appropriate vitamin D and calcium sup-
plementation and, if appropriate, sunlight exposure
and an exercise regimen. Chronic acidosis should be
corrected and the use of PN minimized, if possible.
Dual-energy X-ray absorptiometry (DEXA) provides a
noninvasive method to assess bone mineral density and
should be used as a screening device for patients with
short bowel syndrome.

Nutrient De®ciencies

Vitamin, mineral, and essential fatty acid de®cien-
cies are common in patients with short bowel syndrome.
As previously mentioned, the location and the extent of
intestinal resection impacts on the incidence and sever-
ity. De®ciencies can occur despite the use of routine
supplementation, thus periodic monitoring is recom-
mended (Table II). When de®ciencies are identi®ed,
they should be repleted (Table III) to avoid potentially
debilitating complications.

Other Problems

Bacterial overgrowth and D-lactic acidosis are addi-
tional problems that may occur in patients with short
bowel syndrome. Bacterial overgrowth is an abnormal
proliferation of bacteria; changes in intestinal ¯ora can
be induced by alterations in intestinal motility and in
diet (e.g., increased intake of simple carbohydrates)
and/or the need for antibiotic therapy. Overgrowth of

TABLE III Guidelines for Nutrient Repletion

Nutrient de®ciency Recommended repletion dosagesa

Vitamin Ab po, 10,000ÿ50,000 IU for 1 month; iv, 50,000ÿ100,000 IU for 1ÿ3 days

Vitamin B12 im, 100ÿ1000 mg daily for 1ÿ2 weeks to replace body stores

Vitamin C po, 250ÿ500 mg qdÿbid

Vitamin Dc po, 50,000 IU daily for 1 month; im, 500,000 IU in 1ÿ2 injections

Vitamin E po, 400 IU qdÿtid

Vitamin Kd po, 5ÿ20 mg qd; iv or sc, 2.5ÿ10 mg and monitor levels

Iron po, 27ÿ38 mg of elemental iron tid

Zinc po, 50 mg of elemental zinc qdÿbid

Selenium po, 50ÿ100 mg qd; iv, 20ÿ60 mg

Magnesiume po, 200ÿ600 mg qd; iv or im, 1ÿ2 g if levels are less than 1.0 mEq/liter

Essential fatty acids po, 1ÿ3 tablespoons of saf¯ower and/or ¯axseed oil; iv, 250 ml of 20% lipid in 12 doses

a For adult patients. Abbreviations: po, periorbital; qd, quaque die (once daily); sc, subcutaneous; tid, ter in die (three times daily); bid, bis in die

(twice daily); iv, intravenous.
bAs retinol.
cAs ergocalciferol.
dAs phytonadione.
eAs magnesium glycinate.
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pathogenic bacteria has the potential to increase diar-
rhea and to compete with vitamins (e.g., B12) and other
nutrients. Treatment usually consists of a 10- to 14-day
course of oral antibiotics (Table I) and a probiotic to
repopulate the intestinal ¯ora.

Bacterial fermentation of unabsorbed sugars can
cause increased D-lactate production in the colon in
some patients. These fermenting organisms can lead
to D-lactic acidosis, with related neurologic impair-
ment, including confusion, somnolence, unsteady gait,
and lethargy. A speci®c D-lactate level is used to con®rm
the diagnosis. Treatment includes intravenous ¯uids
and administration of antibiotics to reduce colonic
bacterial mass. Patients who may be susceptible to
D-lactic acidosis should be strongly encouraged to
avoid re®ned sugars and to decrease their total
carbohydrate intake.

Depression and narcotic dependency are additional
problems that may confront the patient with short bowel
syndrome. These problems should be addressed and
appropriate treatment and support provided.

ADDITIONAL TREATMENT OPTIONS

In addition to the use of approved medications and
appropriate oral/enteral and parenteral nutrition regi-
mens, other treatment options are being explored and/
or utilized. These options include the use of growth
factors, nontransplant surgical procedures, and intesti-
nal transplantation.

Growth Factors

Speci®c growth factors (e.g., growth hormone, glu-
cagon-like peptide-2) have been proposed as potential
adjuncts to the standard treatment of patients with short
bowel syndrome. Their ability to augment bowel func-
tion and/or morphology and thereby reduce PN require-
ments is the focus of much research. Preliminary studies
have produced con¯icting results, but results from
larger trials are anticipated to help clarify some of the
controversy over this therapeutic approach.

Nontransplant Surgical Procedures

In an attempt to increase the absorptive surface area
and to minimize problems of bacterial overgrowth, in-
testinal lengthening procedures have been proposed for
some patients with short bowel syndrome. This techni-
cally challenging procedure has been reported to yield
favorable results in some patients, particularly those
with dilated remnants. The procedure has primarily
been utilized in children and clinical experience is

limited to a small series in a few centers. For patients
with longer remnants, reversal of intestinal segments is
intended to slow intestinal transit by the interruption
of normal peristalsis and the introduction of retro-
grade motility. Prolongation of intestinal transit and
the associated improvement in nutrient absorption
have resulted in some patients regaining enteral auton-
omy or experiencing a reduction in PN requirements.
Although some authors report lasting bene®t, others
report only short-term success. As with all procedures,
the potential bene®ts need to be weighed against the
potential risks.

Intestinal Transplantation

Intestinal transplantation has become a treatment
option for those patients who develop life-threatening
complications associated with long-term dependence
on PN. An international registry has tracked the
world experience on this procedure and reports indicate
that the 1-year graft/patient survival rate for transplants
performed after 1995 is 55/69% for intestinal grafts,
63/66% for those who undergo a transplant of both
the small bowel and liver, and 63/63% for those who
undergo multivisceral grafts. Despite such aggressive
intervention, approximately one-quarter of the survi-
vors still required some parenteral support. This pro-
cedure is performed more commonly in children and
teenagers than in adult patients.

INTESTINAL REHABILITATION

Comprehensive treatment programs for patients with
short bowel syndrome have been developed over the past
decade in specialized centers that have the opportunity
to care for large numbers of patients. Well-de®ned pro-
tocols and the experienced clinical teams allow standard
therapeutic interventions to be optimized. Interven-
tions often include daily monitoring and adjustments
in nutritional and medication regimens, comprehensive
education and behavior modi®cation programs, and
long-term monitoring. If indicated, other therapeutic
approaches (e.g., the use of growth factors, and non-
transplant surgical interventions) may be utilized. The
intent of intestinal rehabilitation is to improve the
functioning capacity of the remnant bowel with the
goal of avoiding signi®cant complications or the need
for intestinal transplantation.
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foreign tissues (antigens) after allograft transplantation,
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total parenteral nutrition Provision of complete nutrition via
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Quanti®cation of an anatomical de®nition of short bowel

syndrome after surgical resection has been attempted. No

consistent de®nition can be established because children

with as little as a few centimeters of small intestine have

been successfully weaned from parenteral nutrition

whereas some children with longer segments of bowel

have succumbed. In adults, it is generally agreed that

less than 100 cm of remaining small bowel constitutes

short bowel syndrome. A more practical de®nition fo-

cuses on the functional state of the remaining gastroin-

testinal tract, whereby short bowel syndrome exists when

malabsorption of nutrients, ¯uids, and /or electrolytes

occurs in the presence of any intestinal loss.

INTRODUCTION

Short bowel syndrome, although not common in pedi-
atrics, remains a continuous challenge to those involved
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in the care of children with this syndrome. Advances in
neonatology, pediatric surgery, and intestinal feeding
practices have facilitated survival of these children
but enhancement of growth and development along
with the avoidance of therapy-related complications
present ongoing challenges.

Enteral nutrition is now the mainstay of therapy for
children with extensive resections resulting in short
bowel syndrome. Parenteral nutrition is required ini-
tially while the functional capacity of the small intestine
is maximized. The practice of parenteral nutrition has
become very sophisticated, with minimal complications
occurring in patients managed by teams experienced in
such therapy. Death from complications of short bowel
syndrome therapy is infrequent because intestinal and
liver transplantation procedures have become increas-
ingly more reliable.

ETIOLOGY

Although congenital short bowel syndrome does
occur, most cases of short bowel syndrome in children
occur following intestinal resection in previously
anatomically normal infants. Typically, small bowel re-
section is performed to treat events occurring in the
ileum and colon; however, varying degrees of jejunal
resection may also be required. Table I lists the common
etiologies of short bowel syndrome in both infants and
older children. Congenital anomalies resulting in short
bowel syndrome include intestinal atresias, which may
occur anywhere in the intestine and can be either iso-
lated or multiple. Most infants with short bowel
syndrome have undergone resection due to necrotizing
enterocolitis.

INTESTINAL PHYSIOLOGY

The embryonic midgut is the origin of the small intes-
tine, which begins rapid growth at the end of the ®fth

week of gestation. Intestinal lengthening exceeds the
rate of growth of the embryonic body and, therefore,
it must grow outside the abdomen until the tenth week.
The average intestinal length at 40 weeks of gestation is
200ÿ250 cm. Mean adult small intestinal length is ap-
proximately 500ÿ600 cm, with primary increases in
length occurring in early childhood.

The most obvious change in short bowel syndrome
is the loss of overall absorptive surface area. The inher-
ent characteristics of the remaining intestine are, how-
ever, critical in determining the overall prognosis. Most
commonly, there is retention of the jejunum with part of
the colon. The jejunal epithelium differs signi®cantly
from that of the ileum in that the latter contains the
speci®c transporters for bile acids and vitamin B12.
The intestinal villi create a large surface area for nutrient
absorption, with most carbohydrate, protein, and water-
soluble vitamins being absorbed in the proximal small
intestine. Fat absorption occurs over a much larger pro-
portion of the whole small intestine. The jejunum also
has a higher concentration of enzymes and other carrier
proteins, making it capable of enhanced absorptive
function after distal intestinal resection.

Normally, a rapid infusion of hyperosmolar sub-
stances into the upper jejunum will result in an in¯ux
of ¯uid from the plasma to the lumen to equalize the
osmotic differences. Reabsorption will then occur dis-
tally if the load can be absorbed. Otherwise, diarrhea
ensues. In short bowel syndrome, this compensating
mechanism is altered. The presence of the colon after
small bowel resection provides for sodium and short-
chain fatty acid absorption. Loss of the colon generally
worsens the prognosis of short bowel syndrome. How-
ever, the presence of malabsorbed long-chain fats and
bile acids in the colon may worsen watery diarrhea and
increase oxalate absorption, with subsequent develop-
ment of oxalate renal stones.

The ileum generally provides less absorptive func-
tion than the jejunum but is rapidly recruited to enhance
nutrient absorption if digestive loads are large. Resec-
tion of a large portion of the ileum will result in bile salt
malabsorption (with subsequent fat-soluble vitamin
malabsorption) and vitamin B12 de®ciency because
the jejunum cannot compensate for the loss of the ap-
propriate receptors. The ileocecal valve plays an impor-
tant role in preventing bacterial ¯ux from the large
bowel into the small bowel. The valve also is important
for regulating intestinal transit. Its presence was once
thought to be key to establishing enteral nutrition and
weaning the pediatric patient from parenteral nutrition.
In practice, however, other factors such as the length of
resection and the hormonal and neural responses to
enteral nutrients are also important. In fact, any factors

TABLE I Conditions Leading to Short Bowel Syndrome

Infants Children

Congenital short bowel Malignancy/tumors

Intestinal atresias Radiation enteritis

Gastroschisis Crohn's disease

Apple peel/Christmas tree

deformity

Mesenteric vascular occlusion

Trauma

Hirschsprung's disease

involving ileum and colon

Chronic pseudo-obstruction

Necrotizing enterocolitis

Volvulus
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that result in slower transit may enhance the risk of
bacterial overgrowth.

Intestinal adaptation begins rapidly after the initial
intestinal resection. In addition, the small intestine ap-
pears to undergo enhanced hyperplasia with greater
nutrient exposure, although data studies in human
are con¯icting. Villus hypertrophy occurs by several
mechanisms, including neural in¯uences, direct nutri-
ent contact with the enterocytes, and release of tropic
substances from the stomach, liver, pancreas, and the
small bowel. Hormones shown in animals to be tropic
include enteroglucagon, neurotensin, epidermal growth
factor, insulin-like growth factor-1 (IGF-1), glucagon-
like peptide-2 (GLP-2), and gastrin. High levels of pep-
tide YY have a role in slowing gastric emptying rate and
enhancing the colonic brake phenomenon. Ghrelin, a
recently identi®ed hormone, has been investigated for
potential satiety effects. Peptides such as peptide YY and
enteroglucagon also slow intestinal motility. Trans-
forming growth factor-b has been identi®ed as having
an inhibitory effect on bowel adaptation after loss of
absorptive surface area.

STAGES OF THERAPY

Initially, ¯uid and electrolyte replacement in the early
postoperative period comprises the major focus of treat-
ment. Replacement of nutrient losses and treatment of
diarrhea quickly become additional challenges.

Parenteral Nutrition

The practice of parenteral nutrition has become
quite re®ned, involving development of age-related
and disease-speci®c amino acid solutions and the rec-
ognition that there are age-dependent micronutrient
requirements. The immediate postoperative period re-
quires aggressive monitoring of ¯uid and electrolytes. A
logical approach is to provide a standard parenteral
nutrition solution, dependent on age of the patient, in
combination with a more patient-speci®c ¯uid replace-
ment protocol. Replacement ¯uids can be prescribed by
monitoring electrolyte losses and overall volume loss in
the previous 2ÿ4 hours. Replacement of electrolytes
lost in intestinal ¯uids may require very large quantities
of electrolytes. Utilizing such protocols for replacement
¯uids rather than frequent altering of expensive total
parenteral nutrition (TPN) solutions can be done
quickly and easily at the bedside. Continued replace-
ment of electrolyte and ¯uid losses can be dif®cult in the
home environment; therefore, this constitutes one of the
exclusions for home therapy.

Initially, total parenteral nutrition solution should
replace all basic nutritional needs. Table II identi®es the
average caloric requirements (kilocalories/kilogram/
day) for different age groups. Table III lists the compo-
nents of a standard pediatric total parenteral nutrition
solution. Additional parenteral energy supply may be
necessary during the early postoperative period or
during times of stress, such as that related to fever or
severe infections. One to two times the basal energy
requirements may be required. Careful monitoring of
parenteral nutrition via both clinical and laboratory
parameters is required.

Enteral Nutrition

When ¯uid and electrolyte status has been stabilized
with the parenteral regimen, enteral feeding can be con-
sidered and should begin as soon as possible. In infants,
elemental diets are delivered via continuous enteral in-
fusion. Elemental formulas are well tolerated and avoid
the risk of allergy to proteins in more complex feedings.
Enteral feeding is typically started very slowly with a
dilute concentration (5 cal/ounce), which is slowly in-
creased to 20 cal/ounce for patients less than 1 year of
age and 30 cal/ounce for older patients. When ®nal con-
centration is reached, the volume is slowly advanced.
The technique of reaching ®nal concentration prior to
increasing volume avoids ¯uid overloading for the pa-
tient also receiving parenteral nutrition.

TABLE II Average Caloric Requirements by Age Group

Age Kilocalories
a

Premature infants 120ÿ150

Newborns 100ÿ120

1ÿ12 months 100

1ÿ6 years 75ÿ90

7ÿ12 years 60ÿ75

13ÿ18 years 30ÿ60

Adult 25ÿ35

a Per kilogram body weight per day.

TABLE III Standard Pediatric Total Parenteral Solution

Dextrose, 20%

Amino acids, 2.5%

Sodium chloride, 15 mEq/liter

Sodium acetate, 15 mEq/liter

Potassium phosphate, 20 mEq/liter

Calcium gluconate, 10 mEq/liter

Magnesium sulfate, 5 mEq/liter

Pediatric trace elements

Pediatric multivitamins
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The continuous and aggressive use of enteral
nutrition should be encouraged unless signi®cant dehy-
drating diarrhea ensues, in which case the infusion
should be adjusted so that overall ¯uid balance im-
proves. Continuous enteral infusion is inconvenient
and is thought to decrease the normal developmental
processes of eating. However, this can be managed later.
Newer, small enteral infusion pumps along with back-
pack devices have been developed to allow the patient
greater mobility. When long-term enteral nutrition is
anticipated, i.e., greater than 3 months, gastrostomy
tube placement facilitates continuous enteral feeding.
The presence of a gastrostomy or nasogastric tube does
not contraindicate feeding. However, continuous feed-
ing does alter hunger mechanisms, and rejection of oral
feeds is common. Use of continuous enteral feeding does
decrease the likelihood of gastroesophageal re¯ux.

As the child advances in age, a more complex for-
mula, such as a protein hydrolysate, is usually well tol-
erated. For patients older than 1ÿ2 years of age, whole
protein formulas stimulate further adaptation by in-
creasing the workload of the surface epithelium. Car-
bohydrates in enteral formulas are present in the form of
one or more sources, including extensively hydrolyzed
starch and disaccharidases such as sucrose. Medium-
chain fats, although well absorbed, are not as bene®cial
as long-chain fats in enhancing adaptation. Therefore, a
mixture of both types of fat in the formula is most ben-
e®cial. Carbohydrate type is probably the least impor-
tant type of required nutrient for patients with short
bowel syndrome. However, lactose may be more slowly
hydrolyzed than glucose polymers. Table IV lists some
commonly used formulas for infants and children with
short bowel syndrome. Theoretically, a formula with
enhanced proportions of fat, even to 50% of the total
daily energy intake, may be bene®cial not only for de-
livering more calories in less volume, but also because
high-fat formulas may slow gastrointestinal motility to
enhance absorption.

Tolerance of continuous enteral infusion is based in
part on stool losses; losses of greater than 40ÿ50 ml/kg/
day, especially if accompanied by the presence of pos-
itive reducing substances, suggest that enteral feedings
should be reduced or halted. Infants should be given

small volumes of nipple feedings to facilitate develop-
mentally normal stages of eating. At the appropriate
ages, introduction of solid foods should also be at-
tempted. Caution should be given to types of solids
initially utilized. Avoidance of foods containing high
carbohydrate levels reduces osmotic losses. Meats are
often well tolerated. Nutrient delivery by the oral route
may not be signi®cant due to malabsorption but is key in
later stages of therapy. In older infants and toddlers,
when the colon is intact, complex diets may be bene®-
cial in enhancing colonic salvage of short-chain fatty
acids.

Chronic Therapy

Parenteral nutrition is weaned as enteral nutrition is
advanced on a calorie-for-calorie basis. While continu-
ous enteral nutrition is utilized, parenteral nutrition is
suspended for a few hours each day, with the time off
parenteral nutrition gradually increasing, decreasing
total parenteral nutrition volume and calories. Eventu-
ally, delivery of TPN on an every-other-day basis is
possible. This is most easily accomplished by continu-
ous enteral delivery until parenteral nutrition is signif-
icantly reduced and the child remains stable. At that
time, weaning of enteral nutrition can slowly be at-
tempted as solid food intake increases. As the child
ages, monitoring of weight gain becomes vitally impor-
tant. Because caloric requirements do decrease slightly
with advancing age, and if adequate intestinal adapta-
tion occurs, many children whose weight seems to pla-
teau over time can still be weaned successfully from
parenteral nutrition.

Once parenteral nutrition is weaned, frequent mon-
itoring of weight, height, and macro- and micronutrient
intake becomes increasingly important. De®ciency
states are incurredbasedon theareaof intestine resected.
It is not uncommon for children to require replacement
of vitamin B12, magnesium, and fat-soluble vitamins. If
enteral nutrition advancement appears to stall, compli-
cations such as small bowel bacterial overgrowth or mi-
cronutrient de®ciency should be considered.

Complications

The most challenging complication of nutritional
therapy in short bowel syndrome is diarrhea. Manage-
ment should be based on etiology. Average stool losses
should be established for each patient and alterations
from baseline should be investigated. Possible changes
in dietary intake and bacterial overgrowth are the most
common causes of new-onset diarrhea. Utilization of
bolus rather than continuous enteral feeding may result
in an increased osmotic load and may not be well

TABLE IV Commonly Used Formulas

Elemental Semielemental Whole protein

Neocate Alimentum Peptamen

Peptide 1� Pregestimil Pediasure

Pediatric Vivonex

Elecare

Nutramigen Vital
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tolerated. As the child grows, small, frequent meals, for
example, may be more bene®cial than three daily stan-
dard meals. In cases of bile acid malabsorption causing
diarrhea, use of cholestyramine may be bene®cial.
However, it should be used with caution as the atten-
dant sequestration of luminal bile salts may exacerbate
fat and fat-soluble vitamin malabsorption. Antisecre-
tory drugs are sometimes utilized. Somatostatin has
been used to reduce diarrhea with modest ef®cacy
short term, but long-term administration has not
proved to be of bene®t. Newer drugs such as
racecadotril are currently under investigation. Antimo-
tility drugs such as Imodium are often prescribed for
patients with short small bowel and may be of bene®t
particularly if the ileocecal sphincter is intact. Antimo-
tility drugs should be used with caution in children
because they may enhance problems with small
bowel bacterial overgrowth.

One of the most dif®cult complications to deal with
in the therapy of short bowel syndrome is small bowel
bacterial overgrowth. This condition occurs in virtually
all patients; however, it does not become problematic in
all. Diagnosis is dif®cult and no gold standard exists.
Culture of jejunal aspirates, measurement of excess hy-
drogen production after a glucose load, serum D-lactate,
and urine indican levels have all been attempted as pos-
sible correlates to pathological bacterial overgrowth.
Symptoms include an increase in diarrhea, abdominal
distension, and ¯atulence. At times, even bloody diar-
rhea may occur. Bacteria normally present the bowel
have a role in deconjugating bile salts and produce mi-
cronutrients such as B12. However, if bacterial numbers
become excessive (4105 jejunal and 4108 ileal), mu-
cosal in¯ammation may result. Another signi®cant com-
plication of small bowel bacterial overgrowth is D-lactic
acidosis. Particularly in infants and small children, this
can lead to lethargy and even coma.

Empiric treatment of small bowel bacterial over-
growth with antibiotics is often helpful in establishing
the diagnosis. Broad-spectrum antibiotics such as
oral gentamicin, trimethoprim sulfate, and /or
metronidazole are often utilized initially. Low doses
may result in signi®cant improvement in symptoms.
Endoscopy is rarely helpful, except in evaluating the
presence of enteritis and colitis. If present, these situa-
tions may also respond to antiin¯ammatory therapy
with mesalamine or even corticosteroids. If bene®cial,
antibiotic therapy is often not required continuously,
but may be used on a rotating schedule. Eventually, the
development of resistant organisms may require the al-
teration of antibiotic type. Use of probiotics may also be
bene®cial in preventing or modulating the response of
more harmful or excessive bacterial species.

As food-based intake is advanced, speci®c nutrient
de®ciency states may occur when supplemental enteral
formula is no longer required. Table V lists commonly
acquired nutrient de®ciencies. Nutrient supplements
are readily available and usually dosing can be adjusted
based on blood levels of the nutrients. Magnesium pres-
ents a particular challenge because supplementation
with almost any magnesium supplement can enhance
diarrhea. Careful administration and followup monitor-
ing of supplements are required, especially when levels
become critically low. The development of acid peptic
disease commonly occurs in children with short
bowel syndrome. Many pediatric patients with short
bowel syndrome eventually become symptomatic
with acid re¯ux and require neutralizing or acid sup-
pression medications on a long-term basis.

The most life-threatening complication of long-term
nutritional therapy in infants with short bowel
syndrome is parenteral nutrition-related liver disease.
The etiology of this entity is not well understood. Tox-
icity of amino acid solutions, excess administration of
lipid solutions, production of toxins by bacteria in the
bowel, excessive nutrient administration, toxicity of un-
known substances in the parenteral nutrition solution,
and absence of stimulation of gastrointestinal hormones
have all been implicated as possible contributing fac-
tors. It is well understood that even minimal enteral
nutrition is important in lessening the impact of this
complication. Ursodeoxycholic acid has been advocated
to prevent the development of parenteral nutrition liver
disease. Recurrent central venous catheter sepsis has
been more recently identi®ed as a possible factor in
the development of TPN-associated liver disease. Efforts
should be made to prevent as many of these complica-
tions as possible. In extreme cases of intestinal failure
with mild TPN-associated liver disease, reversal of liver
disease has been noted following successful intestinal
transplantation.

SURGICAL THERAPY
AND TRANSPLANTATION

Patients with short bowel syndrome who have under-
gone intestinal resection frequently experience

TABLE V Commonly Acquired Nutrient De®ciencies

Nutrient Signs and symptoms

Vitamin A Night blindness

Vitamin D Bony demineralization

Vitamin B12 Megaloblastic anemia

Magnesium Lethargy and tetany
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problems with anastomotic strictures and ulcerations.
These can occur at any time, but typically do so within a
few years after the initial resection. Symptoms include
recurrent or sudden anemia, blood in the stools, or
progressive worsening of vomiting and abdominal
bloating. The adaptive response, although bene®cial
in enhancing the absorptive surface area, may be be-
come extreme and result in dilatation of the bowel,
with poor motility and signi®cant small bowel bacterial
overgrowth. Such bowel dilatation can be identi®ed on
radiographic imaging studies and may be amenable to
surgical tapering with or without concomitant bowel
lengthening (Bianchi procedure). These procedures, if
done at centers with expertise in performing them, may
be bene®cial in alleviating symptoms without sacri®cing
intestinal absorptive surface area. Surgical procedures
designed to slow intestinal transit via creation of intes-
tinal valvelike areas or reversed intestinal segments are
not recommended. Fundoplication is sometimes neces-
sary in patients who experience signi®cantly altered
upper gastrointestinal motility.

Intestinal or combined liver/intestinal transplanta-
tion has become an alternative, although not an early
interventional strategy, for patients requiring chronic
parenteral nutritional support due to short bowel
syndrome. Transplantation prior to irreversible liver
or bowel failure is often met with great success. At the
present time, it is not possible to predict which pa-
tients will fail intestinal rehabilitation. Attempts to
predict ultimate failure of parenteral nutrition have
centered on criteria including the presence of less
than 30 cm of small bowel, absence of the ileocecal
valve, some colon resection, only minimal tolerance of
feedings 2 months after resection, patients without a
jejunum or ileum, patients with poor quality of
residual bowel, and patients with repeated sepsis ep-
isodes. Advances in surgical technique and immuno-
suppression have enhanced survival; however, graft
rejection and complications of immunosuppression
may ultimately occur because these patients survive
longer. New medications for immunosuppression,
such as interleukin-2 antagonist, bone marrow aug-
mentation, and tolerance induction, have all enhanced
the success of intestinal transplantation. Results vary
signi®cantly among centers performing intestinal
transplants, with an overall 1- to 2-year survival at
75% decreasing to about 50% at 3ÿ5 years. The short-
age of donors remains a signi®cant problem. Although
intestinal rehabilitation may offer the best chance for a
meaningful quality of life and the best chance for
longevity, transplantation as a newer form of therapy
may be an option for patients failing on parenteral
nutrition.

PROGNOSIS

Parenteral and enteral nutrition programs remain the
mainstay of therapy for infants and children with short
bowel syndrome. The majority of these patients, if ad-
equately managed, will require parenteral nutrition only
as an interim phase of rehabilitation. Some patients will
eventually develop life-threatening complications, in-
cluding liver disease. Transplantation of either the
bowel or the bowel and liver have become possible op-
tions for selected patients unable to succeed with par-
enteral nutrition. Although home-based parenteral
nutrition does permit optimal psychosocial develop-
ment, it requires the utilization of an aggressive
nutrition team approach by nurses, physicians, and nu-
tritionists. Augmentative surgical procedures are some-
times helpful in restoring bowel function.
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cathartic An agent that results in the purging of bowel

contents.

colitis In¯ammation of the colonic mucosa; may be acute or

chronic.

®ssure A painful split in the mucous membrane of the anus.

hemorrhoids Varicosities of the external hemorrhoidal veins

that may result in a painful swelling at the anus and have

a propensity for bleeding.

mini-perforation A small rent in the bowel, which typically is

contained by the overlying omentum and heals without

the need for surgical repair.

perineum The external region between the anus and the

genitalia.

pneumatosis coli The presence of gas-®lled cysts within

the intestinal mucosa, which may occur after colonic

insuf¯ation or with colonic ischemia.

postpolypectomy syndrome An acute syndrome composed

of pain, fever, and focal colitis stemming from trans-

mural thermal injury following the removal of a polyp

with cauterization.

proctitis In¯ammation of the rectal mucosa; may be acute or

chronic.

sigmoidoscopy A technique for obtaining intralumenal

visualization of the rectum, sigmoid, and, usually, left

colon, utilizing a ®ber-optic endoscope.

splenic ¯exure The section of colon representing the

transition from the transverse colon to the left colon,

typically located in the left upper quadrant of the

abdomen, inferior to the spleen.

tenesmus A painful cramping sensation of incomplete

defecation, accompanied by ineffectual straining to

further evacuate the bowel.

valves of Houston The three or four crescentic transverse

folds of the rectum.

Sigmoidoscopy, by de®nition, is a manual technique

whereby intralumenal visualization of the rectum and

sigmoid colon is accomplished using a ®ber-optic endo-

scope. However, the procedure generally includes exam-

ination of the left colon as well. With the advent of ¯exible

endoscopy in the 1960s, it became possible to survey the

entire large intestine. Yet, even as full colonoscopy has

become an important tool in the workup and surveillance

of various conditions, ¯exible sigmoidoscopy continues

to play an important role in gastrointestinal diagnostics.

That role is based on several key facts: (1) ¯exible

sigmoidoscopy is safe and, most often, does not require

sedation; (2) the procedure can be performed relatively

quickly, in an of®ce setting, and by a variety of appropri-

ately trained health care providers; and (3) ®ndings in the

distal colon often answer important clinical questions

regarding disease states such as acute colitis, chronic co-

litis, and rectal bleeding. Although evaluation of the sig-

moid colon can also be accomplished with a rigid

sigmoidoscope, this technique has largely been sup-

planted by ¯exible sigmoidoscopy, which is better toler-

ated by patients and typically allows for a more extensive

examination. Therefore, the focus of this article will be on

the use of ¯exible sigmoidoscopy.

PATIENT PREPARATION

Preparation for sigmoidoscopy is far easier for the
patient than that necessary for colonoscopy. As only
the distal portion of the colon needs proper cleansing,
enemas prior to procedure often suf®ce. A common
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the distal portion of the colon needs proper cleansing,
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prescription is one or two hypertonic phosphate en-
emas taken an hour prior to examination. Delay of
over an hour from the last enema may allow more
proximal fecal debris to migrate to the left colon.
Many different bowel preparations for sigmoidoscopy
have been studied and recommendations vary. Some
investigators advocate using oral cathartics, such as
magnesium citrate, the night before the examination,
followed by two hypertonic phosphate enemas on the
day of the exam. Others suggest using oral laxatives,
such as magnesium citrate or oral hypertonic phos-
phate solution, alone or in combination with a stim-
ulant laxative, such as bisacodyl. Although hypertonic
phosphate enema is the standard regimen, alternative
preparations can be used based on the preferences of
the examiner and medical history of the patient.
Adding oral cathartics the night before a procedure
will usually lead to a better preparation and might be
useful in the patient in whom enemas alone are
suspected to give marginal results. Such a patient
might be someone with severe diverticular disease,
one with poor anal sphincter tone, who has dif®culty
retaining an enema, or someone with a poor prepara-
tion previously. However, patient tolerance and satis-
faction may be compromised, in light of the common
side effects of oral laxatives, such as abdominal cramp-
ing, nausea, and vomiting. The goal of the bowel
preparation is threefold: safety, ef®cacy, and tolerance.
A properly cleansed bowel allows the endoscopist to
advance the instrument with a clear view of the lumen
and hence, achieve a thorough and safe examination.
A poor preparation with residual stool may result in
an inadequate assessment of the colonic mucosa, as
well as an increased risk of perforation due to sub-
optimal visualization of the colonic lumen. Pathology
may be missed with stool in the way, even with honest
efforts to irrigate and aspirate. Therefore, the patient is
best served by having the examination rescheduled.
Finally, a good colonic preparation usually yields a
shorter, more comfortable examination for the patient.
Minimizing discomfort is paramount for ensuring
compliance with potential future examinations.

When choosing a preparation, it is important to ac-
count for the medical condition of the patient. Oral
hypertonic sodium phosphate solutions are generally
contraindicated in patients with renal impairment,
due to the potential for clinically signi®cant hyper-
phosphatemia and/or hypocalcemia. Similarly, patients
with renal impairment should avoid magnesium citrate
preparations, due to the risk of developing hypermag-
nesemia. Sodium phosphate solutions may also be
hazardous in those with congestive heart failure or cir-
rhosis, due to the large sodium load that occurs with

these preparations. Other conditions that may carry
an increased risk for sodium phosphate-induced
hyperphosphatemia include severe ulcerative colitis
and pregnancy (the placenta actively transports phos-
phates). Phosphate preparations can also cause epithel-
ial sloughing and/or aphthous ulcerations, which may
cause confusion in cases of suspected colitis. Mucosal
biopsies will usually distinguish preparation-induced
changes from a chronic, idiopathic colitis. In moderate
to severe colitis, with signi®cant diarrhea, bowel prep-
aration may not be needed at all, as any retained stool
will be liquid and easily aspirated. Alternatively, tap
water enemas may be used.

Some patients with anorectal disease, particularly
those with ®ssures, or patients with low thresholds
for discomfort may need topical anesthetics, such as
viscous lidocaine, or even conscious sedation for the
examination. If conscious sedation is anticipated,
then overnight fasting is necessary to reduce the chance
of nausea, vomiting, and pulmonary aspiration. In this
circumstance, cardiopulmonary monitoring is also re-
quired, as well as the presence of providers that are
trained and certi®ed in the administration of conscious
sedation.

SETTING UP

It is common for patients to experience varying degrees
of anxiety prior to the procedure. Therefore, the proce-
dure should be reviewed in detail. The patient should be
reminded of why the test is being performed, abnormal
®ndings that might reasonably be anticipated, and the
fact that mild discomfort may be experienced. The pa-
tient should know that discomfort can be ameliorated by
removing air or partially withdrawing the scope, to
avoid the notion that minor discomfort should neces-
sarily lead to aborting the procedure. Risks ought to be
recounted, including discomfort, bleeding (especially if
biopsies are taken), and perforation. In the patient re-
ceiving conscious sedation for the test, the potential for
adverse reaction to a sedative must be discussed and a
review of comorbid conditions, medications, and aller-
gies is necessary. It is important to provide ample time
for patients to have any questions answered and for
informed written consent to be obtained from the pa-
tient or designated surrogate.

Once the patient is ready, he or she should lie on the
examination table with the left side down and facing
away from the examiner. Most endoscopists will use
video endoscopes, as opposed to ®ber-optic scopes
that utilize an eyepiece. The endoscopic power/light
source will be alongside the endoscopist to the right,
toward the patient's feet, with the video monitor on the
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other side of the table, facing the patient and the endo-
scopist. If a nurse is assisting the procedure, he or she
should stand at the patient's feet, on the other side of the
light source, so as to most easily hand endoscope acces-
sories to the endoscopist. The light source should be
turned on and checked to ensure that air insuf¯a-
tion, suction, and lens-washing functions all operate
properly. Discovering technical malfunctions during
the procedure can compromise thorough examination
as well as patient con®dence. At the ready, the endo-
scopist should have lubricating jelly, a washcloth or
gauze for use if needed in handling a lubricated instru-
ment, and a water basin with a pre®lled 60 cc syringe for
irrigating stool through the endoscope channel.

Next, visual inspection and a digital rectal exam are
performed. Rectal examination allows the examiner to
lubricate the anal canal (a generous amount of jelly is
advised) and to palpate the anal canal and lower rectum.
This step is critical for ®nding pathology of the peri-
neum and anal canal. Conditions such as external
hemorrhoids and anal ®ssures may be best appreciated
at this time. The patient should be informed that the
maneuver is to occur and it should be performed slowly.
Unexpectedly cold lubricant, rapid insertion, or a rough
examination may heighten anxiety and possibly lower
the threshold for perceived discomfort during the en-
doscopy. A tender ®ssure or in¯amed hemorrhoids may
warrant the use of anesthetic jelly during examination.
Circumferential palpation of the canal and lower rectum
is important, as this area is the most dif®cult to examine
endoscopically, even with retro¯exing the scope. Fur-
thermore, on occasion, lesions that are not easily dis-
tinguished visually, such as squamous cell cancers of the
anal canal or submucosal lesions, might be palpated.

THE SIGMOIDOSCOPE

Most commonly, ¯exible sigmoidoscopy is performed
with a 60 cm endoscope with a 12 mm outer diameter.
All standard endoscopes are right-handed, so that the
shaft is grasped with the right hand and the control head
with the left. Within the shaft, either ®ber-optic bundles
(in the older models) or an electronic chip carries the
visual image either to a focusing lens beneath an eye-
piece or to a video processor, respectively. The shaft also
carries the cables that allow the directional dials to con-
trol the scope tip, as well as an open channel through
which instruments can be passed (forceps, snare, cau-
tery probe, injection needle, etc.). At the control head
are two main buttons, two dials, and an entry port for the
internal channel. The upper button is depressed for
suction, with the degree of depression corresponding
to the suction pressure. The lower button has a central

hole, which is covered to activate air insuf¯ation at the
endoscope tip. Tapping at the button allows for ®ne
control of delivered air volume. Depressing the lower
button fully causes the water irrigation system to clean
the lens at the scope tip by washing across it. Some
endoscopes have other buttons for freezing or capturing
images to the video processor. The inner dial controls up
and down tip de¯ection and the smaller outer dial con-
trols left and right tip de¯ection. On most ¯exible sig-
moidoscopes, the tip can de¯ect 180� in the up or
down direction and 160� left or right. Brakes are usually
mounted on these dials to lock them if one wishes to
maintain a given tip de¯ection or neutral position. An
umbilical cord inserts into the control head and con-
nects it to the power source that controls the light, air,
and irrigation systems. The scope head should be held in
the left hand so that the thumb can reach both direc-
tional dials and the fore®nger comes around to the front
of the head to manage the buttons.

Occasionally, the standard ¯exible sigmoidoscope
shaft may be too stiff for some patients. The advantage
of a relatively stiff-shafted instrument in the colon is that
it reduces scope looping in the often-windy left colon.
However, when the sigmoid colon is more tortuous or
has restricted mobility, owing to previous surgeries or
in¯ammatory (e.g., diverticular) processes, a standard
sigmoidoscope may cause painful looping, as it stretches
the bowel upon its mesentery. In such cases, a thinner,
more ¯exible instrument may be helpful. For these oc-
casions, a standard gastroscope is thinner (0.96 cm) and
longer and has greater tip de¯ection. Such an instru-
ment can more easily negotiate sharper turns in a tor-
tuous colon with less pressure applied and should allow
the endoscopist to reach the splenic ¯exure with less
patient discomfort.

SIGMOIDOSCOPIC TECHNIQUE

In general, the sigmoidoscope should be advanced until
the splenic ¯exure is reached, solid stool is encountered,
or the patient experiences appreciable discomfort.
Thus, a proper exam requires some skill on the part
of the endoscopist, in order to reach the ¯exure without
running out of scope or convincing the patient never to
return. A complete exam usually takes 5 to 10 min.

After the rectal examination, the patient should be
told that the endoscopy is to begin and additional lu-
bricant is applied to the distal portion of the endoscope
tip. The scope is then inserted. Usually the scope will
meet mild resistance at the anal sphincter muscles and
then slip through the anal canal. Placement of the right
fore®nger on the tip of the scope might help guide it into
the anal canal.
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Once the scope has entered the rectum, it should be
withdrawn a few centimeters, air should be insuf¯ated
into the rectum, and the tip should be de¯ected upward
a bit. If not pulled back, the scope will likely be pressed
against the anterior wall of the rectum with a pink image
on the monitor. After the rectum is partially in¯ated and
the lumen is visible, the endoscope may be advanced,
with `̀ dark'' areas signifying the lumen ahead. In
advancing the scope, most endoscopists prefer to
guide the instrument with use of the up/down dials
and right-handed torque of the shaft. Left and right
tip de¯ection is rarely a prominent feature of scope
advancement through the colon, as it is usually simpler
to `̀ feel'' the turns by gently rolling the scope between the
right thumb and fore®nger (with or without the middle
®nger).

Forward progress and risk reduction require that the
lumen be visualized at all times. This is not always easy
as the bowel has continuous underlying peristalsis and
some turns may be sharp. Yet, the most important rule of
intestinal endoscopy is to always pull back when the
lumen is not clearly visible. Likewise, if blanching of
blood vessels is observed, excessive pressure is being
exerted on the mucosa and the scope should be
promptly withdrawn until a view of the lumen is re-
stored. One should never worry about losing ground
in falling back past a turn. Sometimes, sharp turns re-
quire pulling back, deciding which angle to take, and
then proceeding anew. Once a turn is made with the
scope tip, pulling the shaft back slightly, with the scope
tip still de¯ected, usually allows for the lumen to come
back into view. Care must always be taken to advance
the scope only when the path of the lumen is certain.
`̀ Blind pushing'' may lead to traumatic complications
and must be avoided. Greatest care must accompany
the examination of the colon with dense diverticular
disease. Large, thin-walled diverticula may mimic the
lumen and thus every maneuver with the scope tip must
be slow and cautious. When a sharp turn is present and
the direction is known, the endoscopist is often tempted
to `̀ slide by,'' that is, gently try to advance the directed
scope tip, hoping the lumen will soon come into view.
Slide-by maneuvers do carry some risk and should gen-
erally be avoided. Sometimes it can be avoided by either
hooking a turn and pulling back on the scope shaft, thus
bringing the lumen into view, or by pulling back,
desuf¯ating the segment of bowel, which may decrease
the acuity of the angulation, and slowly advancing
through a `̀ memorized'' trail with only a small amount
of dark lumen leading the way. The circular muscles in
the wall of the colon are helpful, as the lumen will follow
in the direction of the concave contours, which usually
are readily apparent through the mucosa.

Inevitably, when pushing an endoscope into the
colon, loops will occur. In looping, forward pressure
on the back end of the scope forces the shaft into the wall
of the bowel behind the scope tip. The only way for
looping not to happen is for the bowel to resemble a
straight pipe, which, unfortunately, does not commonly
occur. In other words, looping always occurs and for-
ward progress requires that the loop be `̀ reduced.'' A
loop can be removed by pulling back on the scope
and usually by trying to torque the scope in the direction
opposite to the dominant twist of the bowel, a maneuver
that often calls upon trial and error. Loops in the sig-
moid colon are most often `̀ alpha'' loops, which are
usually reduced by torquing the shaft clockwise and
pulling the scope backward. Remember that with
every turn made by the scope tip, some looping becomes
inherent in the shaft. For this reason, the endoscopist
should try to withdraw somewhat after every turn. In
doing so, the bowel can be straightened along the shaft
of the scope, allowing for further forward progress. In
unsedated sigmoidoscopy, no signi®cant looping will
escape the endoscopist's consciousness, as the patient
will become uncomfortable when the bowel is stretched
on its mesentery. Passing the scope more proximally
will, usually, occur only after reducing the loop and
restoring the patient's comfort. In the patient with
known or suspected acute colitis, looping should be
avoided at all costs, as the less sturdy bowel wall may
more easily succumb to traumatic wall pressures ap-
plied by the scope.

As mentioned previously, the anatomic goal of sig-
moidoscopy is to reach the splenic ¯exure, the proximal
end of the `̀ left colon.'' Although there are no consistent
landmarks in the large intestine between the anal canal
and the appendix and ileocecal valve, there are a few
ways to help decide where the scope tip might be. One
endoscopic marker to look for is the spleen itself. The
spleen and liver both are clearly seen through the
thin-walled bowel. Unfortunately, a splenic or hepatic
impression sometimes occurs in more than one segment
of colon. Light pressure on the anterior aspect of the
abdominal skin may yield a gross idea of where the
scope tip is in the abdomen, although knowing that
the tip is somewhere in the left upper quadrant or
mid abdomen is not too helpful. The most helpful mark-
ers are the appearance of the bowel and the centimeter
markings on the shaft of the scope. (Note that the depth
of scope insertion has informational value only if the
endoscope is fully reduced, as looping will always give
the misimpression of the tip being more proximal in the
bowel.) When the scope is straight, the splenic ¯exure is
usually approximately 40ÿ45 cm from the anus. Nev-
ertheless, twice that length of scope can easily be pushed
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into the bowel before reaching the splenic ¯exure, if
looping is allowed. Of course the standard sigmoidos-
cope is only 60 cm, meaning that loops must be reduced
systematically.

The appearance of the bowel may also be useful. The
capacious rectum is approximately 10ÿ15 cm long and
is partially divided proximally by the valves of Houston,
which causes the entering endoscope to slalom a bit
before reaching the rectosigmoid junction, at which
time the lumenal diameter narrows appreciably. The
sigmoid colon runs approximately 15ÿ20 cm, but is
typically quite serpiginous and its length varies widely
among patients. The junction of the sigmoid and de-
scending colons is usually not evident endoscopically,
as it is on barium enema. One may hit a long `̀ straight-
away,'' which usually means that the scope tip is in the
descending colon and that the next major turn will be
the splenic ¯exure. Yet, some patients may have a rel-
atively short descending colon or one that is as tortuous
as the sigmoid due to diverticular or other in¯ammatory
disease, previous surgery, or laxity in the mesentery,
which may come with age. The transverse colon usually
has a typical triangular shape to the colonic haustra and
a relatively straight course. Seeing these identifying
marks allows the endoscopist to comfortably presume
that the splenic ¯exure has been traversed.

In truth, the splenic ¯exure is not reached as com-
monly as it should be during sigmoidoscopies. One
study using magnetic imaging to determine scope tip
location discovered that a quarter of examinations failed
to reach the sigmoid-descending junction and fewer
than 10% reached the splenic ¯exure. The same study
used colonoscopes to demonstrate that, on average,
75 cm of scope was needed to reach the splenic ¯exure.
Such information con®rms the importance of always
trying to continually remove loops, especially when
using a 60 cm scope. Keeping the endoscope straight
and reproducibly reaching at least the descending
colon, however, takes practice and skill. In that vein,
effective sigmoidoscopy (particularly for screening
purposes, where depth of insertion may determine ®nd-
ings) requires experience and continued repetition.

Once the splenic ¯exure is reached, solid stool is
found, or the patient is overly uncomfortable, the pro-
cess of withdrawing the scope begins. It is during with-
drawal that more careful endoscopic evaluation of the
bowel occurs. During insertion it is generally wise to
avoid full insuf¯ation, which makes the bowel longer,
the turns sharper, and the patient more distended. Yet,
on withdrawing the scope, care should be taken to
see the entire mucosal surface, which necessitates
some insuf¯ation. Much of this air can be suctioned
back out as the examination progresses distally. Many

endoscopists reserve mucosal biopsies or polypectomies
for the withdrawal stage of the test. (A caveat to this
option is that polyps that are small or in awkward spots,
such as behind folds, should be removed on insertion
lest they not be found on withdrawal.) Withdrawing is
technically easier, as turns can be more readily antici-
pated and scope loops, and hopefully air, are being re-
moved, allowing the patient more comfort. Here, it is
important to keep the lumen centered in view with ®ne
tip control. Some advocate locking the right/left dial to
minimize unwanted minor tip de¯ections and using
gentle torque and the up/down dial to maintain proper
bowel visualization. Gentle torquing of the shaft allows
the endoscope tip to swivel a bit, enhancing visualiza-
tion behind folds. If the scope slips back too quickly and
a segment of colon is not adequately inspected, the en-
doscopist should advance once again, so as to avoid
missing any pathology. Similarly, if the patient passes
¯atus, which should not be discouraged as it promotes
comfort, or bowel spasm occurs, the endoscopist should
stop and re-in¯ate the segment. Liquid stool should be
suctioned out and mucosa with adherent stool should be
irrigated with water. These cleaning chores are best
avoided during scope insertion, unless the lumen cannot
be adequately seen, as they lead to excessive air insuf-
¯ation early on, making the rest of the insertion process
more dif®cult.

After the scope has been pulled back into the rectum
and the rectum examined, retro¯exion is performed.
The tip should be right at the anal verge and all dial
brakes should be released so the scope is as ¯exible as
possible. The scope is then slowly advanced as maximal
upward tip de¯ection is applied with concomitant
torque in either direction. This maneuver allows the
tip to face back toward the anus and the scope shaft
itself. Here, internal hemorrhoids are best seen, as is
the most distal rectum. Without retro¯exion, many
low rectal lesions will be missed. Retro¯exion can be
uncomfortable for the patient, so the patient should be
warned of impending rectal pressure, which will signify
the end of the procedure.

Although the variety of endoscopic ®ndings is be-
yond the scope of this article, several ®ndings bear men-
tion. Polyps appear as raised mucosal lesions; most are
only slightly raised off the surface, but some may be
large and rounded on stalks. Tiny polyps may be re-
moved (usually with biopsy forceps) during the exam
to determine whether they are adenomatous, and thus
carrying malignant potential, or hyperplastic, without
any malignant potential. Hyperplastic polyps generally
are rather small, sessile, and smooth textured, whereas
most adenomas have a slightly corrugated surface, al-
though appearances may sometimes be misleading. If

SIGMOIDOSCOPY 375



larger (greater than 3ÿ4 mm) or multiple polyps are
found, concern for likely adenomas should lead to
scheduling a colonoscopy, obviating sampling efforts.
Similarly, if a tumor is found, colonoscopy will be nec-
essary to `̀ clear'' the proximal colon prior to surgical
evaluation. Diverticula, vascular malformations, hem-
orrhoids, or mucosal in¯ammation should always be
noted, as they may explain previous or future bleeding
episodes.

INDICATIONS

Average-Risk Cancer Screening

The most common application of ¯exible sigmoid-
oscopy is for colon cancer screening in the average-risk
adult. Colon cancer is the second most common cause of
cancer-related death in the United States. The survival
rates for early-stage malignancies are excellent, but
rather poor for advanced tumors. Furthermore, it is
well established that adenomatous colon polyps are
the precursors of adenocarcinomas of the colon and
rectum. Therefore, screening people for early cancers
and for polyps that may lead to cancers is worthwhile
and has been shown to save lives. Screening modalities
currently include fecal-occult blood testing, sigmoidos-
copy, barium enema, and colonoscopy. Computerized
tomographic (CT) colonography is another modality
that is being investigated as a screening technique,
but is currently considered experimental and has not
yet been approved for this indication. Endoscopic
screening is the most sensitive way to ®nd neoplasms,
and polyps greater than 5 mm in size are rarely missed.
For average-risk patients, the American Cancer Society,
American College of Gastroenterology, and the Gastro-
intestinal Consortium all recommend combining yearly
three-sample fecal-occult blood tests with sigmoidos-
copy every 5 years or performing colonoscopy every
10 years. The Preventive Services Task Force also rec-
ommends sigmoidoscopy every 5 years after the age of
50, with or without concomitant yearly fecal occult-
blood testing. The obvious shortcoming of sigmoidos-
copy is missing proximal lesions and between 20 and
50% of patients with polyps will have only proximal
lesions. In fact, there has been a `̀ rightward shift'' in
colorectal neoplasia, so that polyps and cancers are
found in the proximal colon more commonly than a
few decades ago. Yet, as there are insuf®cient resources
to perform screening colonoscopies for the entire pop-
ulation, fecal occult-blood testing and sigmoidoscopy
remain important tools to this end. In truth, the addition
of fecal occult-blood testing to sigmoidoscopy only mar-
ginally increases the yield of advanced (10 mm of larger)

neoplastic lesions, from 70 to 76%. Yet, fecal occult-
blood testing is relatively inexpensive and will yield
more colonoscopies, which means ®nding more can-
cers. (Note that patients with positive fecal occult-
blood testing, known or suspected adenomatous polyps
on sigmoidoscopy, family history of a ®rst-degree rela-
tive with colon polyps or cancer, and patients otherwise
at above-average risk for colorectal cancer should
undergo colonoscopy and are not appropriate for
`̀ screening.'')

Adjunct to Barium Enema in Screening

Barium enema, although less sensitive than
colonoscopy for polyps and cancers, is still used for
average-risk screening and above-average-risk indica-
tions for colonic evaluation (such as positive fecal oc-
cult-blood testing, family history of neoplasia). When
barium enema is performed, a catheter-tipped balloon is
inserted into the rectum and thereafter barium is intro-
duced to the colon in a retrograde fashion. The presence
of the balloon prevents complete visualization of the
rectum. Thus, whenever barium enema is used to survey
the colon, ¯exible sigmoidoscopy (or at least procto-
scopy) is necessary to complete the task.

Workup of Minor Rectal Bleeding in Patients
Less Than 40 Years of Age

The passage of red blood from the rectum generally
results from sources in the rectum and anal/perianal
regions. Hemorrhoids, anal ®ssures, proctitis, and rectal
cancers are the most common explanations. Other pre-
cipitators may include distal neoplasms, proctitis, left-
sided colitis, diverticula, angiodysplasias, or colonic
ulcers. Some of these conditions may involve multiple
segments of the colon, but the ®nding of a right-sided
lesion as an explanation for small amounts of visible red
blood, with a normal left colon, is unusual. Thus, when a
patient describes seeing small amounts of blood with the
stool, or just on the toilet tissue, examination of the
distal 60 cm of the colon should be suf®cient. However,
several studies have shown that patients with non-
emergent rectal bleeding may have above-average risk
for colorectal cancers. Because of an increased risk for
advanced neoplasia, if a patient is over 40 years of age
and has not had a previous colonoscopy, a complete
examination of the colon is indicated for the evaluation
of rectal bleeding. In the patient under 40 years of age,
without other risk factors for colorectal cancer, ¯exible
sigmoidoscopy is the recommended test. Obviously, the
speci®c clinical history should help guide management
as well. For instance, the new onset of blood mixed with
stool, unrelated to any straining, tenesmus, or other
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symptoms common to anorectal pathology, should
heighten concern for a neoplasm. In such a case,
colonoscopy may be the most appropriate study. Addi-
tionally, a patient with benign ®ndings on sigmoidos-
copy who continues to bleed, despite directed
conservative measures, deserves colonoscopy to rule
out missed or right-sided lesions.

Suspected Acute Colitis

In the patient complaining of recent cramping,
altered bowel consistency, and/or bleeding per rec-
tum, a diagnosis of acute colitis must be considered.
Causes of acute colitis are varied and include infec-
tions, ischemia, mucosal toxicity related to medica-
tions, chemotherapy or radiation, ¯ares of ulcerative
colitis or Crohn's colitis, and diverticulitis. Usually the
clinical scenario lends to likely etiologies. For in-
stance, the hospitalized individual on antibiotics
with new fever and diarrhea may have infectious co-
litis due to infection with Clostridium dif®cile, whereas
an elderly person with vascular disease and new-onset
cramping and bloody diarrhea likely suffers from is-
chemic colitis. Often, empiric therapy for acute
colitides is reasonable. Yet if the diagnosis or cause
is not certain, empiric therapy may be hazardous to
the individual, or symptoms are severe or unrespon-
sive to empiric therapy, further investigation is war-
ranted. Flexible sigmoidoscopy, with or without
biopsies, will generally suf®ce, as it is uncommon
for an acute colitis to solely involve the proximal
colon. In fact, bowel preparation is often not neces-
sary, as these patients rarely have signi®cant amounts
of solid stool in the distal colon and the preparation
may alter or worsen mucosal ®ndings. Biopsies of the
affected mucosa may be quite helpful, but, sometimes,
endoscopic views will clinch a diagnosis, such as the
typical pseudomembranes of C. dif®cile, the hypervas-
cular markings of radiation proctitis, or the segmental
distribution of ischemic colitis. On occasion, acute
colitis may warrant full colonoscopy as in suspected
Cytomegalovirus-related colitis, which may affect only
the proximal colon, or when CT scanning shows a
proximal colitis.

Surveillance of Chronic, Left-Sided Disease

Ulcerative colitis, and less often Crohn's colitis, may
be limited to the distal colon. In patients with pancolitis,
increased risk of colorectal cancer has led to regular
surveillance programs for patients with duration of dis-
ease over 8 years. In patients with distal ulcerative colitis
only, the time to increased cancer risk is unclear, but
most physicians start surveillance programs at 12 years

from diagnosis. For these patients, surveillance biopsies
of the involved bowel segments can be performed with
sigmoidoscopy (although some alternate sigmoidos-
copic surveillance of the affected bowel with full
colonoscopic surveillance). Some patients with familial
adenomatous polyposis will have undergone colectomy
but have an ileocolonic anastomosis with a retained
rectal remnant. These patients need continued surveil-
lance of the rectum given the persistent risk of cancer
involving the rectum.

Directed Investigation of Suspected
Left Colon Lesions

Not infrequently, colonoscopy or sigmoidoscopy is
precipitated by abnormal radiographs. A patient at low
risk for colorectal cancer (e.g., a person under 40 with
no family history) or who is a poor candidate for
colonoscopy (very elderly, postmyocardial infarction,
critically ill, etc.) may have a suspicious ®nding on bar-
ium enema or CT scan that seems to involve the distal
bowel. This ®nding may represent a mass, wall thick-
ening, ulceration, suspected colonic invasion by tumor
in an adjacent organ, or simply radiographic artifact. In
such a scenario, an evaluation of the colon limited to the
distal bowel may suf®ce. Similarly, in a patient with
known gynecologic or urologic malignancy there may
be suspicion of colonic involvement, based on hemato-
chezia or suggestive radiographs. If colonic extension of
tumor is suspected in the pelvis, as is commonly the
case, sigmoidoscopy is adequate to answer the question.

Directed Investigation or Treatment of Known
Left Colon Lesions

Uncommonly, a distal colonic lesion needs treat-
ment and the more proximal colon has already been
cleared with colonoscopy. An endoscopist may wish
to revisit a recent colonic polypectomy site, when re-
sidual adenomatous tissue is suspected. Another occa-
sion is planned therapy for radiation proctitis with
endoscopic fulguration or vaporization. Note that
whenever electrical or photochemical therapies are
used in the colon, even in unsedated patients with le-
sions well within the reach of the sigmoidoscope, a full
bowel preparation is necessary. If the bacteria that pro-
duce hydrocarbon gases are not purged from the colon,
the aforementioned energy sources could, theoretically,
spark an explosion within the bowel lumen.

Colonic Symptoms without Bleeding

The use of lower endoscopy in the evaluation of
chronic abdominal pain, altered bowel habits, or weight
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loss is of low yield, although commonplace. Colonic
neoplasia will seldom explain constipation, but if pres-
ent will occur on the left side where stool is more formed
and subject to partial obstruction more easily. Low ab-
dominal pain sometimes is explained by diverticular
disease (relapsing diverticulitis) or, more commonly,
by spastic colon, which often can be appreciated endo-
scopically. Colonic insuf¯ation may often reproduce a
patient's reported pain, and conversely, a proper bowel
prep may alleviate chronic pain, suggesting functional
bowel symptoms. Finding melanosis coli (hyperpig-
mented mucosa) will suggest the prolonged laxative
use that often accompanies chronic constipation.
Symptomatic patients over 50 years might bene®t
from full colonoscopy, as it is a better test to screen
for neoplasia, but any pertinent information regarding
their symptoms should be available in the left colon.
Note that when lower endoscopy is used to evaluate
chronic diarrhea, full colonoscopy with biopsies is
needed to rule out microscopic colitis, which sometimes
occurs only in the right colon. Similarly, full
colonoscopy is needed in the patient infected with
human immunode®ciency virus who presents with
chronic diarrhea.

PROCEDURAL RISKS

Discomfort

Some discomfort should be anticipated by the pa-
tient, but it is important to reiterate this point. Pa-
tients need to know that the endoscopist is attuned to
their subjective experience, will try to minimize pain-
ful stimuli, and will respond to the patients' input
during the test. Air insuf¯ation and scope looping
are the primary sources of pain and both these sources
can be ameliorated. Anal pain due to ®ssure or hem-
orrhoids should be managed proactively with anes-
thetic lubricant if the preprocedural rectal exam
suggests the need.

Bleeding

Mucosal scratches due to the endoscope are rare and
seldom bleed. However, friable mucosa associated with
colitis or uncorrected coagulopathy may bleed slightly
with even the mildest scope trauma. The removal of
polyps with forceps (removal of larger polyps with
other instruments is rarely undertaken during sigmoid-
oscopy and is discussed elsewhere) almost never leads
to clinically signi®cant bleeding, although rectal poly-
pectomies may result in a small amount of blood with
the stool over the subsequent few hours. In colonoscopy

studies, bleeding rates for purely diagnostic examina-
tions are approximately 0.02% and the risk for sigmoid-
oscopy is likely comparable. The bleeding risk for
colonoscopic polypectomy cases is signi®cantly higher,
but large polyps are not removed during sigmoidoscopy.
The added risk with forceps-mediated polypectomies
is not known, but unlikely to be much higher than
for purely diagnostic studies, based on common
experience.

Perforation

Perforation rates for ¯exible sigmoidoscopy are
roughly 1 in 10,000. The risk for this complication is
lower than during colonoscopy for several reasons: less
scope is inserted, less air is insuf¯ated, few poly-
pectomies utilizing cautery are performed, the thin-
walled cecum will become less in¯ated than during
colonoscopy, and the awake patient will complain of
the signi®cant looping or distension that increases
risk of perforation. Although event rates are low with
sigmoidoscopy, each procedure should be carried out
with the utmost caution. Every patient must be warned
of the risk for perforation with endoscopy.

Infection

The risk of infection related to sigmoidoscopy may
be more theoretical than practical. In the past, much was
written about postendoscopic bacteremia caused by
bowel-¯ora translocation via a thin, distended bowel
wall. Studies have demonstrated bacteremia occurring
after sigmoidoscopy, with the greatest concern being for
patients who could not cleanse the portal blood, i.e.,
cirrhotics and patients with vascular prostheses. Yet, the
data have never clearly shown a clinically signi®cant
infectious risk with sigmoidoscopy, although rare
cases may still occur.

Chemically Induced Colitis

Colitis can occur as a result of incompletely rinsed
disinfectants. Hydrogen peroxide and glutaraldehyde
are commonly used for disinfecting endoscopes. If
these agents are not thoroughly washed off the instru-
ment shaft and channels, they can subsequently come
in contact with the next patient in whom the instru-
ment is used. These chemicals will cause a self-limited
colitis with patients experiencing postprocedural
cramping, tenesmus, and bleeding per rectum. Ther-
apy is supportive, but preemptive avoidance via
proper endoscopic cleaning and rinsing techniques
is most important.
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Vasovagal Reaction

It is not uncommon for anal stimulation with the
endoscope and/or colonic distension with air to trigger a
vasovagal reaction. The endoscopist should be aware of
this and realize that air suction and scope withdrawal
can correct the condition. Some conversation between
the endoscopist and the patient during the procedure
allows the latter to report suggestive symptoms.

Other Risks

There are other potential complications of sigmoid-
oscopy, such as postpolypectomy syndrome, pneumat-
osis coli, ischemic colitis, electrolyte abnormalities, and
`̀ mini-perforation.'' These are rare with sigmoidoscopy.
Similarly, risks associated with conscious sedation will
not be discussed here.

CONTRAINDICATIONS

Absolute Contraindications

Suspected Severe or Toxic Colitis,
Including Acute Diverticulitis

When the bowel wall is severely in¯ammed it may
become thin and particularly susceptible to perforation.
Sigmoidoscopy should not be performed in this setting,
unless it is absolutely necessary for diagnosis and man-
agement. In that circumstance, it should be performed
only by an experienced endoscopist, with care taken to
avoid advancing the sigmoidoscope beyond the level of
in¯ammed mucosa. If there is clinical or radiological
evidence of toxic megacolon, sigmoidoscopy should not
be performed.

Suspected Perforation

A small tear in the bowel will surely enlarge with air
insuf¯ation, potentially leading to more leakage of
bowel contents into the peritoneal cavity. Some patients
with small perforations may be able to avoid surgery if
they `̀ self-seal'' with overlying omentum, a process likely
to be disrupted with added bowel distension. Similarly,
the patient who will need an operation anyway will
likely need a lengthier surgery after endoscopy creates
a larger hole with more spillage.

Suspected Bowel Obstruction

In an obstruction, the dilated bowel has increased
wall tension. The inevitable insuf¯ation that occurs dur-
ing endoscopy may lead to hyperbaric trauma with per-
foration and peritoneal soilage. Bowel obstruction
should be viewed as a surgical emergency and never
as an endoscopic question awaiting an answer. That

being said, there are times when a known sigmoid vol-
vulus may be amenable to endoscopic reduction (usu-
ally after gastrograf®n enema has failed to do so) or
persistent pseudo-obstruction may bene®t from endo-
scopic placement of a decompression tube. These are
procedures with signi®cant risks for perforation, gen-
erally performed to postpone surgical intervention.
Such procedures should be performed only by the
most experienced therapeutic endoscopist and with
surgical backup.

Agitated Patient

If a patient is overly anxious, is belligerent, or
otherwise cannot lie still for an examination, the risk
of traumatic injury outweighs the bene®ts of the
procedure.

Relative Contraindications

Acute Illness

Sigmoidoscopy is usually an elective procedure and,
as such, should await a patient's recovery to reasonable
health. Even in skilled hands, sigmoidoscopy can be
somewhat uncomfortable and its risks, although usually
negligible, will rise in the patient who is already uncom-
fortable or in any way prone to hemodynamic
instability.

Coagulopathy

The risk of bleeding with sigmoidoscopic examina-
tion is quite low and an examination usually can be
performed safely in the anticoagulated patient, although
biopsies might well be avoided in such subjects.

Colonoscopy Is Preferable Test

A patient who ought to have colonoscopy for reasons
of symptoms, colorectal cancer screening, or surveil-
lance should not undergo sigmoidoscopy as it would
not obviate the need for complete colonic evaluation.

Recent Bowel Surgery

Within 5 to 7 days after bowel surgery, hyperbaric
trauma, such as that resulting from endoscopic insuf-
¯ation, should be avoided to reduce risk of anastomotic
breakdown.

Recent Myocardial Infarction

Within 3 weeks of acute myocardial infarction, all
endoscopy should be limited to emergent cases. Most of
the risk relates to administration of conscious sedation
and its potential hemodynamic consequences. Yet, even
without sedation, sigmoidoscopy can cause tachycardia
or vagal reaction, which could incite ischemia in the
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recently injured myocardium. If endoscopy must be
performed, insuf¯ation should be minimized and elec-
trocardiographic monitoring is advisable.

Pregnancy

Studies have shown that sigmoidoscopy is safe dur-
ing each trimester of pregnancy. That being said, there is
a theoretical risk of placental abruption, so purely elec-
tive procedures, as to work up minor bleeding or altered
bowel habits, might best be postponed until postpar-
tum. However, more pressing issues, such as ongoing
rectal bleeding or colitis of uncertain cause may be safely
pursued endoscopically, without delay.

SIGMOIDOSCOPISTS

The number of sigmoidoscopies performed has in-
creased with the widening appreciation of colon cancer
screening. And even so, a nationwide 1997 survey
revealed that only 30% of potential candidates in the
United States were having screening ¯exible sigmoid-
oscopies. Although screening colonoscopy has become
accepted by most third-party payers, the number of
skilled colonoscopists, mostly trained gastroenterolo-
gists, is insuf®cient to meet the needs of the populace.
Therefore, sigmoidoscopy will continue to play a role in
screening until a less invasive, inexpensive, colorectal
cancer screening test replaces it. Until that test is found
and accepted, sigmoidoscopy needs to be performed by
a wide cadre of professionals. Studies have demon-
strated that internists, general practitioners, physician
assistants, and nurse practitioners can properly perform
the test. In order to allow more patients to bene®t from
colorectal cancer screening, ¯exible sigmoidoscopy

training programs for nongastroenterologist health
care providers should be promoted.
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Sinusoidal Obstruction Syndrome
(Hepatic Venoocclusive Disease)
LAURIE DELEVE

University of Southern California

conditioning regimen Procedures performed in preparation

for stem cell transplantation, which consists of high-dose

chemotherapy with or without total body irradiation.

hematopoietic stem cell transplantation A procedure

formerly known as bone marrow transplantation.

pyrrolizidine alkaloids Plant-derived alkaloids that may

cause sinusoidal obstruction syndrome.

sinusoidal obstruction syndrome A nonthrombotic obstruc-

tion of the hepatic circulation with subsequent centri-

lobular sinusoidal ®brosis and, often, ®brotic

obliteration of hepatic venules. Formerly known as

hepatic venoocclusive disease.

Sinusoidal obstruction syndrome (SOS) is a disease of the

hepatic circulation that leads to parenchymal dysfunc-

tion. SOS is caused by exposure to plant toxins or to

drugs with or without concurrent total body irradiation.

In North America and Western Europe, SOS occurs

mainly due to the preparative conditioning regimen for

stem cell transplantation. Although 70 to 85% of patients

with SOS survive, severe SOS is almost uniformly fatal.

There is currently no speci®c therapy for SOS with good

ef®cacy.

ETIOLOGY

The earliest case reports of sinusoidal obstruction
syndrome (SOS) in humans were of individuals in
South Africa who ingested teas containing
pyrrolizidine alkaloids, so-called `̀ bush tea disease.''
Bras et al. in Jamaica coined the name hepatic
venoocclusive disease in response to the most prom-
inent histologic feature, notably the narrowing or
obliteration of intrahepatic venules. In many non-
Western nations, ingestion of teas or of food sources
contaminated by pyrrolizidine alkaloids may still be
the most common cause of the disease (see Table I).
However, in North America and Europe, the most
common cause is high-dose myeloablative chemother-
apeutic regimens, alone or in conjunction with total
body irradiation, used in preparation for hematopoi-
etic stem cell transplantation. SOS is also seen in renal
and liver transplant patients and this is attributed to

long-term azathioprine therapy. Chemotherapeutic
agents that are associated with SOS at conventional
doses include gemtuzumab ozogamicin, actinomycin
D, dacarbazine, 6-thioguanine, cytosine arabinoside,
mithramycin, and urethane. Given the increased use
of herbal remedies, sporadic cases of SOS may be seen
due to teas that contain pyrrolizidine alkaloids, notably
teas from Crotalaria, Senecio, Heliotropium, Comfrey,
Gordolobo yerba, Ilex, and Mate.1 Hepatic irradiation
in excess of 30 to 35 Gy in adults causes radiation-
induced liver disease, a liver disease that shares some
of the features of SOS.

In other intrinsic liver diseases, progressive paren-
chymal dysfunction may eventually cause portal hyper-
tension. Sinusoidal obstruction syndrome differs in that

TABLE I Causes of Sinusoidal Obstruction Syndrome

Chemotherapy

Myeloablative regimens (stem cell transplantation)

Cyclophosphamideÿtotal body irradiation

Busulfanÿcyclophosphamide

BCNUÿcyclophosphamideÿetoposide
a

CarboplatinÿcyclophosphamideÿBCNU

Busulfanÿmelphalan

Conventional dose chemotherapy

Gemtuzumab ozogamicin

Actinomycin D

Dacarbazine

Cytosine arabinoside

6-Thioguanine

Carmustine

Lomustine

Urethane

Indicine N-oxide

Pyrrolizidine alkaloids3

Crotalaria

Senecio (Adenostyles)

Heliotropium

Comfrey

Gordolobo yerba

Ilex

Mate

Azathioprine immunosuppression

a BCNU, carmustine.
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it is a disease of the hepatic circulation that may cause
parenchymal dysfunction. The circulatory impairment
is a nonthrombotic obstruction at the level of the sinu-
soids and involvement of central veins and venules is
more common with more severe disease. The change in
name from hepatic venoocclusive disease to sinusoidal
obstruction syndrome is based on the recognition that
the disease is initiated in the hepatic sinusoids and that
the clinical signs and symptoms can occur without
involvement of the hepatic venules.

CLINICAL FEATURES OF SOS AFTER
STEM CELL TRANSPLANTATION

It would be too cumbersome to try to describe SOS in the
different settings. The rest of this article will therefore
focus on SOS in patients treated with myeloablative
chemotherapeutic regimens. It should be noted that
SOS due to long-term ingestion of pyrrolizidine alka-
loids has a more chronic course than that due to toxicity
from short-term exposure to chemotherapy.

Incidence

The reported incidence of SOS varies from 0 to 50%
in patients undergoing stem cell transplantation for
malignancies. This wide range is largely due to
differences in conditioning regimens, i.e., chemothera-
peutic regimens used prior to stem cell transplantation.
Other important variables relate to patient selection
criteria: the risk of SOS is increased in patients under-
going a second transplant, in patients with malignancy
not in remission, in patients with chronic hepatitis C or
®brotic liver disease, or in patients with lower perfor-
mance status. There has been a decline in recent years in
the incidence of SOS with the application of strategies to
reduce the risk of this syndrome.

Diagnosis

The hallmark features of SOS are tender hepato-
megaly, weight gain due to ¯uid retention, and
hyperbilirubinemia. The diagnosis is usually made
based on published clinical criteria (Table II). The
differential diagnosis includes (hyper)acute graft-

versus-host disease, cholestasis associated with sepsis
or cyclosporine therapy, hemolysis, congestive heart
failure, and decompensated chronic viral hepatitis.
Combinations of illnesses that occur posttransplanta-
tion may be particularly dif®cult to distinguish from
SOS, e.g., sepsis complicated by cholestasis and renal
insuf®ciency.

Ultrasound may demonstrate features consistent
with SOS and may exclude other causes, but cannot
establish the diagnosis. Thus, ultrasound may demon-
strate hepatomegaly, ascites, lack of biliary dilation, and
absence of tumor invasion in the parenchyma or the
hepatic vasculature. Early in SOS there may be attenu-
ation of hepatic venous ¯ow and later in the disease there
may be reversal of portal ¯ow, but prospective studies of
these features did not show them to be diagnostic.

The most useful additional diagnostic tool is trans-
venous liver biopsy, which will both provide biopsy
material and allow measurement of the hepatic venous
pressure gradient. Thrombocytopenia due to the con-
ditioning therapy will restrict the use of percutaneous
liver biopsy, but the transvenous approach can be safely
performed with platelet counts as low as 30,000/mm3.
A hepatic venous pressure gradient of greater than
10 mm Hg is highly speci®c for SOS in stem cell trans-
plantation patients.

Prognosis

It is likely that all or most patients who undergo
myeloablative stem cell transplantation sustain some
degree of liver damage. By de®nition, patients with
mild SOS recover without therapy. Moderate SOS
may require diuretics or pain medication and the ma-
jority of patients survive, whereas severe SOS is almost
universally fatal. Patients with severe SOS most com-
monly die from multiorgan failure, i.e., renal and car-
diopulmonary failure. Death usually occurs 30 to 60
days after conditioning therapy, although the outcome
is often evident by day 20.

Published case fatality rates for SOS vary widely.
Based on ®ndings from several large studies, the case
fatality rate for SOS after cyclophosphamide-containing
regimens seems to be approximately 30%, but may be
approximately 15% for SOS caused by other alkylating

TABLE II Clinical Diagnostic Criteria for SOS in Stem Cell Transplantation Patients

Seattle criteria Baltimore criteria

At least 2 of 3 ®ndings within 20 days of stem cell transplantation: Elevated bilirubin (42 mg/dl) plus 2 of 3 clinical ®ndings:

Bilirubin 42 mg/dl Tender hepatomegaly

Hepatomegaly or right upper quadrant pain 45% weight gain

42% weight gain due to ¯uid retention Ascites
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agents. There are published graphs that can help predict
the outcome for SOS due to cyclophosphamide-contain-
ing regimens. Alanine aminotransferase levels greater
than 750 U/liter are associated with a poor prognosis.
Other predictors of poor outcome include higher he-
patic venous pressure gradient, portal vein thrombosis,
doubling of baseline serum creatinine, and declining
oxygen saturation.

PREVENTION OF SOS

As with any form of drug-induced liver disease, the best
approach toprimaryprevention is toavoid the therapy in
those at highest risk. Those at highest risk include pa-
tients with hepatitis C, extensive hepatic ®brosis, or cir-
rhosis, individuals who have previously received
myeloablative regimens, patients with malignancy
not in remission, and patients with a previous episode
of SOS.

There are several strategies that may reduce the risk
of SOS. Nonmyeloablative regimens that do not contain
hepatotoxic drugs are one possibility. Myeloablative
regimens may be modi®ed to reduce risk. The value
of therapeutic monitoring with dosage adjustment of
busulfan is controversial, given the inconsistent out-
come of several studies. Administration of cyclophos-
phamide before busulfan may be protective. Decreased
doses of total body irradiation are associated with a
lower incidence of SOS. It is controversial whether mod-
i®cation of the radiation technique reduces the risk. The
source of irradiation may be important, since cobalt
sources and linear accelerator differ in the dose rate.
Avoidance of cyclophosphamide-containing regimens
in patients at risk for SOS is another possible approach.
Although some of the approaches listed above may re-
duce the risk of SOS, this needs to be weighed against the
potential for increased risk of graft-versus-host-disease,
poor engraftment, or unsuccessful treatment of the
underlying malignancy.

Heparin infusion or low-molecular-weight heparin
is used routinely in many centers, but there are no ran-
domized studies that demonstrate that this successfully
prevents fatalities from SOS. Urodeoxycholic acid, pros-
taglandin E1, and pentoxifylline have also been tried,
but the preponderance of evidence does not support the
ef®cacy of prevention by these drugs.

MANAGEMENT OF SOS

Supportive Care

There is currently no speci®c and satisfactory ther-
apy for SOS. Conventional supportive care is used to

manage ¯uid and electrolyte balance and ascites.
Renal and pulmonary failure may necessitate hemodi-
alysis and mechanical ventilation, but outcome will
more likely re¯ect the severity of the underlying
liver disease.

Pharmacologic Therapy

The combination of tissue plasminogen activator
and heparin is bene®cial in approximately 30% of
patients with severe SOS. However, in the largest series
to date, patients with renal and pulmonary failure did
not bene®t. Patients at risk for intracerebral or pulmo-
nary hemorrhage should be excluded from consider-
ation for this approach.

De®brotide is an experimental drug that has
shown promise in uncontrolled trials. Various other
pharmacologic approaches have been described in
case reports, but have not been con®rmed in clinical
trials.

Transjugular Intrahepatic Portosystemic Shunt

Transjugular intrahepatic portosystemic shunt
(TIPS) has been used in these patients with improve-
ment in ascites. However, outcome of SOS is dependent
on the underlying liver disease, which is not altered by
TIPS placement.

Liver Transplantation

Liver transplantation is not usually a consideration
for patients who undergo stem cell transplantation for
malignancy. SOS is rare in patients who undergo trans-
plantation for nonmalignant indications, but liver trans-
plantation for SOS should certainly be considered in
patients with a favorable prognosis for their underlying
disease.

See Also the Following Articles

Cirrhosis � Hepatic Circulation � Hepatitis C � Liver Trans-

plantation
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autoantibodies Antibodies directed against a normal cellular

component.

cevimeline Cholinergic drug that stimulates secretion of

most exocrine glands, including lacrimal and salivary

glands.

keratoconjunctivitis sicca Dry eye and associated symptoms

due to the absence of the aqueous component of tears.

lacrimal glands The glands producing tear ¯uids that bathe

the surface of the eye (cornea).

pilocarpine Cholinergic drug that stimulates secretion of

most exocrine glands, including lacrimal and salivary

glands.

rheumatoid factor An autoantibody directed against immune

globulin that is present in rheumatoid arthritis.

T cells Thymus-derived lymphocytes.

xerostomia Dry mouth due to the absence of salivary

secretions.

SjoÈgrens syndrome (SS) is a debilitating, systemic, auto-

immune disorder with prominent exocrinopathy that has

been described as an `̀ epithelitis.''1 SS may be categorized

as primary or secondary. In secondary SS, the disorder

coexists with other autoimmune diseases, such as rheu-

matoid arthritis, systemic lupus erythematosus, sclero-

derma, polymyositis, and polyarteritis nodosa. Salivary

and lacrimal gland involvement is typical of SS and is

associated with decreased production of saliva and

tears. Other epithelial components of the body are com-

monly involved, including the skin, as well as the urogen-

ital, respiratory, and gastrointestinal tracts. Systemic

autoimmune manifestations include synovitis, neuro-

pathy, vasculitis, and autoantibodies, particularly anti-

nuclear antibodies, anti-SSA, and anti-SSB, as well as

rheumatoid factor. Immunoglobulin levels are frequently

elevated. SS is associated with an increased risk of lym-

phoma, especially mucosal-associated lymphoid tissue

lymphomas of B-cell lineage.

EPIDEMIOLOGY AND
CLASSIFICATION CRITERIA

Primary SjoÈgrens syndrome (SS) affects 0.3 to 4.8% of
the population and appears to increase in frequency
with age. The physician-diagnosed incidence is 4 per
100,000 population per year. Females outnumber males
by 9 : 1. Although the peak incidence occurs in midlife,
SS may occur at any age. Onset is often insidious and
diagnosis may be delayed for years.

Various classi®cation criteria have been proposed
for SS. These criteria have generally included kerato-
conjunctivitis sicca, xerostomia, and autoantibodies.
American European Consensus criteria are currently
the most widely accepted. The recently revised criteria
are shown in Table I. The2 rules for applying the criteria
are shown in Table II.

PATHOGENESIS

The pathogenesis of SS remains unknown. Viruses that
can cause disease in salivary glands, such as cytomeg-
alovirus, hepatitis C, and the retroviruses human T-cell
lymphotropic virus-1 and human immunode®ciency
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EPIDEMIOLOGY AND
CLASSIFICATION CRITERIA

Primary SjoÈgrens syndrome (SS) affects 0.3 to 4.8% of
the population and appears to increase in frequency
with age. The physician-diagnosed incidence is 4 per
100,000 population per year. Females outnumber males
by 9 : 1. Although the peak incidence occurs in midlife,
SS may occur at any age. Onset is often insidious and
diagnosis may be delayed for years.

Various classi®cation criteria have been proposed
for SS. These criteria have generally included kerato-
conjunctivitis sicca, xerostomia, and autoantibodies.
American European Consensus criteria are currently
the most widely accepted. The recently revised criteria
are shown in Table I. The2 rules for applying the criteria
are shown in Table II.

PATHOGENESIS

The pathogenesis of SS remains unknown. Viruses that
can cause disease in salivary glands, such as cytomeg-
alovirus, hepatitis C, and the retroviruses human T-cell
lymphotropic virus-1 and human immunode®ciency
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virus type 1, have been considered as possible triggers
for SS. However, no causative organism has been found.

Hormonal factors, such as relatively low levels of
androgens, may explain the preponderance of females
with SS. Also, hypofunction of the hypothalamicÿ
pituitaryÿadrenal axis has been described in SS.

Genetic factors may also have a role in SS. An in-
creased prevalence of SS and autoantibodies, parti-
cularly anti-Ro/SSA, occurs in family members, and
HLA-DR3, HLA-DQ2, and other genetic markers are
associated with SS.

Focal mononuclear cell in®ltration of exocrine tis-
sues and the presence of autoantibodies, especially anti-
Ro/SSA, anti-La/SSB, and rheumatoid factor, are key
features of SS. The periductal in®ltrate in the salivary

and tear glands consists mainly of T cells with fewer B
cells, macrophages, and mast cells. Most of the T cells
are CD4� helper cells with the memory phenotype
CD45RO� and appear to be resistant to apoptosis de-
spite increased expression of Fas. Apoptosis may be
blocked by the suppressor proto-oncogene Bcl-2, allow-
ing autoreactive cells to persist in the exocrine tissues.

Salivary and lacrimal gland epithelial cells in SS
show increased HLA-DR antigen expression, which al-
lows these cells to present antigens, including
autoantigens, to the CD4 T cells. Cellular interactions
can result in the production of cytokines. Pro-
in¯ammatory cytokines interleukin-1b (IL-1b), IL-6,
and tumor necrosis factor a tend to be produced by
epithelial cells, whereas IL-10 and interferon-g

TABLE I Revised AmericanÿEuropean Classi®cation Criteria for SjoÈgren's Syndrome

I. Ocular symptoms: A positive response to one or more the questions below:

1. Have you had daily, persistent, troublesome dry eyes for more than 3 months?

2. Do you have a recurrent sensation of sand or gravel in the eyes?

3. Do you use tear substitutes more than 3 times a day?

II. Oral symptoms: A positive response to one or more of the questions below:

1. Have you had a daily feeling of dry mouth for more than 3 months?

2. Have you had recurrently or persistently swollen salivary glands as an adult?

3. Do you frequently drink liquids to aid in swallowing dry food?

III. Ocular signs: Objective evidence of eye involvement de®ned as a positive result for one or both of the two tests below:

1. Positive Schirmer's I test, performed without anesthesia (� 5 mm wetting in 5 min)

2. Positive Rose Bengal or other ocular dye staining with Van Bijsterveld score � 4.

IV. Histopathology: In minor salivary glands (obtained through normal-appearing mucosa) focal lymphocytic sialoadenitis, evaluated by

an expert histopathologist, with a focus score � 1, de®ned as a number of lymphocytic foci that are adjacent to normal-appearing

mucous acini and contain more than 50 lymphocytes per 4 mm2 of glandular tissue.

V. Salivary gland involvement: Objective evidence of involvement indicated by a positive result for at one or more of the diagnostic

tests below:

1. Unstimulated whole salivary ¯ow (� 1.5 ml in 15 min)

2. Parotid sialography showing the presence of diffuse sialectasias (punctate, cavitary, or destructive pattern), without evidence of

obstruction in the major ducts.

3. Salivary scintigraphy showing delayed uptake, reduced concentration, and/or delayed excretion of tracer.

VI. Autoantibodies: Presence in the serum of the following autoantibodies:

1. Antibodies to Ro(SSA) or La(SSB) antigens, or both.

TABLE II Revised Classi®cation Rules

Primary SS

In the absence of any potentially associated disease, primary SS may be de®ned as follows:

1. Presence of any 4 out of the 6 items is indicative of primary SS, as long as either item 4 (histopathology) or 6 (serology) is

positive.

2. The presence of any 3 of the 4 objective criteria items (i.e., items III, IV, V, VI in Table I).

3. A classi®cation tree procedure may be used as a valid alternative method for classi®cation.

Secondary SS

For patients who have a potentially associated disease (e.g., another well-de®ned connective tissue disease), the presence of item I or

item II plus any two from among items III, IV, and V from Table I may be considered as indicative of secondary SS.

Exclusions

History of head and neck irradiation, preexisting lymphoma, sarcoidosis, graft-versus-host disease, hepatitis C or human

immunode®ciency virus infection, use of anticholinergic drugs (within 4 half-lives of taking the drug).
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(IFN-g) are produced mostly by in®ltrating T cells.
IFN-g increases HLA-DR and La/SSB expression by
glandular epithelial cells and IL-10 can induce B-cell
proliferation. In SS, B-cell activation is typical and
may progress toward B-cell lymphoid malignancy.

Activated B cells in SS produce increased amounts of
immunoglobulins with autoantibody reactivity for im-
munoglobulin G (IgG) (rheumatoid factor), Ro/SSA,
and La/SSB. Also, B cells produce antibodies targeting
the muscarinic M3 receptor. In SS, muscarinic (acetyl-
choline) receptor blockade in exocrine tissue would
inhibit the production of secretions. Since complete
destruction of the salivary tissue is rarely seen in salivary
gland biopsies of SS patients, it has been suggested that
cytokines may interact directly with epithelial cells or
autoantibodies, other than those directed against
muscarinic M3 receptors. For example, interference
with the nerve supply might also decrease secretions
in a manner disproportionate to the level of tissue
destruction.

CLINICAL FEATURES

Typical manifestations of SS are oral and ocular
symptoms and signs of dryness, the presence of auto-
antibodies, especially anti-Ro/SSA and anti-La/SSB an-
tibodies, and a positive labial salivary gland biopsy.

Eyes

The precorneal tear ®lm has three layers,
progressing outward from the corneal surface:
mucus, water (aqueous), and oil. The dry eyes of SS
are due to aqueous tear de®ciency, which, however,
may exist in the absence of SS because of other lacrimal
gland diseases, lacrimal duct obstruction, and loss of
re¯ex tearing. The aqueous tear de®ciency of SS pro-
duces symptoms of ocular irritation, particularly a
gritty sensation in the eye, and a positive Schirmer's
test and the ®nding of ocular surface damage on the slit
lamp examination with increased uptake of ocular dyes
are observed. The diagnostic eye tests are shown in
Table I.

Mouth

SS patients often experience a sensation of decreased
saliva, oral dryness on eating, a need to drink liquids to
facilitate swallowing of dry foods, spicy food intoler-
ance, altered taste, and burning mouth. Speech dif®cul-
ties interfere with social interactions and functioning in
the workplace. More than 400 medications are known to
be associated with dry mouth symptoms, including
drugs commonly used in the treatment of hypertension,

insomnia, and depression. Head and neck radiation
used to treat tumors produces severe oral dryness. Pa-
tients treated with radioactive iodine for thyroid disor-
ders may later present with oral dryness, since the
isotope tends to concentrate in the salivary glands. Den-
tal erosions and caries are common, especially on the
incisal edges of the teeth and at the gingival margins. A
dry sticky mucosa and furrowed tongue are often seen.
The mucosa often displays the typical erythema and
white patches associated with candidiasis. Decreased
or absent saliva pooling is often present. Swallowing
dif®culties may be evaluated by barium swallows or
ultrasound studies.

Major salivary gland swelling and tenderness may
occur. The parotid gland swelling displaces the earlobe
and extends downward over the angle of the jaw. Medial
to the angle of the jaw, submandibular salivary gland
swelling may be seen or, more often, palpated. The
swelling may transient or chronic and is often recurrent,
which distinguishes it from mumps.

Other Clinical Features

Gastrointestinal

In addition to the oral manifestations mentioned
above, SS is associated with dysphagia, esophageal dys-
motility, and esophageal webs. Lymphoid in®ltration
may occur in the gastrointestinal tract. Chronic atrophic
gastritis may give rise to dyspeptic symptoms, including
nausea and epigastric discomfort. Helicobacter pylori has
been suspected to play a role in the gastrointestinal
manifestations of SS, but evidence involving normal
population controls is not available. The extent to
which small and large bowel involvement occurs in
SS is unclear. However, patients frequently complain
of bloating and constipation. Patients on muscarinic
agonists such as pilocarpine or cevimeline may com-
plain of abdominal cramping and may have an increase
in the frequency of bowel movements or diarrhea. Pan-
creatic involvement may occur, but is usually subclin-
ical. Primary biliary cirrhosis may be associated with SS.
Hepatitis C has emerged as an important infection that
mimics SS, including the salivary gland lymphocytic
in®ltration, decreased saliva production, hypergamma-
globulinemia, and vasculitis. However, such patients
generally have no anti-SSA or anti-SSB antibodies. It
is therefore important to rule out hepatitis C in individ-
uals who appear to have SS.

Skin

Dry skin affects approximately half of SS patients.
Sweating may be decreased. Dry skin and peripheral
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neuropathy may result in pruritis. Scratching repeat-
edly may produce increased hyperpigmentation, exco-
riations, and licheni®cation. Also, some patients may
develop palpable or nonpalpable purpura and pete-
chiae, most often on the lower extremities, in showers
of lesions lasting several days. The lesions, on micro-
scopic examination, are consistent with either leuco-
cytoclastic vasculitis or mononuclear in¯ammatory
vasculopathy.

Thyroid

Thyroid disorders, most often hypothyroidism, are
common in SS patients. This may re¯ect the prevalence
of such thyroid disease in individuals of a similar age in
the general population or could be a true association of
autoimmune thyroiditis with SS.

Respiratory

Most SS patients with pulmonary involvement do
not develop progressive disease. A dry cough is expe-
rienced by many SS patients and probably re¯ects
tracheal dryness and decreased mucus production.
The cough may also be related to hyperreactive airways
in both primary and secondary SS. Also, mild interstitial
pulmonary disease and rheumatoid-like pulmonary
nodules may occur in SS.

Rheumatologic

Manifestations may include low-grade fever,
fatigue, lymphadenopathy, myalgias, arthralgias, and
symmetrical, nondeforming polyarthritis, which is re-
sponsive to standard antirheumatic therapies.

Neurologic

Peripheral neuropathy is not uncommon in SS, is
most notable in the lower limbs, and is most often sen-
sory. Autonomic neuropathy also occurs. Also, the cen-
tral nervous system involvement has been reported with
lesions noted in imaging studies.

Hematologic

Lymphoid malignancy is the most important hema-
tologic complication of SS. Up to a 44-fold increase in
the risk of B-cell lymphomas has been reported in
SS patients. Non-Hodgkin's lymphomas of mucosa-
associated lymphoid tissues are the most common in
SS patients, and often salivary glands and cervical
lymph nodes are involved.

Reproductive

Women often experience vaginal dryness, which
may be the ®rst symptom of SS and is commonly asso-

ciated with dyspareunia. Anti-SSA (Ro) antibodies
occur in SS, raising the possibility of congenital heart
block, although the frequency is low.

Renal

Symptoms consistent with irritable bladder are not
uncommon. Urinary frequency may result from in-
creased ¯uid intake to alleviate oral dryness, as well
renal abnormalities associated with diminished ability
to concentrate urine (hyposthenuria). Renal abnormal-
ities include hyposthenuria in approximately half the
cases, distal renal tubular acidosis in approximately
15% of cases, as well as nephrocalcinosis, renal stones,
and less often interstitial nephritis and glomerular dis-
ease. Urine pH is usually in excess of 5.5 in renal tubular
acidosis. The associated systemic acidosis results in mo-
bilization of calcium from bone, promoting osteoporo-
sis and resulting in hypercalciuria. Urinary citrate,
which normally complexes a substantial proportion
of urine calcium, is decreased. This raises the risk of
calcium phosphate stone formation. In approximately
half of SS cases, tubular proteinuria may occur. Glomer-
ular disease affects approximately 2% of the patients,
tends to be associated with cryoglobulins, and occurs
more often in those with longer disease duration.

LABORATORY FEATURES

SS is associated with rheumatoid factor (90%), anti-Ro/
SSA or anti-La/SSB (50ÿ90%), and often hyper-
gammaglobulinemia. Antinuclear antibodies occur in
approximately 80% of cases. The 52 kDa Ro is more
often associated with SS, whereas 60 kDa Ro appears
to be more frequent in systemic lupus erythematosus.
Anti-Ro/SSA antibodies are associated with systemic
manifestations of the disease, including anemia, leuko-
penia, thrombocytopenia, purpura, cryoglobulinemia,
hypocomplementemia, lymphadenopathy, and vascu-
litis. Other autoantibodies have been recognized in
SS, including those directed against carbonic anhydrase,
pancreatic antigen, a-fodrin, 97 kDa Golgi complex,
mitotic spindle apparatus, M3 muscarinic acetylcholine
receptors, and Fcg receptors. These latter autoanti-
bodies are not currently used to diagnose or monitor
the disease.

DIAGNOSIS

The diagnosis of SS may be made by applying the
published classi®cation criteria. The differential diag-
nosis for SS includes the disorders listed as exclusions in
Table II.
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TREATMENT

Patient Education and Self-Care

The patient will bene®t from education about the
disease and assistance in developing strategies for self-
management as well as for coping with physical, mental,
and social challenges associated with their condition.

Sicca Symptoms

Keratoconjunctivitis Sicca

Treatment of dry eyes includes tear replacement and
conservation, as well as topical ocular and systemic
medications. Arti®cial tears are instilled as eyedrops
to ameliorate symptoms. Preservative-free preparations
are best to avoid irritation, ocular surface damage, and
allergic reactions. The use of small individual dispensers
minimizes the risk of bacterial growth and infection.

Hydroxypropylcellulose pellets inserted under the
lower eyelids may be used to prolong the effects of ar-
ti®cial tears. Ointments are used at night, since they are
viscous and may interfere with vision. Topical steroids
or cyclosporine may be bene®cial in the treatment of
keratoconjunctivitis sicca.

Systemic secretogogues such as pilocarpine and
cevimeline may improve ocular symptoms. Typically,
pilocarpine is given in a dosage of 5 mg orally four times
a day, and the total daily dose usually does not exceed
30 mg. Adverse effects include increased perspiration,
feeling hot and ¯ushed, as well as symptoms associated
with increased bowel and bladder motility. Caution
must be exercised in the presence of bronchospasm.
Some patients who experience adverse effects may ben-
e®t from one to three 5 mg doses per day to ameliorate
symptoms at the most troublesome time of day.
Cevimeline has recently been approved for the treat-
ment of dry mouth in SS at a dosage of 30 mg orally
three times daily. Like pilocarpine, it is a muscarinic
agonist that increases production of saliva and possibly
tears and other secretions. The drug is contraindicated
for individuals with uncontrolled asthma, iritis, and
narrow angle glaucoma. The role of systemic, immuno-
modulatory treatment for the ocular manifestations of
SS remains unclear.

Xerostomia

Frequent dental care, an appropriate diet, limiting
sugar intake, daily topical ¯uoride use, antimicrobial
mouth rinses, and exchanging medications that promote
oral dryness or its complications for more appropriate
ones may limit the development of caries in patients with
reduced salivary ¯ow. Arti®cial saliva, lubricants, and

sugar-free chewing gum or candies may ameliorate oral
dryness. Oral moisturizers and lubricants, as well as
dietary modi®cations, may improve dysphagia. Sicca
symptoms may be improved by using humidi®ers. As
in the treatment of ocular dryness, secretagogues such
as pilocarpine or cevimeline may increase secretions in
patients with suf®cient exocrine tissue.

Oral candidiasis commonly complicates the dry
mouth of SS and is treated by the use of oral troches
or vaginal suppositories of antifungal agents, such as
Nystatin or clotrimazole. Angular cheilitis may require
topical antifungal agents. Bacterial parotitis should be
treated with warm compresses, massage of the parotid
gland, and, if necessary, antibiotics.

Systemic Manifestations

Immunomodulatory drugs can be used to treat
systemic or exocrine autoimmune and in¯ammatory
manifestations. Hydroxychloroquine is often given for
milder systemic manifestations of autoimmune disor-
ders, such as fever, rashes, and arthritis. It remains un-
clear whether hydroxychloroquine is effective for the
exocrine component of the disease, although serological
measures improve in SS patients on this drug. Metho-
trexate, prednisone, azathioprine, and other immuno-
modulatory drugs have been used in patients with
prominent systemic manifestations of SS as is done in
patients with systemic lupus erythematosus. However,
few randomized, double-blind, clinical trials have been
carried out to establish whether these immunomodula-
tory agents are bene®cial in SS.

Consideration should be given to the treatment of
other problems associated with SS. For renal tubular
acidosis, oral alkaline medications containing sodium
and potassium citrate at a dose of 1ÿ2 mEq/kg/day
may be necessary to correct acidosis and decrease the
risk of kidney stones. Also, urine calcium levels should
be monitored. Renal tubular acidosis promotes mobili-
zation of calcium from bone, which requires appropriate
monitoring and treatment. Bronchodilators may bene®t
patients with a chronic cough, since SS is associated with
increased airway reactivity. Thyroid disorders in SS pa-
tients are managed in the same manner as for other
patients of similar age and sex.3 Dyspepsia and gastro-
esophageal re¯ux are not uncommon and require stan-
dard therapy. The arthritis occurring in SS patients
responds well to the standard therapies used in rheuma-
toid arthritis. Dry skin may be alleviated by decreased
frequency of bathing and application of lubricants.
Pruritis may be treated with mentholated lotions. Super-
®cial vasculitis and dermatitis are treated with steroids.
Vaginal dryness and dyspareunia may respond to
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water-soluble lubricants and vaginal estrogen prepara-
tions may be bene®cial in postmenopausal females.

The understanding of SS continues to advance. How-
ever, only symptomatic therapies have been speci®cally
approved for the treatment of this debilitating disorder
and further investigation will be necessary to clarify the
role of immunomodulatory agents. Replacement of de-
stroyed salivary gland tissue by arti®cial salivary glands
and the possibilities for gene therapies are under con-
sideration as future treatment options.

See Also the Following Articles

Salivary Glands, Anatomy and Histology � Salivary Glands,

Physiology � Xerostomia

Further Reading

Anaya, J. M., and Talal, N. (1999). SjoÈgren's syndrome comes of age

[see comments]. Semin. Arthritis Rheum. 28, 355ÿ359.

Atkinson, J. C., and Baum, B. J. (2001). Salivary enhancement: Current

status and future therapies. J. Dent. Educ. 65, 1096ÿ1101.

Atkinson, J. C., and Wu, A. J. (1994). Salivary gland dysfunction:

Causes, symptoms, treatment. J. Am. Dent. Assoc. 125, 409ÿ416.

Bell, M., Askari, A., Bookman, A., Frydrych, S., Lamont, J.,

McComb, J., Muscoplat, C., and Slomovic, A. (1999). SjoÈgren's

syndrome: A critical review of clinical management [published

erratum appears in J. Rheumatol. (1999) 26, 2718]. J. Rheumatol.

26, 2051ÿ2061.

Bloch, K. J., Buchanan, W. W., Wohl, M. J., and Bunim, J. J. (1992).

SjoÈgren's syndrome: A clinical, pathological, and serological

study of sixty-two cases. Medicine 71, 386ÿ401.

Drosos, A. A., Andonopoulos, A. P., Costopoulos, J. S., Papadimitriou,

C. S., and Moutsopoulos, H. M. (1988). Prevalence of primary

SjoÈgren's syndrome in an elderly population. Br. J. Rheumatol. 27,

123ÿ127.

Fox, R. I., and Maruyama, T. (1997). Pathogenesis and treatment of

SjoÈgren's syndrome. Curr. Opin. Rheumatol. 9, 393ÿ399.

Fox, R. I., Tornwall, J., and Michelson, P. (1999). Current issues in

the diagnosis and treatment of SjoÈgren's syndrome. Curr. Opin.

Rheumatol. 11, 364ÿ371.

Julkunen, H., Siren, M. K., Kaaja, R., Kurki, P., Friman, C., and

Koskimies, S. (1995). Maternal HLA antigens and antibodies to

SS-A/Ro and SS-B/La: Comparison with systemic lupus erythe-

matosus and primary SjoÈgren's syndrome. Br. J. Rheumatol. 34,

901ÿ907.

Pillemer, S. R., Matteson, E. L., Jacobsson, L. T., Martens, P. B.,

Melton, L. J., III, O'Fallon, W. M., and Fox, P. C. (2001).

Incidence of physician-diagnosed primary SjoÈgren syndrome in

residents of Olmsted County, Minnesota. Mayo Clin. Proc. 76,

593ÿ599.

P¯ugfelder, S. C., Solomon, A., and Stern, M. E. (2000). The

diagnosis and management of dry eye: A twenty-®ve-year

review. Cornea 19, 644ÿ649.

Provost, T. T., and Watson, R. (1992). Cutaneous manifestations of

SjoÈgren's syndrome. Rheum. Dis. Clin. North Am. 18, 609ÿ616.

Sheikh, S. H., and Shaw-Stiffel, T. A. (1995). The gastrointestinal

manifestations of SjoÈgren's syndrome. Am. J. Gastroenterol.

90, 9ÿ14.

Strickland, R. W., Tesar, J. T., Berne, B. H., Hobbs, B. R., Lewis, D. M.,

and Welton, R. C. (1987). The frequency of sicca syndrome in an

elderly female population. J. Rheumatol. 14, 766ÿ771.

Tapinos, N. I.,Polihronis,M.,Tzioufas,A.G., andMoutsopoulos,H.M.

(1999). SjoÈgren's syndrome: Autoimmune epithelitis. Adv. Exp.

Med. Biol. 455, 127ÿ134.

Thomas, E., Hay, E. M., Hajeer, A., and Silman, A. J. (1998).

SjoÈgren's syndrome: A community-based study of prevalence

and impact [see comments]. Br. J. Rheumatol. 37, 1069ÿ1076.

Vitali, C., Bombardieri, S., Jonsson, R., Moutsoupoulos, H. M.,

Alexander, E. L., Carsons, S. E., Daniels, T. E., Fox, P. C.,

Fox, R. I., Kassan, S. S., Pillemer, S. R., Talal, N., and Weisman,

M. H. (2002). Classi®cation criteria for SjoÈgren's syndrome.

Ann. Rheum. Dis. 61, 554ÿ558.

Voulgarelis, M., Dafni, U. G., Isenberg, D. A., and Moutsopoulos, H. M.

(1999). Malignant lymphoma in primary SjoÈgren's syndrome: A

multicenter, retrospective, clinical study by the European

Concerted Action on SjoÈgren's Syndrome [see comments].

Arthritis Rheum. 42, 1765ÿ1772.

SJOÈ GRENS SYNDROME 389



Small Bowel Transplantation
THOMAS M. FISHBEIN AND STUART KAUFMAN
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intestinal failure An irreversible state of inability of the

native gastrointestinal tract to provide for the nutritional

and/or ¯uid and electrolyte demands of the body.

isolated intestinal transplant Vascularized transplantation of

the jejuno-ileum from another person (usually a

cadaver).

liverÿbowel transplant Combined simultaneous transplan-

tation of a liver and jejuno-ileum, requiring removal of

the native liver.

multivisceral transplant Transplantation of the stomach,

pancreas, and small intestine, and sometimes other

organs, which may include the liver and/or kidney.

parenteral nutrition Administration of intravenous solutions

(including carbohydrate, protein, fats, and water)

suf®cient to provide complete nutritional requirements.

portal or mesenteric drainage Venous ef¯uent from a graft is

directed into the superior mesenteric vein or portal vein,

so that this blood undergoes a ®rst-pass effect through

the liver before entering the systemic circulation.

systemic drainage Venous ef¯uent from a graft is directed to

the systemic circulation via the vena cava, so that it does

not ®rst ®lter through the liver.

Intestinal (small bowel) transplantation refers to the re-

moval of the jejuno-ileum from one individual and the

transplantation of this organ into another individual.

This procedure requires reestablishment of mesenteric

arterial in¯ow and mesenteric venous out¯ow from the

graft and placement of the jejuno-ileal graft in the abdom-

inal cavity. The jejuno-ileum can be transplanted alone, as

an isolated small bowel graft, or in combination with a

variety of other abdominal organs as part of composite or

noncomposite grafts. Intestinal transplantation is gener-

ally performed for patients with intestinal failure (i.e.,

patients whose gastrointestinal tract functions too poorly

to provide nutritional autonomy) or, less commonly, for

patients with central abdominal tumors that cannot be

removed without sacri®cing the superior mesenteric

vessels and small intestine.

BACKGROUND

Intestinal failure (the inability of the native gastrointes-
tinal tract to provide nutritional autonomy) necessitates
lifelong intravenous support to maintain caloric, ¯uid,

or electrolyte homeostasis. Provision of replacement
therapy in the form of parenteral nutrition, most
often at home, permits survival for the majority of pa-
tients. Home parenteral nutrition is therefore the pri-
mary long-term therapy for patients with intestinal
failure. For patients with intestinal failure, home par-
enteral nutrition can be considered analogous to renal
replacement therapy for patients with end-stage kidney
failure.

In some patients, however, the use of parenteral
nutrition is limited by its complications, which include
parenteral nutrition-associated liver disease, recurrent
sepsis associated with line infections or bacterial over-
growth in the native intestinal tract, and loss of venous
access for parenteral nutrition due to multiple-line-site
thromboses. These complications and others contribute
to death in 10ÿ30% of patients with intestinal failure
during the ®rst 3ÿ5 years on therapy. Patients with
these complications are failing parenteral therapy and
are therefore candidates for intestinal transplantation.

More than 50,000 North American patients
currently receive parenteral nutrition for treatment of
intestinal failure. It has been estimated that 15ÿ20% of
these patients are young and otherwise healthy and
could be candidates for transplantation. It has also
been estimated that 2 new live births per million in
Western countries will eventually develop intestinal
failure. Thus, although the current population receiving
intestinal transplantation is small, with approximately
111 such operations having been performed in North
America in 2001, there is a large population for whom
this therapy could be useful when success is optimized.

INDICATIONS

Indications for intestinal transplantation can be catego-
rized as being related to loss of intestinal length
(short bowel syndrome), loss of intestinal function,
or tumors (Fig. 1).

Short bowel syndrome, in which intestinal length
and absorptive surface area have been lost due to sur-
gical resection, is the most common cause of intestinal
failure leading to intestinal transplantation. The loss of
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mucosal absorptive surface area is associated with
malabsorption and rapid transit time through the je-
juno-ileum, with resultant malnutrition, recurrent de-
hydration, and electrolyte abnormalities. Short bowel
syndrome may be secondary to a variety of diseases in
adults and children, most of which are secondary to
vascular or ischemic insults. In children, these include
malrotation, volvulus, necrotizing enterocolitis, jejuno-
ileal atresias, gastroschisis, omphalocele, and other con-
genital disorders. Adults frequently suffer short gut
syndrome due to trauma, thrombosis or embolism to
the mesenteric vessels, in¯ammatory bowel disease, vol-
vulus, or other causes of infarction.

Functional disorders of the small intestine leading
to intestinal failure include disorders of motility and
disorders of enterocyte function. Motility disorders
can be either myopathic or neuropathic. These include
chronic idiopathic intestinal pseudo-obstruction, vis-
ceral myopathy, visceral neuropathy, total intestinal
aganglionosis, and some forms of mitochondrial respi-
ratory chain disorders that affect gastrointestinal motor
function (e.g., mitochondrial neurogastrointestinal en-
cephalomyopathy). Epithelial disorders that lead to se-
cretory diarrhea or failure of absorption in the intestine
are more common in children and include microvillus
inclusion disease, tufting enteropathy, and autoimmune
enteritis.

Tumors involving the base of the jejuno-ileal mes-
entery are often benign but are locally invasive and
therefore lethal. Only complete resection of the
tumor and sacri®ce of the intestine can provide cure.
The most common such lesions are desmoid tumors in

patients with familial adenomatous polyposis. This
tumor sometimes involves the mesenteric vessels, fore-
shortens the mesentery, and requires complete exenter-
ation of the small bowel for complete resection.
Sometimes these tumors involve other foregut organs
that provide portal ¯ow to the liver, such as the pan-
creas, spleen, stomach, and duodenum. Exenteration of
these organs requires concurrent transplantation.
Therefore, patients with desmoid tumors sometimes
do not have intestinal failure and are not dependent
on parenteral nutrition before resection and transplant-
ation, which may be performed concurrently.

TYPES OF TRANSPLANTS

Intestinal transplantation may be performed with an
isolated intestinal graft or as a multiorgan transplant
procedure. The common element of these procedures
is transplantation of the jejuno-ileum, with or without
other organs. Under current protocols, an ileostomy is
created to allow for easy endoscopic surveillance of the
graft for pathology in the early period after transplant.
An enteric feeding tube is also placed to allow the early
delivery of enteral nutrition, in case oral intake is not
complete but the transplanted intestine can provide the
full nutritional needs. This is not uncommon among
babies who suffer neonatal short gut syndrome and
were therefore never fed by mouth during infancy.
Even if these children have a fully functional intestinal
tract after transplant, they may still require enteral tube
feeding while acquiring feeding skills. The different

FIGURE 1 Pie charts illustrate the current indications for intestinal transplantation in children (A)

and adults (B). Data from the Intestinal Transplant Registry. Available at http://www.intestinaltrans-

plant.org. Accessed January 13, 2003.
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types of intestinal transplant procedures are illustrated
in Fig. 2 and described below.

Isolated Intestinal Transplantation

Isolated intestinal transplantation may be per-
formed with mesenteric/portal drainage or systemic
drainage. The drainage refers to the venous out¯ow
of the grafted organ, which may be through the liver
(mesenteric/portal) or into the inferior vena cava
(systemic), utilizing a variety of surgical techniques.
Gastrointestinal continuity is then reestablished, pro-
viding the recipient with the ability to take nutrition
enterally. Isolated intestinal transplantation is gener-
ally indicated when there is intestinal failure without
signi®cant underlying liver disease or failure of other
organs.

LiverÿIntestine Transplantation

Liverÿintestine transplantation includes the jejuno-
ileum and liver and generally involves transplantation of
these organs with an intact mesentericÿportal circula-
tory system. Because the native foregut is preserved
(native stomach, pancreas, duodenum, and spleen), a
portocaval shunt must be performed to provide venous
drainage of these organs when the composite liverÿ
bowel graft is transplanted. These two organs may
also be transplanted with or without the duodenum
and intact biliary system. Transplantation of the organs
with an intact duodenum and a portion of the head of the

pancreas allows transplantation of the biliary system
without disruption and is advantageous in small
pediatric patients. This approach is referred to as
liverÿintestine transplantation with duodenal preser-
vation. Alternatively, the liver and intestine may be
transplanted without the duodenum, with a biliary
anastomosis created between the donor common bile
duct and the transplanted jejunum, with the mesenteric
and portal venous system remaining intact. Finally, the
patient may receive an orthotopic liver transplant and
an isolated intestine transplant, in which the two
organs are both transplanted, but not as a composite
graft. Combined liver and intestinal transplantation is
generally indicated when intestinal failure is accom-
panied by liver failure, usually due to parenteral
nutrition.

Multivisceral Transplantation

Multivisceral transplantation involves transplanta-
tion of the stomach, pancreas, and small intestine and
sometimes also the liver and/or the kidney. These trans-
plants are always performed as composite organ allo-
grafts and involve placement of the new gastrointestinal
tract in the native position in the abdomen. Exentera-
tion of the native organs, including the stomach, pan-
creas, duodenum, spleen, and small bowel, is therefore
required. The right colon, receiving its blood supply
from the superior mesenteric artery, also must be resec-
ted. Since removal of the donor organs necessitates vagal

A B C
A

FIGURE 2 Illustrated are the three most common intestinal transplant procedures, which include (A) isolated intestine

transplantation with mesenteric venous out¯ow; (B) liverÿintestine transplantation with portacaval shunt draining the native

foregut; and (C) multivisceral transplantation. Shaded areas represent native organs; dark areas represent transplanted

organs. Reprinted, with permission, from Fishbein, T. M., Gondolesi, G. E., and Kaufman, S. S. (2003). Intestinal trans-

plantation for gut failure (Review). Gastroenterology, 124, 1615ÿ1628.3
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nerve transection, the pylorus lacks a native vagal re-
laxation re¯ex and pyloroplasty is required.

Donor Organ Selection and Procurement

In most cases, donor organ procurement requires a
blood-group-identical or -compatible, hemodynami-
cally stable cadaver donor.1 For isolated intestinal trans-
plantation, the entire jejuno-ileum is usually procured
with the superior mesenteric artery and vein and the
pancreas and liver may be procured for transplantation
elsewhere. When a composite liver and small bowel
graft is procured, the shared mesentericÿportal venous
drainage of the two organs precludes separate trans-
plantation of the pancreas alone. For multivisceral
transplantation, the stomach, pancreas, spleen, small
bowel, and liver are procured en bloc and the spleen
can then be removed in a chilled ice bath. Because
the small bowel is a hollow viscus, it is particularly
prone to warming and preservation injury, and core
cooling with a standard preservation solution (Univer-
sity of Wisconsin solution, Viaspan) is the central tenet
of organ preservation. Ischemic time must be kept short
and every attempt is made to reperfuse the organ within
12 h after its removal from the donor circulation.
Whereas most intestinal transplants have been per-
formed with cadaveric donor organs as described
here, only a few transplants have used live-donor partial
ileal or jejunal grafts with mixed results. Live donor
transplantation is ideal when the patient has an identical
twin donor and immunosuppression is therefore not
required. Finally, newer reduced-size techniques are
being developed to address the shortage of grafts for
small children.

MANAGEMENT AFTER
TRANSPLANTATION

Management after transplantation requires intensive
immunosuppressive therapy to prevent allograft rejec-
tion, early recognition of rejection when it occurs,
prophylaxis against and recognition and treatment of
infectious disorders, and nutritional management.

Surveillance Endoscopy

Surveillance endoscopy is the standard method for
diagnosing rejection after transplantation. Currently,
there is no noninvasive means to reliably predict or
detect rejection of the transplanted jejuno-ileum.
Therefore, protocol biopsies are performed at variable
intervals, usually weekly or twice weekly, early after
transplantation. Rejection cannot be diagnosed solely

on the basis of the gross endoscopic appearance of the
intestinal mucosa. The process has been shown to be
patchy, with areas of normal mucosa interspersed with
areas that demonstrate rejection. Therefore, multiple
random mucosal pinch biopsies are generally sampled
for histologic review.

Review

Rejection is common after intestinal transplanta-
tion, with the process directed at the crypt epithelium.
Enterocyte apoptosis in the crypt is generally present
with rejection early after transplantation (mild rejec-
tion), variably associated with an increase in the density
of the lamina propria in®ltrate, activated lymphocytes,
acute cryptitis, and variable degrees of villous blunting
(moderate rejection). Such changes are usually, but not
always, associated with secretory diarrhea, the clinical
hallmark of most posttransplant pathologies. Accompa-
nying changes may include development of mucosal
congestion, fever, leukocytosis and sometimes develop-
ment of ileus. These changes, if not adequately treated,
lead to the dissolution of crypts and eventual loss of
mucosal architecture, leading to sloughing of the epi-
thelium from the underlying submucosa (severe rejec-
tion). Anti-lymphocyte antibody preparations are often
required to treat advanced rejection.

Immunosuppression

The gastrointestinal tract harbors approximately
80% of the body's total lymphoid tissue. Due in part
to this heightened immunogenicity over other solid
organs, the small intestine has been a troublesome
organ to transplant. Rejection is more common and
more commonly severe than with other solid organ
transplants. Immunosuppression after intestinal trans-
plantation is currently based on calcineurin blockade,
with other agents variably used in different proto-
cols. Corticosteroid use generally accompanies the
calcineurin inhibitor, with global immunosuppression
exceeding that required for successful transplantation of
the kidney or liver. Prior to the use of tacrolimus
in intestinal transplantation, graft survival was poor
and marred by high rates of death resulting from rejec-
tion and concomitant infections. Recently, various
approaches, including the use of monoclonal interleu-
kin-2 antagonists, graft irradiation, and concomitant
use of rapamycin, all in combination with tacrolimus,
appear to have decreased the rates of acute cellular
rejection compared to historical controls. When acute
cellular rejection occurs, augmentation of immunosup-
pression is required. Mild rejection often responds to
bolus administration of intravenous corticosteroids,
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whereas moderate or severe rejection usually requires
administration of depleting anti-lymphocyte antibodies.

Infection Prophylaxis

Prior to procurement, most programs attempt to
decontaminate the intestinal allograft of bacterial and
fungal organisms by administering enteric antibiotics to
the donor. Decontamination using mechanical cleans-
ing is impractical in cadaver donors. Intravenous anti-
biotics are usually given to the recipient during
transplantation, as the donor organ is not sterile. Fur-
thermore, because the level of immunosuppression nec-
essary for successful prophylaxis of rejection puts
recipients at risk for viral infection, prophylaxis with
hyperimmune globulin and antiviral agents (usually
ganciclovir) is generally employed against the most
common pathogens (e.g., cytomegalovirus and Ep-
stein-Barr virus). However, newer viral pathogens, in-
cluding adenovirus and calicivirus, have recently been
described after intestinal transplantation.

COMPLICATIONS

Intestinal transplantation is a complex undertaking.
The complications seen after this transplant can be cat-
egorized as surgical, infectious, or immunological.

Surgical Complications

Because the transplanted intestine has undergone
ischemic and reperfusion injuries, some degree of mu-
cosal injury is usually present early after transplanta-
tion. Mucosal injury can contribute to poor healing,
anastomotic leakage, and loss of barrier function, lead-
ing to translocation and peritonitis and, often, to the
need for early reoperation. Complex vascular recon-
structions are required for this transplant, predisposing
to postoperative bleeding. Transection of the mesentery
and lymphatic drainage of the intestine may result in the
development of chylous ascites after transplant. Chylous
or lymphatic ascites may arise from the donor organ or
from lymphatics of the native intestine in cases where
enterectomy is required at the time of transplantation.
Chylous ascites usually presents once a fat-containing
enteral diet is begun and it resolves within 6 weeks with
administration of a diet low in long-chain triglycerides.

Infectious Complications

Line-related sepsis can occur after transplantation,
during the interval before weaning from parenteral ther-
apy. Bacterial and fungal infections that are common
before transplant in patients on parenteral therapy

may recur with immunosuppression after intestinal
transplantation. Peritonitis early after transplant is com-
mon, due either to contamination of the ®eld during the
transplant procedure or to translocation. Peritonitis
usually does not respond to antibiotic therapy and re-
quires reoperation with peritoneal lavage. Later, during
the ®rst year after transplantation, viral infections are
common; these usually infect the host organ. Cytomeg-
alovirus infection can cause a secretory diarrhea, as can
adenovirus infection of the graft. Both viruses may also
disseminate, causing a viral syndrome or, less com-
monly, lethal sepsis. Distinguishing these opportunistic
viral infections from rejection can be dif®cult, as crypt
in¯ammation and diarrhea are the clinical hallmarks of
both. Epstein-Barr virus-related B-lymphocyte prolifer-
ations also occur after transplantation and have been
reported in up to 20% of recipients in some series. This
complication, particularly common among naive pedi-
atric transplant recipients, frequently affects the trans-
planted intestine. It can be seen as expanded lymphoid
nodules with activated or atypical lymphocytes on mu-
cosal pinch biopsies of the graft. If untreated, these can
progress to lethal monoclonal proliferations. Polymer-
ase chain reaction serum evaluation aids in the early
diagnosis and treatment of these viruses.

Rejection

In most clinical reports, more than 80ÿ90% of pa-
tients experience at least one episode of acute cellular
rejection during the ®rst year after transplantation. En-
terocyte apoptosis in the crypt is generally present with
rejection early after transplantation (mild rejection) and
can be associated with an increase in the density of the
lamina propria in®ltrate, activated lymphocytes, acute
cryptitis, and variable degrees of villous blunting (mod-
erate rejection). If detected early, these changes are usu-
ally reversible with bolus steroid administration. If not
recognized and treated, however, they may progress to
dissolution of crypts, loss of mucosal architecture, and
separation of the epithelium from the underlying sub-
mucosa (severe rejection). Anti-lymphocyte antibody
preparations are required to treat advanced rejection
and the process is often not reversible when it has
reached this stage.

The rejection process, and the resultant mucosal
injury, leads to loss of intestinal epithelial barrier func-
tion and is frequently associated with translocation of
bacteria and systemic sepsis or peritonitis. Sloughing of
the mucosal lining may occur, with bleeding and mal-
absorption. This combination of events, requiring in-
tensive augmentation of immunosuppression in the
face of accompanying infection, accounts for the high
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mortality rate associated with intestinal transplantation.
If the recipient has received an isolated intestinal allo-
graft, the organ may be sacri®ced and removed. Such
patients may later undergo successful retransplantation.
Referral of patients with suf®cient venous access and
liver reserve to allow an interval of parenteral therapy is
critical to provide this alternative. When the trans-
planted intestine is part of a multiorgan graft, removal
of the donor organs is not feasible. Thus, transplantation
of a multiorgan intestinal allograft is an irreversible step,
leading either to resolution and repair of the damaged
graft or to the ultimate demise of the patient. Despite
considerable historical rodent data to support the
protective effect of the liver against development of
intestinal rejection, the ability to remove the isolated
intestinal allograft in part accounts for the improved
overall patient survival seen with isolated intestinal
transplants in humans.

Chronic rejection, leading to arteriolitis of the graft
vasculature, ®brosis of the muscular layers of the small
bowel, chronic distortion of the mucosal villous archi-
tecture, and allograft dysfunction with altered motility
and malabsorption, has also been reported. The clinical
diagnosis remains enigmatic, but is usually associated
with recurrent diarrhea, worsening nutrition, and
motility disturbances.

Recently, various approaches in different centers
appear to have decreased the rates of acute cellular re-
jection compared to historical controls. A number of
new agents may have an effect on intestinal allograft
survival. Humanized interleukin-2 inhibitors, which
have been introduced and studied in other solid
organ transplant populations, inhibit the ability of the
activated T lymphocyte to up-regulate the immune re-
sponse through recruitment of other such cells.
Sirolimus use in combination with tacrolimus has
also signi®cantly decreased the rate of acute cellular
rejection and increased the rates of graft survival. Al-
though no randomized studies have evaluated these
agents in intestinal transplantation because of the small
number of patients involved, experience at several cen-
ters indicates a reduction in early rejection rates from
nearly 90% historically to under 20% in some series.

Otherapproacheshave included attempts to augment
chimerism and improve graft survival rates through the
infusion of unmodi®ed donor bone marrow cells. Early
reports from Pittsburgh failed to con®rm decreased re-
jection rates among patients treated in this manner. The
augmentationofchimerismthroughinfusionofstemcells
remains to be studied, however, and may prove more
effective. More recently, researchers have attempted to
inactivate donor antigen-presenting cells by irradiating
donor intestinal allografts prior to implantation.

RESULTS

Success with intestinal transplantation has lagged be-
hind that of other solid organ transplants, owing both to
the various factors detailed above and to the advanced
state of chronic illness seen in most patients referred for
transplantation. The International Intestinal Transplant
Registry on Recipient Outcomes last published its re-
sults in 1999 and reported a 69% 1-year survival rate for
both patient and graft in isolated intestine transplants
and 66% patient and 63% graft survival rates at 1 year for
liver/bowel and multivisceral transplants. More re-
cently, unpublished registry data demonstrate im-
proved survival for all graft types and better survival
at more experienced centers among patients who did
not require hospitalization immediately prior to trans-
plantation and among those receiving isolated intestine
grafts. Whereas initial reports indicated that pediatric
patients had higher rates of survival, more recently no
signi®cant survival advantage appears to occur in pedi-
atric recipients.

Overall, series including transplants performed in the
early 1990s report low survival rates for all recipients,
with 1- and 3-year survival rates of 63 and 55% in one
series of 17 patients from the UCLA Medical Center.
Recent single-center series have reported higher patient
and graft survival rates, including 1-year patient survival
rates of up to 89% among isolated intestinal allograft
recipients in one report from University of Nebraska
and pediatric liver and bowel recipient survival rates
of approximately 70% at 2 years in another report
from Pittsburgh. Another study reported 1- and 5-year
survival rates of 75 and 54% among 155 patients.
Another report on 95 transplants from the University
of Miami demonstrated 1-year patient and graft survival
rates of 84 and 72%, respectively, among recipients of
isolated intestine transplants performed since 1998, com-
pared to 1-year liverÿsurvival rates of only 40 and 48%,
respectively, in bowel and multivisceral transplant
patients. Thus, it appears that overall patient and graft
survival rates are improving. Several factors have contrib-
uted to improved survival rates in intestinal transplant-
ation. Immunosuppressive management including the
use of newer agents has led to decreases in the rate of
acute cellular rejection. In one report from The Mount
Sinai Medical Center, this correlated with a signi®cant
improvement in graft survival rates. Additionally, earlier
and more accurate diagnosis and management of viral
infectious complications appear to have decreased the
mortality rate associated with these diseases.

The majority of survivors (more than 70%) have
full graft function with no requirement for paren-
teral therapy, although most recipients of intestinal
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transplants require some antidiarrheal medications.
Although linear growth may be attained in the majority
of surviving children after successful transplantation,
catch-up growth is not necessarily achieved. The ma-
jority of indications for intestinal transplantation in-
clude congenital anomalies or vascular accidents,
leading to surgical resection, and therefore recurrence
of the underlying disease is not common. Only one pa-
tient with Crohn's disease is known to have suffered
recurrence of this disease leading to failure of the
allograft.

See Also the Following Articles
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Syndrome � Transplantation Immunology
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Small Intestinal Motility
JACKIE D. WOOD

The Ohio State University College of Medicine and Public Health

migrating motor complex Speci®c pattern of small intestinal

motility that begins when digestion of a meal is complete

and ends with intake of the next meal; also called

interdigestive motility.

motilin Hormone released by enteroendocrine cells in the

gut.

physiologic ileus Normal absence of gastrointestinal con-

tractile activity.

power propulsion Speci®c pattern of motility that rapidly

propels luminal contents over extended distances in the

small and large intestine.

segmentation Speci®c pattern of small intestinal motility that

starts with the ingestion of a meal and accomplishes

mixing of the contents in the lumen; also called digestive

motility.

vagotomy Surgical sectioning of the vagus nerves.

Transit time for meals moving from stomach, to small

intestine, to large intestine is measured in hours. In

these three compartments, transit occurs most rapidly

as ingested food passes through the stomach; the slowest

transit time occurs in the large intestine. Three fundamen-

tal patterns of motility that in¯uence transit of material

through the small intestine are the interdigestive pattern,

the digestive pattern, and power propulsion. Each pattern

is programmed by the enteric nervous system.

INTERDIGESTIVE MOTILITY PATTERN

The interdigestive pattern of small intestinal motility,
called the migrating motor complex (MMC), begins
after digestion and absorption of nutrients are complete,
about 2ÿ3 hours after a meal. The contractile behavior
is detected by placing pressure sensors in the lumen of
the intestine or by attaching electrodes to the intestinal
surface. Sensors in the stomach show the MMC starting
as large-amplitude contractions in the distal stomach.
The MMC in the stomach migrates into the duodenum
and on through the small intestine to the ileum. As it
ends in the terminal ileum, the next cycle starts in the
stomach.

At a single recording site in the intestine, the MMC
pattern consists of three consecutive phases: (1) a silent
period, Phase I, which involves no contractile activity

and corresponds to physiologic ileus, (2) phase II,
which consists of irregularly occurring contractions,
and (3) phase III, which consists of regularly occurring
contractions. Phase I returns after Phase III ends and the
cycle is repeated after 80ÿ120 minutes in humans. With
multiple sensors positioned along the intestine, slow
propagation of the Phase II and Phase III activity
down the intestine becomes evident.

At any given time, the MMC occupies a limited
length of intestine called the `̀ activity front,'' which
has an upper and a lower boundary. The activity
front slowly advances (migrates) along the intestine
at a rate that progressively slows as the front approaches
the ileum. Peristaltic propulsion of luminal contents in
the aboral direction occurs between the oral and aboral
boundaries of the activity front. The waves of peristalsis
start at the oral boundary and propagate to the aboral
boundary of the activity front. Successive peristaltic
waves start on average slightly further in the aboral
direction and propagate on average slightly beyond
the boundary where the previous wave stopped.
Thus, the entire activity front slowly migrates down
the intestine, sweeping the lumen clean as it goes.

Cycling of the MMC continues until it is ended by
the ingestion of more food. A suf®cient nutrient load
terminates the MMC simultaneously at all levels of the
intestine. Termination requires the physical presence of
a meal in the upper digestive tract. The speed with which
the MMC is terminated at all levels of the intestine
suggests a neural or hormonal mechanism. Gastrin
and cholecystokinin, both of which are released during
a meal, terminate the MMC in the stomach and upper
small intestine when injected intravenously.

The MMC is organized by the enteric nervous
system. It continues in the small intestine after inter-
ruption of neural input from the central nervous system,
but stops when it reaches a region of the intestine where
the enteric nervous system has been damaged. Presum-
ably, command signals to the enteric neural circuits are
necessary for initiation of the interdigestive pattern;
nevertheless, whether the commands are neural or
hormonal or both is unknown. Although levels of the
hormone motilin increase in the blood at the onset of
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the interdigestive state, it is unclear whether motilin
triggers the MMC or is released as a consequence of it.

DIGESTIVE MOTILITY PATTERN

Mixing movements in the small intestine characterize
the digestive state. Feeding interrupts the interdigestive
pattern and converts small intestinal motor behavior to
a fed pattern characteristic of the digestive state. The fed
pattern is distinguished by peristaltic contractions that
propagate for only very short distances. This activity
occurs continuously along the length of the intestine.
Because each short segmental contraction does not
propagate far, it jets the chyme in both directions.
These contractions, spaced closely together as they
are along the bowel, accomplish mixing of the luminal
contents and, over time, net aboral propulsion of the
luminal contents.

Commands transmitted from the brain by the vagus
nerves sustain the digestive motility pattern in the small
intestine. Transmitted vagal command signals are im-
portant in the conversion from the fasting to the fed
pattern. After vagotomy, a larger quantity of ingested
food is necessary for interruption of the interdigestive
motor pattern, and interruption of the migrating motor
complex is often incomplete. During the fed pattern,
blockade of impulse transmission in the vagus nerves
results in interruption of the digestive pattern.

POWER PROPULSION

Power propulsion is a defensive response to the pres-
ence of harmful agents in the intestinal lumen. Power
propulsion involves strong, long-lasting contractions of
the circular muscle. These `̀ giant'' migrating contrac-
tions, which propagate for extended distances along
the intestine, are considerably stronger than the peri-
staltic contractions seen during the migrating motor
complex or in the digestive motility pattern. Giant mi-
grating contractions last 18ÿ20 seconds. They re¯ect a
highly ef®cient propulsive mechanism that rapidly
strips the lumen clean as they travel over long lengths
of intestine, at a rate of about 1 cm/sec. Small intestinal

power propulsion differs from peristaltic propulsion
during the migrating motor complex and from the mix-
ing movements of the digestive motility pattern in that
circular contractions in the propulsive segment are
much stronger and they propagate over much longer
reaches of intestine.

Power propulsion occurs in the oral direction during
emesis and in the anal direction in response to noxious
stimulation in the small intestine. The power propulsion
pattern starts in the midjejunum and propagates to the
stomach during emesis. When initiated by noxious
stimulation, propulsion may start in the midregions
of the small intestine and travel all the way to the
ileocecal junction. Abdominal cramping sensations
and diarrhea are associated with this motility pattern.
Application of irritants to the mucosa, the introduction
of luminal parasites, enterotoxins from pathogenic bac-
teria, allergic reactions, and exposure to ionizing radi-
ation all trigger the power propulsion pattern of
motility. This suggests that power propulsion is a de-
fensive adaptation for rapid clearance of undesirable
contents from the intestinal lumen. Propulsion clears
the upper bowel as part of the emetic response and clears
the lower small intestine by rapid movement of the
material into the colon.

See Also the Following Articles
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Small Intestine, Absorption and Secretion
MARSHALL H. MONTROSE

Indiana University, Indianapolis

apical membrane Portion of the intestinal epithelial cell

plasma membrane facing the intestinal lumen (the

exterior of the body).

basolateral membrane Portion of the intestinal epithelial cell

plasma membrane facing the blood (interior of the

body).

chyme Slurry of partially digested foods and liquids that is

transiently present in the intestines following a meal.

diarrhea Frequent passage of watery stool.

electrolytes Charged ions, such as sodium and chloride, that

are part of the ionic composition of body ¯uids.

epithelial polarity The property of epithelial cell asymmetry.

Epithelial cells sit at the interface between two compart-

ments and the cells have different surface and cellular

features along an imaginary axis drawn between the two

compartments.

osmolyte A molecule that can be dissolved in a solvent (most

commonly water) and thereby contribute to the total

concentration of particles in the solvent, adding to the

osmolarity.

paracellular transport Vectorial transport of material

through the extracellular spaces between adjacent

epithelial cells. Results in net movement of material

between the two compartments faced by epithelial cells.

transcellular transport Vectorial transport of material

through the cytosol of epithelial cells. Results in net

movement of material between the two compartments

faced by epithelial cells.

transepithelial transport Vectorial transport of material

across the epithelial layer, using either paracellular or

transcellular routes.

The major function of the small intestine is to ef®ciently

absorb a wide variety of nutrients and electrolytes from

ingested foods. As a consequence of these absorptive pro-

cesses, water is also absorbed and the lumenal contents

become drier. To keep the intestinal chyme well hydrated

(to promote easier mixing, intestinal transit, and solubil-

ity of remaining nutrients), the small intestine also

secretes ¯uid into the lumen. For this reason, both

absorptive and secretory processes occur simultaneously.

During normal intestinal function, ¯uid absorption ex-

ceeds secretion so that virtually all of the lumenal ¯uid

will ultimately be absorbed by the concerted action of

both the small and large intestines. This is important

to supply water as well as nutrients and electrolytes to

the body. However, in diarrheal diseases, secretory activ-

ity exceeds absorption. In this case, water is lost to the

stool and life-threatening dehydration can result. The in-

testinal epithelium mediates all vectorial transport of sub-

stances between the body and the intestinal lumen. This

single layer of epithelial cells sits at the interface between

these two compartments and simultaneously acts as a

selective barrier to undesirable lumenal contents and as

a portal to needed lumenal contents. Each individual epi-

thelial cell has a polarized architecture, with distinct sur-

face features present in the membrane facing the gut

lumen (apical membrane) versus the membrane facing

the blood (basolateral membrane). It is the specialized

properties of the intestinal epithelial cell membranes

that underlie the ability to perform the net transport of

substances between the body and the gut lumen. The body

dynamically regulates the function of proteins that medi-

ate these properties and thereby regulates the processes. It

should be recognized that epithelial absorptive functions

vary along the length of the small intestine from the du-

odenum through the ileum, re¯ecting the need to absorb

speci®c constituents from the lumen at speci®c locations.

INTRODUCTION

Ingested food must provide the body with necessary
salts, nutrients, ¯uid, and osmolytes to sustain life. As-
similating these molecules must occur with a high level
of speci®city to avoid absorption of toxins, bacteria, and
other undesired substances from the gut lumen. It must
also occur in response to a meal that can require acti-
vation of these absorptive processes at any time of day or
night and in response to a staggeringly diverse set of
foodstuffs.

To cope with the massive amount of absorption that
is required to sustain the body, the intestine has evolved
multiple strategies to increase the surface area for ab-
sorption. The small intestine is not a smooth cylindrical
tube, but rather has macroscopic folds that provide both
enhanced surface area and extra space for distension
following entry of chyme. On a smaller scale, ®ngerlike
projections of tissue extend into the lumen several hun-
dred micrometers, with the epithelial cells that mediate
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absorption lining these intestinal villi. At a microscopic
level, the apical membrane of each epithelial cell has
abundant specialized membrane structures, termed
microvilli, that are 2 to 5 mm long ®nger-like projections
of the cell membrane into the lumen. Combined, these
strategies increase the absorptive surface area approx-
imately 600-fold compared to a smooth cylindrical tube
of the same macroscopic dimensions.

The small intestine is responsible for absorption of
the majority of salts, amino acids, carbohydrates, vita-
mins, and fats. In most cases, these absorptive processes
occur due to the presence of membrane proteins that
reside in the plasma membranes of intestinal epithelial
cells and speci®cally bind and transport desired nutri-
ents into the body. There are many such membrane
transport proteins residing in the membrane and
these products of multiple genes are each selective for
one or a small group of substrates whose transport they
facilitate. For example, the SGLT1 protein resides in the
apical membrane and is responsible for the majority of
glucose and galactose absorption. The GLUT5 protein
resides in the same membrane, but is responsible for
fructose absorption. Dividing the task of absorption
among numerous proteins provides a mechanism for
regulating the uptake of individual constituents of a
meal (through regulation of the relevant transporters)
and ensures that a high level of speci®city for desirable
versus undesirable constituents is sustained.

The small intestine absorbs both water-soluble and
water-insoluble compounds. If absorbed molecules are
dissolved in the aqueous lumenal ¯uid, then they act as
osmolytes. Therefore, their absorption has the conse-
quence of simultaneously stimulating absorption of
water molecules, because of local differences in osmotic
pressure between compartments (e.g., between the
lumen and the epithelial cell cytosol). It is believed
that water transport may be enhanced by the action
of aquaporin water channels, speci®cally AQP8 and
AQP4 proteins isoforms. In this manner, the absorption
of solutes promotes the absorption of water and thereby
tends to dehydrate the lumenal chyme. In contrast, the
absorption of water-insoluble fats occurs because these
compounds are emulsi®ed by bile salts, compounds that
act as solubilizers of fats because of their detergent
properties.

Maintaining hydration of the lumenal chyme is es-
sential to promote ef®cient absorption, a function that
requires a well-mixed aqueous environment. To this
end, the small intestine also secretes ¯uid. The secretory
process present in all portions of the small intestine is
chloride secretion, which promotes an attendant water
secretion into the lumen. In addition to hydration of the
lumen, the secretion of bicarbonate contributes to the

maintenance of optimal pH values in the small intestinal
lumen and the secretion of bioactive peptides promotes
defense from bacterial pathogens. Coordinated contrac-
tions of the intestinal wall are needed to both mix the
lumenal contents and propel them down the intestinal
tract.

THE INTESTINAL EPITHELIUM

The intestinal epithelium is a single layer of cells that
form a lining to separate the intestinal lumen from the
body. The lining acts in part as a general barrier to keep
the body separate from the outside world represented by
the lumen, with specialized junctional structures to fuse
neighboring epithelial cells to each other and seal the
epithelial layer. Epithelial transport acts to complement
this function by providing routes for speci®c substances
to enter (or leave) the body via their transepithelial
transport between the lumen and the blood across the
epithelial layer. The relevant transport routes are either
through the epithelial cells (transcellular transport) or
between the epithelial cells for those substances that
have a limited permeability through the junctions (para-
cellular transport). In either case, absorbed substances
are delivered directly to the basal side of the epithelial
layer where diffusion of water-soluble substances into
the portal blood, or diffusion of lipid-soluble materials
into the lymphatic lacteals, allows the rapid transit of
absorbed materials from the intestinal tissue to other
parts of the body.

Transcellular transport requires the sequential ¯ux
of a substance across the apical and basolateral mem-
branes. At each step, the involvement of an integral
membrane protein is required. There are four classes
of these membrane transporters. ATPases drive a sub-
stance across the membrane by transducing the energy
from the cleavage of ATP. These are called primary ac-
tive transporters because they are responsible for cre-
ating ion gradients that can act as a source of energy for
other transporters. Ion-gradient-dependent transpor-
ters transduce this ion gradient energy into the trans-
membrane movement of other ions or solutes and are
termed secondary active transporters. Facilitated diffu-
sion transporters bind solutes or ions that are not carried
by the ATPases and facilitate their equilibration across
the membrane. Channels also dissipate gradients across
the membrane, but act more as gated ion pores in the
membrane. Transport across the apical membrane is the
rate-limiting step for transcellular transport of most
substances and is therefore a key site for the regulation
of transport rates.

Tight junctions provide the rate-limiting step for
paracellular transport. After passing this restrictive
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site, ¯uid and solutes progress through the torturous
extracellular spaces between adjacent epithelial cells.

The intestinal epithelium contains a diverse set of
cells, some of which mediate absorptive and secretory
processes. It is generally agreed that cells on the villus
are absorptive and cells in the crypts are secretory. It
remains unclear how and where the transition in func-
tion occurs along this `̀ vertical axis'' and whether crypt
cells might also absorb some substances.

ABSORPTION OF
WATER-SOLUBLE MOLECULES

The small intestine has a large capacity to absorb water-
soluble nutrients. In a normal Western diet, 40ÿ70 g of
protein is ingested per day, and even in the presence of
an additional 50 g of secreted protein (mostly from the
pancreas), 100% of this load is absorbed from the lumen
of the small intestine. Similarly, 400 g of ingested car-
bohydrate is fully absorbed per day. In the latter case, it
is known that the maximum capacity for carbohydrate
absorption is approximately 1 kg/day. The ability of the
intestine to absorb with such high ef®ciency is depen-
dent on the mechanisms that have evolved to ef®ciently
scavenge lumenal nutrients.

The small intestine uses a common strategy for ab-
sorption of many water-soluble molecules. Many lu-
menal nutrients are presented as polymers that must

be digested by lumenal enzymes (either attached to
the apical surface of epithelial cells or secreted into
the gut lumen) prior to absorption of their simpler con-
stituents. This strategy reduces the number of different
molecules that must be recognized by transport proteins
as absorbable nutrients. Transcellular transport is then
initiated by apical uptake of the simpler constituents via
either an ion-gradient-dependent or a facilitated diffu-
sion transporter. Vitamins are absorbed in the original
ingested form, since modifying these essential factors
prior to absorption would not help the body. The ab-
sorbed nutrients within enterocytes then complete their
transcellular route by leaving the cell through facilitated
diffusion across the basolateral membrane.

Many molecules are absorbed by ion-gradient-de-
pendent transporters in the apical membrane. Most of
these transporters use the sodium electrochemical gra-
dient (established by the basolateral Na�,K�-ATPase) as
the energy source to drive apical cotransport of sodium
and a nutrient (sugars, amino acids, vitamins, bile salts)
into the enterocyte. The advantage of such cotransport-
ers is that they can cause a high level of intracellular
accumulation of the nutrient, leading to ef®cient ab-
sorption even with low lumenal levels of the nutrient.
Examples of apical transporters for major dietary nutri-
ents are shown in Table I, followed by a listing of facil-
itated diffusion carriers that are also present in the apical
membrane.

TABLE I Apical Membrane Absorptive Processes and Proteins

Driving ion Solute class Substrate speci®city

Gene: Common symbol

(NCBI symbol)a

Sodium Sugars Glucose, galactose SGLT1 (SLC5A1)

Sodium Amino acids Neutral ASCT1 (SLC1A4)

Anionic EAAT3 (SLC1A1)

Imino Uncloned

Sodium Water-soluble vitamins Ascorbate SVCT1 (SLC23A2)

Biotin, pantothenate SMVT (SLC5A6)

Sodium Bile salts Bile acids, bile salts IBAT (SLC10A2)

Proton Peptides Dipeptides, tripeptides PEPT1 (SLC15A1)

Ð Sugars Fructose GLUT5 (SLC2A5)

Ð Amino acids Cationic CAT1 (SLC7A2)

4F2HC (SLC7A7)

Neutral RBAT�ATB0 (SLC3A1�SLC7A9?)

Ð Water-soluble vitamins Folate FOLT1 (SLC19A1)

Thiamine THTR1 (SLC19A2)

Nicotinamide (niacin) Uncloned

Pyridoxamine (B6) Uncloned

Salts Na�/H� exchange NHE3 (SLC9A3)

NHE2 (SLC9A2)

Clÿ/HCO3
ÿ exchange DRA (SLC26A3)

a NCBI, National Center for Biotechnology Information.
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Table I also lists the relevant carriers that absorb the
majority of NaCl in the absence of other lumenal nu-
trients. In this mechanism, apical Na�/H� exchange
mediates sodium uptake into the enterocyte. The con-
comitant alkalinization of the cell causes activation of
Clÿ/HCO3

ÿ exchange in the same membrane, which
mediates chloride uptake. Basolateral Na�,K�-ATPase
promotes Na� ef¯ux from the cell, completing the trans-
cellular transit of Na�. A basolateral K�/Clÿ cotrans-
porter (KCC1, SLC12A4) mediates K� and Clÿ ef¯ux
and completes the balance sheet of net NaCl absorption.

Many of the apical membrane proteins are expressed
in a few other tissues in addition to the intestinal epi-
thelium. In contrast, basolateral membrane transporters
are often broadly distributed in the body. In addition to
the function of allowing molecules to complete their
transcellular transit, such proteins are also utilized fre-
quently (by many cell types) for normal homeostatic
processes. For instance, the ubiquitous Na�,K�-ATPase
is responsible for cellular Na� and K� homeostasis. It is
expressed in the basolateral membrane of intestinal epi-
thelial cells, where it is also responsible for the ®nal step
of transcellular sodium absorption.

The major regulator of nutrient absorption is lu-
menal availability. Although second messengers may
modestly increase or decrease the transport rate via ab-
sorptive transporters, it is rare to ®nd a normal physi-
ologic state in which absorption of proteins and
carbohydrates has been compromised to the extent
that the nutrients are not fully absorbed by the end of
the small intestine. This does not indicate that absorp-
tion succeeds under all conditions. There are a number
of disease states in which absorptive processes are com-
promised directly or net absorption is blunted by the
stimulation of secretory processes.

ABSORPTION OF
FAT-SOLUBLE MOLECULES

The major dietary lipids are triacylglycerols (90ÿ95%)
with the remainder being free and esteri®ed cholesterol,
sterols, and phospholipids. Small amounts (micrograms
to milligrams per day) of fat-soluble vitamins (vitamins
A, D, E, and K) are also in the diet. Unlike salts and
solutes, fats are not ingested in a convenient form for
digestion or absorption. Most lipids are water-insoluble,
but absorption must occur via an aqueous environment
in the lumen. The solution is to transform fats into
water-soluble structures through emulsi®cation with
amphipathic molecules (dietary proteins, fatty acids,
and bile acids secreted into the gut lumen by the liver
and gallbladder), followed by digestion via lipases se-
creted from the pancreas (major source), tongue, and

stomach. The ®nely emulsi®ed fat droplets then spon-
taneously break down into 4 to 7 nm diameter struc-
tures, micelles, with bile salts positioned at the surface
and hydrophobic cores that act as a sink for the
water-insoluble products of lipolysis (e.g., fatty acids,
monoglycerides, and cholesterol) as well as fat-soluble
vitamins.

At the mucosal surface, lipids diffuse out of the mi-
celles, so that a saturated aqueous solution of the lipids
is maintained in contact with the brush border of the
mucosal cells. These lipophilic substances enter the in-
testinal epithelial cell by diffusion across the plasma
membrane. Absorption of lipolytic products is greatest
in the upper (proximal) parts of the small intestine, but
appreciable amounts are also absorbed in the ileum.
Once lipids have diffused from the micelles, bile acids
are absorbed in the distal ileum and recycled for another
round of fat absorption.

The fate of the fatty acids in enterocytes depends on
their size. Fatty acids with less than 10ÿ12 carbon
atoms (and some fat-soluble vitamins) transit through
the epithelium directly into the portal blood un-
modi®ed. Longer-chain FFA and monoglycerides are
taken up by the endoplasmic reticulum and metabol-
ically rebuilt into triglycerides. These intracellular lip-
ids are then packaged in 0.5 to 1.0 mm diameter
particles termed chylomicrons. The hydrophobic
core of chylomicrons contains triglycerides, cholesterol
esters, and fat-soluble vitamins. Chylomicrons are car-
ried in secretory vesicles to the basolateral membrane
where they are expelled via exocytosis into inter-
cellular spaces at the basal pole of the intestinal epi-
thelial cell. These large particles cannot enter
capillaries and instead enter lacteals and are carried
in lymphatics to the superior vena cava via the thoracic
duct. They are then transported via systemic blood to
sites of storage or utilization.

SECRETION

Transcellular secretion of chloride is the main process
leading to ¯uid secretion in the normal small intestine.
Chloride enters enterocytes at the basolateral mem-
brane via the electroneutral Na�/K�/2Clÿ cotransporter
(gene NKCC1, SLC12A2) and then Clÿ exits the entero-
cyte via chloride channels in the apical membrane. The
product of the cystic ®brosis gene, CFTR (ABCC7),
encodes one anion channel in the apical membrane,
but other channels may also be important. Transcellular
chloride secretion moves a net charge across the epi-
thelial layer, so to maintain cellular electroneutrality,
potassium channels in the basolateral membrane allow
for charge compensation through K� ef¯ux. Similarly, it
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is believed that Na� follows chloride passively by para-
cellular ¯ux through tight junctions to maintain elec-
troneutrality between lumenal and serosal
compartments. Water is secreted in response to the
net movement of osmolytes (NaCl) into the lumen.

Chloride secretion can be stimulated by increases in
cellular cyclic AMP, cyclic GMP, or calcium. A number
of membrane receptors for hormones are expressed in
the basolateral membrane of enterocytes, which lead to
physiologic changes in these second messengers to meet
with the demands of absorbing different nutrients. The
target of regulation by cyclic nucleotides appears to be
the apical CFTR channel. Increased intracellular cal-
cium predominantly increases the activity of the
basolateral K� channel, which stimulates secretion
through keeping the cell hyperpolarized (promoting
greater ef¯ux of the Clÿ anion) and recycling K� at
the basolateral membrane.

Bicarbonate is secreted by the duodenal epithelium
to help neutralize the acidic chyme entering the small
intestine from the stomach. Bicarbonate secretion also
takes place in the ileum and colon, but its physiologic
role in these sites is less clear since pancreatic bicarbon-
ate secretion provides the remaining alkali needed to
neutralize lumenal acid. In the duodenum, bicarbonate
is secreted by transcellular mechanisms. Carbonic
anhydrase acts on intracellular CO2 (coming from either
basolateral uptake or cellular metabolism) to produce
intracellular HCO3

ÿ and a proton. The proton leaves the
cell via basolateral Na�/H� exchange and bicarbonate
leaves the duodenal cell either by Clÿ/HCO3

ÿ exchange
or via CFTR channels. This vectorial ¯ux of alkali pro-
duces an alkaline shift in pH at the lumen or at a min-
imum serves to neutralize lumenal acid when HCO3

ÿ

and H+ combine to form CO2 and water. Similar to
regulation of chloride secretion, cyclic nucleotides stim-
ulate bicarbonate secretion through enhancing
CFTR activity.

DISEASES OF ABSORPTION
AND SECRETION

Osmotic Diarrhea

Water ¯ows in response to transepithelial move-
ment of osmolytes, in direct response to osmotic gradi-
ents. If foodstuffs that cannot be absorbed by the
intestinal epithelium are ingested, then they act as an
osmotic sponge to pull water into the lumen. This is the
mechanism of action of laxatives and is the mechanism
underlying many diseases of absorption and secretion
(see below). It should be noted that such osmotic diar-
rhea can also be produced in response to ingesting

massive amounts of material that exceed the absorptive
capacity of the intestine.

Infectious Diarrhea

Diarrhea caused by bacteria and other pathogens is
responsible for 5 million deaths per year worldwide.
Many microorganisms produce enterotoxins that inter-
fere with the second-messenger pathways in entero-
cytes. Cholera toxin (from Vibrio cholera) binds to
GM1 gangliosides on the apical surface of intestinal
epithelial cells and simulates a sustained increase in
intracellular cyclic AMP. This directly inhibits electro-
neutral NaCl absorption and stimulates chloride secre-
tion. Traveler's diarrhea is caused by StA toxin
(Escherichia coli), which binds to guanylin receptors
on intestinal epithelial cells and increases cyclic
GMP, resulting in the stimulation of chloride secretion.

Disaccharide Intolerance

There is a common genetic variability in levels of
lactase, an enzyme in the apical membrane of entero-
cytes that is responsible for the digestion of carbohy-
drates. There can also be a genetic sucraseÿisomaltase
de®ciency. Lack of these disaccharidase enzymes will
cause osmotic diarrhea when patients ingest carbohy-
drates. This is because only monosaccharides can be
absorbed by enterocytes. The undigested disaccharides
thus remain in the lumen.

Celiac Disease

Celiac disease is a genetic disorder causing a sensi-
tivity to gluten: a water-insoluble protein found in cer-
tain cereal grains, notably wheat. In response to gluten,
the small intestine undergoes loss of villi, damage to
remaining epithelial cells, and crypt hyperplasia. Due
to the dramatic loss of absorptive cells on the villi and an
abundance of secretory cells in the crypt, the disease
results in diarrhea and nonspeci®c nutrient malabsorp-
tion. The underlying cause of the reaction to gluten is
unknown.

Genetic Defects in Clÿ Secretion

Cystic ®brosis is an autosomal recessive disease
causing defective intestinal transport through mutation
of the CFTR gene and protein. Human mutations in
CFTR cause defective Clÿ secretion either by diminish-
ing the amount of CFTR protein in the membrane or by
decreasing Clÿ channel opening. Cystic ®brosis causes
intestinal obstruction and meconium ileus in newborns,
due to poorly hydrated lumenal contents.
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Genetic Defects in Clÿ Absorption

Congenital chloride diarrhea (CLD) is an extremely
rare, recessive, autosomal genetic disorder that pro-
duces Clÿ-rich, acidic diarrhea commencing at birth.
The transport defect is limited to the ileum and colon.
The gene that causes congenital chloride diarrhea (DRA,
SLC26A3) encodes a transmembrane protein that can
perform Clÿ/HCO3

ÿ exchange when the protein is nor-
mal, but cannot transport Clÿ when DRA contains mu-
tations found in patients suffering from CLD.

Genetic Defects in Na�-Dependent
Sugar Absorption

Glucoseÿgalactose malabsorption is a rare, autoso-
mal recessive disorder in which Na�-coupled uptake of
glucose and galactose is defective. Sugar ingestion leads
to osmotic diarrhea, which can be treated by eliminating
glucose and galactose from the diet. Mutations in the
SGLT1 protein, mediating Na�-dependent sugar uptake
at the apical membrane, have been shown to be the basis

for at least a portion of glucoseÿgalactose malabsorp-
tion cases.
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pylorus to the large intestine at the ileocecal junction. It is

classically divided into three segments, the duodenum,

jejunum, and ileum. Although regional differences exist
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within the small intestine, the general structure is similar

throughout its length.

GROSS ANATOMY

The following discussions focus on the anatomy and
histology of two segments of the small intestine, the
jejunum and the ileum.

External and Internal Appearance

The jejunum starts right after the duodenojejunal
¯exure, a con®guration that is supported by a ®bromus-
cular band, the ligament of Treitz, which is attached to
the diaphragm. The jejunum and ileum lie in coils in the
abdominal and pelvic cavities, suspended in a fan-
shaped manner by the mesentery, from the posterior
abdominal wall. The distance from the posterior abdom-
inal wall to the intestinal wall varies from about 15 to
20 cm, increasing distally. This architecture allows each
coil to accommodate to changes in form and position.
The jejunum and ileum are not separated by any distinct
anatomic landmark, but several features become grad-
ually more apparent from proximal to distal. Classically,
the proximal 40% of the mobile small intestine is desi-
gnated as the jejunum and the distal 60% as the ileum.

The internal surface of the jejunum and proximal
ileum shows numerous transverse folds (the plicae
circulae, or valves of Kerchkring). These mucosal and
submucosal folds are permanent structures, varying
from 3 to 10 mm in height and running transversely
around the small intestine. Their number gradually de-
creases through the distal jejunum and they may be
entirely absent from the distal ileum. Small lymphoid
nodules, the Peyer's patches, of varying size are also
apparent at regular intervals. They become more nu-
merous distally and form a large, continuous anti-
mesenteric Peyer's patch in the distal ileum.

Blood and Lymph Supply

From the ligament of Treitz to the ileocecal junction,
the small intestine is supplied by a dozen or more
branches arising from the left branch of the superior
mesenteric artery. These branches run between the
two folds of the peritoneum composing the mesentery.
As they approach the intestinal wall, they branch and
anastomose with one another to form a series of arcades
or arches. The straight arteries arising from the ®nal
arches send branches to either side of the intestine
and encircle it. In turn, these arterial circles emit
branches of diminishing size, which penetrate the in-
testinal wall. Veins accompanying the arterial vessels

supplying the jejunum and ileum drain into the superior
mesenteric vein, which merges with the splenic vein to
form the portal vein. Lymph nodes are arranged in three
groups: one near the intestinal wall, one at the level of
the arterial arcades, and the third along the upper part of
the superior mesenteric artery. These nodes and those in
the intestinal wall interconnect by many lymphatic
vessels.

Innervation

The parasympathetic nerve supply of the small in-
testine comes from the dorsal nucleus of the vagus. The
®bers from these cell bodies enter the abdominal cavity
as the anterior and posterior vagal trunks with the
esophagus and pass into the wall of the gut with its
blood vessels via the celiac and superior mesenteric
ganglia, in which these ®bers do not synapse. The ®bers
end in the intestinal wall, where they synapse with cell
bodies in the submucosal and myenteric plexuses. The
sympathetic preganglionic ®bers have their cell bodies
in the spinal cord segment T9 and T10 and enter the
sympathetic trunk by white rami communicantes. They
leave as the splanchnic nerves and pass the celiac and
superior mesenteric ganglia, where they synapse. Post-
ganglionic ®bers enter the small intestine with its blood
vessels.

SEROSA

The jejunum and ileum are almost completely envel-
oped by a thin extension of the peritoneum, a monolayer
of ¯attened mesothelial cells and loose connective tissue
(Fig. 1). The only exception is the mesenteric border,
where the peritoneal folds are separated to allow the
entry and exit of blood vessels, lymphatics, and nerves.
These latter ramify in a subserosal zone of connective
tissue lying between the mesothelial layer and the
muscularis externa.

MUSCULARIS EXTERNA

The muscularis externa (or propria) consists of an outer
longitudinal and an inner circular layer of smooth mus-
cle separated by the myenteric plexus (the plexus of
Auerbach) (Fig. 1). Smooth muscle cells are densely
packed in characteristics bundles and packets, sepa-
rated by small spaces consisting mainly of collagen
®brils and larger spaces occupied by nerves, capillaries,
interstitial cells of Cajal, and intramuscular septa of
connective tissue. Intestinal smooth muscle cells are
uninucleated and spindle-shaped cells measuring
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500ÿ700 mm in length at rest, but are able to shorten to
less than a quarter of their resting length when contrac-
ting. Important features of smooth muscle cells are cell-
to-cell junctions (intermediate and gap junctions) in-
volving specializations of the membrane between two
adjacent cells. These junctions are essential to produce
mechanical and electrical cooperation and communica-
tion between cells, which form a muscular syncitium.
The intestinal muscular layers and the circular layer, in
particular, are richly innervated. There are no classical
neuromuscular junctions, rather intramuscular axons
tend to run parallel to the smooth muscle cells, sending
varicosities from which neurotransmitters are released.
Commonly found associated with smooth muscle cells
and nerve varicosities are the interstitial cells of Cajal,
which communicate with both types of cells. Other cells
possibly located within smooth muscle layers are mac-
rophages, mast cells, and myoblast-like cells.

The myenteric plexus, as well as the submucosal
plexus located in the submucosa (discussed later), are
the two major integrative systems of the enteric nervous
system. Plexuses are networks of wide and thin ganglia
interconnecting through neuronal processes. Ganglia
are composed of two cell types, nerve cells and glial
cells, associated with a neuropil formed by closely
packed neuronal and glial processes. Each ganglion
and the connecting strands are surrounded by a basal

lamina and collagen ®brils. Small blood vessels can lie
near but do not enter ganglia of the myenteric plexus.
Neural connections exist between the myenteric and
the submucosal plexuses as well as with extrinsic
neurones.

SUBMUCOSA

The submucosa extends from the muscularis externa to
the mucosa (Fig. 1). It consists of connective tissue,
blood and lymphatic vessels, and the submucosal plexus
(plexus of Meissner). The submucosa may also contain
scattered migratory cells, of which mast cells are fre-
quently the predominating cell type. Relatively large
arterioles, venules, and lymphatic vessels form exten-
sive networks within the submucosa. From these net-
works, numerous penetrating capillary vessels supply
and drain most of the mucosa and muscularis externa.
These dense vascular networks enable the submucosa to
play a role in vascular routing and related distribution of
regional blood and lymphatic ¯ow. The composition of
the submucosal plexus is similar to that of the myenteric
plexus. However, in humans, and contrary to the com-
position in rodents, this plexus is composed of two
distinct layers, the inner and outer submucosal plex-
uses. The submucosal plexus has smaller ganglia, less
neurons, and a less compact network compared to the
myenteric plexus.

MUCOSA

Architecture

The mucosa is composed of three components: the
muscularis mucosae, which delimit the mucosa from the
submucosa, the lamina propria, and the eptithelial cells,
which face the intestinal lumen. A transverse section
from any part of the small intestine reveals the unique
architecture of the small intestinal mucosa, involving
the crypts and villi that cover the entire length of the
small intestine. The straight and tubelike crypts (crypts
of LieberkuÈ hn) are downward projections of the epithe-
lium into the lamina propria whereas the villi are up-
ward lea¯ike or ®ngerlike projections of the surface
epithelium and the lamina propria. Villi and crypts
are contiguous, in that the epithelium composing
these two structures is continuous. However, the num-
ber of villi is considerably less than the number of crypts
because several crypts may open into a single mouth and
more than one mouth can open between two adjacent
villi. Fingerlike villi predominate in the jejunum and
ileum whereas lea¯ike villi are more common in the
duodenum. The villi are tallest (about 0.8ÿ1 mm) in

FIGURE 1 Transverse section of rat jejunum (� 200). The wall

of the small intestine can be divided in four different layers: the

mucosa (m), facing the lumen; the submucosa (sm); the two layers

of circular (cm) and longitudinal (lm) muscles forming the

muscularis externa; and the serosa (s).
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the distal part of the duodenum and the proximal jeju-
num but become progressively shorter. Moreover, jeju-
nal and ileal villi differ also by the series of indentations
along the side of the villi, which are marked in the
proximal small intestine but disappear in the terminal
ileum.

Vascular Pattern of the Intestinal Villi

The vascular pattern of the intestinal villi is essen-
tially the same from the duodenum to the ileum. Each
villus is supplied by a central artery, which runs through
the center of the villus toward the tip. It then divides into
two narrow arterial trunks, which run directly below the
epithelial cells downward toward the base of the villus.
These arteries give rise to capillary branches that form a
dense anastomosing network extending between the
arterial trunks and the two veins, which drain each vil-
lus. Each intestinal villus contains also a central blind-
ended lymph vessel, the lacteal.

Mucosal Components

Muscularis Mucosa

The muscularis mucosa is the outermost layer of the
mucosa. It is composed of elastic ®bers and 3ÿ10
smooth muscle cells, generally arranged in an outer
longitudinal and inner circular layer. Smooth muscle
cells may radiate from the muscularis mucosa into
the lamina propria and extend in the villi.

Lamina Propria

The lamina propria forms the connective tissue core
of the villi and surrounds the crypt epithelium. The
crypt and villus epithelial cells and the lamina propria
are separated by a distinct basement membrane com-
posed of an ultrastructurally apparent basal lamina and
a deeper network of collagenous ®bers. The lamina
propria is composed of noncellular connective tissue
elements, i.e., collagen and elastin, blood and lymphatic
vessels, and myo®broblasts supporting villi. However,
the main characteristic of the lamina propria is to con-
tain numerous immunologically competent cells as well
as nerve endings. The most numerous cell types are
mononuclear cells, plasma cells, and lymphocytes.
Plasma cells contain immunoglobulin (IgA or IgM)
and are concentrated more in the intercrypt region.
Lymphocytes, both B and T cells, are found throughout
the lamina propria but often form more dense in®ltrates
just above the muscularis mucosae. Other cell types are
more sparsely distributed, including eosinophils, mac-
rophages, and mast cells. However, macrophages are
mostly located along the superior part of the lamina

propria near the tip of the villi. Numerous nerves end-
ings are present in the lamina propria, many of which
are in close contact with mast cells.

Epithelium

The four major cell types of the epithelium (entero-
cytes, goblet, endocrine, and Paneth cells) arise from
stem cells, which divide continuously, located just
above the crypt base. Differentiation and maturation
occur in 5ÿ6 days as the cells migrate from the crypt
to the villus tips, where they are subsequently sloughed
into the lumen (Fig. 2).

Crypt epithelium The most abundant cell types
in the crypts are undifferentiated enterocytes. However,
crypts also contain two distinct cell types, Paneth cells
and endocrine cells. Paneth cells do not migrate and are
located within the crypt base. Their number increases
from the duodenum to the ileum. They derive from
undifferentiated crypt cells and seem to undergo re-
placement at a relatively slow rate. They have a pyra-
midal shape, the nucleus being located in the basal half
of the cell. Their outstanding feature is their content of
secretory granules of the zymogen variety, located in the
cytoplasm between the nucleus and the apical border of
the cell. As secretory cells, Paneth cells show rough
endoplasmic reticulum and extensive Golgi apparatus.
They contain lysozyme, immunoglobulin, and defensin
and seem capable of phagocytic activity, suggesting a
role in the regulation of the intestinal microbial ¯ora.

Endocrine cells are relatively abundant in the crypts,
although they are also present in the villi. They are of two
morphological types, either `̀ open,'' with a pyramidal

villus epithelium

crypt epithelium

enterocytes

goblet cells

undifferentiated
enterocytes
endocrine cells

Paneth cells

extrusion

migration/
differentiation

proliferation

FIGURE 2 Schematic diagram of rat jejunal mucosa, illustrat-

ing the different types of cells encountered in the epithelium.
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shape and connection with the lumen, or `̀ closed,'' with a
spindle shape and no connection with the lumen. Se-
cretory granules are concentrated in the basal part of the
cytoplasm whereas Golgi apparatus elements are supra-
nuclear. The apical surface shows regular tufts of
microvilli longer than those of enterocytes (described
later). At least 16 distinct types of endocrine cells have
been described along the small intestine, each with a
characteristic regional distribution and composition.

Villus epithelium Enterocytes are the major vil-
lus epithelial cell type. They are highly specialized tall
and columnar cells, with an oval nucleus located basally
(Fig. 3). The usual organelles are all represented: the
endoplasmic reticulum is not prominent but the Golgi
apparatus is, the mitochondria are usually long and ®l-
amentous, and a number of pinocytic vesicles may be
seen near the apical region. The apical surface is com-
posed of microvilli and glycocalyx. Microvilli are close
projections of cytoplasm covered by the cell membrane.
They are about 1 mm high and 0.1 mm in diameter, pro-
viding a 14- to 40-fold increase in the apical surface area.

The glycocalyx is a thin, ®lamentous layer of
mucopolysaccharide material, housing important en-
zymes that function in terminal digestive processes. En-
terocytes (and the other epithelial cells) are surrounded
at their apical side by typical 0.5- to 2-mm intercellular
junctional complexes. They consist of two distinct
structures, the tight junction and the adherens junction,
that encircle the cells as a belt, allowing a tight and
continuous contact between two adjacent cells. These
two structures are associations of transmembrane and
cytoplasmic proteins linked with the cytoskeleton.

Goblet cells are interspersed among the enterocytes.
They are polarized, mucous-secreting cells, increasing
in number distally. They are easily recognizable by their
pear-shaped region containing the mass of mature
mucigen granules. Often a small `̀ puff'' of mucous can
be distinguished emerging from the apex. Apical
microvilli are sparse and irregular in size and shape.
Cytoplasmic organelles, including a well developed net-
work of rough endoplasmic reticulum, free ribosomes,
mitochondria, and lysosomes, lie around the mass of
mucous granules. Last, intraepithelial lymphocytes,
mainly T cells, lie between individual epithelial cells,
usually just above the basement membrane. The ratio
of epithelial cells to intraepithelial lymphocytes is
about 6 : 1.

PEYER'S PATCHES

Peyer's patches are distinct small lymphoid nodules
located along the antimesenteric border. Their number
increases distally. They are composed of lymphoid fol-
licles that are located in the mucosa but that may also
extend into the submucosa. Follicles are composed of a
lymphoid nodule with a germinal center, a follicle-
associated epithelium, and a dome, situated between
these two structures. The germinal center contains
mainly IgA-positive B cells. It is surrounded by the
dome, populated by B lymphocytes, macrophages,
and plasma cells. Facing the lumen is the follicle-
associated epithelium, which contains few goblet cells
and epithelial cells specialized in the transport of lumi-
nal antigens, the microfold cells (M cells). These cells
are different from enterocytes in that they have short
microvilli and no glycocalyx at the apical side. More-
over, their basolateral membrane is invaginated to form
a pocket containing immunocompetent cells.

See Also the Following Articles

Circulation, Overview �Duodenum, Anatomy � Enteric Ner-

vous System � Gastrointestinal Tract Anatomy, Overview �

FIGURE 3 High-magni®cation micrograph of rat villus epi-

thelial cells (� 3000). Enterocytes (E) are tall columnar cells

with an oval, basally located nucleus (n). Their characteristic

features are the presence of microvilli (m), which enhance apical

surface area, and a tight junction (tj), allowing a tight and con-

tinuous junction between two adjacent cells. Goblet cells (G) are

mucous-secreting cells interspersed among enterocytes.
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malignancies. The most common malignancies of the

small bowel are adenocarcinomas, carcinoid tumors, lym-

phomas, and sarcomas. There is a slight male predomi-

nance and the average age at disease presentation is

55ÿ60 years. This article will discuss malignant and

benign small bowel neoplasms.

PATHOGENESIS

Tumors of the small bowel can form from any of the
cells that are found in this organ. Adenomas and
adenocarcinomas develop from epithelial and glandular
tissue, lymphomas develop from lymphocytes found
in lymphoid tissue, sarcomas develop from smooth
muscle, and carcinoid tumors arise from the Kulchitsky
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cell, an enterochromaf®n cell located in the crypts of
Leiberkuhn.

Many theories have been proposed to explain the
low rate of malignancy in the small bowel as compared
to the colon and stomach:

1. liquid contents of the small bowel cause less mucosal
irritation and dilute carcinogens;

2. rapid transit of small bowel contents decreases ex-
posure to carcinogens;

3. decreased bacterial load in the small bowel (espe-
cially anaerobic bacteria) results in less conversion of
bile acids into carcinogens;

4. benzpyrene, a known carcinogen found in food, is
converted to less toxic metabolites by benzpyrene
hydrolase, which is found in higher concentrations
in the small intestine than in the stomach and colon;
and

5. increased lymphoid tissue and secretory immuno-
globulin A found in the small bowel may be protec-
tive against cancer formation.

PREDISPOSING CONDITIONS

Many diseases have known associations with small
bowel neoplasms:

1. Crohn's disease is a risk factor for adenocarcinoma of
the small bowel.

2. Celiac disease is associated with lymphoma and ad-
enocarcinoma.

3. Patients with Peutz-Jeghers syndrome have
hamartomas in the jejunum or ileum which may
undergo malignant transformation.

4. Patients with FAP have increased rates of small bowel
adenomas, especially in the duodenum.

CLINICAL PRESENTATION

Patients with small bowel malignancies often present
late in the course of the disease, when the tumor has
spread beyond the point of cure. The most common
symptoms are abdominal pain, intestinal obstruction,
intussusception, gastrointestinal bleeding, palpable ab-
dominal mass, anorexia, and weight loss. Over 50% of
benign small bowel tumors remain asymptomatic,
whereas 70ÿ90% of malignant tumors lead to symp-
toms. With malignant tumors, abdominal pain is the
most common symptom, present in as many of 80%
of patients. Weight loss and anorexia occur in approx-
imately half of patients with malignant tumors and 25%
of patients develop intestinal obstruction. Benign tu-
mors lead to gastrointestinal (GI) bleeding more

commonly than malignant tumors (29% versus 6%).
Abdominal pain, often ¯uctuating in nature, is the
most common symptom of benign lesions.

DIAGNOSIS

Diagnosing small bowel neoplasms is often dif®cult
due to the rarity of the disease and the nonspeci®c
nature of signs, symptoms, and physical exam ®ndings.
It is important to consider a small bowel neoplasm in
patients with unexplained abdominal pain, weight loss,
or occult GI bleeding. Late detection of small bowel
tumors is common, with the average time from onset
of symptoms to diagnosis being 5 months. Up to 50% of
patients will have metastatic disease at presentation.
Unfortunately, early detection and treatment are the
most signi®cant variables for favorable outcome in
these patients.

Patients suspected of having a small bowel neoplasm
should undergo a complete history and physical exam-
ination, fecal occult blood testing, a complete blood
count, measurement of serum electrolytes, and liver
function tests.

Radiographic examination is often employed in the
evaluation of suspected small bowel tumors. Plain ®lms
of the abdomen are of little use unless the lesion has led
to intestinal obstruction. Upper GI series with small
bowel follow-through (SBFT) are commonly ordered
and can show mass lesions in over 50% of patients.
A superior test but one that is more technically dif®cult
to perform is enteroclysis, a double-contrast study
performed by inserting a tube in the duodenum and
infusing barium. The sensitivity of enteroclysis is ap-
proximately 90% versus 50% for SBFT. Computed to-
mography (CT) is not effective for detecting small
intralumenal or mucosal tumors, but is excellent at
detecting metastasis, especially to the liver. CT entero-
clysis is performed by placing a tube in the proximal
small bowel and infusing barium while obtaining CT
images. The accuracy of this study for detecting small
bowel tumors is still being determined.

Endoscopy is often useful in the diagnosis of small
bowel tumors. Esophagogastroduodenoscopy (EGD)
can visualize only to the second to third portion of
the duodenum, limiting its usefulness. EGD is good
for evaluating patients with FAP for duodenal adenomas
or adenocarcinomas. Lesions past the ligament of Treitz
are more dif®cult to reach with an endoscope. Push
enteroscopy, a type of upper endoscopy using a longer
than normal endoscope, can allow the user to visualize
up to 60 cm of proximal jejunum.2 A newer technique for
visualizing the small intestine is wireless capsule endo-
scopy. In this method, the patient swallows a capsule
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that takes video images as it passes through the length
of the small intestine. Capsule endoscopy will likely
be helpful in diagnosis of small intestinal tumors, and
experience with this technique is growing.

MALIGNANT LESIONS OF THE
SMALL INTESTINE

Small Bowel Adenocarcinoma

Adenocarcinoma is the most common type of ma-
lignant small bowel carcinoma, constituting 40ÿ50% of
small bowel cancers. Approximately 50% of small bowel
adenocarcinomas occur in the duodenum, especially at
the ampulla of Vater, whereas 30% form in the jejunum
and 20% occur in the ileum. The higher concentrations
of bile acids and their metabolites in the duodenum have
been postulated to explain the increased incidence of
carcinoma in this portion of bowel. Adenocarcinomas
usually occur between the ages of 50 and 70, with a
male:female ratio of approximately 1.4 : 1. Risk factors
include Crohn's disease; high animal fat intake; heavy
consumption of red meat, salt-cured foods, and smoked
foods; prior peptic ulcer disease; FAP; prior colon can-
cer; celiac sprue; and cystic ®brosis.

Early adenocarcinoma of the small bowel is usually
asymptomatic, as with other small bowel lesions. When
symptoms occur, they are usually nonspeci®c. A high
degree of suspicion is often required to make an early
diagnosis. If the lesion is in the duodenum, endoscopy
can be utilized to make a diagnosis.

Surgical intervention provides the only hope for
cure in patients with adenocarcinoma of the small
bowel. Patients with lesions in the ®rst or second part
of the duodenum should undergo pancreaticoduo-
denectomy (Whipple procedure). Tumors occurring
in the distal duodenum, jejunum, or ileum may be trea-
ted with wide local excision with lymphadenectomy.
Prognosis is determined by resectability, pathologic sta-
tus of resected margins, histologic grade, and presence
or absence of lymph node involvement. Lesions con-
®ned to mucosa and submucosa have a good prognosis,
whereas lesions that invade through the serosa have a
very poor prognosis. The overall 5-year survival rate
ranges from 20 to 35%. Small bowel adenocarcinomas
are generally considered to be radio-resistant and thus
radiation therapy does not appear to be effective. To
complicate matters, the small bowel cannot tolerate
high doses of radiation without sustaining signi®cant
injury. For these reasons, radiotherapy is not widely
used for these tumors. Chemotherapy has been used
to treat these tumors, but due to the low incidence of

small bowel adenocarcinoma, literature on its effective-
ness is lacking.

Carcinoid Tumors

Carcinoid tumors are a rare type of neuroendocrine
tumor that can be located in the stomach, small
intestine, colon, or rectum, although they are most com-
mon in the ileum and appendix. Carcinoid tumors
make up approximately 40% of primary small bowel
malignancies.

These tumors arise from the Kulchitsky cell, an
enterochromaf®n cell located in the crypts of
Lieberkuhn. Grossly, these tumors appear yellow, due
to their high lipid content, and are ®rm. Carcinoid tu-
mors are usually slow-growing and are often diagnosed
incidentally. In¯ammation with shortening and thick-
ening of the mesentery, the so-called desmoplastic re-
action, can lead to intestinal obstruction due to kinking
of the intestine. Tumor cells often secrete bioactive
products, such as serotonin, which can lead to carcinoid
syndrome in approximately 10% of patients. Symptoms
of carcinoid syndrome include diarrhea, ¯ushing, and
hypotension. Surgery to completely remove the tumor
and any involved lymph nodes is considered the best
treatment.

Primary Small Bowel Lymphomas

Lymphomas are solid malignancies of lymphoid
tissue. Lymphomas often arise in lymph nodes; how-
ever, lymphomas may also arise in extranodal sites, with
the GI tract being the most common location for extra-
nodal involvement. The diagnosis of primary GI lym-
phoma requires that no peripheral lymphadenopathy be
present, that the patient have a normal white blood cell
count, that tumor involvement be predominantly in the
GI tract, and that there is no involvement of the liver or
spleen. Approximately 10% of GI tract lymphomas arise
in the small intestine. The incidence of small bowel
lymphoma peaks in the seventh decade of life and
there is a slight male predominance. Most tumors
arise in the distal small bowel, most likely because
there is more lymphoid tissue in these areas, especially
in the terminal ileum. Predisposing conditions for
small bowel lymphoma include autoimmune disease,
immunode®ciency syndromes (especially acquired
immunode®ciency syndrome), immunosuppressive
therapy after organ transplantation, Crohn's disease,
celiac disease, and radiation therapy. Patients most
often present with abdominal pain, weight loss, an-
orexia, and, less commonly, gastrointestinal bleeding
or iron de®ciency anemia.
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There are many types of small intestinal lymphomas.
The B-cell lymphomas include marginal B-cell lympho-
mas, diffuse large B-cell lymphomas, mantle cell lym-
phoma, follicular lymphoma, and Burkitt's lymphoma.
Immunoproliferative small intestinal disease (IPSID),
also known as a heavy-chain disease or Mediterranean
lymphoma, is a B-cell lymphoma that occurs mainly in
the Middle East. This lymphoma is most common in the
second or third decade of life. IPSID usually occurs in
patients of lower socioeconomic class. There is an as-
sociation between infectious agents, such as Giardia
lamblia, and IPSID. Treatment of early-stage disease
often consists of antibiotic therapy alone, although che-
motherapy is needed for more advanced cases.

The most common T-cell lymphoma is enteropathy-
associated intestinal T-cell lymphoma. This lymphoma
is a complication of celiac sprue, a genetic disease char-
acterized by gluten sensitivity. These tumors often arise
in the jejunum. This tumor should be considered in
patients with celiac sprue who are adhering to a strict
gluten-free diet but have persistent symptoms of diar-
rhea and weight loss.

Treatment for small intestinal lymphomas usually
include a combination of surgery and chemotherapy.
Surgery alone results in a cure for approximately 30%
of patients. The overall 5-year survival for small intes-
tinal lymphomas is approximately 20ÿ30%, depending
on the type of tumor.

Sarcomas

Sarcomas are malignant tumors that arise from
smooth muscle tissue and can occur anywhere in the
body where smooth muscle is present. Sarcomas account
for 10% of small bowel tumors. The most common type
of small bowel sarcoma is the leiomyosarcoma, with less
common varieties including ®brosarcoma, liposarcoma,
and angiosarcoma. Small bowel sarcomas tend to grow
slowly and are usually large at presentation, with many
being greater than 5 cm in size. Signs and symptoms
at presentation include weight loss, gastrointestinal
bleeding, bowel perforation, or palpable mass on ab-
dominal exam. These tumors often grow extralumenally
and therefore bowel obstruction is a rare presentation.
Sarcomas look very similar to leiomyomas, a benign
smooth muscle tumor, and it can be hard to tell the
difference between them, even on histological
examination. Criteria for malignancy include the fol-
lowing: more than two mitoses per high-powered
®eld; nuclear atypia; and necrosis. Treatment for sarco-
mas is surgery. Sarcomas rarely metastasize to lymph
nodes, so lymph node resection is usually not indicated
and will not improve survival. Chemotherapy and radi-

ation therapy have not shown bene®t. Survival is ap-
proximately 50% at 5 years.

Metastatic Lesions

Even though primary small bowel carcinomas are
quite rare, the small intestine is a relatively common site
for metastatic disease. Malignant melanoma commonly
metastasizes to the small intestine, with 60% of patients
with melanoma having gastrointestinal metastases.
Primary carcinomas from the breast, lung, and kidney
can also metastasize to the small intestine.

BENIGN SMALL INTESTINAL TUMORS

Adenomas

Adenomas of the small intestine can be villous or
tubular. Villous adenomas have signi®cant malignant
potential. Up to 40% of villous adenomas are found
to have malignant cells within them when removed.
Periampullary villous adenomas may require a Whipple
procedure for resection. Tubular adenomas have lower
malignant potential.

Leiomyomas

Leiomyomas are ®rm, are gray or white in color, and
arise from the submucosal layer. On endoscopy, they
appear as submucosal lesions with normal overlying
mucosa. These tumors consist of well-differentiated
smooth muscle cells. Like sarcomas, these lesions
often grow extralumenally and therefore can achieve
a large size before they are discovered. Central necrosis
of the lesion can occur when the tumor outgrows its
blood supply, which may lead to ulceration and bleed-
ing into the bowel lumen.

Lipomas

Lipomas are benign tumors that consist mainly of
fat. They usually occur in the submucosal layer and have
normal overlying mucosa. They are most commonly
found in the ileum and jejunum.
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cryptÿvillus axis morphogenesis Formation of the

cryptÿvillus unit, the principal functional component

of the small intestine.

endodermal speci®cation Process by which the endoderm

forms; distinct from the ectodermal and mesodermal

layers of the early embryo.

homeobox genes Transcription factors that contain a

homeobox or homeodomain, a conserved nucleotide

sequence that encodes a DNA binding domain.

The small intestine is a complex epithelial-lined tubular

organ that grows to �6 m in length in the adult human. It

is a heterogeneous tissue that exhibits regional differ-

ences in morphology and function along the horizontal

axis (from duodenum to ileum) and along the vertical

axis (from crypt to villus tip). Its epithelium is derived

from the primitive endoderm, and connective tissue,

muscle, and hematopoietic components are mesodermal

inorigin.Theduodenum,uptotheopeningforthecommon

bile duct (ampulla of Vater), is derived from the foregut

(which also gives rise to the liver, lungs, and pancreas).

The midgut gives rise to the duodenum beyond the am-

pulla, and includes the jejunum, ileum, and large bowel,

up to and including the proximal transverse colon.

EMBRYOLOGY OF
THE SMALL INTESTINE

The gastrointestinal epithelium is derived from the
embryonic endoderm, and the smooth muscle, hema-
topoietic elements, and connective tissue are derived

from mesoderm. The endoderm, ectoderm, and meso-
derm are formed during gastrulation, which occurs in
the human by week 3 of gestation. During this process,
the primitive streak appears in the bilaminar germ disk
of the blastocyst, which is suspended between the yolk
sac and amnion. Cells migrate ventrally and laterally,
forming the three germ layers. The gut tube forms and
closes as the endodermal layer folds. In rodents, folding
begins as the anterior intestinal portal forms at the an-
terior tip of the endoderm. Cells located at this portal
move posteriorly. The caudal intestinal portal similarly
emerges at the posterior endodermal tip, and cells lo-
cated at this position move anteriorly. The gut tube
closes as a result of this folding process. The foregut
and hindgut initially form closed sacs, but the midgut
communicates with the yolk sac, by the vitelline duct.
Aberrant persistence of this duct leads to the congenital
anomaly called Meckel's diverticulum. The endoderm
contacts ectoderm at the closed ends of the foregut and
hindgut, and fuses to form the buccopharyngeal and
cloacal membranes.

By weeks 4ÿ5 the gut tube elongates rapidly, and
by week 7, this expansion forces its herniation into
the umbilicus. By weeks 8ÿ9, intestinal villi have
formed. As the gut returns to the abdominal cavity by
week 10, it undergoes a complex series of rotational
events (Fig. 1). This rotation and subsequent migration
of the cecum to the right lower quadrant results in
the proper anatomic location of the small and large
bowels.
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IN THE BEGINNING: EARLY
SPECIFICATION OF THE ENDODERM
AND FOLDING/FORMATION OF THE
GUT TUBE

How is the early endodermal layer formed, distinct from
mesoderm and ectoderm? An explosion of information
about the regulation of early endodermal speci®cation
has come from studies in organisms such as the frog
(Xenopus laevis), the zebra®sh (Danio rerio), and the
mouse, although many parts of the mammalian puzzle
still remain unsolved. A cascade of regulatory transcrip-
tion factors appears to be responsible for this process.
Genes related to Xenopus VegT, a `̀ T box'' transcription
factor, are likely to be at the top of the transcriptional
regulatory hierarchy, activating Nodal signaling and

other transforming growth factor-b (TGF-b) family pro-
teins, and inducing expression of proteins such as
xSox17a, the Mix-like paired homeodomain proteins
and GATA proteins. Fibroblast growth factors, mem-
bers of the Wnt growth factor family, and retinoic
acid are soluble factors involved in gastrulation. Exper-
iments in knockout (null) mice, in which speci®c genes
have been deleted to determine their function in early
embryonic life, have shown the critical role of some of
these transcription factors. For example, Mixl1 null
(Mixl1ÿ/ÿ) mice exhibit a thickened primitive streak,
arrested embryo development, and absent heart tube
and gut, among other abnormalities. Another important
set of proteins belongs to the hepatic nuclear factor 3
(HNF3) family, which are involved in endodermal dif-
ferentiation at later stages of development. Many of
these proteins play multiple roles in the early embryo
(for example, in anteriorÿposterior pattern formation
and the establishment of leftÿright asymmetry), thus it
is likely that cell-speci®c differences in receptor popu-
lations, concentrations of morphogens, and dosage over
time, as well as space, may determine the speci®c end
result of their actions.

The next step in the process of gut morphogenesis is
folding and formation of the gut tube. GATA-4 and
several of the bone morphogenetic proteins appear to be
important regulators in mice. For example, Gata4ÿ/ÿ
mice exhibit abnormal ventral morphogenesis, lacking a
primitive foregut and heart tube. The bone morphoge-
netic proteins (BMP-2, -4, -5, and -7) are expressed
in the anterior intestinal portal and are required for
proper folding of the embryo. These events have not
been studied in the human.

Regional Differentiation in the Small Bowel

The molecular factors that regulate regional speci®-
cation along the horizontal axis of the small intestine and
colon (from duodenum to rectum) are the subject of
intensive investigation. An important class of candidate
genes is the homeobox-containing (hox) transcription
factors, which are involved in the speci®cation of
body pattern and which are expressed in speci®c regions
of the gut mesenchyme during embryonic development
(Fig. 2). The hox genes are also expressed in the adult
human small intestine. These genes demonstrate spatial
colinearity; i.e., the pattern of expression along the body
axis re¯ects the chromosomal order of the genes. Their
importance in small bowel ontogeny has been demon-
strated in knockout mice or by experiments in which hox
genes are `̀ misexpressed'' in an aberrant location (i.e.,
more caudal or ventral than the normal expression pat-
tern). For example, targeted deletion of Hoxd12 or

FIGURE 1 Intestinal growth, herniation, and rotation. (A, B)

At the end of the sixth week, the primary intestinal loop herniates

into the umbilicus, rotating through 90� counterclockwise. (C)

The small intestine elongates to form jejunal-ileal loops, the cecum

and appendix grow, and at the end of the 10th week, the primary

intestinal loop retracts into the abdominal cavity, rotating an

additional 180� counterclockwise. (D, E) During the 11th week,

the retracting midgut completes this rotation as the cecum is

positioned just inferior to the liver. The cecum is then displaced

inferiorly, pulling down the proximal hindgut to form the ascend-

ing colon. The descending colon is simultaneously ®xed on

the left side of the posterior abdominal wall. (Reprinted with

permission from Larsen, W. J. (1997). `̀ Human Embryology,''

p. 241. W. B. Saunders Co.1
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Hoxd13 produces anal sphincter anomalies, and deletion
of the Hoxd4-d13 gene cluster yields abnormalities in the
ileocecal valveand thepylorus, aswell as theanal sphinc-
ter. Virally mediated misexpression of Hoxd13 in midgut
mesoderm, (which is normally expressed in hindgut
mesoderm) induces a hindgut endodermal phenotype.
These fascinating experiments indicate the importance
of the hox genes in normal gut morphogenesis and sup-
port the critical role of mesenchymalÿendodermal in-
teractions in determining cell fate (see later).

Members of the related Para-hox gene cluster (which
are dispersed homeobox-containing genes), are also im-
portant in gut patterning and organ speci®cation. Just as
the Para-hox gene Pdx1 has been shown to play a critical
role in pancreatic and duodenal development, members
of the Cdx family, particularly Cdx2, have a crucial role
in small bowel epithelial differentiation. Cdx2ÿ/ÿ
(null) mice die at implantation; however, Cdx2�/ÿ
(heterozygous) mice develop hamartomatous lesions
in the small bowel and colon. These lesions contain
gastric mucosa from various parts of the stomach, in-
cluding squamous forestomach epithelium, suggesting
that the development of a proximal gastric epithelium is
a `̀ default pathway'' that is followed when Cdx2 is absent.
Cdx genes may also regulate the expression of hox genes.
Cdx2 expression persists into adulthood, when it clearly
plays a role in the terminal differentiation of the gut
epithelium (see later).

Thehedgehogsignalingpathwayhasbeenimplicated
in gut morphogenesis, as a mediator of endodermÿ
mesenchyme interactions. Mice in which the Sonic
hedgehog (Shh) gene, or in which its downstream tran-
scriptional regulators, Gli 2 and Gli 3, have been deleted,

showabnormalities in foregut formation,withanomalies
in lung, trachea, and esophagus formation. Shh null
mice also show reduced intestinal smooth muscle, gut
malrotation, annular pancreas, intestinal transforma-
tion of the stomach, duodenal stenosis, and imperforate
anus. Ectopic expression of Shh induces Bmp4 and
Hoxd13 expression and results in muscle hypertrophy
in the gut, suggesting a role in radial (from villus tip to
smooth muscle/serosa) differentiation.

CRYPTÿVILLUS AXIS FORMATION,
EPITHELIALÿMESENCHYMAL
INTERACTIONS, AND EPITHELIAL CELL
DIFFERENTIATION

CryptÿVillus Axis Morphogenesis

The principal anatomic and functional (absorptive)
unit of the small intestine is the cryptÿvillus axis
(Fig. 3). The crypts of Lieberkuhn contain presumptive
gut epithelial stem cells that are the source of the four

FIGURE 3 Model of organization of the small intestinal

cryptÿvillus axis. The small intestinal crypt contains approxi-

mately 250 cells. Anchored stem cells (white) are located in the

lower crypt and give rise to proliferating daughter cells that mig-

rate up toward the villus. These differentiate into enterocytes,

goblet cells, and enteroendocrine cells. Paneth cells also arise

from the stem cell and differentiate during downward transloca-

tion to the base. Senescent cells are extruded near the villus tips.

Reproduced with permission from Rubin, D. C. (1999). Small

intestine: Anatomy and structural anomalies. In ``Textbook of

Gastroenterology'' (Yamada, T., Alpers, D. H., Laine, L., Owyang,

C., and Powell, D. W., eds.). 3rd Ed., Vol. 2, pp. 1561ÿ1583.

Copyright Lippincott Williams and Wilkins. Adapted from

Gordon, J. I. (1989). Intestinal epithelial differentiation: New in-

sights from chimeric and transgenic mice. J. Cell Biol. 108, 1187.

FIGURE 2 Diagrammatic representation of the HOM-C

complex in Drosophila and its phylogenetic homology in the

form of four Hox paralogues. Reproduced from Beck, F.

(2002). Homeobox genes in gut development. Gut 51, p. 451.

With permission from the BMJ Publishing Group.2
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major cell types of the gut mucosa. The stem cells, lo-
cated near the base of the crypts, give rise to prolifer-
ating daughter cells in the midcrypt region; daughter
cells in turn migrate onto the villus to become terminally
differentiated (nonproliferating) absorptive entero-
cytes, mucus-secreting goblet cells, or enteroendocrine
cells, or to the bottom of the crypt to become Paneth
cells. Two additional, rarer cell types thought to arise
from the same stem cell are the epithelial M cell, which
overlies Peyer's patches, and the tuft or caveolated cell, a
villus-associated cell.

The small intestinal epithelial cryptÿvillus axis is
formed in humans by week 12 of gestation. The complex
process of cryptÿvillus morphogenesis begins with
marked proliferation of the undifferentiated endoderm
and surrounding mesenchyme of the gut tube. The en-
doderm and mesenchyme become strati®ed, and then
undergo a remodeling process that results in the forma-
tion of a lumen and villi. This proceeds over time in a
rostral-to-caudal direction. Intestinal villi form by
weeks 8ÿ9, followed by the crypts by weeks 10ÿ12.
Mesenchymal cells invaginate into the endoderm to
form crypts and villi. Cells with the appropriate
morphologic characteristics of enterocytes, goblet
cells, enteroendocrine, and Paneth cells can be identi-
®ed by week 12. Before birth, the villus-associated en-
terocytes acquire all the brush border enzymes (e.g.,
sucraseÿ isomaltase, lactase, and peptidases) and trans-
porters (for glucose, fructose, etc.) required for normal
nutrient absorption. Hormonal factors such as gluco-
corticoids, and growth factors such as epidermal growth
factor and the TGF-b family, are likely to play an im-
portant tropic and maturational role.

EpithelialÿMesenchymal Interactions

Many years of experimentation have shown that
mesenchymalÿepithelial interactions are critical for
the formation of the cryptÿvillus axis. For example,
primitive endoderm cannot differentiate in culture
without the presence of mesenchyme. Endoderm
and mesoderm have inductive capabilities (i.e., each
can direct the differentiation of the other tissue in
coculture models). As indicated previously, ShhÿBMP
signaling from endoderm to mesenchyme is important
in early gut formation. The requirement for mesen-
chyme in the maintenance of the cryptÿvillus axis
has been con®rmed by studies of Forkhead 6 (Fkh
6; now Foxl1), Nkx2.3, and epimorphin, indicating
that the absence of these mesenchymal factors dramat-
ically alters the normal morphology of the crypts and
villi.

Crypt Stem Cells and Epithelial
Cell Differentiation

Precise isolation and identi®cation of the intestinal
crypt stem cell have remained elusive, because, unlike
other progenitor cells, such as the hematopoietic stem
cell, genetic markers have yet to be characterized. How-
ever, some of the factors that maintain the crypt's pro-
liferative compartment have been discovered. The Wnt/
b-catenin/adenomatous polyposis coli (APC) signaling
pathway, critically important in colon carcinogenesis,
also appears to be required for the maintenance of the
normal cryptÿvillus axis. Mice with deletion of the gene
encoding Tcf-4, a member of the Tcf/Lef family of
hydroxymethylglutaryl coenzyme A (HMG) box tran-
scription factors that are downstream effectors of this
pathway, show the absence of proliferative compart-
ments in the prospective crypt region. Mice with this
defect die soon after birth. A fascinating study has pro-
vided some insight into how cellular compartmentali-
zation and migration along the cryptÿvillus axis are also
regulated by this pathway. b-Catenin/T cell factor
(TCF) complexes regulate the expression of ephrin B
(EphB) receptor tyrosine kinases. Mice containing null
mutations for both the EphB2 and EphB3 receptors
show inappropriate mixing on the villus of proliferative
cells, which are normally strictly con®ned to the crypts.
The migration of Paneth cells to the base of the crypt also
appears dependent on EphB receptor tyrosine kinases,
because deletion of the EphB3 receptor tyrosine kinase
results in localization of Paneth cells on the villi as well
as in the crypts.

A key challenge for the future is to delineate the
pathways that determine how intestinal stem cells
commit to become enterocytes, enteroendocrine,
Paneth, or goblet cells. Evidence indicates that the
Notch signaling pathway plays an important role in
this process. Targeted deletion in mice of a component
of the Notch signaling pathway, called Math 1, produces
a cryptÿvillus axis that contains only enterocytes, sug-
gesting that expression of Math 1 forces the stem cell
into a `̀ prosecretory'' phenotype (Paneth, entero-
endocrine, and goblet cells are secretory cells). Another
member of this pathway, Hes1, appears to function as a
basal inhibitor of enteroendocrine cell differentiation. It
has been hypothesized that high levels of Notch express-
ion induce increased Hes1 expression, which in turn
inhibits Math 1, thus leading to the `̀ default'' enterocytic
pathway. Finally, the Para-hox gene Cdx2 has a crucial
role in enterocytic differentiation. It is expressed in the
developing and the adult gut. When transfected into a
cryptlike epithelial cell line, it induces an enterocyte-
like phenotype. Cdx2 also regulates the expression of a
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variety of enterocyte-speci®c genes, such as sucraseÿ
isomaltase.

In conclusion, although the descriptive embryology
of the human small intestine has been well character-
ized, its molecular basis is still the subject of intensive
investigation. Studies using sophisticated techniques to
analyze gut development in transgenic and knockout
mice, as well as in Drosophila, zebra®sh, and Xenopus,
have provided a wealth of new information. These
studies plus knowledge of the human genome should
soon permit the identi®cation of the molecular basis of a
variety of intestinal birth defects.
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Smoking, Implications of
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apoptosis The morphologic changes of programmed cell

death.

pouchitis A clinical syndrome of abdominal cramps,

frequent watery stools, urgency, incontinence, malaise,

and fever in those who have had an ilealÿanal

anastomosis or a Koch pouch (continent ileostomy).

regional enteritis In¯ammation of a region of intestine.

In the United States, 23% of adults smoke cigarettes.

Approximately 22% of the female population and 30%

of males currently smoke. It is estimated that greater

than 400,000 Americans die prematurely each year be-

cause of smoking, making it the most preventable cause

of death in the United States.

INTRODUCTION

The leading causes of smoking-related death in the
United States are lung cancer and heart disease, but
smoking contributes to diseases involving all organ
systems. Cigarette smoking primarily and secondarily
alters the natural history and treatment of a variety of
gastrointestinal diseases. The tobacco, tar, and smoke
from cigarettes contain carcinogens such as aromatic
amines, lactanes, halo-ethers, n-nitroso compounds,
polycyclic and peroxy compounds. Tobacco smoke
has shown to affect gastrointestinal motility, secretion,
blood ¯ow, and immunological function. These alter-
ations have a cumulative role in gastrointestinal
diseases.

GASTROESOPHAGEAL
REFLUX DISEASE

Gastroesophageal re¯ux disease (GERD) is the most
common disease in adult Americans. Pyrosis, or heart-
burn, is a symptom experienced by 20% of Americans
weekly and by up to 50% of Americans monthly. The
pathophysiologic process of GERD is multifaceted.
Transient lower esophageal sphincter relaxation, hiatal
hernia, impaired esophageal acid clearance, and delayed
gastric emptying all contribute to GERD. Smoking alters
some of these mechanisms and may contribute to more

severe GERD. Cigarette smokers have been shown to
hyposalivate compared to nonsmokers. The hypo-
salivation may signi®cantly prolong esophageal acid
clearance, decrease acid neutralization by bicarbonate,
and decrease epidermal growth factor secretion (a tropic
hormone for mucosal regeneration). Smokers have an
increase in the number of re¯ux events due to a decrease
in the lower esophageal sphincter pressure and an
increase in the number of re¯ux events from coughing
and deep inspiration.

PEPTIC ULCER DISEASE

Peptic ulcer disease (PUD) refers to the formation of
excavated defects in the gastrointestinal mucosa of the
stomach or duodenum, or both. It is estimated that there
are 500,000 new cases and four million recurrences of
ulcers in the United States each year. The three major
risk factors are nonsteroidal anti-in¯ammatory drugs,
Helicobacter pylori, and cigarette smoking. There exists
a signi®cant association between active smoking and
PUD. Tobacco smoke may contribute to the develop-
ment of one-®fth of ulcers in the general population.
The onset of PUD is twice as high for smokers versus
nonsmokers, with no gender difference. There is a
doseÿresponse relationship between smoking and the
development of gastric and duodenal ulcers for which
multiple theories and observations have been proposed.
In general, nicotine augments factors that lead to the
formation of ulcers, such as acid and pepsin secretion,
motility, duodenogastric re¯ux, and free radical gener-
ation. It weakens local mucosal defense mechanisms
such as decreasing mucosal blood ¯ow, prostaglandin
synthesis, and mucus secretion. With respect to H. pylori
infection, smoking increases the susceptibility to infec-
tion and impairs the eradication rate to standard anti-
biotic therapy.

Smoking affects the natural history of PUD. Smokers
have more recurrences of ulcers than do nonsmokers
after healing, and the more they smoke, the greater the
risk for ulcer recurrence. After successful antibiotic
eradication of H. pylori, smoking does not increase
the risk of peptic ulcers. Smoking is also associated
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with more complications of PUD. Smoking is a direct
risk factor for perforation of duodenal ulcers but pro-
tects against bleeding from PUD. More deaths occur
from PUD in smokers in a dose-dependent manner.
With traditional treatment of PUD, smoking decreases
healing rates of duodenal ulcers but not gastric ulcers.

Smokers are more likely to develop both initial and
recurrent ulcers, suffer from ulcer complications, and
have delays in healing of their ulcers.

INFLAMMATORY BOWEL DISEASE

In¯ammatory bowel disease encompasses those condi-
tions with chronic or relapsing immune activation and
in¯ammation within the gastrointestinal tract. The two
major forms are regional enteritis and ulcerative colitis
(UC). The pathogenesis of in¯ammatory bowel disease
is complex and not well understood, but there is strong
evidence that supports smoking as an important envi-
ronmental factor in its incidence, natural history, and
treatment. Smoking has the opposite effects in regional
enteritis and ulcerative colitis. Smoking has been
thought to be involved in many factors through its ef-
fects on thrombogenesis, intestinal defenses, intestinal
blood ¯ow, prostaglandin production, and immunolog-
ical alterations.

A history of current or former smoking increases the
risk for developing regional enteritis. The risk is
stronger in women than men. Smoking also affects
the clinical course of the disease. Relapse of the disease
is increased in smokers versus nonsmokers. It has been
shown as an independent risk factor for the clinical,
surgical, and endoscopic recurrence of regional enter-
itis. Smoking cessation leads to a more benign natural
history of the disease. Smoking impairs response to
medical therapy. Female smokers are more likely to
require immunosuppressive therapy. Likewise, smokers
with regional enteritis are at increased risk for requiring
surgery compared to those who have never smoked.
Additionally, female smokers are more likely to have
repeat operations and this is directly related to the num-
ber of cigarettes smoked.

In contrast to regional enteritis, ulcerative colitis is
more common in nonsmokers. Smoking may be protec-
tive against UC in both sexes. Smoking increases the
production of mucus, which acts as a protective barrier
in the intestine. Mucus production has been studied in
smokers and nonsmokers with UC and compared to
control populations. Nonsmoking UC patients had
lower levels of mucus production than nonsmoking
controls; the level of production in smokers with UC
was the same as that in normal individuals.

The risk of developing UC is lower in smokers than
in those who have never smoked or in former smokers.
The degree of protection increases with the number of
cigarettes smoked. The risk for developing UC in former
smokers is highest in the ®rst 2 years after cessation. The
risk for UC is highest for the heaviest former smokers
and lowest for current heavy smokers.

This relationship between smoking and UC has led
to investigation of nicotine in the treatment of UC pa-
tients. In patients with active colitis, nicotine replace-
ment therapy in addition to conventional therapy
improved clinical, histological, and endoscopic scores.
Also, UC patients treated with transdermal nicotine
patches were more likely to achieve complete remission.
However, nicotine therapy was not better than standard
therapy for maintaining remission. There is controversy
about using an addictive drug such as nicotine to treat
a chronic disease. In patients who have had a total
colectomy with an ilealÿanal anastomosis, smokers
have less risk of developing pouchitis than ex-smokers
and nonsmokers. Nonetheless, because of other adverse
effects of cigarette smoking, it cannot be recommended
as routine therapy for ulcerative colitis.

GASTROINTESTINAL CANCERS

Cancer is a complex multistage process involving gene
mutation and altered apoptosis, which lead to the for-
mation of a clinical cancer. Genetic make-up and expo-
sure to both dietary risk factors and protective factors
regulate this process. Smoking has been most strongly
linked to lung cancer, but it is a risk factor for cancer in
other organ systems, especially cancers involving the
gastrointestinal tract.

Oral cancers, which include cancer of the lip, tongue,
gum, salivary glands, mouth, and oropharynx, are
mostly of squamous cell origin. The strongest risk
factors are cigarette and pipe smoking and chewing
tobacco.

The two major types of esophageal cancer are
squamous cell cancer and adenocarcinoma. Squamous
cell cancer is the most common, but over the past three
decades, adenocarcinoma has dramatically increased.
The major risk factors for squamous cell cancer are
alcohol and tobacco. It is postulated that the chemical
carcinogens in cigarette smoke may lead to esophageal
epithelial hyperproliferation, progressing to malignant
transformation. Independent of alcohol use, smokers
have an increased risk for squamous cell cancer in a
dose-dependent relationship. This risk may be higher
for pipe and cigar smoking. Cessation of smoking will
lower the risk to that of a non-smoking population
10 years after quitting.2
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Chronic gastroesophageal re¯ux leads to the forma-
tion of intestinal metaplasia or Barrett's esophagus.
Patients with Barrett's esophagus may develop dysplasia
with an increased risk for esophageal adenocarcinoma.
Smoking increases the amount of gastroesophageal re-
¯ux predisposing to Barrett's esophagus. Smokers with
Barrett's are at increased risk of developing adenocar-
cinoma. The risk rises with the amount and duration of
smoking and does not decrease until 30 years postces-
sation. Tobacco use is de®nitely responsible for eso-
phageal squamous cell cancer and adenocarcinoma.

Gastric adenocarcinoma is twice as common in
heavy smokers, current smokers, and those that started
smoking at a younger age.

Cigarette smoking is a risk factor for the develop-
ment of colorectal adenomas and colorectal carcinoma,
most markedly after 20 years of use. Also, it is associated
with increased risk of mortality in both men and women
with colon cancer.

The most important environmental risk factor
strongly associated with pancreatic cancer is smoking.
The risk rises with increased amounts of smoking and
decreases to that of the normal population 15 years after
cessation of smoking. Pancreatic tumors have been
found after long-term consumption of tobacco-speci®c
nitrosamines in drinking water.

In hepatocellular carcinoma, smoking as a risk fac-
tor is controversial, but most of the current evidence
suggests that it has a minor role.

See Also the Following Articles

Barrett's Esophagus � Colitis, Ulcerative � Duodenal

Ulcer � Esophageal Cancer � Gastric Ulcer � Gastro-

esophageal Re¯ux Disease (GERD) � Helicobacter pylori

� Pouchitis

Further Reading

Ashley, M. (1997). Smoking and diseases of the gastrointestinal

system: An epidemiological review with special reference to sex

differences. Can. J. Gastroenterol. 11, 345ÿ352.

Boyko, E., and Koepsell, T. (1987). Risk of ulcerative colitis among

former and current smokers. N. Engl. J. Med. 316, 707ÿ710.

Calkins, B. (1989). A meta-analysis of the role of smoking in

in¯ammatory bowel disease. Digest. Dis. Sci. 34, 1841ÿ1854.

Hensrud, D., and Heimburger, D. (1998). Diet, nutrients, and

gastrointestinal cancer. Gastroenterol. Clin. North Am. Clin. Nutr.

27, 325ÿ346.

Kahrilas, P., and Gupta, R. (1990). Mechanisms of acid re¯ux

associated with cigarette smoking. Gut 31, 4.

Kato, I., and Nomura, A. (1992). A prospective study of gastric and

duodenal ulcer and its relation to smoking, alcohol, and diet.

Am. J. Epidemiol. 135, 521ÿ530.

Kurata, J., and Nogawa, A. (1997). Meta-analysis of risk factors for

peptic ulcer: Non-steroidal anti-in¯ammatory drugs, Helicobac-

ter pylori, and smoking. J. Clin. Gastroenterol. 24, 2ÿ17.

Pullan, R., and Rhodes, J. (1994). Transdermal nicotine for active

ulcerative colitis. N. Engl. J. Med. 330, 811ÿ815.

United States Department of Health and Human Services (1990).

`̀ The Health Bene®ts of Smoking Cessation.'' A Report of the

Surgeon General DHHS Publication No. (CDC) 90ÿ8416.

United States Department of Health and Human Services, Of®ce

of Smoking and Health, Rockville, MD.

420 SMOKING, IMPLICATIONS OF



Solitary Rectal Ulcer Syndrome
MARCUS J. BURNSTEIN* AND ROBERT H. RIDDELL

y

*St. Michael's Hospital and yMount Sinai Hospital, Toronto

Delorme procedure Perineal approach to the repair of rectal

procidentia in which there is circumferential mucosect-

omy followed by longitudinal plication of the rectal wall,

and mucosal reapproximation.

internal intussusception Rectal intussusception in which the

lead point remains above the pelvic ¯oor (also called

occult prolapse).

intussusception Invagination or prolapse of one segment of

bowel into the lumen of the immediately adjacent

segment.

rectal procidentia Circumferential full-thickness intussus-

ception of the rectum in which the lead point of the

intussusception descends through the anal canal.

rectopexy Fixation by suture or prosthetic mesh of the

mobilized rectum to the presacral fascia (to prevent

rectal intussusception).

solitary rectal ulcer syndrome Condition that is clinically

characterized by a disturbance of defecation, blood and

mucus per rectum, and abnormalities of the rectal wall

ranging from erythema to polyp formation to ulceration;

histologically characterized by obliteration of the lamina

propria by ®bromuscular proliferation derived from the

muscularis mucosae, thickening of the muscularis

mucosae, and sometimes misplaced mucosal glands deep

to the muscularis mucosae.

Solitary rectal ulcer syndrome (SRUS) is a spectrum of

clinicopathological abnormalities of uncertain etiology.

The condition is poorly understood and even the name

is misleadingÐthe lesion on the rectal wall may be

neither solitary nor ulcerative. The essential features

of the syndrome are a disturbance of defecation, the

passage of blood and mucus per rectum, and abnormal-

ities of the rectal wall, ranging from erythema to polyp

formation and ulceration. There is an association of

SRUS with failure of relaxation of the pelvic ¯oor during

defecation, with internal intussusception of the rectum,

and with overt rectal prolapse. Optimal therapy of SRUS

is unclear, and the role of surgery is primarily guided by

the presence or absence of either overt or occult (inter-

nal intussusception) rectal prolapse. In fact, the under-

standing of SRUS and the management of this condition

may be enhanced by recognizing two discrete entitiesÐ

SRUS with and without intussusception of the rectal

wall.

CLINICAL FEATURES

Solitary rectal ulcer syndrome (SRUS) affects men and
woman approximately equally, although some studies
have found a female predominance. It is most often seen
in young adults, but the condition has presented in chil-
dren as well as in patients over the age of 60 years. The
typical symptoms are straining at evacuation of stool,
often for prolonged periods of time, a feeling of incom-
plete rectal emptying, and the passage of blood and
mucus per rectum. Fecal incontinence is rare, but
mucus leakage is common. Many patients resort to
self-digitation either to aid evacuation or, less com-
monly, to relieve a sense of obstruction. The percentage
of patients who suffer anorectal, perineal, or lower
abdominal pain is highly variable. Most series report
delays in diagnosis of several years.

The symptoms and signs are closely linked to the
presence or absence of overt rectal prolapse, which is
present in about 25% of patients. The general physical
examination is unremarkable, but anorectal evaluation
is always abnormal. On straining, roughly half of the
patients will show marked perineal descent. In patients
with overt rectal prolapse, the symptoms and physical
®ndings of prolapse may predominate, including fecal
incontinence and a low tone, patulous anus. In the ab-
sence of overt rectal prolapse, anal tone and squeeze are
likely to be normal. Digital rectal examination may re-
veal induration and thickening of the rectal wall, or a
polypoid mass may be felt. The lesion is usually mobile
on the underlying muscle.

Sigmoidoscopy is abnormal and may reveal a wide
range of ®ndings. The classical ulcer is shallow with a
whitish base, a thin erythematous rim, and with normal
surrounding mucosa. The ulcers may vary in size, shape,
number, and location. The lesions are multiple in about
one-third of cases. A polypoid lesion may be present in
25% of the cases, and in some patients, there may only be
patchy, granular erythema of the mucosa. The changes
of SRUS are most frequently seen anteriorly, but may
occur at any point on the rectal wall, even circumfer-
entially. The usual level is between 6 and 10 cm from the
anal verge but may occur from 4 to 15 cm. Con¯uent
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circumferential changes may rarely produce rectal
stenosis.

HISTOLOGY

Biopsies must be taken to con®rm the diagnosis. These
should be taken from the edge of an ulcer or from the
hyperemic or polypoid mucosa. The main histologic
features are obliteration of the lamina propria by
®bromuscular proliferation of the muscularis mucosae,
muscle ®bers streaming up between the crypts, thick-
ening of the muscularis mucosae (Fig. 1), and misplaced
mucosal glands deep to the muscularis mucosae. Similar
®ndings have been described in biopsies of prolapsing
mucosa occurring elsewhere in the gastrointestinal
tract when prolapse occurs. In the large bowel, these
include `̀ ostomy'' sites, hemorrhoids and in¯ammatory
cloacogenic polyps (which are virtually identical to
SRUS but occur at the dentate line), and around the
ori®ces of diverticula.

Complications that occur are most frequently super-
®cial erosions or ulcers that can bleed (Fig. 2A), ische-
mia with a typical pseudomembrane and ®brin thrombi
in the super®cial capillaries, and reactive changes in the
underlying epithelium (Fig. 3). If there is hemorrhage
into the stalk, there may be misplaced glands in the
submucosa similar to that found in the overlying mu-
cosa although without the features of prolapse (colitis
cystica profunda), and often accompanied by surround-
ing lamina propria, hemorrhage, and hemosiderin-
laden macrophages. Immediately beneath mucosae
with ulceration or erosions, the crypts may have a
stellate or serrated appearance similar to that found
in hyperplastic polyps (Fig. 2B). Sometimes the reactive
changes may be very marked and mimic adenomatous
change; proliferation to the surface may occur. The
biopsies shown in Fig. 4 are deemed suf®ciently

adenoma-like that the patient is being followed regu-
larly to ensure that there is no progression, because the
natural history of unusual changes such as these is
unknown. There is, of course, no reason why adenomas
should not occur in SRUS, but typical adenomas appear
to be exceedingly rare.

INVESTIGATIONS

The diagnosis of SRUS is made by history, physical ex-
amination, endoscopy, and biopsy. Radiologic and
physiologic studies are of minimal diagnostic value.
However, investigations may help to de®ne the patho-
genesis of this condition in an individual patient and

A B C

FIGURE 1 (A) Overview of SRUS with a polypoid mucosa. (B) Detail of mucosa, showing a hyaline-

like lamina propria with ®bromuscular replacement of the lamina propria and a markedly thickened

muscularis mucosae. (C) Detail of the loss of in¯ammatory cells in the lamina propria, with bundles of

smooth muscle ®bers running parallel to the crypts.

FIGURE 2 Area with super®cial ulceration (left). Note that the

crypts immediately beneath the ulcerated surface can take on an

appearance that mimics that seen in a hyperplastic polyp with

serrated crypts, a nonspeci®c pattern that can occur beneath

any ulcerated surface in the large bowel.
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may aid in therapeutic planning. The colon should be
evaluated to exclude coexisting pathology.

Defecating Proctography

Evacuation proctography (defecography) can dem-
onstrate abnormal rectal mechanics during defecation,
including failure of the anorectal angle to open, incom-
plete emptying of the rectum, perineal descent, and
intussusception of the rectal wall, with the intussuscep-
tion remaining above the pelvic ¯oor (occult rectal pro-
lapse or internal intussusception) or exiting via the anus
(overt rectal prolapse).

Physiologic Studies

The results of physiologic studies have been vari-
able. Physiologic parameters correlate with the presence
or absence of rectal prolapse and the degree of prolapse.
Anal manometry has been reported to be normal, or to
demonstrate reduced resting and squeeze pressures, pri-
marily related to whether overt rectal prolapse is pres-
ent. Pudendal neuropathy, perineal descent, and
inability to expel a rectal balloon are all common ®nd-
ings. Electrophysiological studies have demonstrated
failure of puborectalis muscle relaxation and inappro-
priate contraction of the puborectalis muscle during
attempts at rectal evacuation.

Endoanal Ultrasound

Characteristic ®ndings are thickening of the
muscularis propria and an indistinct transition between
the mucosa and muscularis propria. Thickening of the
internal sphincter is commonly seen. Less frequently,
the submucosa and external sphincter may also appear
to be thickened. Ultrasound may also be used to con®rm
nonrelaxation of the puborectalis.

PATHOGENESIS

The etiology of SRUS is unknown, and it is likely that
there are a variety of causes. Two factors appear to
predominate, nonrelaxation (or paradoxical contrac-
tion) of the puborectalis muscle and rectal prolapse.
The evidence suggests that patients with nonrelaxing
puborectalis and patients with prolapse are distinct clin-
ical groups and that there is not a progression from
`̀ spastic pelvic ¯oor'' to rectal intussusception, or
from internal intussusception to overt full-thickness
prolapse.

Straining against a nonrelaxing pelvic ¯oor may pre-
dispose to a cascade of direct trauma to the mucosa
against the closed anal canal, mucosal prolapse, muco-
sal ischemia, and mucosal ulceration. Nonrelaxing
puborectalis has been described in one-half to three-
fourths of patients with SRUS. The incidence of overt
or occult rectal prolapse is highly variable in the liter-
ature; a degree of prolapse may be seen in 80% of pa-
tients with SRUS.

Direct trauma from self-digitation has been
suggested as a causative factor, but this seems very un-
likely; lesions are often located beyond the reach of a
®nger, many patients who self-digitate do not develop
the syndrome, and cessation of self-digitation does not
lead to mucosal healing.

TREATMENT

Conservative Treatment

Topical therapies, of which many have been tried,
are generally unsuccessful. The only effective nonoper-
ative treatments address the underlying defecation
disorder. Patients must learn to avoid straining, to re-
strict the number of visits to the toilet, and to decrease
the duration of each visit. A high-®ber diet may be

A B C

FIGURE 3 (A) Ischemic changes with a super®cial pseudomembrane are common. (B) Detail of

pseudomembrane and ®brin thrombi in capillaries. (C) Reactive changes in underlying epithelium and

®brin thrombi in capillaries.
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helpful. Biofeedback retraining of the defecation mech-
anism, in combination with patient education, has had
variable rates of success, but if the pattern of abnormal
defecation can be corrected, most patients will have at
least symptomatic improvement if not complete healing
of the rectal lesion. The majority of patients can be
managed nonoperatively. Biofeedback and counseling
may need to be repeated because the bene®ts appear to
deteriorate over time. Biofeedback can be used alone or
as an adjunct to operative treatment.

Operative Treatment

SRUS in association with overt rectal prolapse
should be treated by operative repair of the prolapse.
Patients with overt rectal prolapse are not helped by

nonoperative approaches. The optimal therapeutic ap-
proach to occult prolapse is less clear, but if conservative
treatment fails, then operative correction of the intus-
susception is reasonable.

The best way to repair rectal prolapse remains an
extremely dif®cult and contentious issue. Many opera-
tions have been described and there is no consensus
regarding which is best. It is increasingly accepted
that no single operation is best in all circumstances.
In selecting the procedure for an individual patient,
the surgeon must consider the general health and age
of the patient, the morbidity, mortality, and recurrence
rate for the operation, and the effect of the operation on
concomitant symptoms such as fecal incontinence, con-
stipation, and ineffective emptying. Whatever operative
approach is taken, it is essential to recognize that

A B

C D

FIGURE 4 (A, B) Marked reactive changes mimicking dysplasia, with strati®ed nuclei suggesting

low-grade dysplasia. (C) Mib-1 (Ki67), a proliferation marker, shows extension of the proliferative

zone to the surface. (D) p53 immunostaining is unremarkable, with only occasional nuclei staining in

the usual distribution (normal pattern).
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correction of prolapse is not equivalent to symptom
controlÐfecal incontinence, mucus discharge, tenes-
mus, and straining may all persist despite control of
the prolapse.

The main operative approaches are abdominal and
perineal. In general, the abdominal operations have
lower recurrence rates compared to the perineal oper-
ations, but are associated with greater morbidity, in-
cluding bleeding, infection, bowel obstruction, and
sexual dysfunction secondary to injury of pelvic auto-
nomic nerves. Morbidity may be reduced with a lapa-
roscopic approach.

Abdominal Operations

The medically ®t patient has conventionally been
treated by an abdominal approach. The popular abdom-
inal operations incorporate ®xation of the mobilized
rectum to the presacral fascia, with or without resection.

Rectopexy The rectum is fully mobilized and as
the rectum is retracted in a cephalad direction, the lat-
eral ligaments of the rectum (or lateral rectal tissues) are
®xed with sutures to the presacral fascia. The degree to
which the rectum should be mobilized anteriorly and
laterally is controversial, but there is complete agree-
ment that full posterior mobilization to the tip of the
coccyx is important in reducing recurrence. This is a
simple procedure with a recurrence rate in the range of
5% in most series. The mobilized rectum may be an-
chored to the presacral fascia with the use of a prosthetic
mesh that partially encircles the rectum. A partial wrap,
leaving the anterior one-fourth to one-half of the rectal
circumference free, prevents obstruction. The perito-
neum is closed over the mesh to avoid adhesion of
small bowel loops. The recurrence rate with this ap-
proach is also very low, less than 5% in many large
series. Unfortunately, rectopexy is often complicated
by ongoing problems with evacuation, and this may
be especially true in the SRUS population.

Resection The resectional procedures are combi-
nation rectopexyÿresection, anterior resection, and low
anterior resection. When resection of the redundant sig-
moid colon is added to rectopexy, prosthetic mesh is
avoided because of the risk of infection. The colonic re-
section is generally extended proximally to eliminate the
redundant sigmoid colon. Recurrence is in the range of
5ÿ10%. Resectionÿrectopexy may improve constipation,
but the quality of this evidence is poor. Extending the
resection below the peritoneal re¯ection appears to in-
crease morbidity without decreasing the recurrence rate.

Perineal approaches The principal attraction of
the perineal operations is that they are well tolerated,
even by frail patients. The perineal operations can be
performed under regional or local anesthesia, and these

operations are especially attractive when there has been
previous pelvic surgery. As with the abdominal opera-
tions, full mechanical and antibiotic bowel preparation
is used. The operations may be done in the lithotomy or
prone jackknife position.

Delorme procedure In this operation, the mu-
cosa is circumferentially stripped off the underlying
muscle from 1.5 cm proximal to the dentate line to
the tip of the prolapsed rectum; the mucosal tube is
dissected until resistance is encountered. The denuded
rectal wall is longitudinally plicated with a series of
absorbable sutures, the mucosal tube is excised, and
the mucosa is reapproximated. The Delorme operation
may not be ideal in patients with solitary rectal ulcer
syndrome if there is a lot of induration of the rectal wall.
Recurrence rates range from 5 to 27%.

Perineal proctosigmoidectomy With the rectum
prolapsed, a circumferential incision 2 cm proximal to
the dentate line is deepened through the full thickness of
the bowel wall. The peritoneum is opened and the
rectosigmoid is mobilized until the redundant bowel
cannot be pulled down any further. Anterior and pos-
terior plication of the levator muscles may be added at
this point. About 2 cm distal to the anus, the inner tube
of the rectosigmoid is transected along with its mesen-
tery. An anastomosis is performed 1ÿ2 cm proximal to
the dentate line. Morbidity and mortality are low, but
are probably slightly higher than with the Delorme pro-
cedure. Recurrence rates range from 0 to 60%, with most
recent reviews reporting recurrence rates of 5ÿ10%.

With all of these operations, healing of the SRUS is
expected in the majority of patients; however, long-term
symptomatic improvement is only 50ÿ60%. Patients
with SRUS who do not have overt prolapse or internal
intussusception are not helped by operations. For some
patients, a permanent stoma is ultimately established,
but even a stoma does not guarantee symptom control.

SUMMARY

SRUS is an uncommon disorder with distinct clin-
ical, histological, radiographic, and physiologic ®nd-
ings. The pathogenesis is unclear, but probably varies
among patients. Correction of an underlying defecation
disorder will help many patients. If occult rectal pro-
lapse is present, and if symptoms have persisted after
behavior modi®cation, then rectopexy is reasonable. If
overt rectal prolapse is present, then this should be
repaired.

See Also the Following Articles

Colitis Cystica Profunda and Solitary Rectal Ulcer Syndrome

� Intussusception � Rectal Ulcers
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been determined from multiple tissues and has been
shown to have remarkable phylogenetic conservation
across species. SST is synthesized as prepro-SST and
is posttranslationally processed into two different mo-
lecular forms, SST-14 and SST-28, with 14 and 28 amino
acid residues, respectively. In ®sh, two separate genes
encoding for SST peptides have been identi®ed. One
corresponds to the mammalian gene and gives rise
only to SST-14. The second generates extended forms
of SST, namely, angler®sh-28 (homologue of mamma-
lian SST-28) and cat®sh-22. The SST-14 sequence is
totally conserved, whereas there is only a 40ÿ66% ho-
mology between SST-28 and its ®sh counterparts.

In mammals, SST-28 contains the SST-14 moiety,
responsible for the biological activity, at its carboxyl-
terminal end. The processing machinery required for
the synthesis is present in various tissues with different
relative activities. This leads to different tissue-speci®c
types of synthesis and release of SST-14 and -28. SST-14
is the predominant molecular form in the stomach,
duodenum, colon, and pancreas. In contrast, in the
small intestine, over 50% of the content corresponds
to SST-28.

Cortistatins Are Somatostatin-Like Peptides

A second SST-like gene, called cortistatin, has
been cloned in humans and rats. This gene gives rise
to two cleavage productsÐhuman cortistatin-17 and
the rat homologue cortistatin-14, and human and rat
cortistatin-29. Unlike the broad tissue expression of
the SST gene, expression of the corticostatin gene is
restricted to the cerebral cortex.

TISSUE DISTRIBUTION
OF SOMATOSTATIN

SST is distributed throughout the gastrointestinal (GI)
tract, being present in specialized endocrine cells and
neurons. In mammals, SST is found mainly in the
mucosal layer, namely, in endocrine cells termed D
cells, which contain 90% of SST in the stomach and
duodenum. The remaining SST is present in neuronal
structures contributing to both the intrinsic and extrin-
sic innervation of the gut.

Endocrine D Cells Are the Main Source of
Gastric Somatostatin

In the stomach, D cells are localized both in the
antral and the fundic mucosa. These cells have a char-
acteristic morphology, with cytoplasmatic processes
that terminate in close proximity to the target cells.

Such morphology supports the concept of a paracrine
or local regulatory action of SST in the gastric mucosa.
In the fundic mucosa, D cells are of a `̀ closed type,''
without luminal contact, whereas in the antrum they
are of an `̀ open type,'' with their apical membrane ex-
posed to the gastric lumen. This organization correlates
with functional responses to different stimuli.

Endocrine D cells can also be found in the intestine
and pancreas. Intestinal D cells are ¯ask-shaped cells
with their apical membranes open to the lumen, and,
therefore, respond to luminal stimuli. In the pancreas,
endocrine D cells are a functional component of the
islets, participating in the control of the endocrine func-
tions. Table I summarizes the main endocrine sources of
gastrointestinal SST in the context of their regulation
and biological role.

Intestinal Somatostatin Is Mainly
of Neural Origin

Whereas gastric SST is mainly of endocrine origin,
intestinal SST is mainly present in neurons. SST immu-
noreactivity is detected in the submucosa and muscle
layers of the entire gut, with the lowest levels observed
in the colon. The majority of the neuronal SST-like im-
munoreactivity is present in the intrinsic innervation of
the gut. For instance, about 20% of the cell bodies in the
submucous plexus of the guinea pig small intestine con-
tain SST-like immunoreactivity, corresponding to cho-
linergic secretomotor neurons. Pancreatic ganglia and
nerves also contain signi®cant amounts of SST.

REGULATION OF SOMATOSTATIN
SYNTHESIS AND RELEASE

Anatomical and biochemical studies support the notion
that SST is secreted mostly in a paracrine/neurocrine
fashion, and therefore circulating levels are relatively
low and may not re¯ect release at local sites. In addition,
to avoid spreading of actions, the peptide half-life is
relatively short, about 3 minutes in circulation. All
these factors make it dif®cult to study SST release
and regulation in vivo. Consequently, isolated prepara-
tions have been widely used to assess SST release.

Intraluminal Stimuli In¯uence Gastric
Somatostatin Release

Intraluminal factors associated with the diet, food
components, and low pH are the main stimulants of SST
release from open-type endocrine D cells in the stomach
and intestine. For instance, luminal acid is the main
stimulant of gastric SST release from antral D cells.
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Similarly, the presence of nutrients and acid in the du-
odenum stimulates the release of gastric SST, an effect
probably mediated through the release of intestinal en-
terogastrones. SST release through these mechanisms is
of physiological importance for the feedback regulation
of gastric acid secretion. Physiological postprandial
changes of SST levels in the peripheral circulation or
portal blood originate from gastric and intestinal
SST release. Other sources do not contribute to the pe-
ripheral plasma SST levels.

The Autonomic Nervous System Differentially
Affects Somatostatin Release

The autonomic nervous system also exerts an im-
portant role in the regulation of SST release from the gut.
As in other systems, the sympathetic and parasym-
pathetic components have opposite effects on SST
release. Adrenergic agonists, acting through b-adrener-
gic receptors, stimulate gastric SST release. In contrast,
muscarinic cholinergic agents inhibit SST release. How-
ever, the existence of vagal nonadrenergic stimulatory
pathways for SST release has also been described
in some species. These actions explain, at least in
part, the inhibitory and stimulatory effects that the
sympathetic and parasympathetic nervous systems
have, respectively, on acid secretion.

Gut Peptides Modulate Somatostatin Release

In addition to the luminal and autonomic control,
several regulatory peptides, acting as classical hormones

or as neuropeptides, modulate gastrointestinal SST re-
lease. These can be categorized as stimulatory and in-
hibitory agents. The most important stimulants of SST
release are gastrin and cholecystokinin (CCK). Other
peptides, such as peptides of the secretin family,
bombesin/gastrin-releasing peptide (GRP), glucose-de-
pendent insulinotropic peptide, oxyntomodulin, or glu-
cagon-like peptide-1 (GLP-1), which consistently
inhibit gastric acid secretion, may function by stimulat-
ing SST release. On the other hand, substance P, opioids,
insulin, and glucagon are potent inhibitors of SST re-
lease. In addition, in vitro studies suggest that fundic D
cells are under negative feedback control by their own
product through an autocrine mechanism of action.
However, so far, no SST receptors have been localized
on D cells.

SOMATOSTATIN RECEPTORS

SST acts on its target cells through high-af®nity
plasma membrane receptors (Table II). To date, ®ve
different SST receptor (SSTR) subtypes, SSTR1ÿ5, be-
longing to the superfamily of G protein-coupled re-
ceptors with seven transmembrane domains, have
been cloned and pharmacologically characterized in
different systems. In addition, two splice variants of
SSTR2, SSTR2a and SSTR2b, which differ in length
and composition of their intracellular carboxy termini,
have been isolated and cloned in the mouse and the
rat. Overall, there is a 39ÿ57% sequence identity
among the different receptor subtypes. The ®ve recep-
tors also have a remarkable degree of structural

TABLE I Sources and Biological Actions of SST of Endocrine Origin in the Gastrointestinal Tracta

Localization

Cellular

type Releasing stimuli Targets Biological actions

Mechanism

of action

Fundic mucosa Closed Neural input (ACh,

GRP), endocrine

(gastrin, CCK)

ECL cells,

parietal cells

Inhibition of histamine release, direct

inhibition of secretion

Paracrine

Antral mucosa Open Luminal (nutrients,

pH), sensory

neurons

G cells Inhibition of gastrin synthesis and

release

Paracrine

Intestinal

epithelium

Flasklike,

open

Luminal (nutrients) Various cell

types

Inhibition of neuroendocrine secretion,

modulation of motility, inhibition

of intestinal transport, inhibition of

splanchnic blood ¯ow, inhibition

of tissue growth/proliferation,

modulation of food intake

Paracrine

Endocrine

Neurocrine

Pancreatic islets Closed Endocrine, circulating

nutrients (glucose)

Other islet cell

types

Inhibition of insulin and glucagon

release

Neurocrine

Endocrine

a Abbreviations: ACh, acetylcholine; GRP, gastrin-releasing peptide; CCK, cholecystokinin; ECL, enterochromaf®n-like.
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conservation across species, with between 80 and 99%
homology among the human, rat, and mouse isoforms.
The nearest relatives of SST receptors are the opioid
receptors that share about 37% sequence similarity to
the mouse SSTR1.

Early studies, based on receptor autoradiography
using nonselective ligands, showed a high density of
SST binding sites all along the GI mucosa as well as
in neural structures. In recent years, the anatomical
and cellular distribution of SST receptor gene express-
ion has been established in rodent and human tissues as
well as in different tumors and cell lines. Lately, the
development of SST receptor subtype-selective anti-
bodies has allowed the direct localization of the SST
receptor at the protein level by immunohistochemistry.
These studies reveal an intricate pattern of receptor
expression throughout the central nervous system
and the periphery, with an overlapping but character-
istic pattern that is receptor subtype selective and
tissue and species speci®c.

G Protein Coupling and Signal Transduction
of Somatostatin Receptors

The activation of SST receptors by SST ligands elicits
cellular responses through G protein-linked modula-
tion of multiple second-messenger systems, including
adenylyl cyclase, Ca2� and K� ion channels, the Na�/H�

antiporter, guanylate cyclase, phospholipase C, phos-
pholipase A2, mitogen-activated protein (MAP) kinase,
and serine, threonine, and phosphotyrosyl protein
phosphatase. These pathways show only partial recep-
tor selectivity (Table II)1 . In general, all ®ve receptor

subtypes, and especially the human isoforms, are potent
inhibitors of adenylyl cyclase and cyclic adenosine
monophosphate (cAMP) formation via pertussis
toxin-sensitive G proteins. Subtypes 1, 2, 3, and 5 dis-
play acute desensitization of adenylyl cyclase coupling.

In the presence of the agonist, receptor subtypes 2, 3,
4, and 5 undergo rapid internalization. Receptor sub-
type 1 fails to be internalized but is instead up-regulated
at the membrane in response to continued agonist
exposure.

The SSTR2 Is the Receptor Subtype
Predominant in the Stomach

The presence of the ®ve SST receptor subtypes in the
stomach, with a predominance of SSTR2 receptor
mRNA, has been established by ribonuclease protection
assays and reverse transcription polymerase chain reac-
tion (RT-PCR). At a cellular level, in situ hybridization
studies demonstrate the presence of SSTR2 mRNA-
containing cells in the gastric mucosa and submucosa
as well as in the myenteric plexus and the external mus-
cle layer. In addition, RT-PCR techniques show that
the mRNAs for both SSTR2a and SSTR2b isoforms are
present in the stomach. Immunohistochemical studies
using antipeptide antibodies speci®c for the SSTR2a
and SSTR2b receptors show that a small population
of enterochromaf®n-like (ECL) cells in the stomach
expresses SSTR2a receptors. On the other hand, the
SSTR2b receptor is mainly localized in parietal cells
and in high concentration in ECL cells. So far, no
SST receptors have been found in other cellular types
of the gastric mucosa.

TABLE II Characteristics of the Cloned Human SST Receptor Subtypes

Characteristica SSTR1 SSTR2a SSTR3 SSTR4 SSTR5

Chromosomal localization 14q13 17q24 22q13.1 20p11.2 16p13.3

Amino acids 391 369 418 388 363

G protein coupling � � � � �
Effector coupling

Adenylyl cyclase # # # # #
Tyrosine phosphatase " " " " "
MAP kinase " # #" " #
K� channels " " " "
Ca2� channels # #
Na�/H� exchanger "
AMPA/kainate glutamate

channels

" #

Phospholipase C/IP3 " #"
Phospholipase A2 "

Tissue distribution Brain, pituitary,

GI tract, kidney

Brain, pituitary,

GI tract, kidney

Brain, pituitary,

GI tract, kidney

Brain, pituitary, GI tract,

lungs, placenta

Brain, pituitary,

GI tract

a Abbreviations: MAP, mitogen-activated protein; AMPA, a-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid.
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SSTR2a has also been localized in nerve ®bers
that arise from the nervous plexuses and innervate
the mucosa with ®bers running parallel to the epi-
thelia. Many of these ®bers are in close proximity to
D cells of the gastric mucosa. This distribution
strongly suggests that SSTR2a receptors might medi-
ate SST effects in the GI tract via neuronal and para-
crine pathways.

All SSTR Receptor Subtypes Are Present
in the Intestine

In situ hybridization studies have identi®ed all ®ve
receptor subtypes in the rat duodenum, jejunum, ileum,
and colon. All receptor subtypes are present in the ep-
ithelium, submucosal plexus, and muscle layers,
whereas only SSTR1ÿ3 are found in the myenteric
plexus. Immunohistochemical studies have demon-
strated the existence of SSTR2a receptors in the
myenteric and submucosal plexuses, with a predomi-
nance in the submucosal plexus, and in ®bers innervat-
ing the muscle, mucosa, and vasculature. The SSTR2a
receptors are present in the neuronal soma and proces-
ses as well as in axon terminals, suggesting both pre- and
postsynaptic effects of SST in the gut. Moreover, this
distribution is consistent with SSTR2a receptors being
expressed by functionally distinct enteric neurons, in-
dicating that SST plays a signi®cant role in the regula-
tion of intestinal motor and secretory functions. In
addition, SSTR2a receptors are present in interstitial
cells of Cajal, indicative of other target cells for SST
to regulate smooth muscle activity.

SSTR2 and SSTR5 Are the Main Receptor
Subtypes in the Pancreas

Early autoradiographic studies established the pres-
ence of SST binding sites in alpha and beta cells from
pancreatic islets. Molecular studies have shown that rat
islets contain mRNA for all ®ve receptor subtypes, al-
though this does not imply the presence of functional
receptors. In humans, immunohistochemical studies
have revealed a predominant expression of SSTR2 and
SSTR5, with a speci®c cellular distribution: beta cells are
rich in SSTR5, alpha cells contain mostly SSTR2, and
delta cells contain SSTR5.

Neuroendocrine Enteropancreatic Tumors
Express Somatostatin Receptors

In addition to normal tissues, the majority of human
tumors, either benign or malignant, express high con-
centrations of SST receptors, frequently featuring more

than one isotype. SST receptors are especially present in
almost all neuroendocrine enteropancreatic tumors
[gastrinoma, vasoactive intestinal peptide-producing
tumor (VIPoma), carcinoid, insulinoma, glucagonoma,
SSToma, pancreatic polypeptide-producing tumor
(PPoma), and growth hormone releasing factor-
producing tumor (GRFoma)]. The expression appears
to be tumor speci®c, but in general the pattern is
SSTR24 SSTR14 SSTR34 SSTR44 SSTR5. How-
ever, studies carried out so far are mainly based on
mRNA expression, which may not necessarily re¯ect
functional receptor levels. SSTR2 predominance is
found in about 90% of carcinoid tumors and 80% of
endocrine pancreatic tumors.

BIOLOGICAL ACTIONS OF
SOMATOSTATIN IN THE
GASTROINTESTINAL TRACT:
RECEPTOR SUBTYPE SELECTIVITY

Somatostatin Is the Main Inhibitor of Gastric
Acid Secretion

SST is a potent inhibitor of gastric acid secretion and
probably the main inhibitory regulator during the ce-
phalic, gastric, and intestinal phases of secretion. SST
administered peripherally inhibits gastric acid secretion
at doses producing plasma increments of the peptide
similar to those observed during postprandial states in
dogs and humans. The SST-dependent regulation of
gastric acid secretion involves gastric SST produced
by fundic and antral endocrine D cells, acting locally
through paracrine, rather than endocrine, mechanisms.
Fundic D cells are stimulated by gastrin and by acetyl-
choline, as well as by other neuropeptides; they are
closely associated to parietal cells and ECL cells through
cytoplasmic extensions. Antral D cells respond to
changes in gastric luminal acidity and are closely asso-
ciated, by way of cytoplasmic extensions, with their
target cells, i.e., G cells, resulting in the local release
of SST, which, in turn, inhibits gastrin synthesis and
release from G cells.

During both the cephalic and gastric phases of a
meal, gastric acid secretion is stimulated mainly
through the release of gastrin. Attenuation of excessive
acid secretion can be attributed to the local release of
SST, which, in turn, regulates the activity of G cells, ECL
cells, and parietal cells. Physiological effects of SST re-
sult from a direct inhibition of parietal cell secretion and
indirectly by inhibition of histamine release from ECL
cells and gastrin release from G cells. The role of SST in
the control of basal (interdigestive) gastric acid secre-
tion is less clear. In vitro studies suggest that SST
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tonically inhibits acid secretion; however, this has not
been fully demonstrated in in vivo conditions.

SSTR2 Receptors Mediate the Effects
of Somatostatin on Gastric Acid Secretion

Several in vivo and in vitro studies in rats, mice, dogs,
and humans using different relatively selective receptor
peptide analogues of SST have established that the
SSTR2 receptor subtype mediates the inhibitory effects
of SST on gastric acid secretion (Table III). Further
functional evidence for the involvement of SSTR2 re-
ceptors on SST-dependent control of gastric acid secre-
tion comes from the use of the selective SSTR2
antagonist PRL-2903. Infused intravenously, PRL-
2903 antagonizes SST-induced inhibition of acid secre-
tion. Conclusive evidence for the involvement of SSTR2
receptors in the regulation of gastric acid secretion also
comes from functional studies in mice with targeted
disruption of the SSTR2a receptor gene. Because the
SSTR2b variant is a spliced product of the SSTR2a var-
iant, these animals lack both forms of the receptor,
therefore none of the splice variants is expressed and
no information regarding the SSTR2 isoform mediating
SST actions on acid secretion can be derived.

SSTR2 Receptors Mediate
Somatostatin-Dependent Inhibition
of Gastrin and Histamine Release

SST-induced inhibition of gastrin and histamine se-
cretion is also mediated by the activation of SSTR2 re-
ceptors located, respectively, in G cells and ECL cells.
Effects on gastrin release are further supported by
studies with the SSTR2 antagonist, PRL-2903, showing
that the antagonist increases plasma levels of gastrin.

D Cells as an Integrator of Inhibitory
Responses in the Stomach

Several gut peptides [i.e., amylin, adrenomedullin,
calcitonin gene-related peptide (CGRP), bombesin,
glucose-dependent insulinotropic polypeptide, GLP-1,
or pituitary adenylate cyclase-activating polypeptide

(PACAP)] inhibit gastric acid secretion through the
release of SST or have SST-dependent mechanisms of
action. In addition, receptors for several of these neu-
ropeptides have been localized in gastric D cells. These
functional and morphological observations suggest
that gastric D cells may function as a common target
for a variety of gut peptides. Activation of D cell by
these peptides translates into the release of SST, and
in turn the activation of SSTR2 receptors on ECL and
parietal cells leading to an inhibition of acid output.

Somatostatin and Small Intestinal Function

SST inhibits small bowel motility and intestinal ab-
sorption of nutrients. In the small intestine, neuronal
SST is released locally by intestinal distension and par-
ticipates, as a neuromodulator, in the coordination of
the descending relaxation of the peristaltic re¯ex. Phar-
macological studies and the use of SSTR2 knockout
mice have indicated that this receptor subtype is in-
volved in peristalsis, however the implication of other
receptor subtypes cannot be ruled out.

Somatostatin Regulates Pancreatic Function
through SSTR2 and SSTR5 Receptors

SST affects both exocrine and endocrine pancreatic
secretion, acting through paracrine and endocrine
mechanisms. Pharmacological studies in normal and
SSTR2 knockout mice have shown that pancreatic ac-
tions of SST are mediated mainly through SSTR2 and
SSTR5 receptors.

Somatostatin Inhibits Pancreatic Amylase
Release through SSTR5 Receptors

Modulation of exocrine pancreatic function is asso-
ciated with changes in arterial SST of gastric or intestinal
origin (endocrine action). Physiological changes in
plasma SST levels inhibit pancreatic enzyme and bicar-
bonate secretion. Pharmacological studies using recep-
tor-selective analogues of SST have identi®ed the SSTR5
as the main receptor subtype inhibiting amylase release.

TABLE III Receptor Selectivity of SST Actions in the Gastrointestinal Tract

Biological activity Receptor subtype Localization

Inhibition of gastric acid secretion SSTR2 Parietal cells

Inhibition of histamine release SSTR2 Enterochromaf®n-like cells

Modulation of the peristaltic re¯ex SSTR2/other undetermined Myenteric plexus

Inhibition of pancreatic amylase release SSTR5 Acinar cells

Inhibition of insulin release SSTR5 Pancreatic beta cells

Inhibition of glucagon release SSTR2 Pancreatic alpha cells

Inhibition of cell proliferation SSTR1, 2, 3, 4, and 5 Tumor cells
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Supporting this observation, binding studies have also
identi®ed the presence of SSTR5 receptors on pancreatic
acinar cells.

Somatostatin Inhibits Pancreatic
Endocrine Secretion through SSTR2 and
SSTR5 Receptors

SST from D cells in the pancreatic islets acts locally
(paracrine) on alpha, beta, and PP cells, inhibiting
the release of glucagons, insulin, and PP, respectively.
This interaction provides a basic intraislet control of
insulin release. Pharmacological studies using receptor-
selective analogues of SST in normal and SSTR2 and
SSTR5 knockout mice have shown that islet regulation
is receptor and hormone speci®c. Stimulation of SSTR5
receptors located on beta cells is the main pathway to
inhibit insulin secretion, whereas the inhibition of glu-
cagon release from alpha cells depends on the stimula-
tion of SSTR2 receptors.

PATHOPHYSIOLOGICAL
ASPECTS OF SST

A clear pathophysiological role of SST has been dem-
onstrated only in cases with SST-producing tumors
(SSTomas). In these patients, the clinical signs are as-
sociated with an overproduction and high levels of
plasma SST. The resulting syndrome is characterized
by diabetes, gallstones, malabsorption, and pancreatic
insuf®ciency.

Alterations in the responsiveness and number of
gastric D cells might be related to the hypersecretory
states observed in patients with nonatrophic gastritis
associated with Helicobacter pylori infection and in pa-
tients with duodenal or gastric ulcers. Under these con-
ditions, D cell responsiveness to gastrin and other
stimulants will be reduced. This will lead to lower levels
of SST, which, in turn, results in an increased gastrin
release and gastric acid output. However, although these
mechanisms have been established in several animal
models, their importance for human pathophysiology
remains to be elucidated.

THERAPEUTIC USE OF SST IN
GASTROENTEROLOGICAL DISORDERS

SST and its stable analogue octreotide have been con-
sistently used in the treatment of esophageal variceal
bleeding, pathological states of the exocrine pancreas,
and neuroendocrine enteropancreatic tumors. Gut neu-
roendocrine tumors contain abundant SST receptors,
and this has been used as a diagnostic tool for tumor

localization. In addition, receptors have been demon-
strated to be functional in most cases and either SST or
its analogue, octreotide, has been used as symptomatic
therapy. The mechanisms for the symptomatic improve-
ment are due to SSTR-mediated inhibition of mediators
release that leads to the major associated symptoms. In
addition, SST and octreotide seem to have an inhibitory
effect on cell growth and proliferation, reducing tumor
size. So far, all receptor subtypes have been shown to
induce cell cycle arrest in different tumor cell lines,
although through different mechanisms (Table III).

SST and the analogue octreotide reduce intestinal
secretion and have been used to treat diarrhea. SST was
originally shown to be effective in treating diarrhea
caused by neuroendocrine tumors that produced VIP
(VIPoma). In this condition, SST reduced both the pro-
duction of VIP and its effects on the intestine. It has since
been recognized that SST analogues are also effective in
treating other diarrheal conditions.
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Anti-Diarrheal Drugs � Cholecystokinin (CCK) � Gastric

Acid Secretion � Gastrin � Growth Hormone � Histamine
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Sphincter of Oddi Dysfunction
JAMES WATKINS AND STUART SHERMAN

Indiana University Medical Center, Indianapolis

ampullary stenosis Narrowing of the ampulla, often causing

obstruction.

botulinum toxin Protein produced by Clostridium botulinum

bacteria, used therapeutically to paralyze or weaken the

muscle into which it is injected.

endoscopic retrograde cholangiopancreaticography Fiber-

optic endoscope insertion into the duodenum and dye

injection via the ampulla of Vater, to visualize the biliary

and pancreatic ducts.

endoscopic sphincterotomy Cutting of the sphincter via an

endoscopic approach.

postcholecystectomy pain Painful attacks that occur after

removal of the gallbladder.

quantitative hepatobiliary scintigraphy Nuclear medicine

study that assesses bile ¯ow through the biliary tract.

recurrent pancreatitis Recurrent in¯ammation of the

pancreas.

Rome II criteria Consensus criteria developed to diagnose

sphincter of Oddi dysfunction.

sphincter ablation Surgical removal of the sphincter.

sphincter of Oddi dysfunction Abnormality in the contrac-

tility of the sphincter of Oddi.

sphincter of Oddi manometry Manometric studies of the

sphincter of Oddi.

Since its original description by Rugero Oddi in 1887, the

sphincter of Oddi has been the subject of much study and

controversy. Its very existence as a distinct anatomic or

physiologic entity has been disputed. Hence, it is not

surprising that the clinical syndrome of sphincter of

Oddi dysfunction and its therapy are controversial

areas. Nevertheless, this dysfunction is commonly diag-

nosed and treated by physicians, requiring both knowl-

edge of the anatomy and physiology of the sphincter of

Oddi and clinical presentations and methods to diagnose

and treat sphincter of Oddi dysfunction.

DEFINITIONS

Sphincter of Oddi dysfunction (SOD) refers to an ab-
normality of sphincter of Oddi contractility. Dysfunc-
tion manifests as a benign, noncalculous obstruction to
¯ow of bile or pancreatic juice through the pancreatico-
biliary junction, i.e., the sphincter of Oddi (SO). SOD
may be manifested clinically by pancreaticobiliary pain,
pancreatitis, or deranged liver function tests. The dys-
function is actually made up of two entities. SO dyski-
nesia refers to a primary motor abnormality of the SO
that may result in a hypotonic sphincter but more com-
monly is seen as a hypertonic sphincter. In contrast, SO
stenosis refers to a structural alteration of the sphinc-
ter, probably from an in¯ammatory process with
subsequent ®brosis. Because it is often impossible to
distinguish patients with SO dyskinesia from those
with SO stenosis, the diagnosis `̀ sphincter of Oddi
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dysfunction'' has been generally applied to both groups
of patients. In an attempt to deal with this overlap in
etiology, and also to determine the appropriate utiliza-
tion of SO manometry (SOM), the HoganÿGeenen clin-
ical SOD classi®cation system has been developed for
patients with suspected SOD (Table I); this classi®cation
is based on clinical history, laboratory results, and
endoscopic retrograde cholangiopancreaticography
(ERCP) ®ndings.

A variety of less accurate clinical and diagnostic
terms are sometimes used in the medical literature to
describe SOD, including papillary stenosis, ampullary
stenosis, biliary dyskinesia, and postcholecystectomy
syndrome (even though SOD may occur with the gall-
bladder intact).

ANATOMY, PHYSIOLOGY,
AND PATHOPHYSIOLOGY

The sphincter of Oddi is a small complex of smooth
muscles surrounding the terminal common bile duct,
main (ventral) pancreatic duct (of Wirsung), and the
common channel (ampulla of Vater), when present. It
has both circular and `̀ ®gure-eight'' components. The
high-pressure zone generated by the sphincter is vari-
ably 4ÿ10 mm. in length. Its role is to regulate bile and
pancreatic exocrine juice ¯ow and to prevent duode-
num-to-duct re¯ux (i.e., to maintain a sterile intraductal
environment). The SO possesses both a variable basal

pressure and phasic contractile activity. The former ap-
pears to be the predominant mechanism, regulating
out¯ow of pancreaticobiliary secretion into the
intestine. Although phasic SO contractions may aid in
regulating bile and pancreatic juice ¯ow, their primary
role appears to be maintaining a sterile intraductal
milieu. Sphincter regulation is under both neural and
hormonal control. Phasic wave activity of the sphincter
is closely tied to the migrating motor complex (MMC) of
the duodenum. Innervation of the bile duct does not
appear to be essential, based on reports that sphincter
function is preserved following liver transplantation.
Although regulatory processes vary among species, cho-
lecystokinin and secretin appear to be most important in
causing sphincter relaxation, whereas nonadrenergic,
noncholinergic neurons, which at least in part transmit
vasoactive intestinal peptide (VIP) and nitric oxide, also
relax the sphincter. The role of cholecystectomy in al-
tering these neural pathways needs further de®nition.
Luman and colleagues reported that cholecystectomy, at
least in the short-term, suppresses the normal inhibitory
effect of pharmacological doses of cholecystokinin
(CCK) on the sphincter of Oddi. However, the mecha-
nism of this effect is unknown.

Wedge specimens of the SO obtained at surgical
sphincteroplasty from patients with SOD show evidence
of in¯ammation, muscular hypertrophy, ®brosis, or
adenomyosis within the papillary zone in approxi-
mately 60% of patients. In the remaining 40% of patients
with normal histology, a motor disorder is suggested.

TABLE I HoganÿGeenen Sphincter of Oddi Classi®cation System Related to the Frequency of Abnormal Sphincter of

Oddi Manometry and Pain Relief by Biliary Sphincterotomy

Patient group classi®cation Approximate frequency

of abnormal sphincter

manometry

Probability of pain relief by

sphincterotomy if manometry is

Manometry before

sphincter ablationType Description Abnormal Normal

Biliary I Patients with biliary-type pain,

abnormal aspartate

transaminase or alkaline

phosphatase4 twice normal,

documented on two or

more occasions, delayed

drainage of ERCP contrast

from the biliary tree

445 minutes, and dilated

common bile duct412 mm

in diameter

75ÿ95% 90ÿ95% 90ÿ95% Unnecessary

Biliary II Patients with biliary-type pain

but only one or two of the

above criteria

55ÿ65% 85% 35% Highly recommended

Biliary III Patients with only biliary-type pain

and no other abnormalities

25ÿ60% 55ÿ65% 510% Mandatory
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Less commonly, infections with cytomegalovirus or
Cryptosporidium, as may occur in AIDS patients, or
Strongyloides have caused SOD.

How does SOD cause pain? From a theoretical point
of view, abnormalities of the SO can give rise to pain by
impeding the ¯ow of bile and pancreatic juice, resulting
in ductal hypertension, ischemia arising from spastic
contractions, and `̀ hypersensitivity'' of the papilla. Al-
though unproved, these mechanisms may act alone or in
concert to explain the genesis of pain.

EPIDEMIOLOGY

SOD may occur in pediatric or adult patients of any age;
however, patients with SOD are typically middle-aged
females. A survey on functional gastrointestinal disor-
ders con®rmed that SOD affects females more frequently
than males and indicated a high association with work
absenteeism, disability, and health care use. Although
SOD most commonly occurs after cholecystectomy, it
may be present with the gallbladder in situ.

Postcholecystectomy pain resembling the patient's
preoperative biliary colic occurs in at least 10ÿ20% of
patients. The frequency of diagnosing SOD in reported
series varies considerably with the patient selection cri-
teria, the de®nition of SOD utilized, and the diagnostic
tools employed. In a British report, sphincter of Oddi
dysfunction was diagnosed in 9% of 451 consecutive
patients being evaluated for postcholecystectomy
pain. Roberts-Thomson evaluated 431 similar patients
and found SOD in 11%. In a subpopulation of such
patients with a normal ERCP (except dilated ducts in
28%) and recurrent pain of more than 3 months' dura-
tion, SOD was diagnosed in 68%. Sherman and col-
leagues used SOM to evaluate 115 patients with
pancreaticobiliary pain with and without liver function
test abnormalities. Patients with bile duct stones and
tumors were excluded from analysis. Fifty-nine of
115 patients (51%) had an abnormal basal sphincter
of Oddi pressure greater than 40 mmHg. These patients
were further categorized by the HoganÿGeenen SOD
classi®cation system (Table I). The frequency of abnor-
mal manometry was 86, 55, and 28%, for types I, II, and
III patients, respectively. These abnormal manometric
frequencies are very similar to those reported by others
for type I and type II patients. In type III patients, the
®nding of an abnormal basal sphincter pressure has
varied from 12 to 55%. As noted, patient selection fac-
tors may be one explanation for this great variability.

SOD can involve abnormalities in either the biliary
sphincter, pancreatic sphincter, or both. The true fre-
quency of SOD would then depend on whether one or
both sphincters were studied. To fully assess the sphinc-

ter by SOM, both the bile duct and pancreatic ducts must
be evaluated. In a series of 360 patients with pancre-
aticobiliary pain, 19% had abnormal pancreatic sphinc-
ter basal pressure alone, 11% had abnormal biliary basal
sphincter pressure alone, and in 31%, the basal pressure
was abnormal for both sphincters (overall frequency of
SOD was 61%). Dysfunction may occur in the pancreatic
duct portion of the SO and cause recurrent pancreatitis
and pancreatic-type pain. Although a pancreatic SOD
classi®cation system has been developed (similar to the
biliary SOD classi®cation system), it has not been widely
utilized. Manometrically documented SOD has been
reported in 15ÿ72% of patients with recurrent pancre-
atitis, previously labeled as idiopathic.

CLINICAL PRESENTATION

Abdominal pain is the most common presenting
symptom of patients with SOD. The pain is usually epi-
gastric or right upper quadrant, may be disabling, and
lasts for 30 minutes to several hours. In some patients,
the pain is continuous with episodic exacerbations. It
may radiate to the back or shoulder and be accompanied
by nausea and vomiting. Food or narcotics may precip-
itate the pain. The pain may begin several years after a
cholecystectomy was performed for a gallbladder dys-
motility or stone disease and is similar in character to the
pain leading to the cholecystectomy. Alternatively, pa-
tients may have continued pain that was not relieved
by a cholecystectomy. Jaundice, fever, or chills are
rarely observed. The Rome II diagnostic criteria for SOD
are episodes of severe steady pain located in the epigas-
trium and right upper quadrant, and all of the following
criteria: (1) symptom episodes last 30 minutes or more
with pain-free intervals, (2) symptoms have occurred on
one or more occasions in the previous 12 months, (3) the
pain is steady and interrupts daily activities or requires
consultation with a physician, and (4) there is no evi-
dence of structural abnormalities to explain the
symptoms. The pain is not relieved by trial medications
for acidÿpeptic disease or irritable bowel syndrome.
Laboratory abnormalities consisting of transient eleva-
tion of liver function tests, typically during episodes of
pain, are present in less than 50% of patients. After initial
evaluation, patients are commonly categorized accord-
ing to the HoganÿGeenen SOD classi®cation system
(Table I). Patients with SOD may present with typical
pancreatic pain (epigastric and/or left upper quadrant
radiating to the back) and recurrent pancreatitis.

Clinical Evaluation

The diagnostic approach to suspected SOD may
be in¯uenced by the presence of key clinical features.
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However, the clinical manifestations of functional
abnormalities of the SO may not always be easily
distinguishable from those caused by organic ones
(e.g., common bile duct stones) or other functional non-
pancreaticobiliary disorders (e.g., irritable bowel
syndrome).

General Initial Evaluation

Evaluation of patients with suspected SOD (i.e., pa-
tients with upper abdominal pain with characteristics
suggestive of a pancreatobiliary origin) should be initi-
ated with standard serum liver chemistries, serum am-
ylase and/or lipase, abdominal ultrasonography, and/or
computed tomography (CT) scans. The serum enzyme
studies should be drawn during bouts of pain, if possible.
Mild elevations (less than twice the upper limits of nor-
mal) are frequent in SOD, whereas greater abnormalities
are more suggestive of stones, tumors, and liver paren-
chymal disease. Although the diagnostic sensitivity and
speci®city of abnormal serum liver chemistries are rel-
atively low, recent evidence indicates that the ®nding of
abnormal liver tests inbiliary type II patientsmay predict
a favorable response to endoscopic sphincterotomy. CT
scans and abdominal ultrasounds are usually normal but
occasionally a dilated bile duct or pancreatic duct may be
found (particularly in patients with type I SOD). Stan-
dard evaluation and treatment of other more common
upper gastrointestinal conditions, such as peptic ulcer
disease and gastroesophageal re¯ux, should be done si-
multaneously. In the absence of mass lesions, stones, or
response to acid-suppression therapeutic trials, the sus-
picion for sphincter disease is heightened.

DIAGNOSTIC METHODS
(NONINVASIVE)

Because SOM (considered by most authorities to be the
gold standard for diagnosing SOD) is dif®cult to per-
form, invasive, not widely available, and associated with
a relatively high complication rate, several noninvasive
and provocative tests have been designed in an attempt
to identify patients with SOD.

MorphineÿProstigmin Provocative Test
(Nardi Test)

Morphine has been shown to cause sphincter of
Oddi contraction. Prostigmin (neostigmine), 1 mg
subcutaneously, is added as a vigorous cholinergic se-
cretory stimulant to morphine (10 mg subcutaneously)
to make this challenge test. The morphineÿProstigmin
test, historically, had been used extensively to diagnose

SOD. Reproduction of the patient's typical pain associ-
ated with a fourfold increase in aspartate transaminase
(AST), alanine transaminase (ALT), alkaline phospha-
tase, amylase, or lipase constitutes a positive response.
The usefulness of this test is limited by its low sensitivity
and speci®city in predicting the presence of SOD and its
poor correlation with outcome after sphincter ablation.
This test has largely been replaced by tests believed to be
more sensitive.

Ultrasonographic Assessment of Extrahepatic
Bile Duct and Main Pancreatic Duct Diameter
after Secretory Stimulation

After a lipid-rich meal or cholecystokinin adminis-
tration, the gallbladder contracts, bile ¯ow from the
hepatocytes increases, and the sphincter of Oddi re-
laxes, resulting in bile entry into the duodenum. Sim-
ilarly, after a lipid-rich meal or secretin administration,
pancreatic exocrine juice ¯ow is stimulated and the
sphincter of Oddi relaxes. If the sphincter of Oddi is
dysfunctional and causes obstruction to ¯ow, the com-
mon bile duct or main pancreatic duct may dilate under
secretory pressure. This can be monitored by transcu-
taneous ultrasonography. Sphincter and terminal duct
obstruction from other causes (stones, tumors, stric-
tures, etc.) may similarly cause ductal dilation and
need to be excluded. Pain provocation should also be
noted if present. To date, limited studies comparing
these noninvasive tests with sphincter of Oddi mano-
metry or outcome after sphincter ablation show only
modest correlation. Because of intestinal gas, the
pancreatic duct many not be visualized on standard
transcutaneous ultrasound. Despite the superiority of
endoscopic ultrasound in visualizing the pancreas,
Catalano et al. report the sensitivity of secretin-
stimulated endoscopic ultrasound in detecting SOD
to be only 57%.

Quantitative Hepatobiliary Scintigraphy

Hepatobiliary scintigraphy assesses bile ¯ow
through the biliary tract. Impairment to bile ¯ow
from sphincter disease, tumors, or stones (as well as
parenchymal liver disease) results in impaired radionu-
clide ¯ow. The precise criteria to de®ne a positive (ab-
normal) study remain controversial, but duodenal
arrival time greater than 20 minutes and hilum to du-
odenum time greater than 10 minutes are most widely
used. Most studies are ¯awed by lack of correlation with
SOM or outcome after sphincter ablation. However, four
studies have reported the performance characteristics
of hepatobiliary scintigraphy in 105 patients using the
results of SOM as the reference standard. The overall
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sensitivity was 78% (range, 44ÿ100%), speci®city was
90% (range 80ÿ100%), positive predictive value was
92% (range, 82ÿ100%), and negative predictive value
was 81% (range, 62ÿ100%). However, these promising
results have not been reproduced by other investigators.
Overall, it appears that patients with dilated bile ducts
and high-grade obstruction are likely to have a positive
scintigraphic study. Esber and colleagues found that
patients with lower grade obstruction (HoganÿGeenen
classi®cation types II and III) generally have normal
scintigraphy, even if done after cholecystokinin provo-
cation. Moreover, Pineau et al. reported that 8 of 20
asymptomatic control subjects had an abnormal chole-
cystokinin-stimulated study. The value of hepatobiliary
scintigraphy is also limited by the fact that it does not
evaluate the pancreatic sphincter.

In the absence of more de®nitive data, the current
conclusion is that noninvasive testing for sphincter of
Oddi dysfunction has a relatively low or unde®ned sen-
sitivity and speci®city and is, therefore, not recom-
mended for general clinical use, except in situations
when more de®nitive testing (manometry) is unsuccess-
ful or unavailable.

DIAGNOSTIC METHODS (INVASIVE)

Because of their associated risks, invasive testing with
ERCP and manometry should be reserved for patients
with clinically signi®cant or disabling symptoms. In
general, invasive assessment of patients for SOD is
not recommended unless de®nitive therapy (sphincter
ablation) is planned if abnormal sphincter function is
found.

Cholangiography

Cholangiography is essential to rule out stones, tu-
mors, or other obstructing processes of the biliary tree
that may cause symptoms identical to those of SOD.
Once such lesions are ruled out by a good quality chol-
angiographic study, ducts that are dilated and/or drain
slowly suggest obstruction at the level of the sphincter.
Although some controversy exists, extrahepatic ducts
that are greater than 12 mm in diameter (postcholecys-
tectomy), when corrected for magni®cation, are consid-
ered dilated. Although de®nitive normal supine
drainage times have not been well de®ned, a postcho-
lecystectomy biliary tree that fails to empty all contrast
media by 45 minutes is generally considered abnormal.

Endoscopic evaluation of the papilla and peri-
papillary area can yield important information that
can in¯uence the diagnosis and treatment of patients
with suspected SOD. Occasionally, ampullary cancer

may simulate SOD. The endoscopist should do tissue
sampling of the papilla (preferably after sphinc-
terotomy) in suspicious cases. Radiographic features
of the pancreatic duct are also important to assess in
the patient with suspected SOD. Dilation of the pancre-
atic duct (46 mm in the pancreatic head and45 mm in
the body) and delayed contrast drainage time (�9 min-
utes in the prone position) may give indirect evidence
for the presence of SOD.

Sphincter of Oddi Manometry

The most de®nitive development in the understand-
ing of the pressure dynamics of the SO came with the
advent of sphincter of Oddi manometry. SOM is the only
available method to measure SO motor activity directly.
Although SOM can be performed intraoperatively and
percutaneously, it is most commonly done in the ERCP
setting. SOM is considered by most authorities to be the
gold standard for evaluating patients for sphincter dys-
function. The use of manometry to detect motility dis-
orders of the sphincter of Oddi is similar to its use in
other parts of the gastrointestinal tract. Unlike other
areas of the gut, SOM is more technically demanding,
invasive, and hazardous. Questions remain as to
whether these short-term observations (2- to 10-minute
recordings per pull-through) re¯ect the `̀ 24-hour patho-
physiology'' of the sphincter.

SOM is recommended in patients with idiopathic
pancreatitis or unexplained disabling pancreaticobiliary
pain with or without hepatic and pancreatic enzyme
abnormalities, and to assess for sphincterotomy stenosis
or residual sphincter hypertension in symptomatic pa-
tients after sphincterotomy is performed for SOD. An
ERCP is usually performed (if an adequate study is not
available) immediately before the SOM to exclude other
potential structural causes for the patient's symptoms.
Indications for the use of SOM have also been developed
according to the HoganÿGeenen SOD classi®cation
System (Table I). In patients with type I, there is a gen-
eral consensus that a structural disorder of the sphincter
(i.e., sphincter stenosis) exists. Although SOM may be
useful in documenting SOD, it is not an essential diag-
nostic study prior to endoscopic or surgical sphincter
ablation. Such patients uniformly bene®t from sphincter
ablation regardless of the SOM results (see later). Pa-
tients with type II demonstrate SO motor dysfunction in
55ÿ65% of cases. In this group of patients, SOM is
highly recommended because the results of the study
predict outcome from sphincter ablation. Patients with
type III have pancreaticobiliary pain without other ob-
jective evidence of sphincter out¯ow obstruction. SOM
is mandatory to con®rm the presence of SOD. Although
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data are limited, it appears that the results of SOM may
predict outcome from sphincter ablation in these
patients.

SOM is performed by advancing a specialized triple-
lumen #5 French water-perfused catheter selectively
into the bile duct and/or pancreatic duct. The catheter
is pulled across the sphincter zone while pressures are
recorded with the aid of a pressure transducer. A variety
of modi®cations of the standard #5 French manometry
catheter are commercially available. (The technique of
SOM and the interpretation of the tracings are beyond
the scope of this discussion.)

It is important to emphasize that complete sphinc-
ter assessment requires manometric evaluation of both
the biliary and pancreatic sphincters. Current data in-
dicate that an abnormal basal sphincter pressure may be
con®ned to one side of the sphincter in 35ÿ65% of
patients. Thus, one sphincter may be dysfunctional
whereas the other is normal. Failure to appreciate the
anatomically separate pancreatic and biliary sphincters
and the potential for discordant manometric results may
result in misdiagnosis and improper therapy.

Pancreatitis is the most common major complica-
tion after SOM. Using standard perfused catheters, pan-
creatitis rates as high as 31% have been reported. Such
high complication rates have initially limited more
widespread use of SOM. These data also emphasize
that manometric evaluation of the pancreatic duct is
associated with a high complication rate. A variety of
methods to decrease the incidence of postmanometry
pancreatitis have been developed. In a prospective ran-
domized study, Sherman and colleagues found that the
aspirating catheter (this catheter allows for aspiration of
the perfused ¯uid from end and side holes while accu-
rately recording pressure from the two remaining side
ports) reduces the frequency of pancreatic duct manom-
etry-induced pancreatitis from 31 to 4%. The reduction
in pancreatitis with use of this catheter in the pancreatic
duct and the very low incidence of pancreatitis after bile
duct manometry lend support to the notion that in-
creased pancreatic duct hydrostatic pressure is a
major cause of this complication. Thus, routine aspira-
tion of pancreatic juice should accompany study of the
pancreatic duct sphincter by SOM.

Stent Trial as Diagnostic Test

Placement of a pancreatic or biliary stent on a trial
basis in hope of achieving pain relief and predicting the
response to more de®nitive therapy, i.e., sphincter ab-
lation, has received only limited application. Pancreatic
stent trials, especially in patients with normal pancreatic

ducts, are strongly discouraged because serious ductal
and parenchymal injury may occur if stents are left in
place for more than a few days. Goff reported a biliary
stent trial in 21 type II and type III patients with SOD
with normal biliary manometry. Seven French stents
were left in place for at least 2 months if symptoms
resolved and were removed sooner if they were judged
ineffective. Relief of pain with the stent was predictive of
long-term pain relief after biliary sphincterotomy. Un-
fortunately, 38% of the patients developed pancreatitis
(14% were graded severe) following stent placement.
Because of this high rate of complications, biliary
stent trials are strongly discouraged. Rolny and col-
leagues also reported a series of bile duct stent place-
ments as predictor of outcome following endoscopic
sphincterotomy in 23 postcholecystectomy patients
(7 type II and 16 type III). Similar to the study by
Goff, resolution of pain during at least 12 weeks of
stenting predicted a favorable outcome from sphinc-
terotomy irrespective of sphincter of Oddi pressure.
In this series there were no complications related to
stent placement.

THERAPY FOR SOD

The therapeutic approach in patients with SOD is aimed
at reducing the resistance caused by the sphincter of
Oddi to the ¯ow of bile and/or pancreatic juice. Histor-
ically, most emphasis has been placed on de®nitive
intervention, i.e., surgical sphincteroplasty or endo-
scopic sphincterotomy. This appears appropriate for
patients with high-grade obstruction (type I as per
HoganÿGeenen criteria). In patients with lesser degrees
of obstruction, the clinician must carefully weigh the
risks and bene®ts before recommending invasive
therapy.

Medical Therapy

Medical therapy for documented or suspected SOD
has received only limited study. Because the SO is a
smooth muscle structure, it is reasonable to assume
that drugs that relax smooth muscle might be an effec-
tive treatment for SOD. Sublingual nifedipine and ni-
trates have been shown to reduce the basal sphincter
pressures in asymptomatic volunteers and symptomatic
patients with SOD. Although medical therapy may be an
attractive initial approach in patients with SOD, several
drawbacks exist. First, medication side effects may be
seen in up to one-third of patients. Second, smooth
muscle relaxants are unlikely to be of any bene®t in
patients with the structural form of SOD (i.e., SO ste-
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nosis) and the response is incomplete in patients with a
primary motor abnormality of the SO (i.e., SO dyskine-
sia). Finally, long-term outcome from medical therapy
has not been reported. Nevertheless, because of the `̀ rel-
ative safety'' of medical therapy and the benign (though
painful) character of SOD, this approach should be con-
sidered in all type III and less severely symptomatic type
II SOD patients before considering more aggressive
sphincter ablation therapy.

Surgical Therapy

The surgical approach, most commonly, is a trans-
duodenal biliary sphincteroplasty with a transampullary
septoplasty (pancreatic septoplasty). Some 60ÿ70% of
patients were reported to have bene®ted from this ther-
apy during a 1- to 10-year followup. Patients with an
elevated basal sphincter pressure determined by
intraoperative SOM were more likely to improve from
surgical sphincter ablation than were those with a nor-
mal basal pressure. Some reports have suggested that
patients with biliary-type pain have a better outcome
than do patients with idiopathic pancreatitis, whereas
others have suggested no difference. However, most
studies found that symptom improvement followingsur-
gical sphincter ablation alone was relatively uncommon
in patients with established chronic pancreatitis. The
surgical approach for SOD has largely been replaced
by endoscopic therapy. Patient tolerance, cost of care,
morbidity, mortality, and cosmetic results are some of
the factors that favor an initial endoscopic approach. At
present, surgical therapy is reserved for patients with
restenosis following endoscopic sphincterotomy and
when endoscopic evaluation and/or therapy are not
available or technically feasible.

Endoscopic Therapy

Endoscopic sphincterotomy is the current standard
therapy for patients with SOD. Most data on endo-
scopic sphincterotomy relate to biliary sphincter
ablation alone. Clinical improvement following therapy
has been reported to occur in 55ÿ95% of patients
(Table I). These variable outcomes are re¯ective of
the different criteria used to document SOD, the degree
of obstruction (type I biliary patients appear to
have a better outcome than do types II and III), the
methods of data collection (retrospective vs. pros-
pective), and the techniques used to determine bene®t.
Rolny and colleagues studied 17 type I postcholecys-
tectomy biliary patients by SOM. In this series, 65%
had an abnormal SOM (although not speci®cally stated,

it appears that the biliary sphincter was studied alone).
Nevertheless, during a mean followup interval of
2.3 years, all patients bene®ted from biliary sphinctero-
tomy. The results of this study suggest that because type
I biliary patients invariably bene®t from biliary
sphincterotomy, SOM in this patient group is not
only unnecessary, but it may also be misleading. The
results of this study, however, have never been validated
at another center.

Although most of the studies reporting ef®cacy of
endoscopic therapy in SOD have been retrospective,
three notable randomized trials have now been re-
ported. In a landmark study by Geenen and associates,
47 postcholecystectomy type II biliary patients were
randomized to biliary sphincterotomy or sham
sphincterotomy. SOM was performed in all patients
but was not used as a criterion for randomization. Dur-
ing a 4-year followup, 95% of patients with an elevated
basal sphincter bene®ted from sphincterotomy. In con-
trast, only 30ÿ40% of patients with an elevated sphinc-
ter pressure treated by sham sphincterotomy or with a
normal sphincter pressure treated by endoscopic
sphincterotomy or sham sphincterotomy bene®ted
from this therapy. The two important ®ndings of this
study were that SOM predicted the outcome from
endoscopic sphincterotomy and that endoscopic
sphincterotomy offered long-term bene®t in type II bil-
iary patients with SOD.

Sherman and associates reported their preliminary
results of a randomized study comparing endoscopic
sphincterotomy, surgical biliary sphincteroplasty with
pancreatic septoplasty (with or without cholecystec-
tomy), to sham sphincterotomy for type II and type
III biliary patients with manometrically documented
SOD. During a 3.0-year followup period, 69% of patients
undergoing endoscopic or surgical sphincter ablation
improved,compared to24%in theshamsphincterotomy
group (p� 0.009). There was a trend for type II patients
to bene®t more frequently from sphincter ablation, com-
pared to type III patients [13/16 (81%) vs. 11/19 (58%);
p� 0.14]. Evidence is now accumulating that the addi-
tion of a pancreatic sphincterotomy to an endoscopic
biliary sphincterotomy in such patients may improve
the outcome (see later).

In a third study, postcholecystectomy patients with
biliary-type pain (mostly type II) were prospectively
randomized to endoscopic sphincterotomy or sham fol-
lowing strati®cation according to SOM. Of patients with
elevated basal pressure, 85% (11 of 13) improved at 2
years after endoscopic sphincterotomy, whereas 38% (5
of 13) of patients improved after a sham procedure
(p� 0.041).
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There are numerous nonrandomized trials reporting
bene®t rates of 56ÿ78% in type II patients with mano-
metrically documented SOD treated with biliary
sphincterotomy. The bene®t rate in type III patients
was more variable but the number of patients treated
was relatively small. Untreated pancreatic sphincter
hypertension appears to be one of the reasons that
patients with SOD fail to bene®t from biliary
sphincterotomy alone. Because there are separate biliary
and pancreatic sphincters, ablation of the biliary sphinc-
ter alone usually leaves the pancreatic sphincter pres-
sure unaltered. Surgeons have appreciated this for years,
and this accounts for the common surgical approach of a
biliary and pancreatic sphincteroplasty. Eversman and
colleagues found that 90% of SOD patients with persis-
tent pain or pancreatitis after biliary sphincterotomy
had residual abnormally elevated pancreatic sphincter
pressure. This same group reported that 80% of SOD
patients with isolated elevated biliary sphincter
pressure (normal pancreatic sphincter pressure) were
clinically improved at 5-year followup after biliary
sphincterotomy alone, whereas only 48% of patients
with elevated basal pancreatic sphincter pressure
(with normal or abnormal basal biliary sphincter pres-
sure) bene®ted from this therapy. Evidence is now
accumulating that the addition of an endoscopic pan-
creatic sphincterotomy to a biliary sphincterotomy in
patients with SOD may improve outcome. This will be
discussed further in the following sections.

These results clearly indicate that the response rate
and enthusiasm for sphincter ablation must be corre-
lated with patient presentation and balanced against
the high complication rates reported for endoscopic
therapy of SOD. Most studies indicate that patients
undergoing endoscopic sphincterotomy for SOD have
complication rates two to ®ve times higher compared to
patients undergoing endoscopic sphincterotomy for
ductal stones. Pancreatitis is the most common compli-
cation, occurring in up to 20% of patients. Endoscopic
techniques are being developed (e.g., pancreatic duct
stenting prior to combined pancreaticobiliary
sphincterotomy and pancreatic stenting after biliary
sphincterotomy) to limit such complications.

Balloon Dilation and Stenting

In an attempt to be less invasive and possibly pre-
serve sphincter function, adaptation of this technique to
treat SOD has been described. Unfortunately, because of
the unacceptably high complication rates, primarily
pancreatitis, this technology has little role in the man-
agement of SOD. Similarly, although biliary stenting

might offer short-term symptom bene®t in patients
with SOD and predict outcome from sphincter ablation,
it, too, has unacceptably high complication rates and
cannot be advocated in this setting based on the avail-
able data.

Botulinum Toxin Injection

Botulinum toxin (Botox), a potent inhibitor of ace-
tylcholine release from nerve endings, has been success-
fully applied to smooth muscle disorders of the
gastrointestinal tract such as achalasia. In a preliminary
clinical trial, Botox injection into the SO resulted in a
50% reduction in the basal sphincter pressure and im-
proved bile ¯ow. This reduction in pressure may be
accompanied by symptom improvement in some pa-
tients. It follows that Botox may serve as a therapeutic
trial for SOD, with responders undergoing permanent
sphincter ablation. One such study was recently re-
ported. Twenty-two postcholecystectomy type III pa-
tients with manometric evidence of SOD underwent
Botox injection into the intraduodenal sphincter seg-
ment. Overall, 11 of the 12 patients who responded
to Botox, versus 2 of 10 patients who did not gain
pain relief, later bene®ted from endoscopic sphincterot-
omy (p5 0.01). Such an approach, however, does re-
quire at least two procedures, each with their associated
complications.

SOD IN RECURRENT PANCREATITIS

SOD has been manometrically documented in 15ÿ72%
of patients with recurrent pancreatitis, previously la-
beled as idiopathic. Biliary sphincterotomy alone has
been reported to prevent further pancreatitis episodes
in more than 50% of such patients. The value of ERCP,
SOM, and sphincter ablation therapy was studied in 51
patients with idiopathic pancreatitis; 24 (47.1%) had an
elevated basal sphincter pressure and 30 were treated by
either biliary sphincterotomy (n� 20) or surgical
sphincteroplasty with pancreatic septoplasty (n� 10).
Of these patients, 15 of 18 (83%) with an elevated basal
sphincter pressure had long-term bene®t (mean
followup, 38 months) from sphincter ablation therapy
(including 10 of 11 treated by biliary sphincterotomy),
in contrast to only 4 of 12 (33.3%, p5 0.05) with a
normal basal sphincter pressure (including 4 of 9 trea-
ted by biliary sphincterotomy). Guelrud et al., however,
found that severance of the pancreatic sphincter was
necessary to resolve the pancreatitis (Table II). In this
series, 69 patients with idiopathic pancreatitis due to
SOD underwent treatment by standard biliary
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sphincterotomy (n� 18), biliary sphincterotomy with
pancreatic sphincter balloon dilation (n� 24), biliary
sphincterotomy followed by pancreatic sphincterotomy
in separate sessions (n� 13), or combined pancreatic
and biliary sphincterotomy in the same session (n� 14).
Eighty-one percent of patients undergoing pancreatic
and biliary sphincterotomy had resolution of their pan-
creatitis compared to 28% of patients undergoing biliary
sphincterotomy alone (p5 0.005). These data are con-
sistent with the theory that many such patients who
bene®t from biliary sphincterotomy alone have subtle
gallstone pancreatitis. The results of Guelrud et al. also
support the anatomic ®ndings of separate biliary and
pancreatic sphincters, and the manometry ®ndings of
residual pancreatic sphincter hypertension in more than
50% of persistently symptomatic patients who undergo
biliary sphincterotomy alone. Toouli et al. also demon-
strated the importance of pancreatic and biliary
sphincter ablation in patients with idiopathic pancrea-
titis. In this series, 23 of 26 patients (88%) undergoing
surgical ablation of both the biliary and pancreatic
sphincter were either asymptomatic or had minimal
symptoms at a median followup of 24 months
(9ÿ105 months). A different group retrospectively eval-
uated the long-term results of endoscopic pancreatic
sphincterotomy in 55 patients with presumed (recur-
rent pancreatitis with pancreatic duct dilation and con-
trast medium drainage time from the pancreatic duct
greater than 10 minutes) or manometrically docu-
mented pancreatic sphincter dysfunction. During a
median followup of 16 months (range, 3ÿ52 months),
34 patients (62%) reported signi®cant pain improve-
ment. Patients with normal pancreatograms were
more likely to respond to therapy than were those

with pancreatographic evidence of chronic pancreatitis
(73 vs. 58%).

Currently, the best method to treat residual pancre-
atic sphincter stenosis after biliary sphincterotomy
awaits further study. Patients with idiopathic pancrea-
titis who fail to respond to biliary sphincterotomy alone
should have their pancreatic sphincter reevaluated and
be considered for sphincter ablation if residual high
pressure is found.

SOD IN PATIENTS WITH
INTACT GALLBLADDER

SOD may exist in the presence of an intact biliary tract
with the gallbladder in situ. Because the symptoms of SO
or gallbladder dysfunction cannot be readily separated,
the diagnosis of SOD is commonly made after cholecys-
tectomy or less frequently after proper investigations
have excluded gallbladder abnormalities. The fre-
quency of manometrically documented SOD in patients
prior to cholecystectomy has received limited study.
Guelrud and colleagues studied 121 patients with
symptomatic gallstones and a normal common bile
duct diameter (by transcutaneous ultrasound) by
SOM prior to cholecystectomy. An elevated basal
sphincter pressure was found in 14 patients (11.6%).
SOD was diagnosed in 4.1% of patients with a normal
serum alkaline phosphatase (4 of 96) and in 40% with an
elevated serum alkaline phosphatase (10 of 25). Ruffolo
et al. evaluated 81 patients with symptoms suggestive of
biliary disease but normal ERCP and no gallbladder
stones on transcutaneous ultrasound by scintigraphic
gallbladder ejection fraction and endoscopic SOM.
Fifty-three percent of patients had SOD and 49% had
an abnormal gallbladder ejection fraction. SOD oc-
curred with a similar frequency in patients with an ab-
normal gallbladder ejection fraction (50%) and a
normal ejection fraction (57%).

The approach to patients with suspected SOD and
intact gallbladder is frequently a challenging problem.
In patients that have a clearly abnormal gallbladder
ejection fraction (GBEF) of less than 35%, it seems pru-
dent to proceed with laparoscopic cholecystectomy. In
patients with a low GBEF, this approach may provide
relief of symptoms for 70ÿ80% of patients. Although
there is some evidence that cholecystectomy may exac-
erbate SOD by loss of the gallbladder reservoir function
and decreased compliance, the risks of laparoscopic
cholecystectomy are less than those of ERCP with
SOM. Patients with a borderline or normal GBEF pres-
ent a diagnostic and therapeutic dilemma as well. A
recent study has suggested that symptom reproduction

TABLE II Pancreatic Sphincter Dysfunction and Re-

current Pancreatitis: Response to Sphincter Therapy

Treatment

Number of patients

improved/total number

of patients

Biliary sphincterotomy alone 5/18 (28%)

Biliary sphincterotomy

followed by pancreatic

sphincter balloon dilation

13/24 (54%)

Biliary sphincterotomy plus

pancreatic sphincterotomy

at later session

10/13 (77%)a

Biliary sphincterotomy and

pancreatic sphincterotomy

at same session

12/14 (86%)a

a p5 0.005 vs. biliary sphincterotomy alone.
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after CCK infusion may be as important as GBEF in the
evaluation of ultrasound-negative biliary colic. These
results would tend to favor a trial of cholecystectomy
before proceeding with SOM in patients with intact gall-
bladder and suspected SOM. The GBEF may be mis-
leading in patients who have had previous biliary
sphincterotomy, with a lack of gallbladder ®lling seen
in 75% postsphincterotomy.

FAILURE TO ACHIEVE SYMPTOMATIC
IMPROVEMENT AFTER BILIARY
SPHINCTEROTOMY

There are several potential explanations as to why pa-
tients may fail to achieve symptom relief after biliary
sphincterotomy is performed for well-documented
sphincter of Oddi dysfunction. First, the biliary
sphincterotomy may have been inadequate or restenosis
may have occurred. Although the biliary sphincter is
commonly not totally ablated, one study indicates
that clinically signi®cant biliary restenosis occurs rela-
tively infrequently. If no `̀ cutting space'' remains in such
a patient, balloon dilation to 8ÿ10 mm. may suf®ce, but
long-term outcome from such therapy is unknown.

Second, the importance of pancreatic sphincter ab-
lation is being increasingly recognized. One report has
shown that 25 of 26 patients (mostly type II), who
failed to respond to biliary sphincterotomy, had ele-
vated pancreatic sphincter pressure. Endoscopic pan-
creatic sphincterotomy was performed with overall
symptomatic improvement in two-thirds of patients.
Another group performed pancreatic sphincterotomy
on 43 type I and type II SOD patients who failed to
bene®t from biliary sphincterotomy alone. During the
followup period, 72% were symptom free and 19%
were partially or transiently improved. A study by a
different group also presented data demonstrating that
response to sphincterotomy depends on treating the
diseased sphincter segment. Speci®cally, the outcome
from biliary sphincterotomy alone depended on
whether the biliary, pancreatic, or both sphincters
were abnormal. Patients with pancreatic sphincter
hypertension who fail to improve from biliary
sphincterotomy alone can be `̀ rescued'' by undergoing
pancreatic sphincterotomy. In this study, 80% of pa-
tients with isolated biliary sphincter hypertension
bene®ted from biliary sphincterotomy during a 17-
month followup period. In contrast, 15% of patients
with isolated pancreatic sphincter hypertension and
50% with combined sphincter disease improved. How-
ever, when patients with persistent symptoms and el-
evated basal pancreatic sphincter pressure were then

treated with a pancreatic sphincterotomy, the improve-
ment rate was 77% for the group with isolated pancre-
atic sphincter hypertension and 80% for the group with
combined sphincter disease. Overall, 79% of patients
improved after a biliary sphincterotomy and selective
pancreatic sphincterotomy, compared with a 45% ben-
e®t rate if only biliary sphincterotomy was done.

A third explanation as to why patients may fail to
respond to sphincterotomy is because they have chronic
pancreatitis. These patients may or may not have abnor-
mal pancreatograms. Endoscopic ultrasound may show
parenchymal and ductular changes of the pancreas in
some of these patients, suggesting chronic pancreatitis.
Finally, some patients may be having pain from altered
gut motility of the stomach, small bowel, or colon (ir-
ritable bowel or pseudo-obstruction variants). There is
increasing evidence that upper gastrointestinal motility
disorders may masquerade as pancreatobiliary-type
pain (i.e., discrete right upper quadrant pain). Multiple
preliminary studies show disordered duodenal motility
in such patients. This area needs much more study to
determine the frequency, signi®cance, and/or coexis-
tence of these motor disorders along with SOD. A recent
study suggested that type III patients have duodenal
speci®c visceral hyperalgesia with pain reproduction
by duodenal distension. These patients were also
shown to have high levels of somatization, depression,
obsessiveÿcompulsive behavior, and anxiety compared
to control subjects.

SUMMARY

In summary, our knowledge of sphincter of Oddi dys-
function and manometric techniques to assist in this
diagnosis are evolving. Successful endoscopic SOM re-
quires good general ERCP skills and careful attention to
the main details involved. If SOD is suspected in a type
III or mild to moderate pain level type II patient, medical
therapy should generally be tried. If medical therapy
fails or is bypassed, ERCP and manometric evaluation
are recommended. The role of less invasive studies re-
mains uncertain due to unde®ned sensitivity and spec-
i®city. Sphincter ablation is generally warranted in
symptomatic type I patients and type II and type III
patients with abnormal manometry. The symptom relief
rate varies from 55 to 95%, depending on the patient
presentation and selection. Initial nonresponders re-
quire thorough pancreatic sphincter and pancreatic pa-
renchymal evaluation. SOD patients have relatively high
complication rates after invasive studies or therapy.
Thorough review of the risk:bene®t ratio with individ-
ual patients is mandatory.
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Sphincterotomy
RUSSELL J. NAUTA AND ALLISON C. NAUTA
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retroperitoneum The space behind the peritoneal cavity and

anterior to the muscles and bones of the back, wherein

reside the blood vessels, nerves, and lymph nodes

associated with the abdominal viscera.

splanchnic nerve Nerves transmitting pain of visceral origin.

Sphincterotomy is the division of the specialized muscle

®bers de®ning an aperture. In the gastrointestinal tract,

the two sphincters typically divided are the sphincter of

Oddi and the internal anal sphincter. The aperture (am-

pulla) de®ned by the sphincter of Oddi is that at which the

common bile duct and pancreatic duct enter the duode-

num. The internal anal sphincter preserves fecal conti-

nence and is located between the anal canal and the

external environment.

DIVISION OF THE SPHINCTER OF ODDI

Patients in whom division of the sphincter of Oddi
is performed typically have symptoms referable to ob-
struction of the biliary tree (jaundice with or without
pain, dark urine, light stools) and laboratory studies
suggesting obstruction (elevation of the direct bilirubin,
alkaline phosphatase, and/or amylase levels). In¯amma-
tion of the pancreas or stones of biliary or pancreatic
origin causing obstruction typically have associated
pain and fever. Obstructions secondary to benign or
malignant tumor occluding the sphincter of Oddi clas-
sically present with painless jaundice and weight loss
from malabsorptive malnutrition. Pain associated with
malignant obstruction typically indicates surgically un-
resectable, advanced disease and splanchnic nerve in-
volvement from tumor ingrowth into the splanchnic
nerves of the retroperitoneum.

Division of the sphincter of Oddi (sphincterotomy)
is most typically performed with cold knife or electro-
cautery endoscopically introduced into the sphincteral
lumen and withdrawn through one side of the lumen. If
the sphincter is tight and precludes cannulation by this
method, a `̀ pre-cut'' technique may be used, where
endoscopic incision in the bile duct is made through
the common wall between the duodenum and the
bile duct. This incision is then carried to the ampulla.
Sphincterotomy both facilitates bile ¯ow and allows

access to the common duct so that impacted stones
might be removed or radiographic visualization of
the biliary and pancreatic ducts might be accom-
plished. The radiologic visualization of these ducts
through endoscopically guided retrograde injection
of contract is known as endoscopic retrograde
cholangiopancreatography. Visualization of the bile
duct may be diagnostic and determine whether surgery
is necessary for stone or stricture; if obstruction of
the bile duct has occurred from a benign process,
the sphincterotomy itself may also be therapeutic
and obviate the need for open surgical intervention.
In such instances, the sphincterotomy or associated
stone extraction relieves the patient's obstructive
symptoms.

Resting sphincter tone is decreased following
sphincterotomy. Although this often leads to some
low level of continuous ¯ow of bile into the duodenum,
additional relaxation of the sphincter still accompanies
the ingestion of a meal.

DIVISION OF THE LATERAL INTERNAL
ANAL SPHINCTER

The continence mechanism for fecal material involves
an anatomic and physiologic fusion of the anorectum's
longitudinal and circular muscle ®bers with the levator
ani muscles and those of the puborectalis sling. Anal
®ssure is a painful tear in the anal sphincter. Typically
seen in patients with constipation, the established ®s-
sure is recognizable by the typical linear tear in the
posterior midline and associated skin tag (sentinel
pile) just distal to the tear.

Division of the internal anal sphincter, as described
by Parks, breaks the cycle of pain, spasm, and recurrent
tearing, reducing resting anal pressures by 25ÿ50% for
at least 4ÿ6 years postoperatively.

The procedure may be performed under a general,
regional, or local anesthetic. Rather than dividing the
internal sphincter directly over the ®ssure, a lateral site
for the incision is chosen. The sphincter may be divided
by direct visualization through an incision made over it
or as a blind procedure wherein a knife is insinuated

Encyclopedia of Gastroenterology 444 Copyright 2004, Elsevier (USA). All rights reserved.



between the external and internal sphincters (the
intersphincteric groove) and the internal sphincter is
divided with a ®nger in the rectum to avoid entry into
the anal canal and creation of a ®stula-in-ano (Fig. 1).
The resultant decrease in tone facilitates spontaneous
healing of both the surgical wound and the original ®s-
sure. The procedure is rarely associated with inconti-
nence of solid stool or gas; fewer than 1% of patients
experience incontinence of mucous or of liquid stool.
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FIGURE 1 The scalpel is placed through a lateral stab wound made between the external and

internal anal sphincters (A). It is rotated (B) and advanced in a sawing motion to approach the mucosa

and the examining ®nger (C). The completed distal lateral sphincterotomy is shown in D.
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Sphincters
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re¯ux Backward ¯ow or movement, as in re¯ux of contents

from the stomach into the esophagus.

sphincter Ring of circular muscle surrounding and closing

an ori®ce.

Sphincters are present in a variety of locations along the

digestive tract. Some of the sphincters are composed of

skeletal muscle, others are composed of smooth muscle.

Skeletal muscle sphincters are controlled by the central

nervous system. Smooth muscle sphincters are controlled

by the enteric nervous system. There are two skeletal

muscle sphincters, the upper esophageal sphincter and

the external anal sphincter. Smooth muscle sphincters are

found at the gastroesophageal junction, gastroduodenal

junction, ileocolonic junction, and termination of the

large intestine in the anus.

SMOOTH MUSCLE SPHINCTERS

Smooth muscle sphincters consist of rings of muscle that
remain in a continuous state of contraction. Specialized
`̀ latch'' mechanisms in the contractile ®laments enable
sphincters to maintain contractile tone for extended
periods with minimal expenditure of energy. The effect
of the tonic contractile state is to occlude the lumen in a
region that separates two specialized compartments.
With the exception of the internal anal sphincter,
sphincters function to prevent the backward movement
of intraluminal contents. The internal anal sphincter
prevents uncontrolled movement of intraluminal con-
tents through the anus.

The lower esophageal sphincter prevents re¯ux of
gastric acid into the esophagus. Incompetence results in
chronic exposure of the esophageal mucosa to acid,
which can lead to heartburn and dysplastic changes
that may become cancerous. The gastroduodenal
sphincter, which is sometimes called the pyloric sphinc-
ter, prevents excessive re¯ux of duodenal contents into
the stomach. Incompetence of this sphincter can result
in the re¯ux of bile acids and proteolytic enzymes from
the duodenum. Bile acids and proteolytic enzymes are
damaging to the protective barrier in the gastric mucosa;
prolonged exposure can lead to gastritis and ulceration.

The ileocolonic sphincter prevents re¯ux of colonic
contents into the ileum. Incompetence can allow entry
of bacteria into the ileum from the colon and may result
in bacterial overgrowth. Bacterial counts are normally
low in the small intestine.

ENTERIC NERVOUS CONTROL

The ongoing contractile tone in the smooth muscle
sphincters is generated by myogenic mechanisms.
The contractile state is an inherent property of the mus-
cle and is independent of the nervous system. Transient
relaxation of the sphincter to permit the forward passage
of material is accomplished by activation of enteric in-
hibitory motor neurons that innervate the sphincteric
musculature.

The inhibitory innervation of the smooth muscle
sphincters is transiently activated for timed opening
and passage of luminal contents. Smooth muscle
sphincters remain tonically contracted, occluding the
lumen and thereby preventing the passage of contents
between adjacent compartments (e.g., between stomach
and esophagus). The inhibitory neurons that innervate
the sphincter are normally inactive and are switched on
with timing appropriate for coordination of the opening
of the sphincter with physiological events in adjacent
regions. When this occurs, the inhibitory neurotrans-
mitter relaxes the ongoing muscle contraction in the
sphincteric muscle and prevents excitation-contraction
in the adjacent muscle from spreading into and closing
the sphincter. Damage to or loss of the inhibitory
innervation of smooth muscle sphincters results in fail-
ure of the sphincter to relax. This results in the sphincter
becoming a barrier to the onward passage of the luminal
contents from compartment to compartment.

See Also the Following Articles
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autoantibody An antibody directed against oneself.

cross-sectional imaging Radiologic studies such as computed

tomography or magnetic resonance imaging, which

display the relevant anatomy as a series of `̀ slices'' from

which three-dimensional relationships can be inferred.

encapsulated organisms Bacteria with a well-developed cell

wall (e.g., pneumococcus).

hematopoiesis Creation of the formed elements of the blood

(e.g., red corpuscles).

sequestration Retention of formed elements of the blood as

they pass through the spleen, often leading to their

destruction or to enlargement of the spleen.

The normal spleen is a ®st-sized organ located beneath the

left hemidiaphragm. It has immunologic, hematopoietic,

and ®ltering functions, which vary with the patient's age;

alteration in these functions in disease may cause recog-

nizable syndromes characterized by changes in splenic

size, synthesis and sequestration of the formed elements

of the blood, and rate of removal of formed elements of the

blood from the circulation. Splenectomy may be indicated

for irreparable splenic injury, multiple organ injury, hy-

perfunction, increase in size, splenic neoplasm, splenic

abscess, or aneurysm of the splenic artery. Removal of the

spleen is accompanied by increased systemic susceptibil-

ity to infection, particularly with encapsulated organisms

and particularly in young patients.

INJURY TO THE SPLEEN

The spleen may be injured with a blunt blow to the
abdomen with or without overlying rib fracture. Rarely,
it may rupture with infectious diseases such as infec-

tious mononucleosis. In cases of rib fracture, the injury
caused by the penetrating fragments may be similar to
that occasioned by a traversing missile or by impale-
ment. In penetrating injury, suspicion of splenic injury
is further aroused by signs and symptoms of blood loss
in the presence of broken ribs or an appropriate trajec-
tory of the penetrating foreign body. In blunt trauma, rib
fracture, mechanism of injury, or Kehr's sign (left shoul-
der pain from ipsilateral diaphragmatic irritation) may
also raise suspicion. Signi®cant red blood cells in the
peritoneum on lavage or ¯uid on diagnostic ultrasound
with a plausible mechanism of injury may suggest the
need for laparotomy, as may more speci®c evidence
of organ injury on cross-sectional imaging. Isolated
splenic injuries do not require splenectomy in all cases;
some that do not involve the hilum may be managed
without laparotomy and some injuries may be success-
fully repaired at laparotomy. When the spleen is one of
multiple intra-abdominal organs injured, particularly
when one of the others is the colon, splenectomy is
preferable to splenic preservation. Although splenec-
tomy for some elective indications may be performed
laparoscopically, almost all splenectomies for trauma
are performed by open laparotomy because of the he-
modynamic urgency of the situation (hemorrhagic
shock) and the concomitant dif®culties in inspecting
both the spleen and the other organs by a laparoscopic
approach in the presence of signi®cant blood loss.

Because of its intimate relationship with the colon as
this viscus passes through the left upper quadrant and
because of the proximity of the spleen to the left kidney,
left adrenal, pancreatic tail, and greater curvature of the
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perfunction, increase in size, splenic neoplasm, splenic

abscess, or aneurysm of the splenic artery. Removal of the

spleen is accompanied by increased systemic susceptibil-

ity to infection, particularly with encapsulated organisms

and particularly in young patients.

INJURY TO THE SPLEEN

The spleen may be injured with a blunt blow to the
abdomen with or without overlying rib fracture. Rarely,
it may rupture with infectious diseases such as infec-

tious mononucleosis. In cases of rib fracture, the injury
caused by the penetrating fragments may be similar to
that occasioned by a traversing missile or by impale-
ment. In penetrating injury, suspicion of splenic injury
is further aroused by signs and symptoms of blood loss
in the presence of broken ribs or an appropriate trajec-
tory of the penetrating foreign body. In blunt trauma, rib
fracture, mechanism of injury, or Kehr's sign (left shoul-
der pain from ipsilateral diaphragmatic irritation) may
also raise suspicion. Signi®cant red blood cells in the
peritoneum on lavage or ¯uid on diagnostic ultrasound
with a plausible mechanism of injury may suggest the
need for laparotomy, as may more speci®c evidence
of organ injury on cross-sectional imaging. Isolated
splenic injuries do not require splenectomy in all cases;
some that do not involve the hilum may be managed
without laparotomy and some injuries may be success-
fully repaired at laparotomy. When the spleen is one of
multiple intra-abdominal organs injured, particularly
when one of the others is the colon, splenectomy is
preferable to splenic preservation. Although splenec-
tomy for some elective indications may be performed
laparoscopically, almost all splenectomies for trauma
are performed by open laparotomy because of the he-
modynamic urgency of the situation (hemorrhagic
shock) and the concomitant dif®culties in inspecting
both the spleen and the other organs by a laparoscopic
approach in the presence of signi®cant blood loss.

Because of its intimate relationship with the colon as
this viscus passes through the left upper quadrant and
because of the proximity of the spleen to the left kidney,
left adrenal, pancreatic tail, and greater curvature of the
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stomach, surgery on these organs may produce splenic
injury. Most such injuries can be repaired, but persistent
bleeding or deep instrumental injury may require
splenectomy for hemorrhage control.

SPLENECTOMY FOR ANEMIA

Hereditary spherocytosis is an autosomal dominant
disease related to bonding de®ciencies of the proteins
of the red blood cell membrane. Red cells lose their
deformability due to this abnormality and become
round (spherocytes) or elliptical (elliptocytes) when
viewed on smears of the peripheral blood. Shearing of
the red blood cell membrane on passage of blood
through the spleen results in an anemia with associated
jaundice, reticulocytosis, splenomegaly, and occasion-
ally pigmented gallstones as the aberrant cells are re-
moved from the circulation. Diagnosis is made by
examination of the peripheral smear in the proper clin-
ical setting. Splenectomy relieves the anemia, but the
cellular deformity persists.

Another autosomally inherited disease, thalassemia,
also produces cellular membrane rigidity, but in this
case by precipitation of excessive a-hemoglobin chains
in the presence of decreased production of b-chains.
Sequestration of blood in the splenic cords results in
intrasplenic hemolysis of red cells, enlargement of the
spleen, and tenderness. Removing the spleen surgically
addresses the component of the anemia occasioned by
the mechanical lysis, but not that occasioned by the
production of the abnormal hemoglobin.

In congenital anemias, an attempt is made to defer
removal of the organ well into childhood because of
concerns related to overwhelming postsplenectomy
sepsis. Removal of the organ before the age of 4 years
is justi®ed only by severe disease manifestations.

IMMUNOLOGIC REASONS
FOR SPLENECTOMY

The immunologic `̀ tagging'' of the formed elements of
the blood for premature removal by the spleen is the
descriptiveexplanationofferedforthelowplateletcounts
of idiopathic thrombocytopenic purpura (ITP) and the
acquired hemolytic anemias. In ITP, determination of
the circulating platelet count in patients with petechial
hemorrhage in the skin or mucous membranes, bleed-
ing without trauma, or bleeding out of proportion to
injury establishes the diagnosis of thrombocytopenia;
bone marrow aspirates showing megakaryocytes
and the absence of a pharmacologic reason for
thrombocytopenia support the diagnosis. Splenectomy
is reserved for patients failing courses of steroids or
other medical treatment or those requiring chronic

steroid administration to maintain an adequate platelet
count. Splenectomy is successful in raising the platelet
count to asymptomatic levels in 70% of patients; the
other 30% presumably retain immunoglobulin G
(IgG)-mediated platelet-destructive mechanisms in
other organs.

If the IgG autoantibody tags red blood cell mem-
brane proteins, red cells adhere to splenic macrophages,
which destroy them. Steroids again are the front-line
treatment, with salvage splenectomy in the event of
failure of medical management producing favorable re-
sponses in the ranges reported for ITP.

A splenectomy is effective for hemolytic anemia only
if the antibodies are warm-reacting; hemolysis for cold-
reacting antibodies is IgM-mediated and occurs intra-
vascularly rather than within the spleen. As with ITP,
the persistence of IgG (warm antibody)-mediated
hemolysis after splenectomy indicates a robust
macrophage depot elsewhere in the reticuloendothelial
system, liver, or bone marrow.

MECHANICAL HYPERSPLENISM

Hypersplenism is a condition characterized by pancy-
topenia and splenomegaly in the presence of an active
bone marrow. Primary treatment is administration of
corticosteroids, with splenectomy reserved for pharma-
cologic failure.

When the abnormal cells of a myeloproliferative
disorder, lipid storage disease, or lymphoproliferative
disorder in®ltrate the splenic red pulp, blood ¯ow
through the organ is diminished, leading to red blood
cell glucose deprivation and cell death by hemolysis. To
the extent that the marrow is in®ltrated as well, failure of
red cell production may augment the anemia. Produc-
tion of other formed elements may also be suppressed by
the in®ltrate. Splenectomy produces variable results,
depending on whether extramedullary hematopoiesis
augments formed element counts, and is usually pre-
ceded by a course of steroids or chemotherapy. When
salutary, it provides symptomatic relief (as the palpable
and symptomatic enlargement of such spleens leads to
early satiety) and may facilitate the administration of
drugs to treat the primary disorder.

The spleen is often enlarged as part of the rise in
tributary pressures of the valveless portal system in pa-
tients with portal hypertension. When asymptomatic,
splenectomy for enlargement alone is not indicated.
Splenic vein decompression with portasystemic shunt
or transjugular intrahepatic portasystemic shunt, rather
than splenectomy, is the treatment is of choice for
thrombocytopenic portal hypertensive patients if the
splenic vein is patent. In cases where bleeding gastric
varices occur because of splenic vein thrombosis,
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splenectomy ameliorates the bleeding in controlling
back pressure from the thrombosed splenic vein,
which is transmitted to the gastric varix. It is by this
decompression that the hemorrhage abates.

Splenectomy for mechanical hypersplenism carries
an operative mortality rate of 15ÿ30%, as opposed to
less than 5% for elective splenectomy for nonmechan-
ical causes.

MISCELLANEOUS REASONS
FOR SPLENECTOMY

The spleen may be an embolic site for bacteria from an
infected heart valve or traumatic site and splenic abscess
may ensue. Diagnosis is made by noting the abscess on
cross-sectioned imaging or observing a defect on
liverÿspleen scan performed for persistent infection.
Splenic abscess is treated by splenectomy.

Aneurysms of the arterial blood supply to the spleen
may rupture and require splenectomy. Rupture, how-
ever, is too rare a complication to produce a uniform
recommendation for prophylactic splenectomy.
Women having a splenic artery aneurysm and contem-
plating pregnancy should be advised of the increased
risk of rupture during pregnancy.

TECHNIQUES OF SPLENECTOMY

The spleen may be removed by open surgery or by a
laparoscopic technique. In both techniques, the separa-
tion of the greater curvature of the stomach from the
splenic ¯exure of the colon occurs by dividing the fatty
tissue in the gastrocolic omentum. As the dissection is
carried cephalad along the greater curvature of the
stomach, the greater curvature may be brought forward
and folded upward to expose the splenic artery origi-
nating from the celiac axis; the short gastric vessels are
seen and divided high on the greater curvature. In op-
erations performed for low platelet counts (e.g., ITP),
the splenic artery may be secured on visualization, al-
lowing platelet transfusion before division of the re-
maining vessels and mobilization of the spleen.

STAGING OF HODGKIN'S DISEASE

The spleen is sometimes involved with malignant lym-
phoma. Operative removal of the spleen, liver biopsy,
and lymph node sampling were commonplace before
computed tomography and lymphangiogram were
shown to accurately stage Hodgkin's disease in most
cases. Such `̀ staging laparotomy'' is now reserved for
individuals with equivocal imaging where differences

in treatment result from knowing whether or not the
spleen is involved.

COMPLICATIONS OF SPLENECTOMY

Removal of the spleen may be accompanied by bleeding.
This may be from a named vessel or from surgical di-
vision of splenic capsular adhesions to the abdominal
side wall or diaphragm. Thrombocytopenic conditions
increase the likelihood of bleeding from such sites.

Damage to the pancreatic tail during splenectomy
may result in pseudocyst formation as pancreatic ductal
integrity is lost and the ®broblastic containment is in-
complete. When the pancreatic tail is thought to have
been potentially injured during splenectomy, a drain is
left in the splenic fossa; high amylase levels from the
drainage ef¯uent suggest that the drain be retained. The
resultant pancreaticocutaneous ®stula will often close
without surgery. Left subphrenic abscess from superin-
fection of blood or pseudocyst contents may require
radiologic or open drainage. Howell-Jolly bodies (nu-
cleated red cells) and thrombocytosis (sometimes to
greater than 1,000,000 platelets per cubic centimeter)
may occur following splenectomy. Antibody production
by the spleen stops with splenectomy, with a concom-
itant decrease in opsonization of encapsulated bacteria.

Overwhelming postsplenectomy sepsis represents
the end result of a predisposition to infection with
pneumococcus, meningococcus, and Haemophilus in¯u-
enza bacteria as a consequence of splenectomy. Most
fatalities occur in children and concerns for the devel-
opment of postsplenectomy sepsis have prompted some
to recommend long-term penicillin therapy following
splenic removal in the pediatric population. In the adult
population, increased awareness of the potential for
infection and lower threshold for antibiotic treatment
of upper respiratory infections are suggested in post-
splenectomy patients.

In most cases of elective splenectomy, the operation
is preceded by vaccination for the encapsulated organ-
isms; the resultant antibodies may be at least transiently
protective.

See Also the Following Article
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Stents
RUSSELL J. NAUTA AND ALLISON C. NAUTA

Harvard University and Mount Auburn Hospital

ampulla of Vater The aperture surrounded by the sphincter

of Oddi.

sphincter of Oddi Circular muscle located at the aperture

where common bile duct and pancreatic ducts join the

duodenum.

T-tube Synthetic tube in the shape of a `̀ T'' whose transverse

limb stents the site of an incision in the bile duct and

whose vertical limb is brought through that incision and

through the abdominal wall. Biliary anatomy may be

de®ned by the injection of contrast material through the

vertical arm and stones may be manipulated through it.

A stent is a tubular prosthesis introduced into a hollow

viscus to ensure that the viscus retains a minimum func-

tional diameter despite obstruction occasioned by occlus-

ion of the visceral lumen by stone, tumor, or extrinsic

compression. Stents may be used temporarily in situa-

tions in which resolution of the obstruction is likely to

occur or to ensure minimal visceral diameter in diverse

processes (e.g., cancer) wherein the compromise of vis-

ceral diameter is anticipated to be permanent or progres-

sive. Typical sites for visceral stent placement in

decreasing order of frequency are the biliary tree, the

esophagus, the pancreatic duct, and the sigmoid colon.

Neoplastic disease of gastrointestinal origin may occa-

sionally lead to permanent placement of stents in the

ureter(s) to permit continued passage of urine from the

upper urinary tracts to the bladder. Some surgeons use

temporary ureteral stents as a means of palpably identi-

fying the ureters during operations on the sigmoid colon.

Stents (named for a 19th century dentist, Dr. William
Stent) are typically introducedunderendoscopic or¯uo-
roscopic guidance and placed in a position where the
prosthesiswill allownormalpassageof foodorsecretions
through the narrowed segment because both of its ends
are in undiseased or unobstructed regions of the viscus
(Fig. 1). Visceral stents may be solid or webbed and are
typically fashioned of plastic or metal.

THE BILE DUCT

The unobstructed biliary tree is `̀ self-¯ushing'' by the
four cooperative processes of ongoing bile production,
relaxation of the sphincter of Oddi with meal ingestion,

propulsion of bile by gallbladder contraction, and in-
trinsic peristalsis of the biliary tree. Stasis of bile behind
malignant strictures, benign strictures, or stones predis-
poses to cholangitis, as indigenous bacteria, failing to be
expelled into the gut, proliferate. This may lead to local
or systemic infection. Instrumentation of the biliary tree
endoscopically or transhepatically may introduce exo-
genous bacteria into an obstructed system as an un-
wanted by-product of therapy.

Biliary Obstruction Secondary to
Stone Disease

The endoscopic release of biliary obstruction due to
stones involves retrograde manipulation of the biliary
tree and extraction of stones through the ampulla of

FIGURE 1 A stent traverses an area of obstruction, permitting

¯ow through it. The ends of the stent are in normal areas of the

obstructed organ.
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Vater; an operating endoscope traverses the mouth,
pharynx, esophagus, and stomach to reach the duode-
num. Endoscopic access to the ampulla for stone ex-
traction and biliary drainage is facilitated by
enlargement of the ampulla of Vater by cutting the sur-
rounding sphincter of Oddi (cf. sphincterotomy). Con-
®dence that swelling or a retained stone would not result
in cholangitis from endogenous or introduced bacteria
is enhanced by the introduction of temporary stents
through the endoscope to span the ampulla at the
end of the extraction procedure. One end of such a
stent rests in the bile duct and the other rests in the
duodenum. As with T-tubes left in the bile duct after
surgical manipulation, stents are typically removed
when stones are documented to be absent on a
subsequent radiologic study and/or when swelling
from the manipulation of sphincterotomy has subsided
and free drainage of bile from the duct can be
documented.

Biliary Obstruction Secondary to Pancreatitis

The most common reason for extrinsic compression
of the bile duct is in¯ammation or injury of the pancre-
atic head, with resultant swelling of the ampulla. Such
swelling can cause derangement of liver function tests
similar to that seen in obstructing stone or tumor.
Diagnostic endoscopic retrograde cholangiopan-
creatogram (ERCP) with therapeutic stenting of a bile
duct obstructed from pancreatitis may exclude stones as
the cause of the in¯ammation and normalize elevated
levels of alkaline phosphatase, transaminases, total
bilirubin, and conjugated bilirubin. Treatment of the
pancreatitis itself is supportive (cf. pancreatitis) and
some such structures resolve with the resolution of
the in¯ammation.

Malignant Obstruction of the Biliary Tree
and Esophagus

Malignant obstruction of the common bile duct
secondary to neoplasm of the distal bile duct, ampulla
of Vater, or pancreatic head produces elevation of liver
function tests. ERCP shows neither a silhouetted stone
in transit nor the smooth stricture of pancreatitis, but an
abrupt end of both pancreatic and bile ducts in the
region of the ampulla (the so-called double duct
sign). Endoscopic manipulation of the ampulla for di-
agnostic cytology or retrograde injection of the contrast
to de®ne the anatomy during ERCP may introduce bac-
teria into an obstructed system. Stent placement may
allow normalization of liver function tests in anti-
cipation of an operation performed to resect or
bypass the neoplasm with curative or palliative intent.

Alternatively, in patients at high risk or with metastatic
disease, stent placement is intended to be permanent
and to provide a palliative alternative to open surgery.
Because of the stent's small caliber and resultant
tendency to obstruct with biliary debris, endoscopic
replacement is often required or performed prophylac-
tically at 3-month intervals.

With esophageal malignancies, lifetime stenting is
considered as an alternative to surgery because a ma-
jority of patients subjected to `̀ curative'' surgery for ma-
lignant stricture in this region do not survive 5 years.

STENTING OF THE PANCREAS

Repeated bouts of alcoholic pancreatitis produce
segmental stricturing of the pancreatic duct with
stone formation and pain. ERCP de®nes whether the
®brotic ductal changes as the gland heals are obliterative
or obstructive. Surgical decompression of the duct with
longitudinal pancreaticojejunostomy (Puestow proce-
dure) or ablative procedures of the tail [distal pancre-
atectomy or retrograde drainage of the pancreatic duct
(the Duval procedure)] have wide variation in success of
relieving pain and allowing withdrawal of narcotics de-
pending on whether the pain is due to obstruction or
in¯ammation. Interventional failures may be multifac-
torial in this population. Alcoholic recidivism may
cause painful recurrent attacks of acute pancreatitis.

Permanent stenting of the pancreatic duct as an al-
ternative to surgery to relieve the pain of chronic ob-
struction is controversial, as the small caliber of the
stents requires frequent changes for occlusion. Some
have suggested stents as a predictive tool to de®ne
who would bene®t from a surgical decompressive ap-
proach and traverse the obstruction in the pancreatic
duct. Such stents are introduced through the ampulla
during ERCP. The absence of relief from stenting pre-
dicts a minimal impact of surgical duct decompression
on narcotic requirements.

STENTING OF THE COLON

Placement of a stent in the sigmoid colon to facilitate
bowel preparation for an obstructing cancer or as an
alternative to surgical resection or diversion is contro-
versial. Placed retrograde through a colonoscope, the
prosthesis clogs easily with solid fecal material indige-
nous to the left colon; it may also dislodge, erode, cause
bleeding, or pass with the stool. The use of stents to
ensure a minimal diameter for the sigmoid colon com-
petes unfavorably with surgery; even with metastatic
disease, most patients with sigmoid colon cancer can
be surgically resected or diverted. Few patients able to
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have sigmoid resection are so obstructed that no me-
chanical preparation of the bowel can be carried out.
Intraoperative alternatives to stenting, such as on-the-
table bowel irrigation, further limit the role of stenting.

STENTING AS AN ADJUNCT
TO SURGERY

When surgical resection or bypass involves anastomosis
of a small duct, such as the pancreatic duct or bile duct,
to the small intestine, some surgeons advocate tempo-
rary stents to ensure a guaranteed anastomotic diameter,
thereby ensuring patency and facilitating drainage as
anastomoses heal. The absence of controlled studies
makes it impossible to determine whether such an ap-
proach is bene®cial; for larger anastomoses (e.g., of
ducts enlarged by chronic obstruction), most surgeons
do not use such a prosthesis.

URETERAL STENTS AND THE
GASTROINTESTINAL TRACT

Ureteral stents are used in association with treatment of
gastrointestinal disease in two circumstances: to iden-
tify and preserve ureters during operations on the gas-
trointestinal tract in which such identi®cation might be
dif®cult and to ensure renal function in obstructing
pelvic cancers.

Stents placed to avoid ureteral injury are introduced
through retrograde cystoscopic cannulation of the
ureteral ori®ces with rigid tubes. In operations on the
lower gastrointestinal tract (e.g., sigmoid colon for

diverticulitis or malignant disease), such identi®cation
is said to help some surgeons avoid injury.

For advanced pelvic malignancy, the need for stents
is often identi®ed by alteration in renal function or
demonstration of distal ureteral obstruction on a radio-
graphic study such as ultrasound or computed tomog-
raphy. Stenting is preferable to anuria in circumstances
in which a therapeutic impact on the obstructing
malignancy is likely. When obstructing malignancy is
unlikely to be able to be successfully treated, ureteral
obstruction may be left unstented, as the toxicity of renal
failure occasions a death preferable to that of a painfully
growing untreatable pelvic malignancy. When chronic
ureteral stenting is used, stent changes are often re-
quired because of debris collection in the small-
lumen tubes.
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Stomach, Adenomas and Carcinomas of the
GORDON D. LUK

Digestive Health Associates of Texas, Bedford

acanthosis nigricans Darkly pigmented velvety patches of

skin folds found in association with gastrointestinal

malignancies.

chromoendoscopy Spraying of a dye that can be seen

endoscopically and that may highlight surface irregula-

rities or speci®c histologic features.

dermatomyositis In¯ammatory myopathy manifested by

symmetric proximal muscle weakness and skin rash,

often in association with malignancies.

endoscopic ultrasound (endosonography) Use of an ultra-

sound transducer at the endoscope tip to obtain

sonographic images of anatomic structures adjacent to

the endoscope.

incidence Number of new cases of a speci®c disease found

in a de®ned population over a speci®c time period (such

as the number of new cases over a 1-year period).

LeserÿTrelat sign Sudden appearance of multiple seborrheic

keratoses, often concomitant with acanthosis nigricans,

found in association with gastrointestinal malignancies.

premalignant polyp Cell growth that has the potential of

progressing to a malignancy over time.

prevalence Number of existing cases of a speci®c disease

found in a de®ned population at one speci®c point

in time.

Trousseau's syndrome Migratory super®cial thrombophle-

bitis occurring as a result of a hypercoagulable state,

often in association with or preceding the diagnosis of

cancer.

Gastric polyps are nonmalignant, protruding,

intraluminal masses inside the stomach, found in

1ÿ2% of patients. Adenomas account for about 10% of

gastric polyps. Adenomas are premalignant polyps, and

are believed to progress to malignant gastric neoplasms

over time. Nonadenomatous polyps generally have no

documented malignant potential (with the possible ex-

ception of gastric fundic polyps in patients with familial

adenomatous polyposis). Gastric carcinomas (also called

gastric cancers), or adenocarcinomas of the stomach, in-

clude carcinomas in the cardia, which also involve the

esophagogastric junction. They do not include squamous

cell carcinomas (almost universally with an esophageal

primary) involving the esophagogastric junction. Carci-

nomas of the stomach account for about 90% of all

malignant gastric neoplasms, which also include lympho-

mas, stromal cell tumors, and carcinoids.

ADENOMAS OF THE STOMACH

Adenomas of the stomach are found throughout the
stomach, but are more common in the antrum and
along anastomoses. They are variable in size, ranging
from a few millimeters to several centimeters in diam-
eter. They are true premalignant gastric polyps. Their
malignant potential increases with increasing size, in-
creasing villous component, higher degree of dysplasia,
and multiplicity in number. In adenomas larger than
2 cm, there is about a 10% frequency of carcinoma
within the adenoma.

Although there have been no large-scale prospective
studies, some reports suggest an association of gastric
adenomas with colon adenomatous polyps. Patients
with gastric adenomas may have a fourfold higher
risk of having colon adenomatous polyps, and those
with colon adenomatous polyps may have up to a
20-fold increase in gastric adenomas. A special clinical
setting involves the patient with familial adenomatous
polyposis. These patients often have multiple fundic
gland polyps. Sporadic fundic gland polyps in patients
without familial adenomatous polyposis appear to have
no malignant potential. However, in patients with fa-
milial adenomatous polyposis, their fundic gland polyps
may be pathogenetically distinct from sporadic fundic
gland polyps, carry genetic alterations, and have malig-
nant potential. In patients with familial adenomatous
polyposis, polypectomy or biopsies of multiple fundic
gland polyps are needed to detect adenomatous or ma-
lignant changes. In addition, because of the increased
frequency of gastroduodenal cancers in such patients,
periodic surveillance endoscopy is indicated.

Small gastric adenomas less than 1 cm in size, like
most other small gastric polyps, are usually asymptom-
atic. But larger adenomas, because of their propensity to
be located in the antrum, may cause gastric outlet ob-
struction, epigastric distress or pain, as well as occult or
overt bleeding. With the wide use of endoscopy exam-
inations, most gastric adenomas are diagnosed during
endoscopic examinations, usually for abdominal pain or
occult blood loss. When found, all gastric polyps should
be excised totally by polypectomy if feasible. If total
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excision is not possible, a focus of invasive carcinoma
could very well be missed. For multiple gastric polyps,
the largest ®ve or six should be removed totally by poly-
pectomy, followed by biopsy of a representative sample
of the remainder. For adenomas larger than 2 cm, en-
doscopic ultrasound may be helpful in determining
which layers of the stomach wall are involved. If invasive
carcinoma is found or if there are multiple large gastric
adenomas, a subtotal gastrectomy might be indicated.
Once gastric adenomas are found, the patient probably
should have a surveillance endoscopy at 1 year. If there
is recurrence of adenomatous polyps or if adenomatous
tissue is present on biopsy, surveillance endoscopy
1 year later is again indicated. If the repeat examination
at 1 year is negative, the next endoscopy could be de-
layed for 3 to 5 years, analogous to the current recom-
mendation for the surveillance of colon adenomatous
polyps. No surveillance is indicated if the gastric polyp
is nonadenomatous.

Several small-scale studies suggest that Helicobacter
eradication may lead to regression of gastric adenomas
and delay or inhibit their progression to cancer. Erad-
ication of Helicobacter in patients with gastric adenomas
and concomitant Helicobacter infection would appear
warranted.

CARCINOMAS OF THE STOMACH

Introduction

In the United States, carcinoma of the stomach is the
eleventh most common type of cancer and is the four-
teenth leading cause of cancer death. For the year 2003,
22,400 new cases of, and 12,100 deaths from, carcinoma
of the stomach were projected. Worldwide, carcinoma
of the stomach remains the second most common cancer
and the second most common cause of cancer death,
despite a continuing worldwide decline in prevalence
and death rate over the past seven decades. Even with
the decline in the overall incidence of carcinomas of the
stomach, the decline is primarily that of carcinomas in
the distal stomach; whereas the incidence of carcinomas
in the gastric cardia has been increasing rapidly in the
past three decades. This appears to be accounted for
primarily by an increase in carcinomas associated
with Barrett's esophagus.

Worldwide, there is also a 10-fold or greater
difference in the incidence and prevalence of carcino-
mas of the stomach, with the highest incidence in Japan,
Korea, China, and eastern Europe, and the lowest inci-
dence in North America, western Europe, Australia, and
New Zealand. Even within the same country, incidence
can be markedly variable. For example, there is a high

incidence in the mountainous regions of Columbia, but
not in the coastal regions. This regional difference has
been attributed to environmental factors. Japanese im-
migrants in the United States have about a 25% reduc-
tion in incidence of gastric carcinomas compared to the
general Japanese population. The second generation has
more than a 50% reduction, and subsequent generations
have an incidence comparable with that of the general
United States population.

Etiology and Risk Factors

The pathogenesis of carcinomas of the stomach is
most likely multifactorial. There has long been postu-
lated a sequence of histologic premalignant changes,
progressing from atrophic gastritis to intestinal meta-
plasia and ultimately to carcinoma. These premalignant
histologic changes may be necessary but clearly are not
suf®cient. The existence of a genetic predisposition is
suggested by the ®nding of carcinoma of the stomach in
patients with Lynch syndrome II, one of the hereditary
nonpolyposis colorectal cancer syndromes. Many pa-
tients with familial adenomatous polyposis also develop
adenomas and carcinomas of the stomach. In addition,
studies have shown an approximately twofold increase
in the relative risk of carcinomas of the stomach in twins
and in ®rst-degree relatives of patients with gastric car-
cinomas.

Currently, it appears that the most clinically signi-
®cant risk factor is Helicobacter pylori infection. Patients
with Helicobacter infection have a three- to eight-fold
increased risk of developing carcinomas of the stomach.
The exact pathogenetic mechanisms have not been de-
®ned. With the increasingly frequent detection of
Helicobacter infection, speci®cally in association with
peptic ulcer disease, there is ongoing use of antibiotics
to eradicate chronic Helicobacter infections in devel-
oped countries. This may eventually help fuel further
declines in the prevalence and incidence of carcinomas
of the stomach.

Many other risk factors have also been proposed for
carcinomas of the stomach. However, most of these
other risk factors have been associated with only
small and inconsistent increased risks. The strongest
risk factors, other than heredity and Helicobacter infec-
tion, include pernicious anemia, previous gastrectomy
or gastric surgery, chronic atrophic gastritis, and intes-
tinal metaplasia.

Clinical Manifestations

The clinical presentation of carcinomas of the stomach
is dramatically different in Japan compared to the rest of
the world. Japan has very high incidence and has had a
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national screening program in place since the 1960s. Per-
haps as a result of the aggressive screening program, car-
cinomas of the stomach tend to be at an early stage when
diagnosed in Japan. Early gastric cancer, de®ned as carci-
noma limited to only the mucosa and submucosa, ac-
counts for up to 50% of cases of gastric carcinomas in
Japan. However, early gastric cancer accounts for fewer
than 20% of cases in the United States.

Early gastric cancer tends to be asymptomatic in up to
80% of patients. In advanced gastric carcinoma, i.e., in
patients with later stage disease, the most common ®nd-
ings are weight loss and abdominal pain. In addition, nau-
sea and vomiting, anorexia, dysphagia, occult or overt
gastrointestinal blood loss, early satiety, and symptoms
of peptic ulcer disease are found in more than one-quarter
of patients. All of these symptoms are, of course, nonspe-
ci®c. In addition, advanced gastric carcinomas may also
present with nodal metastases and intraabdominal metas-
tases, and their associated signs and symptoms, including
adenopathy, ascites, and gastrointestinal obstruction.
Paraneoplastic conditions, such as Trousseau's syndrome,
acanthosis nigricans, LeserÿTrelat sign, and dermatomyo-
sitis, have been described.

Diagnosis

The diagnosis of carcinoma of the stomach is best
made by endoscopy with biopsy. The endoscopic ap-
pearance of carcinomas can range from polypoid
masses, often with ulcerations, to ulcerating masses,
and to super®cial and in®ltrating lesions. Both early
and advanced carcinomas have been classi®ed morpho-
logically, but the morphologic classi®cations have lim-
ited clinical value for staging, treatment, or prognosis.

De®nitive tissue diagnosis requires endoscopic biopsy.
Diagnostic accuracy is highest when at least six biopsies
are taken. If an ulcer is present, biopsies should be taken
from the edge and base of the ulcer and not from the
necrotic debris. Chromoendoscopy with dye staining
may help highlight suspicious areas to guide targeted bi-
opsy. Contrast radiological studies may be used for diag-
nosis, but a followup endoscopic examination with biopsy
is still indicated to con®rm tissue diagnosis and guide
subsequent treatment and management.

Imaging studies may also be helpful in staging. Com-
puted tomography (CT) scans are especially helpful in
detecting pulmonary or hepatic metastases, as well as
intraabdominal and large peritoneal metastases. CT
scans often underestimate the size and extent of involve-
ment of the primary tumor and can miss small intra-
abdominal and peritoneal metastases of 5 mm or less,
and are therefore prone to understaging. Endoscopic
ultrasound is most helpful for de®ning the extent of

the primary tumor. It can have up to 90% accuracy in
de®ning the depth of invasion, and this is especially
helpful in differentiating early gastric cancer from
more advanced disease. Endoscopic ultrasound is also
helpful in detecting perigastric lymph node involve-
ment. In addition, endoscopic ultrasound-guided ®ne
needle aspiration can enhance staging accuracy. How-
ever, distant lymph nodes, the liver, and the lungs can-
not be imaged satisfactorily. In patients who present
higher surgical risks, some surgeons also prefer preop-
erative laparoscopy to detect small peritoneal metasta-
ses and to determine surgical resectability.

Screening

Japan is the only country that has published results
of large nationwide population screening programs for
carcinomas of the stomach. Screening was initially by
double-contrast radiographs, then by intragastric cam-
eras, but is now done totally by endoscopy. About
7 million persons are screened and about 7000 cases
of carcinomas of the stomach are identi®ed annually.
This accounts for more than 100 cases per 100,000
persons screened. More than 50% of gastric carcinomas
detected by screening are early gastric cancers. About
90% have no lymph node involvement, undergo cura-
tive resection, and have 5- and 10-year survival rates of
greater than 90%. Further analysis shows that persons
undergoing screening have 50% lower risks of dying
from carcinomas of the stomach compared to those
who do not participate in screening.

In the rest of the world, including the United States,
the incidence of carcinomas of the stomach is markedly
lower and renders screening less clinically effective and
thus much less cost-effective. In the United States, even
in persons with identi®ed predisposing risk factors,
such as Helicobacter infection, pernicious anemia, pre-
vious gastrectomy, chronic atrophic gastritis, and intes-
tinal metaplasia, screening does not appear to have
value. Although there are no published data or clinical
trials, relative risk data suggest that screening can be
recommended only for patients with identi®ed adeno-
mas of the stomach, as well as those with familial ade-
nomatous polyposis and hereditary nonpolyposis
colorectal cancer.

Staging

The most important factor in determining the cura-
tive resectability and prognosis of carcinomas of the
stomach is clinical stage. There are minor differences
in the staging systems currently in use, but most systems
are comparable. Most generally accepted staging
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systems are based on the primary tumor (T), nodal
involvement (N), and metastasis (M) (TNM) system,
whereby these factors are used to determine a clinical
stage. Patients with carcinoma (tumor) in situ (Tis) or
intraepithelial neoplasia have stage 0 disease, and have
a chance of 5-year survival of close to 100%. Those with
T1 tumors, limited to the mucosa and submucosa (also
termed early gastric cancer), are generally stage I, and
have 5-year survival rates of higher than 90%. T2 tu-
mors, with involvement of the muscularis propria, gen-
erally fall into stages II and III, and patients have 5-year
survival rates of about 50%. Patients with T3 tumors,
which involve the serosa and are generally stage III, have
5-year survival rates of about 20%. Patients with T4
tumors, which involve adjacent organs and structures,
almost always have nodal involvement or distant me-
tastases. They usually have stage IV disease and have
virtually a 0% 5-year survival rate (Figs. 1 and 2).

Treatment

Surgical resection of the primary carcinoma and ex-
cision of adjacent involved lymph nodes remain the
standard of treatment. Even with advanced disease
that is not amenable for cure, surgical resection with
palliative intent remains the most effective way of pro-
viding symptomatic relief, with relief of abdominal pain
and obstructive symptoms in more than 50% of patients.
Therefore, laparotomy or laparoscopy with curative

intent and to optimize palliation should be carried
out in virtually all patients except those who are not
surgical candidates or those with advanced distant
metastases and no local obstructive symptoms. For
patients with polypoid early gastric cancers, Japanese
endoscopists will perform endoscopic mucosal resec-
tion, although this technique has not seen wide use
in the United States. For those patients not amenable
to surgical resection or palliation, or for those in whom
surgical palliation is not possible, endoscopic balloon
dilation, stent placement, thermal therapy, laser ther-
apy, or photodynamic therapy can provide palliation in
selected patients.

The high recurrence and relapse rates after curative
and palliative resections have prompted numerous
studies on preoperative and postoperative adjuvant
therapy. So far, there is no evidence that preoperative
adjuvant radiation therapy or chemotherapy has any
survival bene®t. Similarly, postoperative radiation ther-
apy has also not shown any survival bene®t. Postoper-
ative adjuvant therapy, as well as chemotherapy for
advanced nonresectable disease, has shown a small sur-
vival bene®t. More than 30 chemotherapeutic agents,
used as single agents or in combination, have been tested
in clinical trials. Successful single-agent or combination
chemotherapy regimens have shown about a 30% re-
sponse rate, almost always partial responses, but no or
only limited survival bene®t. The current standard

FIGURE 1 Classi®cation of gastric carcinomas by depth of primary tumor invasion (T classi®-

cation). In the tumor/node/metastasis (TNM) classi®cation, T denotes depth of invasion. Tis desig-

nates carcinoma (tumor) in situ (intraepithelial neoplasia); T1 tumors are con®ned to the mucosa and

submucosa, T2 tumors penetrate the muscularis propria but not the serosa, T3 tumors penetrate the

serosa without involving contiguous structures, and T4 tumors penetrate the serosa and involve

adjacent organs and tissues. In early gastric cancer, the disease is con®ned to the mucosa and sub-

mucosa, without regard to size or nodal involvement, and is equivalent to T1 tumors. The layers of the

gastric wall may be visualized by endoscopic ultrasound (EUS) as ®ve layers, alternately hyperechoic

(bright) and hypoechoic (dark). Reproduced with permission from Figure Luk, G. D. (1998). Tumors

of the stomach. In `̀ Gastrointestinal and Liver Disease'' (M. Feldman, B. F. Scharschmidt, and

M. H. Sleisenger, eds.) 6th edition, page 743. Copyright W. B. Saunders.
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combination regimen is that of epirubicin, cisplatin,
and ¯uorouracil (ECF). This has been shown to have
about a 50% response rate, with a few complete re-
sponses, and to confer about a 3-month survival advan-
tage. For patients who cannot tolerate or have failed
standard therapy, there are generally ongoing clinical
trials sponsored by The National Cancer Institute, and
patients who meet eligibility criteria may bene®t by
being enrolled in these clinical trials. It appears that
most new advances in the early detection and manage-
ment of adenomas and carcinomas of the stomach will
emanate from Japan, where the disease is much more
prevalent and where there are well-established national
screening and research programs.
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FIGURE 2 Tumor/nodule/metastasis (TNM) staging of gastric

carcinoma and relationship to survival. This common staging

system is based on the TNM classi®cation. T classi®cation is by

depth of primary tumor invasion (see Fig. 1), and N classi®cation is

by nodal involvement; N0 represents no nodal involvement, N1 re-

presents involvement of perigastric nodes within 3 cm of the primary

tumor, N2 represents involvement of more distant perigastric nodes

and regional nodes that are amenable to removal at gastrectomy, and

N3 represents involvement of more distant intraabdominal nodes that

are not removable at surgery. Stage 0 represents Tis, carcinoma

(tumor) in situ, which is not a true clinical malignancy. Stage IA

represents the earliest stage of malignancy, progressively advancing

through stages IB, II, IIIA, IIIB, and ®nally stage IV. Stage IV represents

disseminated metastatic disease, with the presence of M1 at any T or N

stage. Although it is theoretically possible to have stage IV disease that

is T1N0M1, most stage IV disease is T3 or T4 with at least N2 involve-

ment. It is also important to note that early gastric cancer, which is T1

disease, may be a separate clinical entity with a highly favorable prog-
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hiatal hernia Protrusion of part of the stomach, usually the

cardia, into the thoracic cavity through the esophageal

opening of the diaphragm.

mesothelium A layer of cells lining an internal cavity of the

body, such as the peritoneal or pericardial cavities.

pepsin A protein secreted in the stomach that begins

cleaving ingested proteins into smaller polypeptides.

It functions optimally in the acid environment of

the stomach, at pH 1ÿ3, and is inactivated when the

acid is neutralized, at pH 5 or higher, in the duodenum.

pernicious anemia An anemic condition characterized by

larger than normal (megaloblastic) red blood cells.

Insuf®cient gastric production of intrinsic factor leads

to de®cient ileal absorption of vitamin B12. De®ciency of

B12 leads to ineffective red blood cell production in the

bone marrow.

plexus A network or joining together of multiple nerves,

blood vessels, or lymphatic vessels.

vagus nerve Cranial nerve X. The paired vagus nerves

provide parasympathetic innervation to the heart, lungs,

and gastrointestinal tract to the level of the left colic

¯exure.

The stomach is a distensible sac connected to the esoph-

agus proximally and the duodenum distally. It serves two

major functions in the digestive system. First, it is a tem-

porary holding area for food, slowly portioning the mass

of consumed food into the duodenum for further digestion

and absorption. Second, food is mixed with gastric

secretions and churned to be broken down into a semi-

liquid form, termed chyme. Both the gross anatomy and

the microscopic anatomy of the stomach re¯ect these

functions.

GROSS ANATOMY

Location and Anatomic Divisions

The stomach is located in the left upper region of the
abdomen, just beneath the diaphragm. Connected prox-
imally to the esophagus and distally to the duodenum,
the stomach is distensible, with a potential volume be-
tween 1200 and 3000 ml depending on the volume of
food present. It is roughly shaped like the letter J; the
medial concave side is known as the lesser curvature and
the lateral convex side is known as the greater curvature
(Fig. 1). The stomach can be divided into ®ve parts. The
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FIGURE 1 Anatomy of the stomach.
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cardia is an ill-de®ned region beginning at the gastro-
esophageal junction and extending into the ®rst to
2ÿ3 cm of the stomach. The fundus is the section of
stomach that lies superior to the gastroesophageal junc-
tion. Approximately two-thirds of the way along the
lesser curvature lies a sharp angle known as the incisura
angularis; above this angle to the level of gastroesoph-
ageal junction lies the corpus or body of the stomach.
The distal third of the stomach, the antrum, extends
below the incisura angularis. Finally, the pylorus is a
narrow 1 to 2 cm long channel connecting the stomach
to the duodenum. A relatively common alteration in
gastric anatomy is a hiatal hernia. This condition in-
creases the occurrence of esophageal re¯ux and may
eventually lead to esophageal adenocarcinoma.

Circulation

The stomach receives the majority of its blood sup-
ply from the celiac trunk, a branch off of the descending
aorta that arises at the level of the T12 vertebra. The
celiac trunk splits into three major divisions: the left
gastric artery, the splenic artery, and the hepatic artery.
The left gastric artery runs along the lesser curvature
and anastamoses with the right gastric artery, a branch
of the hepatic artery. The hepatic artery also gives rise to
the gastroduodenal artery, which later becomes the
right gastroepiploic artery. This artery runs along the
greater curvature and supplies the lateral stomach, with
two branches of the splenic artery, the left gastroepiploic
and short gastric arteries. There are numerous intercon-
nections, or anastamoses, among the arteries supplying
the stomach, making ischemic infarction a very un-
common event.

Innervation

The stomach receives both sympathetic and para-
sympathetic innervation. Sympathetic nerves arise from
the thoracic spinal cord and synapse in the celiac
ganglia. From there, the sympathetic nerves follow
the gastric and gastroepiploic arteries to enter the stom-
ach. Pain sensation from the stomach is relayed to the
central nervous system by way of the afferent
sympathetic ®bers. Parasympathetic innervation
comes from the vagus nerves. Both the paired anterior
and posterior vagus nerves bifurcate as they enter the
abdomen. The anterior vagus divides into the hepatic
and anterior gastric branches and the posterior vagus
forms the celiac and posterior gastric branches. The
anterior and posterior gastric branches innervate the
majority of the stomach, although the pylorus is inner-
vated by the hepatic branch of the anterior vagus. In
keeping with the `̀ rest and digest'' function of the para-

sympathetic nervous system, these nerves stimulate acid
secretion in the body and fundus of the stomach and
increase motility in the antrum.

MICROSCOPIC ANATOMY

As in the rest of the gastrointestinal tract, the wall of the
stomach is divided into four layers: mucosa, submucosa,
muscularis propria, and serosa. These layers are special-
ized within the stomach to carry out the stomach's role
in digestion.

Mucosa

General Appearance

The mucosa is the innermost layer of the wall lining
the stomach cavity. The mucosa and submucosa below it
are piled into folds, known as rugae, in the contracted
stomach. The rugae are haphazardly arranged in the
fundus and body, but are arranged longitudinally in
the antrum. As the stomach distends, the rugae ¯atten
out to accommodate the increased volume.

On closer inspection, the mucosa consists of pits
(foveolae) invaginating from the surface. Beneath
these is an extensive network of glands that empty
into the pits, with one to seven glands emptying into

FIGURE 2 Histology of the gastric body and fundus.
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each pit (Fig. 2). Beginning at their entry into the pits,
each gland is divided into an isthmus, a neck, and a base.
The pits and glands are lined by a single layer of colum-
nar epithelial cells. As described below, multiple spe-
cialized cells types that carry speci®c digestive functions
are present in the gastric glands. The epithelial cells rest
on the basement membrane, which separates the epi-
thelial compartment of the mucosa from the lamina
propria. The lamina propria is a loose collection of tissue
that supports the epithelium; within it are blood vessels,
nerves, lymphatic vessels, immune cells, and connective
tissue. Together with the epithelium and the lamina
propria, the ®nal component of the mucosa is the
muscularis mucosa. The muscularis mucosa is a contin-
uous sheet of smooth muscle that de®nes the border
between the mucosa and the submucosa. The
muscularis mucosa is composed of two layers: an
inner circular and an outer longitudinal layer.

The gastric mucosa is vital to the function of the
stomach as a digestive organ. The epithelium is respon-
sible for the secretion of substances important for
digestion, including hydrochloric acid and pepsin.
The lumenal pH of the stomach can be as low as
0.9ÿ1.5. This harsh environment is important for the
breakdown of food, but also potentially damaging for
the lining of the stomach itself. Thus, the mucosa has
several protective mechanisms that collaborate to form a
barrier that protects the stomach from its own secre-
tions. First, the cells that line that surface and pits
secrete a thin layer of mucus that coats the epithelium
and forms a barrier to acid diffusion. Additionally, active
bicarbonate secretion by the surface epithelium creates
a thin neutral pH environment at the epithelial surface.
The cellÿcell junctions that link gastric epithelial
cells also form a barrier to acid movement, with the
tight junctions preventing the leak of lumenal acid
between epithelial cells. Loss of this barrier function
is one of the ®rst effects of nonsteroidal anti-in¯amma-
tory drugs, the most common cause of gastric injury in
the United States. The rich gastric blood supply is
important for the rapid clearance of leaked acid and
as the principal source of oxygen and nutrients to
the epithelium. Finally, the rapid turnover rate of the
foveolar epithelium, which is replaced every 3ÿ6 days,
also ensures that any damage to the mucosa is repaired
quickly. Given the harsh environment of the gastric
lumen, all of these protective mechanisms are necessary
for the prevention of serious mucosal damage. For
example, decreased gastric blood ¯ow, as in shock, or
interruption of epithelial cell division, as occurs with
some chemotherapeutic agents, can result in mucosal
ulceration.

Body and Fundus

These portions of the stomach mucosa are respon-
sible for the majority of the secretions necessary for the
stomach to function properly. As such, the glands form a
thick layer that represents approximately three-quarters
of the mucosal thickness. The remaining mucosa is de-
voted to the gastric pits. As is true throughout the stom-
ach, the pits are lined by columnar cells that secrete
mucus and bicarbonate.

The glands of the body and fundus contain several
cell types. Parietal cells are the primary cells of these
glands. These cells are distributed along the length of the
gland, are roughly pyramidal in shape, and secrete hy-
drochloric acid and intrinsic factor. Intrinsic factor
forms a complex with vitamin B12 in the gastric
lumen and facilitates its adsorption in the distal
ileum. Parietal cells (and chief cells, discussed below)
are replaced only every 1 to 2 years, in contrast to every
few days for the mucous cells. Thus, damage to parietal
cells can lead to long-term problems; this is the case with
pernicious anemia. Autoimmune destruction of parietal
cells leads to a de®ciency of intrinsic factor. Over a
period of months to years, a shortfall in the level of
vitamin B12 develops, leading to ineffective red blood
cell production.

The parietal cells have a complex network of canals,
or canaliculi, that run through them and open into the
gland lumen. These canaliculi are lined with the H�,K�-
ATPase, the proton pump responsible for acid secretion.
These pumps are the target of a common class of ther-
apeutic agents, the `̀ proton pump inhibitors,'' that are
used for the treatment of gastritis, gastric ulcer, and
esophageal injury due to re¯ux of gastric acid. The pro-
ton pump is capable of creating a lumenal H� concen-
tration 3 million times that found in the cell. Creating
such a large gradient is energy-intensive. Thus, parietal
cells contain abundant mitochondria, which are essen-
tial for the production of ATP. Secretion of acid and
intrinsic factor from the parietal cell is stimulated by
three different mediators. Vagus nerve stimulation leads
to acid secretion, as does histamine release from nearby
enterochromaf®n-like (ECL) cells. In addition, gastrin
released from G cells in the antrum also increases pa-
rietal cell secretions and stimulates increases in parietal
cell mass.

Chief cells are predominantly con®ned to the bases
of the gastric glands. These cells secrete pepsinogen I
and II, the inactive precursors of pepsin. These precur-
sors are cleaved in the low pH of the gastric lumen, at
which point they become enzymatically active and are
designated pepsin. The pepsinogens are packaged in
granules that ®ll the cytoplasm of the chief cells; fusion
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of the vesicle with the cell membrane leads to pepsin-
ogen release. Stimulation via the vagus nerve is the pri-
mary activator of pepsinogen secretion.

An assortment of neuroendocrine cell types is also
present in the gastric glands. In the body and fundic
mucosa, most cells are ECL cells. These cells respond to
G-cell-derived gastrin with the secretion of histamine,
which, in turn, stimulates acid secretion. Serotonin-
producing enterochromaf®n cells are also present. Un-
like the other cells of the mucosal glands, the endocrine
cells secrete their products into the bloodstream
within the lamina propria, rather than into the
lumen of the gland. These hormones can then act on
nearby (paracrine stimulation) or distant (endocrine
stimulation) cells.

Mucous neck cells are also scattered within the
glands and are most heavily clustered at the gland
neck. These cells secrete some mucus, but their pri-
mary function is that of a stem cell. They divide to
form undifferentiated daughter cells that are capable
of several additional rounds of division before they
differentiate into the various cell types that constitute
the gastric epithelium. During differentiation, these
cells migrate up to replace the surface mucous epithe-
lium or migrate down to replace parietal, chief, and
neuroendocrine cells.

Antrum

The antrum is easily differentiated from the body
and fundus on a microscopic level. This portion of the
stomach does not have as great a secretory function as
the body and fundus; thus, the antral glands occupy less
than half of the mucosal thickness. The pits occupy the
remaining majority of the mucosa. The pits are lined
with mucus-producing cells similar to those cells found
in the pits of the body and fundus. The glands of the
antrum differ from those in the body and fundus, as they
do not contain parietal or chief cells. Aside from mucus-
producing cells and stem cells, endocrine cells dominate
the antral glands. Approximately half of these endocrine
cells are G cells, which produce gastrin. As mentioned
earlier, gastrin is a hormone that stimulates parietal cells
in the body and fundus to produce acid; it also enhances
gastric motility. Signi®cant numbers of serotonin-
producing enterochromaf®n cells1 and somatostatin-
producing D cells also populate the antral glands.

Submucosa

The submucosa is a layer of loose connective tissue
located between the muscularis mucosa and the
muscularis propria. Numerous plexuses of nerves, ar-
teries, veins, and lymphatics are found in this layer.

Muscularis Propria

The stomach differs from other parts of the digestive
system in that its muscularis propria contains three dis-
tinct muscle layers instead of the usual two. The outer
layer of longitudinally arranged ®bers and the inner
layer of circularly arranged ®bers correspond to the
two layers found throughout the rest of the digestive
tract, but a third layer, consisting of obliquely arranged
®bers, is located just interior to the circular layer. The
muscularis propria of the stomach is also thicker than
the muscularis propria throughout the remainder of the
gastrointestinal tract. In addition to the important con-
tractile function carried out by the muscularis propria,
this thick muscle layer serves as an impediment to gas-
tric ulcer progression. This is of critical importance,
because the underlying serosa offers minimal protection
and because ulcer extension through the muscularis
propria leads to gastric perforation. The resulting spill-
age of gastric contents into the abdomen requires emer-
gent surgery and is associated with a high rate of
mortality.

At both the pylorus and the gastroesophageal junc-
tion, the circular layer is more pronounced, where it
forms sphincters that allow the stomach cavity to be
sealed off. Failure of the gastroesophageal junction
can result in the re¯ux of gastric acid into the esophagus.
Failure of the pylorus can result in unregulated release
of incompletely processed food into the small intestine.
Congenital hypertrophic pyloric stenosis, a disorder
found more commonly in male infants, represents in-
appropriate expansion of the muscularis propria in the
pyloric region with obstruction of the pyloric channel.
Ingested food cannot enter the small intestine via the
pylorus, resulting in projectile vomiting as the gastric
contents are forced through the gastroesophageal junc-
tion. This condition is surgically correctable and is the
most common surgery performed during the ®rst
6 months of life.

Serosa

The external, or peritoneal, surface of the stomach is
covered by the serosa. This thin layer consists of loose
connective tissue covered by a single layer of cuboidal
mesothelial cells. This covering serves to reduce friction
on the stomach during its churning movements.
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allostasis Dynamic processes involved in the defense of

homeostasis that are generated in response to real or

perceived stressors/triggers.

allostatic load Cost of allostasis, which is the wear-and-tear

damage resulting from chronic overactivity, underactiv-

ity, or mismanagement of allostatic systems, all of which

can lead to disease and illness.

homeostasis Internal neurobiological stability and balance

that are maintained through allostasis; critical to survival

and health.

stress Adaptive physiological response to real or perceived

threat to homeostasis; a natural system to protect and

restore homeostasis, but can become harmful over time.

stressor External or internal physical, biological, environ-

mental, or situational factors that represent an actual or

perceived threat to homeostasis.

The hormones and other physiologic agents that mediate

the central stress response of the brain, body, and diges-

tive system (gut) have protective and adaptive immediate

effects that are essential for survival and maintenance of

homeostasis and health (i.e., allostasis, or `̀ good stress'').

However, over longer time intervals, stress response

agents exact a cost when they are over produced, under

produced, or mismanaged (i.e., allostatic load, or `̀ bad

stress''). Alterations in the central stress response and

allostatic load related to genetic, environmental, and be-

havioral in¯uences contribute to the pathophysiology of a

broad range of diseases and illnesses; however, scientif-

ically validated strategies for reduction of harmful effects

of the stress response and allostatic load are available.

INTRODUCTION

Many people with disease and illness note exacerbation
of symptoms correlated with life events that are per-
ceived to be stressful. Others fail to report any such
association. What is stress and how common is it?
How does the body respond to stress? Is stress good
or bad for us? What can be done about stress? New
scienti®c understanding of individual responses to
acute and chronic stress and of the mind/brainÿbody/
gut connection has resulted in a reassessment of the role
of chronic stress in disease and illness.

DISEASE AND ILLNESS

Disease can be de®ned as the externally veri®able
evidence of a pathological state, whereas illness is
de®ned as a person's perception of ill health, which
is evident from symptom reports, beliefs, and behav-
ior. There can be a signi®cant discordance between
disease and illness. For example, an individual with
the disease of a deep peptic ulcer of the stomach or
duodenum may not describe any illness symptoms,
such as abdominal pain. By contrast, a person with
a small and super®cial ulcer may report severe pain.
The stress response contributes to the pathophysiol-
ogy of disease and illness and helps explain their
common discordance.
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DEFINITION OF STRESS

Stress is an adaptive physiological response to the de-
tection of either external (exteroceptive) or internal
(interoceptive) stressors. Bruce S. McEwen developed
a new way of conceptualizing and understanding the
stress response (Fig. 1). When stressors represent a
real or perceived threat to the neurobiological balance
(homeostasis) of a person, physiological and behavioral
responses are triggered in order to achieve adaptation
and survival in the short run (i.e., allostasis). The pro-
tective and restorative allostatic processes of the body
are mediated through the autonomic nervous system,
the hypothalamicÿpituitaryÿadrenal (HPA) axis, and
the cardiovascular, metabolic and immune systems.
However, over longer periods of time, the same response
systems that are designed to protect and restore can be
damaging and can cause or exacerbate symptoms,
disease, and illness (i.e., allostatic load).

THE EMOTIONAL MOTOR SYSTEM

The central stress response is mediated through the
emotional motor system (EMS) of the central nervous
system (CNS). The EMS refers to a network that in-
cludes the anterior cingulate cortex, hypothalamic nu-
clei, amygdala, periaqueductal gray, and brain stem
nuclei (locus ceruleus, Barrington's nucleus, dorsal
motor nucleus of the vagus, and rostral ventral me-
dulla), which form the basis for vagal, parasympathetic,
and sympathetic visceral efferent pathways. In Fig. 2, a
simpli®ed depiction of the four principal output func-
tions of the EMS-mediated stress response, `̀ ascending

aminergic'' refers to arousal, attentional, and emotional
feeling output.

Although the terms `̀ emotion'' and `̀ feeling'' are
commonly used interchangeably, they can be concep-
tualized as distinct dimensions of the stress response
generated by the EMS, playing a critical role in
maintenance of health and in cognitive processes, in-
cluding perception, learning, and decision-making.
Emotion is a collection of encoded stress responses trig-
gered from parts of the brain to the body and to other
parts of the brain via both neural and humoral routes,
resulting in changes within the body and certain areas of
the brain. Examples of emotion include fear, anger,
disgust, and joy, each with unique physiological and
behavioral expression. Feeling is the conscious emo-
tional experience or mental state that commonly, but
not necessarily, accompanies a given emotional stress
response. For example, the physiologically expressed
emotion of fear with associated gut symptoms of abdom-
inal pain and diarrhea may or may not be accompanied
by the emotional feeling of anxiety.

THE MIND/BRAINÿGUT CONNECTION

The bidirectional neurobiological communication of
the mind/brainÿgut connection is critical to under-
standing the expression of the emotional stress response
in the gut. The central stress response and allostasis can
be triggered by both exteroceptive and interoceptive
stressors. With an approximate external surface area
of 2 square yards, the skin participates with the other
senses in detection of exteroceptive stressors. The gut
has an even larger internal surface area, 5250 square

FIGURE 1 The stress response and development of allostatic load. The perception of stress is

in¯uenced by experiences, genetics, and behavior. When the brain perceives an experience as stressful,

physiologic and behavioral responses are initiated, leading to allostasis and adaptation. Over time,

allostatic load can accumulate, and the overexposure to mediators of neural, endocrine, and immune

stress can have adverse effects on various organ systems, leading to disease. Reprinted with permission

from McEwen, B. S. (1998). Protective and Damaging Effects of Stress Mediators. N. Engl. J. Med. 338,

171ÿ179. Copyright 1998, Massachusetts Medical Society, all rights reserved.
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yards (the size of a football ®eld), and detects visceral
interoceptive stressors such as in¯ammation, infection,
blood loss, and food intake.

The brain and gut both derive from the neural crest
of the human embryo and share many of the same neu-
rons and chemical transmitters, such as serotonin. The
enteric nervous system (ENS) embedded in the wall of
the gut and extending from the esophagus to the anus is
one of three subdivisions of the autonomic nervous
system (ANS), together with the sympathetic and para-
sympathetic divisions. Although bidirectionally linked
and integrated with the CNS, the ENS is an enteric
minibrain located close to the gut effector systems
that it controls, i.e., the musculature, secretory glands,
vasculature, and mucosal epithelium. Just as stereo-
typical emotional stress responses to threatening
stressors are encoded within the EMS, the ENS stores
a library of programs of defensive stress responses for
different patterns of gut motor and secretory behavior
that can either be activated by stressors interpreted by
the brain or sensed locally within the gut. One example
is the `̀ power propulsion'' (anal direction) response de-
signed as a protective process to move digestive contents
out of the digestive tract (symptoms include diarrhea
and abdominal pain).

GUT EMOTION AND FEELING

Joseph E. LeDoux and Emeran A. Mayer emphasized
that stressor-triggered and encoded physiological emo-
tional responses, such as fear and anger, are unique and
usually generated unconsciously. For example, fear is
associated with inhibition of upper gastrointestinal mo-
tility and secretion, which can result in symptoms of
bloating, loss of appetite, nausea, and even vomiting. By

contrast, anger is associated with stimulation of gastric
contractions and acid secretion, which may be accom-
panied by symptoms of upper abdominal pain.

Visceral afferent information related to emotional
gut responses modulates both emotional affective and
cognitive mental function. Language expressions such
as `̀ my stomach is tied in knots'' and `̀ I hate your guts''
imply common understanding of the linkage between
emotional feelings, such as anxiety and anger, and spe-
ci®c and commonly unpleasant visceral gut experiences.
Furthermore, the expression `̀ it's my gut feeling'' implies
that visceral sensations relate to a prerational insight or
`̀ emotional intelligence,'' a term popularized by psychol-
ogist Daniel Goleman in his book of the same name.

ROLE OF ALLOSTATIC LOAD IN
DISEASE AND ILLNESS

Dysregulation of the central stress response system re-
lated to allostatic load contributes to the development of
a variety of diseases and illnesses, including hyperten-
sion, atherosclerosis, central obesity, diabetes, the in-
sulin resistance syndrome (metabolic syndrome x), and
certain disorders of immune function. Chronically ele-
vated corticosteroid levels induced by persisting stress
may adversely affect hippocampal structure and func-
tion, which can result in de®cits of both memory and
cognition. Gastrointestinal diseases and illnesses ad-
versely impacted by allostatic load include nonalcoholic
fatty liver disease (also associated with the insulin re-
sistance syndrome), gastroesophageal re¯ux disease
(GERD), peptic ulcer disease, in¯ammatory bowel dis-
ease, and functional gastrointestinal disorders (FGID).

FUNCTIONAL MEDICAL SYMPTOMS
AND SYNDROMES

Functional illness is related to altered physiological
function, absence of an identi®able structural or bio-
chemical cause, and involvement of virtually any
organ system with a variety of symptoms (most common
symptoms are pain, discomfort, disturbed sleep, and
loss of vitality). Such functional symptoms are also
called `̀ medically unexplained symptoms.'' Fibromyalgia
(chronic and recurrent widespread aching pain and fa-
tigue) is one example of a related functional syndrome
that is a medically unexplained collection of symptoms.
The most common FGID is irritable bowel syndrome
(IBS), characterized by chronic and recurrent abdomi-
nal pain and/or discomfort associated with altered
bowel function (constipation, diarrhea, or both).

Douglas A. Drossman pioneered the application to
the pathophysiology of IBS a biopsychosocial model that

FIGURE 2 Major outputs of the emotional motor system. The

emotional motor system refers to a set of parallel output pathways

that are activated in response to perceived threat or fear. Alter-

ations in these four pathways have been demonstrated in patients

with irritable bowel syndrome. Reprinted from Mayer, E. A.

(1999). Emerging Disease Model for Functional Gastrointestinal Dis-

orders. Am. J. Med. 107(5A), 12Sÿ19S. Copyright 1999, with permis-

sion from Excerpta Medica, Inc.
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describes the interacting role of genetic, biological,
psychosocial, and cognitive factors. Extending the per-
spective of this system, Emeran A. Mayer developed a
disease model of FGID that is also based on Bruce S.
McEwen's concepts of allostasis and allostatic load. An
enhanced responsiveness of the central stress/emotion
circuits to real or perceived exteroceptive or intero-
ceptive stressors by IBS patients is re¯ected in altered
modulation of gastrointestinal motility, secretion, per-
meability, and immune function, and altered perceptual
and emotional response to visceral events.

AFFECTIVE SYMPTOMS AND DISORDERS

The concepts of allostasis and allostatic load focus on the
mind/brain as both the interpreter and responder and the
target of real or perceived stressors/triggers. Emerging
neurobiological models of the adverse consequences of
allostatic load and the dysregulated central stress re-
sponse help to explain the common association of emo-
tional feelings and affective disorders, such as anxiety and
depression, with the emotional gut symptoms of FGID,
such as IBS. Furthermore, research con®rms that depres-
sive illness and hostility are both associated with
cardiovascular and other systemic diseases. Similar
therapeutic strategies may be applicable in the manage-
ment of both affective disorders and functional disorders
and certain diseases.

MINDÿBODY MEDICINE AND
REDUCTION OF ALLOSTATIC LOAD

There is anemergingconvergenceof ancient, traditional,
and modern scienti®c approaches to disease, illness, and
healing. The neurobiological basis for mindÿbody,
complementary and alternative medicine (CAM), and
integrative medicine interventions is becoming increas-
ingly understood. Mindÿbody medicine, which refers
to the application of multidisciplinary methods based
on the inseparable connection between the mind and
the body and the complicated interactions that take
place between thoughts, body, and the outside world,
has the goal of restoring homeostasis and health by en-
hancing the natural healing capacities conferred by
innate body systems.

Research has con®rmed that stress reduction and
certain mindÿbody cognitive behavioral interventions
can signi®cantly improve health outcomes and reduce
the need for more expensive treatments in a variety of
diseases and illnesses. Behavioral responses can be
harmful or helpful (see Fig. 1). The objective is reduc-
tion of allostatic load (Fig. 3). Helpful strategies include

consistent commitment to healthy lifestyle choices (e.g.,
diet and exercise) and the development of effective cop-
ing styles that incorporate positive mental outlook and
avoidance of both high-demand/low-control stressors
and social isolation. Individuals can learn to activate
mechanisms that oppose the stress response and induce
what Harvard's Herbert Benson terms `̀ the relaxation
response'' via various techniques (e.g., progressive
relaxation, hypnosis, meditation, yoga, and breathing
exercises).
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Stress Ulceration
RAJEEV JAIN

Presbyterian Hospital of Dallas

histamine-2 receptor antagonists Pharmacologic agents that

inhibit acid secretion by acting as speci®c antagonists of

the histamine-2 receptor on the parietal cell.

mucosal restitution Early phase of gastrointestinal mucosal

repair whereby damaged cells slough off and are replaced

by viable cells.

proton pump inhibitors Substituted benzimidazoles that

inhibit acid secretion by blocking the parietal cell H�,

K�-ATPase.

sucralfate Basic aluminum salt of sucrose octasulfate;

protects mucosal integrity locally without substantially

altering gastric pH.

Stress ulcer is a gastric mucosal injury typically seen in

critically ill patients who require mechanical ventila-

tion or have a coagulopathy. These ulcerations develop

from a multifactorial process, with the primary insult

being gastric ischemia. Patients in the intensive care

unit can experience signi®cant bleeding that is associ-

ated with increased mortality. Preventive strategies

have focused on acid suppression and local mucosal

protection.

RISK FACTORS

Patients admitted to the intensive care unit (ICU) are a
heterogeneous group with variable risks for bleeding.
The two strongest risk factors for stress ulcer bleeding
are respiratory failure requiring mechanical ventilation
for greater than 48 hours and coagulopathy (de®ned as
platelet count of 550,000 cells/mm3 or International
Normalized Ratio of41.5). Other risk factors include
previousgastrointestinalbleeding,hypotension,trauma,
burn injury (435% of body surface), central nervous
system injury, renal failure, hepatic failure, organ trans-
plantation, and sepsis. However, many of these risk
factors may simply represent surrogate markers for me-
chanical ventilation and/or coagulopathy.

PATHOPHYSIOLOGY

Although incompletely understood, the patho-
physiology of stress ulcer formation is the result of a
multifactorial process. The proximal gastrointestinal

tract maintains mucosal integrity with a microcircula-
tion that provides nutrients and a route of elimination
for toxins. Additionally, a mucus layer protects the gas-
tric mucosa by forming a physical barrier to acid and
other intraluminal irritants.

The major physiologic derangement in stress ulcer
development is a loss of mucosal integrity. In the setting
of severe physiologic stress, hypoperfusion leads to a
cascade of events mediated by the overproduction of
nitric oxide synthase. A reperfusion injury ensues in
which increased production of oxygen free radicals,
local intramural acidosis caused by back diffusion of
luminal hydrogen ions, and a loss of washout effect
combine to disrupt mucosal integrity.

In intracranial processes, hypergastrinemia may
occur and lead to overproduction of acid. Other factors
that may contribute to stress ulcer formation include
reduced gastric epithelial cell restitution, abnormal
gastric and small bowel motility, increased bile re¯ux,
and nutritional disturbances.

CLINICAL PRESENTATION

Natural History

The majority of stress ulcerations are asymptomatic
and clinically insigni®cant. In endoscopic studies, mu-
cosal injury is found in greater than 75% of critically ill
patients within 24 hours of admission. The typical mu-
cosal injury seen is multiple, diffuse, super®cial
erosions in the gastric fundus and body; however,
focal, deep ulceration can also be seen in both the stom-
ach and the duodenum.

In clinical studies, the presentation of stress ulcer
bleeding has been categorized as overt and clinically
important bleeding. Overt bleeding is de®ned as
hematemesis, gross blood or dark material resembling
coffee grounds in nasogastric aspirate, hematochezia, or
melena. Clinically important bleeding is de®ned as overt
bleeding complicated by any one of the following events
within 24 hours: (1) a spontaneous decrease in systolic
blood pressure of 420 mmHg, (2) an increase in heart
rate of 420 beats/min, (3) a decrease of 410 mmHg of
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systolic blood pressure shortly after sitting up, (4) a
decrease in hemoglobin level of 42 g/dl, and (5)
blood transfusion with no appropriate increase in he-
moglobin level. In ICU patients, the estimated incidence
of overt bleeding is 5% and the incidence of clinically
important bleeding is 1ÿ4%.

In a multicenter trial of critically ill patients, 31% of
patients with one or two risk factors (mechanical ven-
tilation and/or coagulopathy) had clinically important
bleeding whereas only 0.1% of patients without these
risk factors bled. Clinically important bleeding typically
occurs within the ®rst 2 weeks of ICU admission with a
mortality of nearly 50%, a ®vefold increase from those
patients who did not experience bleeding.

Diagnosis

The diagnosis of stress ulcer bleeding is con®rmed
by endoscopy when the typical ®ndings of either
erosions or ulcer are identi®ed.

THERAPY

If ulceration with high-risk stigmata (nonbleeding
visible vessel or active bleeding) is found, endoscopic
interventions such as injection of epinephrine and/or
thermal therapy can lead to hemostasis with a reduced
rebleeding rate. Concurrent medical therapy with
intravenous proton pump inhibitor (PPI) is also
indicated in patients with high-risk stigmata. Occasion-
ally, angiography with embolization into the vessel that
is the source of the bleeding or surgery is required to
treat bleeding refractory to medical and endoscopic
therapy.

PREVENTION

Prophylaxis against stress ulcer in high-risk patients
has become the standard of care in the ICU. Gastric
pH-altering regimens such as antacids, histamine-2 re-
ceptor antagonists (H2RAs), and PPIs may prevent
stress ulcer bleeding by maintaining intragastric pH
44, which inhibits pepsin and helps prevent clot
dissolution.

Antacids

Antacids control intragastric pH by buffering
hydrogen ions. In a meta-analysis, antacids in compar-
ison to placebo displayed a trend toward reducing both
overt and bleeding and clinically important bleeding.
No change in mortality was noted. In comparison
to H2RAs, antacids displayed a trend toward greater

bleeding. In comparison to sucralfate, antacids were
somewhat more effective in preventing bleeding.

H2RAs

In a meta-analysis, intravenous H2RAs (cimetidine
or ranitidine), in comparison to placebo, signi®cantly
decreased both the rate of overt bleeding and clinically
important bleeding. No change in mortality was noted.
H2RAs displayed a trend toward decreased clinically
important bleeding in comparison to both antacids
and sucralfate. In a large, multicenter trial comparing
ranitidine (50 mg intravenously every 6 hours) versus
sucralfate (1 g intragastrically every 6 hours), clinically
important bleeding was lower in patients receiving
ranitidine in comparison to sucralfate (1.7 versus 3.8%,
p� 0.02). During prolonged intravenous H2RA
therapy, the development of tolerance may lead to a
reduction in acid suppression.

PPIs

Three small clinical trials have evaluated the use
of omeprazole suspension delivered via nasogastric
tube in mechanically ventilated patients. Two trials
used omeprazole granules dissolved in sodium bicar-
bonate and one used intact omeprazole granules in
water. In the study comparing omeprazole to ranitidine,
the prevalence of clinically important bleeding was sig-
ni®cantly less in the omeprazole group in comparison to
ranitidine (6 versus 31%). All three studies had meth-
odological limitations such as small sample size, open-
label design, and variance in stress ulcer risk factors,
prompting caution in the interpretation and application
of the study results.

From a pharmacologic standpoint, intravenous PPIs
suppress gastric acid to a greater extent than do intra-
venous H2RAs, and without the development of toler-
ance. Data are not yet available comparing intravenous
PPIs to H2RAs in stress ulcer prophylaxis.

Sucralfate

Sucralfate, the basic aluminum salt of sucrose
octasulfate, protects mucosal integrity locally without
substantially altering gastric pH. In a meta-analysis,
sucralfate in comparison to placebo decreased overt
bleeding signi®cantly but did not reduce clinically im-
portant bleeding. Sucralfate was not superior to antacids
or H2RAs in preventing overt or clinically important
bleeding. Sucralfate was associated with a lower inci-
dence of nosocomial pneumonia in comparison to ant-
acids and H2RAs.
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Summary of Preventive Therapies

Based on the available data, stress ulcer prophylaxis
is warranted only in high-risk critically ill patients
such as those requiring mechanical ventilation or
with signi®cant coagulopathy, although it may be con-
sidered in patients with numerous other risk factors.
Intravenous H2RAs are the preferred preventive strat-
egy in these high-risk patients, with only 30 patients
requiring therapy to prevent one episode of clinically
signi®cant bleeding, although PPIs may also prove
effective in future trials.
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the mucosa but grow deep into the submucosa.

duplication cysts Congenital intestinal duplications that can

be found in the walls of the esophagus, stomach, or

duodenum.

gastrointestinal stromal cell tumors Rare mesenchymal

neoplasms that can be found throughout the digestive

tract.

granular cell tumors Generally benign growths that are

derived from smooth muscle or Schwann cells.

lipomas Rare benign tumors of adipocytes that can occur

throughout the gastrointestinal tract from the esophagus

to the rectum.

pancreatic rest Ectopic pancreatic tissue located in the wall

of the stomach or small intestine.

submucosal tumor A growth of tissue in the intestinal wall

that originates from the submucosa, from the muscularis

propria, or from extrinsic compression by adjacent

structures.

varices Abnormally swollen or dilated blood vessels.

Submucosal tumors (SMTs) are rare with a combined

incidence estimated at 0.3% annually. However, SMTs

are an increasingly common ®nding for general internists

and gastroenterologists as more patients undergo diag-

nostic endoscopy or radiographic studies with oral con-

trast. Most SMTs are asymptomatic, and for some types,

the natural history is not well understood. However, a few

unique, sometimes subtle, characteristics can distinguish
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them on radiographs and video endoscopy. Moreover, the

emergence of endoscopic ultrasound (EUS) technology is

allowing a better understanding of SMTs and is making

evaluation of SMTs more accurate. By demonstrating the

exact size and point of origin of a SMT, EUS helps to

identify patients who may have a malignant lesion and

may require surgery. For any given patient with a SMT,

the ideal approach depends on its physical characteristics,

its histology, and the clinical setting in which it was di-

agnosed. This article will describe how SMTs initially

present and will summarize the distinguishing characte-

ristics of the most common subtypes of SMTs. An ap-

proach to tissue diagnosis, treatment, and follow-up for

each type of SMT will be emphasized.

IDENTIFICATION AND PRESENTATION

A submucosal tumor (SMT) is de®ned as a growth of
tissue in the intestinal wall that originates from the
submucosa, from the muscularis propria, or from ex-
trinsic compression by adjacent structures (see Table I).
Most SMTs are found incidentally on upper endoscopy
where they appear as a mass or projection into the gas-
trointestinal lumen. Because they are covered by normal
mucosa, some authors suggest that a better name for
SMTs would be `̀ subepithelial tumors.''

In some cases, additional features can be seen on
endoscopy. Stromal cell tumors, for example, frequently
show two prominent lobes on video endoscopy. Lipo-
mas are known to have a waxy hue and are very soft and
`̀ pillow-like'' when explored with an endoscopic biopsy
forceps.

SMTs may also be found by contrast radiography or
computed tomography (CT) scan. When patients un-
dergo barium radiography, a SMT will cause a well-

demarcated ®lling defect with smooth borders; the
lesion will displace the mucosal folds. CT scans can
show the intramural mass of a SMT if the cuts are
®ner than the diameter of the mass. If a CT shows a
homogeneous fat-tissue density structure in the wall
of the colon, for example, the diagnosis of lipoma can
be made with con®dence.

EVALUATION

Although SMTs may be initially identi®ed by endo-
scopy, radiographs, or CT scan, endoscopic ultrasound
(EUS) provides a more complete description by delin-
eating the originating wall layer in the gastrointestinal
tract, identifying vascular invasion, and characterizing
the internal milieu of the tumor.

A radial ultrasound transducer at the tip of an en-
doscope can demonstrate ®ve layers of the gastrointes-
tinal tract at 7.5 MHz: super®cial mucosa, deep mucosa,
submucosa, muscularis propria, and serosa. EUS can
also image adjacent organs such as the pancreas,
liver, gallbladder, spleen, kidneys, and adrenal glands.
By de®nition, SMTs arise from the submucosa (third
layer) or the muscularis propria (fourth layer) or are
external to the gastrointestinal (GI) tract. The contents
of the SMT will also create a characteristic echo pattern
that is either bright (hyperechoic) or dark (hypoechoic)
and either homogeneous or heterogeneous in consis-
tency. The borders may be smooth or irregular on
EUS. EUS can visualize SMTs sized from 5 to 60 mm.
In a series of 15 resected specimens that were preoper-
atively evaluated by EUS, 87% were correctly sized by
the technique. Some SMTs are more dif®cult to diagnose
accurately by EUS. A study of interobserver agreement
among nine expert endosonographers showed that most
endoscopists agreed on the ultrasound diagnosis of
cysts, lipomas, and extrinsic compressions, but for
carcinoids, granular cell tumors, pancreatic rest tissue
and metastases, the endoscopists tended to disagree.

COMMON SUBMUCOSAL TUMORS

There are multiple types of submucosal tumors. They
can be classi®ed by the layer of origin in the gastroin-
testinal wall and further differentiated based on histol-
ogy and natural history.

Lesions in the Submucosa

Lipoma

Lipomas are rare benign tumors of adipocytes that
can occur throughout the GI tract from the esophagus to
the rectum. They are most often found in the colon.

TABLE I Common Submucosal Lesions by Layer of

Origin and Other EUS Features

Lesion Borders Echogenicity Consistency

Submucosa Smooth May be separated

Cyst Anechoic May be separated

Lipoma Hyperechoic Homogeneous

Carcinoid Hypoechoic Heterogeneous

Varices Anechoic

Muscularis

propria

GIST

Smooth,

irregular

Hypoechoic Homogeneous

small lesions,

homogeneous

large lesions,

may be

heterogeneous

Extrinsic Smooth Isoechoic Homogeneous

Spleen

Liver
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Most do not cause symptoms; however, when they be-
come larger than 1 cm, lipomas may cause abdominal
pain, obstruction, bleeding, or dyspepsia.

On video endoscopy, lipomas appear spherical or
round and may have a waxy hue rather than the pink of
normal mucosa. When biopsy forceps are placed
through the endoscope, lipomas show the `̀ tenting''
and `̀ cushion'' signs. Tenting refers to the mucosa
being easily pulled off the lesion. With the cushion
sign, pushing the forceps into the lesion causes a
pillow-like depression in the lesion.

Super®cial biopsies of lipomas will show only the
normal overlying mucosa. Multiple biopsies in the same
location or a biopsy that follows electrocautery through
the mucosa can document the characteristic adipose
tissue. Because lipomas contain a generous amount of
fat, they may also be diagnosed by CT scan.

EUS images of lipomas show homogeneous,
hyperechoic, and well-demarcated lesions that are
fully contained in the submucosa (see Fig. 1). When
the EUS images are pathognomonic, the diagnosis is
secure and ®ne-needle aspiration (FNA) is not required.
Follow-up endoscopy, however, may be considered at
2- to 4-year intervals to con®rm that the lesion is not
growing rapidly.

Carcinoid Tumor

Carcinoids are indolent neuroendocrine tumors
that originate in the mucosa but grow deep into the

submucosa. The estimated incidence is 1 to 2 per
100,000 in the United States. They may produce a num-
ber of vasoactive substances and neurotransmitters,
such as histamine, somatostatin, and catecholamines.
An earlier embryologic classi®cation scheme that orga-
nized carcinoids as foregut, midgut, or hindgut has given
way to a system that emphasizes the organ involved and
the presence of nuclear atypia, mitoses, and necrosis.

In the United States, the appendix is the most com-
mon site for carcinoids. In this location, tumors are
usually found incidentally at the time of appendectomy
as they rarely produce symptoms. Carcinoids in the
small bowel, appendix, and right colon may metastasize
to the liver. When these metastases severely injure the
liver, patients may experience the constellation of ¯ush-
ing, asthma, and diarrhea that is characteristic of carci-
noid syndrome. In a large database review, tumors in the
distal two-thirds of the colon rarely produced systemic
symptoms but were most likely to present with bleeding.
Gastric carcinoids are often multicentric and arise in
settings of hypergastrinemia such as Zollinger-Ellison
syndrome or atrophic gastritis. Gastric carcinoids also
occur sporadically. In the stomach, carcinoids may
cause ¯ushing without the other elements of the carci-
noid syndrome.

When viewed endoscopically, carcinoids usually ap-
pear as a smooth, yellowish mass sometimes with an
umbilicated ulceration. Histologic diagnosis can be
made with mucosal biopsy. EUS can be used to evaluate
the critical features of size, depth of invasion, and lymph
node metastases. Typically, carcinoids appear
hypoechoic and homogeneous and are located in the
submucosa.

Tumors with dimensions greater than 2 cm or pen-
etration of the muscularis propria are associated with
increased metastatic risk. Treatment requires surgical
excision. For tumors in the colon and small bowel, the
resection must include wide margins with regional
lymph node dissection. Appendiceal carcinoids that
are less than 2 cm can be managed more conserva-
tively. Because these small appendiceal tumors are un-
likely to recur locally after resection, local excision is
suf®cient. For lesions greater than 2 cm, one-third of
patients will have nodal or regional metastases at the
time of diagnosis and right hemicolectomy should be
considered.

Small gastric carcinoids that arise in the setting of
pernicious anemia and chronic atrophic gastritis are
generally indolent lesions. As fewer than 10% metasta-
size, these carcinoids may also be managed with local
excision. Endoscopic removal of gastric carcinoids is
becoming more common. If the excision is complete
based on follow-up video endoscopy and EUS, then

FIGURE 1 EUS image of duodenal lipoma showing

hyperechoic lesion in submucosa with intact overlying super®cial

and deep mucosal layers.
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periodic endoscopic surveillance is recommended at
1- to 2-year intervals.

A 30-year review of individuals diagnosed with
carcinoid tumors at one center showed that patient
outcome is in¯uenced by age, stage at diagnosis, and
urinary level of 5-hydroxyindoleacetic acid. Because
many pancreatic and small bowel carcinoids are meta-
static at the time of diagnosis, they tend to have the worst
overall outcomes with a 5-year survival of approxi-
mately 50% compared to 80ÿ85% for appendiceal
and rectal carcinoids.

Pancreatic Rest

Pancreatic rest is ectopic pancreatic tissue located in
the wall of the stomach or small intestine. Pancreatic
rests are thought to develop early in embryogenesis
before the fusion of the dorsal and ventral pancreatic
anlage tissue. The estimated prevalence at autopsy is
1ÿ2% but they are seen in fewer than 1 in 1000 endo-
scopies. Most gastric lesions are seen within 6 cm of the
pylorus. The typical endoscopic image of an umbilicated
nodule is nonspeci®c. EUS shows a heterogeneous
hyperechoic lesion in the submucosa. An echo-free
ductal region in the basal aspect of the lesion is char-
acteristic of ectopic pancreas. Generally, pancreatic
rests are asymptomatic but there are rare reports of
obstruction, pancreatitis, and development of pancre-
atic neoplasm.

Varices

Collateral vessels in the stomach, esophagus, small
bowel, and colon form as a consequence of portal
hypertension. They are seen in approximately 60% of
decompensated cirrhotics and 30% of compensated
cirrhotics at the time of presentation. Endoscopically,
varices present as protuberant columns in the esopha-
gus and are easy to diagnose visually. In the stomach,
however, gastric varices may be mistaken for prominent
folds in the gastric fundus. EUS can be helpful by pro-
viding characteristic images of echo-free intramural and
extramural vessels with visible blood ¯ow. Varices may
be seen in the mucosa, submucosa, or muscle layer or
may be para-esophageal or para-gastric.

Duplication Cyst

Duplication cysts are congenital intestinal duplica-
tions that can be found in the walls of the esophagus,
stomach, or duodenum. Because they do not commu-
nicate with the lumen and can contain actively secreting
glands, they can enlarge and produce symptoms or be-
come complex cystic masses as secretions build up. In

general, they are asymptomatic and benign. EUS dem-
onstrates a smooth-bordered, submucosal lesion that is
anechoic. EUS-guided FNA of duplication cysts is usu-
ally not recommended out of concern for introducing
infection.

Granular Cell Tumor

Granular cell tumors are generally benign growths
that are derived from smooth muscle or Schwann cells.
Only 1% involve the gastrointestinal tract, in which case
they are found most commonly in the esophagus. They
may also be found in the anal canal, where they can be
confused with hemorrhoids. They appear as polypoid
growths on endoscopy and require deep mucosal biopsy
for diagnosis. EUS images usually show a hypoechoic
mass that occupies the deep mucosal layer or submu-
cosa. Histologically, they consist of masses of cells that
appear like histiocytes with a granular, eosinophilic cy-
toplasm. Although the probability of malignant trans-
formation is low, endoscopic or surgical resection is
advisable especially if serial examinations demonstrate
interval changes in size or invasiveness. Metastatases
appear rarely. Although researchers have reported a
case of multiple esophageal and gastric granular cell
tumors with nuclear features of malignancy, the patient
was cured by local resection.

Muscularis Propria Lesions

Stromal Cell Tumor

Gastrointestinal stromal cell tumors (GISTs) are
rare mesenchymal neoplasms that can be found
throughout the digestive tract (Fig. 2). The vast majority
(90%) originate in the stomach and small intestine and
10ÿ30% may be malignant with intra-abdominal me-
tastases. Formerly classi®ed as leiomyomas and
leiomyosarcomas, GIST is the new unifying nomencla-
ture for all gastrointestinal mesenchymal tumors with
unique genetic and histochemical features. GIST de-
scribes most of what were formerly considered
leiomyomas and leiomyosarcomas.

GISTs are thought to arise from a stem cell with
multipotent differentiation. Many GISTs show differen-
tiation toward the pacemaker cells of the gastrointesti-
nal tract, the interstitial cells of Cajal. Others exhibit
features seen in smooth muscle and neural tissues.
Histologically, GISTs show spindle cells growing in fasi-
cles or sheets of epithelioid-type cells. GISTs are highly
vascular and frequently present with gastrointestinal
hemorrhage.

On EUS, stromal cell tumors are hypoechoic and
arise from the muscularis propria or muscularis
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mucosa. The most reliable method for determining ma-
lignancy of a GIST is immunohistochemical and genetic
analysis of the specimen by surgical pathology. GISTs
are classi®ed as having low, high, or indeterminate
malignant potential based on the presence of several
criteria that can be determined by EUS and surgical
pathology. Size greater than 3 cm, a high mitotic
count per high-powered ®eld (HPF), the presence of
tumor necrosis, nuclear pleomorphism, dense cellular-
ity, an alveolar or clustered cell pattern, and micro-
scopic invasion of the lamina propria or blood vessels
are predictors of high malignant potential (Table II).
Finding any two of these features suggests that a stromal
tumor has high malignant potential. A stromal tumor
with only one of these traits is considered a tumor with

uncertain malignant potential. If these criteria are ab-
sent, the tumor is benign. Histopathology is the gold
standard for determining malignant potential. As a part
of this process, the results of 50 HPFs are tabulated. FNA
cytology provides insuf®cient material to de®nitively
determine malignant potential.

The missense mutation of the c-kit gene, which
codes for a growth factor receptor with tyrosine kinase
activity, has recently been identi®ed as a molecular bi-
ologic marker for increased recurrence of GISTs and
higher mortality. Assays for c-kit and CD34 performed
on ®ne-needle aspirates may improve the diagnostic
yield of FNA in settings where malignant GIST is
suspected. Research is also ongoing to delineate the
sensitivity of EUS criteria alone in the evaluation of
stromal tumors. In one series of 56 GISTs studied by
EUS, the presence of two out of three characteristicsÐ
irregular extralumenal margins, cystic spaces, and ma-
lignant-appearing lymphadenopathyÐhad a positive
predictive value of 100% for malignant or borderline
malignant histology. Other researchers studied the
Doppler characteristic of GISTs and reported that
turbulent, pulsatile ¯ow was highly sensitive for malig-
nancy (100%).

True leiomyomas are now thought to be rare in the
GI tract, occurring most often in the esophagus or gas-
tric cardia. They are composed of spindle cells but are
less cellular than GISTs and immunohistochemically
they differ by not expressing CD34 or CD117 (c-kit).

Suspected stromal cell tumors that are symptomatic
and associated with bleeding, obstruction, or pain
should be removed. Additionally, GISTs that are greater
than 3 cm or increasing in size when seen in follow-up
should be removed surgically to prevent metastatases.
Laparoscopic resection of GISTs has been described.
Although metastatic GISTs are generally highly resistant
to chemotherapy, the new tyrosine kinase inhibitor
STI571 has been reported to be highly active against
GIST in a patient with metastatic disease.

Extrinsic Compression

A number of adjacent structures can produce extrin-
sic compression on the gastrointestinal tract and appear
as submucosal lesions on video endoscopy. Adjacent
organs such as the spleen as well as lymph nodes,
and pancreatic pseudocysts should be2 considered in
the differential. EUS can be helpful in these situations.
If a lesion is extralumenal, shows no relationship with
layers of the gastrointestinal tract, and moves indepen-
dently of the mucosa with the patient's respirations,
then the mass is most likely external to the gastrointes-
tinal tract.

FIGURE 2 EUS image of GIST in gastric wall showing hetero-

geneous, hypoechoic lesion involving muscularis propria.

TABLE II Submucosal Tumors: Predictors

of Malignancy

EUS Histologic

Irregular margins 450 mitoses per HPF

Size 43 cm Tumor necrosis

Nuclear pleomorphism

Dense cellularity

Alveolar or clustered cell pattern

Microscopic invasion of the lamina

propria or blood vessels

Cystic spaces Missense mutation of c-kit gene

Lymphadenopathy
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BIOPSY AND REMOVAL

Following characterization of an SMT by EUS, consid-
eration should be given to periodic surveillance, biopsy,
or excision. There are several methods for biopsy of
SMTs. Utilizing the deep-well biopsy technique is one
option whereby repeated pinch biopsies of the same
point denude the mucosa and yield submucosal tissue.
Alternatively, the top layer of mucosa can be removed by
snare electrocautery and the submucosa can then be
sampled. EUS and FNA of submucosal tumors can
help determine tissue type but may not be able to dem-
onstrate malignancy.

Most authors recommend surgical or endoscopic
excision if lesions are greater than 3 cm in diameter
or if they are producing symptoms (see Table III). An
SMT that is shown by EUS to arise from the deep mucosa
can be removed safely by conventional endoscopic poly-
pectomy techniques. Saline injection may facilitate
snare polypectomy.

In one case series, researchers used EUS to identify
the wall layer of origin and to exclude characteristics
suspicious for malignancy in 54 SMTs. Endoscopic re-
section was then performed for all masses arising in
submucosa or muscularis mucosa. Muscularis propria
lesions underwent mucosectomy followed by deep bi-
opsy. Two of the 54 patients had biopsies showing ma-
lignancy. Although this procedure was safe and led to no
perforations, the results suggest that EUS criteria alone
may not identify all malignant lesions that require sur-
gical removal.

CONCLUSION

In conclusion, gastroenterologists and internists may
consider the endoscopic and EUS characteristics of
SMTs in order to make a presumptive diagnosis of
the lesion's histology and predict its behavior. With
this information, a strategy for surgical or endoscopic
removal or surveillance can be planned. All lesions with
features that suggest malignancy should be removed.
Additionally, any SMT that is large, increasing in size,
or associated with symptoms should be considered
for removal. Fortunately, most SMTs are benign. As

imaging and histopathologic techniques improve,
there may be enhanced, noninvasive approaches for
the diagnosis and treatment of SMTs.
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capsaicin Natural ingredient of hot peppers of the genus

Capsicum, the pungent ingredient of many ``hot'' and

spicy foods. A subtype of primary afferent neurons is

sensitive to capsaicin; at low doses, capsaicin stimulates

these neurons and is toxic to the neurons at high doses

or after prolonged treatment.

chemical coding Particular combination of neurotransmit-

ters, neuropeptides, and other neuronal chemical

markers characteristic of a particular class of neuron.

dorsal root ganglia Series of paired neural ganglia adjacent to

the spinal cord; contain the neuronal cell bodies of

capsaicin-sensitive primary afferent nerves as well as

other afferent nerves.

enteric nervous system Neurons and supporting cells found

within the walls of the gastrointestinal tract, including

the pancreas and gallbladder.

myenteric plexus (Auerbach's plexus) Network of nerves

and small ganglia that lie in the plane between the

external longitudinal and inner circular layers of smooth

muscle in the muscularis externa of the intestine.

submucous plexus (Meissner's plexus) Network of small

ganglia and nerves located in the submucosa of the

intestine.

tachykinins Family of neuropeptides sharing the same

carboxyl-terminal amino acid sequence comprising the

molecular center of biological activity of each peptide (F-

x-G-L-M-amide). The mammalian tachykinins include

substance P, neurokinin A, neuropeptide K, neuropep-

tide g, and neuropeptide B.

Substance P, a peptide composed of 11 amino acids, is

expressed by neurons in the central, peripheral, and en-

teric nervous systems. Substance P is a major neurotrans-

mitter in the gastrointestinal tract; it affects motility,

secretion, and in¯ammation and can cause vomiting by

an action in the central nervous system. Most actions of

substance P are mediated by the neurokinin-1 receptor,

thus excellent receptor antagonists have been developed

to aid in differentiation of physiological versus pharma-

cological actions of substance P. These receptor antago-

nists may also prove to be of therapeutic value in treating

substance P-associated in¯ammatory bowel disease, acute

intestinal in¯ammation, and chemotherapy-induced nau-

sea and vomiting.

INTRODUCTION

The 11 amino acids of the peptide substance P (SP) are
arranged in the sequence RPKPQQFFGLM-amide.

Encyclopedia of Gastroenterology Copyright 2004, Elsevier (USA). All rights reserved.
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SubstanceP isamemberof the tachykinin familyofmam-
malian neuropeptides. Other mammalian tachykinins
include neurokinin A (NKA), the NKA-related peptides
neuropeptide K (NPK) and neuropeptide g (NPg), and
neurokinin B (NKB). Substance P got its unusual name
from its discoverers, who identi®ed an intestine-contr-
acting activity extracted from equine intestine (it was
then called preparation P). The tachykinins are named
for their rapid ability to act on gut tissues, compared to
the slower acting bradykinins. Substance P is encoded
by the preprotachykinin I (PPT I) gene. Four mRNAs,
termed a-PPT I, b-PPT I, g-PPT I, and d-PPT I, can be
generated from the gene for PPT I by alternative mRNA
splicing. The a-PPT I and d-PPT I mRNAs encode only
SP whereas the b-PPT I and g-PPT I mRNAs encode
both SP and NKA. Precursor proteins are synthesized
from all four mRNAs and subsequent posttranslational
processing generates the tachykinin peptides. b-PPT I
and g-PPT I proteins are subject to multiple proteolytic
cleavages, resulting in the generation of NPK and NPg,
respectively, as well as SP and NKA. NKB is encoded
by the PPT II gene, which does not encode any other
tachykinins. Thus, although the genome contains only
one gene for SP, the mRNA transcribed from the gene
and the precursor proteins translated from the mRNAs
can be processed in multiple ways to result in the ex-
pression of various combinations of SP, NKA, NPK, and
NPg in nerves.

In the gastrointestinal tract of the rat, the only spe-
cies in which PPT I has been examined in detail, g-PPT I
mRNA comprises 80ÿ90% of the total tachykinin RNA
and b-PPT I mRNA and a-PPT I mRNA account for
10ÿ20% and less than 1%, respectively. Thus, all mem-
bers of the tachykinin family of neuropeptides except
NKB are probably expressed in the gut. Three receptors
correspond to the three major mammalian tachykinins.
All three tachykinin receptors are G-protein-coupled
receptors. Each receptor exhibits its highest af®nity
binding to a different tachykinin: SP has highest af®nity
for the neurokinin-1 (NK-1) receptor, NKA has highest
af®nity for the neurokinin-2 (NK-2) receptor, and NKB
has highest af®nity for the neurokinin-3 (NK-3) recep-
tor. However, all three receptors can interact with all
three mammalian tachykinins pharmacologically and it
is possible that they do so physiologically as well. Sub-
stance P has been shown to stimulate several second-
messenger systems coupled to the NK-1 receptor, i.e.,
inositol 1,4,5-trisphosphate, calcium, cyclic adenosine
monophosphate (cAMP), mitogen-activated protein
(MAP) kinase, and arachidonic acid.

Substance P was originally discovered in extracts of
gastrointestinal tissue and was shown to contract gas-
trointestinal muscle in 1931. Studies of the role of SP in

regulating the gastrointestinal tract have continued un-
abated since the 1930s and are still contributing insights
into the nature of SP. Because of its potential importance
in understanding the mechanisms of normal physiology
and serving as the basis for potential new therapies for
various diseases, SP is one of the best studied neuropep-
tides. In addition to detailed knowledge of the molecular
biology of the peptide and its receptor, great strides have
been made in understanding the pharmacology of SP,
including the development of multiple selective ago-
nists and antagonists for the NK-1 receptor. In the
gut, SP is an important neurotransmitter both in enteric
neurons (those intrinsic to the gut) and in extrinsic
primary afferent nerves (the cell bodies of which are
located adjacent to the spinal cord in the dorsal root
ganglia). Various speci®c stimuli cause the release of SP
and it has a predominantly excitatory action on gut
nerve, muscle, and glands.

GASTROINTESTINAL MOTILITY

The muscle layers of the gut (muscularis externa and
muscularis mucosae) are innervated by a dense array of
SP-containing nerve ®bers, most of which originate
from the enteric nervous system. The neuronal cell
bodies in the enteric nervous system are in the
myenteric plexus (MP), located between the inner cir-
cular and the outer longitudinal layers of smooth muscle
of the muscularis externa, and the submucosal plexus
(SMP), located in the submucosa. The SP-expressing
enteric neurons have been mapped in detail in the
guinea pig intestine such that their projections within
and between the nerve plexuses and to the muscle layers
and mucosa are well established. Although the neuro-
anatomy of gastrointestinal SP is not as well known in
species other than the guinea pig, there do not appear
to be major functional differences among mammalian
species. The physiological functions of neurons
depend on their chemical coding (the combination of
neurotransmitters, neuropeptides, and other neuronal
chemical markers characteristic of a particular neuron)
and morphological characteristics, and studies of these
features of enteric SP neurons have revealed roles as
sensory neurons, interneurons, and motor neurons. Al-
most all MP and SMP SP neurons in the guinea pig
intestine coexpress acetylcholine (ACh) whereas the
extrinsic SP-expressing neurons coexpress calcitonin
gene-related peptide (CGRP) and are sensitive to cap-
saicin, the pungent ingredient of hot peppers. Enteric SP
neurons are not sensitive to capsaicin. Thus, it is pos-
sible to determine the intrinsic versus extrinsic source of
SP in the gut by administering capsaicin, which acts as
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an excitotoxin by ®rst selectively stimulating and then,
at higher doses or longer times, defunctionalizing ex-
trinsic primary afferent, but not intrinsic, enteric
neurons.

Various stimuli, including electrical depolarization,
distension of the gut wall, intraluminal acid in the stom-
ach, in¯ammation, various neurotransmitters and hor-
mones, and capsaicin, can elicit SP release in the gut.
Tachykinins enhance motor activity in virtually all re-
gions and layers of the mammalian gut. Sometimes this
action is a direct one on muscle, but in other cases,
it re¯ects activation of enteric neurons that stimulate
the muscle by release of ACh. A further complication
arises when it is remembered that nerves that express
the PPT I gene products most often corelease NKA and/
or the NKA-like peptides NPK or NPg along with SP.
Furthermore, NK-1 receptors are expressed by both
nerves and muscle cells whereas NK-2 receptors are
mostly limited to smooth muscle cells. As a ®nal com-
plication, even though most tachykinin actions on
gut motility are stimulatory, they can also inhibit gut
muscle by stimulating inhibitory neural pathways or by
interrupting stimulatory pathways. Most of the stimu-
latory actions of SP and NKA on gastrointestinal motil-
ity, especially in the case of peristalsis, are in synergism
with ACh, with which they are coreleased from enteric
neurons.

In studies of the human esophagus in vitro,
tachykinins stimulate contraction of the lower esopha-
geal sphincter (LES) and esophageal body via NK-2
receptors. In animal studies, tachykinins facilitate swal-
lowing of ¯uids and increase LES pressure. In some
species, SP causes only a transient LES contraction
that is followed by a prolonged relaxation mediated
by NK-1 receptors. It is not known if SP plays a
major physiological role in normal human esophageal
function.

Most of the information available about the effects of
SP on gastric motility comes from animal studies. In the
rat, injection of SP can either stimulate or inhibit gastric
emptying and transit of a liquid meal, depending on
whether parasympathetic or sympathetic re¯exes are
simultaneously activated. In the cat and dog, systemic
administration of SP induces phasic contraction of the
stomach via ACh release. Overall, SP is primarily
stimulatory to gastric motility.

In the human small intestine and colon, NK-1 re-
ceptors are expressed by smooth muscle cells in the
muscularis externa and muscularis mucosae and on
neurons in the MP, and NK-2 receptors are expressed
by smooth muscle but not by enteric neurons. This
distribution correlates well with the observations that
NKA directly stimulates human intestinal muscle

contraction and that the effects of SP seem to occur
indirectly via nerves. Intestinal peristalsis is a form of
integrated propulsive motility resulting from the se-
quential activation of ascending excitatory and descend-
ing inhibitory re¯exes initiated by local stretch of the
intestinal wall, and resulting in propulsion of the con-
tents of the intestine aborally. Because local stretch of
the intestinal wall is the major stimulus for peristalsis,
the role of tachykinins in the ascending contraction and
descending relaxation of intestinal circular muscle in
response to stretch or radial distension of the gut wall
has been examined in detail. The peristaltic re¯ex is
complex, consisting of distension-sensitive enteric sen-
sory nerves, interneurons, orally projecting excitatory
motor neurons to cause ascending contraction, and
aborally projecting inhibitory motor neurons to cause
descending relaxation. A variety of experimental ap-
proaches, including the administration of tachykinin
receptor antagonists, SP desensitization, and SP
immunoneutralization, have been used to demonstrate
that SP and ACh are involved in the ascending re¯ex
contraction caused by gut wall distension and that the
descending relaxation is independent of tachykinins.

Additional analyses with antagonists selective for
the NK-1 or NK-2 receptors have revealed that
NK-2 receptors primarily mediate ascending re¯ex
contraction in the guinea pig intestine, although
some involvement of NK-1 receptors is also evident.
It has also been demonstrated that stretch-induced as-
cending contraction, but not descending relaxation, of
the human jejunum and rat colon is associated with
release of endogenous SP and NKA. The concept that
tachykinins are involved in the regulation of gastro-
intestinal propulsive motility in vivo is supported by
the inhibition of gastric emptying and gastrointestinal
transit in rats after administration of a tachykinin
receptor antagonist.

Substance P contracts the human gallbladder by a
direct effect on smooth muscle cells, but the physiolog-
ical signi®cance of this effect is not known.

GASTROINTESTINAL SECRETION

There is a large body of evidence that SP participates,
along with several other sialogogic messengers, in the
parasympathetic regulation of salivary secretion. In rats,
release of SP (and NKA) from the parotid glands is in-
creased after nerve stimulation. In addition, the tissue
content of SP is greatly reduced after prolonged stimu-
lation of the parasympathetic but not sympathetic
nerves supplying the salivary glands. Salivation,
which also decreases after prolonged nerve stimulation,
is restored by infusion of subthreshold doses of SP.
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Tachykinin receptor antagonists reduce salivary output
to parasympathetic nerve stimulation in the rat. The
salivation evoked by sympathetic nerve stimulation in
the rat is not affected by tachykinin receptor antago-
nists. The stimulatory effect of SP on salivation in rats
and other species is potentiated by the coreleased neu-
ropeptide vasoactive intestinal polypeptide (VIP). It is
likely that SP is a physiologically important regulator of
salivation in animals and people.

In contrast, the weak and variable effects of SP on
gastric secretion suggest that the peptide does not play a
major role in regulating gastric secretion. The currently
available evidence supports only a potential modulatory
in¯uence of SP on the secretory functions of the stom-
ach. In addition, there appear to be major species
differences in the effects of SP on gastric secretion.
For example, SP does not affect basal gastric acid secre-
tion in rats or dogs but SP does stimulate gastric acid
secretion in cats. Similar differences have been noted in
the effects of SP on stimulated gastric acid secretion. The
actions of SP on gastric acid secretion are so divergent
that the only conclusion possible is that its effects de-
pend on the species studied, the experimental condi-
tions used, and the particular stimulus used to stimulate
secretion. A good way to test the hypothesis that SP plays
a physiological role in regulating gastric acid secretion
would be to test the effects of NK-1 receptor antagonists,
but this does not appear to have been done yet. Based on
the evidence that SP is a potent pepsigogue in dogs and
guinea pigs, it is possible that SP is a physiologically
signi®cant regulator of pepsinogen secretion. Pepsino-
gen is the inactive precursor of the proteolytic enzyme,
pepsin, in the stomach. Pepsinogen is secreted by gastric
chief cells, which have been shown to express NK-1
receptors, and is converted to pepsin in the gastric
lumen by gastric acid.

There is strong evidence that SP is an important
stimulant of secretion in the small intestine and
colon. Systemic administration of SP induces a net se-
cretion of water, sodium, potassium, and chloride
into the small intestine of dogs, cats, and ferrets.
SP stimulates an enteric neural re¯ex that results in
the activation of secretomotor VIP neurons. A compo-
nent of the SP effect can also be accounted for by a direct
effect of SP on the mucosal epithelium. SP stimulates
secretion by increasing the short circuit current (Isc), an
index of electrogenic anion secretion. The increased Isc

is accompanied by a net secretion of sodium, chloride,
and bicarbonate. The relative degree to which the SP
effect is mediated by nerves versus direct effects on the
mucosal epithelium varies with the type of tachykinin
agonist used and the region of intestine studied. In the
porcine and guinea pig small intestines, both the neural

and epithelial responses are mediated by NK-1 recep-
tors. The situation may be different in other species.
However, the involvement of NK-1 receptors is consis-
tent with the observation that secretomotor neurons in
both the MP and SMP express NK-1 receptors. The
stimulant action of SP on Isc in the small intestine
requires calcium in¯ux into the tissue because it is in-
hibited by removal of extracellular calcium or by pre-
treatment with verapamil, a calcium channel-blocking
drug. The sodium/potassium/chloride cotransport
mechanism has also been demonstrated to be important
in SP-evoked stimulation of Isc.

In the rat colon, SP converts ¯uid absorption into
net ¯uid secretion. The secretory responses to NK-1
and NK-2 receptor agonists are suppressed by tetro-
dotoxin (TTX), an inhibitor of neural transmission,
and blockade of nitric oxide (NO) synthesis. These
®ndings have led to the proposal that SP evokes se-
cretion in the rat colon by a sequential activation of
NK-1 and NK-2 receptors and the formation of NO in
a complex enteric neural re¯ex. The Isc response in
the mucosa of the guinea pig colon is mediated by
NK-1 receptors. The prominence of NK-1 receptor
actions differentiates the guinea pig colon from the
rat colon, in which all three tachykinin receptors act
to increase Isc.

These observations and others have given rise to
the concept that stimulation of MP and SMP neurons
that innervate the mucosa of the guinea pig small
intestine releases SP and NKA within the enteric ganglia,
activating VIP-mediated secretomotor pathways, and
within the mucosa, stimulating epithelial cell secretion
directly. This conclusion is supported by experiments
showing that SP desensitization, SP immunoneutral-
ization, and NK-1 receptor antagonists inhibit the in-
crease in Isc caused by electrical ®eld stimulation of the
guinea pig small intestinal and colonic mucosae. Thus, it
is clear that SP in¯uences the secretory activity of the
small intestine and colon by switching function from net
absorption to net secretion of ¯uid and electrolytes. As
discussed below, there is also increasing evidence that
SP-stimulated intestinal secretion may play a role in
various intestinal in¯ammatory diseases.

Substance P has also been demonstrated to reduce
basal and hormone-stimulated bile output and to in-
crease digestive enzyme secretion from the exocrine
pancreas, but the physiological signi®cance of these ac-
tions is unknown.

INTESTINAL INFLAMMATION

One of the sources of SP in the gastrointestinal tract is
primary afferent neurons, which have cell bodies in the
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dorsal root ganglia (DRG) adjacent to the spinal cord. A
subset of these sensory neurons express SP as well as
other neurotransmitters (such as CGRP) and are sensi-
tive to the excitotoxin, capsaicin. Many observations in
recent years have supported the concept that these ex-
trinsic sensory neurons expressing SP are involved in
both conveying nociceptive information to the spinal
cord and in regulating the in¯ammatory and immune
responses in the peripheral tissues they innervate, in-
cluding the gut. Thus, SP released by extrinsic sensory
neurons in response to peripheral tissue damage may
signal pain in the spinal cord (eventually resulting in
pain perception centrally) and may also participate in
regulating in¯ammation, immune responses, and, ulti-
mately, wound healing in the affected peripheral tissue.
In this set of responses, the same system (primary af-
ferent neurons) that innervates the entire body (except
the brain) is also involved in sensing tissue damage
(using the pain response to avoid further damage)
and in initiating repair responses such as in¯ammation
and wound healing. In this scenario, acute in¯ammation
is adaptive because it is an initial step in wound healing.
However, in susceptible individuals, the in¯ammation
may become chronic, for unknown reasons, resulting in
debilitating chronic in¯ammatory bowel diseases
(IBDs) such as Crohn's disease (CD) and ulcerative co-
litis (UC) in the gastrointestinal tract. In addition, some
acute in¯ammatory conditions in the gut, such as
pseudomembranous colitis, appendicitis, and cholecys-
titis, often require medical intervention because of the
intensity of the in¯ammation.

Animal studies support the conclusion that SP re-
leased from DRG ®bers innervating the intestinal mu-
cosa plays a signi®cant role in intestinal in¯ammation.
In rats, NK-1 receptor antagonists have been shown to
inhibit intestinal in¯ammation in both acute and
chronic in¯ammation models. Pretreatment with neu-
rotoxic doses of capsaicin to eliminate SP-expressing
primary sensory afferent neurons also inhibits acute
intestinal in¯ammation in the rat intestine; acute treat-
ment with excitatory intraluminal doses of capsaicin
elicits in¯ammation. In addition, targeted deletion of
the gene encoding the NK-1 receptor in mice also
strongly inhibits acute intestinal in¯ammation. These
observations have given rise to the concept that
in¯ammatory agents in the gut somehow activate cap-
saicin-sensitive primary sensory nerves in the mucosa,
resulting in local SP release that subsequently is
involved in stimulating an in¯ammatory cascade. Sub-
stance P is well known to cause activation of immune
system cells, to increase permeability of the vascular
endothelium (resulting in plasma extravasation), and
to stimulate leukocyte chemotaxis.

Although it is not known if SP is involved in acute or
chronic gastrointestinal in¯ammation in humans, indi-
rect evidence exists supporting this concept. Tissue
levels of SP have been shown to be both higher and
lower than normal in UC and CD. These discrepancies
may re¯ect tissue sampling in different phases of the
disease process or other factors. In addition, changes in
tachykinin receptor binding in UC and CD have been
examined in detail. Examination of several neurotrans-
mitter and hormone receptors has revealed that only
NK-1 receptor binding is signi®cantly affected in surgi-
cally resected specimens of IBD tissue. In tissue from
both UC and CD patients, NK-1 receptor binding is
dramatically increased. The increased NK-1 receptor
binding occurs in arteriolar endothelium and in
lymph nodules, sites of activation of in¯ammatory
and immune responses. Neurokinin-2 receptor binding
is not different in normal control versus IBD tissue, and
NK-3 receptors are not detected in the human intestine.

To assess whether the increased NK-1 receptor bind-
ing is restricted to chronic gut in¯ammatory conditions,
appendix tissue from patients with appendicitis, nega-
tive appendicitis (in which the patient presents with the
symptoms of appendicitis but pathological analysis in-
dicates the surgically resected tissue is normal), and
normal controls were analyzed as representative of
acute gut in¯ammation. In normal appendix, similar
to normal colon, low levels of NK-1 receptor binding
are observed in the circular layer of smooth muscle of
the muscularis externa. In the in¯amed appendicitis
tissue, additional NK-1 receptor binding sites are
evident in small arterioles and lymph nodules in the
appendix. Interestingly, the negative appendix tissue
also shows additional NK-1 binding sites associated
with blood vessels and lymph nodules, suggesting
that increased NK-1 receptor binding occurs prior to
the in®ltration of mononuclear in¯ammatory cells char-
acteristic of the in¯amed appendix. Whether SP and
NK-1 receptors initiate the in¯ammatory changes in
IBD and appendicitis as they do in animal models of
chronic and acute intestinal in¯ammation is unknown,
but the data from the negative appendicitis cases suggest
that NK-1 receptors may indeed mediate the plasma
extravasation and in®ltration of mononuclear in¯am-
matory cells observed in these diseases.

CHEMOTHERAPY-INDUCED NAUSEA
AND VOMITING

Cancer patients treated with chemotherapeutic agents
often suffer from acute and/or delayed nausea and vom-
iting (emesis) caused by the chemotherapy drug. The
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cornerstone of current antiemetic therapy consists of
treatment with a serotonin (5-hydroxytryptamine;
5-HT) type 3 receptor (5-HT3) antagonist. The combi-
nation of a 5-HT3 antagonist and a corticosteroid such
as dexamethasone is the standard of care for cancer
patients receiving moderate to intense chemotherapy.
These agents appear to exert their antiemetic actions at
peripheral sites in the body. When this treatment is
optimized, a majority of cancer patients receiving che-
motherapy experience no emesis during their treat-
ment. However, incompletely controlled nausea and
vomiting is a signi®cant problem for a minority of pa-
tients, such as those undergoing high-dose chemother-
apy regimens and those developing emesis more than 24
hours after chemotherapy (delayed emesis). In these
patients, 80ÿ95% suffer from nausea and vomiting in
the 7 days following the start of chemotherapy despite
the use of standard antiemetic treatment.

It is clear that more effective antiemetic treatments
are needed. In animal studies conducted in the mid-
1990s, it was found that injection of SP induces emesis
and that treatment with NK-1 receptor antagonists in-
hibits emesis. In fact, compared to 5-HT3 receptor an-
tagonists, NK-1 receptor antagonists inhibited a much
broader spectrum of emetic stimuli, including mor-
phine, apomorphine, nicotine, copper sulfate, ipecac,
radiation, cyclophosphamide, cisplatin, motion, and
anesthesia. The NK-1 receptor antagonists also differed
from the serotonin receptor antagonists in their site of
action by acting in the central nervous system, presum-
ably to antagonize the actions of endogenously released
SP. Another advantage of NK-1 receptor antagonists
over serotonin receptor antagonists relates to the activ-
ity of these agents in acute versus delayed emesis. The
primary activity of the serotonin receptor antagonists
has been observed on acute emesis in animals and hu-
mans, with little effect on cisplatin-induced delayed
emesis. In contrast, NK-1 receptor antagonists exhibit
activity in both acute and delayed emesis.

In early clinical trials, NK-1 receptor antagonists
proved to be safe and effective in preventing acute
cisplatin-induced nausea and vomiting, although
when used alone they may be no more active than
the 5-HT3 receptor antagonists. When an NK-1 receptor
antagonist is combined with a 5-HT3 receptor antago-
nist and dexamethasone, control of acute cisplatin-
induced emesis is improved by 20ÿ30% over that
obtained with the combination of a 5-HT3 receptor an-
tagonist and dexamethasone without the NK-1 receptor
antagonist. Most signi®cantly, complete control of cis-
platin-induced delayed emesis is better by 30ÿ40%
when using the triple drug combination compared to
placebo.

It is clear that additional clinical trials are necessary
to determine the potential value of NK-1 receptor an-
tagonists in treating chemotherapy-induced nausea and
vomiting. The early ®ndings are very promising and it is
likely that NK-1 receptor antagonist therapy in some
form will ®nd a place in the future treatment of these
conditions.

SUMMARY

The known physiological actions of SP in the gut include
a role in peristalsis in the small intestine and colon and
the stimulation of salivation. Although less well studied,
SP may also prove to be important in esophageal mo-
tility, pepsinogen secretion, gallbladder contraction, in-
testinal secretion, bile output, and pancreatic secretion,
but the physiological signi®cance of these actions has
yet to be determined.
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Swallowing
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cricopharyngeous Striated muscle attached to the posterior

aspect of the lamina of the cricoid cartilage; it forms the

major component of the upper esophageal sphincter.

pharyngeal swallow Re¯exive swallows independent of

volitional control largely responsible for clearance of

residual gastric re¯uxate and swallowed contents.

Swallowing, or deglutition, is a highly coordinated activ-

ity that results in the transport of food and secretions from

the oral cavity into the stomach via the esophagus. Since

the respiratory and digestive tracts cross in the pharynx,

the deglutitive sequence includes mechanisms that pre-

vent aspiration of swallowed contents into the airway. As

a result, with swallowing, respiration is suspended and a

conformational change occurs in the structure of the oro-

pharynx from a primarily respiratory pathway to a diges-

tive pathway. An intricate network of neuromuscular

signals controls the complex deglutitive process.

INTRODUCTION

Initiation of a swallow may be volitional or re¯exive.
Once initiated, however, every swallow leads to a pre-
dictable, involuntary sequence of events during which
the bolus clears the pharynx and is transported to the
stomach. On average, an individual swallows once per
minute, usually to clear secretions, and approximately
1000 times per day, not including swallows with meals.
Since the entire oropharyngeal component of the swal-
lowing process takes less than a couple of seconds, eval-
uating this sequence has in the past been dif®cult. With
the recent advent of newer imaging technologies, a
greater understanding of this complex process is
being obtained. Normal deglutition is composed of
four phases: the preparatory phase, the oral phase,
the pharyngeal phase, and the esophageal phase.

OROPHARYNGEAL STRUCTURES

Many oropharyngeal structures take part in the deglu-
titive process. Figure 1 depicts the various muscles
and surrounding tissues that are involved in the swal-
lowing process. A total of 30 paired striated muscles
and 6 pairs of cranial and cervical nerves participate in

oropharyngeal swallowing. Deglutitive muscle groups
are attached to cartilage (i.e., epiglottic, arytenoid,
cricoid, thyroid) and the hyoid bone to provide a con-
duit for bolus transit and to close the airway during
swallowing. The tongue is the most important muscle
in the preparatory and oral phases of swallowing. In
the pharynx, various groups of muscles combine to
perform actions that propel the bolus through the
esophagus and prevent aspiration or nasal regurgita-
tion. The intrinsic muscles of the pharynx, the supe-
rior, middle, and inferior constrictors, are largely
responsible for a peristaltic wave that aids bolus trans-
port to the esophagus and clears the pharynx of res-
idue. The upper esophageal sphincter is composed of a
group of muscles that prevent gastric re¯uxate from
entering the oropharynx. The cricopharyngeus is the
major muscle of the sphincter along with the inferior
pharyngeal constrictors, the most proximal part of the
esophagus, and the thyropharyngeus, all of which
maintain tonic contraction of the sphincter at rest.
Protection of the airway from aspiration is achieved
by closure of the larynx, as the upper esophageal
sphincter is opened.

NEUROLOGIC PATHWAYS

Much has been discovered about the central and periph-
eral neural pathways of deglutition in the past several
years. The major components of the neural control of
swallowing include sensory afferent and motor efferent
®bers, located in the cranial nerves, and central organ-
izing centers, located in the brainstem.

Sensory afferents are carried by branches of the glos-
sopharyngeal (IX) and vagus (X) nerves to the nucleus
tractus solitarius in the medulla. These ®bers also carry
sensory information from pulmonary stretch receptors
and chemoreceptors located in the carotid and aortic
bodies. This common neural pathway allows for control
of respiration during deglutition. Afferent stimulation of
receptors in the oropharynx is capable of initiating an
automatic or re¯exive/pharyngeal swallow, indepen-
dent of volitional control. The pharyngeal swallow ap-
pears to be an important mechanism for pharyngeal
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clearance for airway protection. Stimulation of the
superior laryngeal nerve is most effective in producing
a swallow, followed by the glossopharyngeal nerve.
Other mechanoreceptors on the tongue, soft palate,
and tonsillar pillars are also able to initiate a swallow
if mechanically stimulated by liquid.

The brainstem plays an important role in deglutition.
The motor nuclei of the cranial nerves innervating the
pharyngeal muscles are located in the pons and medulla.
These include the motor nuclei of the trigeminal (V),
facial (VII),glossopharyngeal(IX),andvagus(X)nerves.
Although stimulation of the individual nuclei will result
in contraction of the various deglutitive muscles, they
alone are unable to initiate the swallow re¯ex. Concur-
rent stimulation of multiple sensory afferents and
summation of sensory inputs to interneurons above
thesenuclei,whichcoordinate this activity, are required.
Central paired swallowing centers are located in the me-
dulla oblongata. These poorly de®ned areas include the
nucleustractussolitarius,ventromedianreticular forma-
tion, and the nucleus ambiguous and are responsible for

processing afferent sensory signals and programming
the motor swallowing sequence. This area also receives
cortical input for volitional control of deglutition.

Recent studies have shown that cortical inputs have
a signi®cant in¯uence on the brainstem swallowing
centers and a complex network of interneurons coor-
dinates neuromuscular activity between these two levels
of neuronal function. Functional magnetic resonance
imaging has demonstrated cortical activation in the
anterior cingulate gyrus, the motor/premotor cortex,
the insula and occipital/parietal lobes in Brodmann's
areas 7, 19, and 31 with deglutition. These areas, how-
ever, are not unique to deglutition and also are activated
in nondeglutitive oral actions.

PHASES OF DEGLUTITION

Preparatory and Oral Phases

When an individual takes in food, the food is bro-
ken down mechanically by the muscles of mastication

Pharyngeal opening of auditory
(Eustachian) tube

Pharyngeal tonsil

Vertebral
bodies

Nasopharynx

Soft palate

Hard palate

Oral cavity

Palatine tonsil

Body of tongue

Oropharynx

Epiglottis

Mandible

Laryngopharynx (hypopharynx)

Aditus of larynx

Vocal fold (cord)

FIGURE 1 Muscles and surrounding tissues involved in the swallowing process.
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and chemically by salivary secretions, into a bolus that
is transportable by the tongue to the oropharynx during
the preparatory phase. The subsequent oral phase is
involved in the transfer of the bolus from the oral cavity
to the pharynx. The tongue is the major muscle in-
volved in this phase of deglutition and is able to
adapt its shape and propulsive force depending on
the size of the bolus. Sequential squeezing of the tongue
against the hard and soft palate generates a peristaltic
pressure wave that propels the bolus from the oral cav-
ity to the pharynx.

Pharyngeal Phase

The pharyngeal phase lasts less than 1 s; however, it
is extremely complex and largely re¯exive. Since the
respiratory and digestive tracts cross in the pharynx,
respiration is stopped during the pharyngeal swallow.
Although the exact triggers of the pharyngeal swallow
are not known, it usually starts as the bolus is being
transported by the tongue to the pharynx, presumably
by stimulation of oropharyngeal receptors of the supe-
rior laryngeal nerve. Studies have shown that although
this may be true with direct stimulation of the various
oropharyngeal structures, in the process of normal eat-
ing, food often enters the pharynx prior to initiation of a
swallow, suggesting that either volitional control may
override this stimulus or a summation of sensory input
will inhibit this re¯ex. Alternatively, the pharyngeal
phase during normal eating can be triggered as part
of a seamless centrally initiated stereotyped sequence
without the need for peripheral input. Figure 2 illus-
trates the pharyngeal phase of swallowing during eval-
uation with an oropharyngeal esophagram.

Swallows have been categorized as primary, when
they are volitional, or secondary, when they are re¯exive
(i.e., without voluntary control). These secondary swal-
lows have been referred to as pharyngeal swallows. In
general, they have the same biomechanics and charac-
teristics as primary swallows, except for the fact there is
no sequential contact of the tongue with the hard palate.
It is believed that these secondary swallows are impor-
tant for clearing the hypopharynx of any residue or
re¯uxate from the stomach. Pharyngeal swallows can
be triggered by stimulation of many areas of the oro-
pharynx, including the anterior faucial pillars, posterior
tongue, epiglottis, posterior pharynx, and larynx. The
threshold for mechanical stimulation increases with age
and this may in part explain why older patients are at
increased risk for oropharyngeal dysphagia and
aspiration.

Once the tongue has moved the bolus to its base by
lingual peristalsis, multiple well-coordinated events

take place virtually simultaneously. The goal of these
motor activities is to change the pharynx from a respi-
ratory vessel to a digestive vessel, while preventing as-
piration into the airway. Laryngeal closure appears to be
the ®rst event that occurs. The larynx is elevated and
closed to prevent aspiration into the airway. Laryngeal
closure is a stepwise process that results in ®rst closure
of the true vocal cords followed by the false cords. The
epiglottis is then brought down to cover the glottic area.
Studies have demonstrated that vocal cord adduction
starts prior to any other deglutitive event including
movement of the food from the mouth. There are
four steps observed in laryngeal closure, starting with
adduction of the vocal cords with horizontal approxi-
mation of the arytenoids, vertical approximation of the
arytenoids to the base of the epiglottis, laryngeal ascent,
and epiglottal descent. In order to prevent nasopharyn-
geal regurgitation, the nasopharynx is closed off by the
velopharyngeal contraction and midline contraction of
superior pharyngeal constrictors.

The upper esophageal sphincter is an area of high
pressure between the pharynx and the esophagus. The
main component of the sphincter is the cricopharyngeus
muscle, with contribution of the pharyngeal constric-
tors and proximal esophagus. The cricopharyngeus re-
ceives innervation through the pharyngoesophageal,
superior laryngeal, and recurrent laryngeal nerves
and sensory input from the glossopharyngeus nerve.
The upper esophageal sphincter relaxes for approxi-
mately 0.5 s with deglutition to allow bolus passage.
In addition to intrinsic relaxation, the upper esophageal
sphincter is opened by anterior hyoid/laryngeal traction
by the suprahyoid muscles. These are the same muscles
involved in laryngeal displacement and closure as de-
scribed above. After the bolus is transferred to the pos-
terior pharynx, pharyngeal peristalsis and posterior
tongue thrust carry it across the upper esophageal
sphincter and into the cervical esophagus. The propa-
gated pharyngeal contraction moves from the superior,
middle, and inferior pharyngeal constrictors, emptying
the pharynx of any residue.

Esophageal Phase

Once the bolus has been transferred to the esopha-
gus across the upper esophageal sphincter, esophageal
peristalsis carries it down to the stomach within a span
of 6ÿ10 s. Passage of the bolus into the proximal esoph-
agus is followed by contraction of the upper esophageal
sphincter, which initiates a progressive wave of circular
muscle contraction, or peristalsis, which propels the
food bolus along the esophagus. Transport of liquid
is aided by gravity and liquids tend to reach the stomach
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prior to solids. Prior to the arrival of the bolus at the
distal esophagus, the lower esophageal sphincter relaxes
to allow passage of the bolus into the stomach.

SUMMARY

The act of deglutition is a repetitive, uniform action that
belies the level of complexity of its control. Since the
respiratory tract and the digestive tract converge in the
pharynx, airway protective mechanisms are pro-
grammed into swallowing mechanisms. Due to the
many facets of neuromuscular activity that are respon-
sible for deglutition, a wide array of medical problems
can result in deglutitive dysfunction. Newer imaging
modalities are now able to provide much greater insight
into the swallowing process, which in turn, it is hoped,
will lead to more effective therapies for people who have
swallowing disorders.
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paravertebral ganglia Ganglia located alongside and parallel

to either side of the vertebral column. Also known as

sympathetic chain ganglia.

postganglionic sympathetic neurons Neurons of the sympa-

thetic nervous system that have their cell bodies in

peripheral ganglia and send axonal projections to the

digestive tract.

preganglionic sympathetic neurons Neurons of the sympa-

thetic nervous system that have their cell bodies in the

spinal cord and send axonal projections to sympathetic

ganglia in the periphery.

prevertebral ganglia The celiac, superior mesenteric, and

inferior mesenteric ganglia of the sympathetic nervous

system located in the abdomen.

secretomotor neurons The neurons in the enteric nervous

system, which innervate the intestinal crypts of Lieber-

kuÈ hn to evoke the secretion of water, electrolytes, and

mucus.

The sympathetic nervous system is one of the three divi-

sions of the autonomic nervous system that innervate the

digestive tract. The other two divisions are the parasym-

pathetic and enteric nervous systems.

INTRODUCTION

Neuronal cell bodies of the central nervous system
component of the sympathetic innervation are posi-
tioned in the intermediolateral horn in the thoracic
and lumbar regions of the spinal cord (Fig. 1). Efferent
sympathetic ®bers leave the spinal cord in the ventral
roots to make their ®rst synaptic connections with neu-
rons in prevertebral sympathetic ganglia located in the

abdomen. These are termed preganglionic sympathetic
neurons. The prevertebral ganglia, which are the targets
of the preganglionic neurons, are the celiac, the superior
mesenteric, and the inferior mesenteric ganglia. Cell
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FIGURE 1 The sympathetic division of the autonomic nervous

system innervates all levels of the digestive tract. Sympathetic

pathways to the gut start with neurons in the thoracic and lumbar

regions of the spinal cord. Efferent sympathetic ®bers leave the

spinal cord in the ventral roots to make their ®rst synaptic con-

nections with neurons in prevertebral sympathetic ganglia located

in the abdomen. The prevertebral ganglia are the celiac, the su-

perior mesenteric, and the inferior mesenteric ganglia. Cell bodies

in the prevertebral ganglia project to the digestive tract, where

they form synapses with neurons of the enteric nervous system in

addition to innervating the blood vessels, mucosa, and specialized

regions of the musculature. The upper esophagus receives inner-

vation from the superior cervical ganglion, which is the uppermost

of the paravertebral sympathetic ganglia.
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bodies in the prevertebral ganglia project their axons to
the digestive tract, where they form synapses with neu-
rons of the enteric nervous system in addition to inner-
vating the blood vessels, mucosa, and sphincteric
regions of the musculature. Neurons in the prevertebral
ganglia are termed postganglionic sympathetic neurons.
Postganglionic sympathetic neurons express nicotinic-
type receptors for acetylcholine. Preganglionic neurons
release acetylcholine as a neurotransmitter in the pre-
vertebral ganglia.

Sympathetic input to the digestive tract generally
functions to shunt blood from the splanchnic to the
systemic circulation during exercise and stressful envi-
ronmental encounters. This occurs coincident with sup-
pression of digestive functions, including propulsive
motility and secretion.

SYMPATHETIC NEUROTRANSMISSION

Norepinephrine released from sympathetic postgangli-
onic neurons is the principal mediator of sympathetic
actions in the gut. Norepinephrine acts directly on
sphincteric muscles to increase tension and keep the
sphincter closed and it also acts on the vasculature to
decrease blood ¯ow. The inhibitory action of
norepinephrine at synapses in the neural control cir-
cuitry is primarily responsible for sympathetic inactiva-
tion of motility. Inhibitory action on secretomotor
neurons suppresses secretion of electrolytes and
water from the intestinal crypts of LieberkuÈ hn.

The synaptic interface between the postganglionic
®bers of the sympathetic nervous system and the enteric

nervous system is at presynaptic a2 adrenoceptors.
Norepinephrine released from sympathetic ®bers sup-
presses the release of excitatory neurotransmitters at
both enteric synapses and neuro-effector junctions. Sup-
pression of synaptic transmission by the sympathetic
innervation occurs at most excitatory synapses in the
enteric neural networks. This inactivates the neural cir-
cuits that generate intestinal motor behavior. Activation
of the sympathetic inputs allows only continuous dis-
chargeof inhibitorymotorneuronstothenonsphincteric
muscles. The overall effect is to suspend intestinal mo-
tility in conjunction with reduced intestinal blood ¯ow.
This state is called physiologic ileus when it occurs tran-
siently and pathologic ileus when it persists and pro-
duces symptoms of intestinal obstruction.

See Also the Following Articles

Autonomic Innervation �Enteric Nervous System �Parasym-

pathetic Innervation
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chemosensory systems Biological systems that detect soluble

and volatile chemicals.

gustatory Related to taste.

olfactory Related to smell.

pheromone Chemical that, when emitted by members of a

species, will affect the behavior or physiology of other

members of that species.

taste bud Cluster of 80ÿ150 specialized epithelial cells;

responsible for the initial events of taste reception.

umami Savory taste; basic taste quality elicited by mono-

sodium glutamate.

vomeronasal organ Sensory organ specialized to detect

pheromones in certain animals.

Chemosensory systems, of which taste and smell are spe-

cialized forms, detect both soluble and volatile chemicals.

The senses of taste and olfaction can affect social behav-

iors, including feeding, territoriality, and mating. Taste

and smell are also used in selection and evaluation of

¯avor and in avoidance of potentially harmful com-

pounds. Through the cephalic phase of digestion, taste

also affects certain exocrine and endocrine secretions,

thus affecting nutrition and metabolism and the overall

quality of life.

OVERVIEW OF TASTE AND SMELL

All animals respond to various chemicals in nature; not
all chemicals, however, are detected exclusively by
chemosensory taste and smell systems. Painful, irritat-
ing, and pungent chemicals, for example, are also
detected by the trigeminal system, and chemicals asso-
ciated with sexual and social signals (pheromones) are
detected by the vomeronasal organ in certain animals.
Although the vomeronasal organ is physically present in
humans, its functionality is controversial (see further).

Receptors for taste and olfaction are located at the
entry port of each governing system, i.e., the gastroin-
testinal tract for taste and the respiratory tract for olfac-
tion. Unlike other sensory systems, the taste and
olfaction sensory systems have specialized peripheral
chemosensory receptors that interact with the soluble
and volatile chemicals that are subsequently rejected,

ingested, or inhaled. Intake of chemicals can be either
bene®cial or harmful, and taste and smell are important
discriminatory screening mechanisms for avoiding po-
tentially harmful chemicals.

PERIPHERAL ORGANIZATION OF
THE TASTE SYSTEM

The peripheral gustatory system is exposed to a variety
of physical, chemical, and biological insults. Extremely
hot, cold, irritating, acidic, and nonsterile stimuli may
have damaging effects on the peripheral taste receptor
system. Therefore, the gustatory system evolved as a
rapidly renewing specialized epithelial system. This is
in contradistinction to most other sensory systems, in-
cluding olfaction, in which stimuli are detected by sen-
sory neurons.

Structures that are involved in peripheral taste re-
ception, in decreasing order of size, are the taste papil-
lae, taste buds, receptor cells, and taste receptor
proteins. Taste papillae are visible with the unaided
eye and are located throughout the oral cavity on the
tongue, palate, pharynx, and epiglottis. There are four
major types of gustatory papillae: circumvallate, foliate,
fungiform, and taste stripes (from the original German
geschmaksstreifen). However, the most abundant papil-
lae on the tongue, the ®liform papillae, are nongustatory
(Fig. 1). These are prone to overgrowth, staining (es-
pecially with coffee and food dyes), or excessive shed-
ding, which impart a white, coffee-brown, or raspberry
appearance, respectively.

Of the gustatory papillae, the circumvallate papillae
are located in a V-shaped array in the posterior third of
the tongue. In humans, there are between 3 and 13
circumvallate papillae, and their number varies in
other animals: rats and mice have only one, whereas
cows may have as many as 25. Symmetrically located
on the lateral posterior side of the tongue are the foliate
papillae, which are pocket-shaped invaginations lined
with taste buds. Distributed over a large surface area,
the mushroom-shaped fungiform papillae cover the
anterior dorsal surface of the tongue. The number of

T
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fungiform papillae in humans varies from 50 to 200.
Finally, the taste stripes are located on both sides of
the palatal midline at the borderline of the soft and
hard palates.

The different taste papillae contain varying numbers
of taste buds. For instance, in humans, the circumvallate
papillae contain 100ÿ200 taste buds, the foliate papillae
have 320ÿ2950 buds, and the fungiform papillae have
1ÿ10 taste buds. The taste bud is the functional unit of
the sense of taste. It is onion-shaped and contains

50ÿ100 continuously maturing taste receptors and sup-
porting taste cells (Fig. 2). Over 95% of the taste bud is
shielded from the oral cavity by tight junctions, the
structures that are responsible for the epithelial barrier.
Only the apical portions of a few taste cells are exposed
to the oral cavity through a 3- to 5-mm-wide opening, the
taste pore (Fig. 3).

Unlike components of any other sensory system,
taste cells have a rapid turnover rate of 10.5 days.
The progenitor cells, the basal cells, are located at the
base of the taste bud. As cells continuously grow and
mature, they move from the basal area of the bud toward
the taste pore. At any given time, the taste pore may
contain the apical tips of 8ÿ10 taste cells. The resident
time of these 8ÿ10 cells is as brief as a few hours, before
they are shed into the oral cavity and washed away by
saliva. This rapid turnover of cells, characteristic of
many epithelial cells (e.g., certain cells lining the
small intestine), means that the exposed taste receptor
cells used for lunch are not the same as those used
for dinner.

TASTE RECEPTORS, SIGNAL
TRANSDUCTION, AND
GUSTATORY PROCESSING

Generally, gustatory stimuli interact ®rst with speci®c
protein receptors on the apical, exposed surface of the
taste receptor cells. This interaction then leads to
changes in ion ¯ux across the taste receptor cell mem-
brane. The resulting depolarization induces release of
neurotransmitter from the receptor cell to the nerve
®ber innervating the cell. Changes in the ®ring rate of
this innervating nerve are conveyed to speci®c regions
of the central nervous system, where the taste message is
decoded into a perceptual modality. During the past
5 years, a variety of taste receptor candidatesÐion chan-
nels, ligand-gated channels, enzymes, and G-protein-
coupled receptors (GPCRs)Ðhave been identi®ed for

CvCv

Fo

Fu

Fi

Fo

Fu

FIGURE 1 Human tongue. The dorsal surface of the tongue has

four types of papillae: fungiform (Fu), nongustatory ®liform (Fi),

circumvallate (Cv), and foliate (Fo). Foliate papillae are

not visible.

FIGURE 2 Taste cells. (A) Transmission (phase contrast) photomicrograph of a single mouse taste

cell. (B and C) Scanning electron micrographs of dissociated mouse taste cells. Bars = 10 mm. Some

contaminating tissue is attached to the taste cell in B. Reproduced from Spielman et al. (1989) with

permission from Elsevier Science.
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the ®ve basic taste qualities: sweet, bitter, sour, salty,
and savory (or umami, the amino acid taste of mono-
sodium glutamate).

Sweet Taste

Sweet taste in humans is elicited by a variety of
compounds, including sugars and sugar derivatives,
D-amino acids, some of the small L-amino acids (glycine
and L-alanine), and arti®cial sweeteners (such as cycla-
mate, saccharine, aspartame, sucralose, and very high-
potency sweeteners). Recent evidence suggests that
GPCRs are responsible for detecting sugars. A candidate
sweet receptor, the T1R3, was cloned and found to be
functional only as a heterodimer with a previously
cloned receptor, the T1R2. Both are expressed in about
20% of the taste cells located in the posterior, lateral, and
anterior taste buds of the tongue. The mechanism

by which sweet taste is transduced has been previously
elucidated. T1R3/T1R2 receptors couple through
an increase in cGMP and activation of a cyclic-
nucleotide-gated channel that leads to depolarization
through calcium in¯ux. Interestingly, arti®cial
sweeteners use a different pathway, similar to many
bitter compounds.

Bitter Taste

Detection of potentially harmful, even toxic, com-
pounds is one of the primary roles of bitter taste. This
gustatory stimulus is represented by a large and diverse
array of compounds, ranging from ions (potassium) to
complex arti®cial (denatonium) or naturally occurring
compounds (caffeine, strychnine, quinine). Because of
its potential survival bene®t, bitter taste has the lowest
detection threshold of all taste qualities, the largest
known set of taste receptors, and is assumed to have the
most diverse set of mechanisms of signal transduction.

Similar to sweet taste, bitter taste transduction in-
volves primarily GPCRs as cell surface binding sites for
many bitter stimulants. A family of 40ÿ80 membrane-
associated bitter taste receptors, termed T2Rs, was re-
cently identi®ed in rodents and humans. In humans,
T2Rs are encoded in 24 genes located on three chromo-
somes. It is assumed, although not yet tested, that all
T2Rs are bitter responsive. Bitter taste receptors appar-
ently are coupled through gustducin, a taste tissue-en-
riched G protein a subunit, and associated b3 and g13
subunits to the cyclic nucleotide and the phospho-
inositide signal transduction pathways. Gustducin acti-
vates one or more phosphodiesterases, reducing the
levels of cyclic nucleotides (cAMP and cGMP), leading
to opening of a cyclic nucleotide-gated cation channel
and depolarization. The b3/g13 also activates phos-
pholipase C-b2, which releases two second messengers,
inositol trisphosphate (IP3) and diacylglycerol (DAG).
The former releases intracellular calcium, leading to cell
depolarization. The speci®cs of the interplay between
these two second messengers, the reduction of cyclic
nucleotides, and the increase of IP3 and DAG are not
known; nor is it obvious which is the leading event in
depolarization.

Sour Taste

Sour taste quality, similar to bitter taste, is a protec-
tive/warning system. It indicates the protons of
acids. Protons may have a local effect on oral soft and
hard tissues or a systemic effect when acidity indi-
cates spoiled food. Several protein candidates have
been implicated in sour taste transduction, includ-
ing amiloride-sensitive epithelial sodium channels

A

B

FIGURE 3 Taste pore. (A) Scanning electron micrograph of

a rat fungiform papilla. The central pit represents the taste pore.

(B) High-power scanning electron micrograph of the taste pore

shown in A. Bar = 1 mm. Reproduced from Spielman and Brand

(1997) with permission from Elsevier Science.
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(ENaCs), proton-gated channels [mammalian
degenerin1(MDEG1),K�channels],hyperpolarization-
activated cyclic nucleotide-gated channels (HCNs),
H�-gated ion channels, and the acid-sensing ion chan-
nels (ASICs). A variety of mechanisms may be associ-
ated with these channels, indicating the potential
complexity of this taste quality. Generally, all potential
mechanisms lead to an increase in intracellular positive
charge that results in direct depolarization. Some of
these mechanisms are supported by behavioral studies
using the channel blocker, amiloride, which was shown
to reduce aversion to acids in some species (the hamster,
for example). The speci®c signal transduction mecha-
nisms for most of these receptors remain to
be elucidated.

Humans have a characteristic strong facial grimace,
a `̀ sour face,'' when exposed to sour stimuli. The grimace
induces a strong contraction of facial muscles, which
channels saliva onto the surface of the tongue. The
mechanisms of salivation and tasting are tightly linked,
and sour taste is the strongest salivary stimulant. With
increasing salivary ¯ow rates, higher levels of bicarbon-
ates are secreted, which leads to buffering of the acid
protons, protecting oral tissue from damage.

Salty Taste

Similar to sour taste, salty taste represents ions. Un-
like sourness, however, saltiness is an essential indicator
of minerals and serves as a monitor for ion homeostasis.
The most important representative of this taste stimu-
lant is sodium chloride. In rodents, an amiloride-
sensitive epithelial sodium channel detects sodium
chloride; the chloride appears to be mediated by a para-
cellular mechanism. In humans, the ENaC is less prom-
inent and additional mechanisms not yet identi®ed may
be involved.

Umami (Amino Acid) Taste

Umami, from the Japanese word for `̀ delicious''
(umai), describes a taste quality speci®c for mono-
sodium glutamate (MSG). This taste is synergistically
enhanced in the presence of 50 ribonucleotides, especi-
ally inosine 50-monophosphate (IMP) and guanosine
50-monophosphate (GMP). MSG and glutamate, the ex-
citatory neurotransmitter, are almost identical. It was,
therefore, reasonable to expect that their receptors
might be related. Indeed, a truncated form of the
brain glutamate receptor, mGluR4, was found in the
taste system and is one of a number of candidate re-
ceptors for umami. The signal transduction mechanism
for umami using the mGluR4 receptor is assumed to
be similar to that in brain, a reduction in the level of

cAMP leading to a closure of an unspeci®ed cation con-
ductance. One problem with this mechanism is that the
mGluR4 receptors are generally inhibitory. Because
tasting MSG likely requires an excitatory response
from the taste cell, the actual role that an inhibitory
receptor such as mGluR4 plays in transduction of the
taste of MSG is questionable.

A completely different receptor type for MSG has
been recently proposed, one that has little homology
with other known glutamate receptors. This receptor
is a dimer of two of the receptor proteins of the T1R
family, namely, T1R1/T1R3. Note that this dimer is sim-
ilar to the proposed sweet receptor, except that one
monomer of the dimer pair is different. For sweet
taste, the dimer is T1R2/T1R3. One interesting feature
of the T1R1/T1R3 receptor for MSG is that its activity
toward glutamate is enhanced by the ribonucleotides.
This synergism between glutamate and the ribonucleo-
tides is a hallmark of umami taste, and the observation
that the T1R1/T1R3 dimer is enhanced by IMP lends
credence to the suggestion that T1R1/T1R3 is the major
receptor for umami taste. Japanese cuisine has taken
advantage of appropriate combinations of foods to max-
imize this synergistic effect. The combination of pork,
chicken, black mushrooms, sea bream, etc., which
contain nucleotides, and tomatoes, cauli¯ower, celery,
carrots, and mushrooms, which are rich in MSG, lead to
an enhanced taste for glutamate via this synergistic
culinary effect.

Other Tastes

In aquatic animals, other amino acids act as taste
stimulants. The cat®sh, for instance, shows sensitivity to
L-arginine, L-alanine, and glycine. The L-arginine recep-
tor is a ligand-gated nonselective cation channel and is
primarily located on the barbel, a tactile process located
on the lip of the cat®sh.

Additional taste qualities exist. Fats have been re-
cently found to act on taste cells, in addition to stimu-
lating the trigeminal system. In particular, some free
fatty acids activate taste cells through a potassium chan-
nel blockage. Water and metallic tastes have also been
proposed as distinct, although nontraditional, taste
qualities.

Signal Transduction and Processing

Taste receptor cells, similar to neurons, exhibit ac-
tion potentials in response to gustatory signal transduc-
tion, leading to release of neurotransmitters. The
receptor cells synapse with ®rst-order neurons at the
taste bud level. Gustatory information is carried for
central processing by three cranial nerves: the VIIth,
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or facial (of which the chorda tympani and greater
super®cial petrosal branches innervate the anterior
two-thirds of the tongue and palate), the IXth, or glosso-
pharyngeal (innervating the foliate and circumvallate
papillae), and the Xth, or vagus (innervating the base
of the tongue, epiglottis, and pharynx). Pain and ther-
mal and tactile information, crucial for food detection
and appreciation, are carried by the maxillary and
mandibular branches of the Vth or trigeminal nerve.

Although it has been assumed for many years that
speci®c regions of the tongue are tuned for speci®c taste
qualities, it is now clear that all three gustatory nerves
carry all taste stimuli. Even single nerve ®bers may be
broadly tuned to carry information about multiple types
of gustatory stimuli. Gustatory information carried by
the three cranial nerves is passed on to the nucleus of the
solitary tract in the medulla oblongata. From there, in-
formation is sent to the ventral posteromedial thalamus
and eventually to the gustatory cortex in the lower tip of
the parietal lobe.

PERIPHERAL ORGANIZATION OF
THE OLFACTORY SYSTEM

The sense of smell, although generally not considered
as important as some of the other senses, allows human
beings to detect thousands of odors in their environ-
ment. The nasal cavity is divided by the septum, and
humans have three folds, or turbinates, in the dorsal part
on each side. Sensory neurons are located predomi-
nantly on the superior turbinate and to a lesser extent
on the middle turbinate and the septum, whereas non-
sensory epithelium lines the other areas. The sensory
portion of the olfactory mucosa contains several cell
types. Olfactory receptor neurons (ORNs) are the
cells that detect chemical stimuli. They are bipolar neu-
rons with a dendritic process ending in an apical swell-
ing called an olfactory knob, which is exposed to the
outside world, and an axon that projects through the
cribriform plate into the olfactory bulb. The olfactory
knob carries either cilia or microvilli, which contain the
receptor molecules that detect odors and the elements of
signal transduction pathways that convert the binding of
odor molecules into electrical signals. Other cells in the
sensory area of the olfactory mucosa are sustentacular
cells (also called supporting cells), which surround sen-
sory neurons and produce part of the mucus that covers
the epithelium and basal cells; the basal cells are imma-
ture precursor cells for ORNs and give the olfactory
neuroepithelium the ability to regenerate after injury.
There also is a constant turnover of ORNs, with new
cells arising from dividing basal cells, then maturing

into functional receptor neurons, and ®nally dying
and being resorbed. The life span of ORNs varies but
is in the range of 30 to 90 days. The nonsensory areas of
the mucosa contain respiratory cells that possess motile
cilia at their exposed apical ends. Ciliary movement
generates a continuous retrograde ¯ow of mucus toward
the throat. Bowman glands, scattered throughout the
epithelium, produce mucus. The mucus contains
odorant-binding proteins, which are lipocalins, having
relatively low molecular weight and high af®nity for
odorant molecules. Although several potential roles
for odorant-binding proteins have been proposed, in-
cluding transport of odorant to and/or from receptors,
facilitation of odor binding to receptors, termination of
receptor binding of odorant, and detoxi®cation of
the mucosa, none of these functions has been clearly
established.

OLFACTORY RECEPTORS AND
SIGNAL TRANSDUCTION

To detect and distinguish thousands of different odorant
molecules, the nose needs a large number of different
receptors. In the early 1990s, a large family of genes that
encoded apparent receptor molecules was identi®ed
in olfactory tissue. These receptors, similar to sweet and
most bitter receptors, possess seven transmembrane do-
mains that contain conserved sequences and a highly
variable exposed region that is believed to be the ligand-
binding site. More recently, some of these proteins have
been con®rmed to be odorant receptors by functional
expression in cell systems such as Xenopus oocytes and
immortalized cell lines. About 1000 different members
of this family of receptors have been predicted for the
mouse, one of the ®rst and best studied mammalian
models of olfaction. For humans, 350 functional olfac-
tory receptor genes have been identi®ed and cloned. It
appears that humans have a large number of pseudo-
genes, which have high similarities with the nucleotide
sequences encoding functional receptors but contain
mutations that lead to nonfunctional proteins.

The most extensively documented signal transduc-
tion mechanism in ORNs involves the second messenger
molecule cAMP. Binding of an odorant to a receptor
molecule leads to the activation of a GTP-binding pro-
tein (G protein); an ORN-speci®c G protein, Golf, has
been identi®ed. Activation of G proteins causes disso-
ciation of the a subunit from the bg subunit complex.
The a subunit activates the enzyme adenylyl cyclase,
which converts ATP into the second messenger
cAMP. cAMP in turn activates nonselective cation
channels, resulting in depolarization of the receptor
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neuron and leading to generation of action potentials.
Calcium ions constitute a major component of the de-
polarizing current through the cAMP-activated chan-
nels, and the transient rise in intracellular calcium
activates a second conductance through chloride chan-
nels, which ampli®es the depolarization of the cell be-
cause internal chloride is unusually high in ORNs.

Several additional messenger molecules have been
implicated in signal transduction in ORNs, either as part
of different transduction pathways or as modulators of
the cAMP cascade. These substances include cGMP,
1,4,5-inositol trisphosphate, nitric oxide (NO), and car-
bon monoxide (CO), although their exact contributions
to signal transduction remains controversial.

OLFACTORY BULB AND
HIGHER CENTERS

Depolarization of ORNs by odors leads to the generation
of action potentials, which travel along the axons that
form the olfactory nerve projecting to the olfactory bulb.
The axon terminals form synapses with mitral and tufted
cells in the outer layer of the olfactory bulb, in discrete
structures called glomeruli (Fig. 4). Mitral and tufted
cells are output neurons, sending their axons to the

next center in the brain. Several ORNs project onto
one output neuron (convergence), and it has been
shown that ORNs express only one or very few olfactory
receptor molecules and that all ORNs that have the same
receptors project to the same one or two glomeruli in the
bulb. There are local interneurons, called periglomer-
ular cells, that make synapses with the output neurons
within a glomerulus. These dendrodendritic synapses
are reciprocal, with synaptic neurotransmitter release
sites on both sides of the synaptic cleft. Release of neu-
rotransmitter from the output neuron side has an excit-
atory effect on the periglomerular cell, whereas release
of neurotransmitter from the periglomerular cell is in-
hibitory to the output neurons. Activation of these
synapses can result in lateral inhibition that is similar
to that observed in the retina. In deeper layers of the
bulb, a second population of local interneurons, the
granule cells, forms the same type of dendrodendritic
synapses with secondary dendrites of output neurons.
The interneurons are believed to play an important role
in the processing of olfactory information.

The signals are ®nally sent via the axons of the out-
put neurons, which form the olfactory tracts, to higher
centers of the brain, including parts of the limbic system
and the orbitofrontal cortex, where the integration of
olfactory information with inputs from other sensory
systems, including taste, takes place.

THE VOMERONASAL ORGAN

The vomeronasal organ (VNO) is an important sensory
system in many vertebrates, particularly in mammalian
species (rodents, cats, and horses, among others). It is
often described as the sensory system that detects pher-
omones, or, in a more general sense, `̀ social odors,'' a
notion that has been supported for several animals and
stimuli. However, it is important to note that in some
cases pheromone function can be exerted through the
main olfactory organ and that some volatile stimuli that
are not considered behaviorally relevant can be detected
by sensory neurons of the VNO.

The presence of a functional VNO in humans and the
existence of human pheromones are among the most
intensely debated questions in the ®eld of olfaction.
Anatomical studies have described the presence of a
VNO in almost all subjects, although the organ varies
greatly in size and shape among individuals and even
within the nostrils in an individual. Some groups have
found bipolar receptor-like cells in the area of the
human VNO and electrical activity has been recorded
on stimulation with derivatives of human hormones.
However, no evidence has been found for an axonal
connection with the olfactory bulb or other parts of

FIGURE 4 Organization of the olfactory bulb. Olfactory re-

ceptor neurons form synapses with dendrites of mitral and tufted

cells in glomeruli located in the outer layer of the olfactory bulb.

Local interneurons, called periglomerular cells, make dendroden-

dritic synapses with mitral/tufted cells in adjacent glomeruli. An-

other set of interneurons, granule cells, form dendrodendritic

synapses with mitral/tufted cells in the deeper layer of the

bulb. The color coding illustrates the fact that receptor neurons

expressing the same receptor molecules project to the same glo-

meruli in the olfactory bulb. Courtesy of Graeme Lowe, Monell

Chemical Senses Center, Philadelphia.
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the brain. Genes that show signi®cant homology with
receptor genes isolated from rodent VNOs have been
identi®ed and found to be expressed in the olfactory
mucosa of humans. Although many are pseudogenes,
some appear to code for a functional receptor molecule.
These receptors have not yet been isolated and their
ligands are unknown.

The literature contains reports of physiological
effects (synchronization of menstrual cycle) as well as
behavioral effects of human scents that suggest the ex-
istence of pheromone-like substances in humans, most
likely associated with apocrine secretions of the skin.
With a VNO that appears nonfunctional because of its
lack of neuronal connections, such stimuli might be
detected with the olfactory mucosa.

INTERACTION OF TASTE, SMELL, AND
OTHER SENSORY SYSTEMS

Several sensory systems must be activated to enjoy food.
Gustatory, olfactory, and somatosensory (temperature,
touch, and pain) systems are activated by chemical in-
gredients in food, dependent in part on the quality of
the food. Each sensory system contributes to provide
part of the overall sensation called ¯avor.

The absence of only one sensory system may signif-
icantly affect the pleasure of eating. For instance, indi-
viduals with an upper respiratory infection may
experience a decrease in their sense of smell, and there-
fore a reduction in the appreciation of ¯avor. This can
often be confused with a loss of taste. Indeed, 9 out of
10 patients complaining of loss of taste turn out to have
a smell disorder. The relative ease with which the olfac-
tory system can become compromised can be traced
back to the anatomy of the olfactory system. With in-
halation, the olfactory neurons, which have a slow rate
of renewal, are directly exposed to potentially toxic
agents. In addition, the olfactory nerve is prone to phys-
ical damage. This combination, along with frequent ob-
structions of the upper respiratory pathway, is a major
reason why olfactory factors are the main cause of
chemosensory disorders.

Texture, temperature, and carbonation (which in-
duces mild pain) of food also affect taste and smell. The
fat content of potato chips and cream cheese, the tem-
perature of ice cream, the carbonation and temperature

of beer, and the spicy nature of certain foods all
contribute to the overall enjoyment of eating. Most
foods are appreciated slightly below body temperature
(36�C). This maximizes the emission of volatile com-
pounds that are sensed by the olfactory system after
swallowing. Other foods, such as ice cream and beer,
are best at lower temperatures (closer to 4�C), whereas
tea and coffee are most appreciated slightly above body
temperature.

SUMMARY

A variety of chemicals act on taste and smell. The pri-
mary binding sites for these stimuli are a large number
of recently identi®ed cell surface receptors that are
coupled with diverse signal transduction mechanisms.
Taste and smell interact with other sensory systems, in
particular those for perceiving temperature, texture,
and pain. Together, they provide an overall assessment
of the chemosensory and somatosensory properties
of food.
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Th1, Th2 Responses

GERI BROWN

University of Texas Southwestern Medical Center, Dallas

antigen-presenting cells Mononuclear phagocytes, B cells,

and dendritic cells. All can present antigen to major

histocompatibility complex class II restricted T helper

cells; which cell type presents antigen depends on where

the antigen ®rst encounters cells of the immune system.

cytokines Proteins produced by T cells and other immune

cells; transmit signals that are important for commu-

nication among the cells of the immune system and

between the cells of the immune system and other cells.

major histocompatibility complex Proteins encoded by the

genetic loci involved in rejection of foreign or nonself

tissues.

signal transducers and activators of transcription Proteins

(Stat 1, Stat 4, and Stat 6) involved in Th1 and Th2

differentiation.

T helper 1 (Th1) cells Produce proin¯ammatory cytokines

such as interferon g and interleukin-2, which are

important in macrophage activation as well as in¯am-

matory and autoimmune reactions.

T helper 2 (Th2) cells Produce interleukins (IL-4, IL-5, IL-9,

IL-10, and IL-13), which are involved in controlling

humoral and allergic immune responses.

Studies on T helper 1 and 2 (Th1 and Th2) cells have

elucidated the processes involved in regulation and de-

velopment of Th1 and Th2 cells, the cytokine production

of Th1 and Th2 cells, and the effects of T cell responses

in the gastrointestinal tract. Th1 and Th2 cells are char-

acterized by the cytokines that they produce. Th1 cells

are predominantly involved in cell-mediated responses

and Th2 cells are predominantly involved in humoral

responses.

INTRODUCTION

There are several subsets of T lymphocytes that are de-
®ned by their cell surface receptors. Cluster of differ-
entiation-3 (CD3) T cell receptors, for example,
function in close association with either cluster of dif-
ferentiation-4 or -8 (CD4 or CD8) surface coreceptors.
In addition, these CD4� and CD8� T cells have also
been further characterized as belonging to T helper
(Th1 and Th2) subsets. The development of Th1
and Th2 T cells is regulated by a number of different

signaling pathways, including the interleukin-12
(IL-12) receptor signaling pathway for Th1 cells and the
IL-4 receptor signaling pathway for Th2 cells. Th1
and Th2 cell subsets can largely be de®ned by produc-
tion of subset-speci®c cytokines. The hallmark cytokine
of Th1 cells is interferon g (IFNg), but Th1 cells also
produce IL-2, tumor necrosis factor a (TNFa), and lym-
photoxin a and b. The signature cytokine of Th2 cells is
IL-4, but Th2 cells also produce IL-5, IL-9, IL-10, and
IL-13. Each of these cytokine responses is associated
with responses within target organs. Within the gastro-
intestinal tract, the Th1 response is predominantly
proin¯ammatory. For example, Crohn's disease and
intestinal graft-versus-host disease are associated with
increased production of Th1 cytokines, IFNg and
TNFa. Th2 responses are important in parasitic infec-
tions in the intestine and in allergic responses, and may
be antiin¯ammatory or selectively in¯ammatory in in-
¯ammatory bowel disease. For example, the cytokine
pro®le in ulcerative colitis is characterized by increased
production of the Th2 cytokine, IL-5.

REGULATION OF TH1 AND
TH2 RESPONSES

Th1 polarization is initially signaled by the T cell recep-
tor (TCR) CD3, after its interaction with the antigen/
major histocompatibility complex (MHC) on antigen-
presenting cells (APCs). The second signal is produced
by a number of costimulatory molecules, typi®ed by
CD28/B7. Importantly, in addition to these initiating
signals, the two critical cytokines that control Th1
and Th2 differentiation are IL-12 and IL-4, respectively,
though other cytokines have been reported to play a
role. These two cytokines enhance the generation of
their own Th subset and simultaneously inhibit the
generation of the opposing subset. Th1 cells produce
IFNg and TNF, which activate macrophages but inhibit
Th2 proliferation, as illustrated in Fig. 1. Th2 cells pro-
duce IL-4 and IL-5, which induce B cell activation, and
IL-10, which inhibits production of IFNg and TNF by
Th1 cells.
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The critical cytokine initiating Th1 differentiation,
IL-12, a heterodimeric molecule consisting of p35 and
p40 subunits, is secreted predominantly by antigen-
presenting cells such as dendritic cells and activated
macrophages. IL-12 signaling through the IL-12 recep-
tor (IL-12R) on the T cell induces signal transducer and
activator of protein 4 (Stat 4) activation and transloca-
tion to the nucleus. Stat 4 activation induces high levels
of IL-2 and IFNg production. Importantly, not all IFNg
production by T cells is Stat 4 dependent, because Stat 6/
Stat 4 double-de®cient T cells produce some IFNg, and
CD8� T cells are largely Stat 4 independent for TCR-
induced IFNg production (Fig. 2).

Another intracellular transcription factor has been
recently found to be important in Th1 polarization in
CD4� T cells but not in CD8� T cells. This factor,
named T-box expressed in T cells (T-bet), was isolated
using an IL-2 promoter-reporter and a cDNA library
from activated Th1 cells. T-bet is a novel member of
the T-box family of transcription factors. The target
for T-bet is homeoprotein H1X and it seems to contrib-
ute to the capacity of T-bet to induce IFNg production.
Mechanistic studies show that overexpression of
T-bet in T cells is suf®cient to induce IFNg produc-
tion by direct transactivation of the IFNg gene pro-
moter in an IL-12-independent fashion. T-bet also

up-regulates IL-12 receptor b2 chain expression on
T cells (Fig. 2).

IL-1 also appears to be important in Th1 develop-
ment. Differential actions of IL-1 on T cell subsets have
long been recognized, and IL-1R-de®cient mice display
enhanced Th2 responses. IL-18, an IL-1-related factor,
has been recently shown to be a selective activator of
IFNg in Th1, but not Th2, cells. Both IL-1 and IL-18
activate IL-1 receptor-associated kinase (IRAK) in Th1
cells. IRAK-de®cient mice have defective IL-18-medi-
ated Th1 type responses in vivo.

Importantly, IL-12 and IL-18 signaling processes
appear to use distinct pathways. For example, activation
of IFNg by IL-18 has been recently found to involve
activation of nuclear factor kB (NF-kB), which is the
collective name for a group of transcription factors that
contribute to the control of expression of many of the
genes that participate in in¯ammation and immune
responses, acting at discrete cis-acting elements in
the IFNg regulatory region. In most cells, NF-kB factors

FIGURE 1 Th1 and Th2 cells produce cytokines that enhance

the generation of their own Th subset and simultaneously inhibit

the generation of the opposing subset. Adapted from Roitt, et al.

(1998). `̀ Immunology.'' 5th Ed, p. 125.

FIGURE 2 An Antigen-presenting cells (APC) and CD4�

T cells secrete factors that stimulate T helper 1 and 2 (Th1,

Th2) cells. IL, Interleukin; R, receptor; TNF, tumor necrosis fac-

tor; IFN, interferon; Stat, signal transducer and activator; T-bet,

T-box transcription factor expressed in T cells. Adapted from

Weigmann and Neurath (2002). `̀ T-bet and mucosal Th1

responses in the gastrointestinal tract.'' Gut 51, 301ÿ303.
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normally occur in a latent form imposed by their
association with inhibitory kB (I-kB) proteins, which
dictate the cytoplasmic location of the proteins.
Phosphorylation targets the inhibitor I-kB for
proteasomal degradation, inducing NF-kB activation.
TNF/TNF receptor (TNFR) interactions also involve
the activation of NF-kB (Fig. 2).

IL-4, the critical cytokine inducing Th2 differenti-
ation, signals through the IL-4 receptor (IL-4R) on the T
cell and induces Stat 6 activation and translocation to
the nucleus. Stat 6 activation induces high levels of IL-4
and IL-5. In addition, other transcription factors have
been reported to affect Th2 cytokine production (Fig. 2).

CYTOKINES INVOLVED IN
TH1 AND TH2 RESPONSES

Cytokines are proteins that transmit signals that are
important for communication among and between
the cells of the immune system and other cells. Each
cytokine has many activities and can act on several dif-
ferent cell types. Some cytokines activate and regulate
in¯ammatory cells, whereas others regulate the growth,
differentiation, and activation of lymphocytes and other
cell types.The cytokines TNF, IL-1, IL-18, and IL-6 are
regarded as proin¯ammatory. Th1 cytokines (IFNg and
IL-2) are important in the activation of in¯ammatory
cells. IFNg is well known for antiviral properties and is
produced by CD4� and CD8� T cells. It activates
mononuclear phagocytes, increases the expression of
human leukocyte antigen (HLA) class I and II mole-
cules, promotes T and B cell differentiation, activates
natural killer (NK) cells and vascular endothelial cells,
and enhances the respiratory burst in neutrophils. Other
cytokines produced by Th1 cells are TNFa, which
causes activation of macrophages, granulocytes, and
cytotoxic T lymphocytes (CTLs), in¯uences endothelial
cell adhesion, and stimulates MHC class I production.
Lymphotoxin a (LTa), in combination with LTb, is
important in maintenance and development of the in-
testinal lymphoid system.

The Th2 cytokine IL-4 is a growth and differentia-
tion factor for B cells but also has activity as a growth
factor for CD4� T cells and mast cells. IL-4 is known to
act as an immunoglobulin E (IgE) switch factor in that it
selectively stimulates B cells to switch to the production
of the IgE isotype. In addition, it simulates CD23 ex-
pression on mononuclear phagocytes and B cells. IL-5
is produced by CD4� Th2 lymphocytes and in¯uences
the in¯ammatory response through its ability to stimu-
late the growth, differentiation, and degranulation of
eosinophils and to act as an eosinophil chemotactic fac-

tor. IL-5 stimulates the growth and differentiation of
B cells and, in the mucosal immune system, increases
IgA secretion by IgA-committed B cells. IL-10 is re-
ported to inhibit Th1 cytokine synthesis, especially in
the mucosal immune system. IL-10 has been recently
reported to have some immunostimulatory activities as
well. IL-9 enhances T cell survival, mast cell activation,
and synergy with erythropoietin. IL-13 (similar to IL-4)
is produced by activated T cells and affects B cell growth
and differentiation and inhibits proin¯ammatory cyto-
kine production.

GASTROINTESTINAL TH1 AND
TH2 RESPONSES

Evidence that immune mechanisms are important in the
initiation and the progression of ongoing tissue injury in
in¯ammatory bowel diseases, intestinal graft-versus-
host disease, food allergies, and celiac disease derives
from the histologic and clinical features of these diseases
as well as from laboratory studies.

Allergic Responses and Responses to
Parasitic Infection

Th2 cells and their responses are involved in many
food allergies, because the Th2 IL- 4 and IL-5 cytokine
responses mediate immunoglobulin switching and eo-
sinophilic activation. A variety of hypersensitivity re-
sponses to ingested food antigens (IgE-mediated
responses) have been reported and are associated with
food-speci®c IgE antibodies. These IgE antibodies bind
to high-af®nity Fc receptors on mast cells and basophils
as well as to low-af®nity Fc receptors on macrophages,
monocytes, lymphocytes, and eosinophils. When food
allergens penetrate the mucosal barrier and reach IgE
antibodies bound to mast cells or basophils, the cells
are activated and mediators are released; this induces
vasodilation, smooth muscle contraction, and mucus
secretion, leading to symptoms of immediate hypersen-
sitivity. With repeated ingestion of a food allergen,
mononuclear cells are stimulated to secrete histamine
releasing factors, a cytokine that interacts with IgE mol-
ecules bound to the surface of basophils and perhaps
mast cells. A variety of symptoms have been associated
with IgE-mediated allergic reactions: shock, urticaria,
angioedema, pruritic rash, vomiting, diarrhea, nasal
congestion, tongue and laryngeal edema, and wheezing.

Intestinal parasitic infections are also governed by
Th1 and Th2 responses. Intestinal helminths are some
of the most prevalent and successful parasites in the
world. Th2 cells are important in the resistance to
intestinal helminths and current data also show that a
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Th1 response is associated with susceptibility. Target
disruptions of Th2 cytokines, their receptors, or their
signaling molecules have highlighted the importance of
the Th2 response in protecting the host against para-
sites, in addition to the importance of the IL-4-like Th2
cytokine, IL-13. There are also indications that usual
mechanisms of resistance, such as eosinophils and IgE-
mediated hypersensitivity reactions, may not play as
important a role as previously thought.

Celiac Disease

Because both cell-mediated and humoral responses
are thought to play a role in celiac disease, both Th1 and
Th2 responses are considered important in the disease
process. Gliadin and related cereal proteins are the un-
disputed triggers of celiac disease. In active disease,
there is an increased expression and altered distribution
of HLA class II DR molecules on small intestinal epi-
thelial cells, with greater expression of HLA DR on epi-
thelial cells in the crypt regions. This phenomenon is
likely secondary to an increased Th1 cytokine response
(IFNg) by mucosal T cells. The isolation of T cell clones
from affected intestinal mucosa that can be stimulated
with gliadin peptides supports a role of gliadin inter-
actions with T cells in the pathogenesis of the disease.
Furthermore, investigators have demonstrated that mu-
cosal T cells cultured with speci®c stimuli will exhibit
Th1 features and release TNF, and TNF triggered intes-
tinal ®broblasts to secrete matrix metalloproteinases
(MMPs) that induced disruption of connective tissue.
Increased focal expression of MMP-1 and MMP-3
mRNA in ®broblast cells isolated from the small intes-
tinal mucosa of patients with celiac disease has been
reported. Furthermore, speci®c intraepithelial lympho-
cytes that are up-regulated in patients with celiac disease
modulate the antigen-speci®c immune response by se-
creting IL-4, which dampens the Th1 in favor of Th2
reactivation and protects the intestinal mucosa from
chronic exposure to damaging agents such as dietary
gluten.

On the humoral side, active celiac disease is accom-
panied by mucosal autoantibodies to reticulin, a com-
mon stimulator of the extracellular matrix. IgA
antiendomysial autoantibodies (anti-EMAs) allow a
screening test for biopsy-proved celiac disease. The
role of the Th2 cells is suggested by their ability to
regulate other T cell subsets and antibody-producing
B cells.

Crohn's Disease

Crohn's disease also appears to involve both Th1-
and Th2-mediated responses. Importantly, patients

with Crohn's disease have been noted to bene®t
from the inhibition of a proin¯ammatory Th1 cyto-
kine TNF, and therefore Th1-mediated responses are
likely very important in this disease. The in¯amma-
tory in®ltrate in Crohn's disease has characteristics of
an activated phenotype, likely due to a response to the
same antigens over a period of time, inasmuch as there
is clonal expansion of CD4� lymphocytes in the pe-
ripheral blood. Importantly, the Th1 cytokine IL-2
mRNA is up-regulated in active CD and the T cells
show a hyperreactive response to IL-2. A clinical re-
mission occurs in patients who have fewer IL-2-secret-
ing T cells. Furthermore, the Th1 cytokine IFNg has
been shown to be a critical initiator and perpetuator of
the disease. There is a spontaneous release of IFNg
and increased IFNg mRNA expression by lamina
propria mononuclear cells and the presence of
IFNg-secreting T cells in actively in¯amed mucosa.
Furthermore, there is an enhanced spontaneous pro-
duction of IL-12 (the critical regulator of Th1 devel-
opment) in patients with Crohn's disease. IL-18
(another regulator of Th1 development) also appears
to be up-regulated in Crohn's disease.

The Th2 responses mediated through IL-4 and IL-5
have also been reported in some patients with Crohn's
disease. For example, there is increased production of
IgG2 in the intestine, along with a massive number of
plasma cells. Other studies have demonstrated an in-
crease in production of other immunoglobulins (IgA,
IgM, and particularly IgG). Recurrent Crohn's disease
is associated with eosinophilic in®ltration and high
IL-5 mRNA levels by in situ hybridization. However,
IL-5 production by cultured mucosal cells is decreased
in Crohn's disease.

IL-10 has also been noted to play a role in Crohn's
disease. IL-10 has both anti- and proin¯ammatory ef-
fects, depending on local concentrations of IL-10, the
types of antigens present in the microenvironment, and
the activation state of the immune cells in the vicinity. In
the colons of some patients with Crohn's disease, there
are already higher levels of IL-10 compared with con-
trols and the mononuclear cells isolated from the ileum
of patients with Crohn's disease appear to be nonrespon-
sive to IL-10. Importantly, low ileal IL-10 concentra-
tions have been shown to predict relapse after ileocecal
resection and there is reduced IL-10 production within
the activated T cell subset in patients with Crohn's dis-
ease in remission.

Intestinal Graft-versus-Host Disease

As in many in¯ammatory disorders in other organs,
intestinal graft-versus-host disease (GVHD) appears to
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involve complex interactions among immunologic, en-
vironmental, and genetic components. T cell cytokines
affect the development of GVHD. Both Th1 and Th2
cytokine-mediated occurrences of GVHD have been re-
ported, but intestinal GVHD appears to be mediated
predominantly through Th1 cytokines.

The immunopathophysiology of intestinal GVHD
involves presentation of antigen to major histocompat-
ibility complex class II disparate CD4� T cells, which
causes activation of the CD4� T cell and induction of a
Th1 cytokine pro®le. The proin¯ammatory cytokine
release also causes an activation of secondary effector
cells, including the macrophage, the NK cell, and the
CD8� T cell. TNF-dependent increases in membrane
permeability occur early in the disease process, which
likely leads to presentation of microbial products to
macrophages, which further induces CD4� Th1 cell
responses in the intestine. A Th1 cytokine pro®le has
been noted in these intestinal lymphocytes of many
models of GVHD. The impetus for the Th1 polarization
has been shown to involve both IL-12 and TNF. Impor-
tantly, TNF has been shown to be ef®cacious in the
amelioration of intestinal GVHD in human trials.

Ulcerative Colitis

The Th2 cytokine IL-5 is up-regulated in ulcerative
colitis (UC), thus providing evidence that UC is medi-
ated through these responses. Investigators have re-
ported that IL-5 protein production is increased in
cultured mucosal cells from patients with UC and
that the IL-5 mRNA is elevated in biopsies from patients
with UC. IL-4 mRNA has also reported to be elevated in
the diseased colon of UC. Furthermore, speci®c anti-
body responses mediated by IL-4 are noted in UC but are
not noted in other in¯ammatory diseases. Antineutro-
phil cytoplasmic antibodies (ANCAs) have been re-
ported in the serum of a high proportion of patients
with ulcerative colitis and sclerosing cholangitis. More-
over, the perinuclear (p-ANCA) pattern of immuno¯u-
orescent staining noted in many UC patients differs
from the cytoplasmic staining seen in patients with

Wegener's granulomatosis. UC patients have been re-
ported to have a serum IgG antibody that speci®cally
reacts with their diseased colonic tissue but not with
normal colon. Importantly, speci®c IgG1 appears to be
up-regulated in active ulcerative colitis.

See Also the Following Articles

Celiac Disease � Crohn's Disease � Colitis, Ulcerative �
Endomysial and Related Antibodies � Food Allergy � Mast

Cells � Tumor Necrosis Factor-a (TNF-a)
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Toxic Megacolon
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inducible nitric oxide synthase Key enzyme for production

of nitric oxide, a potent endogenous vasodilator that acts

through smooth muscle relaxation. The synthase expres-

sion is up-regulated through in¯ammatory processes.

polymerase chain reaction Laboratory method for ampli®ca-

tion of genetic sequences from various sources (cells,

plasma, feces, etc.).

systemic in¯ammatory response syndrome Systemic

reaction occurring after a variety of insults, including

infection, trauma, ischemia, or immune-mediated organ

injury; involves one ore more of the following clinical

manifestations: (a) a body temperature >38�C or 36�C;

(b) a heart rate of >90 beats/min; (c) tachypnea

>20 breaths/min; (d) white blood cell counts

>12,000 cells/mm3 or 54000 cells/mm3. These physio-

logic changes should represent an acute alteration from

the baseline in the absence of other known causes for

such abnormalities.

toxic megacolon Dilatation of the colon during the course of

fulminant colonic in¯ammation.

Toxic megacolon refers to dilatation of the colon during

the course of fulminant colonic in¯ammation, typically

characterized by severe diarrhea, abdominal distension

and tenderness, and total or segmental colonic dilatation

without distal obstruction. This rare but potentially lethal

complication of infectious colitis or in¯ammatory bowel

disease is associated with symptoms of the systemic in-

¯ammatory response syndrome such as fever, elevation or

drop in white blood cell count, anemia, tachycardia, and

hypotension. The colonic dilatation that may occur in

patients with Hirschsprung's disease, chronic constipa-

tion of any cause, or intestinal pseudo-obstruction is fun-

damentally different from toxic megacolon, in that colitis

or systemic signs of systemic in¯ammatory response

syndrome do not accompany these disorders.

PATHOGENETIC MECHANISMS

The term `̀ toxic'' points to the pathogenetic mechanisms
underlying colonic dilatation. Whereas typical colitis is
limited to the mucosal layer, toxic megacolon is char-
acterized by in¯ammation extending into the smooth
muscle and thereby leading to motility disturbances,

including atony and various degrees of myocyte degen-
eration. The extent of dilatation relates to the severity
and depth of in¯ammation and to the expression of
inducible nitric oxide synthase (iNOS) in the colonic
muscularis propria. iNOS may locally generate exces-
sive amounts of nitric oxide, which is known to induce
smooth muscle relaxation, and may be responsible for
the colonic paralysis. In animal models, high levels of
iNOS expression have been reduced by bowel decon-
tamination with oral nonabsorbable antibiotics or ad-
ministration of dexamethasone, and iNOS inhibitors
prevented colonic dilatation.

INCIDENCE

There is no reliable information on the frequency of
toxic megacolon. Retrospective analyses done during
the 1960s and 1970s reported a prevalence of 10 cases
in 100 ulcerative colitis patients in respective cen-
ters. Based on this author's personal observations since
1990 in a European in¯ammatory bowel disease (IBD)
referral center, the estimate is a prevalence of 1 case in
1000 patients. When analyzing the literature on toxic
megacolon, it is seen that most of the knowledge that
gathered since 1965 is extracted from case reports
(Fig. 1). Only 30 original publications are identi®able,
most of which are retrospective analyses of small diag-
nostic or interventional series. No prospective study has
ever been published on toxic megacolon in humans. The
publication frequency (and possibly also the incidence)
has dropped further since 1990 (Fig. 2) and since that
time, most series have dealt with various non-IBD-
related causes of toxic megacolon. The tremendous
improvements in IBD awareness, diagnosis, and clinical
management may have made this life-threatening
complication disappear and may have shifted the
most common cause of toxic megacolon to infectious
causes such as Clostridium dif®cile.

ETIOLOGY

Toxic megacolon is not a speci®c complication of ul-
cerative colitis but may appear in the course of any
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in¯ammatory lesion of the colonic wall, including
Crohn's disease, indeterminate colitis, BehcËet's disease
with colonic involvement, and colitis due to ischemia
(Table I). It has been learned in recent years that

pseudomembranous colitis due to C. dif®cile infection
is a major cause of toxic megacolon. In a retrospective
evaluation from the Harvard Medical School, 21 of 710
patients with pseudomembranous colitis (3%) had re-
quired intensive care submission or even had died from
this complication. Among patients with HIV infection or
AIDS, cytomegalovirus colitis is the leading cause of
toxic megacolon. Evidence of cytomegalovirus infection
of the colon has also been found also in resected colons
from patients with ulcerative colitis and toxic mega-
colon, perhaps implying that cytomegalovirus superin-
fection may be the actual cause of this complication of
ulcerative colitis. Other immune-compromised patients
are also at risk. AIDS-related toxic megacolon may arise
from Kaposi's sarcoma of the colon or cryptosporidiosis.

DIAGNOSTIC PROCEDURES

Patients have distension of the colon as measured on
plain abdominal ®lms (Fig. 3) and some signs of sys-
temic in¯ammatory response syndrome (SIRS) (e.g.,
fever, tachycardia, tachypnea, or white blood cell count
alteration) associated with hypotension, electrolyte im-
balances, or a decreased level of consciousness. Besides
plain abdominal ®lms, computer tomography (CT)
scans are appropriate for early detection of life-threat-
ening intraabdominal complications such as colonic
perforation or septic thrombosis of the portal vein. Fac-
tors thought to increase the risk of complications in-
clude procedures that increase colon trauma, such as
barium enema and colonoscopy, medications that de-
crease gastrointestinal motility, and electrolyte imbal-
ances. Colonoscopy, however, has been proposed for

FIGURE 1 Publications on toxic megacolon between 1965

and 2001. Between 1965 and 2001, 251 articles were retrieved

form the PubMed database (www.ncbi.nlm.nih.gov) using `̀ toxic

megacolon'' or `̀ toxic 5and4 dilatation 5and4 (colon 5or4
colitis)'' as search terms. Articles with English language publica-

tion were further analyzed. Of 174 English language articles, 30

(17%) were identi®ed as original publications, 123 (71%) were

case reports, and 21 (12%) were reviews. The 30 original contri-

butions were of a retrospective nature.

FIGURE 2 English language literature on toxic megacolon

over 5-year-periods. Most of the reports on in¯ammatory bowel

disease-associated toxic megacolon were published in the 1970s

and 1980s. Notably fewer reports have been published since 1990,

and most of them have dealt with various infectious causes of toxic

megacolon rather than in¯ammatory bowel disease.

TABLE I Etiology of Toxic Megacolon

Infectious Noninfectious

Viral In¯ammatory bowel disease

Cytomegalovirus

AIDS related (includes

Kaposi's sarcoma)

Bacteria

Ulcerative colitis,

Crohn's colitis,

indeterminate colitis

BehcËet's disease

Clostridium

dif®cile-associated

pseudomembranous

colitis

Campylobacter, Salmonella,

Shigella, Yersinia

Ischemic colitis

Drug induced

Chemotherapy,

methotrexate,

loperamide, overdose of

tricyclic antidepressants

Parasitic

Entamoeba histolytica,

Cryptosporidium
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diagnostic purposes and for therapeutic decompression
and may be used with caution.

The differential diagnosis of toxic megacolon is
based on the patient's history (with speci®c consider-
ation of in¯ammatory bowel diseases, AIDS, or immu-
nosuppression) and the results of microbiological stool
tests (including the detection of C. dif®cile toxin).
Diagnosis of cytomegalovirus (CMV) infection may
include serology, phosphoprotein-65 detection in
leukocytes, and cytomegalovirus polymerase chain re-
action (PCR) from plasma and feces. Timely colono-
scopy, though associated with increased risk of
perforation, may be crucial in patients with negative
diagnostic results.

TREATMENT

Medical management of toxic megacolon depends on
the appropriate etiological diagnosis (see Table 1). Even
if the diagnosis is obscure, intravenous antibiotics such
as metronidazole and cipro¯oxacin are safe to be initi-
ated right after the primary diagnostic procedures. In
case of C. dif®cile colitis, the offending antibiotic must
be stopped and vancomycin should be added via the
nasogastric tube. Antiviral therapies are indicated in

cytomegalovirus colitis. Intravenous steroids are still
the ®rst-line treatment of severe in¯ammatory bowel
disease. In severe ulcerative colitis, high-dose cyclo-
sporine has proved helpful in avoiding emergency
colectomy and should therefore be added to steroids.
Though studies are lacking, in¯iximab may have ad-
vanced to second-line therapy in severe colonic Crohn's
disease.

Patients should be monitored in the intensive care
unit for ¯uid volume, electrolyte replacement, hemo-
globin levels, and bowel distension (plain abdominal
X rays every 12ÿ24 hours). Further supportive care in-
cludes parenteral nutrition, bowel rest with nasogastric
tube, and colonic decompression either by frequent
`̀ rolling'' of the patient to the prone position or to the
kneeÿelbow position or by endoscopy. Medication that
slows motility should not be used.

Surgical intervention is necessary if there are signs of
progressive dilatation, systemic deterioration, perfora-
tion, or hemorrhage. In the emergency setting, subtotal
colectomy with Brooke ileostomy and Hartmann clo-
sure of the rectum is the procedure of choice. Surgery
after colonic perforation is associated with higher mor-
tality. It is regarded an art to ®nd the optimal timing for
such a surgical procedure. Frequent cooperative assess-
ments of the patient's status between medical and
surgical teams are the key to reduce mortality in the
long run.

See Also the Following Articles

BehcËet's Disease � Colectomy � Colitis, Indeterminate �
Colitis, Ulcerative � Colonic Ischemia � Crohn's Disease �
Cytomegalovirus
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¯uid is typically associated with a distorted colonic contour. Cour-
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Trace Minerals: Metabolism and De®ciency
(Copper, Zinc, Selenium, Manganese)
ROBERT B. RUCKER AND LOUISE LANOUE

University of California, Davis

antiport Transport that is dependent on the countertransport

of another substrate across a membrane barrier.

cis-acting/trans-acting elements Factors that regulate gene

expression in eukaryotic cells, by the interaction of

speci®c proteins (trans-acting elements) with speci®c

short nucleotide sequences (cis-element motifs), usually

in the promoter region of genes.

egress Cellular export; from the Latin egressus.

initiation/elongation factors Proteins involved in the initia-

tion and synthesis of polypeptide chains at the level of

translation.

natural resistance-associated macrophage proteins Novel

family of proteins (Nramp1, Nramp2, and yeast proteins

Smf1 and Smf2); functionally related transporters,

de®ned by a conserved hydrophobic core of 10

transmembrane domains, that target Fe, Mn, and Zn.

P-ATPases Familyof adenosine triphosphate-dependent metal

transporters that have speci®city for divalent cations.

reactive oxidant species Compounds derived from oxygen-

mediated reactions.

transmembrane proteins Portions of the polypeptide chain,

usually lipophilic in nature; capable of traversing the cell

membrane lipid bilayer, often multiple times.

zeta-interacting proteins Family of metal transporters with a

high avidity for zinc.

zinc ®nger motifs Structural domains associated with

speci®c DNAÿprotein transcription factor interactions

that are dependent on zinc for structural integrity.

Regulatory features are important to copper (Cu), zinc

(Zn), manganese (Mn), and selenium (Se) metabolism

and their metabolic functions. From a nutritional perspec-

tive, normal growth, development, and many aspects of

disease prevention require sustained intakes of Cu, Zn,

Mn, and Se in amounts suf®cient to meet the recom-

mended daily requirements and allowances for each of

these elements. The sophistication of regulatory mecha-

nisms to maintain cellular homeostasis for Cu, Zn, Mn,

and Se is in keeping with the unique and broad range of

functions they perform as cofactors.

COPPER

Metabolic Roles and Dietary De®ciency

Copper is essential as a redox cofactor in enzymes
that usually function as oxidases. The signs and

symptoms of Cu de®ciency re¯ect perturbations in the
activity of Cu-containing oxidases and range from poor
energy utilization to impaired protection from oxidative
free-radical damage. Speci®c examples include reduced
cytochrome oxidase activity, defects in extracellular
matrix formation, abnormal production of brain neuro-
transmitters, and poor iron utilization. Although Cu de-
®ciency in humans is uncommon, experimentally
induced de®ciencies of Cu in animals result in anemia,
defective bone development, and vascular accidents
and aneurysms.

Cu de®ciency is important to all aspects of growth
and development. In the fetus and neonate, Cu de®-
ciency can result in inappropriate patterns of cell death,
alterations in the migration of neural crest cells, and
changes in the expression of key patterning genes.
These defects can be attributed to both morphological
abnormalities and related epigenetic or developmental
changes in DNA, e.g., in methylation patterns.

For humans, the estimated safe and adequate intake
for Cu is 1.5ÿ3.0 mg/day. This is in keeping with the
requirement for optimal growth in most animals of
4ÿ8 mg/kg of dry food or 0.5ÿ1.0 mg per 1000 kcal
(4.2 MJ). Although nutritional surveys indicate that
many individuals consume 1.0 mg or less of copper
per day, it is not dif®cult to meet the recommended
level of intake given the amounts of Cu in many
foods; for example, nuts, shell®sh, organ meats, and
legumes contain from 0.3 to 1 mg per typical serving.
Condiments (various spices) and chocolate also have
appreciable levels of Cu.

Cellular Transport and Regulation

Cu uptake occurs through both high- and low-
af®nity transport systems. Environmental factors can
in¯uence the response to transporters. Most important
are factors that in¯uence solubility and redox state.
Cu exists in two different valence states; the cupric
ion (Cu�) is the primary substrate for the transport
systems that take Cu across plasma membranes. Reduc-
tion (Cu2� ! Cu�) is catalyzed by plasma membrane
reductases. However, cuprous ion (Cu2�) in the intes-
tinal lumen is more soluble than cupric ion (Cu�).
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Chemical reduction of luminal contents (e.g., by reduc-
ing agents such as ascorbic acid) can decrease the
amount of bioavailable Cu that may be potentially
delivered to the surface of intestinal cells.

From a conceptual perspective, recent studies in
yeast have shed light on proteins involved in the process
of Cu transport. For example, in Saccharomyces
cerevisiae, high-af®nity Cu ion uptake has been charac-
terized as temperature and ATP dependent. Cu ion up-
take appears to be coupled with K� ef¯ux with a 1 : 2
stoichiometry, suggesting that the process may take
place via a Cu�/2K� antiport mechanism. In yeast,
the gene for Cu reductase activity, designated FRE1,
is regulated by the Mac1 transcription factor in response
to cellular Cu levels. The entry of Cu into cells is or-
chestrated by the action of Fre1, the Cu reductase, when
Cu contacts high-af®nity Cu transporters, currently
designated as Ctr1 and Ctr3 (Ctr2 is a low-af®nity trans-
porter). Ctr1, Ctr2, and Ctr3 are products of CTR genes.
High-af®nity Cu uptake is facilitated by Ctr1 and
Ctr3and is saturable; with a Km of 1ÿ4 mmol/liter.
Under Cu-limiting conditions, there is evidence that
the transporters and proteins involved in Cu redox
are up-regulated, whereas under Cu-replete conditions,
they are down-regulated.

In addition to the transporters, cellular chaperones
speci®c for Cu deliver Cu to speci®c cellular proteins.
Other important features of Cu regulation include the
role of metallothionein, a metal-binding protein for Cu,
Zn, and Cd that acts to buffer abnormal shifts in the
cellular concentrations of Cu, and the proteins and
transporters involved in the egress of Cu from cells.
Cu egress, or transport out of cells, is controlled by
P-ATPase Cu transporters that are located on the surface
of vesicles that arise from Golgi processing. A change in
Cu status does not appear to alter Cu-transporting
P-ATPase gene expression, but it does affect Cu move-
ment to and from that outer cell membrane. Cu homeo-
stasis must be coordinated, because the release of free
Cu ions causes damage to cellular components by cat-
alyzing the generation of reactive oxidant species (ROS).

Systemic Regulation of Cu

From the intestine, a case can be made for the
transport of Cu on albumin and in the form of low-
molecular-weight complexes (e.g., histidine) to target
tissues, particularly the liver. Exactly how albumin
and histidine relinquish Cu to organs and tissues is
currently unclear. From the liver, ceruloplasmin trans-
ports Cu to other tissues. Ceruloplasmin, the predom-
inant Cu-containing protein in mammalian serum, is a
glycosylated multi-Cu ferroxidase that carries 495% of
total serum Cu. Although ceruloplasmin may function

in Cu transport, the absence of ceruloplasmin has not
been shown to alter Cu levels in the peripheral tissues.
Such observations come from what is known about
individuals and animal models that are aceruloplasmin-
emic, a genetic disorder of ceruloplasmin de®ciency,
Moreover, analbuminemic rats do not have signi®cantly
impaired Cu metabolism.

The average level of Cu stored in the body ranges
from 50 to 120 mg. Cu is found in all organs and tissues
of the human body. In cells, Cu is always bound to
proteins or to organic compounds and is not found as
free Cu ions. There are higher concentrations of Cu in
very young compared to adolescent or mature animals
(e.g., four- to ®vefold greater). The high concentration
of Cu in the fetal liver is impressive; in humans, fetal
liver contains 20ÿ50 mg per gram of liver, compared to
4ÿ5 mg per gram of liver in adults. The high levels of
liver Cu in children persists for 3ÿ5 years, followed by
a decline to adult levels.

With regard to overall systemic control, under
normal situations, little Cu is excreted via the kidney.
Rather, Cu is excreted primarily via the bile and is
released into the gastrointestinal tract with limited re-
absorption. The uptake of Cu by the intestine and elim-
ination through the bile allows Cu to be conserved and
tightly regulated from a systemic perspective.

Genetic Conditions and Cu Metabolism

The understanding of two genetic conditions,
Menkes kinky-hair and Wilson disease, has contributed
to the understanding of general Cu transport processes.
In Menkes kinky-hair disease, there is a problem with
Cu absorption and Cu transport in mesenchymal cells.
In Wilson disease, there is an increased liver Cu content,
leading to severe hepatic damage, followed by increased
brain Cu levels and neurological lesions. Menkes
disease results in pathology resembling Cu de®ciency,
as opposed to the pathology of Wilson disease, which
resembles Cu toxicity.

Both the Wilson and the Menkes genes code for one of
the P-type ATPases involved in Cu egress. In Menkes
disease, the mutation in the P-ATP-7A gene prevents
Cu transport across the basal lamina of the intestine.
J. H. Menkes ®rst described this Cu transport disorder
in 1962 in a family of EnglishÿIrish descent. It was rec-
ognized immediately as an X-linked recessive disorder,
characterized by retardation, impaired growth, peculiar
hair, and focal cerebral and cerebellar degeneration. The
condition is often lethal, with death occurring in the ®rst
or second year of life, usually from a vascular accident,
i.e., aneurysm or stroke. Menkes patients also show signs
of osteopenia (poor bone development) and vascular
disease.
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In cell culture, mesenchymal, epithelial, and neural
cells from Menkes patients abnormally sequester Cu.
Moreover, the ability to transfer Cu to some Cu-requir-
ing enzymes, e.g., lysyl oxidase, is lacking or abnormal.
The frequency for Menkes disease is now estimated to be
about 1 in 35,000ÿ40,000 live births among those of
EnglishÿIrish descent. In contrast, Wilson disease is an
inherited, autosomal recessive disorder of Cu accumu-
lation and toxicity that occurs in about 1 of every 40,000
people. The responsible gene (P-ATP-7B) also codes
for a vesicular membrane-bound, Cu-binding protein,
but, unlike the Menkes gene, is expressed primarily in
the liver. P-ATPase-7B has considerable homology to
P-ATP-7A. As in Menkes disease, there are mutations
in P-ATP-7B that account for symptoms associated with
Wilson disease. Owing to its location in liver, when
P-ATP-7B is altered by mutations, biliary excretion of
Cu is impaired. An important detail is that the vesicles to
which P-ATPase-7B is localized also appear to transport
ceruloplasmin from cells. In cells adjacent to biliary
canaliculi, some of the vesicular movement is to the
cellular membrane that is exposed to the biliary cana-
liculus, whereas in other cells, the movement is to the
cell membrane exposed to sinusoids and distensible
vascular channels. It has therefore been postulated
that the liver `̀ packages'' Cu for excretion into the bile
by binding Cu to ceruloplasmin for release into bile or
plasma. This accounts for the observations that defects
in P-ATPase-7B activity often result in low levels of
Cu bound to ceruloplasmin in blood and eventually
failure of whole-body Cu regulation, because of hepatic
accumulation of Cu.

In summary, several complex strategies are used
to maintain Cu homeostasis at the cellular and or-
ganismal levels. The complexities are in part related
to maintaining Cu in an appropriate redox state and
the need to accommodate a diverse array of enzymatic
functions. Fortunately, Cu de®ciency is probably a rare
occurrence, but genetic polymorphisms involving Cu
transporters can occur, which mimic the signs of Cu
de®ciency and toxicity observed in animal models.

ZINC

Metabolic Roles and Dietary De®ciency

Zinc functions at the active site of many enzymes by
facilitating strong, but readily exchangeable, substrate
or ligand binding. Zn is not capable of redox, thus can
be used biologically in novel ways at the functional
sites of proteins without causing oxidative changes.
Zn also plays important structural roles in proteins.
One example is the zinc ®nger motif, the most common

recurring motif in proteins that serve as transcription
factors.

The importance of Zn in humans from a physiolog-
ical perspective did not begin to emerge until the 1950s.
Zn de®ciency in animals as a cause of parakeratosis was
®rst established. With respect to human health and dis-
ease, Zn received considerable attention when it was
shown that Zn de®ciency was an etiological factor in
the syndrome of `̀ adolescent nutritional dwar®sm.'' Fur-
ther work emphasized that it was particularly important
to provide children with an adequate dietary Zn intake.
Clinical observations in patients fed intravenously also
indicated that Zn de®ciency might be important to
iatrogenic failure. When Zn de®ciency does occur,
the range of responses includes dermal lesions, poor
wound healing, malabsorption, diarrhea, and immuno-
logic defects (especially compromised T cell function).

Speci®c biochemical changes associated with the
clinical features of Zn de®ciency are not easy to identify.
As a general rule, epithelial cells and cells involved in
immune function are most affected by Zn deprivation.
The principal biochemical lesion centers on the nonco-
ordination of events important to the normal differen-
tiation of cells; perhaps related to the important
function that Zn plays in transcription factor integrity
and structure. Of interest, there are greater changes in
immune responsiveness than in changes in the activities
of Zn-requiring enzymes. Zn can also have a signi®cant
impact on the hormonal regulation of cell division, spe-
ci®cally, the pituitary growth hormone (GH) and
insulin-like growth factor-1 (IGF-1) axis. Changes in
the concentrations of GH are observed in Zn de®ciency,
and circulating IGF-1 concentrations are consistently
decreased. Other evidence suggests that reduced Zn
availability affects membrane signaling systems and in-
tracellular second messengers that coordinate cell pro-
liferation, e.g., in response to IGF-1. Measurements of
Zn concentrations in plasma are useful in identifying
children who are more likely to have a growth response
to Zn supplements. Regrettably, precise functional tests
for Zn status are not available.

The dietary intake of Zn is around 10ÿ15 mg/day.
Sources of Zn include meat and protein-enriched foods.
Factors known to in¯uence absorption include the
amount of Zn present in the intestinal lumen, and the
presence of dietary promoters (e.g., human milk, animal
proteins) or inhibitors (e.g., phytate, other minerals).
Calcium, especially in the presence of phytate, interferes
with Zn absorption.

Cellular and Systemic Regulation of Zn

The primary site of absorption of exogenous Zn in
the human is the proximal small bowelÿeither the distal
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duodenum or proximal jejunum. Absorption studies in
animal models indicate an inverse relationship between
percentage of Zn absorbed and dietary Zn intake. The
physiological state also affects absorption. Pregnancy and
lactation can enhance absorption, which can vary from
25 to 50% depending on the dose and physiological state.

In humans, the total plasma Zn concentration is
12ÿ25 mmol/liter, with over 90% associated with
albumin, about 10% associated with a2-macroglobulin,
and less than 1%, complexed to other low-molecular-
weight species. Zn homeostasis is achieved largely by
enterohepatic recirculation, although both the magni-
tude and the process differ from those for Cu. For ex-
ample, a higher percentage of Zn is reabsorbed from
endogenous excretion, i.e., about the same as that ab-
sorbed from dietary sources. A major source of Zn in the
intestinal lumen is from pancreatic secretions, because
of the importance of Zn as a cofactor for pancreatic
peptidases, various hydrolases, and proteinases.

As is the case for other essential metals, several trans-
porter systems have been identi®ed based on corre-
sponding homologues in yeasts. Similar to the situation
for Cu, there are both high-af®nity and low-af®nity re-
ceptors and transporters for Zn. Further, two distinct
families of zinc transporters are known: the zeta-inter-
acting protein (ZIP) family, which imports zinc, and the
ZnT family, which functions in releasing zinc or seques-
tering zinc internally. The ZIP transporters are found in
the duodenum in the crypts and lower villi and appear
available for the uptake of several metal ions, including
Zn. Uptake assays demonstrate that Cu� and Fe2� can
be potential substrates, because they inhibit Zn2� up-
take, whereas Co2�, Mn2�, Mg2�, and Ni2� have no
effect on Zn2� uptake. The ZIP transporters are
under transcriptional control based on the observation
that one of the family of ZIP transporters, ZRT1, is in-
versely expressed relative to cellular Zn2� levels; Zn2�-
depleted cells have 10-fold more ZRT1 mRNA than do
Zn2�-repleted cells. There is also evidence for posttrans-
lational regulation. When cellular Zn is elevated, there is
degradation of the transporters by vacuolar proteases.

Genetic and Other Conditions In¯uencing
Zn Metabolism

Genetic disorders of Zn metabolism are rare. A
condition known as acrodermatitis enteropathica,
which responds dramatically to oral Zn supplemen-
tation, occurs in children. Acrodermatitis enteropathica
is an inborn error of zinc metabolism, which is autoso-
mal recessive. Characteristic symptoms in infancy in-
clude periori®cial (oral, anal, and genital) and acral
dermatitis, diarrhea, behavioral and mental changes,

neurological disturbances, and secondary bacterial
and fungal infections. Disorders of Zn metabolism sec-
ondary to the primary disease have also been reported in
alcoholic cirrhosis, in¯ammatory bowel diseases, diabe-
tes, and renal disease, although the signi®cance of
these observations in relation to Zn deprivation remains
unclear.

MANGANESE

Metabolic Roles and Dietary De®ciency

Manganese is an essential trace element that is re-
quired for the activity of enzymes with transferase or
hydrolase functions. The mitochondrial form of super-
oxidedismutasealsorequiresMn.Further,Mnde®ciency
is associated with perturbations in glucose metabolism,
insulin function, and cholesterol regulation.

The estimated safe and adequate daily dietary
intake for Mn in humans is 2ÿ5 mg. This estimate is
based primarily on dietary intake data and inferences
from animal requirement studies. Regrettably, well-
controlled Mn balance and excretion data are limited
or have been dif®cult to obtain. In studies involving
young adult male subjects fed conventional foods, the
minimum requirement for Mn was estimated to be
between 1 and 2 mg/day, an amount easily obtained
in most diets. Variations in Mn intake re¯ect variations
in food choice and the amount in the water supply
(4 mg/day is de®ned as the lowest observable adverse-
effect level, or LOAEL). Of indirect measures, serum Mn
concentrations in combination with lymphocyte Mn-
dependent superoxide dismutase (MnSOD) activity
and blood arginase activity may have utility as indirect
measures of Mn status.

Regarding excessive Mn exposure, Mn toxicity is
a health risk to miners and other workers exposed to
Mn-enriched dust. Excessive Mn exposure can cause
impaired neurological/movement disorders. Serum
Mn concentrations in combination with brain magnetic
resonance imaging (MRI) scans, and neurofunctional
tests seem to be the best way to monitor excessive ex-
posure to Mn.

Cellular and Systemic Regulation of Mn

In intestinal cell models, the uptake and transport of
Mn appear controlled by saturation-type kinetics. The
transport characteristics under steady-state conditions
in the intestine can exhibit two components that prob-
ably re¯ect transcellular (carrier-mediated) and para-
cellular (diffusional) pathways. Calcium, calcium
antagonists, ATP synthesis inhibitors, and high levels
of iron decrease Mn ¯uxes. From the exsorption side,
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the Mn ¯ux is approximately 20-fold less than in the
absorptive direction. In humans and rodent models, the
absorption of Mn is decreased by phytic acid, when
compared with corresponding dephytinized food com-
ponents, and by high intakes, corresponding to four to
®ve times the normal requirements. Reducing agents,
such as ascorbic acid do not in¯uence uptake.

The transport of Mn most likely involves homo-
logues of the natural resistance-associated macrophage
protein (Nramp) transporters found in yeast. In Sacchar-
omyces cerevisiae, the expression of three Nramp-family
transporters (Smf1p, Smf2p, and Smf3p) responds to
changes in cellular Mn. In particular, Smf1p and
Smf2p appear to function in Mn uptake and traf®cking.
Analogous to the regulation of Zn and Cu transporters,
the differential regulation of Nramp transporters in
yeast by Mn occurs at the level of protein stability
and protein traf®cking through the various secretory
pathways in addition to transcriptional control. For ex-
ample, Smf1p and Smf2p are degraded in cells with
suf®cient Mn. In contrast, Smf1p and Smf2p accumulate
to high levels in Mn-de®cient cells. Although the evi-
dence suggesting Nramp transporters is inferential,
much of it is very strong. As an example, animal models
with iron transporter defects also have impaired Mn
transport. Homozygous Belgrade rats, which have hy-
pochromic anemia due to impaired iron transport, also
have abnormalities in Mn metabolism

At present, there are few cases of Mn de®ciency in
the medical literature. Given the heterogeneity of the
North American food supply, it is dif®cult to make a
strong case for de®ciency without involving other fac-
tors or etiologies. There may be reasons, however, to be
concerned about Mn toxicity, given that intakes do ex-
ceed what are thought to be the requirements for Mn.

SELENIUM

Metabolic Roles and Dietary De®ciency

Selenium is of fundamental importance to human
health. It is an essential component of several major
metabolic pathways, including thyroid hormone metab-
olism, antioxidant defense, and immune function. Se is
incorporated as selenocysteine at the active site of a
wide range of selenoproteins. In the past two decades,
over 30 new selenoproteins have been identi®ed, of
which 15 have been characterized. A number of provoc-
ative clinical studies suggest putative roles for Se in
cancer protection, ROS protection, and even relation-
ships involving viral exposure.

Plant foods are the major dietary sources of Se
in most countries throughout the world. The amount

of Se in soil, which varies by region, may determine the
amount of Se in the food chain, wherein Se is found as
selenomethionine and selenocysteine. Se is one of the
few mineral elements in which the soil concentration
can in¯uence the relative amounts found in food. In the
United States, the high plains of northern Nebraska and
the Dakotas have the high levels of soil Se. People living
in those regions generally have the highest Se intakes in
the United States. Soils in central China and parts of
Russia have low amounts of Se, and dietary Se de®ciency
is often reported in those regions. Se is also found in
some meats and in seafood. Animals that eat grains or
plants that were grown in Se-rich soil have higher levels
of Se in muscle tissue. Some nuts, in particular Brazil
nuts and walnuts, are also very good sources of Se.

The Recommended Daily Allowance (RDA) for
Se is 50ÿ100 mg in the United States and 10ÿ75 mg in
Europe. Keshan disease, also known as Se de®ciency,
has been observed in low-Se areas of China, where di-
etary intake is 510ÿ20 mg/day, an intake that is signif-
icantly lower than the RDA for Se. Se de®ciency has also
been observed in people who rely on total parenteral
nutrition (TPN) as their sole source of nutrition. The
signs of Keshan disease are cardiomyopathy, increased
susceptibility to infection, cataracts, and muscular le-
sions resulting from impaired ROS protection. There
can also be loss of pigmentation in skin and hair,
and, when severe, growth retardation.

Although rare in the United States, there is also a
health risk of too much Se, e.g., selenosis. Symptoms
include gastrointestinal upsets, hair loss, white blotchy
nails, and nerve damage. The few reported cases have
been associated with industrial accidents or manufac-
turing errors that have led to excessively high amounts
of Se in supplements. The Institute of Medicine has set a
tolerable upper intake level for Se at 400 mg /day.

Cellular and Systemic Regulation of Se

Both organic and inorganic forms of Se can be
utilized in the body. The order of uptake in Caco-2
cells is SeO3

2ÿ� selenocysteine5 selenomethionine
5SeO4

2ÿ. Both amino acid-related and anion transpor-
ters are involved in Se transport. Many of the details,
however, have yet to be resolved. For example, the
transport of selenomethionine is inhibited by its sulfur
analogue, methionine, whereas inhibition of the trans-
port of selenocysteine by cysteine is not observed. The
transport of SeO4

2ÿ is inhibited by thiosulfate, but not
sulfate. A Na�,K�-ATPase is probably responsible for
energizing the brush border transport of selenate, where
the ileum is the site of absorption. A number of intestinal
in¯ammatory diseases and short-bowel syndrome can
lead to Se de®ciency.
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In contrast with intestinal cells, red cells in partic-
ular demonstrate selective uptake of organic forms of
selenium. Of the most common Se compounds (sele-
nate, selenite, selenomethionine, and selenocysteine),
selenite injected intravenously is taken up rapidly and
selectively through an anion-exchange carrier or trans-
porter. The rapid and selective uptake of selenite by red
blood cells is explained by the selective and ef®cient
uptake through the anion-exchange carrier, followed
by reduction by glutathione-requiring steps. Selenite
uptake is inhibited by chromate, which promotes
glutathione depletion.

Another unique aspect of Se regulation is that its
insertion into protein occurs posttranslationally in
the form of the amino acid, selenocysteine (SeCys).
Such occurrence of this element in protein is widespread
in all forms of life. Elucidating how Se is incorporated as
SeCys has modi®ed our understanding of the genetic
code. The formation of SeCys with its novel codon ex-
pands to 21 the codon used for naturally occurring
amino acids. Although it was recognized in the mid-
1960s that the codon AUG had a dual role of initiating
protein synthesis and inserting methionine at protein
translation start sites, the possibility that a second codon
also had two functions was not considered at the time.
It is now known that UGA serves both as a termination
and a SeCys codon.

SeCys can be attached to tRNACys by cysteinyl-tRNA
synthetase and can be incorporated nonspeci®cally into
protein in response to Cys codons, which is the reason
why many proteins contain Se at sites other than the
Se-containing active sites in selenoenzymes. However,
SeCys is synthesized by a novel process. The translation
of selenoprotein mRNAs requires both cis-acting and
trans-acting factors. SeCys is inserted into nascent se-
lenopeptides in mammals by means of a unique amino
acid insertion system. Speci®c 30 untranslated (UTR)
mRNA structures, designated SECIS elements, function
in recruiting SBP2, a SeCys-speci®c elongation factor,
and selenocysteinyl-tRNASer,SeCys into the SeCys inser-
tion complex, the selenosome. SeCys tRNASer,SeCys is
used as the site for SeCys biosynthesis and for its incor-
poration into the active site of speci®c selenoproteins.
Further work also suggests considerable complexity in
the regulation of speci®c selenoenzymes, e.g., transcrip-
tional as well as translation regulatory controls exist for
glutathionine peroxidase.

CONCLUDING COMMENTS

Although it is dif®cult to make a case for frank
nutritional de®ciencies of Cu, Zn, Mn, or Se in humans,
there is a good likelihood of identifying polymorphisms

that may alter an individual's need for a given element.
Although perhaps obvious from a biochemical perspec-
tive, it is also important to underscore that each mineral
contributes unique chemical properties that are essen-
tial to a diverse array of enzymatic and related functions.
The complexities of these functions underscore the need
in turn for equally complex regulatory and homeostatic
controls.
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Transforming Growth Factor-b (TGF-b)
JOHN BARNARD

Columbus Children's Hospital and Ohio State University

growth factor A protein, usually secreted from cells, that

exerts its biological activity by binding to high-af®nity,

cell surface receptors at low concentrations; most growth

factors have diverse biological activities including

actions independent of cell growth regulation.

Transforming growth factor-b (TGF-b) is a dimeric poly-

peptide growth factor belonging to a superfamily of re-

lated proteins. All superfamily members are distinguished

structurally by a cluster of conserved cysteine residues

held together by disul®de bonds. These proteins display a

remarkable diversity of biological activities, including cell

growth regulation, cell fate determination, immune func-

tion, and morphogenesis. TGF-b-related peptides and

TGF-b receptors are synthesized by virtually all normal

cells including epithelial, smooth muscle, and hematopoi-

etic cells in the gastrointestinal tract.

THE TRANSFORMING GROWTH
FACTOR-b GENES AND PROTEINS

The mammalian transforming growth factor-b (TGF-b)
family consists of three proteins with similar biological
activities. These three `̀ isoforms'' are designated TGF-b1,
b2, and b3 and are localized to human chromosomes 19,
1, and 14, respectively. All three TGF-b proteins are ®rst
synthesized and secreted in biologically inactive, latent
precursor complexes that are incapable of binding to cell
surface TGF-b receptors. `̀ Activation'' of TGF-b occurs
when the mature, 25 kDa biologically active form of
TGF-b is liberated from the precursor complex. Activa-
tion of latent TGF-b is believed to be a major step in the
regulation of TGF-b activity. Mature, biologically active
TGF-b is released fromthe latentcomplex byextremes of
pH, proteolysis by plasmin, and transglutaminase-
dependent interaction with the extracellular matrix. A
greatdeal remains tobe learnedabout thenormalprocess
of TGF-b activation and how it is altered under patho-
physiological conditions.

TRANSFORMING GROWTH
FACTOR-b RECEPTORS

The TGF-b receptors are designated TGF-bRI
(�53 kDa), TGF-bRII (�70 kDa), and TGF-bRIII

(�300 kDa). Each has an extracellular ligand-binding
domain, a transmembrane sequence, and a cytoplasmic
sequence. In general, all three isoforms of TGF-b bind
to receptor types I, II, and III, albeit with modest
differences in af®nity. Binding of TGF-b to TGF-bRII
recruits TGF-bRI into a tetrameric receptor complex,
resulting in the transphosphorylation and activation of a
serine/threonine kinase in the cytoplasmic tail of TGF-
bRI. It is convenient to think of TGF-bRII as a `̀ sensor''
receptor and TGF-bRI as a `̀ transducer'' receptor. TGF-
bRIIIs are abundant, but have no known signaling
capability and have mostly been considered `̀ reservoir''
receptors. Regulation of receptor signaling is remark-
ably complex because of a large number of receptor-
interacting proteins that modify signaling. These
include FKBP12, the a-subunit of farnesyl transferase,
TRIP-1, STRAP, and TRAP-1, among others.

INTRACELLULAR SIGNALING BY
TRANSFORMING GROWTH
FACTOR-b
The main signaling proteins activated by TGF-b super-
family members are called Smads (Fig. 1), although a
variety of other traditional intracellular signaling path-
ways are also modulated. The Smads most relevant to
TGF-b signaling in the gastrointestinal tract are Smad2
and Smad3 (receptor-regulated or R-Smads), Smad4 (a
common-partner or Co-Smads), and Smad6 and Smad7
(inhibitory Smads). Phosphorylation of Smad2 and
Smad3 by serine/threonine kinase activity in TGF-bRI
is necessary for activation of TGF-b signaling. Phos-
phorylation of Smad2 and Smad3 permits interaction
with Smad4. This is the ®nal con®guration required for
translocation of the TGF-b signal into the nucleus,
where modi®cation of gene expression occurs by binding
to unique Smad-binding elements in TGF-b-responsive
genes. Smad7, an inhibitory Smad, binds to activated
TGF-bRI and inhibits the phosphorylation of Smad2,
the assembly of Smad complexes, and the nuclear trans-
location of Smads.

An increasingly diverse and complex array of tran-
scriptional activators and repressors interact with the
Smad complex to modify gene transcription in the cell
nucleus. These include transcriptional activators such
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as CREB-binding protein (where CREB denotes Ca2�/
cAMP-response element-binding protein)/p300 and
transcriptional repressors such as SnoN, c-Ski, and
TGIF. Many of these proteins secondarily interact
with classical transcriptional repressors, such as histone
deactylases.

BIOLOGICAL ACTIONS OF
TRANSFORMING GROWTH
FACTOR-b IN THE HUMAN
GASTROINTESTINAL TRACT

TGF-b has diverse biological actions in the gastro-
intestinal tract, including inhibition of epithelial cell
growth, stimulation of extracellular matrix (ECM)
synthesis, stimulation of angiogenesis, stimulation of
cell motility, and suppression of the immune system.
The growth inhibitory actions of TGF-b are especially
important, as their loss may result in gastrointestinal
cancer. TGF-b normally arrests cell growth by causing
a reversible block in the G1 phase of the cell cycle. This
occurs as a result of inhibition of c-myc proto-oncogene
expression and blockade of cyclin-dependent kinase
activities, both of which are critical preparatory steps

for DNA synthesis and cell replication. Another major
biological effect of TGF-b is the modulation of genes
regulating ECM deposition, which results in extra-
cellular matrix formation. This occurs by increased
synthesis of ECM proteins (collagen, ®bronectin) and
proteinase inhibitors (plasminogen activator inhibi-
tor), decreased synthesis of matrix-degrading activities
(plasminogen activator, collagenase, elastase), and
modulation of matrix receptors and binding proteins
(integrins). The effect of TGF-b on extracellular matrix
synthesis appears to have major clinical signi®cance, as
a large number of ®brotic diseases, such as cirrhosis,
pulmonary ®brosis, stricture, and glomerulonephritis,
are associated with increased TGF-b activity. Because of
its effects on the extracellular matrix, TGF-b increases
wound healing, including incisional wounds in the gas-
trointestinal tract. The effects of TGF-b on the immune
system are complex, but TGF-b is predominantly im-
munosuppressive. The marked in¯ammation observed
in the gastrointestinal mucosa of TGF-b-de®cient `̀ knock-
out'' mice underscores the importance of TGF-b in reg-
ulating the gastrointestinal immune system. Blockade
of TGF-b signaling in immune cells, with resultant
increased immune activity, has been proposed as an
important factor in in¯ammatory bowel disease and
autoimmune hepatitis.

A ROLE FOR TRANSFORMING
GROWTH FACTOR-b IN
GASTROINTESTINAL CANCER

More than 75% of human colon and pancreatic cancers
are resistant to growth arrest by TGF-b, an observation
believed to be key in the causation of these tumors. For
example, an inactivating mutation in the TGF-bRII gene
occurs in persons with defects in DNA mismatch repair,
leading to hereditary nonpolyposis colon cancer, a
familial cancer syndrome with an increased incidence
of gastric, endometrial, and colon cancers. Overall, these
types of mutations account for approximately 15% of all
colorectal cancers. An additional 6ÿ15% of sporadic
colon cancers have mutations in TGF-bRII. Inactivating
mutations in Smad2 and Smad4 occur in approx-
imately 6 and 20% of sporadic colorectal carcinomas,
respectively. Smad4 mutations are found in approxi-
mately 40% of kindreds with a rare autosomal dominant
disorder called familial juvenile polyposis coli. Approx-
imately 50% of pancreatic adenocarcinomas harbor in-
activating Smad4 mutations. In addition to these genetic
abnormalities, resistance to TGF-b growth arrest occurs
in a signi®cant percentage of colon and pancreas carci-
nomas because of the presence of mutant, activated

FIGURE 1 TGF-b signaling: TGF-b binds to a dimerized TGF-b
type II receptor, initiating an interaction with type I receptors

and phosphorylation of the cytoplasmic tail of TGF-b type I receptor,

as well as Smad2 and Smad3. In concert with Smad4, the Smad

complex translocates to the nucleus to modify gene expression

and alter cell behavior.
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K-Ras, an oncogene that blocks Smad signaling. Res-
toration of TGF-b signaling may someday be a viable
option in the treatment of gastrointestinal cancer.
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Transplantation Immunology
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Harvard University and Brigham and Women's Hospital

alloantigen Antigenic differences between members of the

same species.

cytokines Peptide products of activated leukocytes.

HLA The symbol for the major histocompatibility complex

in humans.

ligand A structure on one cell recognized by a receptor on

another cell.

major histocompatibility complex A closely linked series of

genes that account for the strong transplantation barrier

between individuals.

Transplantation immunology is a subject that examines

(1) the biology of tissue and organ grafts transferred from

donor sources to genetically dissimilar recipients and

(2) the activity and mechanisms of the multifaceted host

defenses that react against the foreign stimulus. If the

resultant panoply of antigen-speci®c cellular and humoral

events is not modi®ed or inhibited by X-radiation or chem-

ical or biological means of immunosuppression, they will

inexorably and irreversibly destroy the graft. Understand-

ing of the intricacies of these responses has accelerated

rapidly during recent decades, with elucidation of the

functions, interplay, and effects of the cascade of adhesion

molecules and other in¯ammatory mediators, leukocyte

populations, their relationship to antigens presented to

them, and the in¯uence of a variety of effector products.

Indeed, understanding of the process of `̀ rejection'' of

foreign tissues has evolved from the simplistic concept

that speci®cally sensitized host lymphocytes in®ltrate

and directly kill the transplant, to the more re®ned ap-

preciation of a sequential series of cellular and molecular

events of astounding complexity.

BACKGROUND

The basic doctrine of transplantation is that tissue trans-
ferred between different sites on the same individual
(autografts), or between genetically identical twins (iso-
grafts), will heal and function normally. In contrast,
transplants from members of the same species (allo-
grafts) or from different species (xenografts) will be
rejected promptly by the host. The phenomenon of
acute rejection was de®ned during World War II by
gross and histological examination of skin grafts in hu-
mans and in animals. The involvement of immune
mechanisms in the process was ascertained by the
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K-Ras, an oncogene that blocks Smad signaling. Res-
toration of TGF-b signaling may someday be a viable
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mechanisms in the process was ascertained by the
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observation that a `̀ second set'' of grafts from the same
donor was rejected at a faster tempo than the ®rst via
some type of `̀ memory'' intrinsic in the recipient. For the
next two decades, however, the most that was known
about these events was that increasing numbers of host
leukocytes collecting in and around the allografts led
inexplicably to their inevitable and irreversible destruc-
tion. Circulating lymphocytes were believed to be par-
ticularly critical, as evidence mounted that they were
important `̀ immunologically competent'' components of
host reactivity. The continuous recirculation of a sub-
stantial lymphocyte population among the blood,
lymph, and somatic tissues allowed the cells to contact
and respond to any antigenic stimulus in any location
in the body.

It also became apparent by differential ablation of
`̀ central'' lymphoid organs that there were two major
classes of lymphocytes normally present in the body.
The effects of removal of the thymus gland were ®rst
examined in neonatal mice. The majority of animals lost
weight, wasted, and died of laboratory infections. Num-
bers of circulating lymphocytes profoundly decreased
and peripheral lymphoid tissues, including spleen and
lymph nodes, atrophied. Most signi®cantly, skin allo-
grafts healed and grew hair normally in those that sur-
vived. Humoral activity was unaffected. As thymectomy
of adult mice with already mature lymphoid tissues
produces no such effects, it was concluded that the
thymus was the central lymphoid organ critical in
the early `̀ schooling'' of immature lymphocytes from
the bone marrow. These cells become the primary me-
diators of cellular immunity in the body. Unaffected by
thymectomy, the population responsible for antibody
production was next de®ned. The bursa of Fabricius, a
lymphocyte-rich blind pouch connected to the cloaca of
birds, was found to have immunological function. Fol-
lowing its surgical ablation, young chicks but not adult
chickens were unable to form antibody against antigens.
However, as their cellular immune mechanisms re-
mained intact, they could still reject skin grafts.
Subsequent search for a `̀ bursa equivalent'' organ in
mammals initially implicated the tonsil and appendix
but ®nally settled on diffuse lymphoid aggregations in
the gut and bone marrow.

Stimulated by these ®ndings in the 1960s and 1970s,
immunology, transplantation biology, and related sci-
ences exploded. Increasing knowledge about cellular
and humoral activity unleashed a torrent of investiga-
tions. Effector lymphocytes were found to require the
in¯uence of other subpopulations before they could
attain full function, as illustrated by the phenomenon
of `̀ help'' given by thymus-derived (T) lymphocytes to
bone marrow- or bursa-derived (B) lymphocytes to

produce antibody, and the effects of one T-cell sub-
population on the behavior of others via elaboration
of speci®c products. Identi®cation of histocompatibility
antigens and de®nition of their critical role in the pre-
sentation of antigen at both the cellular and molecular
levels unfolded. The introduction of hybridoma tech-
nology led to the creation of monoclonal antibodies that
have allowed characterization of the in¯ammatory/
immunological cascade involved in a variety of host
defenses. Elaboration of receptor physiology, intracel-
lular machinery, and T-cell interaction with the major
histocompatibility complex (MHC) of foreign cells and
tissues has opened entire ®elds in molecular biology,
with further unraveling of the intricacies of host
immuno-responsiveness.

ACUTE REJECTION

In overresponsive recipients or those in whom immu-
nosuppression is relatively ineffectual, acute rejection
of an organ may be a dramatic and frightening event.
After several days of satisfactory function of a kidney
transplant, for instance, levels of serum creatinine begin
to rise. The patient often develops fevers and malaise.
The graft, easily palpable through the lower abdominal
wall, may enlarge and become tender. Occasionally, the
tense and swollen organ ruptures, with signi®cant
bleeding into the retroperitoneal space.

This immunological destruction of an allograft in-
volves a cascade of host-directed, lymphocyte-mediated
events. Small numbers of naive lymphocytes become
speci®cally sensitized by antigen-presenting cells in
the graft. Some of these stay at the site; others circulate
through host peripheral lymphoid tissues where they
disseminate the antigenic message and attract newly
activated cell populations to the foreign tissues. Progres-
sive in®ltration by host mononuclear cells is character-
istic of acute rejection of all allogeneic organs. Within a
few hours of revascularization, increasing numbers of T
and B lymphocytes enter perivascular areas and then
invade the graft substance itself over the next days or
weeks. The primary responsibility of T cells in the acute
destructive process has been emphasized in vitro by
their ability to lyse donor target cells directly and in vivo
by the inability of T-cell-depleted animals to reject al-
lografted tissues. Allostimulated B lymphocytes dif-
ferentiate into antibody-producing immunoblasts and
plasma cells in graft and host lymphoid tissues within a
few days of transplantation. Although these secrete both
antigen-speci®c and nonspeci®c antibodies, their pre-
cise role in the acute process remains enigmatic. As
in¯ammation proceeds, the increasingly obvious pres-
ence of macrophages is associated with progressive
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destruction of pericapillary tissues, interstitial in¯am-
mation, and eventual tissue necrosis. Macrophages have
several roles in graft destruction. They act as antigen-
presenting cells to activate lymphocyte populations.
They are a principal site of control by MHC immune
response genes, mediated particularly by receptors on
their plasma membranes for some histocompatibility
antigens. They also elaborate cytokines when activated,
particularly interleukin 1 (IL-1) and IL-6, which have
speci®c effects on cells of the host and tissues of the graft.

HISTOCOMPATIBILITY ANTIGENS

Antigens on allogeneic cell surfaces allow the graft re-
cipient to recognize that the transplanted tissue is not
`̀ self.'' It has long been realized that the immune re-
sponses between genetically dissimilar humans are di-
rected against a single cluster of alloantigens, designated
by the World Health Organization as HLA and encoded
by MHC genes found on chromosome 6. There are two
MHC antigen groups: class I (HLA-A and B) and class II
(HLA-DR, -DQ, and -DP). HLA, -B, and -DR are the
most important targets for host alloreactivity. These are
expressed on various tissues, may be up- or down-reg-
ulated by host cells and their products, and may differ-
entially in¯uence graft rejection. Class I antigens are
relatively ubiquitous and are constitutively expressed
on all somatic cells. They interact exclusively with
the cytotoxic/suppressor CD8� T-lymphocyte sub-
population. Class II antigens activate selectively the
helper/inducer CD4� T-lymphocyte subpopulation.
They are distributed more selectively throughout
lymphoid tissues and are present on various antigen-
presenting cells, circulating B lymphocytes, and mono-
cytes. Up-regulation of these antigens on the vascular
endothelium of transplanted organs by early injury
such as ischemia/reperfusion become particularly im-
portant as the vascular endothelial cells are exposed
continuously to circulating effector cells and their prod-
ucts. Particular leukocyte-derived factors can also stim-
ulate MHC antigens differentially by inducing class II
gene products or promoting class I antigens over
class II. Interferon-g (IFN-g), for instance, up-regulates
class II but not class I antigens on several cell types,
increasing antigen presentation and amplifying graft
immunogenicity.

ANTIGEN RECOGNITION

Recognition of graft `̀ foreignness'' by T lymphocytes
requires both MHC molecules and alloantigen. Allo-
antigen is recognized by the T-cell receptor either
`̀ directly'' as intact allo-MHC on the surface of donor

cells or `̀ indirectly'' as processed peptides derived from
donor MHC and presented by recipient MHC molecules
in their peptide-binding groove on the surface of the
antigen-presenting cells (Fig. 1). The recognition of a
foreign peptide bound to a MHC molecule is the phys-
iological pathway by which all microbial invaders are
recognized and eliminated by T cells. Genetic rearrange-
ments of speci®c molecules covalently linked by disul-
®de bonds produce combining sites on lymphocyte
surfaces that can recognize virtually any antigen.
Acute rejection is thought to be mediated primarily
by direct allorecognition, whereas the indirect pathway
appears to play a major role in chronic rejection.

Antigen recognition by T cells alone, however, is not
suf®cient to trigger host events. A two-signal process of
lymphocyte activation involves binding of transplanta-
tion antigens to T-cell surface receptors (signal 1) co-
incidentally receiving a co-stimulatory signal 2 from
adjacent accessory molecules (Fig. 2). These include
a series of receptorÿligand interactions such as
CD2ÿLFA-3 (cluster determinates 2ÿlate functioning
adhesion molecule) and LFA-1ÿintercellular adhesion
molecule. Another particularly well-characterized
combination is the T-cell surface molecule CD28 that
binds to either of its ligands, B7-1 or B7-2, themselves
expressed on the surface of bone marrow-derived
antigen-presenting cells. The interaction between the
T-cell receptor and the MHC alloantigen in the presence
of appropriate `̀ co-stimulatory'' signals forming a mul-
timolecular patch is recognized as the central event that
initiates lymphocyte activation. This triggers further
events that lead ultimately to immunological rejection.

CELL PRODUCTS

With understanding of the cell populations involved in
host alloresponsiveness has come appreciation of the
critical importance of their products, the cytokines
and chemokines (Fig. 3). These molecules may acti-
vate or inhibit the function of other cell populations.
Antigen-activated macrophages elaborate IL-1, for
instance, a monokine that stimulates CD4� cells to
elaborate a series of associated factors, and IL-6, a
®brosis-inducing factor associated with chronic rejec-
tion. Other cytokines released by macrophages and
important in graft destruction include tumor necrosis
factor a (TNFa) and IFN-g. T-cell- and macrophage-
associated chemokines include a series of small mol-
ecules such as RANTES (regulated upon activation,
normal T-cell expressed and secreted) and monocyte
chemotactic protein-1. These are chemoattractants
that bring uncommitted macrophages to the site of
in¯ammation.
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T cells can be divided into two subclasses, TH1 and
TH2, each of which elaborates distinct cytokines with
their own properties and actions. One of the most im-
portant, TH1-derived IL-2, stimulates activated T and B
lymphocytes to differentiate and proliferate in both an
autocrine and a paracrine fashion. Other cytokines en-
courage B-cell maturation or affect cell populations in
the bone marrow. TH1-derived IFN-g has several effec-
tor roles including augmentation of the alloaggressive-
ness of macrophages previously uncommitted toward
the foreign tissue, induction and ampli®cation of MHC
antigen expression on graft cells, and stimulation of B
cells to increase antibody production. This factor may
also increase lymphocyte adhesiveness to an antigen-
presenting site by enhancing expression of surface
LFA-1. Factors produced by TH2 cells, primarily IL-4
and IL-10, in contrast, are inhibitory proteins to TH1
cells and act to balance or modulate the activity of
effector molecules. However, TH2 cells can also in-
crease the expression of B cells and immunoglobulin
G production.

Antigen stimulation causes T lymphocytes to up-
regulate receptor expression on their surfaces that are
speci®c for transferrin, insulin, IL-1, IL-2, and other
cell products. The development of high-avidity surface
receptors for IL-2 (IL-2R) on most activated CD4� and
CD8� T lymphocytes, some B cells, dendritic cells, and

macrophages, is particularly important in the rejection
cascade. Binding of this cytokine to its receptor is
followed by internalization of the entire complex,
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transducing the signal for proliferation and clonal ex-
pansion of the antigen-activated cells and driving the
entire rejection event forward. This important trigger-
ing population is relatively small; only approximately
15% of in®ltrating cells in acutely rejecting rat cardiac
grafts, for instance, are IL-2 receptor positive. The actual
killing of foreign cells may occur via speci®c T-cell prod-
ucts, particularly granzyme B, a serine esterase protein,
and perforin, a pore-forming lytic protein. These plus

other effector molecules, in addition to actual cell to cell
interactions, produce actual graft destruction.

CHRONIC REJECTION

The phenomenon of chronic rejection is characterized
by gradual functional deterioration of a grafted organ as-
sociated with characteristic histopathological changes.
Chronic rejection affects all solid organ transplants;

FIGURE 3 Activated lymphocytes and macrophages elaborate a series of cytokines and chemo-

kines that in¯uence the function of other cell populations.
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for instance, cadaver kidney transplants have a half-life
of less than a decade despite progressive improvements
in early results. The clinical manifestations of chronic
kidney transplant rejection include the development
and worsening of proteinuria and decline in other func-
tional parameters. Morphologically, glomeruli become
increasingly sclerotic, tubules become atrophic, and in-
terstitial ®brosis increases progressively. The prognosis
for heart and lungs is worse. Graft arteriosclerosis oc-
curring in heart transplants and broncheolitis obliterans
developing in lung transplants are characteristic
chronic changes in those organs.

Several risk factors have been implicated. Alloanti-
gen-dependent factors include histocompatibility dif-
ferences between donor and recipient, the occurrence
of early acute-rejection episodes, and continuing host
alloresponsiveness not fully inhibited by routine immu-
nosuppression. Alloantigen-independent factors in-
clude donor brain death, ischemia/reperfusion injury,
and donor-associated factors such as age, diabetes, and
hypertension. These early injuries or conditions predis-
pose the organ to immunological injury and progressive
later dysfunction.

The pathophysiology of the chronic process is
multifactorial. A critical feature of the phenomenon,
the compromise of vessels or other hollow structures,
is conceptualized as stemming from recurrent injury to
endothelial cells, leading to their persistent activation.
Initial acute damage, regardless of etiology, may lead to
up-regulation of adhesion molecules, antibody, and
antigenÿantibody complexes. A sequential pattern of
adhesion molecule and cytokine expression has been
associated experimentally with macrophage in®ltration.
This population may release cell mediators includ-
ing endothelin, a potent vasopressor agent, and IL-1,
IL-6, TNFa and transforming growth factor-b, all of

which are ®brosis-inducing cytokines. Growth factors
and other pro-in¯ammatory mediators increase the
deposition of mesangial matrix. The resultant intimal
proliferation, hypertrophy, and repair produce gradual
lumenal obliteration.

The deleterious effect of chronic rejection on graft
survival continues to reduce substantially much of the
promise that transplantation can offer patients with
organ failure.
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Trauma, Overview
DOUGLAS W. WILMORE

Harvard University and Brigham and Women's Hospital

blunt injury A mechanism of injury that deforms tissue on

impact and causes tissue disruption when the elastic

forces of the tissue are exceeded.

hypotension Low blood pressure.

multiorgan failure Malfunction progressing to complete

failure of vital organs that occurs after shock and

infection in a trauma patient.

penetrating injuries Caused primarily by stab wounds and

bullets, these injuries are the result of cutting or

lacerating tissue.

peritoneal lavage A technique to access hemorrhage into the

abdominal cavity whereby a small tube is inserted into

the space and ¯uid is instilled into the cavity and then

removed to determine whether free blood is present.

shock A marked decrease in tissue perfusion usually

associated with a fall in blood pressure that deprives

vital tissues of oxygen.

Trauma refers to injuries that cause structural alterations

and physiological imbalances in the body. Physical

or chemical agents can damage tissue. In general terms,

trauma refers to accidental injuries, although there are

occasions, such as wars or suicide, when trauma is inten-

tionally in¯icted on an individual. Moreover, the surgeon

who performs elective surgical procedures causes injury

to tissue with the initial skin incision, yet the circum-

stances are such that the skin is free of bacteria, the scalpel

is sharp, and blood loss is controlled, thus minimizing

tissue injury and its subsequent effects. In contrast, ac-

cidental injury disrupts tissues and is associated with

bacterial contamination and uncontrolled blood loss.

The body responds to such tissue disruption by clotting

the damaged blood vessels to control the hemorrhage and

then initiating an in¯ammatory response to clear the dead

tissue and kill bacteria that have contaminated the wound.

Finally, major systemic changes, such as fever, tachy-

cardia, and increased protein breakdown, occur to sup-

port this regional in¯ammatory process and to enhance

wound healing.

SCOPE OF THE PROBLEM

Unintentional deaths due to trauma are a major
cause of mortality and disability in the United States,
occurring primarily in young active adults and chil-
dren. In the year 2000, 97,300 individuals died

due to accidents; a fatal injury occurred every 5 min
and a disabling injury occurred every 1.5 s. The National
Safety Council estimates that the cost of these injuries,
including lost wages, medical expenses, property dam-
age, employer costs, ®re and other loss, was $512.4
billion in 2000, which equaled approximately $5000
for each U.S. household. The leading causes of uninten-
tional-injury deaths in the United States are shown in
Table I.

The major cause of accidental injuries in the United
States is motor vehicle crashes. There is a death every
12 min and a disabling injury every 14 s due to automo-
bile accidents. The age group most affected ranges from
15 to 24 years but the very old (475 years) are also
greatly affected. Motor vehicle accidents are now the
major cause of death for teenagers. More than one-
third of the accidents involved an intoxicated or alco-
hol-impaired driver or nonmotorist. The increased
use of recreational drugs also contributes to this high
vehicle-related accident rate.

There were over 5000 deaths in the workplace due to
unintentional injuries and almost 4 million workers
suffered disabling accidents. This accounts for a cost
to Americans of $131.2 billion, which exceeds the
combined pro®ts of the top 13 companies in the
Fortune 500.

Approximately 30,000 fatalities and over 7,000,000
disabling injuries occurred in the home. There is a fatal
injury every 18 min in the home and a disabling injury
every 4 s. The leading causes of these fatal events are
poisonings, falls, ®res and burns, and suffocation.

There were approximately 22,000 fatalities in the
community caused by falls, drowning, and transporta-
tion accidents. More than one-half of the 750 deaths

TABLE I Leading Causes of Unintentional-Injury

Deaths in the United States, 1998

Motor vehicle accidents 43,501

Falls 16,274

Poisoning 10,255

Drowning 4,406

Choking 3,515
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resulting from boating accidents could have been pre-
vented if the victim had been wearing a life jacket.

MECHANISMS AND
PATTERNS OF INJURY

There are two main types of mechanical injury: blunt
and penetrating. The mechanisms and the patterns of
injury that are sustained by the body are unique to the
type of injury and determine in large part the treatment
and outcome.

Blunt injury occurs in automobile accidents, falls,
or assaults with blunt objects. The injury caused is
a deforming injury related to the force at impact
that alters tissue shape by compression. With such
force, body tissues stretch and when this elastic capacity
is exceeded there is tissue disruption. Blunt injuries
damage the skin (abrasions, contusions, and lacera-
tions), cause bone fractures, and result in visceral or
vascular rupture. The speci®c body part injured de-
pends on the magnitude of the force, but also the ®xa-
tion of the speci®c tissue and its strength. For example,
bones such as the ®rst two ribs, scapula, pelvis, or femur
are extremely durable and these areas are fractured only
when extreme forces are exerted on these speci®c areas.
Internal organs rupture at points of ®xation such the
falciform ligament of the liver, the ligament of Trietz
that holds the small bowel, or the retroperitoneal
cecum. Internal injuries also occur because of close
proximity of organs to rigid external structures, the
best example being the close proximity of the brain
to the skull.

The four common injuries observed in unrestrained
drivers are fracture of the femur, fracture of the pelvis,
injury to the thoracic cage, and fracture of facial bones.
The common pattern of injury seen in a pedestrian
struck by a motor vehicle is fracture of the upper
third of the ®bula and tibia. Injuries to the ribs and
abdominal viscera occur if the individual is thrown
onto the car hood. As the individual falls to the ground,
head and facial injuries may occur.

Penetrating injuries are primarily caused by stab
wounds and bullets. The energy involved with a stab
wound is relatively low and hence these wounds are
lethal only if a vital organ, such as the heart, is pene-
trated. Missile wounds penetrate by cutting or lacerating
tissue. In addition, depending on the bullet type and the
force exerted, there may be extensive tissue damage due
to cavitation. The injury pattern in patients with
penetrating injuries is much more random and depends
on the location of the penetration and the cause of
the injury.

PREVENTION

Clearly, the success to the reduction of accidental inju-
ries is prevention. Because automobile accidents ac-
count for approximately one-half of the deaths due to
trauma, there is increasing pressure to utilize preven-
tative measures to reduce vehicle accidents. In fact,
deaths from this cause are decreasing. The public health
measures contributing to this success include improved
design of automobiles and equipment, the mandatory
use of restraint devices, reduction in highway speed, and
campaigns against individuals who drink and drive.

In the area of penetrating injuries, prevention has a
role by controlling gun use and gun availability. This,
however, is an extremely controversial issue, but it is
quite clear that countries that have gun restrictions have
a much lower injury rate related to missiles than the
United States.

Prevention plays a major role in injury reduction in
the workplace. The high cost of such accidents more
than justi®es preventative programs and individuals
skilled in this area are frequently employed by large
companies to participate in program planning and ed-
ucation. Annual reports of accidents are often mandated
by governmental agencies.

Accident prevention in the home is more dif®cult to
control and occasionally is related to the manufacture of
unsafe products used in the home and the sale of toys
that are potentially dangerous. Consumer pressures
work to improve product design in this area.

CONSEQUENCES OF INJURY

Shock

One of the ®rst problems associated with injury is
blood loss or hemorrhage. This may be visible, associ-
ated with loss of or damage to skin or a fracture of a long
bone that is compounded and protruding through skin
and soft tissue. However, much bleeding is internal with
loss accumulating into cavities of the chest or thorax or
into soft tissue, causing marked swelling.

The volume of blood in an adult represents approx-
imately 7ÿ8% of the body's weight and blood pressure
is usually well maintained with losses up to 25% of
this amount. However, with additional bleeding,
hypotension, e.g., a low blood pressure, occurs.

Shock refers to this situation when blood ¯ow and
pressure are inadequate to suf®ciently oxygenate essen-
tial tissues of the body. As a result, the normal process
that produce high-energy compounds, such as ATP,
which serve as fuel for cells, is impaired and cell func-
tion is depressed. Acid accumulates within the body
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and this acidemic environment further limits cardiac,
renal, pulmonary, and brain function. The hemorrhage
must be controlled and the blood volume restored. The
latter is accomplished by starting an intravenous infu-
sion of a salt-containing solution that temporarily ex-
pands the blood volume and raises the blood pressure.
With ongoing loss of blood, the transfusion of red cells is
required, for these are the cells that provided for the
oxygen-carrying capacity of blood. The type of shock
associated with blood loss is referred to as hypovolemic
shock.

There are several other causes of shock in the injured
patient. Cardiac contusion or cardiac tamponade may
result in a falling blood pressure because the heart has
limited ability to pump blood throughout the body. This
situation is referred to as cardiogenic shock. There are
occasions when an injury to the nervous system occurs
and the blood pressure falls. The usual injury is asso-
ciated with spinal contusion or transection of the
cord and these situations result in dilation of blood
vessels that have been interrupted from their nervous
connections.

Systemic Injury Responses

Trauma produces a fairly predictable and reproduc-
ible set of systemic responses. Initially, injury responses
were said to follow an ebb and ¯ow course; that is,
metabolic and physiologic processes were generally
slowed during the shock period and accelerated with
¯uid resuscitation and restoration of blood volume.
With debridement and repair of the injured site, the
body increases its responses, presumably in an effort
to accelerate wound healing. The clinical manifestations
of this response are fever, tachycardia, and increased
ventilation. The body's metabolism is altered and there
is increased oxidation of fat and the accelerated break-
down of protein, presumably to provide fuel and amino
acids for the healing wound. In short, the patient's own
tissue is broken down to ensure tissue repair. With mild
to moderate injuries, these catabolic responses cause
minimal debility, but with more extensive injuries
these responses cause marked weight loss and erosion
of muscle tissue. This can be counterbalanced in part
by aggressive nutritional support and exercise. With
wound healing and/or resolution of the injury, the pro-
cesses abate and the individual starts to regain weight
and strength.

Infection and Organ Failure

Skin is an important barrier to microorganisms and
its integrity is paramount to defense against infection.
With trauma to this important barrier, the individual

becomes susceptible to invasive infections. This situa-
tion is compounded by the fact that many injuries occur
in environments where the wounds are contaminated
by dirt and other debris. With stabilization of the pa-
tient, the wound must be washed and cleaned in order to
reduce the bacterial load and achieve a situation where
host defenses can handle the number of bacteria that are
present. Antibiotics are administered intravenously and
tetanus toxoid is also given to enhance antibody pro-
duction to the organisms that are responsible for this
potentially lethal infection. Other infections may be ex-
pected, particularly in the abdomen if rupture of an
abdominal viscera has occurred. If the patient requires
long-term mechanical ventilation, associated pneumo-
nia is also a possibility.

With the occurrence of shock and associated infec-
tion, there is a high probability that associated organ
failure may occur. This syndrome is manifest as failure
of one or more organs including the kidneys, liver, co-
agulation system, lungs, and central nervous system.
The cause of this sequence of organ failure in not
known, but it is hypothesized that products of the in-
¯ammatory response overwhelm the body and cause
organ damage. Sequential organ failure is now the
most common cause of late deaths in the patient who
sustains traumatic injuries and the only available
therapy is supportive care.

Site-Speci®c Injuries and Their Consequences

Head Injuries

Injuries to the head are frequent, disabling, and po-
tentially life-threatening because of the delicate nature
of the brain. Although emergency measures can be ini-
tiated in the ®eld where the injury occurred, careful
rapid evacuation of the patient to a hospital's emergency
facility is essential for appropriate diagnosis and
treatment.

Physicians assess the extent of the patients brain
injury using a scoring system based on physical signs
and symptoms. This scoring system aids prediction of
the mortality and morbidity related to the injury. For
example, 10% of individuals with a score of 14ÿ15 will
have some chronic disability related to their injury and
almost all those with a score of 8 or lower will have
disabilities and approximately 30% will die.

Once the patient has stabilized, a computed tomog-
raphy (CT) scan is indicated, and if necessary, an emer-
gency operation is performed. These procedures aim
to control hemorrhage and evacuate blood clots within
the brain. In addition, by opening the bones of the
skull, the pressure within the cranium is reduced. Be-
cause the skull is a closed container, brain swelling
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results in increased intracranial pressure, which at some
point causes damage to the central nervous system. This
pressure is carefully monitored and can be controlled by
withdrawing ¯uid from compartments within the brain
or by controlling blood pressure and the amount of
intravenous ¯uid administered to a patient. This type
of care is best performed in an intensive care unit,
particularly those with individuals trained in neurosur-
gical care.

Extremity Injuries

These injuries involve damage to the skin and soft
tissue, injuries to blood vessels and fractures to the long
bones. All of these injuries may occur in the same patient
and be apparent in the same extremity, and such situ-
ations are extremely challenging to the surgical team.
With the development of re®ned techniques in vascular
and peripheral nerve surgery, transected limbs or digits
can be reimplanted with a reasonably good chance of
rehabilitation.

Injuries to the Abdomen

Injuries to the abdomen vary greatly, depending on
the mechanism of injury and the force involved. For
example, approximately 30% of stab wounds to the ab-
domen fail to fully penetrate the subcutaneous adipose
tissue and do not enter the abdominal cavity. The initial
role of medical providers following abdominal injury is
to assess the extent of intra-abdominal hemorrhage.
This is accomplished by performing a procedure re-
ferred to as peritoneal lavage. This involves placing a
small tube in the peritoneal cavity, instilling liquid
through the catheter, and then withdrawing the ¯uid.
The sample can then be examined to assess the amount of
blood present and a decision can be made as to whether
an operation is indicated to control the hemorrhage. An
alternate diagnostic approach is to use ultrasound to
detect the presence of intra-abdominal ¯uid. A CT scan
is then performed to further localize the site of injury.

Extensive injuries to the abdomen often involve de-
struction of portions of the liver or the spleen and as-
sociated damage to other organs. These traumatic
injuries are devastating, for blood loss is massive and
tissue damage is extensive and highly lethal. Surgeons
often perform several sequential operations in an at-
tempt to salvage these patients. First, the bleeding is
stopped and bacterial contamination controlled. Six
to 12 h after the initial operation, when the patient
has returned to a more normal physiological state,
the individual is taken back to the operating room
and more permanent repair of the damaged tissue is
undertaken. Several additional operations may be nec-
essary before restoration of the damaged organs is

satisfactory. This approach is referred to as damage
control surgery.

Burn Injury

Fires and explosions cause cutaneous burns, which
are one of the most extensive injuries that can be sus-
tained. Burns are graded by their depth; a second-degree
burn will regenerate skin, whereas a third-degree injury
will require skin grafting. The extent of burn over the
body is expressed as a percentage of body surface area. A
60% total body surface burn means that 60% of the
entire body surface is injured. Both morbidity and mor-
tality are associated with burn size. However, the injury
may be more severe with involvement of the hands, face,
and genitalia and the association of inhalation of smoke,
which causes injuries to the lungs.

Burn patients are cared for in several sequential
phases. First, the individual must be resuscitated with
intravenous ¯uid to replace the ¯uid that leaks out
through the area of burn. After several days when the
patient has stabilized, the burned skin can be surgically
removed and skin grafts applied to these areas. This is
performed by taking very thin sections of skin from
uninjured areas. The harvested skin is then placed on
the site where the burn occurred. The donor site may be
reharvested in approximately 2 weeks, for the surface
area regenerates in 7ÿ10 days. In patients with large
burns covering 70ÿ90% of their body, this procedure of
grafting is quite slow and may require 1ÿ3 months of
hospitalization. The ®nal stage is rehabilitation, which
is required to aid in ambulation, eating, and other
aspects of self-care.
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Traveler's Diarrhea
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diarrheagenic Escherichia coli A group of Escherichia coli

strains that cause diarrhea; two strains are important

causes of diarrhea in international travelers to tropical

and semitropical areas: enterotoxigenic E. coli and

enteroaggregative E. coli.

rifaximin An unlicensed and poorly absorbed rifamycin

antimicrobial agent with activity against enteric bacterial

pathogens and effective in reducing the duration of

diarrhea when used therapeutically.

traveler's diarrhea Diarrhea that occurs when a person leaves

his or her home region, consuming meals at foreign

eating establishments, away from local medical care.

When persons leave their home region they may ex-

perience diarrhea, with rates depending on the type of

food and beverages consumed, the place where they

were consumed, and the level of hygiene in the country

of origin and in the destination. Most cases of diarrhea

that occur in high-risk regions of tropical and semitropical

countries are due to bacterial enteropathogens found in

food and, to a lesser degree, in beverages. Treatment is

directed to ¯uid and salt replacement, diet to facilitate

intestinal repair, drugs to improve symptoms, and anti-

microbial therapy to eliminate the causative agent and

cure the illness. Vaccines are being developed to prevent

infection with the most common pathogen, enterotox-

igenic Escherichia coli.

INTRODUCTION

Diarrhea has historically been important in migrating
groups when moving from one region of the world to
another. It has played a major role in the outcome of
many wars up to the 19th century. It has been known for
some time that rates of diarrheal illness were reduced as
populations remained in a region of risk, suggesting the
occurrence of natural immunity. With the growing im-
portance of international travel for pleasure and busi-
ness, the occurrence and severity of traveler's diarrhea
have become a major public health issue. In the past
20 years, a great deal has been learned about the inci-
dence, sources, prevention, and therapy of this illness.
A commonly used de®nition of traveler's diarrhea is the
passage of three or more unformed stools per day,

together with one or more additional symptoms or
signs of enteric infection including nausea, vomiting,
fever, abdominal pain or cramps, tenesmus, or fecal
urgency, after leaving a home region to travel to a dis-
tant location. Illness that occurs shortly after return-
ing home from a trip quali®es when the expected
incubation period of enteric infections of 1 to 7 days
is considered.

INCIDENCE

Each year more than 600 million persons cross inter-
national boundaries. Of these, more than 50 million
travelers venture into tropical and semitropical regions
with reduced hygiene levels and put themselves at risk
for the development of diarrhea. The world can be di-
vided into three regions based on the risk of acquiring
illness by international visitors. Low-risk areas include
the United States, Canada, northwestern Europe, Japan,
Australia, and New Zealand, with diarrhea in inter-
national travelers visiting low-risk regions occurring
at a rate of 2ÿ4%. The high-risk areas include Latin
America, southern Asia, and most parts of Africa. The
risk of diarrhea when visiting these areas from a low-risk
country is approximately 40%. There are areas within
these high-risk regions where the rate of illness is
lower among travelers than would be expected, such
as Costa Rica and southern Africa. Countries in the
northern Mediterranean, Caribbean countries, Russia,
and China represent the third category of intermediate-
risk regions where illness rates for diarrhea among
international visitors range from 10 to 20%. Again, a
homogenous risk is not seen for travelers to these re-
gions. Within the Caribbean, rates are higher on certain
islands (e.g., Jamaica) than others (British and U. S.
Virgin Islands). The background rate of traveler's diar-
rhea of 2ÿ4%, which is seen in all travelers, may relate to
the frequency of meals eaten out of the home and pos-
sibly to psychic stress and increased alcohol consump-
tion seen in many travelers. This 2ÿ4% rate of illness is
also seen among persons from high-risk regions travel-
ing to low-risk countries (e.g., Mexicans traveling to the
United States).
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RESERVOIRS AND ETIOLOGY

In high-risk and moderate-risk areas, food- and public-
hygiene standards are low, explaining the common ex-
posure to diarrhea-producing microbes. The major
source of enteric infection in high-risk urban areas
is contaminated food. Growing crops in pathogen-
enriched soil, failure to wash food items after harves-
ting, improper handling and cross-contamination
within kitchens, and keeping foods at room tempera-
ture between meal services all contribute to wide-
spread microbial contamination of food. Beverages
may become contaminated because of inadequate
water treatment and by groundwater contamination
of water supplies during periods of heavy rainfall.

The major pathogens of traveler's diarrhea are
bacterial pathogens, which explain up to 80% of illness.
The most important bacterial pathogens occurring
worldwide among international travelers are enterotox-
igenic Escherichia coli (ETEC) and enteroaggregative E.
coli (EAEC), together explaining approximately half of
the illnesses seen. ETEC produces a secretory diarrhea
as a result of elaboration of toxins and EAEC produces
diarrhea secondary to an in¯ammatory, cytokine-
mediated process. Other bacterial pathogens include
Campylobacter jejuni, which is particularly important
in travelers to Asia, Shigella spp., Salmonella spp.,
Aeromonas hydrophila, Plesiomonas shigelloides, and
noncholera Vibrio spp. Viruses, including rotavirus
and Norwalk-like calciviruses, explain approximately
10% of illness of travelers, and parasitic agents (Giardia
spp., Cryptosporidium spp., Cyclospora cayetanensis,
Microsporidium spp., and Entamoeba histolytica) are
responsible for approximately 2% of illness in interna-
tional visitors to high-risk areas. Parasitic pathogens are
important in certain regions of the world. Giardia
and Cryptosporidium are commonly seen in travelers
to Russia (particularly St. Petersburg). Giardia and
Cyclospora are commonly found in travelers to Nepal.

CLINICAL FEATURES

Most patients with traveler's diarrhea (�75%) experi-
ence the passage of watery stools, without signi®cant
fever, with untreated illness lasting between 5 and 7
days. Abdominal cramps and pain can be disabling.
All the enteric pathogens mentioned above may produce
this syndrome. In approximately 3% of travelers with
diarrhea, febrile dysentery (passage of bloody stools) is
the clinical expression of illness and in these cases,
strains of Shigella, Campylobacter, Salmonella, non-
cholera Vibrio, and Aeromonas may be responsible.
In approximately 10% of cases, vomiting is the major

clinical expression of the illness where viruses
(Norwalk-like calciviruses or rotaviruses) or preformed
toxins of Staphylococcus or Bacillus cereus may explain
the illness. One-®fth of patients with traveler's diarrhea
will be con®ned to bed, incapacitated with their illness.

In approximately 2% of travelers with diarrhea,
symptoms will persist for longer than 1 month, with
a good percentage of these persons remaining ill for
6 months or longer. These patients with persistent
and chronic diarrhea may develop an illness compatible
with irritable bowel syndrome or Brainerd diarrhea and,
in a small percentage, in¯ammatory bowel syndrome
might be precipitated or unmasked. C. jejuni has been
identi®ed as one cause of chronic diarrhea in travelers,
with symptoms resembling those of irritable bowel
syndrome.

PREVENTION

Food and Beverage Selection

It may be possible to reduce rates of diarrhea by
selection of safer items to eat and drink. Food and bev-
erage contamination by microbes is reduced or elimi-
nated by heating the item to 59�C. Practically, this is
seen for foods that are too hot to touch (steaming hot
foods, coffee, tea, and soup). It is a mistake to assume
that cooked foods are safe. Hamburgers, which are in-
variably cooked, often are unsafe because the cooking
has taken place at an earlier time before consumption
and recontamination has occurred. Foods that are dry
(bread), those that have been peeled (fruits), and
items that have high sugar content (syrup and jelly)
are generally safe. Bottled drinks can be considered
safe, particularly if carbonated.

Chemoprophylaxis

Bismuth subsalicylate can be taken to prevent tra-
veler's diarrhea. Taking two tablets with meals and at
bedtime (eight tablets per day) during periods of risk
will prevent 65% of the illness that would otherwise
occur. Antimicrobial agents may be more effective,
with rates of protection reaching 90%. The quinolones
are currently the most used outside of areas where
quinolone-resistant Campylobacter is common, such
as Thailand, where one tablet (400 mg nor¯oxacin,
500 mg cipro¯oxacin, or 500 mg levo¯oxacin) is
taken daily during the period of risk.

Immunoprophylaxis

Vaccines that would prevent infection with the
most important cause of traveler's diarrhea, entero-
toxigenic E. coli, are being developed. An ETEC
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whole-cell-binding subunit of cholera toxin, related to
ETEC heat-labile enterotoxin (LT), given as an oral
vaccine on two occasions, has been found to be
�80% effective in preventing ETEC diarrhea, provided
the strains to which the patient is subsequently exposed
produce LT or colonization factor antigens contained in
the vaccine. Research groups are working on a multi-
valent vaccine to prevent traveler's diarrhea, consider-
ing the multitude of causative agents involved.

TREATMENT

Fluids and Electrolytes

As is the case in all forms of diarrhea, ¯uid and
electrolyte therapy is fundamental to treatment. In most
cases, encouraging travelers with diarrhea to take ¯uids
(soft drinks and soups) and salt (saltine crackers and
soups) is all that is needed to ensure hydration in these
otherwise healthy persons. Special attention to oral re-
hydration should occur with infants, the elderly, and the
in®rm when diarrhea occurs during travel.

Symptomatic Treatment

Drugs that treat symptoms may be used to keep
travelers healthy enough to make excursions and to
function while out of town. Of this group of agents,
loperamide is the most active and will reduce the
symptoms of diarrhea by 60%. Newer antisecretory
agents, which act more physiologically to reduce the
loss of ¯uids and salt, appear to have a bright future in
this area. Calmodulin-inhibiting drugs (e.g., zaldaride),
a chloride channel-blocking drug (SP 303), and an
enkephalinase inhibitor (racecadotril) have all been
shown to reduce the passage of unformed stools in
patients with acute diarrhea. They may not be quite
as effective as loperamide, reducing diarrhea by only
approximately 40%, but their more physiologic effect
supports their development and general use.

Antimicrobial Agents

Since most traveler's diarrhea cases are due to
infection by bacterial agents, it is not surprising that
antibacterial drugs remain a mainstay of therapy. Resis-
tance to trimethoprimÿsulfamethoxazole, ampicillin,
and doxycycline is currently high, rendering these
agents of limited value. The quinolones are the current
treatment of choice for traveler's diarrhea in adults
in most regions of the world. The doses are nor¯oxacin

400 mg bid, cipro¯oxacin 500 mg bid, or levo¯oxacin
500 mg qd, for 1 to 3 days, depending on the clinical re-
sponse. In Thailand, quinolone-resistant Campylobacter
is a major pathogen. In this locale and for children
with severe traveler's diarrhea, azithromycin is probably
the preferred drug. The dose of azithromycin for adults
is 500 mg once a day for 1 to 3 days, depending on
response. For children, 5ÿ10 mg/kg/day for 1 to 3 days
for more severe cases of traveler's diarrhea is sug-
gested. A newly developed treatment for this illness is
rifaximin, an unlicensed and poorly absorbed rifamycin
derivative, which has been shown to be as effective as
cipro¯oxacin. The dose of rifaximin recommended
is 200 mg tid or 400 mg bid for 3 days. For children
2ÿ6 years of age, rifaximin may be given in an oral
suspension at a dose of 100 to 200 mg bid and for
those 6ÿ12 years of age the recommended dose is
200 to 400 mg bid.
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Trematodes
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cercaria Juvenile trematode stage that is shed from an

infected snail.

de®nitive host Species in which the adult parasite develops

and produces eggs.

digenean Having two hosts.

metacercaria Encysted trematode stage; life cycle continues

following consumption by de®nitive host.

miracidium Ciliated larval trematode stage that is released

from the egg.

monogenean Having one host.

operculum Hinged portion of a trematode egg through

which the larva hatches.

Parasitic trematodes (¯ukes) consist of monogenean and

digenean orders, which require one or more intermediate

hosts, respectively, to complete their life cycle. Only the

digenean parasites are of medical importance to humans.

The major parasitic trematodes of humans include blood-

borne, intestinal, and tissue-dwelling forms. Gastrointes-

tinal symptoms, including abdominal pain, diarrhea, and

vomiting, may be accompanied by systemic symptoms.

TREMATODE LIFE CYCLE
AND BIOLOGY

The digenean (two-host) life cycle of a parasitic
trematode typically consists of a vertebrate primary
host, in which sexual reproduction of the parasite oc-
curs, and an intermediate host, typically an aquatic
snail, in which the parasite reproduces asexually.
This asexual reproduction produces cercariae, which
are motile forms of the worm. After being shed by the
intermediate host, cercariae infect the de®nitive host by
percutaneous penetration, or encyst on aquatic plants
until consumption by the vertebrate host allows further
development. The trematode life cycle is completed
when eggs shed by adult worms are excreted in host
feces and hatch to release ciliated miracidia, which then
infect a suitable intermediate host.

Structurally, trematodes are ¯at and elongated
worms whose outer surface (tegument) contains
microvilli that both protect the worm and act as a nu-
trient absorptive surface. Adult worms possess anterior
and ventral suckers, which are useful in maintaining

attachment to host tissue. Trematodes posses a blind
intestine that originates from the anterior sucker and
provides additional absorptive capacity. Insoluble in-
testinal contents are regurgitated through the apical
sucker, whereas liquid waste may be expelled
through specialized excretory cells (¯ame cells).

Diagnosis of trematode infection is commonly ac-
complished by identi®cation of eggs in feces or urine.
The eggs of most species are structurally distinct and
the diagnosis can be made by standard light micros-
copy. With the exception of fascioliasis, the drug of
choice for trematode infections is praziquantel.

BLOOD TREMATODES
(SCHISTOSOMES)

Schistosomes are major parasites of humans; an
estimated 200ÿ300 million people worldwide are cur-
rently infected. The predominant species of Schisto-
soma that infect humans include Schistosoma mansoni,
found in South America, Africa, and Caribbean islands;
Schistosoma japonicum, which occurs in Southeast
Asia and Japan; and Schistosoma haematobium, found in
Africa, India, and the Middle East. Infection occurs
when tailed cercariae, aquatic motile forms of the par-
asite shed from an infected snail, contact and penetrate
the skin of a suitable mammalian host. After shedding
their tail, the cercariae transform into the ®rst parasitic
stage, the schistosomula. The schistosomula enter the
bloodstream and migrate via the circulatory system
through the heart and lungs, ultimately reaching the
mesenteric veins (S. mansoni and S. japonicum) or the
veins draining the bladder (S. haematobium). The males
and females mate, producing eggs that are released
into the bloodstream and the intestine or bladder,
depending on the infecting species.

Acute schistosome infection may be associated with
a variety of systemic symptoms, including fever, chills,
cough, abdominal pain, vomiting, and urticaria. These
symptoms generally occur 4ÿ8 weeks after infection,
and coincide with the emergence of antischistosomal
antibodies. When associated with S. japonicum infec-
tion, this acute syndrome is referred to as Katayama
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fever. Chronic schistosomiasis results primarily from
the host immune response directed against parasite
eggs. The eggs of S. mansoni and S. japonicum are
shed into the mesenteric venules; some of the eggs mig-
rate to the small intestine, where they may cause severe
intestinal irritation. Many eggs are carried by the mes-
enteric circulation to the liver, where they elicit an in-
tense, immunoglobulin E (IgE)-mediated in¯ammatory
response. Chronic intrahepatic in¯ammation leads to
granuloma formation and ultimately scarring and ®bro-
sis. These changes eventually cause cirrhosis of the liver,
with portal hypertension, ascites, formation of varices,
and splenomegaly. Evidence also suggests that the risk
of hepatocellular carcinoma is increased with chronic
schistosomiasis. Because S. haematobium, unlike
S. mansoni and S. japonicum, resides within the venous
plexus surrounding the urinary bladder, eggs accumu-
late in bladder tissue and are excreted in the urine. Pain
and hematuria are common symptoms of infection with
S. haematobium, with chronic infection associated with
an increased risk of squamous cell carcinoma of the
bladder.

The diagnosis of schistosomiasis is made by identi-
fying parasite eggs in the stool (S. mansoni, S. japonicum)
or urine (S. haematobium) (Fig. 1). Because egg
excretion may be sporadic, concentrating techniques
may be required. Serologic testing is available through
the United States Centers for Disease Control and
Prevention, although the tests are not routinely utilized
in clinical practice.

The treatment of S. mansoni and S. haematobium
infection is praziquantel (40 mg / kg orally in two di-
vided doses); S. japonicum infection is also resolved
with praziquantel (60 mg / kg in three divided doses).

INTESTINAL TREMATODES
(FASCIOLOPSIS BUSKI, HETEROPHYES
HETEROPHYES, AND
METAGONIMUS YOKOGAWAI)

The life cycle of Fasciolopsis buski requires a single snail
intermediate host, which becomes infected when eggs
excreted in the feces of an infected human hatch to
release a miracidium. After developing in the snail,
cercariae are released and encyst on water plants.
These metacercaria are consumed by the de®nitive
host; the released larvae then migrate to the host
intestine and develop into adults. Adult worms in
the intestine digest mucosal epithelial cells, which
leads to in¯ammation and microabscess formation.
The symptoms of infection with F. buski include abdom-
inal or epigastric pain, nausea, diarrhea, and vomiting.
Heavy infection may be associated with intestinal ob-
struction or protein-losing enteropathy. The diagnosis is
made by identifying the characteristically large eggs,
which measure approximately 130 by 80 mm in size,
in the feces of an infected individual. Treatment is
praziquantel (75 mg / kg), given in three divided
doses for 1 day.

Infection with Heterophyes heterophyes and Metagonimus
yokogawai occurs after ingesting undercooked ®sh
containing metacercariae. The immature adults then
migrate to the host small intestine, where they mate
and attach to the intestinal mucosa. Eggs excreted in
the feces hatch to release miracidia, which then infect
an intermediate snail host. The snail sheds the cerca-
riae, which infect a second intermediate host, usually
a freshwater ®sh. Symptoms in the human host are
usually mild, although heavily infected individuals

A B C

FIGURE 1 Eggs from the three major schistosome species that infect humans. Schistosoma mansoni (A), Schistosoma

japonicum (B), and Schistosoma haematobium (C). Reproduced with permission from Ash and Orihel (1997). Copyright #
1997 by the American Society of Clinical Pathologists.
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may experience abdominal pain, nausea, and diar-
rhea. Rarely the parasites will elicit an intestinal
in¯ammatory response at the mucosal surface that
may lead to granuloma formation. Treatment of
Heterophyes and Metagonimus infections is praziquantel,
75 mg / kg administered orally in three divided doses
for 1 day.

TISSUE TREMATODES (FASCIOLA SPP.,
CLONORCHIS SINENSIS, AND
PARAGONIMUS WESTERMANI)

Two species of Fasciola cause zoonotic disease in
humans. Fasciola hepatica (sheep liver ¯uke) is found
in more temperate climates, including Europe, the
Americas, and the Middle East, whereas Fasciola
gigantica (cattle liver ¯uke) is localized to tropical re-
gions of Asia and Africa. Adult worms, which reside in
the bile ducts, release eggs that migrate to the intestine
and are excreted in feces. After hatching in fresh water,
the miracidia invade a snail intermediate host, in which
they multiply and eventually are shed as cercariae.
The cercariae attach to aquatic vegetation, and when in-
gested by a mammalian host, excyst and migrate to the
bile ducts. Adults mate for years, and the females release
eggs into the biliary tree to complete the life cycle.

Acute infection is characterized by a vigorous host
immune response directed at tissue-migrating parasites,
and may be associated with fever, abdominal pain,
weight loss, and night sweats. Chronic infection is
often asymptomatic, but may be associated with signs
of biliary obstruction, including jaundice, abdominal
pain, and fatty food intolerance. The diagnosis should
be considered in individuals with eosinophilia and ev-
idence of biliary obstruction or chronic liver disease.
Unfortunately, fecal egg excretion is not present during
the acute stage of infection and may be sporadic in
chronically infected individuals. Immunodiagnostic
tests have been developed, but are not routinely avail-
able. The treatment of fascioliasis is bithionol, given
orally at a dose of 10 mg / kg for 10 days.

Infection with the liver ¯uke Clonorchis sinensis oc-
curs primarily in countries of Asia, including Japan,
Korea, China, Hong Kong, Taiwan, and Vietnam.
Adult worms, measuring 10ÿ20 mm in length and
3ÿ4 mm wide, reside in the bile duct of humans.
Two intermediate hosts are required for completion
of the life cycle. Snails are infected with miracidia
that hatch from eggs excreted in human feces. The
cercariae are shed from the snail host and infect a cyp-
rinoid ®sh, which, when ingested by humans, releases
the encysted cercariae (metacercaria). Eating raw or
undercooked ®sh is, therefore, the major risk factor

for acquiring clonorchiasis. The larvae migrate from
the small intestine to the bile duct, where they develop
into adults. Within 3ÿ4 weeks following infection, eggs
appear in the feces. Symptoms occur as a direct result of
the attachment of the worms to the bile duct and the host
response to worm antigens. Chronic in¯ammation of
the bile duct may lead to ®brosis and occasionally
cirrhosis, as well as to secondary cholangitis, obstruc-
tive jaundice, and pancreatitis. In endemic areas, there
appears to be an association between clonorchiasis and
early-onset adenocarcinoma of the gallbladder. The di-
agnosis is made by identifying characteristic eggs in the
feces of an infected individual. Eosinophilia, leukocy-
tosis, and hyperbilirubinemia are suggestive but non-
speci®c laboratory ®ndings. Treatment consists of
praziquantel, 75 mg / kg divided in three doses for 1 day.

The related ¯uke Paragonimus westermani, like
C. sinensis, requires two intermediate hosts to complete
its life cycle. The ®rst host is a snail, which is infected
with the miracidium stage released from eggs in the
feces of the primary host. The miracidia enter the second
intermediate host, usually a crab, and develop into
metacercariae. Humans become infected with the par-
asite by consuming undercooked crabmeat. The worms
hatch in the small intestine, invade the mucosal epithe-
lium, and eventually migrate to the peritoneal cavity.
The parasites then traverse the diaphragm, where they
reach the lungs and produce eggs. The eggs enter the
airways and are coughed up, swallowed, and eventually
excreted in feces. Adult worms in the pleural cavity
may elicit an intense in¯ammatory response that trig-
gers abscess formation and ®brosis. Symptoms of
paragonimiasis include pleuritic chest pain and cough
productive of reddish-brown sputum. Hemoptysis is
rare and may signal rupture of a pulmonary blood vessel.
Occasionally, adult worms may be found in the heart,
mediastinum, peritoneal cavity, and even the central
nervous system. The diagnosis is con®rmed by identi-
fying adult worms in tissue specimens, or eggs in
sputum. Eosinophilia may be present, although this is
a nonspeci®c laboratory ®nding. The treatment of
paragonimiasis is praziquantel, 75 mg / kg divided in
three doses for 1 day.
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cytokines Proteins produced by T cells and other immune

cells; transmit signals that are important for commu-

nication among the cells of the immune system and

between the cells of the immune system and other

cells.

T helper 1 (Th1) cells Produce proin¯ammatory cytokines

such as interferon g and interleukin-2, which are

important in macrophage activation as well as in

in¯ammatory and autoimmune reactions.

T helper 2 (Th2) cells Produce interleukins (IL-4, IL-5, IL-9,

IL-10, and IL-13) that are involved in controlling

humoral and allergic immune responses.

Trichinella spiralis is a nematode parasite that infects

humans and a broad range of mammalian carnivores and

omnivores. The resulting disease, trichinellosis, is trans-

mitted through the ingestion of infected meat. Most

humans acquire infection by eating infected pork. Exper-

imental infections in mice, rats, guinea pigs, rabbits, and

dogs have revealed that all stages of the T. spiralis life cycle

occur in a single host. The life cycle involves an initial

intestinal phase, lasting for about 3 to 4 weeks, followed

by a muscle phase in which the parasite encysts and re-

mains in the host for life. The extensiveness of its host

range, its ease of maintenance in the laboratory, and its

capacity to induce a consistent and multifaceted in¯am-

matory responsemake T. spiralisauniquemodel for study-

ing the interface between the immune and physiological

systems of the gastrointestinal tract.

LIFE CYCLE

The life cycle of Trichinella spiralis has ®ve stages,
of which the ®rst four are larval and the ®fth is the
adult. Transformation of one stage to another involves

molting by the worm. Infection is initiated when a
host ingests the ¯esh of an animal that contains the
®rst-stage larva. Muscle tissue of the ingested ¯esh
and the surrounding cyst walls of the larvae are digested
in the host stomach, releasing the larval form. On
passage from the stomach to the intestine, larvae
immediately invade enterocytes, where they develop
into adult male and female worms within 30 hours.
The bisexual worms then copulate and 3ÿ4 days later
the female worms deposit, ovoviviparously, F2 genera-
tion larvae in the intestinal mucosa. These `̀ newborn''
larvae access the lymphatics and, through hematoge-
nous spread, reach the capillaries of skeletal muscle,
invade skeletal muscle ®bers, and become encapsulated,
or `̀ encysted.'' The intestinal phase of trichinellosis
lasts about 3ÿ4 weeks, and the muscle phase lasts for
the life of the host. Within the host, the intestinal
worm population is relatively stable during early infec-
tion and is gradually depleted as the host develops im-
munity. Encysted muscle larvae are not eliminated by
the host immune response, but may eventually become
calci®ed.

PATHOGENESIS OF INFECTION

Signs or symptoms of disease, such as diarrhea, ano-
rexia, peripheral blood changes, and muscle pain,
are associated with physiological malfunctions and
closely track in¯ammatory changes caused by the par-
asite. In¯ammation may be induced by nonspeci®c stim-
uli due to traumatic damage to tissues or may be
mediated through speci®c immunological reactions
involving speci®c cell types and neural pathways linked
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humans acquire infection by eating infected pork. Exper-

imental infections in mice, rats, guinea pigs, rabbits, and

dogs have revealed that all stages of the T. spiralis life cycle

occur in a single host. The life cycle involves an initial

intestinal phase, lasting for about 3 to 4 weeks, followed

by a muscle phase in which the parasite encysts and re-

mains in the host for life. The extensiveness of its host

range, its ease of maintenance in the laboratory, and its

capacity to induce a consistent and multifaceted in¯am-

matory responsemake T. spiralisauniquemodel for study-

ing the interface between the immune and physiological

systems of the gastrointestinal tract.

LIFE CYCLE

The life cycle of Trichinella spiralis has ®ve stages,
of which the ®rst four are larval and the ®fth is the
adult. Transformation of one stage to another involves

molting by the worm. Infection is initiated when a
host ingests the ¯esh of an animal that contains the
®rst-stage larva. Muscle tissue of the ingested ¯esh
and the surrounding cyst walls of the larvae are digested
in the host stomach, releasing the larval form. On
passage from the stomach to the intestine, larvae
immediately invade enterocytes, where they develop
into adult male and female worms within 30 hours.
The bisexual worms then copulate and 3ÿ4 days later
the female worms deposit, ovoviviparously, F2 genera-
tion larvae in the intestinal mucosa. These `̀ newborn''
larvae access the lymphatics and, through hematoge-
nous spread, reach the capillaries of skeletal muscle,
invade skeletal muscle ®bers, and become encapsulated,
or `̀ encysted.'' The intestinal phase of trichinellosis
lasts about 3ÿ4 weeks, and the muscle phase lasts for
the life of the host. Within the host, the intestinal
worm population is relatively stable during early infec-
tion and is gradually depleted as the host develops im-
munity. Encysted muscle larvae are not eliminated by
the host immune response, but may eventually become
calci®ed.

PATHOGENESIS OF INFECTION

Signs or symptoms of disease, such as diarrhea, ano-
rexia, peripheral blood changes, and muscle pain,
are associated with physiological malfunctions and
closely track in¯ammatory changes caused by the par-
asite. In¯ammation may be induced by nonspeci®c stim-
uli due to traumatic damage to tissues or may be
mediated through speci®c immunological reactions
involving speci®c cell types and neural pathways linked
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through cytokine intermediaries. Mast cell, eosinophil,
and goblet cell hyperplasia characterize the mucosal
tissues in infected hosts and are accompanied by
physiological changes in digestion, absorption, secre-
tion, and motility. These changes usually diminish
when the in¯ammation subsides and the worms are
eliminated.

INFLAMMATION, PATHOLOGY,
AND INTESTINAL IMMUNITY

Immunity can be demonstrated by reinfecting a host
that has been previously infected or has been `̀ vacci-
nated''; vaccination is accomplished by enteral or par-
enteral injection with antigens from somatic tissues of T.
spiralis or from excretions or secretions of the nema-
tode. Immunity is evident in that fewer worms from the
challenge infection are able to infect the host, and those
that do are eliminated at a much faster rate, compared
with a primary infection. Various serological or bio-
chemical correlates are also used to measure the im-
mune response.

IMMUNOLOGICAL REACTIONS
AND THEIR INTERPLAY

Infection produces an in¯ammatory response in the
gastrointestinal tract and consists of innate and adaptive
immune responses. The innate response involves in®l-
tration of the tissue by neutrophils and macrophages
and is associated with changes in secretion, mucus pro-
duction, and motility. These changes are mediated by
cytokines such as interleukin-1 (IL-1). A speci®c im-
mune response follows and involves the differentiation
of T helper (Th) lymphocytes into subsets that are char-
acterized by speci®c cytokine pro®les; these are referred
to as Th1 or Th2 responses. Trichinella is a potent stim-
ulus of the Th2 response, which is characterized by the
secretion of IL-4, IL-5, IL-9, IL-10, and IL-13. These
cytokines in turn in¯uence intestinal physiology and
hence the ability of the host to evict the parasite.
Thus, Trichinella infection serves as a robust model in
which not only to study the modulation of intestinal
physiology by the mucosal immune system, but also
to place these interactions in a context of host defense.

Subsequentexposureof thehost toTrichinella results
in rapid expulsion of the parasite due to the acquisition
of natural immunity. This is an antibody-mediated type
I hypersensitivity response. Cytokines from Th2 cells
stimulate B lymphocyte growth, the production of im-
munoglobulin E (IgE), and the activation of mast cells.
Mast cells that become armed with IgE on their surface

degranulate when reexposed to parasite-speci®c anti-
gens. In the process, 5-hydroxytryptamine (5-HT), his-
tamine, and prostaglandin are released from mast cells
and act directly on epithelial cells and stimulate secre-
tion of chloride ions and water. Histamine and 5-HT
stimulate epithelial cell secretion through another
pathway by acting indirectly through enteric choliner-
gic nerves that regulate chloride secretion. Additionally,
mast cell-derived 5-HT and histamine act on intestinal
smooth muscle to cause contraction.

The complexity of the mucosal immune response
has captured the interest of gastroenterological re-
searchers and has generated insights into human disease
states as well as into new treatment strategies. The crit-
ical role of the Th2 response in host defense has gen-
erated new knowledge regarding the ability of Th
cytokines to modulate secretion, mucus production,
and gut motility. This has led to an understanding of
how diseases characterized by immune activation, such
as in¯ammatory bowel disease (IBD), disrupt intestinal
physiology to generate symptoms such as diarrhea and
pain. Studies using the T. spiralis model in certain
mouse strains have prompted the notion that transient
infection and immune activation may lead to physiolog-
ical disruption that persists long after infection and in-
¯ammation are resolved. This has provided insights
into a common chronic human condition known as
irritable bowel syndrome (IBS), which may develop fol-
lowing acute infective gastroenteritis. Finally, the ro-
bust nature of the Th2 response during T. spiralis
infection has provided a model to test the concept of
immunological distraction. Prior exposure of the host to
a Th1 stimulus distracts the immune system away from a
protective Th2 response, and results in chronic infec-
tion. Conversely, prior infection with T. spiralis polar-
izes the immune response toward Th2 and away from
the deleterious Th1 response associated with experi-
mental colitis, with consequent amelioration of colonic
in¯ammation. This strategy is now being harnessed to
treat human IBD and is an example of the utilization
of nematode infection to explore mechanisms and
treatment of human disease.
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acclimatization Process of adaptation to a new and different

climate, environment, or situation.

bacterial overgrowth Abnormal bacterial proliferation; with-

in the small intestinal lumen, this results in mucosal

alterations and changes in bile salt metabolism.

malabsorption Impaired or incomplete absorption of nu-

trients by the intestine; can result from any abnormality

in the process of digestion and/or absorption of

nutrients.

osmotic diarrhea High-output diarrhea resulting from

ingested, unabsorbed nutrients, which act as osmotic

agents, drawing free water into the intestinal lumen.

sprue A word anglicized by Patrick Manson in 1880 from the

Dutch term sprouw, meaning `̀ trush,'' used in seven-

teenth century Europe to describe a diarrheal disorder

with oral aphthous ulcerations.

Tropical sprue is a malabsorption syndrome of unknown

etiology that occurs in residents of and visitors to certain

tropical and subtropical areas. It is characterized by ab-

normalities in the small bowel structure and function that

lead to chronic diarrhea and malabsorption with megalo-

blastic anemia, for which no speci®c causes can be iden-

ti®ed. Tropical sprue may be the ultimate manifestation of

multiple diseases with different etiologies.

INTRODUCTION

Descriptions of malabsorptive illnesses in the tropics,
or tropical sprue, can be found in ancient medical
literature, but little progress has been made in the un-
derstanding the exact nature of the disease. Two factors,
the typical geographic distribution of sprue within the
tropics and, in modern times, the response of patients
with tropical sprue to sulfonamides and folic acid, have
allowed differentiation of tropical sprue from other sim-
ilar syndromes previously described as nontropical
sprue, such as celiac disease, which can be controlled
with a gluten-free diet. However, epidemiologic and
etiopathogenetic controversies have limited the estab-
lishment of a unanimously accepted de®nition of trop-
ical sprue, and the syndrome remains an enigmatic
and commonly overlooked disorder. The absence of a
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INTRODUCTION

Descriptions of malabsorptive illnesses in the tropics,
or tropical sprue, can be found in ancient medical
literature, but little progress has been made in the un-
derstanding the exact nature of the disease. Two factors,
the typical geographic distribution of sprue within the
tropics and, in modern times, the response of patients
with tropical sprue to sulfonamides and folic acid, have
allowed differentiation of tropical sprue from other sim-
ilar syndromes previously described as nontropical
sprue, such as celiac disease, which can be controlled
with a gluten-free diet. However, epidemiologic and
etiopathogenetic controversies have limited the estab-
lishment of a unanimously accepted de®nition of trop-
ical sprue, and the syndrome remains an enigmatic
and commonly overlooked disorder. The absence of a
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universal endemicity in tropical and subtropical regions
strongly suggests that the etiologic or predisposing
conditions are geographically restricted. Multiple fac-
tors seem to play a role in the genesis and persistence of
the clinical manifestations. The diagnosis can be as-
sumed when other causes of malabsorption have been
excluded.

ETIOLOGY AND GEOGRAPHIC
DISTRIBUTION

The etiology and distribution of tropical sprue still defy
coherent explanation. Different theories have been put
forward, including climatic and sanitary conditions, in-
fectious agents, local dietary factors, and/or immune
responses, which would explain the occurrence of the
disease in some cases. However, environmental as well
as hypothetical genetic factors have eluded discovery so
far, and instead of a single disease, tropical sprue may
represent a syndrome caused by different etiologies,
each with its own distribution.

Climatic

Lack of acclimatization was one of the initial explan-
ations for the higher incidence of tropical sprue among
Europeans living in tropical colonies. Natives were con-
sidered resistant to the disease, and adverse climatic
conditions were thought to disturb the metabolic
balance of unacclimatized people. Some weather con-
ditions, such as a combination of humidity and heat,
seemed to correlate with a seasonal variation of the
disease. However, a climatic explanation was eventually
rejected because there was enough evidence to suggest
that tropical sprue was by no means absent in native
populations, but rather was overlooked. Furthermore,
the disease is not present in all tropical areas of similar
latitude and similar atmospheric conditions, and it has
been described in climatically diverse regions.

Infectious

Tropical sprue has been considered an infectious
disease because of the endemic and epidemic presenta-
tion, the abrupt onset, similar to episodes of traveler's
diarrhea seen in some cases, the isolation of different
bacteria in jejunal and stool cultures, and the remark-
able response of patients to antibiotic therapy.

Tropical sprue occurs both sporadically and in
well-de®ned epidemics, with a patchy distribution in
some regions of Asia and Caribbean Islands and at a
much lower frequency in Mexico, Central and South
America, and Africa. Attack rates are higher in adults

than in children, who are normally more frequently
affected by most infective diarrheal diseases. The prev-
alence of endemic tropical sprue has not been clearly
established; it tends to be underestimated but may be
declining because of the widespread and early use of
antibiotics for acute traveler's diarrhea.

Bacteria, viruses, protozoa, and fungi or yeasts have
been considered as possible causative agents, but
numerous attempts have failed to identify an agent ca-
pable of producing all the features of tropical sprue.
Enterotoxigenic coliform bacteria (mainly Klebsiella
pneumoniae, Enterobacter cloacae, and Escherichia coli)
in jejunal aspirates and greater numbers of coliform
bacteria in stool cultures have been found in tropical
sprue patients in Puerto Rico and India, but studies
done in South Africa have shown no difference in the
number of coliform organisms, leading to the sugges-
tion of a different pathophysiology. In visitors to the
tropics, the disease may be secondary to an impairment
in the expulsion of enterotoxigenic coliform bacteria
from the gut after an episode of acute diarrhea. Other
observations have prompted the conclusion that one or
more protozoan parasites, such as Cryptosporidium
parvum, Isospora belli, Cyclospora cayetanensis, or
Blastocystis hominis, may play a causative role. It is
also thought that perhaps a yet unrecognized pathogen
causes persistent alimentary tract infection or that dif-
ferent infectious agents speci®c to geographic areas are
involved. It is also possible that all microorganisms
could represent secondary infections rather than
being the primary cause of tropical sprue, as was found
to be the case with a superimposed intestinal mycosis
that was originally implicated in the etiology of
tropical sprue.

Nutritional

Nutritional de®ciencies and unsaturated fat con-
sumption have been proposed as the primary causes
of tropical sprue. The former, however, have been elim-
inated as causative in light of the frequency of tropical
sprue in patients on a good diet and the absence of
tropical sprue in tropical areas where the population
exists on a marginal diet, as well as the recognition
that vitamin de®ciency can be a consequence of rather
than the cause of malabsorption; however, subclinical
folate de®ciency, being very common in the tropics, may
be a contributory factor.

The disease is more prevalent in areas where food
is usually fried with cooking oils rich in unsaturated
long-chain fatty acids, mainly oleic and linoleic acids
(i.e., from pork lard, sesame seeds, and soybeans),
whereas its absence in Africa and the English-speaking
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Caribbean Islands may be related to the use of more
saturated oils (i.e., coconut and palm oils) and the
consumption of food that is usually boiled rather
than fried. This difference may be important because
linoleic acid exerts an important in¯uence in dimin-
ishing intestinal Lactobacillus acidophilus and thus
producing an increase in coliform bacteria. Moreover,
unsaturated oils are thought to be susceptible to ox-
idative rancidity after prolonged storage and exposure
to sunlight and high temperature, and rancid dietary
fats may induce changes in intestinal functions.

The seasonal incidence of tropical sprue may be
related to increased fat consumption during national
holidays and festivals, as occurs in Puerto Rico during
Christmas season, or to increased fat oxidation during
the hotter summer months, as has been observed in the
Philippines. These ®ndings provide some explanation
for disease distribution but fail to accommodate other
features of the disease, such as epidemics. The current
trend toward globalization of diets and foods may even-
tually modify the role of diet in the development of
tropical sprue, especially in expatriates.

Tropical Malabsorption

Some mild abnormalities in intestinal anatomy and
physiology are widely prevalent in children and adults
in different parts of the tropics. In this subclinical
`̀ tropical enteropathy,'' T cell activation in the lamina
propria, may be involved in mucosal abnormalities;
this enteropathy is acquired and is usually reversible
when a patient leaves the tropics. Its association with
tropical sprue is unknown, but tropical enteropathy
and tropical sprue seem to be two unrelated condi-
tions with two different, yet unidenti®ed, etiologies,
rather than two extremes of the same disease, re-
sponding with differential severity to unidenti®ed
environmental factors. Tropical enteropathy may,
however, render a patient susceptible, and subsequent
exposure to an unknown agent may trigger the devel-
opment of tropical sprue.

Genetic

Associations of tropical sprue with human leuko-
cyte antigens (HLA) Aw-19 and Aw-31 in Puerto Rico
and B-8 in India have been reported. It is possible that
these associations represent potential for development
of disease in these populations when they are exposed
to different speci®c but as yet unknown agents. An-
other possibility is that other genes associated with
tropical sprue may be in linkage disequilibrium
with different HLA genes in different populations.

PATHOPHYSIOLOGY

There is not universal agreement on the events in-
volved in the pathophysiology of tropical sprue. How-
ever, there have been consistent observations of
different factors that may interact and lead to devel-
opment of the clinical manifestations of tropical
sprue.

Basic Lesion

The initial lesion seems to be an acute or subclinical
intestinal infection, possibly differing by geography
and/or dietary fat intake but leading to persistent
and repetitive enterocyte injury. Nutrient mal-
absorption, mainly impaired fat and folic acid absorp-
tion, is secondary to mucosal involvement and leads
to osmotic diarrhea and malnutrition, as well as to
other alterations that worsen intestinal structure, func-
tion, and recovery. Major pathophysiologic distur-
bances occur in the small bowel but colonic
dysfunction may also be found.

Impairment of Intestinal Structure
and Function

Both mucosal damage and increased luminal fat,
possibly via gut hormones such as enteroglucagon
or peptide YY, lead to small intestinal stasis, which re-
sults in bacterial overgrowth and colonization by en-
terotoxin-producing coliforms. The enterotoxins cause
the mucosal abnormalities seen in tropical sprue and
weaken the mucosal resistance to bacterial adhesion.
At the same time, there is an inhibition of normal
gram-positive ¯ora. Administration of antibiotics
breaks this vicious cycle by controlling the abnormal
¯ora.

The unabsorbed intestinal fat, mainly an excess of
free unsaturated fatty acids, is thought to cause inhibi-
tion of Na�,K�-ATPase and Mg2�-ATPase (yielding an
increased mucosal pH, which decreases the folate ab-
sorption), and inhibition of water and electrolyte intes-
tinal absorption; the latter also results from direct
damage to colonocytes by the unknown etiologic factor
of tropical sprue. Patients suffer from net ¯uid excretion
instead of the normal net absorption, which adds a
secretory component to the diarrhea.

Micronutrient De®ciencies

Low serum folate levels are one of the most common
and important ®ndings of tropical sprue. Vitamin B12

de®ciency occurs as the damage progresses. Both mi-
cronutrients play an important role in tissues with the
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fastest cell turnover, namely the small intestine and
the bone marrow, which characterizes and perpetuates
the main clinical manifestations. Although tropical
sprue is characterized by a de®ciency of all nutrients,
treatment with only folic acid hastens enterocyte recov-
ery and usually secures clinical remission.

Digestive Abnormalities

Impairment of the proximal gut mucosa may lead to
a reduction in meal-stimulated exocrine pancreatic se-
cretions. This hyposecretion is associated with the de-
gree of duodenal atrophy and it seems to be secondary to
diminished production and release of pancreatic secre-
tagogue hormones, such as secretin and cholecystoki-
nin. Also, most patients exhibit lactose intolerance due
to uniformly reduced levels of disaccharidase activity
in the atrophic jejunal mucosa. These anatomic abnor-
malities result in a worsening of the osmotic dia-
rrhea because of de®cient nutrient digestion. Both
conditions improve when patients receive the speci®c
treatment for tropical sprue.

CLINICAL FEATURES

No single clinical manifestation or laboratory abnormal-
ity is diagnostic of tropical sprue. The outstanding
classical symptom is chronic osmotic diarrhea and
the clinical spectrum is related to the duration of
the disease and the nutritional background of the
individual.

The early phase of the disease is characterized by
diarrhea of variable intensity, with pale, fetid, and
greasy stools; abdominal distension; prominent bowel
sounds; anorexia; and fatigue. Tropical sprue usually
begins after years in the tropics, but may appear within
a short period of arrival or may occur even months or
years after leaving a tropical location. Also, it may de-
velop as an acute attack of watery diarrhea associated
with fever and malaise followed by chronic manifesta-
tions. This latter development usually occurs during
epidemics and/or in foreign individuals living in en-
demic areas. In general, chronic diarrhea with lactose
intolerance, progressive weight loss, and megaloblastic
anemia are commonly described. Subsequently, clinical
®ndings of nutritional and vitamin de®ciencies become
prominent as a consequence of malabsorption and re-
duced dietary intake secondary to anorexia. It is impor-
tant to note that glossitis, stomatitis, edema, or other
data related to nutritional de®ciencies, although
common, are not consistently present and predominate
in undernourished indigenous populations.

DIAGNOSIS

Tropical sprue should be suspected in any patient who
lives, has lived, or visited the tropics and presents with
chronic diarrhea with or without clinical evidence of
intestinal malabsorption. The ®rst step in diagnosis is
the exclusion of a speci®c cause of chronic diarrhea
and then the assessment of intestinal absorption and
morphology. Thus, a complete and specialized
workup must be done to exclude other diseases
with similar manifestations, including bacterial over-
growth, celiac disease, and, particularly, parasitic in-
fection, which may resemble or coexist with tropical
sprue, exacerbating its clinical presentation, mainly in
endemic areas.

Malabsorption Assessment

The malabsorption syndrome can be established
with fecal fat quanti®cation, D-xylose, and Schilling
tests. Fat malabsorption is not consistently present.
Serum beta-carotene may be used as a ®rst-line screen-
ing test for fat absorptive capacity. Xylose absorption is
almost uniformly decreased, making it a sensitive test,
although with low speci®city. Malabsorption of vitamin
B12 and folic acid is present in nearly all cases, rendering
serum levels of these nutrients low. Hypoalbuminemia
can be secondary to impaired protein absorption, but
also to inadequate diet, excessive intestinal loss, and
reduced synthesis by the liver.

Morphological Alterations

The jejunal mucosa seems to be the main target in
tropical sprue, but the entire small bowel is affected in
advanced stages. The degree of mucosal abnormalities
correlates with the severity of the malabsorption. Mor-
phological alterations can be identi®ed radiologically or
endoscopically. One of the main values of both types of
examination is the exclusion of other speci®c disorders.

Abnormalities in the barium small bowel follow-
through examination tend to be somewhat diffuse
and nonspeci®c. There is a slow transit of the contrast
material through the gut, an increase in the caliber of the
small intestine, and thickening of the folds. The endo-
scopic evaluation can reveal scalloping of the valvulae
conniventes and a mosaic pattern of the mucosa similar
to that seen in patients with celiac disease. It also enables
a tissue biopsy, which is necessary to exclude other
diseases.

Intestinal specimens tend to exhibit a variable loss of
villous pattern, with increased crypt depth and cell hy-
perplasia, apparently resulting from increased cell
production and migration to replenish cell loss.
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These features tend to decrease in severe lesions. There
are lymphocytic and plasmacytic in®ltrates in the lam-
ina propria and increasing plasma cell in®ltrates with
chronicity. Also, lipid droplets stained with oil red O
have been consistently found in a thickened basement
membrane subjacent to the intestinal epithelium. This
®nding sharply contrasts with lipid deposits in other
conditions but it is not pathognomonic.

TREATMENT

The priorities in the initial management of tropical
sprue are the restoration of water and electrolyte bal-
ance and replacement of nutritional de®ciencies, mainly
folic acid and vitamin B12. Symptomatic treatment with
antidiarrheal drugs may be required. Pharmacological
doses of folic acid (5 mg, by mouth, one time daily) lead
to a great improvement in clinical and hematologic
manifestations within 10 days, including diarrhea,
even if treatment fails to completely correct gut abnor-
malities. However, the response to this single treatment
depends on the chronicity of the intestinal lesions. On
the other hand, short-term antibiotic therapy with tet-
racycline (250ÿ500 mg, by mouth, four times daily) or
succinylsufathiazole (4 g, by mouth, one time daily)
improves intestinal morphology and gastrointestinal
symptoms signi®cantly. Controversy exists regarding
the role of broad-spectrum antibiotics and the duration
of treatment. A therapeutic approach with both folic
acid and antibiotics, usually given over a period of 1
to more than 6 months, is recommended. The rate and
time of recovery may vary in different populations but a
complete and permanent cure is expected, mainly in
expatriates leaving the tropics. Recurrence of symptoms
years after discontinuing treatment has been reported
in some native patients.

If there is uncertainty in the diagnosis of tropical
sprue in endemic areas, treatment based on folic acid
and antibiotics may be wise because there is a rapid

clinical recovery in these cases, and the approach
can be used as an empiric trial. The ef®cacy of broad-
spectrum antibiotics, the duration of treatment, and
evaluations of long-term followup of patients needs to
be assessed. Importantly, identi®cation of a clear etiol-
ogy would allow a more speci®c therapeutic approach.
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Trypsin
JOHN A. WILLIAMS

University of Michigan, Ann Arbor

enterokinase The enzyme present on the brush border of

small intestinal enterocytes that cleaves trypsinogen,

producing trypsin.

serine proteases Family of proteolytic enzymes with a

common mechanism of action involving a serine residue

at the active site.

trypsin activation peptide The amino-terminal portion of

trypsinogen that is cleaved to release trypsin.

trypsinogen The inactive protein precursor of trypsin

normally activated in the intestinal lumen.

Trypsin is a pancreatic protease that plays a key role in the

digestion of nutrients in the small intestine. Its precursor,

trypsinogen, constitutes approximately 20% of the pro-

tein in pancreatic juice. In humans, there are three forms

of pancreatic trypsinogen, each coded for by a unique

gene. The two major forms, anionic trypsinogen, also

known as trypsinogen-1, and the more abundant

cationic trypsinogen, trypsinogen-3, have very similar

molecular masses, being approximately 25,000 Da with

89% homology at the amino acid level, but can be differ-

entiated immunologically. The cationic form has more

basic lysine residues and a more basic isoelectric point.

A third variant, mesotrypsinogen or trypsinogen-2, is less

abundant and has an intermediate isoelectric point. All

three forms can be separated by two-dimensional gel elec-

trophoresis. In the rat, four forms of trypsinogen have

been identi®ed at the protein level, with the anionic

and cationic forms being most abundant. Although tryp-

sinogen was originally thought to be expressed only in

the pancreas, recently two variants have been identi®ed

in ovarian and colon cancer. A trypsin-like protein has

also been identi®ed in sperm.

SYNTHESIS AND ACTIVATION
OF TRYPSIN

All trypsins are synthesized as an inactive precursor,
trypsinogen, presumably as a protective mechanism
to prevent premature activity in the pancreas, which
could lead to the in¯ammatory disease pancreatitis.
As with other pancreatic digestive enzymes, trypsino-
gens are processed through the Golgi apparatus and
packaged into zymogen granules to await secretion by
exocytosis. This packaging can also be considered a

protective mechanism. Trypsin is produced by cleavage
of an N-terminal peptide, Ala-Pro-Phe-Asp-Asp-Asp-
Asp-Lys, and the tetra-aspartyl group is present in tryp-
sinogens of most species. This peptide, known as the
trypsin activation peptide, can also be assayed and used
as a measure of trypsinogen activation. Cleavage of tryp-
sinogen can be brought about by trypsin itself at a low
rate and much more ef®ciently by the intestinal prote-
ase, enterokinase, a large protein present on the lumenal
surface of cells lining the upper intestine. This activation
occurs in the intestinal lumen and begins an activation
cascade that then activates all the other pancreatic pro-
teolytic enzymes and much of the lipase activity, the
latter through activation of colipase (Fig. 1). Enteroki-
nase activity is enhanced by low levels of calcium and
bile salts. Trypsin is far more ef®cient at activating the
other enzymes than it is at activating itself. Moreover,
the pancreas also synthesizes small amounts of a pan-
creatic secretory trypsin inhibitor (PSTI), which is
packaged with trypsinogen in zymogen granules and
is capable of inhibiting small amounts of active trypsin.
Trypsinogen can also be activated by certain cathepsins,

Enterokinase

Trypsinogen

Slow

Chymotrypsinogen Chymotrypsin

Proelastase Elastase

Kalikreinogen Kalikrein

Procarboxypeptidase A Carboxypeptidase A

Procarboxypeptidase B Carboxypeptidase B

Prophospholipase A2 Phospholipase A2

Procolipase Colipase

Fast

Trypsin + TAP

Fast

FIGURE 1 The pancreatic enzyme activation cascade. Tryp-

sinogen(s) and other pancreatic secretory enzymes are secreted

into the intestinal lumen as part of pancreatic juice. Trypsinogen is

activated by enterokinase, which cleaves an amino-terminal acti-

vation peptide (TAP). Active trypsin then cleaves and activates all

of the other pancreatic proteases, a phospholipase, and colipase,

which is necessary for the physiological action of pancreatic

triglyceride lipase.
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lysosomal proteases that are active at low pH, but these
are normally kept in a separate compartment in the cell.
Activation of trypsinogen by cathepsins is thought to
play a role in the genesis of acute pancreatitis.

ENZYMATIC ACTION OF TRYPSIN

This enzymatic activity of trypsin is directed at the car-
boxyl moiety of the basic amino acid residues lysine and
arginine in proteins. Physiologically, trypsin is an en-
dopeptidase, breaking down proteins and large peptides
into small peptides. It is a serine protease with an active
site that contains a Ser, His, Asp catalytic triad that is
shared with other serine proteases. Its speci®city is the
result of a unique binding pocket that contains two
glycine residues. There are a number of natural and
synthetic inhibitors that will inactivate trypsin either
reversibly or irreversibly. Trypsins are active over a
wide pH range from 6 to 9 and are most active at
pH 7.5ÿ8.5. Calcium ion enhances trypsin activity
but is not essential. Trypsins can be assayed with low-
molecular-weight substrates possessing an acylarginine
ester or an amide structure where activity is measured

as a result of a colored or ¯uorescent product. Trypsin-
ogen in plasma can also be measured by radioimmuno-
assay or enzyme-linked immunosorbent assay, and a
urinary dipstick sensitive to trypsinogen-2 is being eval-
uated for use in diagnosis of acute pancreatitis.

Recently, hereditary pancreatitis has been shown to
be associated with speci®c mutations in cationic tryp-
sinogen or PSTI. These mutations result in reduced
inactivation of trypsin and are believed to lead to pre-
mature activation of trypsin in the pancreas when asso-
ciated with other provocactive events.
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caspases Proteases that operate in a cascade to initiate

programmed cell death.

chemokine A chemotactic cytokine, i.e., a secreted polypep-

tide hormone that promotes the migration of cells along

a concentration gradient.

cytokine A secreted polypeptide hormone that interacts with

cell surface receptors to activate immune and other

mechanisms.

ectodomain The extracellular portion of a molecule that

spans the plasma membrane.

mitogen-activated protein kinases Enzymes involved in the

transmission of signals from cytokine and other recep-

tors to downstream transcription factors.

transcription factor An intracellular protein that regulates

gene transcription.

Tumor necrosis factor-a (TNF-a) is one member of a

superfamily of related cytokines. This cytokine is

synthesized by cells and released into the extracellular

space. Through the interaction with speci®c cell surface

receptors on target cells, TNF-a initiates cascades of in-

tracellular events that affect cellular metabolism, viabil-

ity, and gene expression. The net result of these effects is

highly variable, depending on the cell type and on the

in¯uence of other factors. In general, TNF-a induces

innate immune mechanisms and thereby promotes in-

¯ammation, but it is also a critical regulator of cell sur-

vival. Elevated concentrations of TNF-a are characteristic

of many chronic in¯ammatory diseases. Strategies to

inhibit the biological functions of TNF-a have proven
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lysosomal proteases that are active at low pH, but these
are normally kept in a separate compartment in the cell.
Activation of trypsinogen by cathepsins is thought to
play a role in the genesis of acute pancreatitis.

ENZYMATIC ACTION OF TRYPSIN

This enzymatic activity of trypsin is directed at the car-
boxyl moiety of the basic amino acid residues lysine and
arginine in proteins. Physiologically, trypsin is an en-
dopeptidase, breaking down proteins and large peptides
into small peptides. It is a serine protease with an active
site that contains a Ser, His, Asp catalytic triad that is
shared with other serine proteases. Its speci®city is the
result of a unique binding pocket that contains two
glycine residues. There are a number of natural and
synthetic inhibitors that will inactivate trypsin either
reversibly or irreversibly. Trypsins are active over a
wide pH range from 6 to 9 and are most active at
pH 7.5ÿ8.5. Calcium ion enhances trypsin activity
but is not essential. Trypsins can be assayed with low-
molecular-weight substrates possessing an acylarginine
ester or an amide structure where activity is measured

as a result of a colored or ¯uorescent product. Trypsin-
ogen in plasma can also be measured by radioimmuno-
assay or enzyme-linked immunosorbent assay, and a
urinary dipstick sensitive to trypsinogen-2 is being eval-
uated for use in diagnosis of acute pancreatitis.

Recently, hereditary pancreatitis has been shown to
be associated with speci®c mutations in cationic tryp-
sinogen or PSTI. These mutations result in reduced
inactivation of trypsin and are believed to lead to pre-
mature activation of trypsin in the pancreas when asso-
ciated with other provocactive events.
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caspases Proteases that operate in a cascade to initiate

programmed cell death.

chemokine A chemotactic cytokine, i.e., a secreted polypep-

tide hormone that promotes the migration of cells along

a concentration gradient.

cytokine A secreted polypeptide hormone that interacts with

cell surface receptors to activate immune and other

mechanisms.

ectodomain The extracellular portion of a molecule that

spans the plasma membrane.

mitogen-activated protein kinases Enzymes involved in the

transmission of signals from cytokine and other recep-

tors to downstream transcription factors.

transcription factor An intracellular protein that regulates

gene transcription.

Tumor necrosis factor-a (TNF-a) is one member of a

superfamily of related cytokines. This cytokine is

synthesized by cells and released into the extracellular

space. Through the interaction with speci®c cell surface

receptors on target cells, TNF-a initiates cascades of in-

tracellular events that affect cellular metabolism, viabil-

ity, and gene expression. The net result of these effects is

highly variable, depending on the cell type and on the

in¯uence of other factors. In general, TNF-a induces

innate immune mechanisms and thereby promotes in-

¯ammation, but it is also a critical regulator of cell sur-

vival. Elevated concentrations of TNF-a are characteristic

of many chronic in¯ammatory diseases. Strategies to

inhibit the biological functions of TNF-a have proven
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effective in the control of certain of these diseases, notably

Crohn's disease and rheumatoid arthritis.

INTRODUCTION

Tumor necrosis factor a (TNF-a) was ®rst identi®ed as a
soluble factor that induced death in transformed cells.
Independently, a molecule known as cachectin, which
induced weight loss when overexpressed in animals,
was described. Cloning of the genes encoding TNF-a
and cachectin revealed that these are in fact the same
molecule. Subsequent studies over the past 20ÿ25 years
have revealed diverse and potent effects of TNF-a
on cellular functions that result in critical roles for
this cytokine in mammalian physiology and patho-
physiology. The cloning of genes closely related to
TNF-a has revealed that this cytokine is part of a larger
superfamily of related molecules. Two receptors that
mediate the biological functions of TNF-a have been
identi®ed. This article examines TNF-a with particular
emphasis on the factors that regulate its release, its
actions on cells, and its role in chronic in¯ammatory
diseases.

Synthesis and Secretion of TNF-a

Many cell types, including immune cells such as
monocytes, macrophages, and lymphocytes, but also
epithelial cells, endothelial cells, and connective tissue
cells, can produce TNF-a. Under basal physiologic con-
ditions, cells secrete very little TNF-a, but many stimuli
can induce cells to release TNF-a. For example, stim-
ulation by the pro-in¯ammatory cytokines interleukin-
1, interferon g, or TNF-a, infection by invasive microbes
such as Salmonella, exposure to lipopolysaccharide
from gram-negative bacteria, or engagement of the
T-cell receptor can result in dramatic up-regulation
of the release of TNF-a from various cell types. Numer-
ous exogenous agents, such as glucocorticoids or
cyclosporin, and endogenous proteins, including trans-
forming growth factor-b and interleukin-10, can
decrease the release of TNF-a from cells. Cells tightly
control the release of TNF-a by the regulation of at least
three distinct steps in the synthesis and secretion of this
cytokine (Fig. 1).

Regulation of Transcription of the
TNF-a Gene

A promoter region of approximately 600 bp up-
stream of the TNF-a gene contains binding sites for
at least ®ve distinct transcription factors. Mutational
analyses of this promoter have revealed important
roles for activating protein-1, nuclear factor of activated

T cells, and nuclear factor kB (NF-kB) in the transcrip-
tional regulation of TNF-a. Current concepts suggest
that factors that induce TNF-a synthesis do so in part by
stimulating the activity of these transcription factors,
leading to increased rates of TNF-a transcription.

Regulation of TNF-a Messenger RNA Stability

The 30-untranslated region of the TNF-a messenger
RNA (mRNA), like that of many other cytokines,
contains an AU-rich element that destabilizes the tran-
scripts. As a result, mechanisms within the cell degrade
TNF-a mRNA unless it is speci®cally stabilized. As a
result, very little template is available for ribosomal
translation of TNF-a protein under basal conditions.
Recent evidence suggests that the activation of mito-
gen-activated protein kinase pathways is involved in
the stabilization of TNF-a mRNA, but the exact mech-
anisms of this process are currently unclear. In this
model, ef®cient translation of TNF-a requires the
stabilization of the mRNA by stimulus-induced mito-
gen-activated protein kinase activation. The importance

Secreting cell Target cell

1. Induction
of transcription

2. TNFα mRNA
stabilization

3. Release of
membrane-

anchored TNFα 6. Transcription
factor activation

5. Caspase
activation

Apoptosis

Gene
expression

4. TNFR
engagement

Mature
TNFα

TACE

TNFα TNFRI

FIGURE 1 Model of TNF-a synthesis, secretion, and target cell

stimulation. Several cellular mechanisms are involved in control-

ling the synthesis and secretion of TNF-a. A variety of transcrip-

tion factors bind to the TNF promoter, leading to transcription of

TNF-a mRNA (1). This mRNA is inherently unstable due to the

presence of an AU-rich element in the 30-untranslated region

(dashed line). Stimulus-induced stabilization of TNF-a mRNA

leads to greatly enhanced protein translation (2). When cells

are stimulated to secrete TNF-a, the mature peptide is released

by proteolytic cleavage of membrane-anchored TNF-a, by the

action of TNF-a converting enzyme (TACE) (3). Released

TNF-a forms homotrimers and binds to TNF receptors (TNFR)

(4). Receptor engagement leads to clustering of the receptors,

which facilitates the recruitment of numerous adapter and signal-

ing molecules to the cytoplasmic tail of TNF receptors. Important

downstream effects include the activation of caspase cascades (5),

leading to apoptosis, and the activation of speci®c transcription

factors (6), leading to target gene expression.
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of this mechanism in the regulation of TNF-a is illus-
trated by the development of severe multisystem in-
¯ammation in mice genetically engineered to lack the
30 AU-rich element and thus have stable, long-lived
TNF-a mRNA.

Inducible Ectodomain Shedding of
Membrane-Bound TNF-a

TNF-a is synthesized as a 233-amino-acid protein
that exists as a transmembrane molecule in which the
biologically active portion is extracellular. In certain
circumstances, such as the activation of T cells by an-
tigen-presenting cells, this membrane-anchored form of
TNF-a on the antigen-presenting cell can directly exert
its biological activities by engaging TNF receptors on
the T cell. More commonly, however, TNF-a is believed
to act as a soluble hormone that diffuses to target cells
after release from the cell of origin. Release of TNF-a
requires proteolytic cleavage of the membrane-
anchored form by TNF-a converting enzyme, leading
to release from the cell of the mature 157-amino-acid
soluble form of the cytokine. TNF-a molecules
homotrimerize in the extracellular ¯uid and bind to
their receptors on target cells.

CELLULAR RESPONSES TO TNF-a
The biological effects of TNF-a are mediated by the
binding of the cytokine to speci®c high-af®nity cell sur-
face receptors, TNF receptor-1 and TNF receptor-2.
Both receptors are widely expressed. The majority of
the biological effects of TNF-a (see below) are believed
to be mediated by TNF receptor-1, except in immune
cells where TNF receptor-2 is also important. Cytokine
trimer binding to TNF receptors induces receptor clus-
tering that is essential for activation of downstream
signaling events (Fig. 1). After activation of TNF recep-
tor-1 by TNF-a, a number of adapter and signaling mol-
ecules are recruited to the cytoplasmic domains of the
receptor. A complex cascade of downstream signaling
events ensues, resulting in two major phenomena:
initiation of speci®c target gene expression by the
activation of transcription factors and the cleavage of
death proteins through the activation of caspases.

Target genes of TNF-a are diverse in function, but
prominently include those that promote in¯ammation
and inhibit apoptosis. Caspase activation results in the
cleavage of death substrates, which leads to apoptosis.
Thus, depending on the cellular context and on the
effects of numerous additional factors, TNF-a stimula-
tion of cells can lead to the activation of innate immune
mechanisms and in¯ammation or can lead to apoptosis.

NF-kB is central to the integration of cellular responses
to TNF-a. In the presence of robust NF-kB activation by
TNF-a, in¯ammatory responses are prominent. How-
ever, if NF-kB-dependent cell survival signals cannot be
activated after TNF-a stimulation, the pro-apoptotic
effects of TNF-a predominate.

TNF-a IN PHYSIOLOGY
AND DEVELOPMENT

In vitro and animal studies have de®ned a wide range
of biological effects of TNF-a. At the molecular level,
TNF-a induces the secretion of many cytokines, chemo-
kines, growth factors, adhesion molecules, and enzymes
that in general function to activate innate immunity. At
the cellular and tissue levels, the effects of TNF-a
depend not only on the cell type and the effects of
other factors, but also on the local concentration of
the cytokine. TNF-a induces leukocyte extravasation
and activation of T and B lymphocytes and at high con-
centrations can induce apoptosis in some cells. Low
concentrations may promote cell proliferation and
the repair of tissue after injury. Experimental adminis-
tration of TNF-a to animals induces fever, anorexia, and
hypotension, mimicking endotoxic or septic shock.

The physiological functions of TNF-a have been
explored by genetically engineering mice to lack
TNF-a. These mice appear healthy and fertile, indicat-
ing that TNF-a is not essential for development or for
normal physiological functions. However, TNF-a null
mice lack mature B cell follicles and follicular dendritic
cell networks in secondary lymphoid organs. In con-
trast, T-cell-rich areas are normal, suggesting an impor-
tant role for TNF-a speci®cally in humoral immunity.
Indeed, TNF-a null mice are highly susceptible to
overwhelming infection with Listeria monocytogenes.
Furthermore, these mice are somewhat resistant to de-
veloping endotoxic shock. These ®ndings demonstrate
that TNF-a is important in humoral immunity, in bac-
terial host defense, and in the responses to severe sepsis.

TNF-a IN HUMAN DISEASE

Characterization of some of the in vivo biologic effects
of TNF-a led to the examination of potential roles for
this cytokine in human disease. The pathophysiology of
many human diseases involves chronic in¯ammation
in the diseased tissues and in many of these diseases,
the circulating or tissue concentrations of TNF-a are
elevated above control values. Elevated circulating con-
centrations of TNF-a have been observed in patients
with severe sepsis syndromes, suggesting a potential
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pathogenic role for this cytokine in septic shock. How-
ever, therapeutic attempts to neutralize the biologic
activity of TNF-a by administration of a neutralizing
antibody to patients with severe sepsis were not bene-
®cial (Table I). TNF-a concentrations are increased in
certain chronic in¯ammatory diseases, notably in¯am-
matory bowel disease and in¯ammatory arthritides.
Since TNF-a is such an important activator of innate
immune mechanisms, therapeutic inhibition of the
biological activity of TNF-a has therefore emerged as
an attractive target in these chronic in¯ammatory dis-
eases (Table I). The management of severe, active
Crohn's disease has been revolutionized by the use of
in¯iximab, a chimeric anti-TNF-a antibody. This anti-
body produces therapeutic bene®t in up to 70% of
Crohn's disease patients who were previously refractory
to conventional therapies. In¯iximab and etanercept,
a TNF receptor-1:Fc fusion protein, are also highly ef-
fective in in¯ammatory arthritides. Inhibition of the
biologic activity of TNF-a comes at a price, however.
Patients treated with potent anti-TNF-a agents are sus-
ceptible to opportunistic infections, especially reactiva-
tion of latent tuberculosis, and certain viral infections,
such as herpes zoster. Furthermore, case reports of

patients developing a multiple sclerosis-like central
nervous system demyelinating disease after receiving
potent anti-TNF-a therapies have generated much con-
cern. It is possible that in certain circumstances, or at
low concentrations, TNF-a may have protective effects
against some disease processes.
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TABLE I Ef®cacy of Potent Anti-TNFa Therapies

in Human Diseases

Yes (proven ef®cacious in randomized placebo-controlled trials)

Crohn's disease

Rheumatoid arthritis

Ankylosing spondylitis

Psoriatic arthritis

Psoriasis

Maybe (positive data from uncontrolled trials)

Ulcerative colitis

Pouchitis

BehcËet's disease

Pyoderma gangrenosum

Vasculitis

No (negative randomized placebo-controlled trials)

Septic shock
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acute intermittent porphyria One of a group of rare

inherited disorders resulting from disturbance of the

metabolism of the breakdown products of the red blood

cell pigment (porphyrin). A prominent feature is

intermittent attacks of abdominal pain.

NTBC Originally developed as an insecticide, this compound

[2-(2-nitro-4-tri¯uoromethylbenzoyl)-1,3-cyclohexane-

dione] was hypothesized, and then shown, to have clinical

utility in the treatment of hereditary tyrosinemia type I.

Hereditary tyrosinemia type I is an inborn error of

tyrosine metabolism, resulting from mutations in the

fumaryl acetoacetate hydrolase gene, and affects the

liver, kidneys, and peripheral nerves. A variety of inter-

ventions developed over the past several decades have

improved clinical outcome, including liver transplanta-

tion and, more recently, pharmacotherapy with 2-(2-

nitro-4-tri¯uoromethylbenzoyl)-1,3-cyclohexanedione.

INTRODUCTION

Hereditary tyrosinemia type I (referred to as tyrosinemia
throughout the remainder of this article) is an autoso-
mal recessive inborn error of metabolism that affects the
liver, kidneys, and peripheral nerves. The disease results
from de®ciency in the enzyme fumaryl acetoacetate hy-
drolase (FAH), which is involved in the metabolism of
tyrosine (Fig. 1). Tyrosinemia patients were ®rst re-
ported in the medical literature in the 1950s. Early out-
comes were generally poor, with most patients
succumbing in infancy or childhood. Over the past
several decades, a variety of interventions have been
developed, including dietary modi®cation, liver trans-
plantation, and prenatal screening. More recently,
pharmacotherapy with the drug NTBC [2-(2-nitro-4-
tri¯uoromethylbenzoyl)-1,3-cyclohexanedione] has
resulted in signi®cant improvement in the natural
history of this disease. This article reviews the epidemi-
ology, genetics, clinical presentation, pathogenesis, di-
agnosis, and management of tyrosinemia.

EPIDEMIOLOGY AND GENETICS

Tyrosinemia iscausedbyde®ciencyofFAH(EC3.7.1.2),
the last enzyme in tyrosine catabolism. Heterozygotes

are clinically and biochemically normal. The gene
encoding FAH (GenBank Accession No. NM_000137)
maps to chromosome 15q23ÿq25 and encodes a 419-
amino-acid protein, present as a homodimer within the
cytosol of hepatocytes.

Epidemiology

The estimated worldwide incidence of tyrosinemia
is 1 in 100,000 to 120,000. However, a much higher
incidence has been recognized in northern Europe
and Quebec, Canada. In the Saguenay-Lac-Saint-Jean
area of Quebec, the carrier frequency of tyrosinemia
is 1 in 20 and the frequency of disease in live births
is 1 in 2000. Overall, the frequency of affected live births
in Quebec is �1 in 20,000. Because of this, Quebec
has instituted routine prenatal testing. Tyrosinemia
also occurs in ethnic groups other than French
Canadian and Scandinavian.

FIGURE 1 Tyrosine degradation pathway. The last step in

tyrosine metabolism is catalyzed by the enzyme fumaryl aceto-

acetate hydrolase, which is mutated in hereditary tyrosinemia

type I. This leads to increased production of metabolites including

maleyl acetoacetate, fumaryl acetoacetate, succinyl acetoacetate,

and succinyl acetone.
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↓
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Mutations in FAH

At least seven different mutations in FAH have been
identi®ed in patients with tyrosinemia. Most mutant
alleles in the Saguenay-Lac-Saint-Jean population con-
tain a single common splice mutation (designated
IVS12�5g-a). Although this mutation can also occur
in patients from other ethnic backgrounds, different
mutations may be more prevalent in certain back-
grounds (e.g., W262X in Finns and Q64H in Pakistanis).
Genotypeÿphenotype correlations have suggested that
severe mutations resulting in complete absence of FAH
mRNA and protein are associated with early-onset acute
disease; however, very different clinical courses have
been reported within affected members of the same
family, suggesting that epigenetic and environmental
factors must also play a role in determining outcome.

CLINICAL PRESENTATION

Tyrosinemia should be considered in the differential
diagnosis of any infant or child presenting with evi-
dence of acute hepatocellular necrosis, conjugated
hyperbilirubinemia, or decreased hepatic synthetic
function of unknown etiology. Isolated or profound
coagulopathy should also suggest the diagnosis. Chil-
dren may also present with evidence of chronic disease
with cirrhosis, nutritional rickets, renal tubular dys-
function, neurological crises, or failure to thrive. The
differential diagnosis is that of liver failure in the infant
and cirrhosis in the child or young adult. The natural
history of tyrosinemia has been signi®cantly modi®ed
by the development of prenatal screening for disease and
pharmacological therapy with NTBC.

Acute Presentation

In the absence of prenatal testing or prior to, patients
usually come to medical attention with acute evidence
of liver disease before 2 years of age. This presentation
may be preceded by a catabolic stress such as viral
illness or bacterial infection. Symptoms are nonspeci®c,
e.g., growth failure, irritability, vomiting, hepato- or
nephromegaly, ascites, or edema. A boiled cabbage
odor, related to elevated serum methionine levels,
may be noted. Occasionally, presentation was associ-
ated with a bleeding diathesis manifesting as bruising
or epistaxis. Untreated, the disorder leads to liver failure
within 1 year.

Chronic Presentation

With chronic disease, liver dysfunction, renal
tubular disease, and nutritional rickets may be present.

A hallmark of the disease is the development of neuro-
logical crises that resemble acute intermittent por-
phyria. These are sudden-onset episodes of peripheral
neuropathy with painful paresthesias, autonomic dis-
turbance, extensor hypertonia, vomiting or paralytic
ileus, and progressive weakness. Sometimes respiratory
failure occurs, necessitating mechanical ventilation.
The acute episode is followed by a variable recuperative
period associated with weakness and paralysis. Cogni-
tion is not impaired and coma is not a feature of isolated
neurological crisis but may suggest evolving hepatic
encephalopathy. Tyrosinemia is also associated with a
markedly increased risk of hepatocellular carcinoma
even within the ®rst 5 years of life with cases reported
in patients less than 2 years of age. Renal disease is
almost always present in patients with the chronic
form of the disease, though its severity can be variable.
Both tubular dysfunction and glomerular involvement
occur. Rickets is the most common manifestation and
is sometimes the primary medical problem. Tyro-
sinemia has also been associated with hypertrophic car-
diomyopathy, as well as hypoglycemia associated with
hyperinsulinism and pancreatic islet hypertrophy.

Laboratory Biochemical, Imaging, and
Histopathological Abnormalities

Laboratory ®ndings typical of acute presentation
may be notable for disproportionate coagulopathy with-
out other ®ndings of liver disease. Transaminases and
conjugated bilirubin may be near normal or mildly el-
evated. Plasma tyrosine and methionine levels are often
markedly elevated but this is not a speci®c ®nding.
Serum a-fetoprotein levels can be extremely elevated,
even in excess of 100,000 ng/ml. Urinary abnormalities
are consistent with proximal renal tubular dysfunction
with aminoaciduria and elevated levels of urinary suc-
cinyl acetone are diagnostic. Neurological crises are
generally not associated with perturbations of liver bio-
chemistries or increased levels of succinyl acetone from
baseline. Intra-abdominal imaging with ultrasound or
computed tomography may show hepatomegaly with
increased hepatic echogenicity as well as nephromegaly
and nephrocalcinosis. Liver biopsy specimens show
hepatocellular in¯ammation and necrosis, steatosis,
and lobular distortion with pseudoacinar formation
and marked nodular regeneration.

PATHOPHYSIOLOGY

Tyrosinemia results from de®ciency of FAH, which
catalyzes the last step in tyrosine degradation (Fig. 1).
The molecular mechanisms responsible for the clinical
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manifestations remain speculative. Hepatocellular and
renal injury are thought to result from toxicity associ-
ated with in vivo accumulation of metabolites proximal
to the enzyme defect, including fumaryl acetoacetate
and maleyl acetoacetate and their by-products, succinyl
acetoacetate and succinyl acetone. Fumaryl acetoacetate
and maleyl acetoacetate are reactive unstable com-
pounds that could theoretically consume the cellular
machinery involved in protection from oxidative stress,
thereby leading to tissue injury. Succinyl acetone is
thought to be the most toxic intermediate. It can inhibit
renal tubular transport, perhaps accounting for the
proximal tubular dysfunction seen in this disease. Suc-
cinyl acetone has also been implicated as pathogenic in
neurological crisis because it is a potent inhibitor of
the enzyme d-aminolevulinic acid dehydratase. This
enzyme is involved in porphyrin biosynthesis, and
its inhibition, which leads to the accumulation of
d-aminolevulinic acid, has been associated with neuro-
toxicity in acute intermittent porphyria, lead poisoning,
and hereditary de®ciency of the dehydratase.

Spontaneous reversion of the genetic defect in
tyrosinemia has been shown to occur in nodular prolif-
erating regions of tyrosinemic liver. In such regions,
there is correction of the mutant FAH gene to wild
type and detectable FAH enzyme activity. Fumaryl
acetoacetate is known to be mutagenic, which may con-
tribute to the increased frequency of genetic reversion in
the diseased liver. The presence of revertant hepatocytes
within proliferative nodules suggests that tyrosinemia
induces a potent hepatic regenerative stimulus and that
wild-type cells have a selective proliferative advantage
over FAH-de®cient cells.

Mouse models of FAH de®ciency recapitulate much
of the hepatic and renal pathophysiology that charac-
terizes the human disease. In such mice, the disease
phenotype can be reversed by re-introduction of a
normal FAH transgene into the de®cient background.

DIAGNOSIS

Elevated succinyl acetone in blood, plasma, or urine is
pathognomonic for the disease. The diagnosis can also
be made by demonstration of absent or decreased FAH
activity on enzymatic assay of liver tissue or skin ®bro-
blasts. Molecular screening for common alleles can be
performed in at-risk populations, though negative re-
sults do not exclude rare mutant alleles. Prenatal diag-
nosis is possible by analysis of succinyl acetone in
amniotic ¯uid and by FAH assay of cultured amniocytes
or chorionic villus cells. Neonatal screening based on
analysis of succinyl acetone from dried blood on ®lter
paper is performed in Quebec.

TREATMENT

NTBC

NTBC treatment has greatly improved survival,
eliminated neurological crises, and reduced the need
for liver transplantation during early childhood for pa-
tients with acute tyrosinemia. It is now the cornerstone
of treatment. Originally developed as an insecticide,
it was later found to be a potent inhibitor of
4-hydroxyphenylpyruvate dioxygenase (Fig. 1). Thus,
the hypothesis supporting its initial use in the treat-
ment of tyrosinemia was that inhibition of this upstream
enzyme in tyrosine metabolism would prevent accu-
mulationofdownstream, presumably toxic,metabolites,
such as succinyl acetone. In 1992, Linstedt and col-
leagues tested this hypothesis by treating ®ve tyro-
sinemia patients with NTBC. Treatment led to
marked clinical, histological, and biochemical improve-
ment and caused no neurological, ocular, or cuta-
neous complications. Therapy markedly reduced
a-fetoprotein levels, suggesting signi®cantly decreased
nodular regeneration in the diseased liver. The results
from treatment of larger numbers of patients over
9 years have shown that the vast majority of patients
do very well. For patients in whom treatment with
NTBC was started early in life, only two cases (1%) of
hepatocellular carcinoma during the ®rst year of life
have been reported. If NTBC is started later in the course
of disease, there appears to be increased risk for the
development of hepatic malignancy and management
decisions must be made on an individual case-by-
case basis.

Dietary Restriction and Liver Transplantation

Prior to the development of NTBC, therapeutic
intervention in tyrosinemia primarily involved dietary
restriction of tyrosine and phenylalanine and liver
transplantation. Hematin was used by some to treat
neurological crises based on its ability to inhibit
d-aminolevulinic acid synthase.

Dietary restriction is still generally instituted at the
time of diagnosis and continued throughout treatment
with NTBC. The diet is stringent and based on a spe-
cialized formula that provides suf®cient essential amino
acids for growth but restricts tyrosine and phenylala-
nine. If the restriction is too great, growth failure, an-
orexia, and lethargy can result and so monitoring of
growth and nutritional status while on the diet is im-
portant. Liver transplantation cures the metabolic liver
disease and recurrent neurological crises and improves
renal function. Prior to NTBC therapy, de®ning the
optimal timing of transplantation was often challenging
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owing to the high risk of development of hepatocellular
carcinoma. Some would advocate transplantation early
in infancy, whereas others adopted a more conservative
approach. With the availability and success of NTBC in
the management of tyrosinemia, liver transplantation is
now likely to be restricted only to rare patients who
present late or whose disease is severe and irreversible
at the time of presentation. Nevertheless, NTBC therapy
does not obviate the need for careful follow-up of
affected patients and surveillance for hepatocellular
carcinoma.

ANALYSES IN MOUSE MODELS

Analyses in FAH-de®cient murine models of tyro-
sinemia also show that NTBC has a signi®cant effect
on the course of disease, though the correction is not
complete as mice continue to show accumulation of
intermediate levels of succinyl acetone and some de-
velop hepatocellular carcinoma. Whether human pa-
tients with tyrosinemia on NTBC are at continued
risk for the development of hepatocellular carcinoma
is unknown. Studies in the FAH-de®cient mouse model
have also shown that hepatocellular transplantation
can correct the disease state by repopulation of
diseased liver with normal hepatocytes. Repopulation
occurs only in the diseased liver and not in the
livers of NTBC-treated mice. These data suggest that
hepatocellular transplantation may one day be useful

in the treatment of tyrosinemia in people and, perhaps,
the treatment of other cell autonomous metabolic liver
diseases as well.
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Ultrasonography
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adjuvant chemotherapy Chemotherapeutic treatment of

malignancy administered after surgery or radiotherapy

to reduce the risk of relapse.

bolus Intravenously injected dose of a contrast agent,

administered rapidly to produce a short contrast effect.

color Doppler Colored display of blood ¯ow.

Doppler Frequency shift caused by blood ¯ow.

echogenic Returning a high level of echoes.

elasticity imaging Process in which the stiffness of a tissue

under compression is turned into an image.

endoscopy Scans taken from within a body cavity, typically

the esophagus or stomach, using specially designed small

transducers.

hydrocolosinography Examination of the colon after it has

been ®lled with ¯uid.

microbubbles Gas bubbles ranging in size from 1 to 10 mm

that are used as contrast agents for ultrasound.

spectral Doppler Display of the constituent components of

the Doppler signal over time.

transjugular intrahepatic portosystemic shunt Passage

positioned so as to allow portal blood access to the

hepatic veins or inferior vena cava, bypassing the liver in

portal hypertension.

Ultrasound has undergone very rapid developments in

recent years; in addition to improved image quality and

Doppler sensitivity, the introduction of contrast agents in

the form of injectable microbubbles has expanded the ho-

rizons of ultrasound applications. Many of these advances

have particular signi®cance for gastroenterology.

GASTROINTESTINAL TRACT

Ultrasound is useful in all parts of the gastrointestinal
tract, allowing imaging of the ®ve-layered structure the
wall throughout the entire tract. For the esophagus and
stomach, endoscopic ultrasound (EUS) probes have
been developed; EUS is an excellent compliment to en-
doscopy because it `̀ sees'' beyond the mucosa. EUS
achieves a 75% accuracy in the local and nodal staging
of carcinoma of the esophagus and is very reliable in
differentiating gastric leiomyomas from carcinomas
because the former have a characteristic appearance as
welldemarcatedecho-poormasses.Stagingofcarcinoma
in the stomach is less successful than in the esophagus.

Endoscopic systems are also useful for studying the
anorectal region, especially for sphincter injuries.
Magnetic resonance imaging (MRI) with intracavitary
coils gives similar information in this important prob-
lem and is superior for detecting ®stulas. For the re-
mainder of the gut, transabdominal scanning with
high-frequency transducers is used. Thickening of the
colonic wall 43 mm is readily demonstrated and allows
cancers to be detected as localized masses, in contra-
distinction to the extensive wall thickening in Crohn's
disease, in which ®stulous tracts and paracolonic ab-
scesses can also be delineated. In ulcerative colitis, only
the mucosal layer is thickened; the terminal ileum is
selectively thickened in terminal ileitis, a common
cause of right iliac fossa pain in young people in
whom the associated regional lymphadenopathy may
also be demonstrable. Diverticuli are seen as gas-con-
taining structures lying within, or adjacent to, the colon
wall. Intussusception produces a characteristic multi-
layered mass corresponding to the triplicated walls of
the gut layers (Fig. 1). Ultrasound (US) can also be used

FIGURE 1 Intussusception. This patient presented with severe

diffuse abdominal pain; ultrasound revealed a mass in the right

¯ank into which the vascularized terminal ileum passes (arrow)

Stretched around the hypovascular mass is a thin rim of stretched

ascending colon (arrowheads). The mass proved to be cecal

carcinoma, which had formed the lead of the intussusception.

U
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to monitor hydrostatic reduction, thus limiting expo-
sure to ionizing radiation.

Pyloric stenosis can often be diagnosed on clinical
grounds, but in doubtful cases the thickened pyloric
wall is easily detectable with US (Fig. 2). This, coupled
with the demonstration of active gastric peristalsis that
peters out as it reaches the pylorus, makes ultrasound a
very reliable diagnostic tool. Another pediatric problem
that is easily solved with US is malrotation of the small
bowel. Using Doppler to determine the relative posi-
tions of the superior mesenteric artery and vein (SMA
and SMV) by depicting their ¯ow direction, the
abnormal relationship of the artery and vein can be
demonstrated.

The normal appendix can be demonstrated in some
two-thirds of patients by using high-resolution trans-
ducers with graded compression to displace the gas that
otherwise prevents acoustic access. The technique in-
volves ®rst localizing the cecal pole by tracing the as-
cending colon down into the right iliac fossa. Then,
using a linear or curved array, gentle pressure is applied
over several minutes to allow access to the appendix,
which is seen as an elongated layered structure less than
7 mm in diameter. The in¯amed appendix is thickened
and the fecolith that is often present can be demon-
strated as an echogenic nodule that casts an acoustic
shadow. The in¯ammatory reaction produces an in-
crease in Doppler signals (Fig. 3). Thickened omentum
may be demonstrated as an amorphous mass of medium

echoes close to the appendix, whereas a perforation
produces an adjacent ¯uid space. In right iliac fossa
(RIF) pain, US can be used to diagnose terminal ileitis
and distinguish it from gynecological causes.

Colonic polyps cannot be demonstrated by
conventional ultrasound, but if the colon is ®rst ®lled
with water as a contrast agent, then exquisite images
that clearly depict polyps down to 5 mm in diameter
can be obtained using high-frequency transducers.
However, the moderately invasive nature of `̀ hydro-
colosonography'' and the fact that sessile or plaque-
like tumors are not reliably visualized have limited
the acceptance of the technique. In mesenteric
angina, the tight stenosis or occlusion of the celiac
axis and/or SMA produce localized fast ¯ow on spectral
Doppler or absent signals, respectively (Fig. 4).

THE LIVER

The normal liver has a uniform texture of mid-gray
re¯ectivity, interrupted by its blood vessels (Fig. 5).
Diffuse liver diseases usually cause hepatomegaly; an
exception is found in cases of advanced cirrhosis, for
which shrinkage is typical, although judging liver size
with ultrasound is very dif®cult. The commonest
change in diffuse liver diseases is an increase in the
echo level, providing an example of `̀ bright liver,''
which is recognized by comparison with echoes from
the renal cortex. Normally, the two are approximately

FIGURE 2 Pyloric stenosis. In a 6-week-old child who pres-

ents with projectile vomiting, the demonstration of hypertrophy

of the pyloric canal is de®nitive. Here the pylorus measures 17 mm

in length (normal, 515 mm). In addition, on the real-time study,

peristaltic waves could be seen advancing along the antrum but

failing to move contents into the duodenum.
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FIGURE 3 Appendicitis. In this patient with right iliac fossa

pain, the hyperemic mass on ultrasound (arrowheads) corre-

sponded with the point of maximum tenderness. The mass is

the dilated in¯amed appendix lying immediately inferior to the

gas-containing cecum. There is no periappendicular collection to

suggest an abscess. An uncomplicated acutely in¯amed appendix

was removed laparosopically.



equally re¯ective, but in the bright liver, the renal
cortex appears to be relatively dark. The bright liver
as seen in a wide range of liver diseases, the commonest

being fatty in®ltration, but the list includes granuloma-
tous and ®brotic conditions as well as cirrhosis and
in®ltrations by amyloid. The opposite pattern, `̀ the
dark liver,'' is less common, and is seen in conditions
in which the amount of ¯uid in the liver is increased.
Examples are acute hepatitis and congestive heart
failure.

Cirrhosis is a progressive disease and the ultrasound
®ndings re¯ect this; early on, there may be no demon-
strable abnormalities or there may simply be an increase
in re¯ectivity. In more advanced cases, the liver shrinks
and the caudate lobe (segment 1) enlarges. The micro-
or macronodularity of cirrhosis can be visualized in
ascites, when the liver surface assumes a scalloped
con®guration (Fig. 6). Occasionally, regenerating nod-
ules can be seen as ill-de®ned, patchy alterations in
re¯ectivity, but usually the liver texture is merely
slightly heterogeneous. The major changes demonstra-
ble on ultrasound concern the blood ¯ow, for which
Doppler is well suited. The arterialization of the liver's
supply makes the hepatic artery prominent, whereas
¯ow in the portal vein may be normal or slow. In ex-
treme cases, this is reversed, and in an intermediate
stage, hepatic vein ¯ow is balanced, being hepatofugal
in one stage of the respiratory cycle and hepatopetal in
another. Obviously, this situation of zero net ¯ow is
likely to lead to portal vein thrombosis and this may
be demonstrated as echogenic material ®lling the vein
together with an absence of Doppler signals. Subsequent
recannalization or opening up of collateral vessels

FIGURE 4 Celiac axis stenosis. Celiac axis stenosis in isolation

is rarely symptomatic because of the generous anastomoses in the

gut's blood supply, but, because it usually occurs in arteriopaths,

two or more of the arteries are often affected. The acceleration

of the blood crossing the narrowing produces fast ¯ow on the

Doppler study (here rising to more than 4 m/second, shown in

the lower panel) together with ¯ow disturbance in the form of

eddies that give slower ¯ow signals as well as the very high-velocity

signals. These result in a tracing in which all velocities are more or

less equally represented, so that it appears as solid white from

baseline to maximum velocity.

FIGURE 6 Cirrhosis. In late cirrhosis, the irregular liver

surface can be visualized against the echo-free ascites (A). In this

case, the outline of macronodules (arrowheads) gives a scalloped

border to the liver. Its echo texture is heterogeneous (compare with

the normal, even texture of the normal liver in Fig. 5).

ULTRASONOGRAPHY 545

FIGURE 5 Normal liverÐporta hepatis. In a longitudinal

section through the porta hepatis, the uniform texture of the

liver parenchyma can be seen. In the color Doppler scan, the portal

vein is depicted in red, indicating ¯ow toward the transducer. The

hepatic artery (arrow), also in red, can be discerned anterior to it,

and the dark circle (arrowhead) is the right hepatic duct seen in

cross-section. The position of the duct represents a normal var-

iant: usually it lies between the vein and the artery. IVC, Inferior

vena cava.



produces `̀ cavernous transformation'' of the portal vein,
which gives a spectacular color Doppler picture of
numerous small tortuous vessels in the porta.

The expected slowing of portal vein ¯ow does
not always occur because intrahepatic portosystemic
shunts may form, and thus measurement of portal
vein ¯ow has not proved valuable in diagnosis or
grading of cirrhosis. The most dramatic shunt is re-
cannalization of the umbilical vein beyond the free mar-
gin of the liver (Fig. 7). Other portosystemic shunts may
also be demonstrated, including retroperitoneal shunts
and esophageal and spleno-esophageal varices. Because
ultrasound demonstrates serosal varices whereas those
seen on endoscopy are submucosal, the ®ndings on these
two modalities do not always correspond. Flow in trans-

jugular intrahepatic portosystemic shunts (TIPSs) can
usually be detected, but the shadowing from the metal of
the stent and slow ¯ow within the shunt may challenge
the performance of even the best ultrasound scanner
(Fig. 8). Here, administration of an ultrasound contrast
agent can rescue an otherwise failed study.

Of the effects of portal hypertension, spleen size and
ascites are very easily assessed by ultrasound. Superven-
ing hepatocellular carcinoma may be obvious but small
and multicentric lesions are dif®cult to demonstrate and
some regenerating and hyperplastic nodules can pro-
duce masses that mimic hepatocellular carcinomas
(HCCs). However, these benign lesions do not gener-
ally show Doppler signals, so hypervascular lesions
are suspicious (Fig. 9). Sensitivity to hepatocellular
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FIGURE 7 Recannalized umbilical vein. Recannalization of the umbilical vein produces this spectacular appearance on

color Doppler, with signals in the position of the ligamentum teres (arrow in A) ¯owing toward the umbilicus (U in B) and

sometimes, as in this patient, on down into the pelvis [the change from red to blue codes for a relative change in ¯ow direction,

which is toward the probe superiorly (A), then parallel (B), and ®nally away from it (C)]. Often this spontaneous porto-

systemic shunt depressurizes the system and there are no other features of portal hypertension, such as ascites.



carcinomas is improved by microbubble contrast
agents, which demonstrate the HCC vascularity in the
arterial phase. In common with other malignancies,
HCCs have a lower vascular volume compared to the
liver and so they appear as defects in the late (sinusoidal
or liver-speci®c) phase (Fig. 10). In schistosomiasis, a
characteristic ®nding is prominence of the portal vein
walls, corresponding to the per portal ®brosis of pipe
stem cirrhosis. In the BuddÿChiari syndrome, lack of
Doppler signals in the main hepatic veins is diagnostic.
There is often reversed ¯ow in the portal vein with
ascites. If the thrombosed vessels recannalize, a thready
meshwork replaces the normal pattern of three main
veins (Fig. 11). Its microvascular equivalent, veno-

occlusive disease, cannot be diagnosed with current
ultrasound techniques.

FOCAL LESIONS

A wide variety of focal liver lesions can be diagnosed by
ultrasound, notably cysts, for which US is the most
speci®c and sensitive test. Hydatid cysts have a variety
of appearances, depending on the condition of their
contents, but consistently have a prominent capsule
that is lacking around simple cysts. In endemic
countries, ultrasound-guided aspiration (perhaps with
injection of a sclerosant) is widely used for symptomatic
control with good safety.
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FIGURE 9 Hepatocellular carcinoma. This irregular 5-cm mass in segment V in a cirrhotic patient (A) is suggestive of an

hepatocellular carcinoma, and this is reinforced by the demonstration of numerous tortuous blood vessels within it on color

Doppler (B).

FIGURE 8 This long transjugular intrahepatic portosystemic shunt is well visualized (A) and the ¯ow is clearly seen to be

toward the hepatic vein on the Doppler study (B).



Abscesses are typically seen as shaggy-walled
cavities that are often multiple (Fig. 12). On Doppler,
the hyperemia of the surrounding tissue is often obvi-
ous. However, in the initial stages of abscess formation,
before pus has collected, a solid mass is found and the
lesion can be very subtle.

Hemangiomas are the commonest benign liver
tumor and typically appear as echogenic masses. On
Doppler, they are hypovascular, only occasionally
showing weak venous signals. In the late vascular
phase after contrast injection, they typically show the

same peripheral clumping that is characteristic on
CT, with slow and often incomplete ®ll-in from the
periphery over several minutes (Fig. 13). Focal nodular
hyperplasia contains normal liver elements in an abnor-
mal arrangement. Some have a vascularized central scar
seen as an echo-poor streak with Doppler signals that
typically radiate outward in a spoke-wheel fashion, and
these arterial features are elegantly demonstrated after

A B

FIGURE 10 Occult hepatocellular carcinomaÐcontrast study. In this patient with cirrhosis, followup scans were per-

formed to monitor the development of hepatocellular carcinoma. Only minor irregularity of the liver's texture was seen on the

scan (A). He was entered into a phase 3 study of a new contrast agent, Sonazoid (Amersham, UK), and in the liver-speci®c

phase a clear-cut lesion was revealed (arrow in B). Though the a-fetoprotein level was normal, an enhanced MRI study was

performed and was read as normal. Three months later, the lesion became visible on unenhanced ultrasound and was

con®rmed on MRI and by biopsy to be hepatocellular carcinoma. Radiofrequency ablation was performed. GB, gallbladder.

FIGURE 12 Liver abscess. A region of altered re¯ectivity (ar-

rowheads) is seen in the left liver in this patient presenting with a

fever. The appearance is typical of an abscess in the early (pre-

liquefactive) phase of the development of an abscess. The ultra-

sound appearance is indistinguishable from metastatic disease,

but the history usually provides the necessary clues and ultra-

sound-guided aspiration should be performed.
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FIGURE 11 BuddÿChiari syndrome. Recannalization of the

thrombosed hepatic veins leads to a tangled pattern of vessels in

the superior part of the liver.



contrast enhancement. In the liver-speci®c phase of
microbubble enhancement, their behavior is pathogno-
momic: they take up contrast strongly and so blend with
the normal liver or occasionally even stand out with
more intense signals (Fig. 14).

The variety of appearances of metastases on ultra-
sound is bewildering and remains largely unexplained
(Fig. 15). Though there are trends (for example,
echogenic metastases are typically gastrointestinal or
urogenital in origin), it is not possible to tie particular
patterns with the primary site. The success of ultrasound
in liver staging has been exaggerated in the past, quoted
®gures of accuracies around 80% being calculated on a
per patient basis rather than for individual lesions.
These limitations have been highlighted by the improve-

ment in detectability when ultrasound contrast agents
are used. In several prospective studies, use of
microbubble-speci®c modes allow the detection of le-
sions down to a diameter of 3 mm (Fig. 16). Though not
yet perfected (a depth limitation of around 10 cm is an
important limitation), this approach reveals more le-
sions than three-phase helical computed tomography
(CT) and comes close to the sensitivity of MRI. Speci-
®city is also addressed because malignancies, with their
low blood volume, show as defects in the sinusoidal or
liver-speci®c phases, and in some the feeding artery is
obvious in the arterial phase (Fig. 17).

A particularly useful application of contrast agents is
in evaluating the completeness of ultrasound-guided
interstitial therapy: when all tumor appears to have
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FIGURE 13 Hemangioma contrast study. (A) This lesion in the inferior portion of segment V (arrowheads) in a

patient with a known malignancy is suspicious for a metastasis because it is echo poor. (B) Soon after injection of a

microbubble contrast agent (SonoVue, Bracco, Italy), clumpy peripheral ®lling is observed (contrast shown in red at 50

seconds after injection; and thereafter there is progressive centripetal enhancement, until (C) at 1 minute, 40 seconds, when

the lesion is almost completely enhanced and has become much less conspicuous. This dynamic pattern is typical of a

hemangioma.



been destroyed, microbubbles often reveal residual por-
tions of perfused tumor that can be ablated immediately,
so that the patient does not have to be moved to CT.
Microbubbles can also be used as tracers and in the liver
the time taken for them to cross into the hepatic veins
(normally 30 seconds or more, owing to the slow ¯ow in
the liver sinusoids) is shortened when there is arterio-
venous shunting, as occurs in metastases and cirrhosis.
This simple test seems to be able to detect occult me-
tastases (for example, in colorectal cancer), and should
prove useful in selecting those patients who would
bene®t from adjuvant chemotherapy. It is also very
promising in differentiating uncomplicated chronic
hepatitis from cirrhosis and this might avoid the fre-
quent biopsies that are currently required to guide anti-
viral treatment in patients with hepatitis C (Fig. 18). In

liver trauma (and that of other solid abdominal organs),
conventional ultrasound is limited to detecting intra-
peritoneal bleeding. The advent of contrast agents that
allow the microvasculature to be demonstrated
promises to change that, and to provide useful imaging
by the patient's bedside, without interrupting observa-
tions and supportive care (Fig. 19).

BILIARY TREE

The exquisite sensitivity of ultrasound to liquid spaces
has made it the primary imaging modality for the biliary
tree and the standard test for gallstones (Fig. 20). Stone
composition does not affect detectability. Occasional
false positives occur when polyps are mistaken for
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FIGURE 14 Focal nodular hyperplasia. (A) This focal lesion in the anterior part of segment 5 (arrowheads) was an

incidental ®nding. (B) Its ill-de®ned margins and vascularity (color Doppler) raised the suspicion of malignancy. However,

following administration of the liver-speci®c contrast agent Levovist, nonlinear imaging shows that it takes up the agent to the

same extent as the liver and it has disappeared (C). This makes the diagnosis of focal nodular hyperplasia most likely. The

lesion remained unchanged a year later.



stones; their attachment to the gallbladder wall provides
a clue.

In acute cholecystitis, major signs such as splitting of
the thickened wall, tenderness localized to the gallblad-
der (the ultrasound Murphy's sign), and the presence of
stones, coupled with minor signs such as dilatation of
the gallbladder, are useful (Fig. 21). Ultrasound may
also demonstrate alternative causes for right upper
quadrant pain. Acalculus cholecystitis remains a dif®-
cult diagnosis but the demonstration of vascularity

within the wall on Doppler can be useful. In critical
cases, ultrasound can be used to direct a draining
cannula as a holding measure.

Carcinoma of the gallbladder is seen as a mass, un-
fortunately often large, with invasion of the adjacent
liver surface (Fig. 22). Hilar cholangiocarcinomas
(Klatskin tumors) have in®ltrating margins that are ill
de®ned on imaging so it may be very dif®cult to deter-
mine the extent of the tumor. Here, microbubble con-
trast agents have contributed substantially because they
outline the limits of the functioning liver, against which
the tumor is clearly seen as a signal void, as with other
liver malignancies.

Ultrasound is the primary imaging technique in ob-
structive jaundice because US sensitivity to ¯uid spaces
is exploited. The diameter of the common duct is easily
measured. Dilatation is evidence of obstruction and,
provided it is appreciated that this anatomical feature
may persist after relief of obstruction, is a highly reliable
sign in the appropriate clinical setting (Fig. 23). Similar
considerations apply to dilatation of the intrahepatic
biliary tree, which produces the classic `̀ parallel chan-
nel'' and `̀ double-barreled shot-gun'' signs when the
pairs of tubular structures are cut along or across, re-
spectively (Fig. 24). Ultrasound is very sensitive for
`̀ surgical'' jaundice, provided the history is taken into
account, because the biliary tree may remain dilated
inde®nitely, even after relief of an obstruction. For
the same reason, ultrasound cannot be used to tell
whether a biliary stent has reobstructed, though the
demonstration of aerobilia provides useful indirect

FIGURE 15 Liver metastases. This extended ®eld-of-view

(Sciescape, Siemens) scan of an enlarged left liver exhibits numer-

ous focal lesions of varying appearances, some echo poor, others

echogenic. The patient had a carcinoma of the colon (minor scale

divisions equal 1 cm). IVC, Inferior vena cava; PV, portal vein.
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FIGURE 16 Liver metastasis contrast study. (A) In this patient with a known colonic cancer, an obvious lesion compatible

with a metastasis is seen in the inferior part of segment 5 (arrowheads); K, kidney. (B) In a registered image taken in the liver-

speci®c phase after injection of the contrast agent Levovist (Schering, Berlin), using a liver-speci®c mode (Agent Detection

Imaging) that shows the presence of contrast in color, this lesion is more clearly delineated, but an additional lesion that was

not apparent before is also obvious (arrow).



evidence of patency. Ultrasound can usually indicate the
level of an obstruction by demonstrating the lowest
point of dilatation, but is less useful in determining
the cause, mainly because strictures cannot be detected,
but also because many stones simulate soft tissue masses
with no shadowing.

PANCREAS

Long considered a challenge for ultrasound, the normal
pancreas can usually be imaged, at least in part, by a
combination of modern equipment and graded com-
pression, using the probe to displace bowel gas
(Fig. 25). Oral contrast agents may further improve
access in the epigastrium, whereas the pancreatic tail
can be imaged using the spleen as a window. The
pancreas is relatively echogenic in the adult, though
the uncinate process commonly retains the lower levels
of echo intensity typical of the child's pancreas. The

FIGURE 18 Hepatic vein arrival time. By noting the arrival of a

bolus of a contrast agent in the hepatic veins, the delay from the

moment of injection can be measured. When arteriovenous shunts

develop in the liver, the arrival time is shortened from its normal of

around 45 seconds. This test can detect the onset of cirrhosis in

patients with chronic hepatitis showing mild and moderate

changes in necroin¯ammatory scores on histology. The numbers

above the X axis refer to the numbers of cases. Courtesy of

Dr. Adrian Lim.
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FIGURE 17 Liver metastasis contrast study. (A) A metastasis

from a colonic carcinoma is seen as an echogenic mass (arrow-

heads) at the beginning of an injection of a microbubble contrast

agent, SonoVue (7 seconds postinjection). (B) In the next image

from the real-time sequence at 13 seconds postinjection (arterial

phase), numerous small vessels enter the tumor from its periph-

ery. In this microbubble-speci®c mode (Vascular Recognition

Imaging, Toshiba, Tokyo), the contrast is depicted in green

when it is stationary; the red and blue tints show moving

microbubbles. (C) In the third frame, at 27 seconds, contrast is

®lling the liver parenchyma but the metastasis, with its low vas-

cular volume, is highlighted as a signal void.



main pancreatic duct is seen as `̀ tram lines'' with a max-
imum caliber of 3 mm.

In acute pancreatitis, the gland swells, losing its
normal shape, which has a waist at its neck, and be-
comes echo poor, but in practice, acute pancreatitis is a
clinical diagnosis. An ultrasound scan should be ob-
tained early in the course of the disease to look for
gallstones. In chronic pancreatitis, there may be no
changes on ultrasound until ®brosis and calci®cation
supervene (Fig. 26). Dilatation and tortuosity of the
main duct can be demonstrated.

Carcinoma of the pancreas produces a mass of
variable echogenicity, often accompanied by duct dila-

tation and also by dilatation of the bile duct (the `̀ dou-
ble-duct sign'') when, as is commonest, the tumor arises
at the head of the pancreas (Fig. 27). Sometimes the
diagnosis is obvious, with the mass perhaps involving
the portal vein and lymphadenopathy, but often the
features cannot be distinguished from focal pancreatitis.
Endoscopic ultrasound offers some advantages but is, of
course, more invasive.

A B

FIGURE 19 Stab wound of the liver. This patient suffered a penetrating injury to the right liver; despite knowing exactly

where to look, it could not be demonstrated on grayscale ultrasound (A). Following administration of a contrast agent

(SonoVue, Bracco, Milan), the lesion was clearly shown (arrowhead in B).

FIGURE 20 Gallstone. The strongly echogenic structure (ar-

rowhead) in the gallbladder and its tell-tale shadowing (S) are

diagnostic of a gallstone.

FIGURE 21 Acute cholecystitis. Wall thickening (arrow-

heads), often with splitting from edema, is typical in acute

cholecystitis. There is usually local tenderness under the probe,

which may be obvious in real time. The offending stone (arrow) is

visible.
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Of the rarer forms of pancreatic tumor, cystic
carcinomas may produce a multicystic mass, though
in the microcystic type the individual cysts are usually
too small to be resolved and instead their numerous
walls produce an echogenic mass. Papillary tumors
are almost never visualized with ultrasound because

they present at too small a size. Endocrine tumors are
seen as echo-poor masses, but conventional scanning
usually does not demonstrate hormonally active tumors
because of their small size. However, the superior
resolution of intraoperative scanning can reveal them
and this is very useful to locate impalpable tumors
(Fig. 28).

NEW METHODS

The clinical impact of the advent of contrast agents for
ultrasound has been described. Contrast agents also
offer both anatomical information for delineating and
characterizing focal lesions and functional information,
derived by their use as tracers in tracking the transit of a
bolus across a region of interest. In this role, they are
supported by the small volumes required (0.5ÿ5 ml is
typical) and by the fact that new scanning modes are
speci®c to the microbubbles, so that they can be almost
completely separated from tissue signals and displayed
as perfectly registered fusion images. In addition, they
have a relatively short persistence after injection (2ÿ10
minutes), so that repeat studies are feasible, and they are
nontoxic. The fact that they can be selectively destroyed
by acoustic pressures toward the top of the acceptable
diagnostic range offers the unique opportunity for neg-
ative bolus studies that display the reperfusion of a tis-
sue to give true hemodynamic information.

FIGURE 22 Carcinoma of the gallbladder. A large mass occu-

pies the gallbladder fossa in this patient, who presented with

jaundice. Embedded within the mass are several calculi (arrow-

heads). K, Kidney.

FIGURE 23 Stone in a dilated common bile duct. The echo-

genic structure within the dilated common bile duct (arrowhead)

is identi®ed as a stone by its shadowing. Dilatation is easily

recognized on ultrasound, but stones are often much more

elusive and endoscopic retrograde pancreatography may be

required.

FIGURE 24 Dilated intrahepatic ducts. Normal ducts can just

be resolved with ultrasound, but, when dilated, they are readily

identi®ed as tubes running alongside the vascular structures, pro-

ducing a sort of duplicated anatomical pattern seen as `̀ too many

tubes'' or the `̀ parallel channel,'' signs of the ducts converging on

the porta hepatis. GB, Gallbladder.
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A new way to use ultrasound (and other imaging)
data that could prove to be important is elasticity im-
aging. For this, a series of images is collected while the
tissue under study is distorted by applying gentle pres-
sure, in order to move the tissue by about 5 mm. The
images of the response to such a stress are used to form a
strain image, which relates to the elastic (Young's)
modulus; because this has several orders of magnitude
greater range in human tissues than does the bulk mod-
ulus that is used for conventional ultrasound, the
contrast between normal and pathological tissue is in-

creased. In experimental situations, elastography can be
implemented in real time and, for the liver,
cardiac motion can be used as the stress. Although
not ready for clinical use, this approach, which essen-
tially images what the palpating hand discerns, is of
great interest. Ultrasound can be implemented in
three dimensions and this has proved useful when com-
plex anatomy, such as the fetal face, needs to be de-
picted, to look for developmental abnormalities. In
gastroenterology, this is probably of less importance,
but the fact that three-dimensional images can be ob-
tained in real time (so-called four-dimensional imaging)
could be useful for interventional procedures in which it
is important to visualize the needle path interactively in
three dimensions.

CONCLUSIONS

Developments in ultrasound have afforded it a unique
role in the ®eld of gastroenterology. It is the choice
technique for the gallbladder and biliary tree, whereas
Doppler gives unique information in portal hyperten-
sion and other vascular disorders of the liver. New tech-
niques, especially with microbubble contrast agents,
have made US comparable to helical CT for detecting
and differentiating liver tumors and in abdominal
trauma. The role of US is further extending to hollow
abdominal organs, thanks to new technologies and
systematic scanning approaches.

FIGURE 25 Pancreas. The proximal pancreas with its duct

(arrow) lying across the superior mesenteric vessels is seen in

this epigastric transverse section. A, Aorta; antrum, antrum of

stomach; IVC, inferior vena cava; SMA, superior mesenteric ar-

tery; SMV, superior mesenteric vein; SpV, splenic vein.

FIGURE 26 Chronic pancreatitis. Ultrasound is not sensitive

to the changes of chronic pancreatitis, but when there is calci®ca-

tion, within the duct in this case (arrowheads), the changes are

easily demonstrated. D, Pancreatic duct.

FIGURE 27 Carcinoma of the head of the pancreas. This large

mass in the position of the head of the pancreas (arrowheads)

proved to be a cancer, but the distinction from a chronic pancre-

atic mass is often impossible. Note the dilated gallbladder (GB).
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FIGURE 28 Insulinoma intraoperative scan. This 7-mm

insulinoma in the head of the pancreas could not be located in

theater. This high-resolution scan obtained directly via the ex-

posed pancreas clearly shows the lesion (arrowheads); the asso-

ciated blood vessels are highlighted on color Doppler. PDA,

Pancreatico-duodenal arcade; SMA, superior mesenteric artery;

SMV, superior mesenteric vein.



Upper Gastrointestinal Bleeding
C. MEL WILCOX

University of Alabama, Birmingham

hematemesis Vomiting of blood.

hematochezia Passage of bright red or wine-colored stool,

usually representing bleeding from the lower gastro-

intestinal tract, often the colon.

melena Passage of dark black stool, representing blood

typically from an upper gastrointestinal source.

upper gastrointestinal bleeding Loss of blood from the

gastrointestinal tract proximal to the ligament of Treitz.

Acute upper gastrointestinal bleeding is a common med-

ical condition encountered by generalists and specialists

alike. Despite the signi®cant strides in the development of

effective endoscopic techniques for hemostasis, this type

of bleeding, especially in the elderly, remains a signi®cant

cause of morbidity and potential mortality. Prompt rec-

ognition of the patient with acute upper gastrointestinal

bleeding will ensure timely endoscopic evaluation, which

will provide not only a diagnosis but also the opportunity

for endoscopic therapy and triage. Patients with low-risk

lesions at endoscopy can be managed with earlier hospital

discharge, assuming there is no signi®cant comorbidity.

INTRODUCTION

Current estimates of the incidence of hospitalization for
acute upper gastrointestinal bleeding (UGIB) in the
United States population range from 30 to 100 per
100,000, which translates to approximately 400,000
hospital admissions yearly in the United States.
Whether the widespread adoption of Helicobacter pylori
eradication therapy for patients with dyspepsia and pep-
tic ulcer as well as the use of safer nonsteroidal antiin-
¯ammatory drugs (NSAIDs) will reduce this number
remains to be explored. These incidence data do not
account for those patients who experience acute
UGIB while hospitalized; given the narrower differential
diagnosis and higher mortality, such patients represent
a unique subset of bleeders.

ETIOLOGY

The most common cause of acute UGIB remains peptic
ulcer disease (Fig. 1). Gastroesophageal varices,
MalloryÿWeiss tears, and acute gastric mucosal lesions

(erosions) are the next most frequent etiologies. It is
important to recognize that the most common cause
identi®ed in a particular study is dependent on the pop-
ulation examined. For example, peptic ulcer and acute
gastric mucosal lesions represent the most common
causes in NSAID users, whereas variceal bleeding is
most prevalent in patients with portal hypertension
and cirrhosis.

APPROACH TO THE PATIENT

The ®rst step in the management of the patient with
UGIB is prompt diagnosis. Although most patients man-
ifest with an alteration in stool color, usually melena
associated with hematemesis, the initial presentation in
some patients will be hematochezia alone, which may
suggest a lower gastrointestinal (GI) bleeding source.
The color of both vomitus and stool not only points to
the site of bleeding (upper versus lower GI tract), but
also provides important prognostic information. Pa-
tients who present with hematemesis and melena gen-
erally have more substantial blood loss as compared to
patients who present with `̀ coffee-ground'' hematemesis
and brown stool or melena without hematemesis. Red
hematemesis also suggests more acute and signi®cant

FIGURE 1 Etiology of upper GI bleeding. AGML, Acute gastric

mucosal lesion.
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blood loss and is associated with a worse prognosis
compared to a presentation with coffee-ground
hematemesis alone. Generally, the more signi®cant
the blood loss, the more likely the bleeding source is
arterial.

A thorough history often provides important clues
to the underlying cause of bleeding. A thorough
systematic review for diseases of the esophagus, stom-
ach, and duodenum should be performed. Rarely,
nasopharyngeal and oropharyngeal bleeding will mas-
querade as UGIB in the absence of symptoms point-
ing to this possibility. The presence of dysphagia or
re¯ux symptoms may suggest esophageal cancer and
gastroesophageal re¯ux disease, respectively. Because
NSAID use is so prevalent in patients with gastric and
duodenal ulcer disease and acute mucosal lesions, it is
important to question speci®cally not only regarding
prescription use but also the use of over-the-counter
NSAIDs, because many patients do not consider these
`̀ medications.'' The dose and duration are also important
to ascertain, because high-dose NSAID use of long du-
ration is more likely to produce peptic ulcer as com-
pared to very short-term intermittent use. A past history
of peptic ulcer, particularly bleeding ulcer, is important
to identify. Associated symptoms of ulcer include nau-
sea, vomiting, and nocturnal epigastric distress. Never-
theless, the absence of abdominal pain is common in
peptic ulcer regardless of NSAID use. Painless bleeding
is also more common in patients with mucosal disease
such as vascular ectasias. Vascular ectasias are most
prevalent in the elderly and in those with underlying
renal disease, typically elderly patients on dialysis. Ap-
proximately one-third of patients with Malloryÿ
Weiss tear will not present with a classic history of
repetitive retching followed by hematemesis. Portal hy-
pertension may be suggested in the patient with estab-
lished chronic hepatitis or signi®cant alcohol use
associated with stigmata of chronic liver disease. A his-
tory of aortic aneurysm or prior repair should raise the
possibility of an aortoenteric ®stula, which would re-
quire not only endoscopy but also computed tomogra-
phy to diagnose.

Following recognition and diagnosis, initial evalu-
ation must promptly address hemodynamic status. Per-
sistent bleeding with subsequent volume loss, if left
untreated, will lead to multiorgan failure and death
caused by hypoperfusion. Initial hemodynamic assess-
ment should use vital signs as a measure of volume
status. Resting tachycardia and orthostatic hypotension
represent a 415% volume loss. The degree of resusci-
tation with normal saline and/or blood products should
be dictated by the volume status (vital signs), initial
hematocrit, and evidence of ongoing blood loss as

assessed clinically (recurrent/persistent hematemesis,
melena, etc.). Careful administration of blood products

and ¯uids should be provided for the elderly patients,

especially those with underlying heart disease or renal

dysfunction. Maintaining a hematocrit above 30% is

appropriate for those with underlying coronary artery

disease to maximize oxygen delivery. It is critical to

remember that the hematocrit can be in¯uenced by

the degree of volume resuscitation and prior volume

status. Therefore, the hematocrit must be interpreted

in the context of these other factors. Determination of

platelet count and prothrombin time is important, and is

mandatory for those receiving medications such as

coumadin. In addition, an elevation of prothrombin

time and/or thrombocytopenia could point to underl-

ying portal hypertension. Elevation of blood urea nitro-

gen concentration can be observed with both upper and

lower GI bleeding, although this is typically higher with

UGIB. Patients at risk for coronary disease should have

an electrocardiogram to exclude myocardial ischemia;

occult ischemia and infarction have been found in 10%

or more of elderly patients. Chest radiography should be

used selectively.
The site of gastrointestinal blood loss is generally

apparent based on the history or witnessing of

hematemesis or melena. When the diagnosis of UGIB

is in doubt, nasogastric (NG) aspiration should be con-

sidered. Identi®cation of bile in the aspirate suggests

either bleeding distal to the duodenum or bleeding

that has stopped. Conversely, if no bile is found, bleed-

ing may still be present in the duodenum. Although

melena almost uniformly represents bleeding proximal

to the colon, in elderly patients with hematochezia in

the absence of hematemesis, documentation of an upper

gastrointestinal source is critical. When there is active

gastrointestinal blood loss (unstable vital signs) and

hematochezia, urgent upper endoscopy should be per-

formed when bile is not found on NG aspirate, because a

duodenal ulcer could be present. When the patient pres-

ents with hematemesis or gross melena with stable vitals

signs, NG aspiration is not mandatory, because the site

of bleeding is known. If there is concern about active

bleeding, which may in¯uence the timing of endoscopy,

NG aspiration to sample for fresh blood is reasonable.

Routine use of nasogastric lavage prior to upper endo-

scopy is unnecessary, because standard NG tubes can-

not adequately clear the stomach of blood and clots; a

large-bore tube (Edlich tube) is required in this setting.

Generally, even with active bleeding and blood clots in

the stomach, the bleeding source can be accurately iden-

ti®ed and endoscopically treated at the time of

endoscopy.
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RISK ASSESSMENT

When initially evaluating the patient, outcome is intu-

itively assessed. For example, it is recognized that the

major risk factor impacting the outcome of UGIB is
uncontrolled and/or recurrent hemorrhage. Both clini-

cal and endoscopic features help predict recurrent hem-

orrhage and poor outcome. Identi®cation of these

patients is how early endoscopic examination and en-

doscopic therapy will have the most bene®cial impact.
A number of clinical factors have been examined for

their predictive value for risk of recurrent hemorrhage.

These include age greater than 65 years, gender, alcohol

or tobacco use, preexisting liver disease, renal disease,
vascular malformations, anticoagulant use, unstable

vital signs (tachycardia, orthostasis, shock), ongoing

bleeding (hemoglobin 59 g/dl), and blood urea nitro-

gen (BUN) concentration 490 mg/dl. However, when

controlling for these variables, independent predictors

include unstable vital signs (tachycardia, orthostasis,

shock) and clinical evidence of ongoing blood loss.

When combining these factors in a scoring system,

more than 90% of patients who require intervention
can be identi®ed, which generally will include endo-

scopic therapy. Conversely, it is now recognized that

patients without these clinical features are at low risk for

recurrent bleeding and may be managed with less

urgency.
All patients with gastrointestinal bleeding require

neither intensive care unit (ICU) stay nor even hospital

admission. Factors that may prompt admission for

ICU monitoring include active bleeding, hypotension,
coagulopathy, altered mental status, and comorbid con-

ditions, especially in elderly patients. Nevertheless,

clinical judgment should guide the need for observation

in an intensive care unit. Emerging data suggest that

clinical features alone may predict which patients

require hospitalization for bleeding.
Most studies have combined both clinical and en-

doscopic features to assess risk for recurrent bleeding,

poor outcome, and need for hospitalization. Rockhall

and colleagues developed one of the best-studied scor-
ing systems. This investigation found that age, vital

signs, comorbidity, source of hemorrhage, and endo-

scopic stigmata could be used to classify low risk and

thus eligibility for outpatient care. In this study, patients

without these features had no mortality at short-term

followup. Other investigators have used similar combi-

nations of clinical and endoscopic features to show that

early discharge or even discharge following endoscopy

is both safe and cost effective. One study used well-
de®ned criteria for low-risk discharged patients meeting

these criteria after endoscopy in the emergency room.

Followup demonstrated a low risk for recurrent bleed-
ing (less than 5%) with 0% mortality.

Endoscopic features have been well established as
predictors for recurrent gastrointestinal bleeding. These
features have primarily been studied in peptic ulcer
hemorrhage but are likely applicable to other
nonvariceal causes. Although studies have suggested
that large ulcers, ulcers high on the lesser curvature,
and posterior duodenal ulcers have the highest risk of
rebleeding, it is now recognized that endoscopic fea-
tures of the lesionÐso-called stigmata of hemor-
rhageÐare the most important (Table I; Figs. 2ÿ6).
These stigmata have been repeatedly shown to predict
accurately the risk of recurrent bleeding, the need for
surgery, and mortality. The rebleeding rate for clots
overlying an ulcer is variable among studies, and
these differences are likely related to the fact that the
blood clot may obscure underlying stigmata such as a
visible vessel.

TABLE I Prevalence and Outcome of Stigmata of

Hemorrhage in Bleeding Ulcers

Endoscopic stigmata Prevalence (%) Rebleeding rate (%)

Spurting 10 80

Visible vessel 20 50

Clot 20 15

Flat spots 15 5

Clean base 30 5

FIGURE 2 Clean-based ulcer in the peripyloric area.
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Over the past several decades, despite the ef®cacy of
endoscopic therapy, the mortality rate for UGIB has
remained relatively stable at approximately 5ÿ10%. It
is felt that this rate has not fallen because elderly pa-
tients, who are more likely to die, comprise a larger
proportion of the bleeding population. It is recognized
that age greater than 60 years increases the risk of death
for UGIB by approximately 10-fold. Patients who have
substantial bleeding while hospitalized have mortality
rates of approximately 30%, likely due to the signi®cant
comorbidity requiring hospitalization. Regardless of
the group, patients with UGIB rarely die from blood
loss, but rather bleeding exacerbates any underlying
comorbidities.

In summary, current evidence strongly supports the
use of both clinical and endoscopic features to predict
recurrent bleeding and outcome. When these features
are combined, it is possible to determine not only if
patients require more careful monitoring such as in
an ICU, but also if patients require hospital admission.

ENDOSCOPIC HEMOSTASIS

A randomized trial of 100 patients with UGIB compar-
ing routine endoscopy to upper gastrointestinal barium
study in 1981 showed no difference in hospital stay,
rebleeding rate, and mortality. This result is not sur-
prising given the fact that, at that time, endoscopy re-
presented a diagnostic tool alone. Subsequently, Laine
prospectively randomized patients with bleeding peptic
ulcers and high-risk stigmata to endoscopic therapy
using a thermal probe or sham endoscopic therapy.
This study demonstrated an improved outcome in the
treated group with greater hemostasis (90% of treated
patients compared to 13%), lower transfusion require-
ments, less urgent surgery, and a shorter hospital stay.
Mortality was unchanged, perhaps because death is an

FIGURE 3 Linear ulcer in the gastric body; note ¯at black

spots.

FIGURE 4 Large clot overlying a deep ulcer on the lesser

curvature.

FIGURE 5 Nipplelike projection (visible vessel) from a small

ulcer in the gastric body.
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uncommon event in UGIB. Since this seminal study was
undertaken, numerous trials evaluating peptic ulcer,
MalloryÿWeiss tear, and esophageal variceal bleeding
have shown the ef®cacy of endoscopic therapy in con-
trolling bleeding, reducing the need for emergent sur-
gery, and preventing rebleeding. Using meta-analysis,
Cook and colleagues also showed that not only will
endoscopic therapy decrease rebleeding, but also
mortality in bleeding peptic ulcers.

Endoscopic Hemostatic Methods

A variety of endoscopic techniques have been devel-
oped and tested for the control of gastrointestinal bleed-
ing, principally from peptic ulcer. Broadly, these can be
categorized as thermal, injection, and mechanical tech-
niques. The most widely tested and currently utilized
techniques are the thermal methods. A 7 or 10 French
probe placed through the endoscope channel delivering
heat energy to the bleeding point has been found to be
highly effective. One probe uses electrical energy to
deliver heat at over 200�F to the tip of the probe (heater
probe). The other method uses bipolar current that
passes through the tip of the probe to generate heat.
Thermal methods deliver heat to the bleeding vessel,
which seals the defect in the arterial wall (coaptive
coagulation), thus controlling active bleeding and
preventing rebleeding. The depth of tissue injury for
these thermal methods is shallow and thus perforation
is rare. Noncontact devices include the argon and

neodymium : yttrium aluminum garnet (Nd : YAG) crys-
tal laser. Although effective, the YAG laser has fallen out
of favor because of its cost, dif®cult and cumbersome
use, and higher perforation rate. More recently, argon
plasma coagulation has been utilized and is effective to
ablate super®cial lesions such as vascular ectasias
(Fig. 7). This device works by passing Argon gas
from the end of the probe, which becomes ignited, re-
sulting in super®cial tissue coagulation. Depending on
the power setting, the depth of injury is also shallow and
risk of perforation very small.

The technique of injection therapy is widely avail-
able, easy to perform, and ef®cacious. A variety of agents
have been used, most frequently a dilute concentration
(1:10,000) of epinephrine. It is felt that epinephrine re-
sults in both vasoconstriction and vessel occlusion (tam-
ponade) by the ¯uid bolus. Injection of saline alone,
however, does not appear as effective as epinephrine.
Other tested agents include those causing tissue necrosis
or ®xation (ethanol, polidocanol, sodium tetradecyl-
sulfate, ethanolamine) and clot formation (thrombin).
Using a standard sclerotherapy needle, the technique
involves injection of aliquots of 1ÿ2 ml of dilute epi-
nephrine (maximum 20 ml), or 0.1ÿ0.2 ml (total vol-
ume 2 ml) of these sclerosing agents, because the
sclerosing agents result in greater tissue injury and
have a higher perforation rate. One large trial found
thrombin to be effective and to have a low complication
rate. This was given in doses of 61,000 international
units (IU). Injection of cyanoacrylate glue, which is
not available in the United States, has been used in

FIGURE 7 Small spiderweb-like lesion in the second

duodenum, typical for a vascular ectasia.

FIGURE 6 Small ulcer in the gastric body; note active arterial

spurting.
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European trials, but multiple endoscopy sessions may be
required.

The most common mechanical technique employed
is the endoscopic mucosal clip (hemoclip). Although
best tested for use in peptic ulcer bleeding, these clips
can also be used for MalloryÿWeiss tears. One recent
trial comparing a heater probe to a clipping device
suggested superior ef®cacy for clips. Nevertheless, in
the United States, thermal and injection therapies re-
main the standard of care.

EFFICACY OF ENDOSCOPY THERAPY

Numerous trials have compared each of these therapies
either to placebo (medication), other endoscopic tech-
niques, or in combination. Generally, endoscopic ther-
apy is administered to patients with actively bleeding
ulcers or with high-risk stigmata, including visible ves-
sels. Although not as widely studied, these therapies are
effective for other mucosal lesions, including esopha-
geal ulcers and MalloryÿWeiss tears. Generally, these
techniques have been shown to reduce the rate of re-
current bleeding to less than 20%, although a substantial
effect on mortality has rarely been shown. Several
trials have used combination therapy with epinephrine
injection followed by thermal therapy and suggest
superiority of the combination method.

MANAGEMENT OF ACUTE
VARICEAL BLEEDING

Prompt recognition of the patient at risk for portal hy-
pertension-related bleeding is critical because of the
higher morbidity and mortality of these patients, cou-
pled with the fact that speci®c endoscopic therapy is
required and selected pharmacological therapies are
bene®cial. Approximately 35ÿ80% of patients with cir-
rhosis may develop varices, usually esophageal, with a
much smaller percentage developing gastric varices.
The patient who should be considered at risk for variceal
bleeding is one who presents with stigmata of chronic
liver disease (jaundice, cutaneous stigmata of chronic
liver disease, ascites). Additional laboratory clues may
include hypoprothrombinemia, thrombocytopenia,
jaundice, and hypoalbuminemia. In the patient consid-
ered at risk by history, physical examination, and lab-
oratory studies, pharmacologic therapy can be initiated
prior to endoscopic therapy with octreotide, a synthetic
long-acting analogue of somatostatin. This agent has
essentially replaced the combination of vasopressin
and nitrates, given their higher complications as well
as superior ef®cacy of octreotide. Endoscopic therapy

for esophageal varices includes sclerotherapy or, more
recently, esophageal banding. This latter technique in-
volves the endoscopic delivery of ringlike elastic bands
that are placed directly on varices. Trials comparing
sclerotherapy to variceal banding have shown improved
ef®cacy in preventing rebleeding as well as a reduction
in complication rates with banding. Active bleeding
from gastric varices can be treated endoscopically, al-
though this is not a long-term option and surgical ther-
apy or transjugular intrahepatic portosystemic shunt
(TIPS) therapy will be required. Transplantation is an-
other potential option in the appropriate candidate. For
the patient with acute variceal bleeding, antibiotic pro-
phylaxis with a quinolone for 7 days has also been rec-
ommended because this decreases overall infection
rates, including spontaneous bacterial peritonitis.

RECURRENT BLEEDING

Despite the ef®cacy of endoscopic therapies, bleeding
still recurs in 15ÿ20% of patients (range 5ÿ35%) treated
endoscopically with spurting vessels, and bleeding and
nonbleeding visible vessels. Rebleeding from esophageal
varices also remains a problem, although less so since the
introduction of banding. The mortality in these groups
remains substantial at 10% or greater. Patients with
rebleeding can be treated with repeat endoscopic
therapy, angiographic embolization, or surgery.

Repeat Endoscopic Therapy

There has been one prospective randomized trial
comparing repeat endoscopic therapy to surgery for
patients rebleeding from peptic ulcer. Repeat endo-
scopic therapy was successful in 73% of patients, and
the overall complication rate was twice as high in the
surgery group. Nevertheless, length of hospital stay,
transfusion requirements, and mortality were no differ-
ent. Given the data from this well-done study, an at-
tempt at repeat endoscopic therapy should be
performed prior to surgical therapy for patients with
ulcer-related rebleeding. Although not studied, it is
likely that other nonvariceal causes of rebleeding can
be similarly managed, such as MalloryÿWeiss tear. In
the high-risk bleeder, some have performed `̀ second
look'' endoscopies in the hopes of retreating endoscop-
ically persistent high-risk lesions, thereby reducing re-
current bleeding. The data for this have been mixed and
no ®rm recommendation can be made.

Angiographic Therapy

Angiography can be used initially in the patient with
UGIB to identify the site of bleeding when endoscopy
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cannot be performed or when the bleeding source can-
not be identi®ed due to massive bleeding. To demon-
strate extravasation, active bleeding at approximately
1 ml/minute must be present. If active arterial bleeding
is identi®ed, selective placement of coils or foam pled-
gets into the artery is performed. When the site of bleed-
ing is known but bleeding is intermittent, empiric
embolization of the appropriate arterial source is an
option. In the past, selective infusion of arterial vaso-
pressin was utilized. However, the systemic effects of
widespread vasoconstriction may be complicated by
myocardial infarction and arrhythmias. The success
of embolization is approximately 80%, with a low com-
plication rate, including perforation.

Surgical Therapy

Many studies have shown that surgery is required for
recurrent bleeding in approximately 5ÿ10% of patients
with ulcer-related bleeding. The precise timing of sur-
gery for patients with recurrent bleeding is not well
established. Although successful in halting bleeding,
the complication rate with surgery is high and mortality
rates of over 20% have been reported. Unfortunately, it
is often the elderly patients with comorbidity who fail
endoscopic therapy, and they are poor surgical candi-
dates. The type of surgery undertaken will depend on
the location of the lesion and the experience of the
surgeon. Generally, in the high-risk patient, angio-
graphic embolization can be attempted ®rst; if unsuc-
cessful, surgical therapy can then be undertaken.

Medical Therapy

Although antacid therapy has been routinely pre-
scribed for UGIB for many years, large trials of over
1000 patients have failed to demonstrate ef®cacy of
histamine-2 (H2) receptor blockers over placebo. A
large meta-analysis did suggest a decrease in surgery
and death, however. Despite these discouraging results
with these agents, antacid therapy has some scienti®c
rationale. In vitro, the combination of blood and acid at a
pH less than 5 results in coagulopathy, with reduction in
platelet aggregation and ®brin formation. These abnor-
malities were not seen when the pH was greater than 6.

With the availability of potent acid-suppressing
agents (proton pump inhibitors), enthusiasm for acid
reduction in the setting of bleeding has been rekindled.
These agents could theoretically be effective, given their
ef®cacy is raising gastric pH. Several studies from
Europe have shown that a continuous infusion of
omeprazole in bleeding peptic ulcer decreases rebleed-
ing rates. The use of high-dose oral therapy was shown
to be effective in one study, and there appears to be

additional ef®cacy for the use of omeprazole following
endoscopic therapy.

Although widely used for the therapy of variceal
hemorrhage, some data suggest that intravenous so-
matostatin and octreotide also have bene®t for ulcer-
related bleeding. A recent meta-analysis suggested a
reduction in continued or recurrent bleeding; however,
given the ef®cacy of endoscopic therapies, perhaps com-
bined with oral omeprazole, these agents should rarely
be given.

POSTTHERAPY FOLLOWUP

Immediate

Assuming endoscopic therapy has been performed
successfully or the patient does not require endoscopic
therapy at the time of endoscopy, the intensity of
subsequent monitoring for rebleeding is dependent
on the likelihood of rebleeding and the overall health
status of the patient. Elderly patients with comorbidity
with ulcer-related bleeding requiring endoscopic hemo-
stasis may require additional ICU observation, whereas
a younger healthy patient with a MalloryÿWeiss tear
treated endoscopically could be managed on a ward and
considered for early discharge (within 24 hours of en-
doscopy). Monitoring should include not only frequent
vital signs and hematocrit, but also a careful recording of
stool frequency and color as important clues to recur-
rent bleeding. Generally, ulcer-related rebleeding
occurs approximately 24ÿ72 hours after initial
stabilization. For the patient considered at low risk
for recurrent bleeding, the diet can be liberalized and
early discharge planned, assuming there is adequate
home support. If repeat endoscopy is either planned
or felt likely because of high-risk stigmata, a completely
liquid diet is appropriate for the ®rst 24 hours after
endoscopic therapy. Hospital discharge is appropriate
48ÿ72 hours after endoscopic therapy in the elderly
patient.

Curing the Ulcer Disease

Prior to awareness of the role of H. pylori in the
pathogenesis of peptic ulcer, long-term strategies fol-
lowing ulcer hemorrhage consisted of maintenance ant-
acid therapy to prevent recurrent ulceration and thus
bleeding. In a study by Jensen and colleagues, the use of
maintenance ranitidine (150 mg/day) decreased the re-
currence rate of duodenal ulcer bleeding over 1 year
from 36 to 9%. Given their additional potency, it is likely
that long-term therapy with proton pump inhibitor
therapy would be even more effective. No differences
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have been shown in ulcer healing between bleeding and
nonbleeding ulcers.

Determination of H. pylori status during the hospi-
talization is mandatory for patients with bleeding ulcer.
Biopsy of the gastric antrum for urease testing [with a kit
using the Campylobacter-like organism (CLO) test] can
be performed at the time of endoscopy, although the
sensitivity has been found to be less in this setting,
perhaps due to interference from blood. Random biop-
sies can be obtained for gastric histology, particularly if
neoplasm needs to be excluded and assessment for
H. pylori performed. Stool antigen tests are another al-
ternative. To ensure an accurate diagnosis, combination
testing with more than one method is suggested. Nu-
merous studies have now demonstrated that successful
eradication of H. pylori effectively cures peptic ulcer
disease. For patients with bleeding ulcer, this is trans-
lated into decreased ulcer and hemorrhage risk. Indeed,
most studies suggest that the bleeding rate following
successful eradication is less than 5%. Given this
striking success, it is critical to verify the eradication
of H. pylori either with a urea breath test, repeat endo-
scopy and biopsy, or stool antigen testing. If H. pylori is
successfully eradicated and the patient does not require
NSAID therapy, long-term acid suppression is not gen-
erally required.

ROLE OF NSAID THERAPY

For patients in whom NSAIDs are believed causative,
proscribing these medications should be done if at all
possible. If NSAIDs can be discontinued, standard ant-
acid therapy will heal the lesions. If NSAIDs must be
continued, antacid therapy with a proton pump inhib-
itor given for 12 weeks is indicated to heal the ulcer.
Prospective studies have shown the superiority of
omeprazole in standard doses compared to H2 receptor
antagonists and misoprostol for the healing of NSAID-
related ulcers despite continued NSAID use.

Patients who require long-term conventional NSAID
therapy will require cotherapy. In a study randomizing
over 700 patients with healed NSAID-related gastric or
duodenal ulcers, but who required continued NSAIDs,
to omeprazole (20 mg/day), misoprostol (200 mg BID),
or placebo, the ulcer remission rates were 61, 48, and
27% at 24 weeks, respectively. Although this study
clearly documented the superiority of omeprazole, it
should be recognized that almost 40% of patients had
ulcer relapse, which is unacceptable.

Another strategy that could be employed is the use of
cyclooxygenase-2 inhibitors (COX-2). A study compar-
ing the COX-2 agent celecoxib to diclofenac plus
omeprazole in patients with NSAID-related ulcer bleed-

ing found an equivalent rate of recurrent bleeding at
6 months of 4.9 vs 6.4%, respectively. These results
suggest that in high risk patients, a COX-2 agent
alone may need to be given with a proton pump inhib-
itor to further reduce bleeding risk. Ongoing studies
should address this important question.

The use of even low-dose aspirin increases the risk of
peptic ulcer bleeding. The relative risk of even low-dose
aspirin (81 mg) has been shown to be greater than 2. The
risk is higher with increasing aspirin dose, given the
doseÿresponse relationship. Therefore, in the patient
with a bleeding ulcer who requires long-term low-dose
aspirin, cotherapy with a proton pump inhibitor should
be provided.

There are some data suggesting that H. pylori erad-
ication may reduce the ulcer recurrence rate despite
continued NSAID use. Chan and colleagues compared
maintenance omeprazole to H. pylori eradication in pa-
tients with bleeding ulcers who required continued as-
pirin or naproxyn therapy. In patients requiring
naproxyn, they found the incidence of recurrent ulcer
was lower in patients receiving omeprazole (4%) than in
those undergoing H. pylori eradication alone (19%). In
contrast, the recurrent hemorrhage rate was equivalent
for patients receiving aspirin and omeprazole and for
patients receiving aspirin and H. pylori eradication with-
out omeprazole.

SUMMARY

UGIB remains a common and important medical con-
dition. Great strides have been made in the past decade
in the development of endoscopic hemostatic tech-
niques that have signi®cantly impacted our ability to
control and prevent rebleeding. The use of potent anti-
acid therapy, including intravenous proton pump inhib-
itors, may additionally improve the outcome of bleeding
peptic ulcer. Prompt recognition of the patient with
UGIB will ensure timely endoscopic evaluation, provid-
ing not only a diagnosis, but also the opportunity for
endoscopic therapy and triage. Patients with low-risk
lesions at endoscopy can be managed with earlier hos-
pital discharge assuming there is no signi®cant
comorbidity.
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Upper Gastrointestinal Endoscopy
J. BARRY O'CONNOR

Duke University Medical Center

achalasia Motility disorder of the esophagus in which (1) the

lower esophageal sphincter does not adequately open

during swallowing and (2) the contractions in the

esophagus are not coordinated.

angularis Sharp angulation in the lesser curvature of the

normal J-shaped stomach.

antrum Distal or lower portion of the stomach.

benzodiazepines Class of medications with sedating and

amnestic effects.

biopsy Small tissue sample taken during endoscopy.

botulinum toxin (Botox) Neurotoxin used to relax muscle

tissue.

bougie Flexible device used to dilate or stretch a narrowed

segment of intestine.

cardia Upper part of the stomach just below the esophagus.

cautery Procedure that delivers heat to body tissue to

destroy it.

conscious sedation Sedation to the point of diminished

consciousness but not unconsciousness.

duodenum Portion of the small intestine just beyond the

stomach.

dysphagia Dif®culty swallowing (food becomes stuck or held

up in the chest during swallowing).

endoscope Tubular ¯exible instrument used to look into the

intestine.

epigastric Location in the central upper abdomen.

®brosis Thickening and hardening of the tissues from

chronic irritation or injury.

¯uoroscopy Real-time X-ray machine used in the setting of

endoscopy to monitor the position of therapeutic devices

such as balloon or bougies.

fundus Proximal portion of the stomach.

guide-wire Long ¯exible wire used during endoscopy to

guide instruments into correct position.

hemostasis Control of bleeding.

hypotension Abnormally low blood pressure.

lower esophageal sphincter Muscular valve at the lower end

of the esophagus, at the junction with the stomach.

MalloryÿWeiss tear Traumatic tear of the lining of the lower

esophagus or upper stomach, often caused by vomiting.

mucosa Surface lining of the intestine.

odynophagia Painful sensation during swallowing.

palliation Relief of symptoms without curative intent.

pylorus Opening that leads from the stomach to the

duodenum.

retro¯exing Positioning of the tip of the endoscope so that it

is turned around 180 � to provide a backward view.

savary dilator Flexible polyvinyl dilator with a central guide-

wire lumen. Used to dilate esophageal strictures.

sclerosant Agent (usually liquid) that, when injected, causes

thickening and ®brosis in tissue. Used in upper

gastrointestinal endoscopy to control bleeding from a

vessel.

squamous Normal multilayered mucosa (seen in the

esophagus).

stent Hollow tubular device deployed in a stenosed area of

bowel in order to widen the lumen diameter.

stricture/stenosis Narrowed portion of the intestine.

upper esophageal sphincter Muscular valve at the upper end

of the esophagus.

vasoconstriction Narrowing of a blood vessel (usually a

bleeding vessel).

Upper gastrointestinal endoscopy (EGD) is the science of

direct examination of the esophagus, stomach, and duo-

denum, using an endoscope, a ¯exible tube containing a

light source and high-resolution optics. When connected

to a monitor, an endoscope displays real-time images of

the inner lining of the upper GI tract. Upper GI endoscopy

may be diagnostic or therapeutic. In diagnostic endo-

scopy, the bowel lining is visualized but no treatment

is undertaken. In therapeutic endoscopy, instruments

are passed through the scope to destroy or remove tissue

or deliver therapy to diseased tissue.

TYPES OF UPPER
GASTROINTESTINAL ENDOSCOPES

Most modern upper gastrointestinal (GI) endoscopes
are ¯exible, allowing passage through the normal
turns in the human GI tract. Upper GI endoscopes
are classi®ed by external diameter and by the number
and size of the working channels. Larger working chan-
nels allow passage of larger instruments used to treat
bleeding and remove tissue. A detailed description of
the components of endoscopes is beyond the scope of
this article. Brie¯y, endoscopes are long ¯exible tubes
with a light source, lens, and display monitor. The han-
dle of the scope has buttons that enable air and water
instillation and dial controls that direct the tip of
the scope through the bowel. There are one or more
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channels that run the length of the scope. These are used
to aspirate ¯uid from the bowel, to push ¯uid through
the scope to wash the mucosal surface, and to pass
therapeutic instruments through.

PERFORMING UPPER
GASTROINTESTINAL ENDOSCOPY

Preparation for Endoscopy

Patients must be fasting from the previous night to
ensure that the upper intestine is empty. A physical
examination is performed to ensure patient suitability
for sedation and endoscopy. Informed consent is
obtained.

Sedation for Upper Endoscopy

In the United States, most patients are sedated for
gastrointestinal endoscopy procedures. Conscious se-
dation is usually achieved using benzodiazepines
(e.g., midazolam, diazepam) and narcotic analgesics
(e.g., fentanyl, meperidine) given intravenously, the
dose being titrated to the desired level of sedation. Se-
dation is begun immediately before the endoscopic ex-
amination and additional doses of sedative medications
may be given during the procedure as needed. Patient
safety is an important part of satisfactory performance of
upper GI endoscopy. During and after the procedure,
the patient's pulse, blood pressure, electrocardiogram
(EKG), and oxygen saturation are monitored continu-
ously. After the procedure, the sedation effect gradually
wears off such that most patients may be safely dis-
charged from the endoscopy unit within 1 h after
completion of their endoscopy.

Upper GI endoscopy may be performed without se-
dation, as is frequently the case in Europe. However,
because of the relatively large diameter of the standard
diagnostic upper endoscope, unsedated upper endo-
scopy may be somewhat uncomfortable and will not be
tolerated by all patients. Recently, an ultrathin upper
endoscope was introduced in the United States. It may
be used to examine the upper GI tract without sedation.
This scope may be introduced into the upper GI tract
either via the mouth or more commonly via the nose. In
most cases, the transnasal route is preferred because
during transoral passage, pressure from the scope on
base of the tongue induces a gag re¯ex, making the
procedure uncomfortable. Anxious patients are less
likely to tolerate an unsedated procedure. However,
in properly selected patients the upper endoscopy can
be completed safely and comfortably with an ultrathin
scope using this technique. In rare occurrences, it is not

possible to adequately sedate a patient using stan-
dard conscious sedation agents. In that case, gen-
eral anesthesia can be administered by appropriate
personnel.

Risks of Upper Gastrointestinal Endoscopy

Upper endoscopy is generally considered a safe pro-
cedure. Complications are very uncommon. The
commonest serious risk of endoscopy relates not to
the endoscopy procedure itself but rather to the con-
scious sedation administered for it. The most common
unwanted side effects of sedation are respiratory
depression and hypotension. Side effects are more likely
to occur in the elderly and in patients with coexisting
medical problems. However, with judicious dosing of
sedatives and continuous careful monitoring of pulse
blood pressure, EKG, and oxygen saturation during the
procedure, upper endoscopy can be performed safely
in most patients. Other risks of endoscopy are very
uncommon and relate to injury from the scope itself,
including perforation of the bowel and bleeding. Bleed-
ing is usually minor and controllable by endoscopic
techniques such as cautery and injection of vasocon-
stricting agents. Frank bowel perforation, though
very uncommon, usually requires immediate surgical
intervention.

Depending on the intent of the procedure, upper GI
endoscopy can be categorized as diagnostic or therapeu-
tic. In diagnostic endoscopy, the aim is to visualize the
bowel and if necessary take small mucosal tissue sam-
ples (biopsies). In therapeutic endoscopy, active inter-
ventions, such as dilating a narrowed segment, placing
a stent, or controlling bleeding, are conducted.

Indications for Upper
Gastrointestinal Endoscopy

A complete description of the medical aspects of all
diseases evaluated and treated by upper GI endoscopy is
beyond the scope of this article. Broadly, the indications
for EGD are to diagnose and treat esophageal, gastric,
and duodenal diseases. Esophageal diseases include gas-
troesophageal re¯ux disease, achalasia, and evaluation
for potential injury of the esophagus from medications
or toxins. Premalignant conditions of the esophagus,
such as Barrett's esophagus, may be monitored endo-
scopically at intervals. Epigastric pain is among the
commonest indications for diagnostic upper endo-
scopy. Disease processes in the stomach that may
cause epigastric pain include gastric ulcers and gastric
cancer. Persistent vomiting and vomiting of blood also
require evaluation by EGD. Similarly, ulcers are among
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the commonest pathologies found in the duodenum
during upper endoscopy.

The Technique of Diagnostic Upper
Gastrointestinal Endoscopy

The anatomic areas visualized by upper GI endo-
scopy include the esophagus, the stomach, and the
proximal part of the duodenum (Fig. 1). Transient
views obtained during passage of the scope through
the mouth and pharynx (or nose and nasopharynx in
the case of transnasal endoscopy) should not be consid-
ered a substitute for a thorough evaluation by an
otorhinolaryngologist.

Patient Position

The patient is placed lying on his or her left side. The
nurse stands near the head of the bed, monitoring the
patient and suctioning excess ¯uid from the mouth. The
endoscopist stands at the side of the bed facing the pa-
tient. A plastic bite block is placed between the patient's
upper and lower teeth to protect the teeth and prevent
the patient from biting the scope.

The patient is usually sedated before the scope is
introduced. The scope is introduced into the upper
esophagus via the oral or nasal route. The oral route
is the most common. In the case of transoral upper
endoscopy, the scope passes through the bite block
and between the tongue and the palate. Once the
scope reaches the back of the tongue, the tip is angulated
approximately 90� so that it dips down into the pharynx.
Using gentle pressure, the scope is advanced close to the
posterior wall of the pharynx, until the upper esopha-
geal sphincter (UES) is reached. At this time, the tip of
the scope is opposed to the mucosa, limiting visualiza-
tion. Gentle pressure is applied to the scope, pressing it
against the UES. This pressure is sensed by the patient as
an urge to swallow. Once the patient swallows, the UES
opens, allowing passage of the scope into the upper
esophagus. Patience is required during passage through
the UES. If too much pressure is applied, perforation is
risked. In some cases, the sedated patient is slow to
swallow. Techniques to encourage passage of the
scope through the upper esophageal sphincter include
¯exing the patient's neck gently forward and verbally
encouraging the patient to swallow. With patience, the
scope can be passed in almost every case. Occasionally, a
large-diameter scope will not pass through this area. In
that case, a smaller-diameter scope will usually traverse
without problem. Once the scope is in the esophagus, it
is gently pushed forward under direct visualization. Ex-
amination of the upper intestinal lining is performed

during scope insertion or withdrawal, or both, at the
discretion of the endoscopist.

Examination of the Esophagus

The mucosa (lining) of the esophagus is examined
by direct visualization. The mucosa is smooth and has a
gray color (Fig. 2). The scope is gently pushed slowly
down the esophagus. Contractions of the esophagus
may occur during examination, causing apposition of
the walls and limited visualization. In that case, the
endoscopist simply waits for the contraction to pass
before resuming the examination. Air is instilled into
the lumen of the esophagus to expand it, thus keeping it
open to improve visualization. The location of

FIGURE 1 Representation of upper GI tract.

FIGURE 2 Endoscopic photograph of the normal esophagus.
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anatomical landmarks within the upper intestine varies
with patient size, particularly his or her height. In the
average adult male, the upper esophageal sphincter is
located 20 cm from the incisor teeth. The esophagus is
approximately 20 cm long so the lower esophageal
sphincter (LES) is located approximately 40 cm from
the incisors. The muscular LES is not directly visible
endoscopically, because of its location beneath the mu-
cosa. The endoscopist will know she has reached the
junction of the esophagus and the stomach when the
esophageal lumen narrows and the lining changes ap-
pearance. The esophagus is lined with squamous mu-
cosa, which has a grayish appearance. The stomach is
lined by columnar mucosa, which has a salmon-colored
appearance. The junction between the normal esopha-
geal mucosa and the gastric mucosa is known as the
squamocolumnar junction. In normal individuals, the
squamocolumnar junction is located near the LES.
There are two other important anatomical landmarks
in this area. The ®rst is the true gastroesophageal junc-
tion. This junction is determined by locating the prox-
imal end of the normal gastric folds. In most patients, it
is located in the same place as the squamocolumnar
junction. Normally the esophagus passes through a hi-
atus in the diaphragm. At this point, the diaphragm
abuts the gastroesophageal junction. In some cases,
the abutment creates an impression on the bowel
lumen that is visible endoscopically from inside. In
patients with a hiatal hernia, this indentation is often
seen in the proximal stomach.

Examination of the Stomach

Once the scope passes through the gastroesophageal
(GE) junction, it enters the stomach. The stomach is
divided into several parts. The most proximal part
located just below the GE junction is the cardia. This
is best visualized by turning the tip of the scope 180�, in
a maneuver known as retro¯exing (Fig. 3). The body of
the stomach has a wide lumen. Gastric folds extend from
the cardia down through the body and become less
prominent or disappear as the lower stomach (antrum)
is entered. The stomach is usually J-shaped. This shape
has two implications for upper endoscopy. First, the
shape causes acute angulation of the stomach on the
lesser curvature, at a point known as the angularis.
This location must be examined carefully as this is a
`̀ blind spot'' and ®ndings here may be missed on cursory
examination. Second, as the scope is advanced through
the stomach, its J-shape causes the scope to become
bowed against the greater curvature of the stomach,
thus stretching the stomach. Excessive stretching at
this point may cause the patient discomfort, sometimes
to the point of inducing undesirable retching or

vomiting. To avoid this problem, the scope should be
advanced slowly. The gastric antrum is recognized by its
smooth, ¯at mucosa. In the distal portion of the antrum,
there is an opening that leads into the duodenum. This is
the pylorus. To pass the scope beyond the stomach into
the duodenum, it is advanced gently until the scope tip is
opposed to the pyloric opening. Gentle pressure is
maintained, while the scope tip is maneuvered to
keep it in line with the pylorus. The scope tip then passes
into the duodenum.

Examination of the Duodenum

The ®rst part of the duodenum (bulb) is recognized
by its location immediately beyond the pylorus and by
its ¯at, smooth lining. The junction between the bulb
and the second portion of duodenum is angulated, re-
quiring maneuvering of the scope to advance further. In
most cases, the second portion of the duodenum is
reached by advancing the scope to the end of the
bulb, torquing (twisting) the scope clockwise, and de-
¯ecting the tip of the scope upward. This maneuver
creates a 90� turn clockwise and the second portion
of the duodenum is entered. There is a partially blind
area of mucosa here. The second portion of the duode-
num has prominent folds that extend most or all of the
way around the lumen (Fig. 4). The scope is advanced
further into the descending portion of the duodenum.
The scope may be further advanced to a variable extent.
This extent varies according to how much of the scope is

FIGURE 3 Endoscopic photograph of a retro¯exed view of a

normal stomach.
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looped or bowed in the stomach. In cases where there is
much looping in the stomach, there may be insuf®cient
scope length available to advance beyond the descend-
ing portion of the duodenum. Removing the gastric loop
may help. This maneuver is known is `̀ reducing.'' It is
achieved by slowly pulling the scope out in small incre-
ments. As this is done, the excess scope that was
previously bowed in the stomach moves away from
the greater curvature and becomes available and effec-
tively lengthens the available scope, causing the scope
tip to advance despite the fact that the endoscopist is
withdrawing the scope. This forward motion of the
scope tip during withdrawal of the scope is known as
paradoxical motion.

In most cases, detailed examination of the upper
intestine is performed during withdrawal of the
scope. Withdrawal from the duodenum must be done
slowly, because the gastric loop will become reduced in
size, causing the scope tip to rapidly pull back into the
stomach. Complete visualization of the stomach re-
quires adequate distension so that the gastric walls sep-
arate and the spaces between the gastric folds may be
seen. Some portions of the stomach, especially the prox-
imal parts, are best seen when the scope is in the
retro¯exed position. Air is removed by suction during
withdrawal of the scope. Upon completion of the pro-
cedure, there will be some air in the intestine. The pa-
tient is encouraged to belch and to pass gas per the
rectum to expel this air.

During diagnostic upper endoscopy, the endo-
scopist may wish to obtain a biopsy (small sample of
the bowel lining) of the mucosa. In that case, a ¯exible
wire with a small forceps at its tip is advanced through
the working (biopsy) channel of the scope. When the
end of the forceps is seen coming out of the scope tip, the
forceps are directed to the desired part of the mucosa via
a combination of advancing the forceps within the scope
channel and de¯ecting the tip of the scope. Once the
forceps are near the correct part of the mucosa, the jaws
of the forceps are opened by the endoscopy assistant, by
activating a lever in the handle. The open jaws of the
forceps are advanced into the mucosa, pressing against it
slightly so that a portion of mucosa lies between the
jaws. The jaws of the forceps are then closed by the
assistant, under instructions from the endoscopist.
This traps a small part of the mucosa in the forceps.
The tip of the forceps is quickly pulled back into the
channel, thus removing a small portion of mucosa. The
forceps are completely withdrawn from the biopsy
channel and the tissue is retrieved from the jaws and
sent for analysis.

Recovery after Endoscopy

After the scope is withdrawn, the patient is sent to
the recovery area and the patient's pulse, blood pressure,
EKG, and oxygen saturation values are monitored for
approximately 45ÿ60 min. By that time, most of the
sedation effect will have worn off and the patient will
be ready for discharge from the endoscopy unit. Dis-
charge instructions are given and follow-up arrange-
ments are made.

The Technique of Therapeutic
Upper Endoscopy

In therapeutic upper endoscopy, the endoscopist
aims to change tissue structure or anatomy by apply-
ing one or more interventions during the EGD. Choice
of endoscope type is important when endoscopic ther-
apy is planned. If an instrument channel is going to be
in use for much of the therapeutic procedure, then the
endoscopist will choose a scope with two working
channels. One is used for the therapeutic instruments
and the other is available for suctioning ¯uid and/or
blood from the intestinal lumen or is used to ¯ush
water to wash the mucosa for better visibility. Newer
endoscopes are available with very large suction chan-
nels. This allows suctioning of large pieces of solid or
semisolid material from the mucosa (blood/food) to
better visualize the mucosa. In therapeutic upper en-
doscopy, the scope is advanced into the upper GI tract

FIGURE 4 Endoscopic photograph of a normal descending

duodenum.
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in a manner similar to that used in the diagnostic
procedure.

Common Conditions Requiring Therapeutic
Upper Endoscopy

Esophageal Stenosis (Stricture)

Esophageal stenoses may be benign or malignant.
Different endoscopic techniques are used to dilate these
two types of stenoses.

Benign strictures Benign esophageal stenoses
are most often caused by ®brosis of the tissues in the
lower esophagus as a result of chronic re¯ux of acid.
Less common causes include postoperative, caustic
(lye) injury, and pill esophagitis (medication-induced
injury to the esophagus). These stenoses cause dif®culty
swallowing foods (mainly solid foods). Endoscopy dem-
onstrates a narrowing of the esophagus, which in ad-
vanced cases may not allow passage of the endoscope
beyond the stricture. There are two principal endo-
scopic techniques for dilating benign strictures:
bougienage and balloon dilation.

Bougienage is dilation or stretching of the stricture
using a long ¯exible device tapered at one end. To per-
form bougienage, the endoscope is removed and ¯exible
dilators (bougies, French for candles) are guided into
the esophageal stricture. This may be done blindly with-
out a guiding system or by using a guide-wire and ¯uo-
roscopic monitoring. In the guide-wire technique, the
scope is advanced to the distal stomach. A ¯exible metal
guide-wire is placed through the working channel of the
scope. The scope is withdrawn while the wire is
maintained in place. At this point, the distal end of
the wire is in the lower stomach and the proximal
end is outside the patient's mouth. The bougie has a
central channel so that it is fed over the wire and man-
ually maneuvered into position. The position is moni-
tored using X rays (¯uoroscopy). The endoscopist will
begin dilation using a small-diameter dilator, inserting
and removing successively larger-diameter dilators
through the stricture until the required amount of
stretching is achieved. Dilation should be stopped if
the patient experiences undue discomfort or if excessive
resistance is felt during passage of the bougie.

Balloon dilation is performed with the scope tip in
the esophagus. In balloon dilation, a long catheter is
passed through the therapeutic channel of the scope.
The distal end of the catheter has a de¯ated, sausage-
shaped balloon on it. While the scope is kept in the
esophagus, the balloon is slowly in¯ated under direct
visualization in the region of the stricture, dilating it. To
achieve the desired diameter of dilation, the endoscopist
may use successively larger balloons. Variable-diameter

balloons are available. In this case, the diameter of di-
lation is determined by how much air pressure is used to
in¯ate the balloon. For benign esophageal strictures, the
results from dilation using the balloons and bougies are
approximately equal. The balloons have the theoretical
advantage of maximizing the dilating forces and mini-
mizing the shearing forces applied to the esophagus.
However, bougies are reusable and may therefore
have some cost advantages.

Malignant esophageal strictures Malignant
strictures of the esophagus are most often caused by
cancer of the lining of the esophagus itself or of the
gastroesophageal junction. The patient usually presents
with progressive dif®culty swallowing and weight loss.
When the endoscopic appearance suggests cancer, the
diagnosis is con®rmed with biopsies. When endoscopic
palliation is deemed appropriate, the aim is to widen the
esophageal lumen to allow as near normal swallowing as
possible. Endoscopic treatment may include standard
dilation with bougies or balloons as described above for
benign strictures. However, malignant strictures
restenose quickly, days or weeks after standard dilation.
To prevent restenosis, a stent may be placed at the site of
stricture. The most commonly used stent is the perma-
nent self-expanding metal stent. To place this stent, the
proximal and distal margins of the tumor are deter-
mined by endoscopic examination. A ¯exible catheter,
over which a ¯exible stent is tightly wound, is intro-
duced through the working channel of the scope to the
narrowed area. Under direct endoscopic vision and
X-ray guidance, the preloaded stent is opened. When
it opens, it self-expands to widen the diameter of the
esophagus at that point. Metal stents are considered
permanent and once inserted are dif®cult or impossible
to remove. In the event of recurrent narrowing, how-
ever, additional stents may be placed inside or adjacent
to the original stent.

Achalasia To facilitate normal swallowing, the
contractions in the body of the esophagus must be co-
ordinated and the LES must open (relax) to allow the
bolus of food to enter the stomach. Achalasia is a con-
dition in which the LES valve does not relax adequately
and the muscles of the main part of the esophagus do not
contract in a coordinated fashion. The result is progres-
sive problems swallowing both solid and liquid foods.
Since the lack of peristalsis in the body of the esophagus
cannot be reversed, the principal aim of therapy is to
dilate the lower esophageal sphincter. This can be
achieved endoscopically using two different techniques.
The ®rst is an injection of the neurotoxin Botox. The
endoscopist performs a standard upper endoscopy.
Then, using a needle on the tip of a catheter, 25 units
of Botox is injected into each of the four quadrants at the
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LES. This neurotoxin causes relaxation of the LES suf-
®cient to help swallowing. The principal limitation of
this treatment is that it lasts only approximately 9
months, thus requiring repeated treatments. Despite
this limitation, it has a role in the management of
older patients who have signi®cant co-morbid disease
and who might do poorly with riskier treatments.

The other endoscopic treatment for achalasia aims
to rupture some of the muscle ®bers in the LES, thus
dilating it and thereby improving swallowing. This tech-
nique is called pneumatic balloon dilation. To begin, the
upper GI tract is evaluated with a scope in the usual
manner. A ¯exible wire is inserted via the scope as de-
scribed in the therapeutic endoscopy section above. The
scope is then withdrawn while the wire remains in place.
A ¯exible catheter is placed over the wire under X-ray
guidance. A balloon located near the distal end of the
catheter is in¯ated and expands, stretching and ruptur-
ing the muscle ®bers of the LES. The placement and
in¯ation of the balloon are monitored under ¯uoro-
scopic guidance. The pressure in the balloon is moni-
tored and controlled. This type of balloon dilation
differs from dilation of benign peptic strictures in
that the diameter of the dilating balloons is much larger
(between 3 and 4 cm) and therefore the risk of perfora-
tion is higher.

Foreign body removal Accidentally or purposely
ingested foreign bodies may be removed from the upper
GI tract with the aid of endoscopy. Although small for-
eign bodies may pass through the GI tract without com-
plication, larger ones that might become lodged in the
small intestine are best removed endoscopically. To re-
move foreign bodies, upper endoscopy is performed in
the usual manner. Once the foreign object is located, it is
secured with a variety of different instruments, which
are passed through the working channel of the scope.
The instruments used to remove the foreign object in-
clude snare, forceps, net, and basket.

Control of upper gastrointestinal bleeding Th-
ere are several causes of bleeding in the upper GI
tract. The most common is acute bleeding from ulcers
in the stomach or duodenum, Mallory-Weiss tears, and
in patients with liver disease, varices (swollen veins) in

the esophagus or proximal stomach. To control upper
GI bleeding from ulcers, several endoscopic treatments
may be applied. First, the site of bleeding is located and
the area is washed to enhance visualization. Then a
variety of liquids may be injected near the bleeding
vessel to achieve hemostasis. The agents include epi-
nephrine, which controls bleeding by its vasoconstric-
ting effect, and alcohol, which compresses the bleeding
vessel and also scleroses the surrounding tissues. Scle-
rosing agents such as tetradecyl are most often used to
inject bleeding esophageal varices. One of the most
common approaches to upper GI ulcer bleeding is to
®rst inject the area of the vessel with epinephrine. This
slows or stops the bleeding temporarily and allows bet-
ter visualization. Then heat (cautery) therapy is ap-
plied. Most commonly, a cautery probe is placed
through the working channel and out the tip of the
scope. The tip of the probe has a bipolar coagulation
device that compresses and delivers heat to the bleeding
vessel. The probe is guided into position under direct
visualization and is pressed ®rmly against the bleeding
arteriole to oppose its walls. Then the probe is activated
by a foot pedal, delivering heat energy to coagulate the
vessel. The combination of injection with epinephrine
and cautery is very successful in controlling bleeding.
Other hemostatic control techniques include placing a
clip on the bleeding vessel or, in the case of a bleeding
esophageal varix, placing a rubber band to control
bleeding.

See Also the Following Articles

Achalasia Endoscopic Ultrasonography � Endoscopy,

Complications of � Esophageal Strictures � Foreign Bodies

� Gastroesophageal Re¯ux Disease (GERD) � Occult

Gastrointestinal Bleeding � Upper Gastrointestinal

Bleeding
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Vagus Nerve
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afferent ®bers Nerve components that conduct sensory

information from the periphery to the central nervous

system. In this context, ``sensory'' does not necessarily

imply sensation.

dorsal motor vagal nucleus Brain stem nucleus where the

vagal preganglionic parasympathetic neuronal cell

bodies are located.

efferent ®bers Nerve components that conduct information

from the brain to the periphery. In the vagus nerve, these

are predominantly preganglionic parasympathetic nerve

®bers. These ®bers project to the viscera and make

synaptic connections with postganglionic neurones

within the organs they innervate, which in turn regulate

motility, secretion, and blood ¯ow. For this reason, the

efferent supply is also referred to as motor innervation.

nodose, petrosal, and jugular ganglia Sensory ganglia;

contain the cell bodies of afferent neurones that

innervate the thoracic and abdominal viscera. These

neurones project centrally to make synaptic connections

in the nucleus of the tractus solitarius and peripherally

to terminate in the viscera.

nucleus ambiguous Origin of motor neurones supplying the

striated pharyngeal and esophageal muscles.

nucleus of the tractus solitarius Brain stem nucleus

receiving vagal sensory input; the neurones project to

the dorsal motor vagal nucleus to complete the brain

stem circuit for vago-vagal re¯exes and disseminate

sensory information to higher brain regions.

The vagus nerve is the Xth cranial nerve connecting the

brain to the periphery, including the gastrointestinal

tract. It innervates structures from the esophagus to

the colon and accessory organs such as the pancreas

and liver. The vagal branches supplying these various

target organs contain nerve ®bers that are predominantly

unmyelinated, conducting action potentials at around

1 m/sec. Classically, the vagus is referred to as a parasym-

pathetic nerve, but this relates only to its efferent func-

tions. However, it is also an afferent nerve and conveys a

vast amount of sensory information from thoracic and

abdominal viscera, which serves as a basis for re¯exes

that control and coordinate gut function.

INTRODUCTION

Galen (129ÿ199 AD), who studied dissected corpses of
Roman gladiators, was probably the ®rst anatomist to

describe the distribution of the vagus nerve. With the
advent of modern neurobiological techniques, the cells
of origin and the terminal distributions of afferent and
efferent nerve ®bers of the vagus have been described in
terms of topography, neurochemistry, and electrophys-
iology. Such studies have revealed not only the anatomy
of the vagus, but also the functional basis for brainÿgut
interactions.

MOTOR INNERVATION

The motor supply to the gastrointestinal (GI) tract is
derived from two brain stem nuclei. The nucleus am-
biguous provides the motor neurones that supply the
striated muscle of the upper gastrointestinal tract, in-
cluding the esophagus and the upper esophageal
sphincter (Fig. 1). The preganglionic parasympathetic
neurones that supply the smooth muscle portion of the
gut originate in the dorsal motor vagal nucleus. This is a
spindle-shaped nucleus running rostrocaudally through
the medulla oblongata on either side of the central canal
as it emerges into the 4th ventricle. It is organized into
longitudinal columns of neurones that ultimately give
rise to the different vagal branches that peal off the main
anterior and posterior trunks to supply the various ab-
dominal organs (Fig. 1). Within the gut wall, these pre-
ganglionic neurones synapse in the enteric nervous
system, where the postganglionic neurones that supply
the various gastrointestinal effectors are located. These
effectors include the muscle layers and associated inter-
stitial cells of Cajal, epithelia, and blood vessels, and
regulate peristaltic contractions, secretions, and alter-
ations in blood ¯ow, respectively. In addition, vagal
parasympathetic nerves can also in¯uence resident im-
mune cells, including macrophages and mast cells.

The textbook view of the parasympathetic innerva-
tion of the gut as being both exclusively cholinergic and
entirely excitatory is outmoded. True, acetylcholine is
the main neurotransmitter released from both motor
and preganglionic vagal efferent ®bers and, in the case
of the latter, acts on nicotinic receptors located on the
postsynaptic membrane of enteric neurones. However,
it is now recognized that the enteric nervous system is
not a simple relay station for the parasympathetic nerve
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supply. It contains all the elements of an independent
nervous system and as such can organize intrinsic re-
¯exes to modulate contractile activity and secretion
according to local demand. The enteric nervous system,
in turn, is in¯uenced by vagal preganglionic neurones
and therefore provides the ®nal pathway for both intrin-
sic and vagal re¯exes. Acetylcholine is a transmitter
in subpopulations of enteric motor neurones that

innervate various effectors, and through an action on
postjunctional muscarinic receptors brings about con-
traction or secretion. However, acetylcholine is not the
only excitatory transmitter in enteric motor neurones;
substance P and 5-hydroxytryptamine are examples of
noncholinergic excitatory transmitters. Other enteric
motor neurones contain transmitters such as adenosine
triphosphate (ATP), vasoactive intestinal peptide (VIP),
and nitric oxide (NO), which mediate inhibitory effects,
particularly on muscle function. Consequently, vagal
in¯uence over gut function can be both excitatory
and inhibitory, the latter causing relaxation of sphinc-
ters and the gastric body during accommodation of a
meal or prior to emesis.

There are relatively few preganglionic vagal ®bers
compared to the many millions of neurones within the
enteric nervous system. This fact, together with the clin-
ical observation that gut function is relatively well
maintained after vagotomy, a procedure common
around the 1950s for treating peptic ulcer disease,
has resulted in the importance of the vagal nerve supply
being called into question. However, it is clear that the
vagus nerve can have profound effects on gut function.
What is intriguing, therefore, are the mechanisms that
allow the enteric nervous system to maintain and restore
relatively normal function in the face of a compromised
vagal innervation after surgery or neuropathy.

SENSORY INNERVATION

Afferent ®bers in the abdominal vagus trunks outnum-
ber efferent ®bers by about 10 to 1. The vagus nerve can
be considered more a sensory than a motor nerve, and a
vast amount of sensory information is conveyed to the
brain stem. The sensory cell bodies are located mainly in
the nodose ganglia. These are derived from the second
and third epibranchial placodes during embryonic de-
velopment and project centrally to the brain stem and
peripherally to their terminations in the organs they
innervate. The cell bodies synthesize the transmitters
and enzymes that the nerve terminals utilize in the pro-
cess of synaptic transmission. Glutamate is a major ex-
citatory transmitter for gut re¯exes, but other
transmitter substances exist in the brain stem, including
acetylcholine, catecholamines, neuropeptides (espe-
cially tachykinins), and g-aminobutyric acid (GABA).
Within the brain stem, vagal afferents terminate mainly
in the nucleus tractus solitarius (nTS), although some
afferents project into the dorsal motor vagal nucleus
(DMVN), where they make monosynaptic connections
with vagal motorneurones. Other afferent terminals
project into the area postrema (AP), a region of the
brain stem that integrates peripheral and central signals

FIGURE 1 A schematic representation of the dorsal vagal com-

plex of the medulla oblongata, viewed from a caudal and lateral

(right) perspective. Also illustrated are the abdominal vagal trunks

with their respective branches and a partial list of their different

target tissues or organs. The dorsal motor nucleus of the vagus can

be seen in a horizontal orientation on the right side of the brain

stem and in a frontal orientation on the left side. The medial cell

column on either side (associated, respectively, with the gastric

branches) is indicated, with smaller cell bodies, and the lateral cell

column on each side (associated, respectively, with the celiac

branches) is indicated by larger somata. This perspective view

and the different line symbols used for axons illustrate that

each column of preganglionic neurons in the dorsal motor nucleus

gives rise to a separate branch of the subdiaphragmatic vagus

(hepatic branch neurons and axons are not shown). The nucleus

ambiguous, which innervates supradiaphragmatic and striated

tissues, is also illustrated on the right, where it is positioned

ventrolateral and parallel to the dorsal motor nucleus of the

vagus. Abbreviations: ap, area postrema; lcV, left cervical vagus;

nts, nucleus of the tractus solitarius; rcV, right cervical vagus;

ts, tractus solitarius; na, nucleus ambiguous. Modi®ed by

H. R. Berthoud from Ritter, S., et al. (1992). `̀ Neuroanatomy and

PhysiologyofAbdominalVagalAfferents.''CRCPress,withpermission.
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involved in triggering nausea and vomiting. From the
nTS, second-order neurones project a short distance
into the dorsal motor vagal nucleus to complete the
vago-vagal circuits through the brain stem that help
control and coordinate gut function. Other second-
order neurones ascend to higher regions of the brain,
including the hypothalamus and limbic system, where
they modulate autonomic function and behavior.

In the periphery, vagal sensory nerve terminals
branch extensively in the various layers of the gut
wall. Terminals in the mucosa transmit information
relevant to luminal contents, although these sensory
endings do not penetrate the epithelial lining. Instead,
the endings form an elaborate network within the lam-
ina propria, where they are exposed to chemicals ab-
sorbed from the lumen (nutrients and microbial
antigen) or mediators released from speci®c cell types
in the mucosal epithelium and lamina propria. Entero-
endocrine cells have a specialized apical microvillus
membrane that is capable of detecting the chemical con-
stituents of the luminal content, and in response to an
appropriate stimulus, release paracrine and endocrine
mediators from the basolateral aspect of the cell. One
such mediator is cholecystokinin (CCK), released by fat
and protein digestion products in the lumen. CCK has
widespread effects on gastrointestinal function, includ-
ing inhibition of gastric emptying and stimulation of
pancreatic secretion and bile ¯ow, and also contributes
to the satiety mechanisms that regulate food ingestion.
These effects are mediated via activation of vagal affer-
ents that are exquisitely sensitive to CCK. Other vagal
afferents are activated by 5-hydroxytryptamine (5-HT)
as part of a detection system for enterotoxins. Activation
of these afferents can trigger diarrhea and vomiting,
which dilute and expel the potential harmful material.
The receptors to these and other mediators are
synthesized in the cell soma and transmitted to the pe-
riphery, where they become linked to sensory signal
generation. A wide range of receptors are expressed
by vagal sensory neurones, including receptors to neu-
romodulators, cytokines, and growth factors.

Muscle mechanosensory endings transmit informa-
tion concerning the level of distension or contractile
activity within the gut wall. In some regions such as
the stomach, elaborate sensory terminal arrays are
found in the muscle layers, where they are positioned
to detect changes in muscle tone. Other endings are
found in association with myenteric ganglia
(intraganglionic laminar endings, or IGLEs) and can
detect the activity of overlying and underlying muscles
that cause distortion of their endings. The threshold for
activation of these vagal mechanoreceptors, unlike spi-
nal nociceptors that respond predominantly to high

levels of distension, is within the physiological range.
In other words, levels of distension or contractions as-
sociated with ongoing activity are signaled to the central
nervous system (CNS).

There are also paraganglia associated with the ab-
dominal vagus that are outside of the GI tract, and these
may serve associated functions. Vagal paraganglia con-
sist of encapsulated glomus cells and occasional neu-
rons. Paraganglia receive blood and lymph supplies, and
90% of them are innervated by ascending afferent vagal
®bers that form cuplike varicosities around glomus
cells. It has been proposed that vagal paraganglia may
serve as a second line of chemoreceptive defense by
monitoring the blood and lymph close to the GI tract
and thus modulate afferent activity.

FUNCTIONAL ORGANIZATION OF
VAGO-VAGAL REFLEXES

Sensory in¯uences from both mucosal and mechanosen-
sitive endings provide the CNS with a global view of the
progress of digestion and the movement of contents
through the gastrointestinal tract. Information on the
luminal environment (pH, osmolarity, and antigen and
nutrient content) and every contraction that occurs
within the gastrointestinal tract is transmitted centrally
to the brain. This information is used to set an appro-
priate parasympathetic out¯ow to the enteric nervous
system. The enteric nervous system, in turn, integrates
this parasympathetic input with local information pro-
vided by its own intrinsic sensory system. These re¯exes
help to match motor and secretor function to the diges-
tive needs of the individual and coordinate gut regions
that can be meters apart.

BEHAVIORAL CONSIDERATIONS
AND SENSATION

Vagal afferent information plays an important role in
regulating behavior. The role of CCK in satiety and
5-HT in nausea and vomiting are well established.
More controversial is the role of vagal afferents in
mediating illness behavior associated with acute-
phase responses following bacterial translocation across
the bowel wall. Circulating cytokines, particularly in-
terleukin-1b (IL-1b) from intestinal macrophages, play
a pivotal role, but there is also evidence that vagal af-
ferents express receptors to IL-1b and contribute to
anorexia and fever associated with acute-phase re-
sponses. Mucosal mast cells respond to antigenic signals
and release mediators that can also in¯uence vagal sen-
sory signals. Because paraganglionic glomus cells are
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immunoreactive for IL-1, it is likely that vagal par-
aganglia also play a role in immune responses.

The role of vagal afferents in sensation is controver-
sial. Some vagal afferents project into the cervical spinal
cord and may transmit signals to spinothalamic path-
ways that bring about sensations such as discomfort or
pain. Current evidence suggests that vagal afferent in-
formation from the nTS projects to areas of the CNS
associated with emotional aspects of visceral stimula-
tionÐfor example, the limbic systemÐrather than cog-
nition. There is also mounting evidence that vagal
afferent traf®c may in¯uence descending spinal path-
ways associated with pain processing. Vagal afferents
may therefore modulate pain rather than mediating
pain per se.
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ChildÿPugh classi®cation Assignment of the severity of

cirrhosis based on clinical and laboratory parameters,

including encephalopathy, ascites, bilirubin, albumin,

and prothrombin time; in order of increasing severity of

cirrhosis, classes A, B, and C.

hepatic venous pressure gradient De®ned as the gradient

between the wedged, or occluded, hepatic venous

pressure and free hepatic venous pressure; provides a

reliable measurement of portal pressure.

primary prophylaxis Prevention of a ®rst variceal bleed in

patients with cirrhosis and varices.

sclerotherapy Injection of varices with a sclerosant such as

sodium morrhuate or sodium tetradecyl sulfate.

secondary prophylaxis Prevention of recurrent variceal

hemorrhage in a patient who suffered a ®rst episode of

variceal bleeding.

variceal band ligation Endoscopic placement of a rubber

ligature around a varix.

Variceal bleeding, a major complication of portal hyper-

tension resulting from cirrhosis, accounts for about

10ÿ30% of all cases of upper gastrointestinal tract hem-

orrhage. More than any other cause of gastrointestinal

bleeding, this complication results in considerable mor-

bidity and mortality, prolonged hospitalization, and in-

creased af®liated costs. Variceal hemorrhage develops in

25ÿ35% of patients with cirrhosis and accounts for

80ÿ90% of cases of bleeding episodes in these patients.

From 10 to 30% of these episodes are fatal and as many as

70% of survivors will rebleed following an index variceal

hemorrhage. Moreover, the 1-year survival is 34ÿ80%
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and is inversely related to the severity of the underlying

liver disease. Treatment of patients with gastroesophageal

varices includes the prevention of the initial bleeding ep-

isode (primary prophylaxis), the control of active variceal

hemorrhage, and the prevention of recurrent bleeding

after a ®rst episode (secondary prophylaxis).

PATHOGENESIS OF
GASTROESOPHAGEAL VARICES

Chronic liver disease leading to cirrhosis is the most
common cause of increased portal pressure, or portal
hypertension. Portal pressure is a result of the relation-
ship depicted by Ohm's law: P�QR, where P is the
pressure along a vessel, Q is the ¯ow in the vessel,
and R is the resistance to that ¯ow. In the majority of
cases of liver disease, portal hypertension is the result of
increased intrahepatic resistance and increased ¯ow
through the splanchnic system via a hyperdynamic cir-
culation. Most forms of liver disease encompass aspects
of each of these increases. The level of increased resis-
tance to ¯ow varies with speci®c forms of liver disease
and may occur at presinusoidal or postsinusoidal levels,
as in schistosomiasis and venoocclusive disease, respec-
tively. Many forms of liver injury result in `̀ sinusoidal''
portal hypertension, the pathogenesis of which is com-
plex but involves dynamic cellular factors (such as
stellate cell constriction and contraction around sinu-
soids) and ®xed elements (such as ®brosis). Recent
studies suggest that an imbalance of the potent vasocon-
strictor, endothelin-1, and the potent vasodilator, nitric
oxide, may be important in the genesis of increased
intrahepatic resistance, which is an early and critical
component of most forms of portal hypertension.

Varices represent portosystemic collaterals derived
from dilatation of preexisting embryonic vascular chan-
nels, including those between the coronary and short
gastric veins and the intercostal, esophageal, and azy-
gous veins. In the distal esophagus, over an area extend-
ing 2ÿ5 cm from the gastroesophageal junction, veins
are found more super®cially in the lamina propria rather
than the submucosa. This results in reduced support
from surrounding tissues because of the predominant
intraluminal location of these varices and may explain
the predilection for bleeding at this site. The opening
and dilation of portosystemic collaterals appears to de-
pend on a threshold portal pressure gradient (portal
minus free hepatic vein pressure) of 12 mm of mercury
(Hg), below which varices do not form. This pressure
gradient is necessary but not suf®cient for the develop-
ment of gastroesophageal varices. In other words, pa-
tients with gradients in excess of 12 mmHg do not

invariably develop varices. The prevalence of esopha-
geal varices in cirrhotic patients ranges from 24 to 90%
and is partly related to the duration and severity of
cirrhosis.

PREDICTION OF
VARICEAL HEMORRHAGE

Not all patients with varices bleed; gastroesophageal
variceal hemorrhage occurs in only 30ÿ35% of patients
with cirrhosis, most commonly within 2 years of the
diagnosis of varices. It is unclear what leads to rupture
and bleeding in individual patients. Local factors such as
changes in lower esophageal sphincter pressure or acid
re¯ux do not appear to play a role in the pathogenesis of
variceal rupture. Rather, the main determinant of bleed-
ing is the variceal wall tension, a function of the trans-
mural pressure, radius, and wall thickness of the vessel
(as indicated by Frank's modi®cation of LaPlace's law).
Variceal rupture is directly related to physical factors
such as the thickness and elastic properties of the vessel,
in addition to intravariceal and intraluminal pressure.
Furthermore, the severity of bleeding is related to trans-
mural pressure and the size of the rent in the varix, and is
inversely proportional to blood viscosity.

A major focus of investigation, with important clin-
ical implications, is understanding which patients are
most likely to bleed. Clinical characteristics that denote
an increased risk of ®rst variceal hemorrhage include
continued alcohol use and liver decompensation,
whereas endoscopic ®ndings that predict a higher
risk of bleeding include larger size of varices and the
presence of endoscopic red signs (described as cherry
red spots, hemocystic spots, or red wale markings) on
the variceal wall, indicating dilated intraepithelial and
subepithelial super®cial veins. A combination of clinical
and endoscopic ®ndings, including the ChildÿPugh
class, size of varices, and the presence or absence of
red wale markings, was found to correlate highly
with the risk of ®rst bleeding in patients with cirrhosis.
Hemodynamic parameters examined include the mea-
surement of the hepatic venous pressure gradient
(HVPG), azygous blood ¯ow, as well as direct measure-
ment of intravariceal pressure. HVPG calculated by the
gradient of wedged and free hepatic vein pressure (nor-
mal value, 5 mmHg) is used most frequently and pro-
vides reliable measurement of portal pressure in
patients with cirrhosis. The extent of elevation of
HVPG may be the best indicator of risk of bleeding,
severity of bleeding, and survival. A rise in pressure
in a patient with known varices increases the risk of
bleeding, and the extent of portal pressure elevation
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appears to have an inverse relationship to prognosis
after hemorrhage has occurred. In general, however,
a linear relationship between the degree of portal hy-
pertension and the risk of variceal hemorrhage or
variceal formation does not exist, so this technique can-
not be used routinely to identify individual patients at
high risk of bleeding. Of interest, the reported circadian
variation in portal pressure (HVPG is highest shortly
after midnight and lowest at 7 PM) may offer a possible
explanation for the predilection of variceal bleeding to
occur during the late evening to early hours of the day.

PRIMARY PREVENTION OF BLEEDING
FROM ESOPHAGEAL VARICES

Based on prospective studies of cirrhotic patients with
varices identi®ed at endoscopy and studies of untreated
groups in randomized controlled trials, the risk of
bleeding from esophageal varices has been estimated
at 25ÿ35% at 1 year. Given the poor outcome of cir-
rhotic patients following variceal hemorrhage, attempts
have been made to identify those at high risk and pre-
vent bleeding. In a large prospective study involving
321 patients with cirrhosis, the risk of bleeding was
found to correlate with the size of varices, the presence
of endoscopic red wale markings, and to the severity of
liver disease. Screening endoscopy is generally recom-
mended for patients with cirrhosis to determine the
presence of large varices, but the cost-effectiveness of
this approach remains controversial. The use of clinical
parameters such as the presence of splenomegaly and
low platelet count may help select patients likely to have
large varices on endoscopy. Therapy for primary pro-
phylaxis against variceal bleeding has evolved consid-
erably over the past decade and is summarized in Table I.

Pharmacologic Therapy

The general objective of pharmacologic therapy for
variceal bleeding is to reduce portal pressure and con-
sequently intravariceal pressure and wall tension. Drugs
that reduce portocollateral venous ¯ow (vasoconstric-
tors) or intrahepatic vascular resistance (vasodilators)
have been used, and include beta-blockers, nitrates, a2-
adrenergic blockers, spironolactone, pentoxifylline,
and molsidomine. Because varices do not bleed at an
HVPG less than 12 mmHg, reduction to this level is
ideal, but substantial reductions in HVPG (i.e., by
420%) are also clinically meaningful.

Beta-blockers exert their bene®cial effect on portal
venous pressure by diminishing splanchnic blood ¯ow
and consequently gastroesophageal collateral and azy-
gous blood ¯ow. The nonselective beta-blockers, such

as propranolol and nadolol, are preferred because
of the dual bene®t of b1- and b2-receptor blockade.
b1-Receptor blockade reduces cardiac output and
causes splanchnic vasoconstriction by re¯ex activation
of a-adrenergic receptors in the splanchnic circulation,
whereas b2-receptor blockade results in splanchnic and
peripheral vasoconstriction by eliminating b2-receptor-
mediated vasodilatation, thereby allowing unopposed
a-adrenergic receptor-mediated vasoconstriction. In
the absence of HVPG determination, beta-blockers
are titrated in order to achieve a reduction in resting
heart rate to 55 beats/minute, or 25% of baseline. Pro-
pranolol is generally given as a long-acting preparation
and titrated to a maximal dose of 320 mg/day. Nadolol is
initiated at 80 mg daily up to a maximal daily dose of
240 mg.

The portal pressure-reducing effects of beta-block-
ers are, however, unpredictable and neither the resul-
tant reductions in heart rate nor drug blood levels are
good indicators of response to therapy. For example,
portal venous pressure is reduced in about 60ÿ70% of
patients who receive propranolol therapy, but only
10ÿ30% of these patients show a substantial response
(i.e., 420% reduction). Additionally, approximately
20ÿ25% of patients have no measurable decline in por-
tal pressure despite increasing dosage of propranolol.
The effectiveness of beta-blockers for primary prophy-
laxis against variceal bleeding has been demonstrated in
several controlled trials. Additionally, meta-analyses
have revealed a 40ÿ50% reduction in bleeding and a
trend toward improved survival. Further, a cost-effec-
tiveness analysis comparing propranolol to sclerother-
apy and shunt surgery found propranolol to be the only
cost-effective form of primary prophylaxis.

In addition to beta-blockers, a number of vasodila-
tors have been investigated in portal hypertensive pa-
tients and in animal models of portal hypertension; the
long-acting organic nitrates, isosorbide dinitrate and
isosorbide-5-mononitrate, have received the greatest at-
tention. Isosorbide mononitrate, the active component
formed by rapid denitration of dinitrate preparations in
the liver, has a relatively long half-life (about 5 hours)
and dose linear kinetics even in the presence of liver or
kidney disease, whereas the dinitrate preparation un-
dergoes extensive ®rst-pass hepatic metabolism, result-
ing in a short half-life and unpredictable bioavailability
when used in cirrhotics. The exact mechanism of action
of nitrates is unclear, but is thought to be mediated
primarily by reducing intrahepatic resistanceÐperhaps
by inhibiting sinusoidal constriction caused by hepa-
tic stellate cells or myo®broblastsÐand possibly by
splanchnic arterial vasoconstriction induced in
response to venous pooling and vasodilation in other
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TABLE I Summary of Therapy for Esophageal Varicesa

Purpose of therapy First-line therapy Comments Alternative therapyb Comments

Primary prophylaxisc Beta-blockers alone or in

combination with isosorbide

mononitrated

Nitrate alone is not recommended;

in advanced (ChildÿPugh class C) liver

disease, optimal therapy is unclear

(probably band ligation); transplantation

should be considered for patients in this

group

Band ligation Band ligation is indicated for patients with

contraindications to or intolerance of medical

therapy; the effectiveness of combined

beta-blockers and band ligation is unknown;

neither TIPS nor sclerotherapy is

recommended for primary prophylaxis

Active variceal

bleeding

Octreotide (or terlipressin) and

endoscopic therapye
Octreotide (or terlipressin) should be

continued for a minimum of

24ÿ28 hours; band ligation may be

superior to sclerotherapy

Balloon tamponade

TIPS

Tamponade is indicated primarily as a

temporizing measure

TIPS is reserved for those with refractory or

recurrent early bleeding

Antibiotic prophylaxis should be

considered, especially in patients with

ascites

Shunt surgery Surgery is reserved for those in whom

TIPS is not feasible

Secondary

prophylaxisf
Band ligation alone or in

combination with beta-blockers

with or without isosorbide

mononitrate

The combination of band ligation and

beta-blockers with or without isosorbide

mononitrate is likely to be more

effective than either therapy alone

TIPS TIPS is best used as a bridge to transplantation

in patients with advanced liver disease

Patients with advanced liver disease

often have an intolerance to

beta-blockers

Shunt surgery Shunt surgery should be reserved for selected

patients with ChildÿPugh class A and

class B cirrhosis

a Data from Sharara and Rockey (2001).
b TIPS, Transjugular intrahepatic portosystemic shunt.
c Variceal hemorrhage occurs in 25ÿ30% of patients within 2 years after the documentation of varices.
d Beta-blockers reduce the risk of variceal hemorrhage to 15ÿ18%, and the combination of beta-blockers and isosorbide mononitrate reduces the risk to 8.5ÿ10%. The beta-blocker propranolol

is generally given as a long-acting preparation, and the dose is titrated to a maximum of 320 mg/day. The initial dose of the beta-blocker nadolol is 20 mg/day and the dose is increased up to a

maximum of 80 mg/day.
e Octreotide is usually given as an infusion of 25ÿ50mg/hour (with or without a bolus). The dosage of terlipressin is 2 mg every 4 hours for the ®rst 24 hours, then 1 mg every 4 hours.
f Bleeding recurs in approximately two-thirds of patients within 1 year after the initial hemorrhage.



regional vascular beds. Monotherapy with nitrates is
ineffective in primary prophylaxis and may have detri-
mental effects, particularly in cirrhotic patients with
ascites, such as accentuation of hemodynamic and lab-
oratory signs of hypovolemia and vasodilatation, akin to
those seen in what has been called postparacentesis
circulatory dysfunction.

The addition of isosorbide mononitrate to propran-
olol has been shown to result in an enhanced reduction
in portal pressure in humans. In a randomized con-
trolled study involving 42 patients with cirrhosis and
esophageal varices, a reduction of greater than 20% in
HVPG was documented in only 10% in the propranolol
group, compared to 50% in the combination therapy
group. In patients with ChildÿPugh class A and B cir-
rhosis, the addition of isosorbide mononitrate to
nadolol has been shown, in a randomized trial, to result
in a greater than 50% additional reduction in variceal
bleeding rate when compared with nadolol monother-
apy (12%, compared with 29%).

Endoscopic Therapy

Over the past two decades, endoscopic therapies
have assumed a prominent role in treatment of esoph-
ageal varices. Endoscopic sclerotherapy is performed by
injecting a small volume of any of a number of sclerosant
solutions (such as sodium tetradecyl sulfate, sodium
morrhuate, ethanolamine, or absolute ethanol), usually
in an intravariceal location. These sclerosing agents are
all highly effective in achieving hemostasis in approx-
imately 80ÿ90% of patients, although their mechanisms
of action are not entirely clear (e.g., local tamponade
effect, or primary venous thrombosis). Multiple ran-
domized trials have examined the effect of endoscopic
sclerotherapy in the prevention of ®rst variceal bleed-
ing. Results are con¯icting, with few trials showing sig-
ni®cant reduction in bleeding and most showing no
difference. One study was stopped prematurely because
of higher mortality in the sclerotherapy group as com-
pared to the sham-treatment group.

Band ligation of esophageal varices utilizes the same
methodology employed for years in elastic band ligation
of internal hemorrhoids. A suction adapter is ®tted on
the tip of the endoscope, the varix is suctioned into the
cylinder, and a rubber band is deployed around the
varix, resulting in ischemic necrosis of the mucosa
and submucosa but leaving an intact muscularis
propria. The resultant shallow ulcerations are replaced
by granulation tissue and dense mature scar tissue and
lead to variceal obliteration. The only published trial, to
date, comparing ligation to propranolol in the primary
prevention of variceal bleeding showed an actuarial rate

of bleeding of 15% in the ligation group compared to
43% in the propranolol monotherapy group. The study
was criticized, however, because of the higher than ex-
pected rate of bleeding in the propranolol group as well
as the relatively low mean dose of propranolol used.
Furthermore, the preliminary results of another trial
published in abstract form show no advantage of
ligation when compared to the combination of nitrates
and beta-blockers. Nevertheless, ligation may be an ac-
ceptable option for patients at high risk of variceal
bleeding and who are intolerant of, or have contraindi-
cations to, medical therapy. The optimal primary
prophylaxis in patients with ChildÿPugh class C
cirrhosis remains unclear, and may arguably be liver
transplantation.

MANAGEMENT OF ACUTE
VARICEAL HEMORRHAGE

Variceal hemorrhage is usually an acute clinical event
characterized by rapid gastrointestinal blood loss pre-
senting as hematemesis (which can be massive), with or
without melena or hematochezia. Hemodynamic insta-
bility (i.e., tachycardia and /or hypotension) is common.
A successful outcome in all cases of upper gastrointes-
tinal hemorrhage, including those of variceal bleeding,
hinges on prompt resuscitation, hemodynamic support,
and attempt at correction of any hemostatic derange-
ment, preferably in the setting of an intensive care unit.

Although variceal bleeding is common in patients
with cirrhosis presenting with acute upper gastrointes-
tinal hemorrhage, other causes of bleeding, such as ulcer
disease, must be considered in the differential diagnosis.
Urgent initiation of empiric pharmacologic therapy
with vasoactive agents is indicated in situations in
which variceal hemorrhage is likely. Subsequently, di-
rect examination of the upper gastrointestinal tract by
an experienced endoscopist is critical to establish an
accurate diagnosis and to provide the rationale for im-
mediate and subsequent therapies. The immediate steps
in the management of acute variceal bleeding include
(1) volume resuscitation, (2) prevention of complica-
tions, (3) ensuring hemostasis, and (4) initiating mea-
sures to prevent early and delayed rebleeding. Optimal
volume resuscitation is the most critical aspect of man-
agement of all patients with gastrointestinal hemor-
rhage. Patients with suspected variceal bleeding
should have large-bore intravenous lines placed and
should receive crystalloids and /or blood in proportion
to the degree of hemodynamic instability. Coagulopathy
should also be corrected. Caution should be exercised,
however, in avoiding overtransfusion because of the
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theoretical concern of rebleeding from the variceal rent
after excessive blood volume expansion. Although
largely unsupported, it is traditional in medical training
and practice to use a hematocrit of 30% as an upper
safety margin following transfusion.

There is no evidence that placement of a nasogastric
tube contributes to variceal rupture or bleeding. Fur-
thermore, a nasogastric tube can be helpful in providing
a crude index of the activity and amount of bleeding as
well as in decompressing the stomach of blood and clots,
thereby reducing the risk of aspiration. Because of the
risk of aspiration, elective endotracheal intubation
should be considered prior to endoscopy in patients
with massive bleeding, severe agitation, or altered men-
tal status. Patients with variceal hemorrhage and ascites
are at increased risk of bacterial infections, particularly
spontaneous bacterial peritonitis. This risk appears to
be increased in the setting of uncontrolled hemorrhage
or as a result of transient bacteremia following endo-
scopic sclerotherapy or variceal ligation. Short-term
systemic antibiotics (e.g., third-generation cephalospo-
rins for 4 to 10 days) have been shown, in a meta-anal-
ysis, to decrease the risk of bacterial infections and to
reduce mortality in cirrhotic patients with gastrointes-
tinal bleeding. Last, patients with cirrhosis and massive
gastrointestinal hemorrhage are at risk for the develop-
ment (or exacerbation of preexisting) portosystemic
encephalopathy. This complication should be recog-
nized and managed accordingly. Furthermore, it has
been suggested that the presence of blood in the
gut may, as a result of its large protein load, lead to
re¯ex splanchnic hyperemia, presumably via the
release of vasoactive gastrointestinal peptides. Theoret-
ically, the resultant increase in portal venous
pressure may increase the risk of early rebleeding. In
support of this theory is a controlled trial from France
showing a reduction in blood requirements and in
mortality following whole gut irrigation with isotonic
mannitol in cirrhotic patients with gastrointestinal
bleeding.

PHARMACOLOGIC THERAPY

Pharmacologic therapy can be administered early,
requires no special technical expertise, and is thus a
desirable ®rst-line option for the management of
acute variceal hemorrhage. Drugs that reduce portocol-
lateral venous ¯ow (vasoconstrictors) or intrahepatic
vascular resistance (vasodilators) or both have been
used in order to achieve this effect. Vasoconstrictors
work by decreasing splanchnic arterial ¯ow whereas
vasodilators are used in combination with vasoconstric-
tors in order to reduce their systemic side effects but

may also exert an added bene®cial effect on intrahepatic
resistance (Table I).

Vasopressin and Glypressin

Vasopressin is a nonselective vasoconstricting agent
that causes a reduction of splanchnic blood ¯ow and
thereby a reduced portal pressure. Introduced in 1956,
vasopressin was the ®rst agent shown to reduce hem-
orrhage from varices. Because of its short half-life, va-
sopressin must be given by continuous intravenous
infusion and dosage is limited because of signi®cant
systemic vasoconstriction, necessitating discontinua-
tion of therapy in 25% of cases. Severe vascular com-
plications such as myocardial ischemia and infarction,
mesenteric and limb ischemia, and cerebrovascular ac-
cidents have been described. In addition, vasopressin
prevents free water excretion from the kidneys and can
result in ¯uid overload, hyponatremia, and worsening
ascites. The concomitant use of nitroglycerin results in
improved ef®cacy in the control of variceal hemorrhage
(up to 70%) and reduction in the systemic side effects of
vasopressin. The bene®cial effect of nitroglycerin ap-
pears to be a result of the effect of nitric oxide on
intrahepatic vascular resistance, causing a reduction
in portal pressure. This favorable effect of nitroglycerin
is independent of the mode of delivery (sublingual, in-
travenous, or transdermal). Blood pressure and electro-
cardiographic monitoring are recommended during
therapy with vasopressin and nitroglycerin.

Triglycyllysine vasopressin (glypressin, terlipressin)
is a synthetic vasopressin analogue activated in vivo by
cleavage of its N-terminal residue. Compared with va-
sopressin, glypressin has fewer side effects and a longer
biologic half-life, allowing its use as a bolus intravenous
injection (2 mg every 4 hours for the initial 24 hours,
then 1 mg every 4 hours for the next 24 to 48 hours).
This advantage has led to its successful use in the `̀ ®eld''
for cases of suspected variceal bleeding prior to or dur-
ing transport to the hospital. Glypressin has been shown
in multiple placebo-controlled trials to control bleeding
in about 80% of cases and is the only pharmacologic
therapy proven, to date, to reduce mortality from acute
variceal hemorrhage. Glypressin is not currently avail-
able in the United States.

Somatostatin, Octreotide, and Vapreotide

Somatostatin, a naturally occurring peptide, and its
analogues, octreotide and vapreotide, stop variceal
hemorrhage in up to 80% of patients and are generally
considered to be equivalent to vasopressin, terlipressin,
and endoscopic therapy for the control of acute variceal
bleeding. Their precise mechanism of action is unclear
but may be due to an effect on the release of vasoactive
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peptides (such as glucagon, vasoactive intestinal pep-
tide, and substance P) or to reduction of postprandial
hyperemia. Somatostatin is used as a continuous intra-
venous infusion of 250 mg/hour following a bolus injec-
tion of 250 mg. Octreotide is used as a continuous
infusion of 50 mg/hour and does not require a bolus
injection. Side effects are minor, including hypergly-
cemia and mild abdominal cramps.

A recent area of interest has been the use of
octreotide or vapreotide in combination with endo-
scopic therapy. In two separate studies, the addition
of octreotide to endoscopic sclerotherapy or banding
resulted in improved control of bleeding and reduced
transfusion requirements, but did not reduce overall
mortality. Based on this work, a continuous infusion
of octreotide of 25 mg/hour has been recommended
for 5 days following emergency endoscopic therapy.
The added bene®t of octreotide appears, however, to
be largely limited to the ®rst 24ÿ48 hours of use. In
one study, all early rebleeding episodes occurred within
2 days of endoscopic therapy; in the other study, no
statistically signi®cant difference was noted after
the ®rst 24 hours between the octreotide or placebo
groups as far as rebleeding or the mean units of blood
transfused.

ENDOSCOPIC THERAPY

Endoscopic sclerotherapy stops variceal hemorrhage
in 80ÿ90% of cases. The advantages of sclerotherapy
include its ability to achieve de®nitive control of bleed-
ing under direct endoscopic vision, as well as the wide
availability, ease of use, and low cost of the technique.
Its drawbacks include a signi®cant risk of local compli-
cations, including ulceration, bleeding, stricture, and
perforation. Rare systemic complications have been
reported, including bacteremia with endocarditis,
splenic or brain abscess formation, and portal vein
thrombosis.

Randomized trials in patients with acute variceal
bleeding have shown that endoscopic variceal band li-
gation is essentially equivalent to sclerotherapy in
achieving initial hemostasis. Because of the limited
view with the ®tted suction adapter, band ligation
may technically be more dif®cult when bleeding is mas-
sive. The newer multiband devices allow the placement
of up to 10 bands in one setting, obviating the need for
repeated intubation or the need for an endoscopic over-
tube. Complications of endoscopic variceal band liga-
tion (EVBL) include super®cial ulcerations, transient
chest discomfort, and, rarely, stricture formation.

Because of the deeper submucosal location of gastric
varices, injection sclerotherapy and rubber band

ligation are not usually effective in controlling acute
bleeding from gastric varices. The injection of N-
butyl-2-cyanoacrylate tissue glue or the use of large,
detachable endoscopic minisnares has been shown, in
small, uncontrolled trials, to be effective for bleeding
gastric varices.

Balloon Tamponade

The use of the SengstakenÿBlakemore, or Minne-
sota, tube for hemostasis of variceal bleeding is based on
the principle of the application of direct pressure on the
bleeding varix by an in¯atable (esophageal or gastric)
balloon ®tted on a rubber nasogastric tube. It is impor-
tant to note that only physicians experienced in this
technique should place these tubes. When properly ap-
plied, balloon tamponade is successful in achieving im-
mediate hemostasis in almost all cases. However, early
rebleeding following balloon decompression is high.
Complications of balloon tamponade include esopha-
geal perforation or rupture, aspiration, and asphyxia-
tion from upper airway obstruction. Balloon tamponade
is generally not recommended and should largely be
reserved for rescue of cases of hemorrhage uncontrolled
by pharmacologic and endoscopic methods and as a
temporary bridge to more de®nitive therapy.

Transjugular Intrahepatic Portosystemic Shunt

Treatment with a transjugular intrahepatic porto-
systemic shunt (TIPS) consists of the vascular place-
ment of an expandable metal stent across a tract
created between a hepatic vein and a major intrahepatic
branch of the portal system. TIPS can be successfully
performed in 90ÿ100% of patients, resulting in hemo-
dynamic changes similar to a partially decompressive
side-to-side portacaval shunt but avoiding the morbid-
ity and mortality associated with a major surgical pro-
cedure. TIPS as been shown to be effective in the
treatment of refractory, uncontrolled, acute variceal
bleeding. Of note, patients with advanced liver disease
and multiorgan failure at the time of TIPS have a 30-day
mortality that approaches 100%.

Surgical Therapy

Surgery is generally considered in the setting of
continued hemorrhage or recurrent early rebleeding
(uncontrolled by repeated endoscopic or continued
pharmacologic therapy) and when TIPS is not available
or technically feasible. Surgical options include porto-
systemic shunting or esophageal staple transection
alone or with esophagogastric devascularization and

582 VARICEAL BLEEDING



splenectomy (Sugiura procedure). Devascularization
procedures may be useful in patients who cannot be
shunted because of splanchnic venous thrombosis. Re-
gardless of the choice of surgical technique, morbidity is
high and the 30-day mortality for emergency surgery has
approached 80% in some series. Understandably, `̀ res-
cue'' liver transplantation is not a practical option for
patients with uncontrolled variceal hemorrhage.

PREVENTION OF RECURRENT
VARICEAL BLEEDING

Varicealhemorrhage recurs inapproximately two-thirds
of patients, most commonly within the ®rst 6 weeks after
the initial episode. This period of high risk can be sub-
divided into an early (®rst 5 days) and a late period, with
the highest risk falling within the ®rst 5 days from the
initial hemorrhage. As mentioned previously, the risk of
early rebleeding is reduced by the adjuvant use of
octreotide or vapreotide and possibly glypressin and
somatostatin, primarily in the ®rst 24 to 48 hours,
after initial endoscopic or pharmacologic control of
hemorrhage. Risks for early rebleeding include clinical,
endoscopic, and hemodynamic parameters, such as the
severity of the initial bleed, the degree of liver decom-
pensation, and the presence of encephalopathy and im-
paired renal function. Endoscopic parameters predictive
of early rebleeding include the presence of active bleed-
ing, stigmata of recent bleeding, and /or large varices.
The severity of portal hypertension correlates closely
with the severity and risk of rebleeding as well as actu-
arial probability of survival following an index episode.
In a cohort of patients presenting with variceal hemor-
rhage, those with an initial HVPG greater than 20 mmHg
had a 1-year mortality of 64% compared to 20% for pa-
tients with lesser elevations in portal pressure.

Given the high risk of recurrent hemorrhage and its
associated morbidity and mortality, strategies aimed at
prevention should be rapidly instituted following the
index episode (Fig. 1). The choice of preventive therapy
should, therefore, take into consideration the ef®cacy of
therapy, the side effects of the selected treatment, the
patient's expected survival, and overall cost. Preventa-
tive strategies include pharmacologic, endoscopic, and
surgical methods.

Pharmacologic Therapy

Reducing the portal pressure by more than 20%
from the baseline value pharmacologically results in a
reduction in the cumulative probability of recurrent
bleeding at 1, 2, and 3 years from 28% at 1 year,
39% at 2 years, and 66% at 3 years, to 4, 9, and 9%,

respectively. Although adjustment of medical therapy
based on portal pressure measurement would be
ideal, HVPG determination may not be readily available,
thus therapy must be adjusted using empiric clinical
parameters.

Agents with a favorable effect on portal pressure in
humans with cirrhosis include beta-blockers, nitrates,
a2-adrenergic blockers, spironolactone, pentoxifylline,
and the venous dilator molsidomine. However, the most
widely used drugs and the only ones for which there is
suf®cient evidence are the nonselective beta-blockers
(which have been used with or without oral nitrates).
Several randomized placebo-controlled trials, including
a meta-analysis, have demonstrated that beta-blockers
prevent rebleeding and prolong survival. The major
side effects of beta-blockers are fatigue, impotence,
depression, bradycardia, hypotension, and sleep disor-
ders. Contraindications to therapy include congestive
heart failure, asthma or chronic obstructive pulmonary
disease, and atrioventricular heart block.

The addition of isosorbide mononitrate to beta-
blockers appears to enhance the protective effect of
beta-blockers alone for the prevention of recurrent
variceal bleeding, but offers no survival advantage
and reduces the tolerability of therapy. Compared
with either sclerotherapy or endoscopic band ligation,
combination medical therapy is superior in reducing the
risk of recurrent bleeding in patients with esophageal
variceal hemorrhage, primarily in patients with Childÿ
Pugh class A and B cirrhosis. Notably, in patients who
show a signi®cant hemodynamic response to therapy
(de®ned as a reduction in the hepatic venous pressure
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FIGURE 1 Relative effectiveness of available therapies for the

prevention of recurrent variceal bleeding. The estimates shown

are based on the cumulative data available in the literature (re-

current bleeding at 1 year). EVBL, Endoscopic variceal band

ligation; TIPS, transjugular intrahepatic portosystemic shunt.

Reproduced with permission from Sharara and Rockey (2001).
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gradient to less than 12 mmHg or more than 20% of the
baseline value), the risk of recurrent bleeding and of
death is signi®cantly reduced.

Endoscopic Therapy

Endoscopic therapy has been established over the
past decade as a therapeutic cornerstone for prevention
of esophageal variceal rebleeding. Gastric varices, how-
ever, are not effectively treated by sclerotherapy or
ligation. Patients with recurrent gastric variceal hemor-
rhage are best treated by N-butyl-2-cyanoacrylate injec-
tion or by nonendoscopic means.

Sclerotherapy reduces the risk of recurrent
esophageal variceal bleeding from approximately 65%
to 30ÿ35% at 1 year, but does not appear to improve
overall mortality. Sclerotherapy is performed every
10ÿ14 days until varices are eradicated, usually after
®ve or six sessions. A meta-analysis of nine trials found
endoscopy and beta-blockers to be equivalent with re-
spect to the risk of rebleeding and survival. More-
over, combination pharmacotherapy (beta-blockers
plus isosorbide-5-mononitrate) is superior to sclero-
therapy alone in patients with ChildÿPugh class A or
B cirrhosis.

Endoscopic variceal band ligation is highly effective
at obliterating varices. Ligation is associated with a
lower risk of recurrent bleeding, compared to sclero-
therapy (approximately 25 vs. 30% at 1 year), fewer
complications, reduced overall cost, and higher sur-
vival. Ligation should, therefore, be considered stan-
dard endoscopic therapy for secondary prophylaxis.
As with sclerotherapy, ligation is performed every 10
to 14 days until complete variceal eradication, typically
requiring three or four sessions.

Combination modality approaches, usually includ-
ing an endoscopic and pharmacologic treatment, are
attractive pathophysiologically and may be more effec-
tive than single therapy. Combined endoscopic therapy
and beta-blockers reduce recurrent bleeding more than
do beta-blockers alone (but provide no survival bene®t).
Although addition of sclerotherapy to ligation may the-
oretically offer greater protection against recurrent
bleeding, this combination has not been shown to be
advantageous.

Transjugular Intrahepatic
Portosystemic Shunt

Transjugular shunting is more effective than endo-
scopic therapy for preventing variceal rebleeding but
offers no survival bene®t. The cumulative risk of
rebleeding following TIPS placement is 8ÿ18% at

1 year. The trade-off, however, is that TIPS is associated
with a higher incidence of clinically signi®cant hepatic
encephalopathy (new or worsened portosystemic en-
cephalopathy is noted in about 25% of patients after
TIPS). Advanced liver disease is the main determinant
of poor outcome following TIPS. Consequently, in pa-
tients with advanced liver disease, TIPS is best used as a
bridge to liver transplantation.

An important concern with TIPS is the development
of shunt stenosis and /or occlusion due primarily to
pseudointimal hyperplasia, with reported rates of
31% at 1 year and 47% at 2 years. Doppler ultrasound
examination of the stent is routinely performed at some
centers to examine blood ¯ow and estimate the shunt
patency, but has a low sensitivity and speci®city. Bal-
loon dilatation of the stenosed stent or redeployment of
another metallic prosthesis is done in case of signi®cant
stenosis. Management of hepatic encephalopathy and
shunt stenosis may result in signi®cant af®liated costs
when TIPS is considered. A cost analysis comparing
TIPS and endoscopic sclerotherapy has suggested no
difference in cumulative cost despite the lower inci-
dence of rebleeding with TIPS.

Surgical Therapy

Portosystemic shunt surgery is the most effective
means by which to reduce portal pressure. Although
effective at eradicating varices and preventing rebleed-
ing, nonselective portacaval shunts are associated with a
signi®cant incidence of hepatic encephalopathy, portal
vein thrombosis, and occasionally liver failure. In con-
trast, selective shunts decompress the portal system
without endangering portal blood ¯ow, liver function,
or the feasibility of future liver transplantation. It is
important to note that elective surgical therapy is largely
reserved for patients with ChildÿPugh class A disease
and a proportion of patients with class B disease and
preserved liver function. The choice of surgical therapy
should be individualized and must be considered in the
context of cause and severity of liver disease, patient
compliance, likelihood of liver disease progression, and
overall prognosis. Surgery may be preferred in patients
who are not likely to be compliant with medical or
repeated endoscopic therapy, or those that are not can-
didates for liver transplantation (e.g., active substance
abuse, HIV positive).

Commonly used shunts include the distal
splenorenal shunt and the low-diameter (mesocaval
or portacaval) interposition shunt. Rates of recurrent
bleeding are on the order of 10%, with the highest
risk of bleeding occurring in the ®rst month after sur-
gery. Devascularization procedures (i.e., esophageal
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transection and gastroesophageal devascularization) are
usually considered in patients who cannot undergo
shunts because of splanchnic venous thrombosis and
should be performed only by experienced surgeons.

COST-COMPARISON OF
AVAILABLE THERAPIES

Data examining the cost of variceal bleeding and the
cost-effectiveness of commonly used therapies are lim-
ited. The treatment cost of an episode of variceal bleed-
ing has been estimated at $10,000 to $35,000. Further,
the cost-effectiveness of diagnostic methods used to
guide therapy is unclear. For example, HVPG determi-
nation, which may accurately predict pharmacologic
response to therapy, is an attractive, although invasive,
adjunct in the management of patients with variceal
bleeding, but its cost-effectiveness is an open question.
Further, screening endoscopy for detection of large var-
ices, although recommended, has not been demon-
strated to be cost-effective.

Finally, there are areas in which management is
controversial and not standardized. For example,

given the right expertise, secondary prophylaxis with
surgical shunts may be more effective than medical or
endoscopic therapy in ChildÿPugh class A patients. On
the other hand, patients with advanced cirrhosis are
often intolerant of beta-blockersÐlet alone in combi-
nation with nitratesÐand therefore the use of combi-
nation therapy remains controversial in such patients.
Arguably, the preferred treatment for such patients is
early liver transplantation. Therefore, when choosing a
speci®c treatment plan, the clinician must take into
consideration the direct costs of health care utilization,
as well as the ef®cacy and morbidity of therapy. The
treatment chosen should be tailored to ®t the patient's
clinical condition while also taking into account the
possibility that the patient's liver disease may progress
and thus necessitate transplantation. Furthermore, the
cost-effectiveness of various treatment modalities
should factor in the cost of failed therapy (e.g., rebleed-
ing, shunt revision) and that of treatment-related com-
plications (encephalopathy, esophageal stricture, etc.).
Therapeutic modalities used in patients with acute
variceal hemorrhage, or in primary and secondary pro-
phylaxis, are listed in Table II.

TABLE II Ef®cacy and Cost of Treatment for Prevention of Recurrent Variceal Bleeding in Patients with Cirrhosisa

Treatment

Characteristics of

suitable patientsb
Risk of bleeding at

12 monthsc (%) Cost at 12 monthsd ($) Comments

Medical therapy

(nadolol or

propranolol and

isosorbide

mononitrate)

ChildÿPugh class A or B

cirrhosis; reduction of

�20% in HVPG

with medication; high

degree of compliance

4ÿ25 3000ÿ3700 Includes cost of HVPG

determination at

baseline and at

1ÿ2 months of therapy

Endoscopic variceal

band ligation

ChildÿPugh class AÿC

cirrhosis; compliance

with repeated medical

therapy

20ÿ30 8500ÿ9500 Estimate based on a mean of

four sessions until varices are

obliterated followed by

diagnostic esophagoscopy

at 3 and 12 months

Transjugular

intrahepatic

portosystemic

shunt

Current or future

candidates for

liver transplantation

8ÿ15 12,000ÿ15,000 Includes cost of Doppler

ultrasonography of shunt

every 3 months to

monitor for stenosis or

occlusion

Distal splenorenal

shunt or

low-diameter

(mesocaval

or portocaval)

interposition

shunt

ChildÿPugh class

A or B; good

liver function

5ÿ10 25,000ÿ40,000 Includes preoperative

venous phase arteriography

and measurement of

liver volume

a Data from Sharara and Rockey (2001).
b HVPG, Hepatic venous pressure gradient.
c The risk of bleeding varies with the severity of the liver disease.
d Costs represent the hospital charges, where applicable. The cost of care for bleeding episodes is not included.
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SUMMARY

Gastroesophageal variceal hemorrhage is a common and
devastating complication of portal hypertension and is a
leading cause of morbidity and mortality in patients
with cirrhosis. Because the clinical outcomes are poor
once variceal bleeding has occurred, primary prophy-
laxis with beta-blockers is indicated but the role of en-
doscopic ligation deserves further evaluation. The
treatment of acute variceal hemorrhage is aimed at vol-
ume resuscitation and ensuring hemostasis with phar-
macologic agents and endoscopic techniques. A high
risk of rebleeding after an index episode mandates
the institution of preventative strategies. Wedge
pressure-guided medical therapy may be the preferred
mode of secondary prophylaxis in patients with Childÿ
Pugh class A or B cirrhosis, but treatment with a com-
bination of methods is pathophysiologically attractive.
The choice of therapy should be tailored to ®t the
patient's clinical condition, risk factors, and prognosis.
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Vascular Abnormalities
BRYAN J. BURNS AND LAWRENCE J. BRANDT
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angiodysplasia (vascular ectasia) Most common vascular

abnormality of the gastrointestinal tract. Believed to be

acquired with aging, represents the most frequent cause

of recurrent lower intestinal bleeding in persons older

than 50 years. The likely cause is intermittent, low-grade

obstruction of the submucosal veins at the site where the

veins penetrate the muscular layer of the colon.

angiography Radiographic technique by which blood vessels

and vascular abnormalities can be visualized following

injection of contrast material (dye).

Dieulafoy's lesion Rare cause of massive gastrointestinal

bleeding; results from a large artery in abnormally close

contact with the lining of the stomach or small intestine.

hemangioma Vascular tumor that can be found in the small

intestine and colon; considered the second most

common vascular lesion of the colon (after angiodyspla-

sia). Hemangiomas can be classi®ed into two distinct

types, capillary hemangiomas and cavernous hemangio-

mas. They can become very large and present with

gastrointestinal bleeding.

telangiectasia Vascular abnormality of small veins, arteries,

and capillaries of the gastrointestinal tract. The abnormal

vessels can become dilated, thin, and fragile, causing

gastrointestinal bleeding. Telangiectasias are most com-

monly seen in the stomach and small intestine and tend

to be multiple rather than single.

Vascular abnormalities are important causes of gastroin-

testinal bleeding. They may be single or multiple, or part

of a systemic disorder that is acquired or inherited. The

most commonly occurring vascular lesions in the gastro-

intestinal tract are vascular ectasia, gastric antral vascular

ectasia, hereditary hemorrhagic telangiectasia, progres-

sive systemic sclerosis, Dieulafoy's lesion, hemangioma,

cavernous hemangioma of the rectum, blue rubber bleb

nevus syndrome, and KlippelÿTrenaunayÿWeber

syndrome.

VASCULAR ECTASIA

Vascular ectasia, also referred to as angiodysplasia, is the
most common vascular abnormality of the gastrointes-
tinal (GI) tract and likely represents the most frequent
cause of recurrent major lower intestinal bleeding in
persons older than 50 years. Vascular ectasias are be-
lieved to be associated with the degenerative changes of
aging and are not related to other vascular abnormalities

of the skin or other organs. Although these lesions are
occasionally seen in the upper GI tract (stomach and
small intestine), they are primarily found in the right
side of the colon (cecum and ascending colon). Vascular
ectasias are found equally in men and women. The le-
sions are usually multiple and tend to be smaller than
10 mm in diameter.

Approximately 50% of patients with bleeding
ectasias have some degree of cardiac disease. Up to
25% have been reported to have stenosis of the aortic
valve, although recent studies have not shown such an
association. There is even some anecdotal evidence that
replacement of the aortic valve in severe aortic stenosis
has stopped recurrent gastrointestinal bleeding from
angiodysplasias. The exact relationship between
ectasias, aortic valve disease, and GI bleeding is still
inconclusive and needs further research. Other diseases
have been associated with vascular ectasias, including a
coagulation disorder (von Willebrand's disease) and
chronic renal failure requiring hemodialysis, but
these associations require con®rmation.

Pathology

Vascular ectasias are believed to be degenerative
lesions that are acquired through aging. The likely
cause is partial, intermittent, low-grade obstruction of
the submucosal veins at the site where the veins pene-
trate the muscular layer of the colon (Fig. 1). Repeated
episodes of elevated pressure during muscular contrac-
tion and distension of the right colon may ultimately
result in dilatation and distortion of the submucosal
vein. When resected segments of colon are injected
with silicone rubber to ®ll the vascular lesions and
then viewed under a microscope, a dilated, tortuous
submucosal vein is often the earliest abnormality
noted. Later, the venules and capillaries that drain
into that vein may dilate and extend very close to the
surface of the colon. Eventually, the sphincter regulat-
ing ¯ow between the artery and submucosal vein be-
comes destroyed, allowing free ¯ow between these
vessels (arteriovenous ®stula). In the most severe le-
sions, the innermost lining of the bowel, the mucosa,
may ultimately be replaced by a maze of dilated,
fragile vascular channels. Despite their complicated
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appearance, vascular ectasias are often tinyÐsmaller
than a pinhead. Local factors may play a role in the
development of these lesions. For example, the greater
tension in the wall of the right colon and cecum com-
pared to the rest of the colon may be responsible for the
increased prevalence of ectasias in that part of the colon.

Clinical Presentation

Vascular ectasias manifest only through gastrointes-
tinal bleeding. Incidental ectasias may be seen at
colonoscopy in 3ÿ6% of healthy, asymptomatic people,
and require no treatment given the overall low risk of
bleeding and the inability to predict who will and who
will not bleed. Bleeding may be brisk or occult and the
clinical presentation varies from overt passage of large
amounts of bright red blood per rectum to iron-
de®ciency anemia. The majority of patients with colonic
lesions present with chronic, low-grade bleeding. A
quarter of patients may pass dark, tarry stools. A ma-
jority of the bleeding episodes stop spontaneously.

Many patients have multiple blood transfusions and
endoscopic procedures before a diagnosis of vascular
ectasias is made.

Diagnosis

A majority of the ectasias are diagnosed by
colonoscopy, and because most are located in the
right colon, it is important that the entire colon be ex-
amined. The endoscopic appearance of colonic lesions
can be variable. Most often they are small in size, have
scalloped or frondlike edges, and resemble a spider or a
coral reef. Endoscopic diagnosis, however, is limited by
the similar appearance of other vascular lesions and of
even minor trauma from the colonoscopy. Circulating
blood volume, the patient's state of hydration, and sed-
ative medications (such as meperidine) also can dimin-
ish the prominence of some vascular ectasias. Blood
transfusions, intravenous ¯uids, or administration of
naloxone (which rapidly reverses the effects of meper-
idine) may facilitate visualization of these vascular

FIGURE 1 Vascular1 ectasia. Proposed concept of the development of vascular ectasias: (A) Normal

state of vein (v.) perforating muscle layers; (B) with muscular contraction or increased intraluminal

pressure, the vein is partially obstructed; (C) after repeated episodes over many years, the submucosal

vein becomes dilated and tortuous; (D) later the veins and venules draining into the abnormal

submucosal vein become similarly involved; (E) ultimately the capillary ring becomes dilated, the

precapillary sphincter becomes incompetent, and a small arteriovenous communication is present

through the ectasia. From Boley, S. J., Sammartane, S. J., Adams, A., et al. (1977). On the nature and

etiology of vascular ectasias of the colon: Degenerative lesions of aging. Gastroenterology 72, p. 650,

with permission.
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abnormalities. Color images of these and other lesions
can be found on-line at several web sites, including the
GASTROLAB Image Gallery (http://www.gastrolab.
net/pawelcom.htm.). Angiography may be used to de-
tect angiodysplasias not seen at endoscopy or to ®nd and
treat actively bleeding lesions. Knowledge of typical
angiographic signs enables a more speci®c diagnosis
than can be made by colonoscopy.

Treatment

In most patients, bleeding can be controlled without
surgery either colonoscopically or through an angio-
graphic catheter. Endoscopic obliteration treatments
include heater probe, argon plasma coagulation, and,
less commonly, electrocoagulation and laser therapy.
Bleeding may recur in as many as 50% of patients,
prompting further therapy. A variety of medications
infused though an angiographic catheter can also suc-
cessfully stop bleeding, though this is rarely necessary.
The most commonly used medication is vasopressin (a
potent constrictor of blood vessels). As a last resort,
surgical removal of the right colon is used for bleeding
that does not respond to the above therapies or in cir-
cumstances in which such therapies are not available.

GASTRIC ANTRAL VASCULAR ECTASIA:
`̀ WATERMELON STOMACH''

Gastric antral vascular ectasia (GAVE) is an unusual
vascular abnormality, distinct from other vascular le-
sions. It has been known as `̀ watermelon stomach'' based
on its appearance of dilated blood vessels radiating out-
ward from the pylorus like spokes from a wheel, and
resembling the stripes on the surface of a watermelon.

Epidemiology

GAVE is seen commonly in older patients, the av-
erage age being 70 years. This disorder is more common
in women. The cause is uncertain, but it has been asso-
ciated with certain immunologic disorders, cirrhosis of
the liver (especially when complicated by hypertension
in the portal venous system of the liver), and absence of
acid production by the stomach. No disease association
has been strong enough to produce insight into the
etiology of this disorder.

Pathology

Microscopically, the mucosa of the gastric antrum is
hypertrophied and folded. The vascular channels are
located primarily in the submucosa and are tortuous,
dilated, and contain focal thromboses. The lesion is

restricted to the gastric antrum, but may be associated
with other vascular disorders of the stomach if portal
hypertension is present.

Clinical Presentation and Diagnosis

Nearly all patients present with iron-de®ciency ane-
mia from slow oozing of blood, but patients may also
present with overt gastrointestinal bleeding. Diagnosis
is made by the characteristic endoscopy appearance of
alternating red stripes with normal mucosa. Convoluted
columns of ectatic vessels produce the reddish color.
Angiography has not proved to be helpful in the
diagnosis of these lesions.

Treatment

Medical, endoscopic, and surgical approaches have
all been utilized in the treatment of GAVE. Medical
therapy is mainly that of iron replacement for anemia.
Estrogenÿprogesterone combinations have been tried
with some regression of these lesions, but results have
not been consistent. GAVE lesions respond to a variety
of endoscopic modalities, including heater probe, elec-
trocoagulation, lasers, or argon plasma coagulation.
Surgical resection of the gastric antrum is curative
but should be considered only for patients for whom
endoscopic therapy has been unsuccessful.

HEREDITARY HEMORRHAGIC
TELANGIECTASIA

A familial disorder associated with multisystem disease,
hereditary hemorrhagic telangiectasia (HHT), or
OslerÿWeberÿRendu disease, is characterized by re-
current gastrointestinal bleeding from small vascular
lesions (telangiectases) of the skin and mucous mem-
branes. It is inherited in an autosomal dominant fashion.
Thisdisorderusuallypresents with recurrentnosebleeds
during childhood, but the typical lesions on the lips and
tongue may not be seen until later in life. Gastrointes-
tinal bleeding is rare before age 30 years and has a peak
incidence in the sixth decade. Bleeding typically im-
proves during pregnancy. Gastrointestinal bleeding
may be quite severe and some patients have received
more than 50 blood transfusions over their lifetime.

Pathology

The major abnormalities are of small veins (ve-
nules), small arteries (arterioles), and capillaries. The
ends of these vessels become dilated, tortuous, and ir-
regular. The vessels are lined by a single layer of cells
without muscle or elastic tissue, so they cannot contract.
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This renders them thin and very fragile and may explain
why they tend to bleed.

Clinical Presentation

Typical features of HHT include a family history in
up to 80% of patients, as well as characteristic telangi-
ectasias on the vermilion border of the lips, oral and
nasal mucosae, tongue, and nailbeds. These vascular
lesions may occur in the colon but are more commonly
seen in the stomach and small bowel. It is at these sites
where they are more likely to cause signi®cant bleeding.
Most patients will pass dark, tarry stools (melena), but
vomiting of blood and the passage of red blood per
rectum have also been reported. This disease is a
systemic illness, and lesions are not con®ned to the
GI tract. The telangiectasias may also be found in the
lungs, brain, and liver. Pulmonary lesions may allow for
shunting of pulmonary arterial blood into the cerebral
circulation, which can have devastating consequences,
including stroke and brain abscess.

Treatment

The management of GI bleeding in patients with
HHT is dif®cult because of the multiplicity of lesions.
Endoscopic ablation may be performed during active
bleeding or between bleeding episodes. Oral
estrogenÿprogesterone therapy has also been used,
but its effectiveness is limited. Surgical resection should
be reserved for bleeding lesions resistant to endoscopic
therapy, especially because rebleeding from other areas
of the gastrointestinal tract is common.

PROGRESSIVE SYSTEMIC
SCLEROSIS (SCLERODERMA)

Telangiectactic vascular lesions are a prominent feature
of progressive systemic sclerosis, especially in the
variant that has as it clinical features calcinosis,
Raynaud's phenomenon, esophageal dysmotility,
sclerodactyly, and telangiectasias (CREST). In this
disorder, the sites most frequently involved are the
hands, lips, face, and tongue, but gastrointestinal bleed-
ing has been reported from lesions in the stomach, small
intestine, and colon. Bleeding is best treated by
endoscopic electrocautery or by ablation using laser
or argon plasma coagulation.

DIEULAFOY'S LESION

This vascular abnormality is a rare cause of massive
gastrointestinal bleeding, usually from the stomach,

but sometimes from the small or large intestine. It is
twice as common in men as in women and presents at a
mean age of 52 years. This lesion is believed to be pres-
ent in 1ÿ2% of patients with acute GI hemorrhage.

Pathology

It is generally accepted that the primary defect in a
Dieulafoy's lesion is an abnormally large artery running
through the submucosa, or in the some cases the
mucosa, of the stomach. The vessel is normal histolog-
ically, but does not undergo the normal decrease in
caliber as it penetrates from the outer to the inner layers
of the stomach. As a result, the `̀ caliber-persistent'' vessel
is in close contact with the stomach lining and may
cause a small erosion in this lining. This can cause
the vessel to become eroded, with resultant massive
bleeding.

Clinical Presentation

These lesions typically present with profuse upper
GI hemorrhage without symptoms of ulcer disease. The
diagnosis can usually be made by endoscopy, and the
site of bleeding is usually located within 6 cm of
the junction of the esophagus and the stomach. The
mortality rate from bleeding has been high in the past
but has improved signi®cantly with the advent of ther-
apeutic endoscopy.

Therapy

Historically, surgery was the only effective way
to manage Dieulafoy's lesions, often requiring a
wedge resection of the entire area. More recently, emer-
gency endoscopy has been used to localize and treat
the actively bleeding site. A variety of techniques can
be used to achieve hemostasis, including local injec-
tion of vasoconstrictive or sclerosing agents, heater
probe, electrocoagulation, and laser or argon plasma
coagulation. Most patients (80%) with Dieulafoy's
lesions can be managed with endoscopic therapy
alone. Rebleeding from these lesions may occur and,
therefore, patients should be observed closely following
treatment.

HEMANGIOMA

Hemangiomas are vascular growths that can be found in
both the small intestine and the colon. Although rare,
they are considered the second most common vascular
lesion of the colon (after vascular ectasias). The lesions
may be present at birth and enlarge with the normal
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development of the child. They may be single or mul-
tiple and can be associated with hemangiomas on the
skin or in other organs.

Pathology

Hemangiomas are often small, ranging from a few
millimeters to 2 cm, but larger lesions occur, especially
in the rectum (see the following discussion on cavern-
ous hemangiomas of the rectum). Hemangiomas can be
classi®ed into two distinct histologic types, capillary
hemangiomas and cavernous hemangiomas. Capillary
hemangiomas are uncommon and may be found in the
small intestine and appendix. These reddish-purple le-
sions are usually solitary and well circumscribed. They
are made up of tiny vessels, closely packed together into
clusters separated by very little connective tissue. In
contrast, cavernous hemangiomas are most often
found in the large intestine or rectum and can be
quite large, extending up to 20 or 30 cm in length,
with enough bulk to encroach on the bowel lumen.
They also can be well-circumscribed and polypoid.
Histologically, they are seen as numerous dilated,
irregular, blood-®lled spaces that may extend through
the entire wall of the bowel.

Clinical Presentation

Hemangiomas usually present in young men and
women in their second decade. Bleeding is usually
slow, producing anemia or rarely black, tarry, or red
stools. Cavernous hemangiomas may present with brisk
bleeding, and death from exsanguination has occurred.
Occasionally, large lesions can present with bowel ob-
struction. Diagnosis is best made by endoscopy, because
X-ray studies, including angiography, frequently
are normal. Endoscopically, the lesions appear as
bright red spots or nodules (capillary hemangiomas)
or as reddish-purple polyps or mounds (cavernous
hemangiomas).

Therapy

Small, solitary hemangiomas can be ablated locally
by endoscopic techniques. Most larger lesions must be
approached surgically, because even a small endoscopic
biopsy can result in massive bleeding or perforation.
Either the hemangioma alone or the involved segment
of bowel harboring the vascular growth is resected. Al-
ternative therapies have been used in unresectable cases.
These include injection of sclerosing agents, freezing
methods (cryotherapy), and ablation of the arterial sup-

ply to the lesion. In most cases, these techniques have
been only marginally successful.

CAVERNOUS HEMANGIOMA OF
THE RECTUM

These lesions are often considered separately from other
hemangiomas because of their different presentation
and clinical course. They are often solitary and quite
extensive in size, involving much of the rectum and
occasionally the sigmoid colon as well. Because of
their large vascular channels, these lesions may present
with massive rectal bleeding. A soft mass may be
detected on digital rectal examination. The diagnosis
can also often be suggested by clues obtained from
plain X rays of the abdomen. These studies may show
focal calci®c densities (phleboliths), which form in the
dilated sinuses, or a distorted rectal air column. Endo-
scopically, elevated plum-red nodules are seen; ulcers
and rectal in¯ammation may also be present. Local mea-
sures to control bleeding are only temporarily effective.
Embolization and surgical ligation of major feeding
vessels have also been used, but ultimately resection
of the rectum may be required.

BLUE RUBBER BLEB NEVUS SYNDROME

The blue rubber bleb nevus syndrome is a rare disorder
that manifests as cavernous hemangiomas on the skin
and in the gastrointestinal tract. The descriptive name of
this condition derives from the fact that the blue skin
lesions have the appearance and feel of rubber nipples.

Pathology

The lesions are quite distinctive; they are blue and
raised, ranging from 0.1 to 10 cm in size, and have a
wrinkled surface. A few to several hundred of these
lesions can be found on the skin, usually on the
trunk, extremities, and face. They are often present at
birth or appear during childhood. Microscopically, the
lesions are cavernous hemangiomas composed of di-
lated capillaries.

Clinical Presentation

Gastrointestinal tract involvement with hemangio-
mas of the blue rubber bleb nevus syndrome is very
common. Lesions can be found throughout the gastro-
intestinal tract but are most common in the small bowel.
They usually present with low-grade gastrointestinal
bleeding. The typical presentation is that of a young
adult with chronic anemia and the characteristic skin
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lesions (characteristic by appearance and by the wrin-
kled sac they leave on compression).

Therapy

Although barium and angiographic studies have
both been used to diagnose this disorder, endoscopy
is the best available modality (although limited in the
length of small bowel it can visualize). Conservative
treatment with iron supplementation is usually tried
in these patients. If bleeding is signi®cant and con®ned
to one or a few segments of bowel, surgical resection of
the involved areas may be needed. Endoscopic treat-
ment with laser therapy has been used but may be
dangerous if the lesion involves the full thickness of
the bowel wall. Endoscopic ultrasound is a new tech-
nique that may help de®ne the depth of bowel involve-
ment prior to therapy.

KLIPPELÿTRENAUNAYÿWEBER
SYNDROME

This syndrome is characterized by three cardinal fea-
tures: a large vascular lesion (hemangioma) involving a
lower limb, with varicose veins, and enlargement of the
bones and soft tissues of, the involved limb. Swelling of
the involved leg is very common. This disorder may
cause gastrointestinal bleeding from cavernous heman-
giomas, usually located in the colon or rectum. Vaginal
hemangiomas may also cause signi®cant vaginal bleed-

ing. Bleeding may be mild or heavy and is often recur-
rent. Surgical resection of the involved area of bowel is
standard, but recently endoscopic laser therapy has
been tried in several cases with good results.

See Also the Following Articles

Hemorrhage � Lower Gastrointestinal Bleeding and Severe

Hematochezia � Occult Gastrointestinal Bleeding � Upper

Gastrointestinal Bleeding
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Blue Rubber Bleb Nevus syndrome A disorder consisting of

multifocal venous malformations of the skin, soft tissues/

muscles, gastrointestinal tract, or almost any organ.

hemangioma Benign endothelial tumors.

hereditary hemorrhagic telangiectasia Also known as Osler-

Weber-Rendu disease, with autosomal dominant inheri-

tance of vascular malformations in multiple organ

systems, including the lungs, brain, and gastrointestinal

tract.

Kaposiform hemangioendothelioma Endothelial hyperpla-

sia, which is less discrete and more aggressive than typical

hemangioma. It can be associated with very low platelet

counts (known as Kasabach Merritt phenomenon).

vascular malformation A result of abnormal development of

vascular structures. They are subclassi®ed based on their

predominant channel type (capillary, venous, lymphatic,

arteriovenous, etc.).

Skin and soft tissue vascular anomalies are relatively com-

mon in infants and children, although visceral vascular

anomalies are much less common and often asymptom-

atic. The nomenclature of vascular anomalies, in general,

has been misleading and propagates misconceptions that

often lead to incorrect diagnosis and treatment. Neverthe-

less, most gastrointestinal vascular anomalies have typi-

cal clinical presentations, natural histories, and

endoscopic and radiologic appearances. An understand-

ing of such patterns of presentation facilitates accurate

diagnosis and appropriate management of these un-

common lesions.

CLASSIFICATION

Vascular anomalies in childhood are split into two broad
categories: tumors and vascular malformations. Impre-
cise terminology has been inconsistently applied to a
variety of vascular anomalies. A reclassi®cation, encom-
passing clinical behavior, cellular kinetics, and physical
appearance, was proposed by Mulliken and Glowaki in
1982 and can also be applied to visceral lesions (Table I).
For practical purposes, most of these vascular tumors
of childhood are hemangiomas, which are benign en-
dothelial tumors. The descriptors `̀ cavernous'' or `̀ cap-
illary'' hemangioma are misleading and unnecessary.
Often the lesions described as cavernous hemangiomas

are in fact vascular malformations rather than true hem-
angiomas.

Vascular malformations result from errors in vascu-
lar morphogenesis and are not tumors. They are subdi-
vided into their predominant channel type: capillary,
venous, lymphatic, arterial, or a combination of these.
The suf®x `̀ -oma'' in modern medical terminology (e.g.,
lymphangioma, cystic hygroma, and angioma) often in-
dicates a neoplastic process with up-regulated cell
growth. These terms should be avoided because they
misrepresent the true biology of the nonneoplastic, qui-
escent endothelium in vascular malformations.

HEMANGIOMAS

Epidemiology and Pathogenesis

Hemangioma is the most common tumor of infancy
and childhood. It occurs in 4ÿ10% of white infants and
23% of low-birth-weight premature infants weighing
51200 g. The incidence in dark-skinned babies is
low. Most hemangiomas are single, but 20% of affected
infants have multiple lesions. Multiple cutaneous tu-
mors (more than 5) often arise in association with vis-
ceral lesions [mostly in the liver, gastrointestinal (GI)
tract, lungs, and brain]. Hemangiomas occur with a
female to male ratio of 3 : 1 to 5 : 1. This ratio is higher
in problematic tumors and in rare cases where there are
associated structural anomalies. There is also evidence
suggesting that the risk of hemangioma is signi®cantly
higher in offspring of women who undergo chorionic
villus sampling.

TABLE I Biologic Classi®cation of Vascular Anomalies

Tumors Malformations

Cause: Endothelial

hyperplasia

Cause: Dysmorphogenesis with

normal endothelial turnover

Hemangioma Capillary

Congenital hemangioma Venous

Kaposiform

hemangioendothelioma

Lymphatic

Rare forms Arterial/arteriovenous

Complex-combined
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The triggers for hemangiogenesis are not entirely
clear, although there are hypotheses suggesting a viral
cause, such as human parapox virus infection or genetic
alteration. In a study of monozygotic versus dizygotic
twins, there was no strong evidence for Mendelian in-
heritance; however, there are rare kindreds that suggest
familial transmission in an autosomal dominant pattern
with incomplete penetrance and variable expressivity. A
putative locus on 5q has been identi®ed in three families
with coexistence of hemangioma and vascular malfor-
mation. The median age for the appearance of most
cutaneous hemangiomas is 2 weeks after birth (Fig. 1).
However, approximately one-third to one-half are
nascent at birth. Hemangiomas evolve through three
stages:

1. Proliferation (usually between 0 and 1 year of age),
characterized by up-regulation of two potent angio-
genic peptides, vascular endothelial growth factor
and basic ®broblast growth factor.

2. The involuting phase (usually between 1 and 7 years
of age), characterized by a higher rate of apoptosis
than mitosis, with decreased interferon-b in the over-
lying epidermis. The rate of regression is unrelated to
the appearance, site, size of tumor, or the gender of
the patient. Involution is complete in 50% of children
by 5 years and in 70% by 7 years of age, with gradual
improvement until 10ÿ12 years of age.

3. The involuted phase (after 7 years of age), in which
the hemangioma may be completely invisible, leave a
pale ®brofatty residuum, or lead to some ®ne
telangiectatic vessels on the overlying skin.
Lesions that have ulcerated during proliferation
leave a scar.

Clinical Manifestations

Hemangiomatosis refers to multiple cutaneous and
visceral hemangiomas. The liver is the most common
visceral site involved and can range in presentation from
tiny, asymptomatic tumors found incidentally, to large,
single or multiple tumors, with or without cardiac com-
plications. These typically manifest in the ®rst 4 months
of life with hepatomegaly, anemia, and high-output car-
diac failure. Abdominal compartment syndrome can
occur when the hepatomegaly is so marked that it limits
diaphragmatic excursion and venous return to the in-
ferior vena cava, resulting in respiratory and renal fail-
ure. Occasionally, the liver hemagioma may invade
directly into the duodenum or colon or parasitize its
blood supply. Symptomatic hemangiomas of the stom-
ach, small bowel, and colon are rare. When detected,
they often exhibit diffuse, patchy involvement and they
are also often associated with multifocal cutaneous
lesions.

Radiologic Features

Any infant with more than ®ve cutaneous hemagio-
mas should be considered for screening by ultrasound
and/or magnetic resonance imaging (MRI) to evaluate
for possible lesions in the liver. Doppler ultrasound of
the liver sometimes detects a liver hemangioma in its
early proliferative phase; lesions may even be detected
on antenatal ultrasound. The ultrasound can show
single or multiple lesions with decreased arterial resis-
tance, increased venous velocity, and discrete soft tissue
mass. Sonography is useful in documenting tumor re-
sponse to pharmacologic therapy. On MRI, hemangio-
mas appear to be solid tissue of intermediate intensity on
T1 images and moderate hyperintensity on T2 images.
Flow voids are indicators of shunting (rapid ¯ow) be-
tween feeding arteries and dilated draining veins and are
prominent around and within the tumor. One should be
aware that because both intrahepatic hemangioma and
arteriovenous malformations (AVMs) are fast ¯ow, they
can often be mistaken for one another. Finally, radio-
nuclide scanning with technetium Tc-99m-tagged red
blood cells can be used to document deep multiple
hemangiomas in the GI tract.

Treatment

Most lesions require no treatment. However, if there
is a threat to life, limb, vital function, or signi®cant
tissues, the lesions should be treated pharmacologically.
The ®rst-line agent is oral prednisone, 2ÿ3 mg/kg/day
(up to 5 mg/kg/day for refractory lesions) for 1 month,
followed by a slow taper over the subsequentFIGURE 1 Typical cutaneous hemangioma.
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5ÿ7 months. Rebound growth after weaning the dose is
a common phenomenon and the dose may need to be
temporarily increased. Small focal lesions can be treated
with sequential intralesional injections of tria-
mcinolone. Approximately one-third of treated lesions
undergo rapid involution, one-third stabilize, and one-
third have no response. The growth of the lesions is
inhibited, probably from the mild antiangiogenic effect
of corticosteroids.

For steroid-resistant lesions, treatment with a more
potent angiogenesis inhibitor, interferon a-2b, 2ÿ3
million units/m2/day, can be given subcutaneously.
The response is typically slower, although most lesions
respond. Side effects include a low-grade fever in the
®rst 1ÿ2 weeks (which can be minimized by pretreat-
ment with acetominophen), transient transaminase el-
evation, neutropenia, and anemia (usually mild and not
requiring discontinuation of the interferon). The last
and potentially most serious side effect is spastic diple-
gia, which has been reported in approximately 5% of
infants treated with interferon.

Gastrointestinal hemangiomas are rare and can be
single, multifocal, or diffuse in®ltrative tumors. Bleed-
ing may occur and necessitate repeated transfusions. On
occasion, focal lesions can be treated with local endo-
scopic (band ligation, argon plasma coagulation, or
intralesional corticosteroid injection) or surgical tech-
niques (enterotomy). However, one cannot always be
assured that any endoscopically visualized lesion is the
only bleeding site, as there may be other lesions out of
reach of the endoscope or colonoscope. In the case of
diffuse in®ltrative hemangioma(s) with life-threatening
hemorrhage, management consists of supportive care
with repeated transfusions, parenteral nutrition,
and antiangiogenic therapy (to accelerate involution),
rather than surgical resection (as this is usually not
possible).

For relatively small, asymptomatic, hepatic lesions,
sequential physical exam and ultrasound are typical
management. Therapy is typically reserved until there
is signi®cant hepatomegaly or symptoms such as con-
gestive heart failure. Initial therapy is with systemic
steroids and second-line therapy is interferon. If
symptoms worsen or persist, hepatic arteriography
may be considered. Embolization is a potential therapy,
only if there are direct macrovascular shunts through
the lesion(s). Chemotherapy with cyclophosphamide or
vincristine has also occasionally been effective for life-
endangering hepatic hemangiomas. Endoscopic evalu-
ation is not typically needed, but may be useful in cases
where there is concern about the liver hemangioma in-
vading the bowel or its vascular supply. Endoscopy may
be indicated to con®rm and localize the lesion(s), but it

is unlikely to be suf®cient for hemostasis of gastrointes-
tinal bleeding if it occurs. Surgical resection of liver
hemangiomas is almost never indicated. Liver trans-
plant is considered only in rare instances when the
tumor is unresponsive to the aforementioned therapies
and the patient is in extremis from abdominal compart-
ment syndrome. In cases of such large lesions, it is cru-
cial to screen for acquired hypothyroidism, as some
hemangiomas have been demonstrated to express
type 3 iodothyronine deiodinase, which inactivates
circulating thyroid hormone. Prior screening for
congenital hypothyroidism is generally normal in these
individuals and a normal early thyroid-stimulating
hormone does not ensure that hypothyroidism will
not develop as a hemangioma enlarges. Thus, repeated
testing should be performed if the lesion undergoes
signi®cant growth.

Congenital hemangioma is a rare variant in which
a lesion is fully grown at birth and involutes rapidly,
usually by 1 year of age. No congenital hemangioma has
been reported in the gastrointestinal tract.

KAPOSIFORM
HEMANGIOENDOTHELIOMAS

Kaposiform hemangioendotheliomas (KHEs) are gener-
ally much more aggressive than hemangiomas, although
they follow a similar pattern of spontaneous involution.
They are much less discrete and tend to blend in dif-
fusely with the surrounding structures. Both sexes are
equally affected. Although involvement in a hollow vis-
cus has not been reported, the torso, retroperitoneal
structures, and liver may be involved. Kasabach-Merritt
phenomenon occurs in association with these lesions
and is characterized by a severe thrombocytopenia (typ-
ically 2000 to 5000 platelets/mm3), which places the
infant at risk for hemorrhage in various sites, including
the gastrointestinal tract. KHE is clearly differentiated
from common hemangioma via MRI; KHEs have a
poorly de®ned tumor margin, extend across tissues,
and have relatively small vessels. Biopsy is rarely indi-
cated for a coagulopathic tumor and it is usually too
diffusely in®ltrative and large to resect. In contrast to
hemangiomas, interferon has been effective only in 50%
of infants and no single pharmacologic therapy has
proven to be consistently effective. Two caveats must
be remembered in managing thrombocytopenia in
these lesions: Platelet transfusion should be avoided
unless there is active bleeding or a surgical procedure
is indicated. Heparin should not be given, as it can sti-
mulate tumor growth, platelet trapping, and worsened
bleeding.
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VASCULAR MALFORMATIONS

Capillary Malformations

Capillary malformations are composed of dilated
capillary to venular sized vessels, with a paucity of nor-
mal nerve ®bers around these vessels on immunohisto-
chemical staining. In the skin, they include port wine
stains and telangiectasias. It is extremely rare to have
symptomatic capillary malformations of the viscera. He-
reditary hemorrhagic telangiectasia (HHT), also known
as OslerÿWeberÿRendu disease, can present with
nosebleeds, shunting through pulmonary arteriovenous
malformations, cerebral lesions, and potential gastroin-
testinal mucosal lesions. The pulmonary complications
are usually apparent before the GI manifestations, and if
GI bleeding occurs, it is rare before adulthood. There are
rare case reports of HHT associated with juvenile
polyps, which are highly vascular and a common source
of bleeding during childhood. In these cases, the child
may present with gastrointestinal bleeding from the
polyps rather than the vascular anomaly.

Venous Malformations

Venous malformations are the most common
symptomatic vascular anomaly of the GI tract in child-
hood. Most patients have only single lesions, though
some have multiple malformations. Most of these mal-
formations are sporadic, although genes for several rare,
autosomal dominant forms have been identi®ed. They
have a wide range in size (miniscule to massive) and
shape (¯at to bulky and amorphous). Grossly, they are
nonpulsatile, appear deep purple, decompress with
manual pressure, and re®ll shortly after release
(Fig. 2). Microscopically, they are channels lined by
endothelium but lack smooth muscle. They have also
been improperly termed cavernous hemangiomas be-
cause of their soft, spongy feel and color. However,
this term should not be used because these lesions
are not tumors, do not involute, and do not respond
to pharmacologic treatment. Venous malformations of
the skin and soft tissue are often asymptomatic, other
than being unsightly and sometimes dis®guring. Blood
can stagnate in the nonlaminar channels and cause a
local consumptive coagulopathy. Thrombosis may
occur, resulting in sudden swelling, ®rmness, and
pain. In large lesions, systemic hypo®brinogenemia
and prolonged prothrombin time may result from factor
consumption. Thrombocytopenia is atypical. Even
without frank thrombus, pain can occur due to conges-
tion or low-grade thrombosis. Small, palpable phle-
boliths can form and appear as radiopaque spherical
densities on radiographic studies. If present, these

serve as an easy distinguishing feature of venous mal-
formations from hemangiomas. In the GI tract, they
most commonly present with upper or lower, acute
or chronic, gastrointestinal bleeding. Since GI bleeding
is not common in childhood, it is often not suspected or
identi®ed until the patient is found to be profoundly
anemic. This is highlighted by the fact that children
independent in toileting may not report a change in
bowel habits and if parents notice dark-colored stools,
they may not appreciate their signi®cance. Pain and
obstruction are less common presenting symptoms of
venous malformations in the gut. They are common in
the liver and spleen (often improperly termed heman-
giomas) and usually asymptomatic.

A single, focal venous malformation can occur any-
where in the gastrointestinal tract, vary in size (51 cm
to 420 cm diameter), and can be mucosal, mural, or
transmural (Fig. 3). Endoscopic ultrasound can be
used to determine the depth of mural involvement, al-
though the entire lesion must be viewed, as there can be
varying depths of involvement in different parts of the
same lesion. Therapeutic endoscopic procedures should
be performed only on super®cial lesions and surgical
backup should be available for complications that may

FIGURE 2 Typical cutaneous venous malformation.
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arise. Small, muscosal lesions can be eradicated with
endoscopic band ligation. If the lesion is not transmural,
endoscopic sclerotherapy may also be used, but is un-
likely to be suf®cient treatment of large lesions. Poten-
tial complications include perforation (if unsuspected
transmural lesions are treated endoscopically) and in-
travascular migration of sclerosing material from large
lesions (if there are anomalous or large vessels commu-
nicating with the lesion). In such cases, pretreatment
angiography or intralesional injection of contrast under
¯uoroscopy may be helpful. Surgical excision is needed
to eradicate large or transmural venous malformations.

Blue Rubber Bleb Nevus syndrome (BRBNS) con-
sists of multifocal venous malformations of the skin,
soft tissues/muscles, gastrointestinal tract, or almost
any organ. Skin lesions vary in size (usually
3ÿ15 mm), are deep blue or purple in color, are ¯at
or minimally raised, may be tender to palpation, and
have a predilection for the trunk, palms, and soles
(Fig. 4). A total body survey with delayed imaging of
Tc-99m-labeled red blood cells or scintigraphy using
single-photon emission computed tomography (for a
three-dimensional picture) shows pooling of the labeled
cells within the lesions. Almost all patients have multi-
ple lesions within the liver. Gastrointestinal lesions have
an endoscopically pathognomonic appearance: dis-
crete, purple berry-like protuberances, several millime-
ters to centimeters in size, scattered from mouth to anus
(Figs. 5 and 6). Most are broad-based, but some have a
narrow pedicle. Typically, there is a broad rim of normal
mucosa encircling the base and extending up to the

reddish blue apex of the lesion, although normal
mucosa may also cover the entire mass. Affected patients
present from early infancy to young adulthood, invari-
ably with chronic GI bleeding (usually consistent black
stools rather than acute hemorrhage) and anemia. Most
patients require chronic transfusions, iron replacement,
and erythropoietin. Some patients can also present with
intussusceptions or volvulus. Single pharmacologic or
endoscopic treatment studies to date have not yielded
reproducible, durable ef®cacy. Therapies that have been
evaluated include interferon-a, somatostatin, high-dose
intravenous gammaglobulin, sclerotherapy, band liga-
tion, and laser photocoagulation. Because most lesions
are generally in the unexamined portions of the small
intestine, endoscopic therapy alone is unlikely to de-
crease a patient's transfusion requirement. There is one
report of endoscopic polypectomy with laparoscopic
assistance to approach small bowel lesions. The authors'
approach to BRBNS is to eradicate all hollow viscus
venous malformations using a combined endoscopic
and operative approach when a patient requires re-
peated transfusions or has refractory severe anemia.
Since BRBNS lesions are congenital, present at birth
(though they may be minute), and expand over time,
operation is delayed until bleeding is signi®cant, in
hopes that all lesions are `̀ ripe'' and can all be eradicated
in one procedure. Lesions are identi®ed endoscopically
in the esophagus to duodenum and rectum to colon. If
lesions are super®cial, endoscopic band ligation is per-
formed. Otherwise, they are surgically excised. Small
bowel lesions are identi®ed via enteroscopy through

FIGURE 3 Endoscopic appearance of colonic venous

malformation.

FIGURE 4 Skin lesions of the Blue Rubber Bleb Nevus

syndrome.
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enterotomies or by inversion of segments of intestine by
sequential intussusceptions through multiple entero-
tomies. Small bowel length is preserved by wedge exci-
sion or ligation of lesions rather than circumferential
small bowel resections. Outcomes have been excellent.

Diffuse venous malformations involve large contig-
uous sections of bowel and extraintestinal structures
(such as mesentery, retroperitoneum, pelvis, muscles,
subcutaneous tissues, and skin). Upper visceral diffuse
venous malformations may involve the mesenteric,
splenic, and portal veins. If the portal vein is anomalous,

one should investigate for presinusoidal hypertension.
These lesions may be untreatable, although portal de-
compression can be helpful by decreasing intralumenal
pressure of the malformation.

Lower visceral diffuse venous malformations can
extend from the anorectum proximally. They usually
are transmural and extend into the pelvis. They may
involve the entire colon or just the left side. Imaging
studies demonstrate a markedly thickened colon and
anorectum with or without phleboliths. Colonoscopy
reveals a massively engorged, purple mucosa with con-
tiguous varix-like projections, which can cause chronic
bleeding requiring life-long, repeated transfusions.
However, endoscopic therapy is futile in all cases and
may exacerbate the bleeding. Surgery can involve partial
colectomy with end colostomy or colectomy with
anorectal mucosectomy and endorectal coloanal or
ileoanal pull-through. Full-thickness rectal resection
should be avoided because there can be uncontrollable
hemorrhage from the extrarectal pelvic venous
malformation.

Arteriovenous Malformations

AVMs are high-¯ow lesions between abnormal ar-
teries and veins via many anomalous communications,
without a normal intervening capillary bed. True AVMs
of the GI tract are rare and many so-named lesions are in
fact venous malformations. Endoscopically, AVMs in
the gut appear pulsatile and demonstrate high ¯ow
on endoscopic ultrasound. Embolization of GI AVMs
generally results in necrosis and perforation. Thus, sur-
gical resection is the only curative therapy for gut lesions
and presurgical localization may be performed by tat-
tooing during selective arteriography.

Lymphatic Malformations

Lymphatic malformations of the GI tract are un-
common and mesenteric cysts may represent lymphatic
malformations of the lacteals. Protein-losing enteropa-
thy and ascites may be seen in association with anom-
alous development of the mesenteric lymphatics,
cisterna chili, and thoracic duct. Endoscopy is of limited
use in diagnosis and therapy.

Complex Combined Vascular Malformations

Complex combined vascular malformations result
from various combinations of anomalous vessel channel
types. The most common form in the GI tract is the
capillaryÿlymphaticovenous malformation of the
KlippelÿTrenaunay syndrome (Fig. 7). This syndrome
is characterized by an enlarged lower extremity at birth,

FIGURE 5 Endoscopic appearance of venous malformations

of the Blue Rubber Bleb Nevus syndrome.

FIGURE 6 Intestinal lesions of the Blue Rubber Bleb Nevus

syndrome.
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a massive distorted foot, and axial overgrowth. Purple
capillary stains are usually prominent and lymphatic
vesicles protrude through the skin. Extension of
the lesion into the pelvis to involve the bowel and
bladder is not uncommon, though some with Klippelÿ
Trenaunay syndrome may have no GI symptoms. On
colonoscopy, the appearance of lesions is varied,
sometimes with diffuse purple vascular discoloration
and varied degrees of mural thickening. Therapy is
indicated only for bleeding resulting in severe chronic

anemia or if there is recurrent cellulitis of the buttock or
thigh. These infections are often demonstrated to result
from enteric organisms that translocate directly through
the abnormal mucosal barrier in the malformation.
Therapy may entail partial colectomy with diverting
colostomy or colectomy with anorectal mucosectomy
and coloanal endorectal pull-through.

An appreciation of clinical patterns, accurate no-
menclature, associated visible cutaneous lesions, endo-
scopic appearances, and radiologic ®ndings is important
in the proper diagnosis and treatment of vascular anom-
alies of the gastrointestinal tract.
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Vasculitis
SALAHUDDIN KAZI

University of Texas Southwestern Medical Center, Dallas

antineutrophil cytoplasmic antibodies Proteins directed

against cytoplasmic neutrophil antigens such as protei-

nase 3 and myeloperoxidase; useful in the diagnosis of

small-vessel vasculitis.

Janeway lesion Painless, macular lesions on the palms and

soles, characteristic of infective endocarditis.

oligoarthritis Form of arthritis that involves more than one

but a relatively small number of joints.

Osler node A tender, raised, cutaneous lesion, typically on

the ®nger pads; characteristic of infective endocarditis.

Vasculitis is de®ned pathologically as a vessel wall lesion

characterized by the presence of leukocytes, with reactive

damage to mural vascular structures resulting in tissue

ischemia and necrosis. Clinically, vasculitis refers to

syndromes resulting from such local, regional, or

systemic in¯ammation and necrosis of blood vessels. Vas-

culitis may occur in the context of a well-de®ned disease

such as infective endocarditis (secondary vasculitis) or

may be idiopathic. Secondary vasculitis is much more

common than idiopathic vasculitis. Disorders that

mimic clinical vasculitis include multiple cholesterol em-

boli syndrome and several occlusive vasculopathic disor-

ders. Histologically, such disorders are notable for the

absence of vasculitic changes. The term `̀ vasculopathy''

is often applied to such disorders.

CLASSIFICATION

The idiopathic or primary systemic vasculitides are a
heterogeneous group of diseases with frequent clinical
and pathologic overlap. Classi®cation is based on vessel
size, clinical features, and histology (Table I). Three
main categories are recognized based on vessel size
(large, medium, and small) and are further subclassi®ed
based on clinical and histologic characteristics.

EPIDEMIOLOGY

Although the causes of vasculitis are largely unknown,
epidemiologic data have suggested roles for geographic,
genetic, and environmental factors. Giant cell arteritis is
the most common vasculitis in older individuals from
North America and Europe. Takayasu's arteritis is

predominantly seen in individuals from the Far East
and Southeast Asia. The medium- and small-vessel
vasculitides (polyarteritis nodosa and microscopic poly-
angiitis, Wegener's granulomatosis, and ChurgÿStrauss
syndrome) are all relatively uncommon. Kawasaki dis-
ease primarily occurs in children under the age of
5 years. HenochÿSchoÈnlein purpura is the most com-
mon type of vasculitis in children and is relatively
infrequent in adults. Cutaneous leukocytoclastic vascu-
litis is relatively common and frequently seems to be
precipitated by the use of medications.

ETIOLOGY AND PATHOGENESIS

The systemic vasculitides are immune-mediated in¯am-
matory diseases for which the precise etiology is un-
clear. These diseases may be triggered by infection,
with the release of proin¯ammatory cytokines and
up-regulation of leukocyte adhesion molecules in an
uncontrolled manner. Several factors appear to deter-
mine the size of vessel involved, the subsequent in¯am-
matory responses, and systemic manifestations. These
include the nature of the antigen involved, factors
modulating endothelial cell activation, and other
components of the in¯ammatory cascades, including
cytokines, costimulatory molecules, and intracellular
activation pathways. The end result is disruption of
vessel integrity, producing clinical signs and symptoms
of tissue ischemia.

Giant cell arteritis appears to be a T-cell-mediated
disease. Macrophages produce interleukin-1, interleu-
kin-6, and transforming growth factor-b and often be-
come organized as multinucleated giant cells under
the in¯uence of interferon g. Takayasu's arteritis is
also a granulomatous polyarteritis in which CD8
T cells have been identi®ed as the major cell type. Sev-
eral candidate organisms have been associated with
Kawasaki syndrome. It is speculated that toxins may
act as superantigens. Polyarteritis nodosa is an immune
complex vasculitis and has been reported in association
with hepatitis B virus in some cases. Wegener's granulo-
matosis, microscopic polyangiitis, and ChurgÿStrauss
syndrome have been referred to as the antineutrophil

Encyclopedia of Gastroenterology 600 Copyright 2004, Elsevier (USA). All rights reserved.



TABLE I Names and De®nitions of Vasculitides Adopted by The Chapel Hill Consensus Conference on the

Nomenclature of Systemic Vasculitisa

Name De®nition

Large-vessel vasculitis Giant cell (temporal) arteritis

Granulomatous arteritis of the aorta and its major branches

with a predilection for the extracranial branches of the

carotid artery; often involves the temporal artery; usually

occurs in patients older than 50 years and often is

associated with polymyalgia rheumatica

Takayasu arteritis

Granulomatous in¯ammation of the aorta and its major

branches; usually in patients younger than 50 years

Medium-vessel vasculitis Polyarteritis nodosa (classic polyarteritis nodosa)

Necrotizing in¯ammation of medium or small arteries

without glomerulonephritis or vasculitis in arterioles,

capillaries, or venules

Kawasaki disease

Arteritis of large, medium, and small arteries associated

with the mucocutaneous lymph node syndrome; coronary

arteries are often involved and aorta and veins may

be involved; usually occurs in children

Small-vessel vasculitis Wegener's granulomatosis

Granulomatous in¯ammation involving the respiratory

tract, and necrotizing vasculitis affecting small to

medium-sized vessels (e.g., capillaries, venules, arterioles,

and arteries); necrotizing glomerulonephritis is common

ChurgÿStrauss syndrome

Eosinophil-rich and granulomatous in¯ammation involving

the respiratory tract, and necrotizing vasculitis affecting

small to medium-sized vessels; associated with

asthma and eosinophilia

Microscopic polyangiitis (microscopic polyarteritis)

Necrotizing vasculitis, with few or no immune deposits,

affecting small vessels (i.e., capillaries, venules, or

arterioles); necrotizing arteritis involving small and

medium-sized arteries may be present; necrotizing

glomerulonephritis is very common and pulmonary

capillaritis often occurs

HenochÿSch�onlein purpura

Vasculitis, with IgA-dominant immune deposits, affecting

small vessels (i.e., capillaries, venules, or arterioles);

typically involves skin, gut, and glomeruli, and is

associated with arthralgias or arthritis

Essential cryoglobulinemic vasculitis

Vasculitis, with cryoglobulin deposits, affecting small

vessels (i.e., capillaries, venules, or arterioles), and

associated with cryoglobulins in serum; skin and

glomeruli are often involved

Cutaneous leukocytoclastic vasculitis or glomerulonephritis

Isolated cutaneous leukocytoclastic angiitis without systemic

vasculitis

a Modi®ed from Jennette et al. (1994).
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cytoplasmic antibody (ANCA)-associated vasculi-
tides. It is thought that the ANCAs play a direct path-
ogenic role in these disorders. HenochÿSchoÈnlein
purpura is an immune complex vasculitis in which im-
munoglobulin A (IgA) is the principal component.
Leukocytoclastic vasculitis results from immune
complex deposition in postcapillary venules.

CLINICAL FEATURES

General

The systemic vasculitides are in¯ammatory diseases
that often result in simultaneous tissue ischemia of sev-
eral organ systems. The associated systemic in¯amma-
tory response is often clinically evident as fever, weight
loss, and malaise. Giant cell arteritis may present as a
fever of unknown origin in the elderly.

Cutaneous

Leukocytoclastic vasculitis is a reaction pattern
that may be seen in a variety of vasculitides. When
the skin is the only organ system involved, the term
`̀ cutaneous leukocytoclastic vasculitis'' is assigned.
HenochÿSchoÈnlein purpura typically manifests as pal-
pable purpura over the lower extremities. Many other
vasculitides can also produce similar lesions. In addition
to leukocytoclastic vasculitis, other cutaneous patterns
of injury include nodules, ulceration, and bullous
lesions. Occasionally, digital gangrene occurs from me-
dium-vessel occlusion. Secondary vasculitides (includ-
ing cryoglobulinemic vasculitis and immune complex
vasculitis from infections such as infective endocarditis)
also have prominent cutaneous features. Cryoglobu-
linemic vasculitis can cause purpura and infarcts of
cool peripheral structures such as the digits, ear
lobes, and tip of the nose and the penis. Characteristic
cutaneous lesions from infective endocarditis are re-
ferred to as Osler's nodes and Janeway lesions. Splin-
terlike hemorrhages in the nail bed are also frequently
noted in this disorder.

Musculoskeletal

Arthritis is a relatively infrequent in the systemic
vasculitides. It may involve both large and small joints.
Common patterns include a symmetric small-joint
synovitis of the upper extremities (as can occur in
giant cell arteritis) or an asymmetric oligoarthritis of
the large joints (as may occur in the ANCA-associated
vasculitides). Muscle involvement may occur in
polyarteritis nodosa, presenting as myalgia or muscle
weakness.

Renal

Glomerulonephritis is characteristic of the
ANCA-associated small-vessel vasculitides. It is nearly
universal in microscopic polyangiitis, very frequent in
Wegener's granulomatosis, and can occasionally occur
in ChurgÿStrauss syndrome. It is also frequently seen in
HenochÿSchoÈnlein purpura and in cryoglobulinemic
vasculitis. Clinical manifestations include hematuria,
proteinuria, rapidly progressive glomerulonephritis,
acute nephritic syndrome, and occasionally the nephro-
tic syndrome. Hematuria and mild renal insuf®ciency
are characteristic of HenochÿSchoÈnlein purpura,
whereas rapidly progressive glomerulonephritis with
moderate to severe renal insuf®ciency frequently occurs
in Wegener's granulomatosis and microscopic poly-
angiitis. Polyarteritis nodosa causes a renal arteritis
without glomerulonephritis. Clinically, this presents
with renal insuf®ciency, hypertension, and proteinuria.

Gastrointestinal

Gastrointestinal involvement occurs primarily with
polyarteritis nodosa and HenochÿSchoÈnlein purpura.
Polyarteritis nodosa frequently involves the mesenteric
vasculature and can cause bowel infarction, ulceration,
and bleeding. Involvement of the pancreatic vessels can
cause acute pancreatitis. It may present as postprandial
periumbilical pain. Rupture of the mesenteric microan-
eurysms is a life-threatening complication of poly-
arteritis nodosa. Localized polyarteritis nodosa is not
uncommonly reported in pathologic specimens from
patients with acute cholecystitis or appendicitis. Liver
in¯ammation (hepatitis) is an uncommon feature of
idiopathic systemic vasculitis and, when prominent,
should suggest a secondary infectious cause of vasculitis
such as hepatitis C virus, with cryoglobulinemic vascu-
litis, and the rickettsial diseases. In children, Henochÿ
SchoÈnlein purpura frequently presents with colicky
abdominal pain and gastrointestinal hemorrhage.
Some patients experience nausea and vomiting. Hepato-
megaly, hydrops of the gallbladder, diarrhea, and pan-
creatitis have all been reported in Kawasaki syndrome.

Neurologic

Vasculitis of the central nervous system can occur as
an isolated disorder. It is referred to as primary angiitis
of the central nervous system. In giant cell arteritis,
headache from temporal artery involvement and blind-
ness from central retinal artery ischemia are relatively
common. Takayasu's arteritis may present with cerebral
ischemia. Vasculitis associated with connective tissue
diseases such as systemic lupus erythematosus and
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SjoÈgren's syndrome can also involve the central nervous
system. Other systemic vasculitides more commonly
involve the peripheral nervous system, often presenting
as mononeuritis multiplex with acute foot drop or wrist
drop. This is particularly characteristic of polyarteritis
nodosa and ChurgÿStrauss syndrome.

Pulmonary

Involvement of the upper airway is characteristic of
Wegener's granulomatosis, which can involve the
nasal septum, ears, larynx, and trachea. Subglottic ste-
nosis is a common complication. Pulmonary in®ltrates,
nodules, and cavitary lesions are also frequently noted
in Wegener's granulomatosis. Pulmonary capillaritis
presenting as alveolar hemorrhage is characteristic of
microscopic polyangiitis but can also occur with
Wegener's granulomatosis. ChurgÿStrauss syndrome
is characterized by asthma. Pulmonary involvement
with polyarteritis nodosa is distinctly uncommon.
Giant cell arteritis may present with throat pain and
cough.

Other

Kawasaki disease characteristically involves the co-
ronary arteries and, untreated, can result in coronary
artery aneurysms. Epididymo-orchitis can occur in
polyarteritis nodosa. Eosinophilia is universal in
ChurgÿStrauss syndrome. Ocular manifestations in the
systemic vasculitides include scleritis, uveitis, retinal
vasculitis, and orbital pseudotumors. Ocular disease
is particularly common in Wegener's granulomatosis
and giant cell arteritis.

DIAGNOSIS

The diagnosis of systemic vasculitis is considered when
patients present with the systemic in¯ammatory
disorder associated with rapidly progressive multiorgan
dysfunction. Certain clinical features are very sugges-
tive of vasculitis. These include acute renal insuf®ciency
with an active urinary sediment, mononeuritis multi-
plex, unexplained central nervous system ischemia, pal-
pable purpura, and acute pulmonary hemorrhage. In all
such cases, it is important to ®rst consider the secondary
causes of vasculitis. These include a variety of infectious
diseases (such as infective endocarditis, rickettsial
diseases, hepatitis C virus infection, and human immu-
node®ciency virus infection), lymphoproliferative dis-
orders (especially hairy cell leukemia), left atrial
myxoma, and drugs such as ergot alkaloids and cocaine.
Diagnostic tests that are helpful include those that ex-
clude the secondary causes (blood cultures, viral

serology, echocardiography, and urine drug screen)
and those that suggest immune complex formation
(rheumatoid factor and antinuclear antibody) or the
production of antineutrophil cytoplasmic antibodies.
ANCA testing is particularly valuable when small-vessel
vasculitis presents as a pulmonaryÿrenal syndrome.
Indirect immuno¯uorescence reveals two characteristic
patterns: diffuse cytoplasmic immuno¯uorescence
(c-ANCA) is moderately sensitive and speci®c for active
Wegener's granulomatosis, and perinuclear immuno¯u-
orescence (p-ANCA) is indicative of microscopic poly-
angiitis. Most patients with Wegener's granulomatosis
will test positive for antiproteinase 3 antibodies by
enzyme-linked immunosorbent assay (ELISA) and the
majority of patients with microscopic polyangiitis will
test positive for antimyeloperoxidase antibodies (anti-
MPOs) by ELISA. ANCA titers may ¯uctuate with
disease activity and may predict relapse in Wegener's
granulomatosis.

It is important to stress that vasculitis is a patholog-
ical diagnosis and every attempt should be made to
obtain a tissue diagnosis. Angiography can be useful
when obtaining tissue is not feasible (e.g., suspected
mesenteric or intracranial vasculitis).

THERAPY AND PROGNOSIS

Aggressiveness of therapy of the systemic vasculitides is
determined by the site, extent, and pace of organ in-
volvement. Drug-induced leukocytoclastic vasculitis is
generally a self-limited disease once the offending
medication is withdrawn. Occasionally, a short
course of oral corticosteroids is necessary. Similarly,
HenochÿSchoÈnlein purpura may resolve spontane-
ously in the absence of any speci®c treatment. However,
if renal involvement is present, therapy is usually indi-
cated. Some vasculitides, such as giant cell arteritis,
usually respond to corticosteroids alone. Diseases such
as polyarteritis nodosa and Wegener's granulomatosis
typically pose a threat of catastrophic organ damage and
are usually treated with simultaneous administration of
corticosteroids and cytotoxic agents. Once remission is
obtained, corticosteroids are the ®rst to be withdrawn
followed by the withdrawal of cytotoxic agents. In
Wegener's granulomatosis, the ANCA titers fall with
remission and may even revert to negative. In some
cases, a rising ANCA titer predicts clinical relapse.

Early mortality in the vasculitides is usually from the
disease or is the result of complications of acute immu-
nosuppression. Late mortality usually occurs from com-
plications of therapy. The prognosis in leukocytoclastic
vasculitis and giant cell arteritis is excellent, whereas
diseases such as polyarteritis nodosa and Wegener's
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granulomatosis can cause serious morbidity and de-
creased life expectancy. The 5-year survival of poly-
arteritis nodosa is 60% and that of Wegener's
granulomatosis is 70%.
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nitric oxide (NO) Chemical that mediates smooth muscle

relaxation through activation of guanylate cyclase and

production of cyclic GMP; vasoactive intestinal peptide

acts through the single-transmembrane natriuretic pep-

tide clearance receptor C, coupled to Gi1 and Gi2

proteins, to activate endothelial nitric oxide synthase,

with resultant production of NO.

vasoactive intestinal peptide (VIP) family VIP and peptides

homologous to VIP, including secretin, glucagon, PHM

(a 27-amino-acid peptide having N-terminal histidine

and C-terminal methionine), pituitary adenylate cyclase-

activating peptide (of either 27 or 38 amino acids in

length), gastric inhibitory peptide, growth hormone-

releasing factor, and helodermin.

VPAC1 and VPAC2 Speci®c, high-af®nity membrane

receptors for vasoactive intestinal peptide; both are

Gs-coupled receptors spanning the plasma membrane

seven times.

WDHA A syndrome of watery diarrhea, hypokalemia, and

achlorhydria, associated with neuroendocrine vasoactive

intestinal peptide-secreting tumors (VIPoma); also known

as pancreatic cholera or Verner-Morrison syndrome.

In 1902, W. Bayliss and E. Starling described secretin and

established the ®eld of endocrinology. In their landmark

communication to the RoyalSociety ofLondon, they noted

that `̀ . . . secretin is associated with another body with a

pronounced lowering effect on the blood pressure.'' This

may be the ®rst reference to vasoactive intestinal peptide

(VIP), identi®ed by S. Said and V. Mutt in 1970 as a poly-

peptide from the small intestine that induces systemic

604 VASOACTIVE INTESTINAL PEPTIDE (VIP)

Encyclopedia of Gastroenterology Copyright 2004, Elsevier (USA). All rights reserved.



granulomatosis can cause serious morbidity and de-
creased life expectancy. The 5-year survival of poly-
arteritis nodosa is 60% and that of Wegener's
granulomatosis is 70%.

See Also the Following Articles

HenochÿSchoÈnlein Purpura � Hepatitis C � Kawasaki

Syndrome

Further Reading

Calabrese, L. H., Duna, G. F., and Lie, J. T. (1997). Vasculitis in the

central nervous system. Arthritis Rheum. 40, 1189.

Fauci, A., Katz, P., Haynes, B., et al. (1979). Cyclophosphamide

therapy of severe systemic necrotizing vasculitis. N. Engl. J. Med.

301, 235.

Freeman, A. F., and Shulman, S. T. (2001) Recent developments in

Kawasaki disease. Curr. Opin. Infect. Dis. 14(3), 357ÿ361.

Guillevin, L., Le Thi Hong, D., Godeau, P., et al. (1988). Clinical

®ndings and prognosis of polyarteritis nodosa and Churgÿ
Strauss angiitis: A study in 165 patients. Br. J. Rheumatol.

27, 258.

Jennette, J. C., and Falk, R. J. (1997). Small-vessel vasculitis. N. Engl.

J. Med. 337, 1512.

Jennette, J. C., Falk, R. J., Andrassy, K., Bacon, P. A., Churg, J.,

Gross, W. L., Hagen, E. C., Hoffman, G. S., Hunder, G. G.,

Kallenberg, C. G., et al. (1994). Nomenclature of systemic

vasculitides. Proposal of an international consensus conference.

Arthritis Rheum. 37(2), 187ÿ192.

Kerr, G. (1995). Takayasu's arteritis. Rheum. Dis. Clin. North Am.

21, 1041.

Lee, E., Smith, H., Miller G. I., et al. (1984). Ischemic pseudomem-

branous colitis with perforations due to polyarteritis nodosa.

Am. J. Gastroenterol. 79, 35.

Levine, S. M., and Hellmann, D. B. (2002). Giant cell arteritis. Curr.

Opin. Rheumatol. 14, 3.

Lhote, F., and Guillevin, L. (1995). Polyarteritis nodosa, microscopic

polyangiitis and ChurgÿStrauss syndrome. Rheum. Dis. Clin.

North Am. 21, 911.

Lopez, L., Schocket, A., Standford, R., et al. (1980). Gastrointestinal

involvement in leukocytoclastic vasculitis and polyarteritis

nodosa. J. Rheumatol. 7, 677.

Rao, J. K., Weinberger, M., Oddone, E. Z., et al. (1995). The role of

antineutrophilic cytoplasmic antibody (C-ANCA) testing in the

diagnosis of Wegener granulomatosis. A literature review and

meta-analysis. Ann. Intern. Med. 123, 925.

Vasoactive Intestinal Peptide (VIP)
TOAN D. NGUYEN

University of Washington and Puget Sound VA Health Care System, Seattle

nitric oxide (NO) Chemical that mediates smooth muscle

relaxation through activation of guanylate cyclase and

production of cyclic GMP; vasoactive intestinal peptide

acts through the single-transmembrane natriuretic pep-

tide clearance receptor C, coupled to Gi1 and Gi2

proteins, to activate endothelial nitric oxide synthase,

with resultant production of NO.

vasoactive intestinal peptide (VIP) family VIP and peptides

homologous to VIP, including secretin, glucagon, PHM

(a 27-amino-acid peptide having N-terminal histidine

and C-terminal methionine), pituitary adenylate cyclase-

activating peptide (of either 27 or 38 amino acids in

length), gastric inhibitory peptide, growth hormone-

releasing factor, and helodermin.

VPAC1 and VPAC2 Speci®c, high-af®nity membrane

receptors for vasoactive intestinal peptide; both are

Gs-coupled receptors spanning the plasma membrane

seven times.

WDHA A syndrome of watery diarrhea, hypokalemia, and

achlorhydria, associated with neuroendocrine vasoactive

intestinal peptide-secreting tumors (VIPoma); also known

as pancreatic cholera or Verner-Morrison syndrome.

In 1902, W. Bayliss and E. Starling described secretin and

established the ®eld of endocrinology. In their landmark

communication to the RoyalSociety ofLondon, they noted

that `̀ . . . secretin is associated with another body with a

pronounced lowering effect on the blood pressure.'' This

may be the ®rst reference to vasoactive intestinal peptide

(VIP), identi®ed by S. Said and V. Mutt in 1970 as a poly-

peptide from the small intestine that induces systemic

604 VASOACTIVE INTESTINAL PEPTIDE (VIP)

Encyclopedia of Gastroenterology Copyright 2004, Elsevier (USA). All rights reserved.



vasodilation, hypotension, increased cardiac output, re-

spiratory stimulation, and hyperglycemia. VIP is now

known to have protean biological, physiological, and clin-

ical effects; a Medline search yielded �10,000 articles

published with VIP as a keyword. This article will examine

the peptide structure of VIP, its receptors, cellular action,

distribution, biological effects, and clinical relevance.

VASOACTIVE INTESTINAL PEPTIDE:
PEPTIDE STRUCTURE AND
HOMOLOGOUS PEPTIDES

Vasoactive intestinal peptide (VIP) is composed of 28
amino acid residues and belongs to a family of
homologous bioactive peptides that include PHM (27
amino-acid peptide having N-terminal histidine and C-
terminal methionine), pituitary adenylate cyclase-
activating peptide (PACAP; of either 27 or 38 amino
acids in length), secretin, glucagon, gastric inhibitory
peptide (GIP), growth hormone-releasing factor
(GHRF), and helodermin (Gila monster venom) (Fig.
1). PACAP is a neuropeptide and secretin, glucagon,
GIP, and GHRH are hormones. PHM is co-synthesized
with VIP (see below).

Human, cow, pig, goat, dog, and rat (but not guinea
pig) VIPs are identical, suggesting conservation during
mammalian evolution. Nonmammalian VIP (chicken,
alligator, frog, trout, bow®n, dog®sh, cod, and gold®sh)
differs from the human peptide at only four or ®ve
positions.

Peptide modeling suggests that VIP exhibits a cen-
tral a-helix from Val-3 to Asn-24 with random coiled
N- and C-termini. Studies of VIP analogues and alanine
substitutions suggest that His-1, Val-5, Thr-11, Arg-14,
Lys-15, Lys-21, Asn-28, Leu-23, and Ile-26 interact di-
rectly with VIP receptors.

Human VIP is synthesized as a precursor protein
(prepro-VIP) of 170 amino acids (MW 19,169) contain-
ing, in addition to VIP, a signal peptide of �20 amino

acids and PHM. As shown in Fig. 1, human PHM ex-
hibits marked homology to VIP (in the rat, substitution
of the N-terminal methionine by isoleucine yields PHI);
its effect is mediated through VIP receptors. In humans,
prepro-VIP mRNA is transcribed from an 8837 bp gene
that encodes seven exons and six introns and that is
located on chromosome 6q24.

VASOACTIVE INTESTINAL
PEPTIDE RECEPTORS

This section will examine the receptors speci®c for VIP
that mediate the different biologic effects of this peptide.
Although VIP interacts with many receptors with var-
iable degrees of af®nity and speci®city, only two recep-
tors with high af®nity for VIP are identi®ed, named
VPAC1 and VPAC2 in 1998. Of the peptides of the
VIP family, PHM also acts through VPAC1 and
VPAC2, since no receptor speci®c for PHM has been
identi®ed. PACAP also binds to VPAC1 and VPAC2; it
also binds with high af®nity to PAC1, a receptor with low
af®nity for VIP.

VPAC1

Previously known as the VIP, VIP1, VIP/PACAP
type II receptor, or PVR2 receptor, VPAC1 was exten-
sively characterized functionally and biochemically in
the 1980s. It was cloned in 1992 from the rat lung by
Ishihara et al. and the human counterpart was identi-
®ed in 1993ÿ1994. The human VPAC1 contains 460
amino acids with a predicted MW of 51,929 (including
a signal sequence of 30 amino acids); it exhibits 81%
amino acid sequence identity with its rat counterpart.
Paralleling the homology of their ligands, there is
marked homology between VPAC1 and the receptors
for PACAP (PAC1), secretin, GHRF, glucagon, parathy-
roid hormone (PTH), glucagon-like peptide I, and cal-
citonin. The human chromosomal location of VPAC1 is
3p22. There is no known splice variant of this receptor.

As illustrated in Fig. 2, hydropathy analysis predicts
seven transmembrane domains, characteristic of
G-protein-coupled receptors, and a large N-terminal
extracellular domain of 114 amino acids (excluding
the signal sequence). Studies of chimeric secretinÿVIP
receptors support a key role for this N-terminal domain
in VIP recognition. Similar to other G-protein-coupled
receptors, the second and third intracellular loops may
interact with Gs, the G-protein coupled to VPAC1, and
the intracellular C-terminus may mediate receptor de-
sensitization. There are four potential sites for
N-glycosylation, one site for cyclic AMP (cAMP)-depen-
dent phosphorylation, and three sites for protein kinase

FIGURE 1 VIP peptide family. The amino acid sequences of

human VIP and of homologous peptides are shown. With VIP

serving as reference, the identical amino acids are underlined

and the number of identical amino acids for each peptide is

given in brackets.
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C phosphorylation. Of the 10 extracellular cysteines,
the residues at positions 50, 63, 72, 86, 105, and 122
in the N-terminal domain are crucial for VIP binding.
The Asp-3 of VIP penetrates into the transmembrane
region of the receptor, in close proximity to the con-
served Arg-188 and Lys-195 on the second transmem-
brane domain.

Functional studies of VPAC1 demonstrate a VIP-bind-
ing af®nity of 0.6 nM and the following order of pot-
ency: VIP� PACAP-274 PACAP-384 helodermin4
GHRF� PHM4 secretin. Selective VPAC1 receptor ago-
nists include the VIP/GRF hybrid [Lys-15, Arg-16,
Leu-27]VIP(1ÿ7)GRF(8ÿ27)-NH2, chicken [Arg-16]-
secretin (which also activates the secretin receptor), and
[Ala-11, -22, -28]VIP (41000-fold discrimination be-
tween VPAC1 and VPAC2). [Acetyl-His-1, D-Phe-2, Lys-
15, Arg-16]VIP(3ÿ7)GRF(8ÿ27)-NH2 and (N-stearyl,
norleucine-17)VIP hybrid are reported antagonists of
VPAC1.

Using Northern blotting, VPAC1 is localized to
lung4 prostate4 peripheral leukocyte, liver, brain,
small intestine4 colon, heart, spleen4 placenta, kid-
ney, thymus, testis (decreasing order of expression). By
receptor autoradiography, VPAC1 is expressed in many
epithelial cells, such as hepatocytes, mucosal cells of
the stomach and colon, acinar and/or duct cells of the

breast, pancreas, and lung, and glandular cells of the
thyroid, prostate, uterus, and adrenal medulla.

VPAC2

VPAC2, also known as the helodermin-preferring
VIP receptor, VIP2, PACAPR-3, or PVR3 receptor,
was ®rst cloned from the rat olfactory bulb and its
human counterpart was subsequently identi®ed. Its
human chromosomal location is 7q36.3. Human
VPAC2 contains 438 amino acids (including a putative
23-amino-acid signal sequence) and exhibits an 86%
amino acid identity with the rat VPAC2. Homology
with other receptors was much lower: 49% amino
acid identity with human VPAC1 and 52% identity
with PAC1. Similar to VPAC1, the predicted structure
of VPAC2 includes seven transmembrane domains and a
large extracellular N-terminal domain. There are 10
extracellular cysteines, conserved from VPAC1, and
three potential sites for N-glycosylation.

Binding and functional studies of VPAC2 show the
following order of potency: PACAP-38� heloder-
min�VIP� PACAP-27. Unlike VPAC1, VPAC2 does
not bind secretin, even at 1 mM. Ro 25-1553 is
a highly selective agonist for VPAC2 and may be used
for bronchodilation.

By receptor radioautography, VPAC2 is found on
smooth muscle cells (e.g., stomach, blood vessels)
and on thymic lymphoid cells.

Related Receptors

A protein has been identi®ed from the human jeju-
num exhibiting 100% homology with the 428 C-termi-
nal amino acids of VPAC1 but completely divergent at
the N-terminal 67 amino acids. This protein does not
bind VIP and its functional signi®cance remains to be
determined.

As discussed below, VIP may also interact with
the single-transmembrane natriuretic peptide clear-
ance receptor, coupled with Gi1 or Gi2, to stimulate
endothelial nitric oxide synthase (eNOS) in smooth
muscle cells.

DISTRIBUTION AND METABOLISM

Distribution

VIP is widely distributed in the human body, prima-
rily within the neurons of the central and peripheral
nervous systems. Over the length of the gastrointestinal
(GI) tract, it is present in large amounts in both its
mucosal and muscular layers, with a trend toward
more abundant peptide and higher mucosal/muscular
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FIGURE 2 Predicted structure of VPAC1. Each amino acid is
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peptide ratio in the distal portions of this tract (with
focal increases in the proximal duodenum and right
colon). VIP is also present in the gallbladder and is
abundant around sphincters (e.g., lower esophageal
sphincter, pylorus, and sphincter of Oddi).

Within the gut wall, VIP is found in �2.5% of
the neurons of the myenteric, or Auerbach's, plexus
and in �45% of the neurons of the submucous, or
Meissner's, plexus. As shown in Fig. 3, VIP-containing
neurons in the myenteric ganglia project distally to
other myenteric and submucous ganglia, to under-
lying circular muscles, and to prevertebral ganglia, sug-
gesting a role for VIP in mediating the descending
inhibition of a peristaltic wave. VIP-containing neurons
in the submucous ganglia project to submucous arteri-
oles and to the mucosa, suggesting additional functions
for this peptide in regulating mucosal transport and
local blood ¯ow.

In the exocrine GI system, VIP is also present in the
postganglionic cholinergic neurons that innervate glan-
dular tissues such as submandibular salivary glands
and pancreas. In these glands, the presence of VIP-
containing nerve endings around small blood vessels,

acini, and ducts again suggests a vasoregulatory and
secretory function for VIP.

Vasoactive Intestinal Peptide Release
and Metabolism

As a neurotransmitter, VIP is released from nerve
endings (e.g., following neuronal depolarization) to act
on adjacent cells. Locally, this VIP is cleared through
internalization of the VIPÿreceptor complexes by the
target cell, followed by intracellular degradation. Cell
surface peptidases may also inactivate VIP, as reported
for gastric smooth muscle membranes.

VIP may also evade local degradation to enter the
vascular compartment. Indeed, VIP plasma concentra-
tions (systemic basal levels: �20ÿ50 pg /ml; portal
basal levels: 40ÿ100 pg /ml) may increase following
stimulation of VIP release (e.g., with oral lipids or in-
travenous calcium, oxytocin, or neostigmine). The en-
tire GI tract is the main source for circulating VIP. VIP is
rapidly cleared from the circulation, with a plasma half-
life as short as 1ÿ3 min. The major contribution of he-
patic clearance in this process is suggested by the higher
levels of VIP in the portal (versus systemic) circulation,
elevated peptide levels in patients with hepatic failure,
and hepatic extraction of labeled VIP injected into the
portal circulation. In the systemic circulation, VIP is
extracted by the lung.

BIOLOGIC EFFECTS OF VIP

Because VIP and its receptors are widely distributed in
the GI tract, it has extensive effects on the digestive
system. For over two decades, it has been established
that VIP stimulates secretion from epithelial cells and
relaxes smooth muscles; recently, it has also been rec-
ognized that VIP modulates in¯ammation and cellular
growth and differentiation. The cellular mechanisms for
these actions are illustrated in Fig. 4.

Stimulation of Secretion

The secretory effect of VIP has been established
in vitro and in vivo, with cultured cells, animal models,
and human subjects. VIP stimulates the secretion of
¯uid and electrolytes from the gallbladder, small intes-
tine, and colon, of EGF and bicarbonate from duodenal
Brunner's glands, and of bicarbonate and digestive en-
zymes from the exocrine pancreas. In promoting this
secretory effect, VIP may act alone or in concert with
other agents (e.g., VIP potentiates the secretory effect of
cholecystokinin on pancreatic acini).

The mechanism underlying VIP-stimulated secre-
tion has been elucidated with T84 colonocytes and is

FIGURE 3 Organization of VIP-containing neurons in the GI

tract. VIP-containing neurons (shown in black) in the myenteric

and submucous ganglia of the GI tract and their projections to

other ganglia and target cells (smooth muscles of the bowel wall,

submucous arterioles, and secretory mucosal cells) are depicted.

For orientation, the proximal (oral) and distal (anal) directions are

shown at the top and the different layers of the bowel wall are

shown on the right.
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illustrative of VIP-induced secretion in other tissues.
VIP interacts with VPAC1, located on the basolateral
membrane of these cells, to activate adenylate cyclase
through Gs. The subsequent increase in intracellular
cAMP will activate cAMP-dependent protein kinase
(PKA), promote phosphorylation and activation of
the relevant ion transport pathways (e.g., basolateral
cAMP-dependent K� channel and apical cystic ®brosis
transmembrane conductance regulator Clÿ channel),
and induce the secretion of electrolytes (primarily
Clÿ) and ¯uid. Agents acting via other signaling path-
ways may potentiate this response, either through cross
talk between the transduction mechanisms or through
activation of additional ion transport pathways (e.g.,
Ca2�-activated K� channels).

Smooth Muscle Relaxation

In tissue and animal models, VIP induces the relax-
ation of smooth muscles from the stomach, small and
large intestine, GI sphincters, gallbladder, and blood
vessels. This effect is mediated through two pathways.
By activating the Gs-coupled VPAC2, VIP activates ad-
enylate cyclase to promote intracellular cAMP produc-
tion, stimulate PKA, and activate the proteins mediating
smooth muscle relaxation. In addition, VIP may interact
with the natriuretic peptide clearance receptor, coupled
to Gi1 and Gi2, to promote Ca2� in¯ux and [Ca2�]i

increase. The subsequent activation of the Ca2�/

calmodulin-dependent eNOS leads to the generation
of nitric oxide (NO), NO-dependent activation of
soluble guanylate cyclase, generation of cGMP,
activation of cGMP-dependent kinase, and relaxation
of smooth muscle cells.

In the gastric fundus, NOS and VIP are co-localized
in the majority of myenteric neurons and NO also
stimulates the release of VIP from nerve endings, further
enhancing the interaction between VIP and NO. Con-
versely, VIP may also stimulate myenteric neurons to
release substances that induce smooth muscle contrac-
tion (e.g., in guinea pig ileum).

Modulation of In¯ammation

VIP suppresses the production of many pro-in¯am-
matory agents by monocytes and macrophages. This
effect, mediated through VPAC1, occurs via inhibition
of the transactivation of nuclear factor kB (NF-kB), a
pleiotropic transcription factor that regulates the pro-
duction of many pro-in¯ammatory agents [e.g., tumor
necrosis factor a, interleukin-12 (IL-12), IL-1, IL-6,
NO] and chemokines (e.g., IL-8, RANTES, monocyte
chemoattractant protein-1, intracellular adhesion mol-
ecule-1). In unstimulated cells, NF-kB is present in the
cytosol as a p50/p65 heterodimer, bound to the inhib-
itor IkB. On stimulation, IkB is phosphorylated and
degraded, allowing NF-kB to translocate to the nucleus.
In the nucleus, NF-kB promotes the transcription of
in¯ammatory agents by binding to the corresponding
DNA, in concert with other transcription factors, such
as the CREB-binding protein (CBP, where CREB is
cAMP regulatory element-binding protein) and
TATA-box-binding protein (TBP).

VIP inhibits NF-kB transactivation at three levels.
First, through a cAMP-independent pathway, VIP in-
hibits NF-kB nuclear translocation and subsequent
DNA binding. Second, it induces the phosphorylation
of CREB, allowing it to compete against p65 for CBP
binding. Third, it inhibits the phosphorylation of TBP
and its binding to p65 and the TATA-box. The effects of
VIP on CBP and TBP are both mediated through cAMP.
The signi®cance of these actions on GI in¯ammation
awaits further studies.

Effects on Cellular Growth
and Differentiation

VIP also appears to modulate apoptosis and the
growth and differentiation of neuronal and immune
cells. It may also promote the proliferation of many
neoplastic cells; VPAC1 receptor antagonists have
been used in vitro to inhibit tumor growth.
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high-af®nity VIP receptors; NPR-C, natriuretic peptide clearance
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CLINICAL ASPECTS

Vasoactive Intestinal Peptide-Secreting
Tumors (VIPoma)

In 1958, Verner and Morrison ®rst described a
syndrome of profuse, refractory, and watery diarrhea,
hypokalemia, and achlorhydria in association with non-
b islet cell pancreatic tumors. Known variously as
pancreatic cholera, WDHA (for watery diarrhea, hypo-
kalemia, and achlorhydria), and the VIPoma or Verner-
Morrison syndrome, this entity is associated with
elevated levels of VIP in the serum or corresponding
tumor.

Pancreatic cholera is the third most common man-
ifestation of pancreatic neuroendocrine tumors, after
hypoglycemia from insulinomas and peptic symptoms
from gastrinomas. VIPomas account for 2ÿ7% of GI
neuroendocrine tumors and occur with an annual inci-
dence of 1 in 107 (mean patient age: 49 years; female/
male preponderance: 3/1). Ninety percent of these tu-
mors are encountered in the pancreas, where they usu-
ally occur as solitary tumors in the body or tail (75%
of pancreatic cases). Nonpancreatic VIPomas occur
mostly along the autonomic nervous system and in
the adrenal medulla. Similar to other GI neuroendocrine
tumors, approximately 60% of VIPomas are malignant.
Most VIPomas also synthesize one or more additional
neuropeptides (e.g., 39% of VIPomas secrete pancreatic
polypeptide).

Whereas the liver and lung normally clear circulat-
ing VIP, excessive VIP secreted by tumors reaches distal
organs to affect their function. Pancreatic cholera, oc-
curring in half of the patients with VIPoma, is caused by
the stimulation of secretion from intestinal crypt cells,
manifested clinically as a watery, secretory, and fasting
diarrhea associated with hypokalemia from fecal K�

losses of up to 400 mEq/day. By inhibiting gastric secre-
tion, VIPomas also cause achlorhydria or, more com-
monly, hypochlorhydria. Cross-reactivity between VIP
and the hepatic glucagon receptor may account for the
glucose intolerance and the hyperglycemia observed,
respectively, in 50 and 18% of affected patients, whereas
cross-reactivitywiththePTHreceptormayinducehyper-
calcemia in 25ÿ75% of patients. Vasodilation promoted
by VIP may cause an initial ¯ushing and rash on the head
and upper trunk in 20% of VIPoma patients; desensiti-
zation may subsequently reduce these symptoms.

Even though the VIPoma syndrome is a well-
established entity, because of its rarity, it is still rec-
ognized only after an average duration of symptoms of
3 years. This diagnosis should be entertained for cases
of secretory diarrhea productive of liters of isotonic
watery stools that persist after 2ÿ3 days of fasting.

The diagnosis is supported by a fasting plasma
VIP > 200 pg/ml.

VIPomas can be localized by conventional and en-
doscopic ultrasound, computed tomography scanning,
angiography, and magnetic resonance. Because all neu-
roendocrine tumors (except insulinomas) express high-
af®nity somatostatin receptors, nuclear scanning with
labeled octreotide, a stable somatostatin analogue, can
effectively detect these tumors. Indeed, the experience
with gastrinomas, representative of pancreatic neuroen-
docrine tumors, suggests that octreotide scanning is the
single most sensitive method for imaging VIPomas,
equal to all other imaging modalities combined (respec-
tive sensitivities of 58 and 70% for primary and meta-
static tumors).

The most effective medical treatment for diarrhea is
octreotide (100ÿ150 mg subcutaneous every 8 h),
which acts both on tumor cells to inhibit the synthesis
and release of VIP and on intestinal crypt cells to inhibit
secretion. Because of this dual effect, reduction of diar-
rhea (rather than normalization of VIP levels) may be a
reasonable end-point. Adverse effects from octreotide
include pain at the site of injection, imbalance of glucose
metabolism, pancreatic exocrine insuf®ciency with
steatorrhea, inhibition of gallbladder contraction, and
gallstone formation.

Other agents advocated for the treatment of this
syndrome include a2-adrenergic agonists (e.g., cloni-
dine and lidamidine), tri¯uoperazine, indomethacin,
lithium, and metoclopramide. In addition, strepto-
zotocin is a useful chemotherapeutic agent. An immu-
noglobulin G against VIP, which hydrolyzes VIP
in vitro, may also have therapeutic potential.

For benign VIPomas, surgery after tumor localiza-
tion will be curative. For malignant tumors, surgical
debulking alone may be helpful in 40% of cases.

VIP Scanning

VIP receptors are present not only in many tissue
types, but also on tumors derived from these tissues.
VPAC1 receptors are expressed by carcinomas of the
breast, prostate, pancreas, lung, colon, stomach, liver,
and bladder, as well as by lymphomas and meningio-
mas, whereas VPAC2 receptors are expressed by
leiomyomas. VIP receptors can therefore be used to
detect these tumors. Indeed, in patients with various
GI cancers (colorectal, pancreatic, gastric, carcinoid tu-
mors, and insulinomas), most primary lesions and as-
sociated metastases are detected by scintigraphy with
123I-VIP. The high quality of the positive scans re¯ects
the abundance of VIP receptors on these tumors relative
to normal tissue and blood cells, except for the lung
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where background VIP uptake is high. The false-nega-
tive scans are probably caused by the absence of VIP
receptors or their blockade by endogenous ligands.
Transient hypotension is the only side effect observed
with VIP scanning. Development of 99Tc-labeled VIP
may further enhance this scanning technique.

Vasoactive Intestinal Peptide in Cirrhosis

Because VIP is extracted by the liver and induces
vasodilation, it has been postulated that, in cirrhosis,
hepatic clearanceofVIP is impaired, allowingVIP topro-
duce some of the circulatory disturbances associated
with this condition. In animal models and patients with
cirrhosis, signi®cant, but modest, increases in plasma
VIP concentrations are observed. However, the circula-
tory effects of these increased VIP levels may be mini-
mized by a blunted cardiovascular response. Indeed,
although VIP infusion increased the portal tributary
blood ¯ow in normal rats, it did not affect any hemo-
dynamic parameter in rats with cirrhosis caused by bile
duct ligation.

SUMMARY AND CONCLUSION

Following its discovery in 1970, it was soon recognized
that VIP stimulates epithelial cell secretion as well as
smooth muscle cell relaxation and that VIP-producing
tumors can cause a syndrome of watery diarrhea, hypo-
kalemia, and achlorhydria. Additional roles for VIP in
modulating in¯ammation, immune response, and cel-
lular growth and differentiation are also being clari®ed.
Furthermore, scintigraphy with radiolabeled VIP is
being developed as a tool to detect GI tumors and clar-
ifying the structure of VIP receptors and understanding
their interaction with VIP will facilitate the design of
bene®cial agonists and antagonists. The relevance of
VIP to GI physiology and pathophysiology is therefore
continually expanding.
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multiple endocrine neoplasia type 1 An autosomal dom-

inantly inherited disorder associated with endocrine

tumors of the parathyroid, pituitary, and endocrine

pancreas, as well as in some patients with tumors of

other endocrine glands and skin manifestations.

non-beta islet cell tumors Pancreatic endocrine tumors

arising from cells other than the insulin-producing beta

cells of the islets of Langerhans.

vipoma An endocrine tumor, usually of the pancreas, that

produces vasoactive intestinal peptide.

Vipomas are rare tumors, with an annual incidence of

1 per 2 million or less. They are derived from neuroendo-

crine cells that produce and secrete vasoactive intestinal

polypeptide (VIP). Most (80ÿ90%) vipomas arise in the

pancreas, are large (several centimeters), and are solitary.

Rarely, they may arise from intestinal neuroendocrine

tumors, bronchial carcinomas, pheochromocytomas,

ganglioneuromas, or ganglioneuroblastomas. A small per-

centage of vipomas are associated with multiple endocrine

neoplasia type 1 (MEN-1) syndrome, with prior, coexis-

tent, or subsequent development of hyperparathyroidism,

pituitary tumors, adrenal tumors, and/or thyroid tumors.

The majority of vipomas are malignant.

Unlike most pancreatic tumors, vipomas do not usu-

ally cause symptoms despite their location in the pan-

creas. Thus, symptoms associated with other pancreatic

tumors, such as pain in the epigastrium or back, nausea,

vomiting, and jaundice, are conspicuously absent in these

patients. Instead, symptoms in patients with vipomas de-

rive from the actions of excessive amounts of VIP released

into the portal circulation and ultimately into the systemic

circulation.

PHYSIOLOGY

Vasoactive intestinal peptide (VIP) is a polypeptide with
structural homologies to other peptides such as gluca-
gon and secretin. Though originally described as a va-
soactive intestinal-derived peptide that inhibits gastric
acid secretion, VIP under physiologic conditions is pro-
duced mainly by enteric or central nervous system neu-
rons and thus is a neuropeptide. The physiologic effects
of VIP acting as a neuropeptide in the gut and the brain
are not completely understood, although current

evidence suggests that VIP acts in the gut as an inhib-
itory neurotransmitter that induces smooth muscle re-
laxation. For example, VIP in postganglionic esophageal
neurons has been proposed to be the noncholinergic,
nonadrenergic neurotransmitter that relaxes the lower
esophageal sphincter, although nitric oxide has also
been suggested to play this role. VIP is also a potent
vasodilator.

CLINICAL FEATURES

Non-beta islet cell tumors of the pancreas may produce
large amounts of peptides normally produced in the
pancreas, such as glucagon and somatostatin, or pep-
tides not normally produced in the pancreatic islets,
such as gastrin or VIP. Vipomas are also called Verner-
Morrison syndrome or the watery diarrhea hypokalemia
hypochlorhydria syndrome, the latterofwhichdescribes
some of the cardinal features of the disease. VIP, like
cholera toxin and the heat-labile toxin of Escherichia
coli, activates adenylate cyclase and increases concen-
trations of cyclic AMP within intestinal epithelial cells,
and this increase has the effect of blocking NaCl absorp-
tion by these enterocytes. In addition, high concentra-
tions of VIP, like the above-mentioned bacterial toxins,
can stimulate intestinal chloride secretion. The conse-
quence of reduced salt absorption and chloride secre-
tion by the gut is a watery (nonbloody) diarrhea that
contains large amounts of potassium and bicarbonate.
The diarrhea in patients with vipomas can be prodigious
and lead to life-threatening volume dehydration, hypo-
tension or shock, hypokalemia, hyperchloremic meta-
bolic acidosis, and hyponatremia. In fact, vipoma is
sometimes referred to as pancreatic cholera syndrome
because of its similarities to cholera. Classically, diar-
rhea in vipoma patients continues even when the patient
fasts, although feeding can exacerbate the diarrhea due
to the additional ¯uid and electrolytes entering the gut
with a meal. Other symptoms (besides diarrhea) man-
ifested by some patients with vipoma include weight
loss, abdominal cramps, and ¯ushing; the last symptom
is a consequence of the vasoactive properties of VIP.
Although high circulating levels of VIP also reduce
gastric acid secretion in many of these patients, this
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typically has no clinical consequences. Hypercalcemia
and/or hyperglycemia may also be present in up to half
of patients with vipomas.

DIAGNOSIS

Diagnosis of vipomas is dif®cult due to the rarity of the
syndrome and many diseases that can produce chronic
diarrhea. Furthermore, radioimmunoassay measure-
ment of plasma VIP levels is performed only in certain
specialized laboratories. One suggested approach is to
measure the plasma VIP level in a reference laboratory
only after an exhaustive search for other, more common
causes of chronic diarrhea has been made (e.g., celiac
sprue, Crohn's disease, laxative abuse). If plasma VIP is
elevated (4190 pg /ml in most laboratories), a search for
a tumor should be initiated since the test is highly spe-
ci®c. Assay sensitivity is fairly high (close to 90%), so
repeating the test for VIP levels, if normal, has a ®nite
but low utility. Probably the most useful test for local-
izing the tumor is endoscopic ultrasonography, but this
test is invasive and expensive and requires considerable
technical expertise. Radioactive scintigraphy using la-
beled octreotide is more widely available and is nonin-
vasive. Abdominal computed tomography (CT) scan is
also a good initial test because it is noninvasive and
widely available. Most vipomas are large and therefore
are evident on CT scan.

STAGING AND THERAPY

Once the diagnosis of vipoma has been established, the
extent of the tumor should be addressed. If there is evi-
dence of spread to the liver, which occurs at the time of
diagnosis in approximately 40ÿ80% of cases, palliative
therapy of the patient's symptoms caused by the tumor is
indicated. Palliative therapy to control symptoms pri-
marily consists of long-acting somatostatin analogues

that effectively control the diarrhea in most patients.
Glucocorticoids may be effective if the patient fails
to respond to a somatostatin analogue. There is some
evidence that chemotherapy with a variety of agents
including streptozotocin, adriamycin, 5-¯uorouracil,
interferon-a, and etoposide may bene®t a few patients.
Furthermore, liver transplantation has been utilized to
treat metastatic disease to the liver refractory to systemic
chemotherapy.

If there is no evidence of spread of the tumor beyond
the pancreas on CT scan and/or endoscopic ultrasonog-
raphy, or only to local lymph nodes within the projected
resection specimen, the patient should be referred to an
experienced pancreatic or gastrointestinal surgeon for
an attempt at cure. Cure of vipoma is possible in ap-
proximately one-third of patients referred for surgery.
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Virtual Colonoscopy
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adenomatous polyp Histologic type of colon polyp that has

an increased risk of becoming malignant; may not be

associated with symptoms, but may cause bleeding

leading to anemia.

computer-aided detection Use of software to assess and

locate areas of concern in scanned images, alerting a

radiologist to evaluate an area that may represent a

potential lesion. Computers could be trained to analyze

images and mark areas of concern, acting as a second

observer.

multidetector CT scanner Newest technological advance in

computer tomography scanners, with multiple (4, 8, 16,

or 32) detector rows, allowing ¯exibility in slice

thickness and faster scanning ability. Thinner slices

increase diagnostic ability and may be used as the source

data for a broad range of three-dimensional applications.

Virtual colonoscopy, or computer tomography

colonography, is an imaging technique that combines

volumetrically acquired helical computer tomography

scan data with advanced graphical software to create

two- and three-dimensional views of the colon. This min-

imally invasive technique is a potential new tool for co-

lorectal cancer screening and, compared to conventional

colonoscopy, it may be more easily tolerated by patients.

INTRODUCTION

The majority of colorectal cancers arise from precursor
adenomatous polyps. Detection and removal of these
polyps while they are still benign can decrease the in-
cidence of colorectal cancer. Current tools used for co-
lorectal cancer screening include the fecal occult blood
test (FOBT), ¯exible sigmoidoscopy, air contrast bar-
ium enema, and colonoscopy. Fecal occult blood testing
is widely available and is the least expensive test but has
been found to prevent the fewest cancers because of
suboptimal accuracy. Colonoscopy is very sensitive
for detecting polyps and cancers, but is the most inva-
sive and expensive. Computed tomography (CT)
colonography promises to change the way that colorec-
tal cancer screening is performed. Performance studies
have found that virtual colonoscopy has similar sensi-
tivity to conventional colonoscopy for the detection of

clinically signi®cant polyps (those measuring 10 mm or
larger).

CT TECHNIQUE

Bowel cleansing is performed prior to the CT study
because colonic segments containing residual stool or
¯uid will be poorly evaluated. Patients are required to
ingest either an electrolyte lavage solution or saline
cathartic starting the day before the CT scan. Oral intake
is also limited to clear liquids or a low-residue diet on
the day before the procedure. Colonic distension is ob-
tained by placement of a small rectal tube and retrograde
instillation of air or carbon dioxide. Compared to air,
carbon dioxide is resorbed more rapidly through the
colonic wall and may therefore be more comfortable
for patients. The use of intravenous glucagon as an an-
tispasmodic agent is controversial and is no longer em-
ployed by some investigators, who have not found a
clear bene®t.

Patients are scanned in two positions, typically su-
pine and prone. Segments of the colon that are poorly
evaluated in one position due to inadequate distension
or residual material may be viewed in the opposing
position, which often improves distension or uncovers
areas due to shifting of residual material. Multidetector
CT scanners can scan the entire colon is less than 20
seconds in each position. Low-dose radiation CT pro-
tocols are used with thin slice thickness. The acquired
CT data are then transferred to a computer workstation,
where the radiologist interprets the study. Two- and
three-dimensional views are used in an integrated ap-
proach to detect polyps and cancer (Fig. 1). The three-
dimensional images of the inside of the colon may be
viewed as a movie loop and have an appearance similar
to what is seen on an actual colonoscopy. Most radiol-
ogists use enlarged axial images for primary interpreta-
tion and will correlate with the three-dimensional
endoluminal views only for problem solving, which
has been found to decrease interpretation times from
40 minutes down to about 15 minutes. Areas of the
colon with poor cleansing or suboptimal distension
will limit the diagnostic ability of the CT (Fig. 2).
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PERFORMANCE DATA

Current studies to date have found that CT colono-
graphy has a sensitivity range of 83ÿ100% and a spec-
i®city range of 93ÿ100% for the detection of polyps
10 mm or larger when using a per patient matching
scheme. When each polyp found on virtual colonoscopy
is matched with each polyp found on colonoscopy, the
per polyp sensitivity range is 75ÿ100% for the detection

of polyps 10 mm or larger. CT colonography has been
found to have low sensitivity for small polyps (less than
5 mm) and for ¯at lesions. The majority of published
studies have been performed using single-detector CT
scanners and in high-risk or symptomatic patients. Con-
®rmatory performance studies need to be performed
using multidetector CT scanners and in asymptomatic
or screening patients.

CT colonography can evaluate the proximal colon
when ®ber-optic colonoscopy is unsuccessful due to a
distal obstructing lesion or colonic tortuosity. CT colo-
nography is an excellent alternative test in patients who
have contraindications for conventional colonoscopy.

ADVANTAGES OF CT COLONOGRAPHY

Colonoscopy has traditionally been considered the
`̀ gold standard'' for evaluation of the colon. CT
colonography is also a total colon examination tech-
nique (Fig. 3) and offers several advantages compared
with traditional colonoscopy. CT colonography is a less
invasive examination compared with colonoscopy and
there is no need for intravenous sedation. The total
procedure time for CT colonography is very short,
taking less than 10 minutes for setup and complete
scanning in two positions. In addition to being able
to examine portions of the colon not seen when
colonoscopy is unsuccessful, CT colonography can
more accurately localize a lesion to a particular segment.
CT colonography also has the ability to detect pathology

A B

FIGURE 1 (A) Enlarged axial view of the ascending colon, showing a polyp located along the posterior wall. (B) Three

dimensional endoluminal view demonstrates the appearance of the same ascending colon polyp.

FIGURE 2 Appearance of an area of collapse on the three-

dimensional endoluminal view. This imagery may simulate a car-

cinoma and must be correlated with the two-dimensional images.
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outside of the colon and can screen the remainder of the
abdomen and pelvis without additional radiation.

LIMITATIONS OF CT COLONOGRAPHY

Patients are still required to restrict their diet and un-
dergo a bowel cleansing regimen prior to the CT study,
similar to colonoscopy, and this can be dif®cult to com-
plete or may be perceived as an unpleasant experience.
Patients may experience abdominal discomfort because
of a distended colon during and immediately after the
CT examination. The diagnostic ability of CT
colonography examinations is dependent on adequate
distension and cleansing of the colon. Therefore, detec-
tion rates are limited in the setting of suboptimal dis-
tension or poor colonic cleansing. Although CT
colonography has excellent ability to detect large polyps
and cancer, it has poor sensitivity for the detection of
small polyps and ¯at lesions.

Radiologists need additional training to interpret CT
colonography studies. Although the axial images are
familiar to radiologists, the endoscopic view is a new
visualization technique that requires training. A stan-
dardized cost needs to be established for CT
colonography; the cost must be signi®cantly lower than
colonoscopy in order to make this technique available

to the greatest number of patients for colorectal cancer
screening.

FUTURE DIRECTIONS

Areas of research include the evaluation of alternative
displays that allow the radiologist to view larger areas
of the colonic surface at one time. A `̀ virtual pathology''
view splits the colon along its longitudinal axis, opening
the colon so that it may be inspected like a surgical
pathologic specimen. Maplike projections of the
colon are also under investigation. The accuracy of
these novel visualization methods needs to be deter-
mined. Computer-aided detection (CAD) of colorectal
lesions is also being studied as a way to shorten inter-
pretation times. Automated polyp detection computer
software is under development. The applicable com-
puter algorithms are based on the differences in curva-
ture between polyps and folds or stool.

Fecal and ¯uid tagging protocols are being evaluated
as a way to eliminate the need for cathartic bowel cleans-
ing. Patients ingest positive oral contrast that tags re-
sidual material in the colon. This can then be combined
with speci®c computer software that can electronically
subtract the labeled material, leaving the colon effec-
tively cleansed.

See Also the Following Articles
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�Colorectal Adenocarcinoma �Colorectal Adenomas �Com-

puted Tomography (CT) � Sigmoidoscopy
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Vitamin A: Absorption, Metabolism,
and De®ciency
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provitamin A carotenoids A subset of carotenoids, which are

a class of compounds synthesized by plants and

microorganisms generally containing eight isoprenoid

units, that can be oxidatively metabolized to produce

retinal and retinoic acid and cleavage products known as

apocarotenoids.

retinoids Naturally occurring compounds with vitamin A

activity and synthetic analogues with or without vitamin

A activity. These include analogues such as isotretinoin

(13-cis-retinoic acid) that are used medically to treat

acne.

retinyl esters Fatty acid conjugates of retinol that are the

primary storage form of vitamin A in animal tissues.

vitamin A Fat-soluble substances that possess the biological

properties of the prototypic vitamin A compound, all-

trans-retinol, which is an unsaturated isoprenoid alcohol

with ®ve conjugated all-trans double bonds. Other

important naturally occurring examples include retinal

and retinyl esters. Dietary retinol and retinyl esters are

referred to as preformed vitamin A.

Vitamin A is an essential nutrient that is required for

normal growth, epithelial differentiation, fetal develop-

ment, vertebrate morphogenesis, spermatogenesis,

night vision, and a variety of other functions. Vitamin

A also has an immunoregulatory role. Many of the actions

of vitamin A are mediated by nuclear retinoic acid recep-

tors that can bind to all-trans- or 9-cis-retinoic acid and act

as transcriptional regulators to modulate gene expression.

Although all-trans- and 9-cis-retinoic acid are vitamin A

metabolites that mediate most of the biological actions of

vitamin A, they are not suf®cient for normal spermato-

genesis or vision. There is great interest in the mecha-

nisms of vitamin A action, the mechanisms of vitamin

A absorption, and factors affecting its bioavailability be-

cause vitamin A de®ciency remains a major global prob-

lem and because retinoids have tremendous potential as

therapeutic and chemotherapeutic agents.

DIETARY SOURCES OF VITAMIN A

Animal Sources

Preformed vitamin A (principally retinyl palmitate
and smaller quantities of other retinyl esters including
stearate, myristate, and oleate) and very small quantities
of provitamin A carotenoids are obtained from animal
sources. Particularly rich source of preformed vitamin A
include liver, whole milk, egg yolks, and ®sh.

Plant Sources

Dietary vitamin A is also obtained from plant sources
as provitamin A carotenoids. Of the carotenoids,
b-carotene is the most abundant. It is ef®ciently
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as transcriptional regulators to modulate gene expression.
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nisms of vitamin A action, the mechanisms of vitamin

A absorption, and factors affecting its bioavailability be-

cause vitamin A de®ciency remains a major global prob-

lem and because retinoids have tremendous potential as

therapeutic and chemotherapeutic agents.

DIETARY SOURCES OF VITAMIN A

Animal Sources

Preformed vitamin A (principally retinyl palmitate
and smaller quantities of other retinyl esters including
stearate, myristate, and oleate) and very small quantities
of provitamin A carotenoids are obtained from animal
sources. Particularly rich source of preformed vitamin A
include liver, whole milk, egg yolks, and ®sh.

Plant Sources

Dietary vitamin A is also obtained from plant sources
as provitamin A carotenoids. Of the carotenoids,
b-carotene is the most abundant. It is ef®ciently
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absorbed and more readily converted to retinol than
other carotenoids. Good sources of provitamin caroten-
oids include carrots, spinach, and other dark-colored
fruits and vegetables. These foods also contain caroten-
oids that cannot be converted to vitamin A but are also
thought to have bene®cial health effects (e.g., lutein
and lycopene).

Vitamin A Activity of Foods

Retinol activity equivalents (RAE), which correct for
the bioavailability of provitamin A carotenoids, are used
to compare the vitamin A activity of foods. One RAE is
de®ned as 1 mg of retinol, 2 mg of b-carotene in oil (i.e.,
as a supplement), 12 mg ofb-carotene in food, or 24 mg of
other provitamin A carotenoids in foods. One interna-
tional unit (IU) is equivalent to 0.3 mg of retinol. The
recommended daily dietary intakes (RDI) for vitamin A
are 900 RAE (3000 IU) and 700 (2333 IU) RAE per day
for adult men and nonlactating women, respectively.
There is no independent RDI for carotenoids. The
Daily Value (DV) of 5000 IU found on food labels in
the United States was based on older recommendations.
The percentage DV on food labels provides the percent-
age of the recommended DV (based on a 2000-calorie
diet) that is supplied by one serving.

VITAMIN A ABSORPTION
AND METABOLISM

Digestion and Lumenal Events

Retinyl esters and carotenoids like other water-
insoluble lipids are partially released from food by pro-
teolysis and emulsi®ed in the stomach before entering
the small intestine. Within the intestinal lumen, retinyl
esters are hydrolyzed to retinol and free fatty acids by
pancreatic triglyceride lipase, intestinal brush border
phospholipase B, and additional retinyl ester hydro-
lases. With the exception of esteri®ed carotenoids
(e.g., xanthophylls), carotenoids are absorbed without
prior metabolic conversion within the intestinal lumen.
Bile salts are required for the hydrolysis of retinyl esters
and for the formation of mixed micelles that facilitate
the solubilization of retinol and carotenoids. Following
solubilization, retinol is ef®ciently transported across
the brush border at physiological concentrations by a
saturable, passive carrier-mediated mechanism. Carot-
enoids and pharmacological amounts of retinol are ab-
sorbed by nonsaturable, non-carrier-mediated, passive
mechanisms. Most retinoids are absorbed in the prox-
imal small intestine. The composition of the diet has
been shown to affect the bioavailability of vitamin A and

carotenoids. With adequate fat intake, 70ÿ90% of pre-
formed vitamin A is absorbed. Carotenoid absorption is
particularly dependent on dietary composition and
ranges from 5 to 50%. The bioavailability of b-carotene
is markedly increased by high-fat diets. The ef®ciency of
vitamin A absorption is diminished in patients with
protein energy malnutrition and may be adversely
affected by de®ciencies in vitamin E and zinc.

Intracellular Metabolism

Following absorption, retinol, which is poorly sol-
uble in the aqueous cytosol, is bound to the abundant
cytosolic cellular retinol-binding protein type II (CRBP
II). Most of the CRBP II-bound retinol is reesteri®ed
with palmitic acid and other long-chain fatty acids cat-
alyzed by microsomal phosphatidylcholine-retinol
O-acyltransferase (also known as lecithin:retinol acyl-
transferase), whereas unbound retinol can be esteri®ed
by retinol O-fatty-acyltransferase (acyl-CoA-retinol
acyltransferase). CRBP II-bound retinol is also a sub-
strate for retinol dehydrogenases that catalyze the re-
versible oxidation of retinol to retinal, which in turn can
be irreversibly oxidized by retinal dehydrogenases to
retinoic acid. The small amounts of retinoic acid that
are absorbed or synthesized in the intestine may un-
dergo isomerization or glucuronidation. Most provita-
min A carotenoids undergo oxidative cleavage to
produce apo-carotenoids and retinal, which can be con-
verted to retinoic acid or retinol. b-Carotene can be
cleaved centrally to produce two molecules of retinal.
In some species, small quantities of carotenoids are ex-
ported without modi®cation (e.g., humans and ferrets
but not rats and pigs).

Extraintestinal Metabolism

Most of the retinyl esters, carotenoids, and
apocarotenoids are packaged in chylomicron particles
for secretion into intestinal lacteals. Retinoic acid and
retinoic acid glucuronidates are absorbed via the portal
circulation. Metabolism of chylomicrons by plasma li-
poprotein lipase in the capillary endothelium produces
remnants enriched in vitamin A as well as cholesterol
ester and phospholipids. In addition to the liver, which
is the major destination and storage site for vitamin A,
chylomicron remnants are delivered to the lungs, kid-
neys, adipose tissue, muscles, spleen, and bone marrow.
Within hepatocytes, retinol is reesteri®ed with long-
chain fatty acids for storage in sinusoidal stellate
cells. Mobilization of hepatic retinyl ester stores is reg-
ulated to maintain serum retinol levels within a narrow
range. Retinol generated by hydrolysis of retinyl esters is
secreted from hepatocytes or stellate cells bound in a
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complex to serum retinol-binding protein and
transthyretin for delivery to target tissues. Within target
tissues, cellular retinol-binding proteins homologous to
intestinal CRBP II direct the metabolism of retinol along
the same metabolic pathways utilized in the intestine.
Carotenoids are cleaved to produce retinal, which is
predominantly reduced to retinol, with smaller amounts
oxidized to form retinoic acid. The discovery that ca-
rotenoid cleavage enzymes are located in extraintestinal
tissues including the eye, kidney, testes, brain, and liver
indicates that carotenoids can be direct sources of vita-
min A and retinoic acid in these tissues. The oxidative
inactivation of retinoic acid is mediated by cytochrome
P450-dependent enzymes present in the liver and other
tissues including skin, lung, and brain. The catabolism
of retinoids produces polar metabolites that are excreted
into the bile and urine. Although retinoyl and retinyl
glucuronides and other retinoids excreted in the bile can
be reabsorbed by the small intestine, the physiological
signi®cance of the enterohepatic circulation is not
known.

VITAMIN A DEFICIENCY

Disorders that cause generalized fat malabsorption such
as chronic pancreatitis and cystic ®brosis and those that
result in decreased intestinal absorptive area such as
Crohn's disease can result in vitamin A malabsorption
and de®ciency. Vitamin A de®ciency resulting from di-
etary insuf®ciency is a major problem in developing
nations. Chronic alcoholism is a more frequent cause
in industrialized nations. Night blindness is the most
sensitive indicator of de®ciency in humans. Hypo-
vitaminosis A is also associated with growth retardation,
conjunctival xerosis, corneal damage, and impaired im-
mune responses (e.g., mortality from measles is signif-
icantly increased in de®cient children). Subclinical
vitamin A de®ciency (i.e., decreased vitamin A stores
without overt signs of de®ciency) is more prevalent than
outright de®ciency and may increase susceptibility to
intestinal and respiratory infections and impair bone
growth in children.

VITAMIN A TOXICITY

Symptoms of acute vitamin A toxicity resulting from the
ingestion over a short period of time of large quantities
of preformed vitamin A (4660,000 IU) include nausea
and vomiting, vertigo, headache, and blurred vision.
Chronic ingestion of vitamin A supplements or forti®ed
foods exceeding three times the RDI leads to hypervi-
taminosis A. Symptoms include bone and muscle pain,
alopecia, anorexia, visual impairment, and hyperlipid-
emia. Hepatomegaly is common and, particularly in the
setting of alcoholism, hepatotoxicity can lead to veno-
occlusive disease or cirrhosis. Osteoporotic fractures are
more common in postmenopausal women who chron-
ically ingest a diet high in preformed vitamin A. Retinoic
acid and synthetic retinoids used for medicinal purposes
are highly teratogenic during the ®rst trimester.
Hypercarotenemia resulting from excessive intake of
carotenoids causes yellow discoloration of the skin
but is not associated with known toxicities.
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Vitamin B12: Absorption, Metabolism, and
De®ciency
JEAN-LOUIS GUEÂ ANT AND FAREÁ S NAMOUR

University of Nancy, France

cobalamin analogues Corrinoids free from any vitamin

activity.

haptocorrin Corrinoid binding protein, also named R binder,

present in the digestive tract and the blood; the functions

are not clearly established and may include the clearance

of cobalamin analogues from blood.

intrinsic factor Glycoprotein secreted by the stomach; binds

speci®cally to cobalamin prior to the receptor-mediated

uptake of the intrinsic factorÿcobalamin complex in the

ileum.

transcobalamin Speci®c blood transport protein that delivers

cobalamin to cells by a receptor-mediated endocytosis.

vitamin B12 Micronutrient that belongs to the family of

corrinoids; present in animal-derived alimentary tracts

and synthesized only by microorganisms. B12 corre-

sponds to several vitamers named cobalamins, including

deoxyadenosylcobalamin, the cofactor of methylmalo-

nyl-CoA mutase, and methylcobalamin, the cofactor of

methionine synthase.

Vitamin B12 (a cobalamin) is synthesized by a wide variety

of microorganisms, including telluric bacteria and bacte-

ria from the rumen and the intestine. Foods of animal

origin (meat, liver, kidney, eggs, milk, ®sh, and shell®sh)

contain vitamin B12, which is the only organic molecule

to incorporate an atom of cobalt and to contain a ribonu-

cleotide with a 5,6-dimethylbenzimidazole base. As

cofactors of methionine synthase and methylmalonyl-

coenzyme A mutase, cobalamins play a key role in homo-

cysteine metabolism, energy metabolism, and DNA

replication. Severe cobalamin de®ciency causes macro-

cytic and/or megaloblastic anemia with leukoneutropenia

and thrombocytopenia, digestive mucosa atrophy, and

neurological symptoms such as psychiatric, cognitive,

and proprioceptive disorders, related in part to

demyelination.

PROTEINS INVOLVED IN VITAMIN B12

ASSIMILATION AND METABOLISM

Proteins involved in assimilation and activity of the
cobalamin vitamin B12 (Fig. 1) include intrinsic factor,
intrinsic factor receptor, transcobalamin, trans-
cobalamin receptors, and haptocorrin.

Intrinsic Factor

Intrinsic factor (IF) is synthesized in humans by the
parietal cells of the fundus (fornix; upper area of the
stomach) and the gastric body (area of the stomach
above the angulus). IF secretion is considerably greater
than human daily requirements for IF and occurs by a
process closely dependent on membrane translocation.
The human gene encoding IF is situated in
chromosome 11. The N-lactosaminic and O-glycosidic
glycans of the carbohydrate core of IF constitute

FIGURE 1 Cobalamin structure. (1) Tetrapyrrole group; (2)

amino-1-propanol-2; (3) ribose-30-phosphate group; (4) 5,6-di-

methylbenzimidazole group; X represents a hydroxyl, methyl,

50-desoxyadenosyl cyanide, or sulfuryl group.

Encyclopedia of Gastroenterology 619 Copyright 2004, Elsevier (USA). All rights reserved.

CH2

H3C

H3C

CH2OH
H2C

H3C

H2C

CH3

CH3

CH3

CH2

CH2

CH2

CH2

H2

CH2

CH2

H2C

H2N

H3C

H3C
H3C

H2N

H2N

H2N

H2C

NH2

NH2OC

OC

CH 3

CH 3

CHC

N

O

A

C

N

N

N
B

Co

H

C   OHO

C

CO

CO
H

C

H HC

+

O   C

N

N

4

1

X

3
2

OH

H

H

H

HP

O–

O

NH O

O

C

O

H



9.2ÿ15% of the molecule. Removing the carboxyl ter-
minus of the molecule results in all cobalamin (Cbl)
binding activity being lost; the amino terminus is im-
portant in the conformational changes required for re-
ceptor binding. It is possible that there exists an IF
`̀ pocket'' that could accept the Cbl nucleotide and at
least one pyrrole side chain.

Intrinsic FactorÿCobalamin Receptor

In the human intestine, the greatest amount of the
intrinsic factorÿcobalamin receptor (IFCR) seems to
occur in the ®nal 60 cm of the ileum. IFCR is also ex-
pressed in the kidney, in the adult and fetal intestine and
colon, in the visceral yolk sac and the placenta, and in
HT29 and Caco-2 adenocarcinoma cell lines. Calcium is
involved in IFCR oligomerization and IFÿCbl binding
is inhibited by wheat germ agglutinin. A 460-kDa mul-
tiligand protein named cubilin binds to IFÿCbl and also
to apolipoprotein A-I (apoA-I), albumin, and immuno-
globulin light chains. It has been concluded that cubilin
and IFCR are identical, despite different physicochem-
ical properties, which may be explained by a speci®c
proteolytic cleavage in the intestine. Cubilin is a periph-
eral membrane protein without a clear membrane-
spanning domain, suggesting the requirement for a
third protein in the endocytosis mechanism.

Transcobalamin

Transcobalamin (TC) is a 43-kDa nonglycosylated
protein synthesized in most tissues and encoded by a
gene located on chromosome 22. It binds to Cbl with a
high af®nity and delivers blood Cbl to cells by receptor-
mediated endocytosis. A low concentration of holo-TC
in serum is an indicator of inadequate dietary intake or
impaired assimilation. The synthesis of TC increases in
in¯ammatory as well as in neoplastic disorders. A single
nucleotide polymorphism in codon 259 affects the
blood concentration of the two corresponding isopro-
teins and behaves as a genetic determinant of homo-
cysteine. Alternative cleavage of the signal peptide
also generates two TC isoforms.

Transcobalamin Receptors

The receptor monomer is present as a dimer in the
plasma membrane and is up-regulated by cell prolifer-
ation. Uptake of TCÿCbl has been demonstrated in the
liver, kidney, heart, spleen, intestine, and lung. A dis-
tinct receptor, megalin, is a 600-kDa multiligand pro-
tein expressed in the proximal tubules of the kidney and
also in other absorptive epithelia. Receptor-mediated

endocytosis of TCÿCbl by megalin may account for
the accumulation of Cbl in the kidney.

Haptocorrin

The glycoprotein haptocorrin (HC) carries Cbl and
other corrinoids. In the digestive tract, it is secreted in
saliva, bile, and pancreatic ¯uid. It is also expressed in
epithelial and glandular cells and granulocytes. Hapto-
corrin accounts for more than 50% of Cbl bound in
gastric juice and 80% in serum. The haptocorrin carbo-
hydrate core represents 30ÿ40% of the molecule and
protects part of the molecule from intraluminal prote-
olysis. The role of haptocorrin in Cbl metabolism is
unclear. It may participate in regulating bacterial
growth in secretion ¯uids and in clearing blood Cbl
analogues in bile. Asialo-haptocorrin is involved in
the liver and intestinal uptake of corrinoids via the re-
ceptor of asialoglycoproteins. Although lysosomes are
the usual end point for the endocytic pathway for li-
gands bound to this receptor, HC escapes unaltered into
bile by a transcytotic mechanism.

ASSIMILATION AND METABOLISM
OF VITAMIN B12

Intraluminal Stage

Cobalamin bound to dietary food products is re-
leased via sequential exposure to heat from cooking
and to hydrochloric acid-dependent peptic digestion.
The Schilling test, performed with orally ingested ra-
diolabeled Cbl (incorporated in a dietary item such as
trout or chicken), can be used to detect patients with
chronic gastritis, who are unable to release Cbl from its
food binders. In gastric juice, ingested Cbl is exposed to
both IF and HC, the latter derived mainly from saliva.
However, Cbl binds preferentially to HC, due to a higher
af®nity for this binding protein. Transfer of Cbl from HC
to IF will occur in the intestinal lumen, where there is
partial digestion of HC and neutralization of chyme. The
intraluminal degradation of biliary HC is therefore a key
step of an enterohepatic cycle that permits the selective
reabsorption of biliary Cbl in the ileum and the elimi-
nation of Cbl analogues in the feces, in a form coupled
with partially degraded HC.

Intestinal Parietal Transport

IFÿCbl uptake occurs in humans by a receptor-
mediated endocytosis in the distal ileum. The receptor
binding requires a neutral pH and the presence of cal-
cium. Most of the studies on intestinal parietal transport
(Fig. 2) have been performed with Caco-2 and HT29
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cells. The IFÿCbl complex is dissociated from its apical
receptor in early endosomes, under the effect of acid pH.
IF is degraded by leupeptin-sensitive proteases such as
cathepsin L and by glycosidases. Lysosomes play a key
role in free Cbl release to the cytoplasm. Part of the
apically transported dietary Cbl can be directly trans-
formed into coenzymes by the enterocyte for its own
metabolism. The Cbl sorting to the basolateral side re-
quires the transfer of Cbl to TC in a still unknown cell
compartment. The pathways of Cbl receptor-mediated
endocytosis are similar in the apical and basolateral
sides, except that IF and TC receptors are expressed
mainly in the apical and the basolateral sides, respec-
tively. In addition to the TCÿCbl receptor, megalin
has been shown to bind to TCÿCbl and mediate its

endocytosis. Colocalization of cubilin with megalin in
both intestinal and renal epithelia suggests that megalin
may be involved in the cell traf®cking of IFÿCblÿ
cubilin. Because of its apical expression in the kidney
proximal tubules, renal megalin may function in the
tubular reabsorption of TCÿCbl, thus preventing Cbl
loss in the urine.

Intracellular Metabolism

After endocytosis of blood TCÿCbl, the TC receptor
is dissociated from the TCÿCbl complex in endosomes
and TC is degraded and Cbl is released in lysosomes. In
the cytoplasm, cobalamin undergoes reduction from
cob(III)alamin to cob(II)alamin, which can then be

FIGURE 2 Intestinal parietal transport of vitamin B12. The physiological pathway involves

the apical intrinsic factorÿcobalamin receptor (IFCR)-mediated endocytosis of intrinsic fac-

torÿcobalamin (IFÿCbl), release of cobalamin and transfer to endogenous transcobalamin

(TC), and basolateral sorting of TCÿcobalamin (TCÿCbl). Blood cobalamin can be internal-

ized via a transcobalamin receptor (TCR)-mediated endocytosis of TCÿCbl, on the basolateral

side and also on the apical side of Caco-2 cells.
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methylated to form CH3-Cbl and assist in the methio-
nine synthase conversion of homocysteine to methio-
nine. Alternatively, cob(III)alamin or cob(II)alamin can
enter the mitochondria, be further reduced to
cob(I) alamin, adenosylated to Ado-Cbl, and participate
in the conversion of methylmalonyl-CoA to succinyl-
CoA by methylmalonyl-CoA mutase.

ETIOLOGIES OF VITAMIN B12

DEFICIENCY

Dietary B12 De®ciency

The required dietary allowance of vitamin B12 has
been recently estimated to 2.4 mg/day in adults. An in-
adequate dietary intake of cobalamin can be observed in
vegans and in breast-feeding infants of either vegan
mothers or mothers with previously undiagnosed per-
nicious anemia. However, a vegetarian diet causing B12

de®ciency is uncommon in western countries, because
many foods are forti®ed with vitamin B12.

Addison's Anemia and Chronic
Atrophic Gastritis

Addison's anemia is a type A gastritis; it is also re-
ferred to as pernicious anemia or as Biermer's anemia in
European countries. It usually occurs in patients aged
60 years or older, may be genetically determined, and is
slightly more common in women than in men. Addi-
son's anemia is frequently associated with other diseases,
such as Hashimoto's thyroiditis, adrenocortical insuf®-
ciency, hemolytic anemia, primary biliary cirrhosis,
diabetes, vitiligo, and hypogammaglobulinemia. In ad-
dition to megaloblastic anemia, biological data include a
low serum Cbl concentration, an abnormal Schilling test
that can be corrected in the presence of IF, a drastic
reduction in gastric acid and IF secretion, and the pres-
ence of serum anti-IF antibodies (which is pathogno-
monic of the illness) and antiparietal cell autoantibodies
in 60% and 80ÿ90% of cases, respectively. There are
two types of anti-IF autoantibodies, those that prevent
CblÿIF from binding to its receptor and those that block
Cbl from IF binding. The autoantibodies recognize an
area of IF that includes the sequence encompassing res-
idues 251ÿ265. A particular clinical form of pernicious
anemia occurs in young patients, usually between the
ages of 10 and 20 years, and is very often associated with
autoimmune outbreaks and a family history.

Juvenile Pernicious Anemia

Juvenile pernicious anemia is a quite distinct entity.
It occurs during the early years of life and may affect

several members of a sibling group. Acidic secretion is
normal. IF is absent from the gastric juice and there
are no serum anti-IF autoantibodies. The presence of
degradable IF in neutralized gastric juice has been de-
scribed in two twins. In another case, IF could not bind
to the ileal receptor.

Protein-Bound Cobalamin Malabsorption

Protein-bound cobalamin malabsorption is a type of
de®ciency that is sometimes dif®cult to distinguish from
genuine Addison's anemia. It is caused partly by a failure
to release dietary Cbl from its protein medium, even
if IF secretion is suf®cient to enable its absorption.
Achlorhydria sometimes causes bacterial overgrowth,
which accentuates Cbl malabsorption.

Gastrectomy

Total gastrectomy is inevitably accompanied by Cbl
de®ciency,becauseIFsecretionis lacking.Cblde®ciency
manifests when the body's reserves are exhausted, i.e.,
about 3ÿ7 years after gastrectomy. Malabsorption is
found in 19ÿ30% of cases of partial gastrectomy. The
pathogenesis involves a de®ciency of IF and proton
secretion, with malabsorption of protein-bound Cbl
and blind-loop syndrome.

Exocrine Pancreatic Insuf®ciency

Malabsorption of crystalline Cbl may be partly the
result of a lack of haptocorrin degradation due to inad-
equate secretion of pancreatic proteases. However, exo-
crine pancreatic insuf®ciency is rarely associated with a
Cbl de®ciency.

Obstructive Jaundice

The Schilling test reveals malabsorption of crystal-
line Cbl in about 40% of cases of obstructive jaundice
and in about 50% of patients with external bile drainage.
Interruption of bile drainage provides secondary cor-
rection. Bile appears to have an effect on binding of the
CblÿIF complex with the ileal receptor.

Bacterial Overgrowth

An imbalance of the intestinal ¯ora, known as
blind-loop syndrome, occurs in various pathological
circumstances, including Finsterer- or Polya-type gas-
trectomies, segmentary intestinal resection with end-
to-side anastomosis, ileocolic resection, in¯ammatory
intestinal diseases, diverticulosis, or gastric achlorhyd-
ria. Bacteria possess binding sites that can trap Cbl after
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bacterial proteases and glycosidases act to dissociate the
IFÿCbl complex.

Tropical Sprue

The mechanism involved in B12 de®ciency in trop-
ical sprue may involve the intraluminal and parietal
phases of Cbl assimilation. Cbl malabsortpion can be
reversed by antibiotic treatment over a period of time.

Parasitic Infestations

The main parasites involved in B12 de®ciency are
Diphyllobothrium latum (causing diphyllobothriasis,
or ®sh tapeworm) and Giardia lamblia (lambliasis);
®sh tapeworm infestation, however, is now only anec-
dotal. Infection is accompanied by a decrease in IF se-
cretion and atrophic gastritis. The parasite traps Cbl
bound with IF as well as free Cbl. In cases of lambliasis,
malabsorption is primarily the result of Cbl being
trapped by the parasite, but also the result of mucosal
alteration.

ZollingerÿEllison Syndrome

In ZollingerÿEllison syndrome, hypergastrinemia is
accompanied by hyperacidity and irreversible inactiva-
tion of pancreatic lipase in the duodenum, producing
luminal lipase de®ciency.

Malabsorption of Iatrogenic Origin

Long-term treatment with proton pomp inhibitors
such as omeprazol may occasionally produce a Cbl de-
®ciency related to inadequate assimilation of protein-
bound Cbl. Cholestyramine is a resin that can chelate IF
by ion exchange. Colchicine, alcohol, and antibiotics
can act as inhibitors of IFÿCbl endocytosis. Occasion-
ally, patients with undiagnosed vitamin B12 de®ciency
who have received nitrous oxide anesthesia may expe-
rience neurologic abnormalities in the weeks after the
exposure.

Congenital Defects of B12 Assimilation

A small number of cases with congenital de®ciency
of IF have been reported. Mutations appear to be both
structural and regulatory. One patient had a combined
de®ciency of IF and HC, suggesting a genetic linkage
between regions located on chromosome 11 that encode
the two proteins. Three siblings in one family had an
abnormal IF that was markedly susceptible to gastric
acid and to proteolytic enzymes. The selective intestinal
malabsorption of Cbl, also known as the GraÈsbeckÿ
Imerslund syndrome or megaloblastic anemia 1

(MGA1), is a rare autosomal recessive disease, often
associated with a proteinuria independent of Cbl de®-
ciency. The pathogenesis may correspond to a defect of
expression, stability, and/or traf®cking of IFCR. Abnor-
mal binding of IFÿCbl to the receptor has been found in
ileum biopsies and urine assays of patients. Two cubilin
gene mutations, FM1 and FM2, have been identi®ed in
some (not all) MGA1 patients.

Inherited Defects of B12 Blood Transport

Inherited TC de®ciency manifests in the ®rst few
month of life. Most of the 30 known patients lack im-
munologically detectable TC. Two deletion mutations
have been detected in the TC gene of one patient. Be-
cause of the role of TC in blood transport and ileal
transcytosis of Cbl, its absence impairs Cbl absorption
as well as cell delivery.

Inherited Defects of B12 Cellular Metabolism

Patients with de®ciencies in intracellular cobalamin
metabolism and utilization have been classi®ed by ®-
broblast complementation analysis into eight groups.
Patients who have defects in methionine synthase
(MS) (cblG) or in the regeneration of methylcobalamin
(MeCbl) (cblE) have homocystinuria and hyper-
homocysteinemia. Those who have defects in the
mutase (mut0, mutÿ) or in the formation of deoxyadeno-
sylcobalamin (AdoCbl) (cblA, cblB) have methyl-
malonic aciduria and methylmalonic acidemia.
Patients with blocks in the early steps of cobalamin
cellular transport cannot synthesize MeCbl or AdoCbl
(cblC, cblD, cblF), which results in a combined increase
of homocysteine and methylmalonic acid.

TREATMENT OF VITAMIN B12

DEFICIENCY

Intramuscular injections of vitamin B12 (usually
1000 mg/month) have been the classic treatment for
vitamin B12 de®ciency. High-dose oral vitamin B12

pills and injections of B12 have the same ef®ciency
for curing megaloblastic anemia and neurologic disor-
ders. Patients can be managed with oral doses of
300ÿ2000 mg/day.

See Also the Following Articles

Cobalamin De®ciency � Dietary Reference Intakes

(DRI): Concepts and Implementation � Intrinsic Factor �
Malnutrition � Pernicious Anemia
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menaquinone Vitamin K2.

phylloquinone Vitamin K1.

Vitamin K was discovered more than 50 years ago follow-

ing investigation of a hemorrhagic disease in cattle and

chicks that was corrected by vitamin K dietary supple-

ments. The vitamin's name stems from the German word

Koagulationsvitamin. Vitamin K and its derivatives have a

2-methyl-1,4-naphthoquinone nucleus with a lipophilic

side chain at position 3. This lipophilic chain gives vitamin

K its unique properties. The most abundant form of vita-

min K is phylloquinone (vitamin K1), which is found in

green leafyvegetablesandcertainplantoils.Another form,

menaquinone (vitaminK2), has several subtypes; some are

synthesized by the intestinal micro¯ora (subtypes MK-7,

MK-8, MK-10, and MK-11) and other nutritionally signif-

icant variants (MK-4) occur only in meats (especially

liver). In contrast to vitamin K1, the contribution of vita-

min K2 to human nutrition is poorly understood.

ABSORPTION

Most of the absorption of vitamin K occurs in the distal
small intestine. Dietary phylloquinone is protein bound

and requires pancreatic enzymes for liberation into the
lumen of the small intestine. The highly lipophilic
cleaved products are solubilized into micelles by bile
and are absorbed into the lymphatic circulation after
being incorporated into chylomicrons. Ultimately,
these chylomicrons enter the portal circulation and
reach the liver by a carrier-dependent process. When
the intraluminal levels of bile salts fall below the critical
micellar concentration required for absorption, de®-
ciency of vitamin K and other fat-soluble vitamins is
likely to develop. Therefore, vitamin K absorption de-
pends on the functional integrity of the liver, small
intestine, and pancreas.

METABOLISM

In humans, vitamin K functions as a cofactor for the
endoplasmic enzyme g-glutamylcarboxylase. This en-
zyme is involved in a unique posttranslational carbox-
ylation reaction, in which glutamate residues on various
proteins are converted into g-carboxyglutamate (Gla).
This reaction occurs during the last stages of protein
synthesis. The resulting Gla residues are characteristic
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of a limited number of proteins found in liver, bone, and
blood vessels.

Vitamin K occurs naturally in the quinone oxidized
state and is reduced to the hydroquinone form (vitamin
KH2) by the enzyme vitamin K epoxide reductase
(VKOR). In turn, vitamin KH2 becomes the active co-
factor for the vitamin K-dependent enzyme g-glutamyl-
carboxylase. Vitamin KH2 is oxidized to vitamin K
2,3-epoxide (KO). Indeed, this reaction provides the
energy driving the carboxylation reaction by the vitamin
K-dependent g-glutamylcarboxylase. Under normal
conditions, for each molecule of Gla generated, one
molecule of vitamin K epoxide is also formed. There
is a strict one-to-one stoichiometric relation between
the conversion of vitamin KH2 to KO and the number
of protein bound Gla residues formed.

After protein degradation, Gla residues are excreted
in urine. It is clear that the number of carboxylation
reactions far exceeds the number of vitamin K molecules
available. The short-lived, highly reactive epoxide (KO)
is potentially toxic and is recycled back to vitamin KH2

by the enzyme VKOR. Warfarin inhibits VKOR, which
leads to insuf®cient generation of vitamin KH2 by inter-
rupting the recycling of vitamin K2 (see Fig. 1). This
results in a vitamin K-depleted state, leading to clinical
manifestations and raising the nutritional requirement.
In such situations, a second enzyme, NAD(P)H dehy-
drogenase [also known as detoxifying (DT) diapho-
rase], reduces quinone to vitamin KH2 but not the
epoxide (KO). Interruption of this cycle leads to
production of decarboxyglutamate. Measurement of
proteins containing decarboxyglutamate gives an
early indication of vitamin K de®ciency.

Vitamin K plays a major role in the synthesis of
clotting factors. The Gla-containing coagulation
proteins promoting clotting include prothrombin and
factors VII, IX, and X. Vitamin K is also involved in the
biosynthesis of the antithrombotic proteins C and S.
With the exception of protein S (produced in many

tissues), all these proteins are exclusively synthesized
in the liver.

Abnormal bleeding is a cardinal sign of vitamin K
de®ciency. The function of Gla residues on blood coag-
ulation proteins is to facilitate adhesion to the negatively
charged phospholipids on the surface of activated plate-
lets. Gla residues, along with calcium, are internalized
to the core, leading to exposure of the phospholipid
binding domains.

Other important Gla-containing proteins, such as
protein Z, osteocalcin, and matrix growth protein
(MGP), are involved in equally important metabolic
functions. Protein Z helps thrombus adherence to sites
of injury. Osteocalcin is a product unique to bone tissue
produced by osteoblasts, the de®ciency of which may be
related to development of osteoporosis. MGP play a cru-
cial role in bone formation and in addition to protein S
contributes to maintaining vascular stability. All Gla-
containing proteins are synthesized in the endoplasmic
reticulum in a propeptide form. The propeptide contains
the g-carboxylation recognition site characteristic of the
vitamin K-dependent proteins, except in MGP, where
this site resides in the mature protein.

DEFICIENCY

The dietary requirement for vitamin K is approximately
100ÿ200 mg/day and the current recommended daily
allowance is 65ÿ80 mg/day, in addition to the estimate
for what is produced by colonic synthesis. Vitamin K
de®ciency in an otherwise healthy adult is rare. Ac-
quired de®ciency can occur in patients on long-term
antibiotics and parenteral nutrition or with gastro-
intestinal diseases characterized by maldigestion,
malabsorption, hepatobiliary disease (diminished hepa-
tocellular function or cholestasis), and other disease
states. Salicylates, anticonvulsants, and large doses of
vitamin E (41200 IU/day) have been associated with

FIGURE 1 Biosynthetic pathway for vitamin K-dependent production of g-carboxyglutamic acid.

Warfarin inhibits the enzyme vitamin K epoxide reductase (VKOR).
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vitamin K de®ciency in some patients. A state of ther-
apeutic de®ciency is induced by administration of
coumadin-based anticoagulants. An important acquired
vitamin de®ciency state is hemorrhagic disease of the
newborn. The normal newborn has a moderate de®-
ciency of vitamin K-dependent coagulation factors.
Adult levels are achieved at about 3 months of age.
Hemorrhagic disease of the newborn is now uncommon
due to routine administration of vitamin K at birth.

Vitamin K status can be determined by various
methods. Until recently, direct measurement of vitamin
K was dif®cult. Plasma phylloquinone levels can now be
measured directly by high-pressure liquid chromato-
graphy. Plasma levels of vitamin K primarily re¯ect di-
etary intake over the previous 24 hours. In addition to
direct measurement of plasma phylloquinone level, vi-
tamin K status can be measured by indirect methods. A
widely used indicator is the determination of the pro-
thrombin time (PT), which becomes prolonged in vita-
min K de®ciency. PT is nonspeci®c for vitamin K
de®ciency because it also becomes prolonged in hepa-
tocellular dysfunction and certain hematological disor-
ders (coagulopathies). The speci®city of PT can be
increased by the so-called vitamin K test. In this test,
reversal of prolonged PT by parenteral vitamin K ad-
ministration con®rms vitamin K de®ciency caused by
inadequate dietary intake or intestinal malabsorption.
Improvement of the PT after parenteral vitamin K is
less consistent with coagulopathy of parenchymal he-
patocellular disease. Improvement of PT is noted within
8 hours, with a maximum improvement at 48 hours.
Absence of improvement or a minimal change in
PT suggests investigating hepatocellular causes of
prolonged PT.

In emergencies, vitamin K can be administered by
slow intravenous injection, but there is risk of arterial
hypotension and rarely anaphylaxis. Intramuscular in-
jection is not generally recommended. The PT test can
respond rapidly to changes in levels of factor VII, which
has a half-life of only 4ÿ7 hours. However, PT is

considered relatively insensitive for detecting vitamin
K de®ciency because it becomes prolonged when factor
VII levels fall below 40%. PT is even less sensitive to
prothrombin concentration, becoming prolonged only
when prothrombin levels fall below 30% of normal.
Another indirect method to assess vitamin K status in-
volves measurement of decarboxylated osteocalcin.
This substance would appear a relatively sensitive indi-
cator of vitamin K de®ciency, because its af®nity for g-
glutamylcarboxylase is lower than that of other vitamin
K-dependent proteins. Therefore, detection of decar-
boxylated osteocalcin may provide an early indication
of mild vitamin K de®ciency.

See Also the Following Articles
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Volvulus
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closed-loop obstruction Type of mechanical obstruction in

which both the proximal and distal segments of bowel

are obstructed.

volvulus Abnormal twisting of a segment of bowel, resulting

in a mechanical obstruction of the proximal and distal

parts of the involved segment.

Volvulus is an important cause of acute intestinal obstruc-

tion in infants and of gastric and intestinal obstruction in

adults. Volvulus, de®ned as an abnormal twisting of a

segment of bowel, results in a mechanical obstruction

of the proximal and distal segments of the involved

bowel. The resultant closed-loop obstruction has a par-

ticularly high risk of strangulation, necrosis, and perfo-

ration. The anatomic requirements underlying the

development of volvulus include a redundant segment

of bowel that is freely moveable within the peritoneal

cavity, with close approximation to the points of ®xation

of the bowel.

GASTRIC VOLVULUS

Anatomy and Etiology

The stomach is ®xed inferiorly by the duodenum,
and its normal orientation is maintained by the
gastrosplenic, gastroduodenal, gastrophrenic, and
gastrohepatic ligaments. About two-thirds of cases of
gastric volvulus are associated with a congenital or ac-
quired diaphragmatic hernia in which the stomach (or
part of the stomach) is positioned within the chest. One-
third of cases of gastric volvulus occur below the
diaphragm and are due to laxity of the ligamentous
attachments of the stomach to the duodenum, liver,
spleen, and diaphragm. Sliding paraesophageal hernias
are not associated with gastric volvulus because the
stomach maintains its normal con®guration as part of
it ascends into the posterior mediastinum.

Gastric volvulus may be classi®ed anatomically as
organoaxial or mesenteroaxial, depending on the axis
on which the volvulus occurs. Most cases of gastric vol-
vulus are organoaxial in nature, with the stomach twist-
ing on its long axis. This axis most commonly passes
through the gastroesophageal and the gastropyloric

junctions, with the antrum rotating anteriorly and
superiorly and the fundus rotating posteriorly and
inferiorly, causing torsion of the greater curvature at a
pointalongits length.This typeofgastricvolvulusismost
often associated with diaphragmatic hernias and causes
gastric ischemia and infarction in 5ÿ28% of cases.
Mesenteroaxial gastric volvulus occurs when the stom-
ach folds on an axis extending from the lesser to the
greater curvature such that the antrum twists anteriorly
andsuperiorly.This typeofvolvulusoccurs inaboutone-
third of cases and is more likely to be incomplete, inter-
mittent, and associated with chronic symptoms.

Clinical Manifestations

Patients with acute gastric volvulus experience sud-
den, severe upper abdominal or chest pain. In those
cases in which the stomach is located within the abdo-
men, there is upper abdominal distension. Patients with
herniation of the stomach through a diaphragmatic de-
fect present with severe chest pain radiating to the arms
and neck with accompanying dyspnea, misleading
the unsuspecting clinician into believing the patient
may be suffering acute myocardial infarction. Persistent
retching productive of little or no vomitus is a common
manifestation. The triad of abdominal or chest pain,
violent retching, and the inability to pass a nasogastric
tube should lead to a strong clinical suspicion of acute
gastric volvulus. Patients with chronic gastric volvulus
may have mild, nonspeci®c, or intermittent symptoms
such as epigastric discomfort, heartburn, abdominal
fullness, or bloating. A large, unusual gas-®lled viscus
in the chest or upper abdomen on plain abdominal
radiograph suggests the diagnosis, which may be con-
®rmed by barium-swallow radiographic study or com-
puted tomography.

Treatment

Surgical therapy for patients presenting with acute
gastric volvulus, after initial resuscitation, involves lap-
arotomy with operative reduction, resection of necrotic
tissue, and repair of precipitating conditions such as a
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hiatal hernia. On occasion, a nasogastric tube may be
placed to allow resuscitation and an elective repair, but
more frequently a tube cannot be placed and immediate
operation is mandatory. Patients presenting with
chronic recurrent volvulus should have a careful
preoperative identi®cation of precipitating conditions
followed by operative repair. In those cases in which
primary volvulus occurs without obvious cause, gastro-
pexy may be performed by tacking the anterior wall
of the stomach to the parietal peritoneum of the abdom-
inal wall.

MIDGUT VOLVULUS

The most common form of small bowel volvulus is
midgut volvulus.

Etiology

Midgut volvulus is an important cause of intestinal
obstruction in neonates and infants and is caused by
incomplete (or absent) rotation of the embryonic intes-
tine during the ®fth to twelfth week of gestation. From
50 to 75% of cases are discovered in the ®rst month
of life and 90% of cases are detected before 1 year
of age.

The most common abnormality associated with
midgut volvulus is nonrotation, in which there is inad-
equate counterclockwise rotation of the midgut loop
around the superior mesenteric artery (SMA). This
causes the duodenojejunal junction to be located to
the right of the midline, as is the remainder of the
small intestine. The colon resides in the left abdomen
with the cecum near the midline. A narrow mesenteric
pedicle predisposes to volvulus, and the peritoneal at-
tachments (Ladd's bands), which extend anterior and
lateral to the duodenum to ®x the cecum to the posterior
body wall, may obstruct the duodenum.

Clinical Presentation

The discovery of malrotation during infancy occurs
when duodenal obstruction from Ladd's bands or
midgut volvulus develops. Infants with duodenal ob-
struction from Ladd's bands present with proximal du-
odenal obstruction and bilious vomiting with little
abdominal distension. Midgut volvulus may also pres-
ent with obstructive symptoms; however, the develop-
ment of intestinal ischemia due to strangulation may
cause transmural necrosis with acidemia, thrombocyto-
penia, and sepsis.

Diagnosis

The high risk of intestinal ischemia and necrosis
from midgut volvulus and the associated very high
mortality rate mandate aggressive diagnosis and man-
agement of neonatal intestinal obstruction. A plain
abdominal radiograph in babies with midgut volvulus
will demonstrate a distended stomach and proximal
duodenal bulb with a paucity of small bowel gas. An
upper gastrointestinal contrast study will be diagnostic
by demonstrating malpositioning of the duodenojejunal
junction to the right of the midline, with the small in-
testine on the right and the cecum and ascending colon
to the left. The contrast study may also demonstrate a
characteristic corkscrew or coiled appearance in the
third or fourth portions of the duodenum. A barium
enema demonstrating the cecum in the right lower
quadrant does not exclude the possibility of malrotation
and midgut volvulus.

Treatment

The treatment of intestinal malrotation, whether
manifested by duodenal obstruction from Ladd's
bands or midgut volvulus, is operative. In the latter
case, the diagnosis should be followed by laparotomy
because a delay of even hours may mean the difference
between viable or gangrenous bowel. Operative repair of
malrotation is achieved by the Ladd procedure, which
consists of relief of the volvulus and division of the
peritoneal bands tethering the cecum, small bowel mes-
entery, mesocolon, and duodenum around the base of
the superior mesenteric artery. This allows the mesen-
teric leaves to open widely and is associated with a very
low incidence of recurrent volvulus. Meticulous and
complete mobilization of the entire duodenum with
division of all anterior, lateral, and posterior peritoneal
attachments relieves the extrinsic compression and ob-
struction of the distal duodenum.

COLONIC VOLVULUS

Volvulus causes about 10ÿ15% of all colonic obstruc-
tions in the United States and other Western countries
and about 1ÿ4% of all cases of intestinal obstruction. In
Eastern Europe and parts of Africa and Asia, colonic
volvulus accounts for 20ÿ50% of all intestinal obstruc-
tions. It is the second most common cause of colonic
obstruction, the most common being adenocarcinoma.
The sigmoid colon and cecum are the most frequent
sites of colonic volvulus, accounting for about 75 and
22% of all cases, respectively. Rare sites for colonic
volvulus include the transverse colon (2%) and splenic
¯exure (51%).
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Etiology and Pathophysiology

In each case, a freely mobile segment of intra-
abdominal colon twists or folds on ®xed afferent
and efferent limbs of the bowel, causing a closed-loop
obstruction. As ¯uid and gas accumulate within the
involved segment of bowel, intraluminal pressure
rises, and when it exceeds capillary pressure, the colonic
wall becomes ischemic. Closed-loop obstructions, such
as that occurring with colonic volvulus, are associated
with a high rate of ischemia, infarction, and perforation.

Clinical Presentation

The most common clinical manifestations of colonic
volvulus are acute abdominal distension and lower ab-
dominal pain. When present, the pain varies from a
vague discomfort accompanying abdominal distension
to the excruciating pain of peritonitis. Severe unremit-
ting pain suggests gangrenous bowel and peritonitis.
The duration of symptoms in patients with sigmoid
volvulus is often less than that in patients with malig-
nant or benign strictures. Abdominal tenderness occurs
in less than one-third of patients with colonic volvulus.
Patients with sigmoid volvulus are often in the seventh
or eighth decade of life and often have various comorbid
illnesses. A history of chronic constipation and laxative
use is also a frequent ®nding in patients with cecal or
sigmoid volvulus. Patients with cecal volvulus tend to
be younger than patients with sigmoid volvulus and
have a history of prior abdominal operations or distal
obstruction. The most common physical ®nding is
massive abdominal distension, which is always
present. Signi®cant abdominal tenderness with evi-
dence of peritonitis suggests impending or actual
colonic necrosis and perforation and mandates emer-
gent operative intervention.

Diagnostic Evaluation

The initial diagnostic approach to patients suspected
of having colonic obstruction includes plain abdominal
radiographs in the supine and upright positions. The
abdominal radiograph of patients with sigmoid volvulus
will demonstrate a markedly dilated sigmoid colon and
proximal bowel with minimal gas in the rectum. The
standard radiographic appearance of sigmoid volvulus
is a distended ahaustral sigmoid loop, i.e., `̀ bent inner-
tube'' appearance; the apex of which is directed toward
the right shoulder. The classic radiographic features of
cecal volvulus include (1) a massively dilated cecum
located in the epigastrium or left upper quadrant,
(2) a kidney bean shape of the distended cecum, (3)
distended loops of small bowel, suggesting small bowel

obstruction, and (4) a single, long airÿ¯uid level pres-
ent on upright or decubitus ®lms. In these instances, the
massively distended cecum extends across the abdom-
inal midline and is `̀ directed'' toward the left upper
quadrant or left midabdomen. These `̀ classic'' radio-
graphic ®ndings are seen in 40ÿ60% of cases.

The remaining diagnostic studies in patients with
colonic obstruction are predicated on the presence or
absence of peritonitis and the degree of obstruction
(i.e., partial or complete). Patients with peritonitis
should undergo resuscitation and urgent laparotomy
without further diagnostic procedures, whereas patients
without evidence of bowel wall ischemia and an abdom-
inal radiograph suggestive of a distal complete obstruc-
tion should undergo proctosigmoidoscopy. This
procedure will demonstrate the site and nature of distal
strictures and in the case of sigmoid volvulus may allow
decompression.

If the obstruction is proximal to the area visualized
by proctosigmoidoscopy, a water-soluble contrast
enema will con®rm the diagnosis of colonic obstruction
and delineate the site of obstruction. In patients with
sigmoid or cecal volvulus and an equivocal plain ab-
dominal radiograph, a water-soluble contrast enema
may be helpful by demonstrating a point of torsion
(e.g., a mucosal spiral pattern, or `̀ bird's beak'' sign).
The use of water-soluble contrast media obviates the
risk of barium impaction at the site of obstruction
and barium peritonitis in the case of unrecognized
perforation.

Although colonoscopy may be useful in patients
with partial colonic obstruction, it has little role in
the initial evaluation of patients suspected of having
complete obstruction. The insuf¯ation of air or carbon
dioxide through the endoscope into the obstructed
bowel may exacerbate colonic distension and precipi-
tate perforation.

Treatment and Outcome

Resuscitation of patients with colonic obstruction
includes restoration of intravascular volume, correction
of electrolyte abnormalities, and nasogastric aspiration.
The urgency with which the obstruction must be de-
compressed is dependent on the degree of obstruction
(partial or complete) and the clinical presentation of the
patient (evidence of strangulation or not). As alluded to
earlier, the initial management of patients with sigmoid
volvulus without evidence of peritonitis is proctoscopic
decompression of the obstruction, often assisted by
placing a rectal tube into the obstructed bowel. In a
compilation of 19 American series including 595 pa-
tients with sigmoid volvulus, Ballantyne reported that
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proctoscopy, either alone or combined with a rectal
tube, successfully reduced the volvulus in 70ÿ80% of
attempts. The placement of a rectal tube for 48 hours
may minimize the possibility of early recurrence.
Successful reduction of sigmoid volvulus has also
been reported with ¯exible sigmoidoscopy or
colonoscopy; however, the procedure must be per-
formed with limited manipulation and minimal insuf-
¯ation of air or carbon dioxide.

The risk of recurrence following nonoperative re-
duction of a sigmoid volvulus is 40ÿ50%. Thus, follow-
ing proctoscopic decompression, the patient should
undergo mechanical cleansing of the bowel, followed
by elective sigmoid resection. This multistep approach
allows time for optimization of the patient's condition
prior to laparotomy, resection, and the performance of a
primary anastomosis. Recurrence rates following this
approach are less than 3%. Patients requiring emergent
laparotomy for strangulated sigmoid volvulus require
sigmoid resection with an end colostomy and Hartmann
pouch.

The role of initial nonoperative management of
patients with cecal volvulus is less well de®ned than
that of sigmoid volvulus. Although colonoscopy has
been successfully employed to reduce the volvulus,
the risk of perforation of the thinned, often ischemic,
cecum is substantial, as is the danger of missing a
segment of necrotic bowel with delay of de®nitive re-
section. Current options for the operative management
of cecal volvulus include cecopexy, cecostomy, and
resection. Detorsion alone or when combined with
appendectomy is associated with a high recurrence
rate. In some cases, the performance of a cecopexy,
in which the right colon is anchored to the perito-
neum of the right paracolic gutter with or without a
cecostomy, is favored. Right colectomy with primary
ileotransverse colostomy effectively prevents recurrent
volvulus and is the procedure of choice of a number of
surgeons, including the authors. Ballantyne reported
27 patients with cecal volvulus who were treated with
resection and primary anastomosis with no operative

mortality and no recurrence of volvulus in 5 years of
followup.

Overall, the mortality rate for patients with colonic
volvulus is about 8%, with the major predictive factor
for mortality being the presence of gangrenous bowel.
The incidence of gangrenous bowel in patients with
either cecal or sigmoid volvulus is 15ÿ20%. In a review
of 18 American studies including 299 patients with sig-
moid volvulus, the mortality rate for patients with gan-
grenous colons was 80%, whereas only 10% of patients
without colonic necrosis died.

See Also the Following Articles

Colectomy � Colonic Obstruction � Duodenal Obstruction �
Gastric Volvulus � Gastrostomy � Malrotation
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Water-Soluble Vitamins: Absorption,
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adaptive regulation A process by which a transport event is

up- or down-regulated by conditions in the surrounding

environment, such as the level of a particular substrate in

the diet or in the extracellular ¯uid.

carrier-mediated membrane transport Mechanism for trans-

porting a substrate that involves a de®ned protein system

located at the plasma membrane of the cell.

ontogenic regulation A process describing developmental

changes, for example, in a transport event.

transport by passive diffusion A process by which a solute

moves from one side of the membrane to the other

without the need for a specialized transporting system.

vitamin suboptimal level Level of the vitamin that falls

below the normal range.

The water-soluble vitamins are a structurally unrelated

group of organic compounds that share the same features

of being essential for normal cellular functions, growth,

and development and exist in minute quantities in the

diet. Humans and other mammals obtain these micronu-

trients from exogenous sources (e.g., diet) via intestinal

absorption. Thus, the intestine plays a central role in the

regulation of normal body homeostasis of these nutrients.

As a result, de®ciency and suboptimal levels of these

nutrients occur in a variety of disease conditions and

states that affect the intestine. This includes both inher-

ited defects in the intestinal transport systems involved

and secondary causes such as intestinal diseases (e.g.,

in¯ammatory bowel disease, celiac disease), excessive

alcohol intake, drug interactions, intestinal resection,

and aging. This article will provide a brief description

of the metabolic role of these nutrients and the current

understanding of their intestinal absorption mechanisms

and regulation.

VITAMIN B1

Metabolic Role and De®ciency

Vitamin B1 (thiamine), in its pyrophosphate form,
plays a critical role in normal carbohydrate metabolism,
participating in the decarboxylation of pyruvic and
a-ketoglutamic acids and in the utilization of pentose

in the hexose monophosphate shunt. Thiamine de®-
ciency in humans leads to a variety of clinical abnorm-
alities including neurological (neuropathy and/or
Wernicke-Korsakoff syndrome) and cardiovascular dis-
orders (e.g., peripheral vasodilation, biventricular myo-
cardial failure, edema, and potentially acute fulminant
cardiovascular collapse). Thiamine de®ciency repre-
sents a signi®cant nutritional problem in both devel-
oped and underdeveloped countries. In developed
countries, thiamine de®ciency has been reported in a
high percentage of alcoholics, in diabetics, in patients
with renal diseases, acquired immunode®ciency syn-
drome, cancer, celiac disease, and congestive heart fail-
ure, and in those on long-term use of the diuretic
furosemide. Thiamine de®ciency also occurs in thia-
mine-responsive megaloblastic anemia due to a genetic
defect in the thiamine transport system SLC19A2.
Furthermore, de®ciency of thiamine has been reported
in the elderly despite an average daily intake of the
vitamin that exceeds the recommended requirement.

Intestinal Thiamine Absorption

Humans and other mammals cannot synthesize thia-
mine and thus must obtain the vitamin from exogenous
sources via intestinal absorption. The intestine is
exposed to two sources of thiamine: a dietary source
and a bacterial source (the latter is via synthesis of the
vitamin by the normal micro¯ora of the large intestine).
Previous studies using a variety of human and animal
intestinal preparations have established the involve-
ment of a specialized, carrier-mediated mechanism
for thiamine uptake in the small intestine. This includes
studies with intestinal biopsies, surgical specimens,
puri®ed jejunal brush border membrane vesicles iso-
lated from human organ donors, and cultured
human-derived intestinal epithelial cell lines. The iden-
ti®ed uptake system was found to transport the vitamin
via a proton gradient-dependent exchange mechanism.
A similar carrier-mediated thiamine uptake mechanism
was also found at the apical membrane of human colo-
nocytes and is believed to be responsible for the uptake
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of thiamine that is produced by the normal micro¯ora of
the large intestine. Following transport into the cell,
thiamine is phosphorylated by the action of the cyto-
plasmic thiamine pyrophosphokinase, a process prob-
ably aimed at increasing the retention of the vitamin. It
then exits the cell across the intestinal basolateral
membrane as free (unphosphorylated) thiamine. The
mechanism of transport of thiamine across the
human basolateral membrane also occurs via a specia-
lized carrier-mediated mechanism. One of the factors
that have been shown to interfere with the normal intest-
inal thiamine uptake process in vivo is excessive alcohol
intake. Also, the intestinal thiamine uptake process has
been shown to be sensitive to the inhibitory effect of the
diuretic amiloride.

Molecular Identity of the Intestinal Thiamine
Transport System(s)

Insight into the molecular identity of the intestinal
thiamine transport process has begun to emerge in
recent years with the cloning of two human thiamine
transporters, SLC19A2 and SLC19A3. Both of these
transporters were found to be expressed in the
human intestine. In addition, the SLC19A2 promoter
appears to be very active following transfection into
intestinal epithelial Caco-2 cells. Although these studies
point to the possible involvement of these transporters
in intestinal thiamine absorption, further studies are
required to establish their relative contribution.

Regulation of Intestinal Thiamine Uptake

Studies with human-derived cultured intestinal
epithelial cells have shown that the thiamine uptake
process is under the regulation of an intracellular
Ca2�ÿcalmodulin-mediated pathway. Also, thiamine
de®ciency has been reported to up-regulate thiamine
uptake by human intestinal biopsy specimens.

VITAMIN B2

Metabolic Role and De®ciency

Vitamin B2 (ribo¯avin), in its coenzyme forms, ribo-
¯avin-50-phosphate (FMN) and ¯avin adenine dinu-
cleotide (FAD), is involved in many critical metabolic
reactions including amino acid carbohydrate and lipid
metabolism and in the conversion of folic acid and
pyridoxine into their coenzyme forms. De®ciency of
ribo¯avin in humans leads to a variety of clinical ab-
normalities including degenerative changes in the
nervous system, endocrine dysfunction, anemia, and

skin disorders. Ribo¯avin de®ciency and suboptimal
levels have been reported in different conditions
including alcoholism, patients with diabetes mellitus,
in¯ammatory bowel disease (IBD), or human im-
munode®ciency virus infection and those receiving
chemotherapy.

Intestinal Ribo¯avin Absorption

Humans and other mammals have lost the ability to
synthesize ribo¯avin and thus must obtain ribo¯avin
from exogenous sources via intestinal absorption. The
intestine is exposed to ribo¯avin from two sources: the
diet and the bacterially synthesized vitamin in the large
intestine. Dietary ribo¯avin exists mainly in the form of
FMN and FAD. These forms are hydrolyzed to free ribo-
¯avin in the intestinal lumen prior to absorption, a pro-
cess performed by the action of intestinal phosphatases.
The mechanism of absorption of dietary ribo¯avin has
been extensively studied using a variety of human and
animal intestinal preparations. These studies have
shown the proximal part of the small intestine to be
the preferential site of ribo¯avin absorption. Also, a
specialized, carrier-mediated mechanism was found
to be involved in ribo¯avin uptake. The amount of bac-
terially synthesized ribo¯avin in the large intestine var-
ies depending on the diet, being higher following
consumption of a vegetable-based diet than of a meat-
based diet. In addition, the large intestine has been
shown to be capable of absorbing a signi®cant amount
of lumenally introduced ribo¯avin. The mechanism of
ribo¯avin absorption in the colon has been studied with
cultured human colonic epithelial cells and has been
shown to occur via a carrier-mediated system that is
similar to that observed in the small intestine. Factors
that have been shown to interfere with the normal intest-
inal ribo¯avin uptake process include alcohol and cer-
tain tricyclic drugs, such as chlorpromazine. Nothing is
currently known about the molecular identity of the
intestinal ribo¯avin uptake system.

Regulation of Intestinal Ribo¯avin Uptake

The intestinal ribo¯avin uptake process has been
shown to be adaptively regulated by extracellular sub-
strate levels and by speci®c intracellular protein kinase-
mediated regulatory pathways. Oversupplementation
with pharmacological amounts of ribo¯avin has been
shown to lead to a signi®cant and speci®c down-
regulation in ribo¯avin uptake. On the other hand,
ribo¯avin de®ciency causes a signi®cant and speci®c
up-regulation in intestinal ribo¯avin uptake. The latter
effect appears to be mediated via an increase in the
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number (and /or activity) of the ribo¯avin uptake car-
riers with no changes in their af®nity. The intestinal
ribo¯avin uptake process was also found to be under
the regulation of an intracellular PKA-mediated path-
way. This pathway appears to exert its effect via a
decrease in ribo¯avin carrier activity/number. Further-
more, the intestinal ribo¯avin uptake process was found
to be ontogenically regulated during early stages of life.

VITAMIN B3

Metabolic Role and De®ciency

The main function of vitamin B3 (also known as
niacin or nicotinic acid) is to act as a precursor for the
synthesis of two important coenzymes: NAD and
NADP. Both of these coenzymes are involved in main-
taining the redox state of the cell. Most NAD- and
NADP-linked enzymes are involved in catabolic reac-
tions, such as glycolysis and the pentose phosphate
shunt. In addition, niacin appears to have a bene®cial
effect as a lipid-lowering agent. Severe niacin de®-
ciency occur in humans and leads to pellagra, a dis-
ease characterized by skin lesions, weight loss,
diarrhea, in¯ammation of mucous membranes, ver-
tigo, and mental confusion. Niacin de®ciency occurs
in alcoholics and in patients that carry mutations in
the tryptophan transport gene (Hartnup's disease).
Niacin de®ciency occurs in the latter population
because tryptophan is a precursor for nicotinic acid
production in the body.

Intestinal Nicotinic Acid Absorption

The body obtains niacin from two sources: endo-
genously via conversion of tryptophan to niacin, a
process that occurs mainly in the liver and kidneys,
and exogenously from the diet via intestinal absorp-
tion. Limited studies regarding the cellular and mole-
cular aspects of intestinal niacin absorption are
available. Uptake studies have shown the involvement
of a carrier-mediated, pH-dependent uptake system
for nicotinic acid in mammalian intestine. The
reported pH dependence of intestinal nicotinic acid
uptake process is in contrast to the reported sodium
dependency of the vitamin uptake process in renal
epithelial cells. Some of the internalized nicotinic
acid undergoes metabolism to intermediates of the
Preiss-Handler pathway for NAD biosynthesis. Noth-
ing is currently known about the cellular regulation of
the intestinal nicotinic uptake process.

VITAMIN B6

Metabolic Role and De®ciency

Vitamin B6 consists of a group of structurally related
micronutrients (pyridoxine, pyridoxal, and pyridoxa-
mine) that exist in both unphosphorylated and phos-
phorylated forms. Pyridoxal phosphate is the most
biologically active derivative and functions as a cofactor
in several enzymatic reactions including those involved
in amino acid metabolism. Vitamin B6 de®ciency leads
to a variety of clinical abnormalities including periph-
eral neuritis, depression, confusion, and dermatitis.
De®ciency and /or suboptimal levels of vitamin B6
occur in alcoholics, patients with renal disease, dia-
betics, those on long-term use of certain medications
(e.g., isoniazid and other hydrazines), and those with
B6-responsive anemia.

Intestinal Vitamin B6 Absorption

Humans and other mammals cannot synthesize vita-
min B6 and thus must obtain the vitamin via intestinal
absorption. Dietary phosphorylated forms of vitamin
B6 are hydrolyzed in the intestinal lumen prior to
absorption. Absorption of the unphosphorylated vita-
min B6 has been reported to occur via a nonsaturable
simple diffusion process. Following absorption, the var-
ious components of vitamin B6 accumulate within the
absorptive cell, primarily in the phosphorylated form.
The phosphate esters then are dephosphorylated over
time, with ®nal transfer of the products to the circula-
tion across the basolateral membrane. Although vitamin
B6 status was found to be regulated homeostatically, this
does not appear to be due to alterations in intestinal
absorption of the vitamin.

VITAMIN B12

Vitamin B12 will be discussed only brie¯y here.

Metabolic Role and De®ciency

Vitamin B12 (also known as cobalamin, Cbl) is
important for maintaining the normal differentiation,
proliferation, and metabolic status of all cells. It acts
as a coenzyme for two key enzymatic reactions: the
conversion of homocysteine to methionine and the con-
version of methylmalonyl coenzyme A (coA) to succinyl
coA. De®ciency of Cbl leads to intracellular accumula-
tion and eventual secretion into the plasma of the meta-
bolites of these two reactions, homocysteine and
methylmalonic acid. Elevated plasma levels of these two
metabolites are a strong indication of an intracellular
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de®ciency of Cbl. Intracellular Cbl de®ciency can arise
due to multiple causes that include both acquired and
inherited disorders. Strict vegetarians and vegans
develop Cbl de®ciency due to a lack of intake, and
patients with tapeworm infestation or bacterial over-
growth develop Cbl de®ciency due to competition for
dietary Cbl. These patients can be treated successfully
with adequate intake of Cbl when the underlying cause is
eliminated with antibiotics. However, patients with gas-
tric surgery (partial or complete) or surgery of the ileum
(chronic in¯ammation) will develop Cbl de®ciency as
they will not be able to absorb Cbl due to decreased levels
or total loss of intrinsic factor or the ileal receptor,
respectively. In these patients, along with children
who have inherited disorders involving intrinsic factor,
its ileal receptor, or the plasma transporter transcobala-
min II or a number of defects that involve its intracellular
utilization, de®ciency of Cbl is permanent and must be
treated on a regular basis with intramuscular injections
of pharmacological doses of Cbl. Another factor that
interferes with intestinal Cbl absorption in humans is
excessive ethanol consumption.

Intestinal Cobalamin Absorption

Humans and other mammals must obtain Cbl from
the diet because they cannot synthesize the vitamin.
After digestion, free Cbl binds to a hydrophobic protein
ligand, the gastric intrinsic factor (IF), prior to absorp-
tion. Cbl bound to the IF is then endocytosed via a
distinct cell surface receptor, the intrinsic factorÿ
cobalamin receptor (also called cubilin), located at
the brush border membrane of distal ileum epithelia.
In humans, IF is localized mainly to the parietal cells,
but it is also detected at the margins of the anatomical
regions in clusters of chief cells, enteroendocrine cells,
and endothelial cells. IF is a glycoprotein with one Cbl-
binding site. It is believed that the carbohydrate moiety
of IF affords protection from proteolytic degradation.
This is not too surprising considering the ability of IF to
remain structurally and functionally intact even after its
exposure to proteases of the stomach and intestinal
lumen. Following endocytosis of the IFÿCbl complex,
the IF portion is degraded. This is followed by intracel-
lular formation of a transcobalamin IIÿCbl complex
and release into circulation across the basolateral
membrane.

VITAMIN C

Metabolic Role and De®ciency

Vitamin C (ascorbic acid) is required by all cells; it
functions as a powerful antioxidant, assists in maintain-

ing metal ions in their reduced forms, and plays a role
in a variety of hydroxylation reactions. Vitamin C de®-
ciency leads to scurvy, a disease that is primarily due to
an abnormality in collagen formation that leads to,
among other things, bleeding from the gums and
joint, muscle, and dystrophic hair deformities. The inci-
dence of vitamin C de®ciency or scurvy is rare in devel-
oped countries and usually occurs in certain
populations at risk, such as individuals with alcoholism
and the elderly.

Intestinal Vitamin C Absorption

Primates and guinea pigs are the only mammals that
cannot synthesize ascorbic acid from glucose endogen-
ously and thus have a dietary requirement for the vita-
min and obtain it via intestinal absorption. Dietary
vitamin C occurs in two forms: the reduced form
(i.e., ascorbic acid, AA) and the oxidized form (i.e.,
dehydroascorbic acid, DHAA). Intestinal absorption
of AA has been the subject of extensive investigations
using a variety of human and animal intestinal prepara-
tions. Uptake was found to occur without signi®cant
metabolic alterations in the transported substrate and
to involve a specialized, Na�-dependent, carrier-
mediated system that is localized at the apical mem-
brane of the absorptive enterocytes. Exit of AA from
the enterocyte across the intestinal basolateral mem-
brane occurs via a Na�-independent carrier-mediated
system.

As to DHAA, the amount of this form of the vitamin
in the human diet is not fully documented but it is likely
to increase during prolonged storage of food. The intest-
inal absorptive cells are capable of taking up DHAA and
metabolizing it to the reduced ascorbic acid. The
mechanism of uptake of DHAA across the intestinal
brush border membrane appears to be via a Na�-inde-
pendent transport process. This process is believed to
involve the mammalian facilitative hexose transporters
and appears to represent a physiologically signi®cant
pathway for uptake and accumulation of vitamin C
by many different cells.

Molecular Identity of Ascorbic Acid
Transport System(s)

Two Na�-dependent L-ascorbic acid transporters,
the so-called sodium-dependent vitamin C transporters
1 and 2 (SVCT1 and SVCT2, respectively), have been
cloned and shown to be expressed in intestinal absorp-
tive cells. The level of expression of SVCT1 is markedly
higher than that of SVCT2, and SVCT 1 appears to play a
more important role in the overall intestinal AA absorp-
tion process. Both transporters have higher selectivity
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for L-ascorbic acid than for D-isoascorbic acid and dehy-
droascorbic acid; also, they both transport L-ascorbic
acid via an electrogenic Na�-dependent process (stoi-
chiometric ratio of 2 : 1 for Na� to ascorbic acid). SVCT1
was found to share 65% identity with SMVT2 at the
amino acid level, but no identity was found between
these two transporters and other mammalian membrane
transporters.

Regulation of Intestinal AA Uptake

Animal studies have shown that the process of
intestinal AA uptake is down-regulated following over-
supplementation of the vitamin. No information, how-
ever, exists as to the molecular mechanism(s) involved
in this adaptive regulation.

BIOTIN

Metabolic Role and De®ciency

Biotin acts as a coenzyme for four carboxylases that
are essential for gluconeogenesis, the metabolism of
several branched-chain amino acids, and fatty acid
synthesis. De®ciency of biotin leads to serious clinical
abnormalities, which include neurological disorders,
growth retardation, and dermal abnormalities. Also,
at least in animals, biotin de®ciency during pregnancy
leads to embryonic growth retardation, congenital mal-
formation, and death. The incidence of biotin de®ciency
and suboptimal conditions has been reported with
increased frequency in recent years. Biotin de®ciency
has been reported in patients with inborn errors of bio-
tin metabolism, in patients on long-term therapy with
anticonvulsant agents, and in patients on long-term par-
enteral nutrition. Suboptimal biotin levels have also
been reported during pregnancy, in substantial numbers
of alcoholics, in patients with in¯ammatory bowel dis-
eases, and in infants with seborrheic dermatitis and
Leiner's disease.

Intestinal Biotin Absorption

Mammalian cells cannot synthesize biotin and thus
must obtain the vitamin from exogenous sources via
absorption in the intestine. The intestine is exposed
to two sources of biotin: a dietary source and a bacterial
source (the latter being via synthesis of the vitamin by
the normal micro¯ora of the large intestine). Dietary
biotin exists in free and protein-bound forms. The latter
form is digested ®rst by gastrointestinal proteases and
peptidases to generate biocytin (N-biotinyl-L-lysine)
and then is converted to free biotin by the action of
the enzyme biotinidase. The mechanism of absorption

of free biotin in the small intestine has been studied
using a variety of human and animal intestinal prepara-
tions. These studies have shown the involvement of a
specialized, Na�-dependent carrier-mediated mechan-
ism for biotin uptake across the intestinal brush border
membrane. At the basolateral membrane, biotin was
found to exit the cell via a Na�-independent carrier
system. In adult humans, biotin uptake is signi®cantly
higher in the duodenum and jejunum than in the ileum.
Recently, it has been recognized that the intestinal bio-
tin transport system also transports the structurally and
functionally unrelated water-soluble vitamin pantothe-
nic acid and the metabolically important substrate
lipoate. Thus, a new name was given to the transport
system: the sodium-dependent multivitamin transpor-
ter (SMVT). The nutritional consequences of competi-
tion between these vitamins for a common transporter
are not currently known. As to transport of the bacte-
rially synthesized biotin in the large intestine, an ef®-
cient Na�-dependent, specialized, carrier-mediated
system (similar to that of the small intestine) has been
identi®ed in human colonocytes. Among the factors that
have been shown to negatively interfere with the normal
intestinal biotin transport process are the long-term use
of certain anti-epileptic medications (Primidone and
Tegretol) and alcohol intake.

Molecular Identity of the Intestinal Biotin
Transport System(s)

The molecular identity of the intestinal biotin trans-
port system, SMVT, was delineated following cloning of
its cDNA from a number of species including humans
and rats. At least in rats, signi®cant heterogeneity was
found in the 50-untranslated region of the SMVT cDNA,
with four distinct variants (I, II, III, and IV) being iden-
ti®ed. Variant II was found to be the predominant form
expressed in the small and large intestine. Also, villus
cells were found to express signi®cantly more SMVT
message than crypt cells. Furthermore, the 50-regulatory
regions of the human and rat SMVT genes have been
cloned and characterized and multiple promoters that
drive transcription of these genes have been identi®ed.

Regulation of Intestinal Biotin Uptake

The intestinal absorption of biotin was found to be
regulated both by extracellular substrate level and by
speci®c intracellular protein kinase-mediated path-
ways. Biotin de®ciency was found to lead to a speci®c
and signi®cant up-regulation in biotin intestinal
uptake. On the other hand, oversupplementation
with pharmacological doses of biotin was found to
lead to a speci®c and signi®cant down-regulation of
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the intestinal biotin uptake. These effects were found to
be mediated mainly via changes in the number of the
biotin transport carriers. Also, an intracellular protein
kinase C and a Ca2�/calmodulin-mediated pathway
appear to play a role in regulating the intestinal biotin
uptake process. Furthermore, the intestinal biotin
uptake process was shown to undergo ontogenic regu-
lation during early postpartum development.

FOLIC ACID

Metabolic Role and De®ciency

The coenzyme derivatives of the vitamin folic acid
(folate) are necessary for the synthesis of purine and
pyrimidine precursors of nucleic acids, for the metabo-
lism of certain amino acids, and for the initiation of pro-
tein synthesis in mitochondria. Folate de®ciency leads
to a variety of clinical abnormalities including megalo-
blastic anemia and growth retardation. Recent studies
have also suggested that low folate levels may play a
role in the etiology of coronary artery disease (via folate
involvement in the metabolism of homocysteine) and
colonic, cervical, and lung neoplasia. In contrast to the
negative consequences of folate de®ciency and subopti-
mal levels, optimization of folate body homeostasis has
been shown to be effective in preventing certain diseases
(e.g., prevention of neural-tube defects) and has also
been reported to decrease the risk of developing certain
types of cancer, most notably in the colon. Folate de®-
ciency is a highly prevalent vitamin de®ciency through-
out the world. In the Western Hemisphere, a signi®cant
number of folate de®ciency cases result from impair-
ment in intestinal absorption of thevitamin.This impair-
ment is common in a variety of intestinal diseases (e.g.,
IBD) and has also been associated with the use of certain
pharmacological agents (e.g., sulfasalazine, phenytoin).
Furthermore, impairment in intestinal folate absorption
due to congenital defects has also been reported.

Intestinal Folate Absorption

Humans and other mammals cannot synthesize
folate and thus must obtain the vitamin via intestinal
absorption. The intestine is exposed to folate from
two sources: a dietary source, where the vitamin is
absorbed in the small intestine, and a bacterial source,
where the vitamin is synthesized by normal micro¯ora in
the large intestine. The main form of dietary folate is the
folate polyglutamate form. This form must be converted
to the folate monoglutamate form prior to absorption, a
process achieved via the special action of the intestinal
folate hydrolase. The absorption of the released folate
monoglutamates has been the subject of extensive inves-

tigations. These investigations have established that
(1) the proximal part of the small intestine is the main
site of absorption of dietary folate with signi®cantly less
uptake in the ileum; (2) a specialized, carrier-mediated
system is involved in folate uptake across the apical
membrane of the absorptive cells that transports the
vitamin by an electroneutral process; (3) the uptake
system is highly dependent on an acidic extracellular
pH with signi®cantly less uptake at neutral and alkaline
pH; and (4) the uptake system transports reduced (e.g.,
5-methyltetrahydrofolate, 5-MTHF), oxidized (e.g.,
folic acid), and substituted (e.g., the folate analogue
methotrexate, MTX) folate derivatives with similar af®-
nities. The last two features of the intestinal folate uptake
process are unique to the intestine and are different from
the widely characterized folate uptake process of non-
polarizedcells, suchas thatof themouse leukemiaL1210
cells. The intestinal epithelial cells are also unique com-
pared to other absorbing (transporting) epithelial cells
such as those of the kidney and the placenta, in that they
do not utilize the other folate uptake mechanism via the
folate receptor (also known as the membrane folate-
binding protein) under normal conditions. The factors
that negatively affect intestinal folate absorption are
alcohol consumption and the use of certain pharmaco-
logical agents, such as sulfasalazine and phenytoin.

As to the bacterially synthesized folate in the large
intestine, studies using apical membrane vesicles iso-
lated from the colon of organ donors and cultured
human colonic epithelial NCM 460 cells have shown
the uptake to be via a speci®c, carrier-mediated, pH-
dependent, uptake mechanism that is sensitive to the
effect of the anion exchange inhibitor DIDS. The system
appears to be similar (or identical) to that in the small
intestine.

Molecular Identity of the Intestinal Folate
Transport System

The molecular identity of the intestinal folate uptake
systemhasalsobeendelineatedbycloning itscDNAfrom
human and mouse intestine. The open reading frames of
the human and mouse intestinal cDNA clones were
found to be very similar (or identical in the case of the
mouse) to the open reading frame of the cDNA of the
reduced folate carrier cloned from nonpolarized cells of
the respective species. This is despite the fact that the
characteristics of the folate uptake process in these dis-
tinct cell types are different. Subsequent studies have
shed some light onto how the reduced folate carrier
(RFC) exhibits such different characteristics in distinct
cells and suggested that the cell environment may play a
role in causing the difference.
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Regulation of Intestinal Folate Uptake

The intestinal folate absorption process appears to
be under the regulation of extracellular and intracellular
mechanisms. Dietary folate de®ciency has been shown
to lead to a signi®cant and speci®c up-regulation in
folate uptake. This up-regulation appears to involve
transcriptional regulatory mechanisms. Intracellular
protein tyrosine kinase- and protein kinase A-mediated
pathways have also been reported to play a role in reg-
ulating the intestinal folate uptake process. Further-
more, the intestinal folate uptake process was found
to undergo ontogenic regulation during the early stages
of life.

PANTOTHENIC ACID

Pantothenic acid is needed for the synthesis of coen-
zyme A and acyl carrier protein in mammalian cells and
thus is important in the metabolism of carbohydrate, fat,
and, to a lesser extent, protein. Pantothenic acid de®-
ciency in humans is rare, but its induction leads to
depression and fatigue. As with most other water-
soluble vitamins, mammals lack the ability to synthesize
pantothenic acid and thus must obtain the vitamin from
exogenous sources via intestinal absorption. The intes-
tine is exposed to two sources of pantothenic acid: diet-
ary and bacterial. Dietary pantothenic acid exists mainly
in the form of coA, which is hydrolyzed to free pan-
tothenic acid in the intestinal lumen prior to absorption.
The mechanism of absorption of pantothenic acid in
the small intestine involves the same carrier-mediated
Na�-dependent system that transports biotin (i.e.,
SMVT; see Biotin above). Similarly, colonic absorption
of pantothenic acid was found to involve the same biotin
Na�-dependent, carrier-mediated system. It is worth
mentioning that the interaction between biotin and
pantothenic acid transport has also been seen in
other tissues and organs, such as the bloodÿbrain
barrier, the heart, and the placenta. However, the nutri-
tional consequences of such interactions have not been
investigated.

SUMMARY

The water-soluble vitamins are essential for normal
human health and well-being. De®ciency of these
micronutrients leads to a variety of clinical abnormal-

ities, some of which have been recognized since ancient
times. For humans, water-soluble vitamins are obtained
from exogenous sources via intestinal absorption. Stu-
dies using a variety of human and animal intestinal
preparations including intact tissues, cellular prepara-
tions, and membrane vesicles have established that for
most of these micronutrients, ef®cient and specialized
carrier-mediated transport systems exist. Some of these
systems are driven by Na� gradients, others are driven
by H� and /or OHÿ gradients, and yet others are not
affected by an ion gradient. In addition, the molecular
identity of some of these transport systems has been
delineated by cloning and their promoters have been
characterized. Furthermore, it is now known that a
variety of intestinal diseases and conditions negatively
interfere with the normal absorption process of these
nutrients and thus warrant closer attention by the treat-
ing physician to avoid de®ciency and prevent subopti-
mal levels from occurring.
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antrum Distal portion of the stomach between the body and

the pylorus.

atresia Nondevelopment of an expected structure.

double-bubble sign Radiographic appearance signifying

duodenal obstruction. Consists of large air collections

in the stomach and in the duodenum, without visualiza-

tion of gas more distally in the gastrointestinal tract.

duodenum The ®rst portion of the small intestine, located

between the stomach and the jejunum.

stenosis Narrowing.

web A thin sheet of tissue or large mucosal fold protruding

into the lumen of a hollow organ, often causing

obstruction.

windsock A type of partially obstructing duodenal web that

balloons into the more distal duodenum like an internal

diverticulum.

Gastrointestinal webs are an uncommon form of conge-

nital or acquired stenosis found in a variety of locations

within the gastrointestinal tract. The webs discussed

herein include esophageal, antral, and duodenal webs.

They may be congenital or acquired and they present in

both adults and children.

INTRODUCTION

As outlined above, a gastrointestinal (GI) web is an
uncommon ®nding and can be identi®ed in a number of
locations throughout the alimentary tract. This article is
concerned with three of the more common GI webs:
esophageal, antral, and duodenal. The common clinical
presentations, diagnoses, imaging ®ndings, and current
therapies will be outlined brie¯y, though it is important
to note that theories of pathogenesis and treatment con-
tinue to evolve. Pertinent radiographs will also be
included and links with other disorders will be
examined.

ESOPHAGEAL WEBS

Esophageal webs (often equated with rings) may be
found as either congenital or acquired lesions. Many can
be linked with speci®c disease states, whereas others are

found as isolated lesions. The presentation, diagnosis,
and therapy depend on both the putative mechanism
and the age of the patient. In general, webs rarely pro-
trude more than 5 mm into the lumen, are eccentrically
located, and average 2ÿ4 mm in thickness (Fig. 1). Most
are asymptomatic. They can be found anywhere along
the esophagus, though most are anterior and postcri-
coid. Webs in the upper esophagus are covered with
squamous mucosa, whereas those in the lower esopha-
gus are often covered with columnar gastric mucosa. All
are believed to contain mucosa and submucosa with
scanty muscular ®bers.

Congenital Esophageal Webs

Congenital esophageal webs are relatively uncom-
mon and can be located at any level. If the web is com-
plete and totally excludes the lumen, it will present as
a form of esophageal atresia. These are thought to be
secondary to failure of recanalization of the primitive

FIGURE 1 Arrow indicates the location of the esophageal web.
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foregut. Single webs are more common than multiple
webs. The prevalence is unknown, but is estimated to be
1 in 25,000ÿ50,000 live births, with females more com-
monly affected than males. There is no ethnic predilec-
tion. Although isolated webs have been reported, they
are more likely to occur in conjunction with tracheo-
esophageal ®stulas, Down's syndrome, VACTERAL
malformations, and prematurity. Webs severely com-
promising the lumen are often discovered at birth by
inability to pass a suction catheter. Others may not pre-
sent until later in childhood or adulthood (usually
before the age of 40), when inability to feed, vomiting,
and aspiration are noted. A web that severely narrows
the lumen is not compatible with life and early endo-
scopic dilation or transthoracic surgical removal is
necessary following stabilization of the patient's clinical
condition. Diagnosis is most often made by endoscopy.
Upper GI studies can also be diagnostic, though there is
a real risk of aspiration of the contrast medium.

A special case of congenital webs is the Schatzki ring.
Also composed of both mucosa and submucosa, it is
typically located at the gastroesophageal junction and
is believed to mark the proximal margin of a hiatal
hernia. Although some believe that the ring offers pro-
tection against gastroesophageal re¯ux, this is not gen-
erally agreed upon. Meat impaction and progressive
dysphagia are common, though many adults are asymp-
tomatic. In older patients, gastroesophageal re¯ux
disease (GERD) should be ruled out.

Acquired Esophageal Webs

Acquired webs, found in both children and adults,
are secondary to a variety of causes. Most are postcri-
coid. The true incidence of acquired webs is unknown,
as 95% are asymptomatic. Webs are found in approxi-
mately 6ÿ14% of barium examinations of the upper
gastrointestinal tract and diagnosis can be made by
both upper GI barium study and endoscopy. The com-
mon clinical complaint is intermittent dysphagia for
solid foods, alternating with long periods of normal
swallowing. Dysphagia is most likely if the web narrows
the lumen to less than 13 mm in diameter. Acquired
esophageal webs can be found associated with chronic
GERD, Plummer-Vinson syndrome, hiatal hernias, cir-
catrious pemphigoid, chronic infection, celiac sprue,
connective tissue disorders, or ingestion of corrosive
agents. Treatment of the underlying condition, such
as correction of the anemia in Plummer-Vinson syn-
drome or anti-re¯ux medications in GERD, will often
correct the web. If this is not the case, endoscopic
dilation or surgical disruption can be performed.

Progressive dysphagia or increasing pain should prompt
a search for underlying malignancy.

ANTRAL WEBS

Congenital gastric outlet obstruction resulting from
antral webs is quite uncommon and represents less
than 1% of stenoses of the alimentary tract. The cause
of the defect is unknown, but failure of recanalization of
the primitive foregut is again implicated. A small num-
ber of nonobstructing webs can be seen in association
with conditions such as hypertrophic pyloric stenosis.
Sex distribution is approximately equal. Most cases of
complete antral webs present on the ®rst day of life with
nonbilious vomiting, feeding dif®culties, and abdom-
inal distension with no distal gas. Gastric perforation
is a real danger. However, the degree of obstruction
dictates the severity of symptoms. Older children and
adults with less severe narrowing may present with nau-
sea, vomiting, abdominal pain, and weight loss. Diag-
nosis of an antral web (Fig. 2) is suggested by the
®ndings of a thin persistent septum near the pyloric
channel on barium examination. Disruption of peristal-
sis to the level of the antrum is also suggestive of the
diagnosis. Endoscopy can con®rm the diagnosis. Treat-
ment of this rare lesion entails correction of metabolic
disturbances, as well as nasogastric tube placement.
Surgical or endoscopic repair, consisting of simple exci-
sion or pyloroplasty, can then be undertaken.

FIGURE 2 Circumferential narrowing of the gastric antrum by

a web (arrow).
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DUODENAL WEBS

As is the case with the esophageal webs discussed above,
duodenal webs may form as a result of primary failure of
recanalization of the primitive foregut in the fourth to
®fth week of development, though this is debated.
Nearly all duodenal webs are congenital in origin and
nearly all are discovered within a few days of birth,
although diagnosis may be delayed until adulthood if
the degree of obstruction allows the passage of food.
Single webs are more common than multiple webs
and are most often found in the ®rst and second portions
of the duodenum. Complete duodenal webs are the most
common forms of duodenal atresia, which occurs in
approximately 1 in 1000 births. The webs take the
form of an intact membrane seen obstructing the
lumen. Incomplete webs may present as the `̀ windsock
deformity,'' in which an incomplete and distensible
membrane spanning the lumen stretches and balloons
downstream. It is often associated with abnormalities of
the biliary system.

As is alluded to above, the diagnosis of duodenal
webs is usually made on the ®rst day of life. Plain radio-
graphs will demonstrate the `̀ double-bubble sign''
(Fig. 3) of air in the distended stomach and proximal
duodenum without visualization of more distal gas.
Contrast studies are rarely indicated and may be pre-
cluded secondary to the risk of aspiration of the contrast
medium. Annular pancreas and malrotation of the
bowel with Ladd's bands must be considered in the
differential diagnosis. Increasingly, prenatal ultrasound
can suggest the diagnosis.

A number of associated conditions are seen in
patients with duodenal webs, including polyhydram-
nios (5ÿ20%), Down's syndrome (20ÿ30%), VACT-
ERAL anomalies, jaundice, esophageal atresia, and
congenital heart disease. The initial treatment of the
affected infant includes nasogastric tube decompres-
sion and correction of electrolyte balance. Associated
abnormalities such as those noted above should be
excluded before repair, as 33% of these infants
have life-threatening abnormalities. Repair by duode-
nodudenostomy or duodenoplasty can then be
undertaken.
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Whipple's Disease
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Tropheryma whipplei The bacterium causing Whipple's

disease.

Whipple's disease A rare chronic disease. The main

symptoms are weight loss, arthralgia, diarrhea, and

abdominal pain. The current medical treatment still

depends on empiric antibiotic regimens with variable

rates of success.

Whipple's disease was ®rst described in 1907 as intestinal

lipodystrophy. It is a rare infectious disease caused by the

actinomycete Tropheryma whipplei. Whipple's disease

occurs mostly in middle-aged caucasian men. As of

1987, approximately 700 cases have been reported in

the literature.

ETIOLOGY, CLINICAL FEATURES,
AND DIAGNOSIS

T. whipplei is probably a ubiquitously occurring bacter-
ial agent as its presence in soil, in waste water, and in the
saliva of healthy persons has been ascertained by poly-
merase chain reaction (PCR). It is an actinomycete that
was phylogenetically characterized in 1991 and now has
been cultured and formally named. The bacterium has a
typical morphology with a trilamellar cell wall as
observed by electron microscopy (Fig. 1). T. whipplei
can be found intra- and extracellularly and infested tis-
sue pathognomonically reveals a strong positivity for
polysaccharides, mucoproteins, and glucoproteins in
the periodic acid Schiff (PAS) reaction. T. whipplei is
poorly gram-stained in tissue but is gram-negative in
cell culture. Histologically, the frequently affected small
intestine often appears thickened and edematous with a
marked in®ltration by large macrophages and lipid
deposits, which are the result of villous lymphatic
blockade.

There is evidence that host factors contribute to the
clinical manifestations of Whipple's disease. Cellular
immune function, i.e., macrophages and T lympho-
cytes, seem to be primarily affected. In addition to a
reduced proliferation rate of T lymphocytes after
stimulation, a reduced CD4/CD8 ratio can be found.
Other alterations are an increased memory T-cell

subpopulation with a simultaneous decrease in naive
T cells. A diminished expression of CD11b and a
signi®cantly reduced production of TH1 cytokines
(interleukin-12 and interferon-g) after stimulation of
monocytes in vitro are also seen. The pathogenetic sig-
ni®cance of the latter immune defects is underscored
by the fact that they are not only present in ¯orid
disease but persist even in patients with long-term
remission.

The main clinical features are weight loss due to
abdominal manifestations, fever, or inappetence, as
well as nondestructive, migratory, seronegative arthro-
pathies often preceding other symptoms by many years.
Abdominal symptoms such as diarrhea and abdominal
pain may be accompanied by the full spectrum of a
malabsorption syndrome. Therefore, Whipple's disease
was considered mainly a gastrointestinal disease for a
long time. However, as the bacterium spreads systemi-
cally, numerous other organs and systems, such as the
heart, lungs, and central nervous system, may be
affected (Table I).

The diagnosis is usually made by duodenal biopsy.
Diagnosis may also be established, for example, from
lymph node biopsies, endocardial tissue, synovia, and

FIGURE 1 Electron microscopic view of T. whipplei

(�20,000), showing abundant rod-shaped bacteria with an

approximate size of 0.5ÿ1.5� 2.5 mm.
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cerebrospinal ¯uid (CSF) and these tests should also
be con®rmed by duodenal biopsy. The presence of
bacterial DNA can be veri®ed using PCR. Bacterial

DNA often can be found in the CSF at the time of
diagnosis.

THERAPY

Due to the small number of cases, antibiotic treatment is
based on empiric observations and there is still no evi-
dence-based therapy regimen. In the initial therapy,
ceftriaxone, which has good CNS penetration, is fre-
quently used at a dose of 2 g/day intravenously for
2 weeks. This should be followed by a long-term oral
antibiotic regimen. Most frequently, trimethoprim/
sulfamethoxazole (800 mg/160 mg), which has a good
penetration of the bloodÿbrain barrier, is used for a
>1-year period. In many cases, this therapy is able to
eliminate T. whipplei, which should be checked histo-
logically after 6 and 12 months. However, in cases with
refractory or relapsing disease, or in the case of a CNS
manifestation, the prognosis may be poor. Up to 40% of
all patients may have a clinical relapse with a higher
incidence of neurological symptoms.

See Also the Following Articles

Diarrhea � Malabsorption
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TABLE I Clinical Features of Whipple's Disease

Approximate

incidence (%)

Major clinical features

Weight loss 95

Arthropathy 85

Diarrhea 75

Frequent signs and symptoms

Systemic

Fever 50

Lymphadenopathy 50

Hyperpigmentation 45

Gastrointestinal

Abdominal pain 65

Occult bleeding 25

Abdominal mass 20

Splenomegaly 15

Hepatomegaly 15

Ascites 10

Other

Hypotension 40

Peripheral edema 35

Cardiac murmurs 35

Myalgia 25

Chronic cough 20

Other less frequent clinical signs

Pleuritis

Pleural effusion

Endocarditis

Muscle wasting

Glossitis

Peripheral neuropathy

Eye involvement (e.g., visual loss,

uveitis, retinitis)

CNS involvement (e.g., dementia,

ophthalmoplegia, myoclonus, ataxia,

nystagmus)
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Wilson's Disease
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Recanati/Miller Transplantation Institute, Mount Sinai Medical Center, New York

ATP7B Human copper-transporting ATPase that is the

product of the Wilson's disease gene (ATP7B). The gene

is expressed mainly in hepatocytes; the encoded protein

maintains copper homeostasis by exporting copper from

the hepatocyte into bile.

ceruloplasmin Copper-containing serum glycoprotein pro-

duced mainly in the liver; binds six copper atoms per

molecule of protein.

KayserÿFleischer ring Corneal deposits of copper present in

Descemet's membrane; visible on slit lamp examination,

and, when more pronounced, by direct visualization.

In Wilson's disease, copper accumulates to toxic levels in

the liver, brain, and other sites in the body. When dis-

covered in a timely fashion, many of the toxic effects of

copper accumulation can be prevented or reversed by

medical therapy, which must be continued for life. Failure

to initiate treatment, or interruption of treatment, can

lead to liver injury and liver failure and death, or to neu-

rological and psychiatric signs and symptoms. In some

patients with fulminant liver failure due to Wilson's dis-

ease, or in patients with advanced liver disease that fails to

respond to medical treatment, liver transplantation can be

lifesaving and curative.

INTRODUCTION

Wilson's disease is present in all populations, with an
incidence of �1/30,000 individuals. The gene for Wil-
son's disease, ATP7B, encodes a copper-transporting
ATPase that resides mainly within hepatocytes.

PATHOPHSYIOLOGY

Wilson's disease (WD) is an autosomal recessive disor-
der in which copper accumulates to toxic levels in the
liver and subsequently in the neurologic system and
other tissues. The gene for WD, ATP7B, is located on
chromosome 13 and encodes a copper-transporting
ATPase expressed mainly in hepatocytes. Individuals
homozygous for a single ATP7B mutation, or more com-
monly with two different mutations of this gene (com-
pound heterozygotes), have reduced or failed copper

transport activity of the ATP7B protein. Loss of this
physiologic copper transport function reduces biliary
copper excretion; this is responsible for hepatic copper
accumulation and leads to a reduced copper incorpora-
tion into ceruloplasmin and thereby to decreased levels
of the ATP7B protein in the circulation of most patients,
due to the instability of the protein without copper.
Tissue accumulation of copper results in cellular injury
by oxidative damage to membranes, organelles such as
mitochondria, and DNA, and to altered protein synth-
esis, among other effects. Liver injury manifests as mild
steatosis and in¯ammation early on, and to chronic
injury, ®brosis, cirrhosis, and liver failure. Excess cop-
per appears in the circulation following hepatic copper
accumulation and eventually toxic accumulation in the
central nervous system with resultant neurologic or psy-
chiatric manifestations. Other organs that may be
affected by toxic copper accumulation include the kid-
neys, heart, and bone.

DIAGNOSIS

The clinical presentation of Wilson's disease varies
widely, but mainly presents as hepatic or neurologic
disease. Liver disease typically presents within the
®rst two decades of life, and later on, typically in the
third decade, neurologic or psychiatric signs and symp-
toms may be evident. Patients with liver disease may be
asymptomatic or they may experience symptoms of
chronic liver disease such as fatigue or jaundice, or
may manifest signs or symptoms of portal hypertension
such as ascites and varices without or with bleeding.
Some patients may have chronic hepatitis with features
indistinguishable from autoimmune hepatitis. In about
5% of cases, the sudden onset of jaundice or ascites with
associated hemolysis heralds the onset of acute fulmi-
nant hepatic failure.

Neurologic manifestations of WD are mainly due to
injury to the basal ganglia, but many different parts of
the brain may be affected. Symptoms may include
diminished motor coordination, tremor with deterior-
ating handwriting and micrographia, drooling, dysar-
thria, dystonia, and spasticity. Transfer dysphagia with
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the risk of aspiration may occur in some patients. Psy-
chiatric ailments range from behavioral changes and
anxiety disorders to depression or even psychosis.

WD must be considered in any patient below the age
of 45 years with unexplained liver disease or cirrhosis,
and in patients with neurologic and psychiatric symp-
toms and evidence of liver disease. Individuals with
hepatic histology suspicious for WD, pediatric patients
with autoimmune features not responsive to steroids
and lacking typical markers, patients with brain imaging
demonstrating compatible ®ndings, and patients in
whom KayserÿFleischer rings are identi®ed should
be evaluated for WD.

The diagnosis of WD is established by a combination
of clinical signs and biochemical studies or by molecular
methods (see Table I). Clinical ®ndings that include
KayserÿFleischer (KF) rings and corneal deposits of
copper in Descemet's membrane are pathognomonic
and are present in almost all patients with WD with

neuropsychiatric manifestations; these symptoms are
best detected by slit lamp examination. However, KF
rings may be present in only �50% of patients present-
ing with liver disease, and may rarely be found in
patients with chronic cholestasis such as primary biliary
cirrhosis or primary sclerosing cholangitis. Sun¯ower
cataracts are another rare ocular ®nding associated
with WD, and lunulae cerulae (blue lunules) are
another dermatologic abnormality present very rarely
in patients with WD. Other nondiagnostic ®ndings
include evidence of stigmata of chronic liver disease
and cirrhosis and Parkinsonian features on neurological
examination.

Reduced levels of serum ceruloplasmin (typically
520 mg/dl) are present in � 95% of patients with
WD, but also in 20% of heterozygous carriers without
manifestations of WD. Ceruloplasmin levels in the cir-
culation may also be reduced in patients with severe
hepatic insuf®ciency, in protein-losing enteropathy or

TABLE I Diagnostic Testing for Wilson's Disease

Test Results

Ophthalmologic slit lamp

examination

KayserÿFleischer rings and sun¯ower cataracts are absent in normal individuals;

KayserÿFleischer rings absent early on in patients with WD; present in only 50% of

patients with hepatic presentation; found in 98% of patients with neurologic signs or

symptoms; sun¯ower cataracts may also be seen on slit lamp exam in patients with

WD; KayserÿFleischer rings and sun¯ower cataracts abate with treatment for WD

Serum ceruloplasmin Normal 20ÿ40 mg/dl, elevated with acute phase and in pregnancy and with use of

estrogens; less than 20 mg/dl in 95% of patients and 20% of heterozygous carriers;

physiologically decreased in newborns, undetectable in rare patients with

aceruloplasminemia; below 20 mg/dl with severe hepatic insuf®ciency and in

severe protein-loss states

Serum copper Normally �100 mg/dl, decreased in most patients, typically 580 mg/dl; proportion not

bound to ceruloplasmin 410% in patients and total serum copper and markedly

elevated above 200 mg/dl in fulminant hepatitis due to Wilson's disease

24-Hour urinary copper Normal 550 mg/24 h, greater than 100 mg/24 h in most symptomatic patients and following

chelation treatment; postpenicillamine (500 mg given twice, 12 h apart) 41600 mg

in untreated patients

Hepatic copper concentration Normal 540 mg/g dry wt liver; greater than 250 mg/g dry wt liver in patients; may be

increased in other cholestatic disorders, idiopathic copper toxicosis

Hepatic histology Abnormal ®ndings in patients include steatosis, glycogen nuclei, ®brosis,

chronic active hepatitis and cirrhosis; marked degeneration of hepatocytes,

pleiocytosis, and nuclear irregularities in fulminant hepatitis

Electron microscopy for hepatic

ultrastructure

Abnormal in untreated patients; dilatation of mitochondrial cristae and crystalline

deposits (present when steatosis is seen on light microscopy); dense lysosomes later on

Histochemistry for copper Absent normally; in some patients, positive staining is present in some but

not all liver nodules; absent staining does not exclude Wilson's disease

Radiological imaging of the

brain: MR or CT imaging

Normal in the absence of Wilson's disease and in many patients early on; ®ndings

in patients with neurologic or psychiatric symptoms include atrophy and

alterations in basal ganglia, subcortical white matter, midbrain, and pons;

abnormalities can be present in some asymptomatic patients

Molecular diagnostic studies:

haplotype analysis and

mutation analysis

Haplotype: same as proband in patients, different in carriers and unaffected siblings;

mutations: patients have disease-speci®c mutations on each allele;

most useful in populations with dominant mutations
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nephropathy, and in the rare genetic disorders Menke's
disease and aceruloplasminemia. Serum copper not
bound to ceruloplasmin is increased in untreated
patients, but total serum copper is typically reduced
because �90% is bound to ceruloplasmin, which is
reduced in the vast majority of patients. Urinary copper
excretion is increased to 4100 mg for 24 hours in most
untreated patients with symptomatic disease. Low
serum uric acid levels are found in many patients,
and aminoaciduria and electrolyte changes due to
renal tubular acidosis may be present.

Liver biopsy still plays an important role in the
diagnosis of WD. Copper quantitation from the biopsy
specimen is a critical test and reveals a level above
250 mg/g dry weight in almost all untreated patients.
Characteristic histologic features of the earlier stages
of the disorder include steatosis, microvesicular and
macrovesicular fatty changes, with glycogenated
nuclei in some hepatocytes. Varying degrees of ®brosis
and in¯ammatory in®ltrate can be found. Cirrhosis is
present in most patients by the time they present with
hepatic insuf®ciency or with neurological disease. His-
tochemical staining of liver biopsy specimens for cop-
per typically reveals positive areas in some nodules,
with absence in others. The absence of histochemi-
cally identi®able copper does not exclude WD. Ultra-
structural analysis of liver specimens at the time
steatosis is present reveals speci®c mitochondrial
abnormalities that include dilated cristae and crystal-
line inclusions. For patients presenting with neurolo-
gical or psychiatric disease, common abnormalities
present on brain imaging that should suggest a diag-
nosis of WD include increased density of the basal
ganglia on computer tomography (CT) or hyperinten-
sity of this region on T2 magnetic resonance (MR)
imaging. Abnormal ®ndings are not limited to the
basal ganglia, and other abnormalities have been
described, including regions of the pons, white matter,
and cerebellum.

The diagnosis of WD is established by the presence
of KF rings and a decreased level of serum ceruloplas-
min, of KF rings and neurologic or psychiatric symp-
toms, and of elevated hepatic copper levels with
appropriate histology. Haplotype or polymorphism ana-
lysis can be used to identify affected siblings or off-
spring; however, the diagnosis must be ®rmly
identi®ed in the proband. Direct identi®cation of
ATP7B mutations is possible but is limited by the size
of the gene and the large numbers of mutations asso-
ciated with the WD phenotype, and the limited avail-
ability of testing.

Patients with fulminant hepatic failure due to WD
have markedly elevated serum copper concentration

and urinary copper excretion, and most have a lowered
serum ceruloplasmin. KayserÿFleischer rings may be
present in about 50% of patients. These patients invari-
ably have cirrhosis underlying the acute liver injury,
which likely accounts for the relatively low levels of
transaminase elevations despite the massive hepatic
injury. Unique to acute fulminant liver failure due to
WD is a relatively low alkaline phosphatase level, with
the ratio of alkaline phosphatase (units/liter) to biliru-
bin (milligrams/deciliter) of �2.0. Hepatic copper is
almost always elevated above 250 mg/g dry weight in
these individuals despite the massive hepatic necrosis
and presence of cirrhosis.

TREATMENT

Treatment options for WD include lifelong medical
therapy with oral chelating agents or zinc (see Table II),
and liver transplantation. Dietary restrictions of copper
intake are recommended along with medical therapy.
The chelating agents penicillamine and trientine pro-
mote renal copper excretion and are recommended as
®rst-line therapy for symptomatic patients with hepatic
or neurologic disease, and, at lower dosages, these
agents may be used for maintenance therapy. Zinc
acts to block copper absorption from the gut at the
level of the enterocyte, and is mainly used for mainte-
nance therapy or initial therapy of asymptomatic
patients. Liver transplantation restores a normal pheno-
type with respect to copper metabolism, and no further
therapy speci®c for Wilson's disease is required.

Initial treatment with penicillamine consists of
dosages that are increased to 1ÿ2 g/day over a few
weeks, and 750ÿ1000 mg/day is used for maintenance
therapy. Some patients with WD with neurologic symp-
toms initially treated with this drug have worsening
neurologic disease that may become irreversible.
Early side effects include hypersensitivity reactions,
and nephrosis or a lupuslike syndrome with associated
hematuria, proteinuria, and positive antinuclear anti-
bodies will occur later on. Late reactions include der-
matologic side effects such as progeric skin changes,
elastosis perforans serpingosa, pemphigous or pemphi-
goid lesions, lichen planus, and apthous stomatitis, and
rarely systemic anaphylaxis, myasthenia gravis, poly-
myositis, dysgeusia and loss of taste, IgA depression,
and serous retinitis. An adverse drug reaction to peni-
cillamine should prompt its discontinuation and a
change to an alternative treatment. Monitoring of ther-
apy includes clinical examination and biochemical
determination of non-ceruloplasmin-bound copper
(derived from subtracting the amount of ceruloplas-
min-bound copper from the total serum copper),
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blood counts, liver functions testing, and urinalysis to
look for the appearance of cellular elements or protein.
Urinary copper excretion over 24 hours is usually
greater than 1 mg/day during initial treatment and
afterward is typically reduced to between 250 and
500 mg/day, but is dosage dependent.

Trientine, developed for treating penicillamine-
intolerant patients, may be used as ®rst-line therapy
when administered in two to four divided dosages
totaling up to 1500 mg/day, and as maintenance
therapy with a reduced dosage of 750ÿ1000 mg/day.
Trientine has a better safety pro®le compared to peni-
cillamine, with only extremely rare reports of hyper-
sensitivity reactions. Known toxicity includes bone
marrow suppression, sideroblastic anemia (the result
of an induced copper de®ciency), and lupuslike reac-
tions. Monitoring of therapy is the same as for peni-
cillamine.

Zinc, used mainly as a maintenance therapy and for
the initial therapy of asymptomatic patients, is adminis-
tered in three daily dosages of 50 mg (of elemental zinc)
for adults and 25 mg for children. This dosage effectively
achieves a negative copper balance in most individuals.
The most important side effect of zinc affecting a min-
ority of patients is gastric upset, and this may be related
to the particular zinc salt used. Monitoring of zinc
therapy includes determination of non-ceruloplas-
min-bound copper and 24-hour urinary copper excre-
tion, the latter being below 100 mg/day in effectively
treated patients.

Tetrathiomolybdate is a potent copper chelator that
remains currently under investigation for the initial
treatment of neurologic WD in the United States. Rever-
sible side effects of tetrathiomolybdate therapy include
anemia and neutropenia. Further recommendations

regarding this drug await the completion of ongoing
clinical trials.

Patients with fulminant hepatic failure due to WD
and those in whom medical therapy is ineffective or is
interrupted by resulting liver failure require liver trans-
plantation for survival. Following the onset of fulminant
liver failure in WD, there is a large release of copper into
the circulation that contributes renal tubular injury and
reduced kidney function. Plasma exchange, plasma-
pheresis, and other forms of dialysis, including albumin
dialysis, are useful to help rapidly lower copper levels in
the circulation and to limit hemolysis and further renal
damage, but have not eliminated the need for transplan-
tation of these individuals.

Treatment for WD must continue throughout preg-
nancy. There are recorded successful pregnancies with
administration of penicillamine, trientine, and zinc. No
dosage reduction is needed for zinc therapy, whereas the
smallest effective dosage of penicillamine or trientine
should be administered during pregnancy and until
wound healing occurs. Similarly for patients under-
going elective surgical procedures, dosages of chelating
agents should be minimized until wound healing is
achieved.

PROGNOSIS

Medical treatment of asymptomatic patients prevents
the development of liver or neurological disease. The
long-term survival of patients with WD with medical
therapy is excellent, even when chronic liver disease and
cirrhosis are present at the outset. Patients with cirrho-
sis still may manifest signs or symptoms due to portal
hypertension, including esophageal or gastric varices or
ascites. In some patients, neurologic symptoms may

TABLE II Treatment Options for Wilson's Disease

Medication Mode of action Dosages (total/24 h) Adverse effects

d-Penicillamine

(Cuprimine)

Chelating agent, induces

cupriuresis

750ÿ2000 mg in two to three

divided doses apart from

meals; maintenance

750ÿ1000 mg; requires

supplemental pyridoxine

Worsening with initial treatment

of neurlogic symptoms in 10ÿ50%

of cases; initial hypersensitivity

reactions; marrow suppression;

lupuslike syndrome; nephrosis;

dermatologic toxicity; rare

Goodpastures syndrome

Trientine

(Syprine)

Chelating agent,

induces cupriuresis

750ÿ1500 mg in two to three

divided doses apart from

meals; maintenance,

750ÿ1000 mg

Lupuslike syndrome; nephrosis;

marrow suppression

Zinc (Galzin) Blocks intestinal uptake of

copper by enterocytes

100ÿ150 mg in two to three

divided doses apart from meals

Gastric irritation
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improve with therapy, whereas other patients may wor-
sen during the initial phase of treatment or may develop
neurological disease no longer responsive to therapy
aimed at WD.

Liver transplant also offers excellent survival,
approaching 90% for patients with acute liver failure
due to WD, well above the survival of � 60% for all
others transplanted for fulminant liver failure. Patients
with WD surviving beyond 1 year posttransplant typi-
cally have excellent long-term survival.

See Also the Following Articles
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Xerostomia
JONATHAN A. SHIP

New York University

dysgeusia Dif®culty in tasting.

dysphagia Dif®culty in swallowing.

halitosis Subjective complaint of bad breath.

salivary hypofunction Objective diminution of salivary

output.

xerostomia Subjective complaint of a dry mouth.

Xerostomia is the subjective complaint of a dry mouth due

to salivary hypofunction. Saliva provides host protection,

assists in the initiation of food and ¯uid intake, and en-

ables communication through speech. Without adequate

salivary output, oral and pharyngeal health declines as

does a person's quality of life. Xerostomia becomes

more common with aging and is caused by numerous

intraoral and systemic factors.

ROLE OF SALIVA IN ORAL AND
SYSTEMIC HEALTH

The adequate secretion of saliva is critical for preserving
the health of the oral cavity and gastrointestinal system.
It provides a physical barrier against irritants, lubricates
oral mucosal tissues, aids in the digestion of fats and
carbohydrates, and assists with mastication, deglutition,
taste, and retention of dentures. Saliva maintains a stable
pH in the mouth and esophagus and helps prevent tooth
decay and remineralize the dental hard tissues. Saliva
contains antibacterial, antiviral, and antifungal factors
that help maintain the oral commensal ¯ora.

ORAL AND SYSTEMIC EFFECTS OF
SALIVARY HYPOFUNCTION

Salivary function is age-stable in healthy adults, yet
xerostomia is more common in the elderly due to
oral and systemic factors that cause salivary hypo-
function. Inadequate output causes persistent com-
plaints of xerostomia and halitosis and leads to
multiple oral problems: new and recurrent dental caries,
mucositis, pain, and increased susceptibility to micro-
bial infections. The most prevalent infection is caused
by Candida albicans, observed as angular cheilitis of the

lips, erythematous candidiasis (denture stomatitis), and
pseudomembraneous candidiasis. Salivary hypofunc-
tion also causes problems with chewing and wearing
dentures, dysphagia, and dysgeusia, resulting in altered
food and ¯uid selection, compromising nutrition.

INTRAORAL SOURCES OF
SALIVARY PATHOLOGY

Bacterial infections (e.g., parotitis) occur secondary
to salivary hypofunction. Colonization and infection
(e.g., Staphylococcus aureus, Staphylococcus pyogenes,
Streptococcus pneumonia, Escherichia coli) occur follow-
ing obstruction of a duct, causing swelling, purulence,
and pain. Viral infections preferentially involve parotid
glands: paramyxovirus (mumps) and cytomegalovirus
infections affect young and immunocompromised
adults. Obstructions of excretory ducts are caused by
trauma in the lips (mucocele of a minor gland) and ¯oor
of the mouth (ranula of the sublingual or submandibular
gland) or by calci®cation of mucous plugs in major
glands (sialoliths, stones).

Most salivary tumors are benign, the most common
being pleomorphic adenoma of the parotid gland,
which presents as an asymptomatic mass in the tail of
the gland. Malignant tumor incidence increases with
age; they are most prevalent in the palatal minor glands
and the submandibular and sublingual glands. Muco-
epidermoid carcinoma is the most common malignant
salivary gland tumor, followed by adenoid cystic carci-
noma, acinic cell carcinoma, and adenocarcinoma. Pre-
sentation includes a swelling with nerve paralysis, pain,
or facial paresis.

EXOGENOUS AND SYSTEMIC
SOURCES OF SALIVARY PATHOLOGY

Medications are the most likely cause of salivary
hypofunction, particularly those with anticholinergic
effects (e.g., antidepressants, sedatives, tranquilizers,
antihistamines, cytotoxic agents, antihypertensives,
anti-Parkinson's disease drugs, and anti-spasmodic/
anti-seizure drugs). Chemotherapy can cause acute
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yet reversible changes in salivary function and radioac-
tive iodine (131I) causes parotid but not submandibular
dysfunction. Head and neck radiotherapy, used for
cancer, is the prime exogenous source of salivary
hypofunction. Radiotherapy-induced xerostomia is
usually irreversible and permanent, causing a lifetime
of oralÿpharyngeal disorders.

SjoÈgren's syndrome, an autoimmune exocrinopathy,
is the most common disorder causing salivary
hypofunction. It is characterized by progressive and
irreversible xerostomia and xerophthalmia (dry eyes).
Other autoimmune diseases with salivary hypofunction
include rheumatoid arthritis, scleroderma, and sys-
temic lupus erythematosus. Human immunode®ciency
virus infection, diabetes, Alzheimer's disease, Parkin-
son's disease, strokes, and cystic ®brosis are also
associated with salivary hypofunction.

TREATMENT OF
SALIVARY HYPOFUNCTION

Appropriate diagnosis is required before initiation of
therapy. To prevent the development of xerostomia-
induced oral sequelae, frequent dental evaluations are
required, as is oral hygiene after each meal and before
bedtime with ¯uoridated dentifrices, gels, and rinses to
avoid dental caries. Regular hydration with water, not
sugared beverages, is helpful. Sugar-free chewing gum,
candies, and mints can stimulate remaining salivary se-
cretions, whereas arti®cial saliva and lubricants may
assist when there is no remaining salivary tissue. Coun-
seling regarding a well-balanced nutritionally adequate
diet should be provided. Dysphagia can be improved
with oral moisturizers, lubricants, and careful use of
¯uids during eating. Candidiasis responds to topical

antifungal agents (e.g., clotrimazole, nystatin) and
appropriate denture hygiene, and parotitis is treated
with broad-spectrum antibiotics (e.g., Augmentin).

Salivary lesions and tumors must undergo
histopathological evaluation and imaging (sialograms,
radiographs, radioactive isotype scintiscans, magnetic
resonance imaging, and computed tomography scans).
Most tumors are treated with excision and possibly
radiotherapy. Drug-induced xerostomia requires as-
sessment of all medications, with attempts to elimi-
nate, diminish, or substitute medications causing
hypofunction. Secretagogues are available (pilocarpine
5 mg tid and qhs; cevimeline 30 mg tid) to increase
secretions and diminish xerostomia in patients with
remaining exocrine tissue.
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Yersinia
EDWARD J. BOTTONE

Mt. Sinai School of Medicine, New York

adenitis Glandular in¯ammation.

bacteriophage typing Bacterial typing that differentiates

between bacteria or strains of bacteria by their suscept-

ibility to one or more bacteriophages.

erythema nodosum Disorder characterized by tender red

bumps, usually found on the front of the lower leg.

ileitis In¯ammation of the ileum.

Reiter's syndrome Chronic form of in¯ammatory arthritis

characterized by the in¯ammation of the joints, the eyes,

and the genital, urinary, or gastrointestinal system.

The genus Yersinia is composed of 10 species of gram-neg-

ative bacilli, of which three, Yersinia pestis (plague bacillus),

Yersinia enterocolitica, and Yersinia pseudotuberculosis, are

well-recognized human pathogens. Whereas isolates of

Y. pestis and Y. pseudotuberculosis are inherently pathogenic,

virulence among Y. enterocolitica isolates differs by biogroup

and serogroup.

MICROBIOLOGY

Many of the identifying characteristics and virulence
factors of Yersinia enterocolitica are in¯uenced by
growth temperature. For instance, Y. enterocolitica is
nonmotile at 37�C but is motile at 25�C; plasmid-
encoded virulence factors are expressed at 37�C and
are repressed or absent at 25�C. Therefore, full charac-
terization of an isolate as Y. enterocolitica should include
tests determined at two incubation temperatures.
Yersinia enterocolitica grows on routine bacteriologic
media used for the isolation of other enteric bacteria.
On these media, however, because Y. enterocolitica pro-
duces only pinpoint colonies after 24 hours of incuba-
tion, colonies may be overlooked in stool cultures
containing a multiplicity of bacterial species. The use
of cefsulodinÿirgasanÿnovobiocin (CIN) agar en-
hances recovery; Y. enterocolitica produces red
colonies on this medium.

Culture of stools of patients with acute gastroenter-
itis due to pathogenic Y. enterocolitica serogroups (O3,
O5,27, O8, O9) produces numerous colonies on routine
isolation media. However, in those instances when

Y. enterocolitica is sought during convalescence from
acute enteritis, or for surveillance during an outbreak,
cold (4�C) enrichment of stool specimens in phosphate-
buffered saline for up to 4 weeks with periodic sub-
culture may enhance recovery. Yersinia enterocolitica
isolates recovered after prolonged cold enrichment
should be biogrouped and serogrouped before clinical
signi®cance is ascribed to the isolate. In many instances,
such isolates have an environmental origin (biogroup
1A) and lack virulence attributes.

Yersinia enterocolitica biogrouping schemas delin-
eate six biogroups that correlate with ecologic distribu-
tion, serogroup designation, and human pathogenic
potential. In the United States, biogroup 4, serogroup
O3 is the most frequently isolated bio/serogroup, ex-
ceeding serogroup O8. Using antisomatic O antisera,
Y. enterocolitica isolates may be serologically grouped
into approximately 60 serogroups. Bacteriophage typ-
ing of an isolate also correlates biogroups and ser-
ogroups to secondary autoimmune sequelae and
epidemiologic distribution.

EPIDEMIOLOGY

Yersinia enterocolitica is widely distributed in terrestrial
and freshwater ecosystems and has been recovered from
the intestinal tract of numerous mammalian species.
Yersinia enterocolitica infections have been documented
almost globally. Whereas a cooler seasonal prevalence
has been recognized in European countries, such a cor-
relation has not been found in the United States or other
countries. The frequency of infection seems to correlate
with the porcine reservoir of pathogenic serogroups
(O3, O5,27, O8, O9) and consumption of undercooked
or raw pork products, or their preparation.

Although most sporadic infections with Y. entero-
colitica cannot be traced to a speci®c exposure, ingestion
of contaminated milk or other foods, contact with sick
animals or perhaps index cases, and transfusion of con-
taminated blood are also routes of transmission and
acquisition.

Y
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PATHOGENESIS

Gastrointestinal disease is the most common clinical
manifestation of Y. enterocolitica infection. Once in-
gested, Y. enterocolitica, aided by its motility, traverses
the intestinal lumen and binds to and penetrates M cells,
to invade underlying Peyer's patches of the distal ileum;
this results in the formation of microabscesses, ulcera-
tion of the overlying epithelium, and an in¯ammatory
reaction. Spread to the mesenteric lymph nodes may
lead to abscesses in the medullary region and pain in
the lower quadrant, mimicking appendicitis. Extensive
ulceration of the intestinal tract and death have oc-
curred in the course of Y. enterocolitica serogroup O8
infection. Acute enteritis with in¯ammatory cells and
occasionally bloody, watery stools characterize infec-
tion in children. Concomitant Y. enterocolitica bacter-
emia may be present in infants with enteritis. In young
adults, acute terminal ileitis and mesenteric adenitis
are the more common presentations.

Yersinia enterocolitica extraintestinal disease de-
pends on host immune status and the pathogenic po-
tential of the infecting strain. A striking characteristic of
Y. enterocolitica bacteremia is the increased incidence in
people with iron overload diseases or in those being
administered iron chelating agents. Secondary manifes-
tations of bacteremia may involve every organ of the
body, including the endovasculature and the central
nervous system, and may even lead to cutaneous lesions.

Bacteremia with Y. enterocolitica may also occur by
transfusion of contaminated blood. After the ®rst
report in 1975, 36 cases of Y. enterocolitica transfusion
associated-bacteremia were documented up to 1996.
These cases were predominantly associated with trans-
fusion of packed red blood cells, including autologous
transfusions. Shock, with and without disseminated in-
travascular coagulation, occurred in all 36 recipients,
and death occurred in 19 patients. The source of
Y. enterocolitica contamination was asymptomatic
bacteremia in the donor.

Secondary immunologically mediated nonsuppura-
tive sequelae of Y. enterocolitica infection include poly-
articular arthritis and erythema nodosum (most
common) and Reiter's syndrome, reported mainly
among northern Europeans. Most patients manifesting
postyersinial reactive arthritis are HLA-B27 positive.

VIRULENCE FACTORS

Human pathogenic strains of Y. enterocolitica possess
plasmid- and chromosomal-encoded virulence
determinants. Those speci®ed by a 70- to 75-kb plasmid
are expressed mainly at 37�C and confer resistance to

phagocytosis and intracellular killing by macrophages.
Chromosomally encoded determinants include an outer
membrane protein named invasin, maximally produced
at 25�C, which binds to host cells through b1 integrins,
aiding initial colonization. Adaptation to 37�C triggers
the plasmid-encoded virulence attributes and another
chromosomally encoded outer membrane attachment/
invasion locus (Ail) protein. Presence of the gene for Ail
also allows Yersinia to resist serum bactericidal activity.
Yersinia enterocolitica produces a heat-stable entero-
toxin but its role in diarrheal disease is disputed because
it is maximally produced below 30�C in late log-phase
broth cultures.

TREATMENT

Yersinia enterocolitica is susceptible in vitro to trimeth-
oprim-sulfamethoxazole (TMP-SMX), third-generation
cephalosporins, aminoglycosides, imipenem, aztreo-
nam, and quinolones. There is a trend of increasing
resistance to TMP-SMX and chloramphenicol in
Spain. Because the mean duration of symptoms in chil-
dren is 14 days, controversy exists over the need to treat
uncomplicated Y. enterocolitica enteritis. Extraintestinal
infection, such as bacteremia in infants with enteritis,
in immunocompromised hosts, or in people with
iron overload merits antiyersinial therapy.
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Zenker's Diverticulum
AMINE HILA AND DONALD O. CASTELL

Medical University of South Carolina, Charleston

Zenker's diverticulum Outpouching in the posterior

pharyngeal wall immediately above the upper esophageal

sphincter.

A diverticulum is a sac that protrudes from the wall of the

gastrointestinal tract. A true diverticulum contains all

layers of the gastrointestinal wall. Most diverticula are

false diverticula, consisting of mucosa, submucosa, and

a few muscle ®bers.

INTRODUCTION

Zenker's diverticulum, also called pharyngoesophageal
diverticulum, is described as an esophageal pouch. In
fact, this type of diverticulum occurs in the pharynx,
above the upper esophageal sphincter (UES), and
should be considered a hypopharyngeal diverticulum.
Pharyngoesophageal diverticulum was ®rst described
by Ludlow in 1769. In 1877, Zenker and von Ziemssen,
in a compilation of ®ve cases of their own together with
22 previously reported cases, clari®ed the then uncer-
tain nature of a disease de®ned earlier by Ludlow as a
`̀ preternatural dilatation of, and bag formed in, the
pharynx.'' Subsequently, this condition was given
Zenker's name.

Esophageal diverticula are rare, occurring in less
than 1% of upper gastrointestinal X rays and accounting
for less than 5% of cases of dysphagia. The prevalence of
Zenker's diverticulum has been reported to range be-
tween 0.01 and 0.11%. The prevalence is higher in the
elderly, predominantly in women, in whom the occur-
rence of Zenker's diverticulum increases to about
50% after the age of 70. Zenker's diverti-
culum grows slowly but continuously. Even if it may
be initially totally asymptomatic, with growth it can
manifest at a later stage.

ANATOMY

The pharyngeal constrictor muscles form a funnel, and
the mouth of the esophagus is like a transverse slit at the
bottom of this funnel. At the esophageal inlet, the ®bers
of the cricopharyngeal muscle run transversely, thus

forming the UES. Above the cricopharyngeal muscle,
the walls of the hypopharynx contain the oblique ®bers
of the inferior constrictor muscles. Between the trans-
verse ®bers of the cricopharyngeal below and the
oblique ®bers of the inferior constrictors above, a tri-
angular area contains fewer muscle ®bers and consti-
tutes a region of relative weakness; this is called the
triangle of Killian, or Killian's dehiscence. The mucosa
of the hypopharynx is allowed to bulge posteriorly at
Killian's triangle, and with time, a pouch may develop,
forming a Zenker's diverticulum.

ETIOLOGY AND PATHOPHYSIOLOGY

There is general agreement on the location of Zenker's
diverticulum, but several pathogenic mechanisms have
been offered, yet none of them has been de®nitely
proved. Age has been considered an important factor.
A decrease in tissue elasticity leading to an increased
weakness of the triangle of Killian may explain why
Zenker's diverticulum is rarely seen before 40 years
of age.

The most widely accepted mechanism for the
development of a Zenker's diverticulum is a functional
disturbance during swallowing in the pressure relation-
ships between the hypopharynx and the UES. Popular
hypotheses have included increased resting pressure of
the sphincter, lack of complete UES relaxation, and
incoordination between hypopharyngeal contraction
and sphincter relaxation. At present, poor UES compli-
ance due to a restrictive myopathy rather than crico-
pharyngeal incoordination appears to account for the
genesis of Zenker's diverticulum. The consistent ®nding
in recent studies is increased intrabolus pressure pre-
ceding the pharyngeal contraction during swallowing.

DIAGNOSIS

Symptoms of Zenker's diverticulum depend on the stage
of the disease. The frequency and severity of symptoms
increase as the disease advances. Clinically, Zenker's
diverticulum presents, in order of frequency, with
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oropharyngeal dysphagia (in up to 98% of cases), re-
gurgitation of undigested food, aspiration, noisy deglu-
tition, halitosis, and changes in the voice. A sensation of
sticking in the throat or of vague irritation can be pres-
ent in the early stages. With time, patients often
learn special maneuvers to empty the pouch by press-
ing on the neck or coughing and clearing the throat.
Rarely does the pouch become so large as to obstruct the
esophagus.

The most potentially dangerous complications are
aspiration, pneumonia (occurring in about 30% of
cases), and perforation. Massive bleeding in the diver-
ticulum has been reported. Obstruction and ®stula be-
tween the diverticulum and the trachea are rare.
Carcinoma is an unlikely complication, arising in
about 0.4% of cases.

De®nitive diagnosis of Zenker's diverticulum is usu-
ally accomplished by contrast radiographic examina-
tion of the pharynx. Barium swallow with particular
attention to the oropharyngeal area is the most helpful
procedure, particularly when videoradiography is used.
Small diverticula are less likely to be missed by careful
evaluation of lateral and oblique views. The diverti-
culum is seen to protrude in the posterior midline,
generally to the left cervical region (10% to the
right), and barium tends to ®ll the pouch before
progressing into the esophagus. In patients with
symptomatic Zenker's diverticulum, the pouches usu-
ally are more than 2 cm in diameter. Figure 1 illustrates a
typical Zenker's diverticulum seen on barium swallow.

Endoscopy is technically dif®cult and rarely indi-
cated except when cancer is suspected following
radiological studies. If endoscopy is indicated for
other reasons, it is important to be cautious not to
enter the diverticulum and risk perforation.

Manometric evaluation of patients with Zenker's
diverticulum is not required from the clinical stand-
point, although it is the only technique that will
document the increased hypopharyngeal intrabolus
pressure. It should be primarily reserved for clinical
research. There is no conclusive evidence linking
Zenker's diverticulum with gastroesophageal re¯ux
disease. However, patients diagnosed with Zenker's di-
verticulum should be thoroughly evaluated if they have
symptoms such as heartburn or chest pain. Esophageal
manometry may con®rm the presence of concomitant
motility abnormalities contributing to dysphagia.

TREATMENT

The therapeutic choice in patients with Zenker's
diverticulum is dictated by symptoms. Small diverticula

discovered by chance in asymptomatic patients do not
require any intervention and may be followed by peri-
odic barium swallows. When needed, the only effec-
tive treatment of Zenker's diverticulum is surgical.
Surgical techniques include, separately or in com-
bination, diverticuloplexy, diverticulectomy, and crico-
pharyngeal myotomy. Open surgical treatment of
Zenker's diverticulum may result in complications
such as ®stulas, infection, vocal cord paralysis, and as-
piration. These complications are quite rare. Endo-
scopic treatment is emerging as a viable alternative to
open surgery. It includes different techniques with or
without laser or stapling. There are no comparative
studies that allow us to conclude which treatment tech-
nique to recommend. At this time, it seems that open
surgical procedures are more in favor in the United
States, but endoscopic techniques are gaining more ad-
vocates as they are being re®ned.

FIGURE 1 Typical Zenker's diverticulum as seen on an ante-

roposterior view during a barium swallow. The arrow indicates the

location of the cricopharyngeal muscle.
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